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Introduction

Particle accelerators have been conceived and developed
to investigate the nature of matter and its fundamental
governing laws. Beyond their relevance in terms of
knowledge, a variety of applications have been developed,
that are having a great impact on several fields, from
applied science to human health and security.

Bibliography

Jacow (Particle Accelerators Conference database)
http://www.jacow.org/

The CERN Accelerator Schools

https://cas.web.cern.ch/previous-schools
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| St Particles INFN

Particles are the building blocks of our Universe
» They can be elementary or complex
« They can carry a variety of different properties

Since the origin, our knowledge grown using particles, well before conceiving their
existence and understanding what they were.

« Light is made up of particles, called photons, and our eyes are very sensitive and
sophisticated particle detectors

o Our star, the Sun, is sending us a huge flux of photons: () O i
« they warm up the matter letting life to occur F o o s Y |
« they are reflected by matter letting our eyes to see

ﬂﬂﬂﬂﬂﬂ

Microscopes have been invented to match our eyes capabilities with the photons
coming from small objects, but

« The light photons are too “big” to see very small object
« The “size” (wavelength) of the photons limit the resolution of what can be seen.

IASF - CP Seminar #1
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IASF Particle accelerators to see smaller INFN

~ LASA

Because of “Quantum Physics”, also massive particles, as electrons, protons and
neutrons, are waves, with an associated wavelength, i.e., “size”: A = h/(mv)

The wavelength depends on their rest mass and their kinetic energy

Developing a proper particle beam and a proper “eye”, objects of very small
size can be “seen” and studied.

Mass and energy are two aspects of a common nature. The conversion from one
aspect to the other is following the Einstein equation: £ = mc?

Giving two particles, moving one against the other, an energy much bigger than the
one associated to their mass, their collision creates new particles.

As high is the energy available at the collision point, as close we are to the conditions
at the origin of the universe, just after the Big Bang

Carlo Pagani IASF - CP Seminar #1
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Il‘ﬁﬂ Large Instruments for Science and Society

Particle Accelerators

* To study what is extremely smali
* Nuclei are excited and their behavior observed

 Particles are created from energy and analyzed
« Short wavelength photons and neutrons are indirectly generated to
observe the invisible world
* As intense particle sources for applications
« cancer therapy and radio-isotope production
* nuclear waste transmutation to reduce toxicity
* intense photon beams for: micro-lithography, food, catalysis, etc.

Large Telescopes

* To study what is extremely far away and big
* Viewing far in space and time
* Observing large phenomena at their extreme conditions

Carlo Pagani 8
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IASF What is a Particle Accelerator ? INFN

~ LASA

e A particle Accelerator is a machine designed to transfer energy to a charged
particle beam. In most cases the particle beam extracts energy from an electromagnetic
field that is stored or traveling in low losses structures, called cavities.

Egun [€V] = q [e] V [Volt]

o Particles are taking energy from the electric field, E, and are guided by the magnetic
field, B, according to the Lorentz equation

3
a’: F=g(@E+vxB)

e The charged accelerated particles can be:
o electrons (& positrons) [i.e. leptons: “elementary” particles]

e protons (& antiprotons) [i.e. hadrons, “composite” particles]
e ions (i.e. ionized atoms)

e An intense primary beam can be used to produce a secondary beam that could not be
accelerated: photons, neutrons, neutrinos, etc.

IASF - CP Seminar #1

Carlo Pagani 9 Shenzhen, 20 May 2022



~ LASA

Il\ﬁﬂ Acceleration inside a TESLA Cavity INFN

¢ An electromagnetic field is resonating inside the “cavity”. The electric field inverts its
direction according to the frequency determined by the cavity resonator shape.

¢ If the charged particle beam has the proper synchronism, moving from one cell to the
other it sees always the field in the right direction and gains energy: £ ,;,,=¢q -V
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Particle Accelerator Components

INFN

~ LASA

Source Accelerator User

source of charged particles
electrons, protons, heavy ions, special cases: positrons & anti-protons

accelerating elements
radiofrequency cavities to provide the electric fields that transfer energy to the particles

beam guiding elements

mainly magnetic, in order to maintain (focus) the beam on the wanted trajectory
and to provide the orbit (closed for a synchrotron) in the case of a circular machine

vacuum and beam diagnostics
high vacuum is needed to avoid perturbation of the beam by collisions with residual
gas, and beam diagnostics assure the monitoring of the beam trajectories

user installations
experimental set-ups including targets, spectrometers, detectors, patients, etc.

Carlo Pagani
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| /\ﬁ: Acceleration ? INEN

1 Y =E/Eq—» w

Modern accelerators can accelerate particles to speeds very c — 1
close to that of light. I

- At low energies, the velocity of the particle increases with the // Relativistic’
square root of the kinetic energy (Newton). / t

<
-
Il
S

- At relativistic energies, the velocity increases very slowly
asymptotically approaching that of light (Einstein).

It is as if the velocity of the particle ‘saturates’. Newton, E = mv’/2
. . . . . ‘Classical’
One can pour more and more energy into the particle, giving it e
a shorter De Broglie wavelength so that it probes deeper into "E - - 0
the sub-atomic world. ’
Energy 1 MeV py 1GeV
What does special relativity tell us, B=we [ 0.95 | 0.99 | 0.999 | 0.999 9999
?
e.g. for an electron: . ; 22 000

The speed increases, but not as spectacularly as the mass. In fact, it would be
more correct to speak of the momentum (mv) increasing.

IASF - CP Seminar #1

Carlo Pagani 12 Shenzhen, 20 May 2022



IAS Energy and Mass @

m=ym, E,=m,c

y=(1-B)" p=vi

Mass is just a
form of energy!

E=mc"
Momentum p=mv=m,yc=m<cC whenv=c
Kinetic energy K=E-Ey=(y-1)myc?
Speed of light: ¢ = 2.99792458 - 108 ms- Electron rest energy: E,=0.511 MeV/c?
Energy unit: 1 eV =1.6021 - 1019 J Proton rest energy: E,= 938 MeV/c?
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Ny Energy Evolution

<100 keV electrons from Wimshurst-type machines:

1895 Lenard electron scattering on gases (Nobel Prize 1905 for work on
cathode rays).

1913 Franck and Hertz excited electron shells by electron bombardment.
Few MeV from natural alpha particles:

1906 Rutherford bombards mica sheet with natural alphas
1919 Rutherford induces a nuclear reaction with natural alphas.
To go ahead an accelerator was needed for physics research

— 1928 Cockcroft & Walton start designing an 800 keV generator
encouraged by Rutherford.

— 1932 Cockcroft & Walton construct first “high-energy” accelerator, 700 eV,
and produce first artificially generated nuclear reaction: p + Li -> 2 He

— 1932 Lawrence and Livingston construct first cyclotron giving 1.2 MeV
protons

Carlo Pagani IASF - CP Seminar #1
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IASE Cockroft & Walton Generator/Accelerator INFN

~ LASA

Electrostatic Accelerator
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Cockcroft-Walton generator injecting protons into the
synchrotron at Rutherford laboratory (1964-1978).

The Cockcroft-Walton accelerator allows to reach high beam currents, of interest for many
applications, but the voltage is practically limited to somewhat above 1 MV, because of

breakdown of insulation
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Van de Graaff Accelerator Principle

INFN

~ LASA

High voltage for electro-static accelerator

the concept of charge transport (see left) has been
introduced by R. J. van de Graaff

a comb-like electrode (1) sprays charges on an insulating
conveyor belt (the high-voltage generator typically being
again a rectifier multiplier)

The conveyor transports the charges inside the sphere-
shaped terminal (3), which forms in fact a Faraday cage

The charges are collected by a second comb like electrode
(2) which is connected to the sphere

consequently, the charges accumulate on the outside of the
sphere and the inside get charge free, ready to accept
further charging

In practice, one can reach up to 25 MV, provided one uses
(expensive) SFg gas for limiting breakdowns

Carlo Pagani
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The Van de Graff (1929) and the Tandem @

The Van de Graff Accelerator

The Tandem Accelerator

positive
gradient high-voltage

j‘llm |||||||I||| 5 |:u,|‘|'|j|'|'|‘u‘\\‘|

charging chain

18— 0 —& — @]

-n—p--n-’guq

negatlve ions stripping  accelerating positive ions
chamber tube

steel pressure tank beam steering
magnet

© 2008 Encyclopaedia Britannica, Inc.

In the Tandem, also invented by van de Graaff, the
voltage is used twice: source and target are at
ground voltage and a stripping foil change the
charge state in the positive high voltage terminal

Carlo Pagani
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The Wideroe Linear Accelerator (1928) INFN

~ LASA

e \With a DC accelerator the electric field E is constant,
V XE = (0 and the field can be used once.

e consider now such a column, but driven with an
alternating voltage, in such way that consecutive
electrodes are connected to opposite polarity of the RF
generator, VXE # 0, field can be used many times

e suppose now, that the RF frequency is such that it
accelerates the particle between electrodes 1&2 (and also
3&4), whereas the field is opposite, at that moment,
between accelerating gaps, 2&3 and 4&5, respectively

e if this particle arrives now at the gap between 2&3, when
the RF has changed to opposite phase, acceleration
occurs again, and so on.

e note that while the polarity change occurs, the particle is in
the field-free space of the drift tube of such a Wideroe
linac. Further, to_stay in phase with the RF, as the speed
of the particle increases, the length of the drift tubes
has to increase

Carlo Pagani
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IAS! RF acceleration: Cyclotron @

Folded Wideroe Linac in a constant magnetic field

H.'/ Il Deo /— lon Source
N 2
mv? _ qvB
_ my _ P Z -
- ) q q P°|9KV0CUU"1 Z;s»cillu'ror
Y | Deflector L Coupling
rev _ _ A
2 2mp 27w m W/ o -
For m and B = constant
also f,,, = constant E./A[MeV]=K,,. (Z/A)*
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M. Stanley Livingston and Ernest O. Lawrence
(right) in front of Lawrence's 69 cm (27 in)
cyclotron at the Lawrence Radiation Laboratory.
The curving metal frame is the magnet's core, the
large cylindrical boxes contain the coils of wire
that generate the magnetic field. The vacuum
chamber containing the "dee" electrodes is in the
center between the magnet's poles.

Vacuum chamber of Lawrence 69 cm (27 in)
1932 cyclotron with cover removed,
showing the dees. The 13,000 V RF
accelerating potential at about 27 MHz is
applied to the dees by the two feedlines
visible at top right. The beam emerges from
the dees and strikes the target in the
chamber at bottom.

Carlo Pagani
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O The PSI Cyclotron Facility

e The K=590 cyclotron of the PS facility

is a 8 separated sector machine with 4
accelerating cavities

e The injection energy of 70 MeV
iprovided by another cyclotron

e The accelerator is in operation since

the 1970's, and has been very carefully
optimised for this long period

e The exceptional experience gained at
PSI allows now to approach an
intensity of almost 2 mA

e These high current 590 MeV proton
beams feed the SINQ spallation

accelerating cavity sector magnet
neutron source

e The SINQ solid metal target has been
temporarily replaced by the prototypical
(e.g. for an ADS) molten metal target
MEGAPIE (see right)

////

Carlo P i IASF - CP Seminar #1
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IASE French Linear Accelerators in 1946 INFN
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Historical examples: a Wideroe type structure A drift tube linac (DTL — Alvarez type)
(ALICE heavy ion injector, IPN Orsay) (Saturne, CEA Saclay)
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Some Milestones for Accelerators INFN
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1928

1928
1929
1944
1946
1954

1956
1961
1970
mid 70°s

mid 80’s
very

Cockcroft&Walton develop a 700kV electrostatic accelerator based on a
voltage multiplier.

first Linac by Wideroe based on the concept of resonant acceleration.

Lawrence invents the cyclotron.

MacMillan, Oliphant & Veksler develop the synchrotron Bp=—=

Alvarez builds a proton linac with Alvarez structures (2 mode)

Courant, Livingston and Snyder implant strong focusing at the Brook-
haven Cosmotron Synchrotron

Kerst stresses in a paper the concept of a collider
Colliding beams demonstrated at Frascati (AdA)
Kapchinski & Telyakov invent the radio-frequency quadrupole (RFQ).

superconducting magnets for cylotrons and synchrotrons considerably
boost the performance (energy for size), in particular for colliders

the development of superconducting accelerating cavities provides
high power conversion efficiency, and CW operation for high luminosity

Carlo Pagani
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Transverse “Strong Focusing”

Alternating gradient (AG) principle (1950’s)

A sequence of focusing-defocusing fields provides a stronger net
focusing force.

Quadrupoles focus horizontally, defocus vertically or vice versa.
Forces are proportional to displacement from axis.

A succession of opposed elements enable particles to follow stable
trajectories, making small oscillations about the design orbit.

Technological limits on magnets
are high: iron saturation and
dissipated power for high current

(b)

Superconducting magnets are
required for high field

Solenoids are preferred at low

energy, with high space charge
forces: continuous focusing

Carlo Pagani
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, RF acceleration: Synchrotron @
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IAS The Livingston Chart

e Around 1950, Livingston made a quite
remarkable observation: Plotting the
energy of an accelerator as a function of
its year of construction, on a semi-log
scale, the energy gain has a linear
dependence.

e 50 years later, that was still true.

e In other words, builders of accelerators
have managed exponential growth, every
ten years, roughly a actor of 33 is won.

e Note that for a given "family" of
accelerators, generally, saturation of
maximum energy sets in after some time.

e After 2000 this behaviour is lost
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The Livingston Chart @

e Around 1950, Livingston made a quite
remarkable observation: Plotting the
energy of an accelerator as a function of
its year of construction, on a semi-log
scale, the energy gain has a linear
dependence.

50 years later, that was still true.

In other words, builders of accelerators
have managed exponential growth, every
ten years, roughly a actor of 33 is won.

Note that for a given "family" of
accelerators, generally, saturation of
maximum energy sets in after some time.

e After 2000 this behaviour is lost
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1961: AdA the first Collider
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Superconductivity INFN

The Cockcroft Institute

T Heike Kammerlingh-Onnes, 1911: SC in mercury
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Energy Frontier and Accelerator Technology INFN
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Superconducting Magnets for Higher Energy

INFN

LASA
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Ny e One of LEP2/LHC cryogenic plants (4.3MW) INFN
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Superconducting RF for Beam Power (CW) INFN

~ LASA

o e

4-cell cavities

LEP 1l & CERN

32 bulk niobium cavities

— Limited to 5 MV/m
— Poor material and inclusions

256 sputtered cavities
— Magnetron-sputtering of Nb on Cu
— Completely done by industry
— Field improved with time
<Eacc> = 7.5 MV/m (Cryo-limited)

CEBAF & Jlab

338 bulk niobium 5-cell cavities — 1.5 GHz

Produced by industry & Processed at TINAF in a
dedicated infrastructure

Carlo Pagani
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LEP @ LHC in the CERN area

INFN

LASA

W Van Doninck Collizions Namur 22M1/2001
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Ay The LEP Accelerator Complex @ CERN INFN

~ LASA

/DELPHI

Aerial view of the CERN site with an indication of the circular LEP tunnel

e Linacs and synchrotrons were used to inject
in the 28 km synchrotron where both electron
and positrons were accelerated up to 100
GeV to collide with a centre of mass energy of
200 GeV

East Area

electrons
positrons
protons
antiprotons

e LHC now in commissioning is making use of Pb ions
most of the LEP injection accelerator complex

1l

? South Area
P Pbions
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From LEP to LHC C(NFR

The Large Hadron Collider (LHC)

ATLAS

7; is P = 3

ALICE

Collisions at LHC

Proton-Proton (2835 x 2835 bunches)
Protons/bunch 10"
Beamenergy 7 TeV (7x10'2eV)

Luminosity 10¥ cm?s!
Bunch - .
“"a |*,. Av"“,‘u) =
.l\m&{ : :I‘*W‘.":', X Crossing rate 40 MHz
Proton \ ‘
o Collisions = 107 -10°Hz
Superconducting
magnets 3 /
Parton ‘
(quark, gluon)
LHC-B WJ
et
£ Higgs
Compact Muon Solenoid LA F el Higgs e
Particle . €, z
% Zo
Beams Energy Luminosity jet Jet SUSY.
LEP e+ e- 200 GeV 10%cm3s™
14 TeV 10°*
LHc | P P Selection of 1 in 10,000,000,000,000
Pb Pb 1312 TeV 1027
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Basic Physics Discovery before LHC

INFN

LASA

Short history and new frontiers

h=hlp
. @ 100 m
Y e 7
e
Ao
coe
eee
,‘p@ 106 m
u 7 et
“-u‘t— 10"8m
u e

Origin of masses

-19
The next step... 10:5m

Proton Decay ? 102 m
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Universe

Te t-12
<10eV >300000 Y

MeV - GeV =3 min

>> GeV =105 sec

=100 GeV = 10""° sec

=10% GeV =102 sec

=10"GeV =10=sec

=10 GeV =10+ sec
(Planck scale)
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Quantum Mechanics
Atomic Physics
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Quantum Electro Dynamics
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Nuclel, Hadrons
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Fiekd theories
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Gauge theories
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ElectroWeak Unification,
QcD
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3 families
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Top quark

LHC 2005
Higgs ? Supersymmetry ?

Underground Labs
GRAND Unified
Theories ?

7

Quantum Gravity?
Superstrings ?

Forces

s Strong =esssss mm Electromagnetic smm

Gluons (8) m

o
00 ¢
Quarks

- ©

Mesons
Baryons Nuclel

Photon ™/ 5

Chemistry
Electronics
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Graviton ?
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Solar system
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Neutron decay
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Neutrino interactions
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The particle drawings are simple artistic representations
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Unification of forces

INFN

~ LASA

Unification of forces
Terrestrial mechanics

Universal Gravitation

Inertial vs. Gravitational mass

Celestial mechanics (1. Newton, 1687 )

Summary

10+ sec

102 sec

10= m 10= m 105 m 105 m 105 m 10° m
10" GeV  10"GeV 10° GeV 1GeV 1 Mev 10 eV
Electricity Magnetism
QED Electro Long range
Electromagnetism magnetism i
S Electromagnetic waves (photon) Maxwell Electrici
Magnetism (J.C. Maxwell, 1860 ) ; Electroweak axw,
Fermi
Weak Th
Grand 7nJ Standard - — Wese;krtForce
= oIt range
Unification & model i
Electromagnetism Ouantu_m QcD Nuclear Force
) GraVIty — v Short range
Electroweak Super
; ) Kepler Celestial
Weak force ::';%“_gesd;m DT Unification py Lt o
Universal ngr:;t:
.................. ey T
m oo e E,,,S,Ge;:",:}:ﬂgg Terrestr?al
e Prcbmg shorter dlstances == e vy
R . e reveals s ‘* 3
9 *deeper regularmés N e Theories:
— £ : STRINGS? RELATIVISTIC/QUANTUM CLASSICAL
UNIFIED DESCRI PTIONS e
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Standard Model Chart before LHC (2008)

INFN

~ LASA

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a quantum theory that summarizes our curr

matter constituents

FERMIONS spin = 172, 372, 5/2,

Leptons spin =1/2

Flavor

Ightest | (0-0.13)x10-2
clectron 0.000511
Y micdie +|(0.009-0.13)x10-9
W) mien 0.106
Yy heciiest, | (0.04-0.14)x10-2

I/hu

Eloctric charges are givi
is 1.60x10 "' coulom

The energy unit of particle physics is the electronvolt (eV), the energy gained by one

electron in crossing a potential differel
(remember E = mc?) where 1 Ge
the proton is 0.938 GeV/c? = 1.67x10727

Neutrinos

Neutrinos are produced in the sun, supemovae, reactors, accelerator
collisions, and many other proc s. Any produced neutrino can be
described as one of three neutrino flavor states Ve, ¥y, of Vr, labelled by
type of charged lepton associated with its production. Each is a defined Property
quantum mixture of the th definite mass neutrinos V(. vy, and ¥y for
which currently allowed mass ranges are shown in the table. Further
exploration of the properties of neutrinos may yield powerful clues to puzz!
about matter and antimatter and the evolution of stars and galaxy

Matter and Antimatter

For every particle type there is a comresponding antiparticle type, denoted by

a bar over the particle symbol (unless + or — charge

antiparticle have identical mass and spin but opposite charges. Some

Mass Electric
GeV/c? charge

Quarks spin Structure within
Approx i the Atom
Electric
Flavor Mass charge

Ic2
GeV/c Quark
Size <10'%m

Nucleus % Electron
Size ~ 10-14 Size < 107°m
ize LG ) Y

@ S Neutron
P d
~—— Atom

is given in units of h, which is the quantum Size = 107°m
8V 5 =1.05x10 % J 5.

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.

2 volt. Masses are given in GeV,

1% joule. The mass of

Properties of the Interactions

(Electroweak)

The strengths of the interactions (forces) are shown relats e strength of the electromagnetic force for two u quarks separated by the specified distances.

t knowledge of the physics of fundamental particles and fundamental interactions (interactions are manifested by forces and by decay rates of unstable particles)

force carriers

BOSONS spin =0, 1, 2,
( Unified Electroweak spin = 1

Mass Electric
Mass Electric
GeV/c? | charge Name GeV/c? | charge

Strong (color) spin

Name

Color Charge

Only quarks and gluons carry strong charg

(also called "color charge”) and can have strong
interactions. Each quark carries three types of
color charge. These charges have nothing to do
with the colors of visible light. Just as electrically-
charged particles interact by exchanging photons,
in strong interactions, color-charged particles
interact by exchanging gluons

Quarks Confined in Mesons and Baryons
Quarks and gluons cannot be isolated — they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the

o field between them increases. This energy eventually is converted into
additional quark-antiquark pairs. The quarks and antiquarks then combine into hadrons; th
are the particles seen to emerge

Two types of hadrons have been observed in nature mesons qd and baryons gqg. Among the
many types of baryons observed are roton (uud), antiproton (Gdd), neutron (udd), lambda A
(uds), and omega €2~ (sss). Quark charges add in such a way as to
make the proton have charge 1 and the neutron charge 0. Among
the many types of mesons are the pion x* (ud), kaon K™ (si

BY (db), and nc (c5). Their charges are +1, -1, 0, 0 respectively

Weak E]emromagngﬂc " ’ Visit the award-winning web feature The Particle Adven
Interaction Interaction eraction |

ParticleAdventure.o

Particles experiencing: Al Quarks, Leptons Electrically Chal
Graviton - 20
(not yet observed) wt w- z
hown). Particle and .
10718 -41
Strength at { " 10 Ve

Particles mediating

electrically neutral bosons (e.g., 2° ¥, and 1), = ¢& but not K” = ds) are their 1 3x10~ 10-41

own antiparti

Particle Processes

conception. Blue-green shaded areas represent the cloud of gluons.

s to a proton
lectron, and an antineutrino
iating) W boson. Th

? and B m

Driven by new puzzle
startling discoveries. Experiments may even find

Universe Accelerating?

“

sctron and positron ey
ron) collidiny ,
in the lab and ob

n or a virtual photon.

Acts on Mass — Energy Flavor Electric Charge Color Charge This chart has been mada possit

us Deparlmenf of Eneréy 7
U.S. National Science Foundation
Gluons Lawrence Berkeley National Laboratory
60 CPEPweb.org
Unsolved Mysteries

rged Quarks, Gluons

anding of the physical worid, le physicists are following paths to new wonders and

extra dimensions of space, mini-black holes, and/or evidence of string theo!

Dark Matter? Origin of Mass?
S —

Invisible forms of ma

mass observed in galaxies and clusters

galaxies. Does this dark matter consist of ne called the Higgs boson. W
types of particles th: ly soon?

with ordinary matter
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Ny LHC General Parameters (protons) INFN

" LASA
| LHC General Parameters
|Energ;,- at collision | 7 | TeV
|Energ:..- at injection | 450 | (e
IDipole field at 7 TeV gz | T
I(I-n-l] inner diameter | 56 | mimn
|[:1'::13n::¢ between aperture axes (1.9 K) | 194 | min
ILuminosity | 1 ||E34 cm-3s-!
|I3ea.m beam parameter | 3.0 | E-3
|DC beam current osse | A
|I3 unch spacing | 748 | m
|I3um:h sgparalion |14.'3'5 | ns
INumber of particles per bunch | 1.1 | Ell
IN-;:rmalixEd transverse emittance {r.m.s. ) | 3.75 [TE5y
ITmal crossing angle 3040 urad
ILuminosity lifetime |10 | h
|Energ:.- logs per turn | 7 | kel
I(Iriliq:a] photon energy |44.] | eV
ITnlal radiated power per beam | 3. | bW
|5'1-|:rred energy per beam | 5 | hJ
IF‘il]‘iT'I.E_ lime per ring | 43 | min
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IAﬁF Higgs Particles and Higgs Field INFN

Higgs Particles

« also called: God Particles and Holy Grail of Particle Physics
« They are spin=0 Bosons

« The Higgs is neither matter nor force

« The Higgs is its own antiparticle

« The Higgs is just different

« This would be the first fundamental scalar ever discovered

Higgs Field

« Neutral scalar field that fills the entire universe

« Particles traveling through the universe interact with this field & become massive

« Importantly, the W and Z bosons receive mass but not the photon in the Standard Model
« The Higgs field is thought to fill the entire universe.

« Could give a handle on dark energy (scalar field) ?

Higgs Particles as a very powerful probe of new physics

IASF - CP Seminar #1
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SM Higgs mass from LEP2 & Tevatron @

>
80.6 ———————————————
M::j . — LEP1, SLD Data
- () 02761+0.00036 : | LEP?2 PP Data
w0,02749£0.00012 ¢ 80.51 8% CL
B 'ov (" caln : -y . Fumihiko Takasaki
o |m,=117"7 ,_GeV: May 20, 2006
O] i : ‘
380'4. 8m, =34 MeV ,/
E |
80.3 - o
my [Ge ]
. 802 114 IIBO ' | , P'rel!ml'nary
130 150 170 190 210
m, [GeV]
my= 117781 GeV/c?
4 Shenzhen, 20 May 2022
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IAS Why we insist for leptons ? @

Leptons (e, e*, u, u*) are Fermions, i.e. matter constituents

o — ¥ —e

react = Ecm = 2 Ebeam

Hadrons (p, p, ions) are complex composite particles

Fighting for Luminosity

3

P . P

Ereact << 2 Epeam _.% Gluon-Gluon Collision

> K/

E cact. cannot be controlled and it is unknown

IASF - CP Seminar #1
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Higgs event Simulation Comparison

ILC

LHC

— ZH

e e

Z—ete,H— bb
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Relation of LHC and ILC @

C. Pagani - ISLCO8 - Lecture 1
Oak Brook, October 20, 2008

Since the ILC will start after the start of LHC, it must add significant
amount of information. This is the case!

Neither LC nor HC’s can draw the whole picture alone. ILC will add
new discoveries and precision of ILC will be essential for a better
understanding of the underlying physics.

There are probably pieces which can only be explored by the LHC due to
the higher mass reach. Joint interpretation of the results will improve
the overall picture

In the Higgs Boson Scenario
LHC will make the discovery

ILC will behave as a Higgs Boson factory to precisely determine its
properties and the consequences for physics beyond the standard model

Carlo Pagani

IASF - CP Seminar #1
49 Shenzhen, 20 May 2022



INFN

Linear Collider Conceptual Scheme |

Final Focus —

Demagnify and collide
beams

—
<‘_Bunch Compressor

e

Reduce o, to eliminate hourglass
effect at IP

Damping Ring

Reduce transverse phase space
(emittance) so smaller transverse IP
size achievable

—

Electron Gun

Deliver stable beam current

C. Pagani - ISLCOS8 - Lecture 1
Oak Brook, October 20, 2008

Main Linac

Accelerate beam to IP
energy without
spoiling DR emittance

Positron Target - @

Use electrons to pair-produce

positrons _I
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e Competing technologies for the ILC Linac INFN

~ LASA

C. Pagani - ISLCOS8 - Lecture 1
Oak Brook, October 20, 2008

1.3 GHz - Cold o

o s o 11.4 GHz - Warm

30 GHz-Warm

IASF - CP Seminar #1
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Ay Competing RF Structures for the ILC Linac INFN

~ LASA

C. Pagani - ISLCOS - Lecture 1

NC Traveling Wave SC Standing Wave Oak Brook, October 20, 2008
VU, =~ € and U, <c¢  Nornal Conducting U, =0 and v, =0  Super Conducting
NLC/GLC: f =11.4GHz TESLA: f =1.3 GHz
CLIC f =30 GHz

1.0E-03 Remembering that the power dissipated
on the cavity walls to sustain a field is:

1.0E-04
/ RS 2 )
1.0E-05 P. = —IH dS standing wave case
S

diss

—2K 2
/ —42K
1.0E-06

1.0E-07 / a pulsed operation is required to reduce the
| / time in which the maximum allowable field is

produced to accelerate the particles

Ratio between Nb and Cu Rs

1.0E-08 \ \ \ \ \
0 500 1000 1500 2000 2500 3000

f [MHz]
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Il‘ﬁﬂ All Linear Colliders are pulsed INFN

~ LASA

C. Pagani - ISLCOS - Lecture 1

All the LCs must be pulsed machines to improve efficiency. As a result: Oak Brook, October 20, 2008

® duty factors are small
® pulse peak powers can be very large

li <1 ps-1ms

<10-200 ms ————> RF Pulse

l

« 100 m - 300 km > ]
Bunch Train
oooooo O— 1_300nsec —O R R RRIIm

gradient

<— with further input

Beam Loading

g \ <«— without input
accelerating field pulse:
|H_J
filling loading
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Fighting for Luminosity @

2
L oC Ne ||‘GE++CG)CZ)~|| L oC ﬂb X ﬁep
Y g,

o.0
L = Luminosity
N, = # of electron per bunch P N
oxy= beam sizes at IP L b e
IP = inferaction point oC E X
c.m O Uy

Parameters to play with
l Reduce beam emittance (&,-€, ) for smaller beam size (o, 0, )
1 Increase bunch population (N, )
T Increase beam power (’% o« N, x n, x f«ep)

1 Increase beam to-plug power efficiency for cost

C. Pagani - ISLCOS - Lecture 1
Oak Brook, October 20, 2008

n, = # of bunches per pulse
frep= pulse repetition rate
P, = beam power

E.m= center of mass energy

Carlo Pagani
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ILC: Pictorial View of the Winner
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Glossary

INFN

Units of Energy : eV (Electron Volt)
MeV ; Mega Electron Volt : 10° eV
GeV ; Giga Electron Volt : 10° eV

TeV ; Tera Electron Volt : 1012 eV
Particle Masses

Electron : 0.5 MeV/c?2, Proton : 938 MeV/c?
Cross section : ¢

nb: 1033 cm?, pb: 103 cm?, fb:103°cm?
Luminosity : L

Number of Particle collisions per unit time per unit area

e.g. : the KEKB recorded L = 1.6 x103* cm~2sec’’
Integrated Luminosity : | L

Luminosity integrated over some time interval,

e.g. : the KEKB recorded | L = 10%°cm=2= fb-! in a day.

Carlo Pagani
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IASF

About Orders of Magnitude

Linear Sizes in the Universe

Quark

Proton & Neutron
Atoms

Cells

Human being
Earth

Sun

Solar System
Milky Way
Univers

10 -1°
10-15
10 -10
10-8-10-3
10 0
107
10 °
10 13
10 21
10 26

3333333333
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Just for fun

Linear Ratio between the sizes of
the universe and the quark

Duiverse 10% __, 45 digits
O

quark

60 digits are used for encrypting codes !

Carlo Pagani
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THE STANDARD MODEL OF

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a quantum theory that summarizes our current knowledge of the physics of fundamental particles and fundamental interactions (interactions are manifested by forces and by decay rates of unstable particles).

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...
Leptons spin =1/2

Electric Flavor Electric

Flavor charge charge

9
R 0270 o
electron 0.000511 d down

middle (0 009-2)x 10" C charm

muon 0.106 S strange
Rl (0.05-2)x10° t wop

tau 1.777 b bottom

*See the neutrino paragraph below.
Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the quantum
unit of angular momentum where h = h/2r = 6.58x1072% GeV s =1.05x10 "% J s,

Electric charges are given in units of the proton’s charge. In S| units the electric charge of the proton
is 1.60x10~"° coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one electron in e
crossing a potential difference of one volt. Masses are given in GeV/c? (remember >

where 1 GeV = 10° eV =1.60x10~"? joule. The mass of the proton is 0.

G =1.67x10"%" kg.

Neutrinos

Neutrinos are produced in the sun, supernovae, reactors, accelerator
collisi and many other proc es. Any produced neutrino can be
described as one of three neutrino flavor states v, vy, or -, labelled by the Property
type of charged lepton associated with its production. Each is a defined

quantum mixture of the three definite-mass neutrinos v, vy, and vy for Acts o
which currently allowed mass ranges are shown in the table. Furtt
exploration of the properties of neutrinos may yield powerful clues to puzzles
about matter and antimatter and the evolution of stars and galaxy structures.

Matter and Antimatter
For every particle type there is a ponding annpamda type, deno(ed hy

Particles experiencin
Particles mediating:

107" m

Strength at {

3x107m
electrically neutral bosons (6.9, Z°,

own antiparticles.

Particle Processes

These diagrams are an artist's conception. Orange shaded areas represent the cloud of gluons.
ete” > B'B°

'@\

Afree neutron (udd) decays toa proton  An electron and positron

S‘Z/;\B?m the Atom

Nucleus ¥ Name >
Size ~ 10-4m GeV/c charge

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances

(not yet observed)

Why is the Universe Accelerating? Why No Antimatter?

force carriers
BOSONS spin=0,1, 2,

Structure within Unified Electroweak spin = 1 ‘ Strong (color) spin=1 |

Mass | Electric Nam Mass Electric
GeV/c? | charge ame GeV/c? | charge

g
0 0
Neutron Y gluon
Size = 10-'5m

Size <10~"°m Higgs Boson spin = 0

Name

Mass Electric
W bosons
z° . H

Z boson

126

Higgs Boson
The Higgs boson is a critical component of the Standard Model. Its discovery helps confirm the
mechanism by which fundamental particles get mass.

If the proton and neutrons in this picture were Color Charge

10 cm across, then the quarks and electrons Only quarks and gluons carry "strong charge” (also called "color charge”) and can have strong

would be less than 0.1 mm in size and the interactions. Each quark carries three types of color charge. These charges have nothing to do

entire atom would be about 10 km across. with the colors of visible light. Just as electrically-charged particles interact by exchanging photons,
in strong interactions, color-charged particles interact by exchanging gluons.

Quarks Confined in Mesons and Baryons

Quarks and gluons cannot be isolated — they are confined in color-neutral

particles called hadrons. This confinement (binding) results from multiple

exchanges of gluons among the color-charged constituents. As

. " Electromaganeti harged particles (quarks and gluons) move apart, the energy in the

Gravitational (Haiielitlefe [ Strong color-force field between them increases. This energy eventually is

Interaction N (Electroweak) Inferaction Interaction converted into additional quark-antiquark pairs. The quarks and antiquarks
then combine into hadrons; these are the particles seen to emerge.

Properties of the Interactions

Mass — Ener Flavor Electric Charge Color Charge _
2 9 g Two types of hadrons have been observed in nature mesons g and
All Quarks, Leptons Electrically Charged Quarks, Gluons baryons qqq. Among the many types of baryons observed are the proton
= (uud), antiproton (Gd), and neutron (udd). Quark charges add in such a

Graviton w+ w- 20 Gluons way as to make the proton have charge 1 and the neutron charge 0. Among

the many types of mesons are the pion ©* (ud), kaon K~ (sT), and B° (db).
10-41 25 X
10-41 - Learn more o ParticleAdventure.org

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and startiing
discoveries. Experiments may even find extra dimensions of space, microscopic black holes, and/or evidence of string theory.

What is Dark Matter? Are there Extra Dimensions?

The expansion of the universe appears to be Matter and antimatter were created in the Big Invisible forms of matter make up much of the An indication for extra dimensions may be the

(uud), an electron, and an antineutrino (antielectron) colliding at high

via a virtual (mediating) W boson. This energy can annihilate to produce

is neutron B (beta) deca: BY and B mesons via a virtual Z
boson or a virtual photon.

14 Contemporary Ph:

accelerating. Is this due to Einstein's Cosmo-  Bang. Why do we now see only matter except ~ mass observed in galaxies and clusters of extreme weakness of gravity compared with th

logical Constant? If not, will experimen
reveal a new force of nature or even extra
(hidden) dimensions of space?

for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?

n more about CPEP p

galaxies. Does this dark matter consist of new

types of particles that interact very weakly
with ordinary matter?

at CPEPphysics.org. Made

us. Department of Energy, U.S. Nauonal Science Foundation, & Lawrence Berkeley National Laboratory.

other three fundamental forces (gravity is so
weak that a small m: k
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Basic Knowledge after LHC

Higgs Boson
The Higgs boson is a critical component of the Standard Model. Its discovery helps confirm the
mechanism by which fundamental particles get mass.

ton and neutrons in this picture were Color Charge
ross, then the quarks and electrons Only quarks and gluons carry "strong charge" (also called "color charge") and can have strong

less than 0.1 mm in size and the interactions. Each quark carries three types of color charge. These charges have nothing to do
ym would be about 10 km across. with the colors of visible light. Just as electrically-charged particles interact by exchanging photons,
in strong interactions, color-charged particles interact by exchanging gluons.

—— A Quarks Confined in Mesons and Baryons
ni'erqchons Quarks and gluons cannot be isolated — they are confined in color-neutral

particles called hadrons. This confinement (binding) results from multiple

exchanges of gluons among the color-charged constituents. As

Eleciromaanetic color-charged particles (quarks and gluons) move apart, the energy in the

% 9 Strong color-force field between them increases. This energy eventually is

Interaction (Electroweak) Interaction Interaction converted into additional quark-antiquark pairs. The quarks and antiquarks

then combine into hadrons; these are the particles seen to emerge.

strength of the electromagnetic force for two u quarks separated by the specified distances.

Flavor Charge Color Charge ) _
: Two types of hadrons have been observed in nature mesons qq and

Quarks, Leptons Elec ally Charged Quarks, Gluons baryons qqg. Among the many types of baryons observed are the proton

(uud), antiproton (Giid), and neutron (udd). Quark charges add in such a

Wt W- ZO LY Gluons way as to make the proton have charge 1 anq the neutron charge 0. Am_ong
the many types of mesons are the pion nr (ud), kaon K~ (sti), and B? (db).

0.8 25 i [m] 3% ]
10-4 1 60 Learn more ot Pa rhc|eAdvenfU re.org 3%:'1?:

D :ﬂﬁ‘ ]
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IASF Different attitudes by different actors INFN

~ LASA

» Most of the major actors are taking advantage of the developed cold
technology investing in large infrastructures for applied science

» CERN concentrated the efforts in the LHC upgrade toward a100TeV,
100km, Hadron Collider, while resurrecting the interest on CLIC and Muon
Colliders.

» US and China focused their attention on the more accessible neutrino
Physics, well matched with the growing impact of astrophysics

» Japan organized the effort to adapt the ILC to the lower energies demanded
by a high luminosity boson factory

» China, following the large ring idea, inverted the priorities focusing on the
design of an Higgs Factory first.

IASF - CP Seminar #1
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Beyond the Standard Model ( > 2035) e*-e

~ LASA
A (IP)
30 mrad
134m 10.6m FB(; fml:l‘r'
+ - ] 0.3m
ete- Colliders FCC-ee
.~ D(RF)
Competing
Projects
D A A 4 e T i YYY
L 250  SMichuzono, | (B ~~:{§<<<<<<<(,((|I|!
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o T O Y
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INFN

~ LASA

FCC-ee collider param eters (F. zimmermann)
parameter Z wWw H (ZH) ttbar
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4
no. bunches/beam 16640 2000 393 48
bunch intensity [1011] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR/ BS [mm] 3.5/121 3.0/6.0 3.3/5.3 20/2.5
luminosity per IP [1034 cm2s1] 230 28 8.5 1.55
beam lifetime rad Bhabha / BS [min] 68 / >200 49 / >1000 38/18 40/ 18
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IAS) CEPC CDR Baseline Layout C(NFR

Booster

Injection energy 10GeV

Linac

CEPC collider ring (100km) CEPC booster ring (100km)

EBTL _

Electron By-pass Transport Line

R ERRR R ALK 44 444««44«4«44444 ERER R KK KA KA KA RARERLREREE

10 GeV
= | | | | (OU0E N Rt A AL i
1 il ! i THITIY U
11 Gev
21 MV/m
4 Gev

21 (3) Klys. 84 Accel, Stru, 3 Klys, 6 Accel, Stru, 19(3) Klys. 76 Accel. Stru, 29 (4) Klys. 116 Accel. Stru,

T ESBS FAS PSPAS SAS TAS

CEPC Linac injector (1.2km, 10GeV)
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LASA

IASE Beyond the Standard Model ( > 2050 ) *-ur INFN

Proton-driven Muon Collider Concept 3-10 GeV

The design is driven by the short muon lifetime = 2.2 us
MAP collaboration

Proton Driver Front End Cooling Acceleration Collider Ring
m %
5.0 = 5 |& o
B 5 5 5 |[BfEElEEr() 2 2
k= = § 35 [F0o2 2 38|lS8S 8§ 5 5
P S & 2 wesS 3 |lY o & o 8 o
8) £ = € |182% @ loawv § Ts® 8§ O —
A = @ HLC o & Ll o T = = H H
S 2S¢ 2ls 5 a2 @ ¢ Accelerators:
< § o & |ENE & | Linacs, RLA or FFAG, RCS
Short, intense proton .
’ P Muon are captured, Collision

bunches to produce

, bunched and then cooled by
hadronic showers

ionisation cooling in matter ,
Acceleration to

Protons produce pions collision energy
Pions decay to muons
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IASHE Beyond the Standard Model ( > 2050 ) p-p INFN

~ LASA

A mmm |_DS parameter FCC-hh

mmm | _sep

— L arc collision energy cms [TeV] 100
EXIO dipole field [T] 16
Inj. + Exp InJ + Exp. circumference [km] 97.75
beam current [A] 0.5
1 4 km bunch intensity [10"] 1 1
bunch spacing [ns] 25 25
J | | B-coll  «— o8Kkm — extractuonl D synchr. rad. power / ring [kW] 2400
SR power / length [W/m/ap.] 28.4
1 4 km long. emit. damping time [h] 0.54
beta* [m] 1.1 0.3
normalized emittance [um] 2.2
~ 0- CO” peak luminosity [103¢ cm2s-1] 5 30
L FCC-hh events/bunch crossing 170 1000
G stored energy/beam [GJ] 8.4
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U4 The “small” photon adventure INFN

~ LASA

1.25 E Y Y Y . .
(23%'53 9 1 Angstroms is the size of

1.0 - —~ one atom

1 Angstroms =101 m

0.75 Normal inorganic molecules

Human eye detects photon are sizing a few Angstroms

wavelength ranging from

4,000 to 7,000 Angstroms
(4x107 to 7x107 m)

0.50;

Intensity (normalzed)

Biological molecules and
cells are much bigger but

0.25

0 5000 10,000 15,000 20,000 they are composed by atoms
Wavelength (Angstroms)
Image resolution is limited by the photon wavelength Energy lost [GeV] per turn

To see what is smaller than 4,000 Angstroms we need: (/ [GeV] =6-107"-y*. 1

. R SR r[km]
« Smaller photons, with respect to the visible light
« A different detector, with respect to our eyes

Particle accelerators give energy to electrons

Bending the energetic electron trajectory
photons are produced

High energy produces small photon wavelength,
that is X-rays
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X-ray sources and X-ray Lasers

INFN

~ LASA

X-ray (from synchrotron sources) have opened the Ultra-Small World

Coherent X-ray (from XFEL) for the Ultra-Small and Ultra-Fast Worlds

Flea @:E« Y4

4
J7 1

Human hair
~30 um wide

IO

Ultra
Small

ed blood cells
& white cell ~ 5um

Virus ~ 200 nm

DNA helix
~3 nm width

Water (%)
molecule

3 / Head of a
10" m1mm O L
1,3 Micro gears
g +-100 um 10 -100 pm"‘"
° diameter 1
= DVD track
2 110 um AR
= )
-6 = A
10 mJ}1 | I m "
10 um
5 1 um Electrodes
E 4-100 nm connected with
P nanotubes
o
=
©
4 4-10nm Carbon nanotube
2 ~ 2nm diameter
-
-9
10 mt1nm
Atom 0.1 "atomic corral

~ 14 nm diameter

Hydrogen
transfer time
in molecules 100 ps

is~1ns

Spin precesses H
in 1 Tesla field 10 ps
is 10 ps S

10™%s  1ps

Shock wave propagates
by 1 atom in ~ 100 fs

Water dissociates in ~10 fs

0(?—> O'OO‘ 10fs

Light travels AVAVAVAVAY

Tumin3fs

@ 10s  1fs —»k—

Shortest laser
pulseis ~ 1 fs

Bohr period of
valence electron
is~1fs

per bitis ~ 1 ns
-

Optical network switching
time per bitis ~ 100 ps

Magnetic recording
time per bitis ~ 2 ns

Laser pulsed

‘ current switch ~ 1ps

© John N. Galayda

vy

Oscillation period of
visible lightis ~ 1 fs

Ultra
Fast
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Ny Brilliance vs Photon Energy

10% - 107
= 107 - e
Z E
FEL E ‘ . 2
& < 10" N =
5 S
X FEL : . o
- Ng e -I.:.‘I:i:l _ E
o o -- -':n: _-:-:-‘-C‘\tg-. ﬁ
g o RTIE 6
? E;
& )
2 =
& 5
F g
Synchrotron 5 A
L i g ht E 3 Urehdagar
Sources Atom size
FEL = Free Electron Laser _
Aon [WmM] =1.24 / E;, [eV]
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IAS Synchrotron light sources for X-rays

INFN

~ LASA

e — - —

T Magnetic
{ Elecirons circulating Fiald
® in & storage ring -
TT——

Beam
Collimaftor

synchrotron Radiation

Synchrotron light is used for

¢ Physics and Chemistry
¢ Crystallography
¢ Material science
¢ Fast Chemical Reactions

¢ Biology and Medicine
¢ Structural Biology
¢ Biological Imaging
¢ Medical Imaging
¢ Microbeam radiotherapy

¢ Engineering
¢ Lithography
¢ Micromachining

Central Building

Skiz

Radiation Facility
Grenoble

Pubiez besmlings iope bl
Numter ¢f irdecendent end-stations
H hsedbion dovice ports for the machine
B CRG beamiings (operational
N Frae Danding magnat parts
R uUndser sonatniction

Etlorage Ring

et
"

e
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Synchrotron Radiation and XFEL

INFN

LASA

http://www.xfel.eu/
10%°

§ 33 B XFEL 7
m 107 FLASH 7]
x = (sey A—s -
S 10k a
£ | -
NE » /LASH
E 107 -]
£ — -
w
5 107 | -
c
L = ]
2 2
o 107 PETRA Il 20 ) 7]
(=" rJZIgD SPring-8
8
c
8
@
X
@
o)
o

* line spectrum

* much higher intensity

10° 10
» extremely focused Energy [eV]
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INFN

LASA

Modulation of the electron bunches

GENESIS simulation of the TTF parameters
Sven Reiche (UCLA)

undulator
entrance

half-way
saturation

full
saturation
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IAS European XFEL: completed in 2016

INFN

LASA

https://www.youtube.com/watch?v=p3G90p4gIQA
< 3.4km D>

\ The European X-ray laser project XFEL i
=1 Planning status October, 2003

=== XFEL site 50 m
===+ Options for expansion

Ss
@9
N
o Schleswi
Holstein »
- EEe

Sl

http://www.xfel.eu/
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IL"I

Eu-XFEL & LCLS-Il use TESLA SRF Tech.

INFN

~ LASA

E-XFEL

Injector L1 L2 L3

1.3 GHz module 4 modules 12 modules 80 modules

= 150 MeV (1 RF station) (3 RF stations) (20 RF stations)
3.9 GHz 3" harm.

= 25 MeV

300 kw
1 Modulg A3 | A4 | A5 A6 j-r A25
0.24 kW 5 kw
9k . 300 kw
n.c.Gun LH, Dogleg, BCO BC1 BC2 Collimation
1.3 GHz 300 kw
6 MeV 130 MeV 600 MeV 2.4 GeV 6to 17.5 GeV .
I 1 1 1 1 1 1 I I
o, % %, % %, % % %2 %,
2 ”» ”» » % % % %
Lo L1 L2 L3
@p=** ¢=-12.7° @=-21° @=110° -
Vo=100MV V=211 MV HL Vo=1446 MV Vo=2437 MV LCLS-lI
Iu=12 A Ix=12A  @=-150° 1,4=80 A Ix=1.0 kA

0,=1.02mm ,=1.02 mm V,=64.7 MV 7,=0.15 mm

0,=9.0 um

I{ cMo1 b awozos Hasone N cmoa }-o amis B N{ cmite | cm3s v ~
LH

BC1 BC2 BYP/LTU
GUN E=100 MeV E=250 MeV E=1.6 GeV £=4.0 GeV
750 keV  Rge=-3.5mm Re=-55mm Rec=-37 mm Rge~0 mm

0:=0.05 % 0=1.6% 0:=0.38 % 05~0.014%

100-pC machine layout: Aug. 25, 2015; v21 ASTRA run,L3 10 deg.
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Ny e The 3 major facilities use the TESLA. Tech. INFN

~ LASA

Injector L1 L2 L3 SASE1 & 2
1.3 GHz module 4 modules 12 modules 80 modules 3-> >25 keV
3.9 GHz 3 harm. (1 RF station) (3 RF stations) (20 RF stations)

SASE3
% 0.26 -> 3 keV
Soft X-ray
Variable Gap Undulator
L0 u L2 3 0.2-5keV @ 1 MHz
@="* =127 @=-21" @=£10"
Vo=100 MV V=211 MV HL Vp=1446 MV Vp=2437 MV
1e=12 A Ilx=12A @=-150" 1,=80 A 1=1.0 kA SXU
G=1.02mm G;=1.02 mm Vg=64.7 MV c;=0.15 mm @=9.0 ym E
‘ Xp.
l»{ CMO1 b cmoz03 M CM04 |} CM1S ]/\—{ CM16 |+{ CM35 p—et™ Halls
LH BC1 BC2 HXU
GUN £=100 MeV E=250 MeV E=1.6 GeV
750keV  Rss=-3.5 mm Rsg=-55 mm Rsg=-37 mm
a=0.05 % a=16 % 0=0.38 %
n Hard X-ray
P Variable Gap Undulator
1-25keV @ 120 Hz
1-5keV@ | MHz
. FEL-1l {0.4-3 keV)
VHF Gun 1 H L1 Hy e L2 e La ) . )

750ke¥  CMOD CMOT CMO2-03 CM04-21 CM22-75 R —

FEL-1 [3-15 keV)

Buncher : 120' MeV E?D‘ll\u’é\" 2.1 GeV 8.6 GeV

MD  HED

construction during 2009 — 2016
in operation since 2017
cw upgrade after 2025 (?, tbc)

EENINER

under construction since 2014
first lasing expected in 2021
HE 8 GeV upgrade until 2026

SHINE SARI
under construction since 2018

- to be commissioned in 2025
T ——— goal: cw and 8 GeV
Hans Weise @ FEL2021
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I St Satellite Picture of the three XFEL Facilities INFN

LCLS-II
| Accelerator

et 2 " s
A\&‘dorfer Bém

R P f(; lw
,“ 3 :

. Photon energy: 0.4-25 keV ‘: s =
| Pulse duration : 1-100fs ESRSY wi
A | Repetition : IMHz
@' Total length: 3.1km

1 ca 30m undergroun

% ¥ v g 2 C
3 2 . o \ - o ip '\
i o 1 > 0 - %

ok ok < (A T 4
il oy Y

All three facilities

* have a total length of approx. 3 km

« are (being) built in a long tunnel

« SHINE has enormous similarities with E-XFEL

« LCSL-Il will be the first cw X-ray FEL and can
profit from the existing klystron gallery

« Experiments halls at E-XFEL and SHINE are of _
soccer field size Hans Weise @ FEL2021
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IL"I

Two more funded in China for Soft X-Ray

INFN

LASA

S3FEL

Shenzhen Superconducting Soft X-Ray FEL
2.5 GeV CW SRF accelerator

.Driver/Seed Laser -Heaterlaser :: Betatron Collimator : Energy Collimator ::: Emittance [] Dump
TD
. e e
T | [0 : 1 X L
(oo B cvor IERERR Y cvoz-oc o SN cvos-1: RESRIANNLY — vzs SRR
4 (] =]

\ A Iy
90MeV, 10A, 4.5ps DIAGO 250MeV, 80A, 0.5ps 1.2GeV, 800A, 50fs  2.5GeV, 8004, 50fs

Injector LH COLO L1+HL BC1 COL1 L2 BackupBC2 EMIT L3 Backup DCP

METEE CINTET O
Eannnn] HOM ./  HIIX
| O | End Station |
— f— —— End tation |
ENON TINT EINTN HC
0o : ]
FEL-3: EEHG(2.3-15nm)<m
: o o oo
B I (9omm) (90mm) (a3mm) [m}
)/ FEL-2: SASE(13.5nm)
:\\ i  [OINND Self-seeding NI Self-seeding O e m
/ .\.’,“ [ ] (43mm) (a3mm) (43mm) ] m
\/\\
Lt L — o
\... )
X FEL-1: SASE(1-3nm)
\ O Self-seeding CIXETN Self-seeding OO o e m
\E,. 11111 RS, omm ./ oo e ]
//*// O @7mm) (27mm) (@7mm)  Afterburner [J m
FEL-4: EEHG(5-30nm)
(] I (gomm) (90mm) (50mm) (] m
[ ] ]
a1 0] M 18] Mg [:
201 | [ 0 0 [ N | T
= [
() )
Eu ] a2 BN
] |

& LINAC: 740 m

Spreader: 400 m % Undulator: 270 m

* BL & ES: 340 m =g
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IAS Two more funded in China for Soft X-Ray INFN

LASA

DALS

Dalian Advanced Light Source

FEL-2: HGHG/SASE/SS

(30-180nm) :
/[ a T SS D End Station
H] \/ x/ EI]II]] \/ Emn End Station
I (47mm,K=2.79~7.53) (47mm,K=2.79~7.53)

FEL-1: EEHG/SASE/SS
(6.5-40nm)
E]II EI[I SS [IImm

. Driver/Seed Laser . Heater Laser I%' Betatron Collimator I Energy Collimator [] Dump s Reserved [H
H| | H \_/EII\_/EIIII\_/El]]II] \_/ SO I End Station |
(34mm,K=0.96~4.00) (38mm,K=0.96~4.00) [_]
{1
4 : ) ] 4
soomev, 12a3ps L] s I, N T FEL-3: EEHG/SASE/SS
Injector LH L1 HL BC1 L2 L3 Dechirper (6.5-40nm) :
o om| | om | SS NI End Station
i N/ am\/anm\/ E[l]]]] \_/ o End Station
I (34mm,K=0.96~4.00) (34mm,K=0.96~4.00)
FEL-4: HGHG/SASE/SS
(30-180nm)
H T ‘ OO0 ss OO End Station
H \_/ a0\ oom \—/ S ERdSIaton
| (47mm,K=2.79~7.53) (47mm,K=2.79~7.53)
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Il‘ﬁﬂ Particle Accelerators for cancer therapy INFN

Particles are used to kill the tumor cells, stopping their reproduction
Not all cancers are sensitive to the same particles

The tissues around the cancer can be damaged
The level of damage depends on the particles used and on the complexity/cost of the system

+ Radio-therapy with photons (X-ray)

« An electron linear accelerator produces a 20-30 MeV electron
beam that produces photons through a tungsten target

« The machine is simple and thousands have been installed

« Hadron-therapy with protons or carbon ions, 2C
« Cyclotrons or Synchrotrons are both used.
+ The beam energy determines the penetration depth into the biological tissue
« They can be much more “precise” but the cost is 10 to 100 times higher
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The 230 MeV Cyclotr

S
The treatmentroom

i
S
N

on .
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S Cyclotrons for Isotope Production @

IBA cyclotron at ARRONAX PET trace series of General Electrics

10 MeV
1kW

— ,«l M. Jensen, RISO

T. Sounalet, Arronax
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Ny e Isotopes for PET (positron emission tomography) INFN
Maximum Mean Max.
Nuclide H(z:]llfi-:)f © Decay mode energy cn::rgy Ma(,\;.] ;z:;lgc (lhcorctsi:::l )
| (MeV)  (MeV) (Ci/umol)®
C-11 204 100% B* 0.96 0.386 4.1 0220
N-13 0.98 100% B* 1.19 0.492 54 18 900
O-15 2.03 100% B* 1.7 0.735 91 730
F-18 109.8 97% B* 0.69 0.250 24 1710
Cu-62 0.74 99.7% B* 2.93 1.314 14.3 19 310
Ga-68 68.0 89% B* 1.9 0.829 9.0 2766
Br-75 96.0 75.5% B* 1.74 0.750 8.2 1 960
Rb-82 1.25 05.5% B° 3.36 1.5 16.5 150 400
[-122 3.62 75.8% B° 3.12 1.4 15.3 51 950
1-124 6019.2 23.3% B° 2.13 0.8 10.2 31
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ADS - Accelerator Driven System

Accelerator

APT
Technolog

Subcritical

Burner
(multiple units)

Liquid Lead
Nuclear
Technology

Pyrochemical
Processes

Proliferation
resistant, low
environmental
impact

|
| [z

Power
Productio

Residual Waste
to Repository

Power to Grid:
~ 90%

Power to Accelerator: ~10%

Figure |
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Ny The subcritical core

Accelerator Drive (Subcriticality) enables versatile
and effective Nuclear Waste Destruction

Proton

ATW Burner |B¢™

Heat Exchanger: to

steam-driven power production

S {up to 40% eff.)
Typical Power:
2000 MWt ! ;
Pump

T

Liquid Lead
Coolant  ~.__ |

Spallation

=" Neutron Source

Transmutation
Region (solid
actinide fuel)

Figure 4

why subcriticality has advantage for
waste destruction:

® Power conftrol is not linked to
reactivity feedbacks, delayed
neutrons or to control rods, but
only to the accelerator drive

o ATW has no need for fertile
materials. ATW uses pure
transuranic cores

e Subcritical systems work
independently of the fuel
composition

eEOL inventory is not limited by
criticality. Possible to have EOL
burndown of inventory

® Neutronics and thermohydraulics
are effectively decoupled

Carlo Pagani
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C From Physics Today, May 2006 INFN

~ LASA

(Yucca Mountain)

Yucca Mountain

Esmeralda !
County

« 55000 tons in 100 temporary
repositories in 39 States

» 2000 tons/y produced in USA
70000 tons is the total Yucca
Mountain capacity

» Safety analysis after 1 My required
Yucca Mountain, Nevad: for Iicensing !
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INFN

LASA

The Washington Post

Mountain of Trouble

Mr. Obama defunds the nuclear repository at Yucca
Mountain. Now what?

Sunday, March 8, 2009

BY STRIPPING the funding for the nuclear
repository at Nevada's Yucca Mountain, President
Obama has succeeded in killing the contentious
project that remains unfinished 22 vears after
Congress selected the site. He compounds the error
by not offering an alternative. If the president's
vision for a clean energy future is to be believed or
is to come to fruition, nuclear energy must be a part
of the mix, and the safe disposal of its radioactive
waste must be given more serious consideration.

Obama to zero out Yucca Mountain
funding, pull license

By Lisa Mascaro (contact)
Published Sunday, Jan. 31, 2010 | 11:50 a.m.
Updated Mondy, Feb. 1, 2010 | 9:22 a.m.

Las Vegas Sun

WASHINGTON - President Barack Obama plans to zero out funding for Yucca Mountain and "take steps” to
withdraw the project's pending license application, according to a preview of the 2011 budget that will be
announced Monday.

The president's intention to pull the license application -- a promise he made while campaigning in Nevada -- would
be one of the most critical moves yet in stopping the proposed nuclear waste dump in Nevada.

Senate Majority Leader Harry Reid, who has been in ongoing talks with Obama over the dump, called the
development "great news."

"President Obama is keeping his word to Nevada and I thank him for working with me as we try to find a safer
solution for dealing with the nation's nuclear waste." Reid said Sunday.

Reid's office released information from Obama's coming budget that showed: "The Department of Energy’s Office
of Civilian Radioactive Waste Management will be merged into the Office of Nuclear Energy. As part of the
merger. funding for the proposed Yucca Mountain project will be eliminated and the Department will take steps to
withdraw the license application in the near future. This reflects the Administration's commitment to pursuing a
responsible, long-term strategy through the appointment of a high-level Blue Ribbon Commission on America's
Nuclear Future.”

The project has burned through S$7.7 billion. It was supposed to start accepting spent material from the
nation's operating nuclear reactors (now numbering 104) in 1998. Our longstanding support of the
Yucca Mountain facility has been grounded in the belief that the center of a desert mountain 1,000
feet underground and more than 90 miles northwest of Las Vegas was an appropriate place for the
nation's nuclear waste. Instead. storage is spread over 121 above-ground sites located within 75 miles
of more than 161 million people in 39 states.

Funds cut to zero in 2011
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I Ny Most Accelerators are built not for Science @

About 30,000 accelerators are in use worldwide (2015)
« Sales of accelerators >S$ 2 B /yr and growing
 Accelerators touch over S 500B/yr in products
¢ Major Impact on our economy, health, and well being

Some Products: . _‘ Shrink wrapped food

Radial Tires

Slim-Fast!

Aircraft afé Latte

Digital Electronics E , S N. Lockyer
v
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Accelerators: Essential Tools in Industry - 1 INFN

~ LASA

lon Implantation

Accelerators can precisely deposit ions modifying materials and
electrical properties (boron, phosphorous)

Semi Conductors
CMOS transistor fabrication of essentially all IC’s

CCD & CMOS imagers for digital cameras
Cleaving silicon for photovoltaic solar cells /
Typical IC may have 25 implant steps r——

= N2 ions reduce wear
and corrosion in this

Harden cutting tools iy - artificial femur

Metals

Reducing friction
Biomaterials for implants

Ceramics and Glasses
Harden surfaces

Modify optics

Color in Gem stones! N. Lockyer

Carlo Pagani
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Il\ﬁﬂ Accelerators: Essential Tools in Industry - 2 INFN

~ LASA

A wide-range of industrial applications makes use of
low-energy beams of electrons to drive chemistry

0.1-10 MeV up to MW beam power
electrostatic, linac, betatron accelerators

N' g N3 3
- Ay w<,
TV e N
' ,
R
T

Electron Beam Irradiation

Improved heat resistance of coatings, wire and

N. Lockyer cable, crosslinking polymers, radial tires, etc)
1500 dedicated facilities worldwide
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yoe Accelerators: Essential Tools in Industry - 3 INFN

~ LASA

Electron beam printing

e Conventional printing requires use of
enormous amounts of solvents that are
created, evaporated, and must be
disposed of ... all with significant
environmental impact

e EB printing can print 12 colors at a
speed of 10 m/s with water based inks

e EB’s also enables new packaging
methods for food (foil-glue-foil)

e Your milk carton or potato bag may
have been manufactured with this
technology

Electron Beam Packaging

N. Lockyer
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Electron Beam Welding and Machining INFN

* Deep welds, low weld shrinkage

Dissimilar or refractory metals, etc
Widely used in automotive and aerospace industry

* Drill 3000 holes/sec!
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Weld gear
boxes
Harden .
Gas turbines
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Il-‘.ﬁF Accelerator Driven Chemistry INFN

~ LASA

Thermal energy is very strongly
coupled to Translational,
Rotational and Vibrational High T
modes of the energy absorber.
lonization, bond rupture and
other processes leading to
chemical reactions occur lonizing radiation >\
only in the high energy region

of the Maxwellian tail. Kinetic ejk

Low T

Activation
Energy

lonizing radiation is almost entirely Energy in the form of large quanta
absorbed by the electronic structure have more pronounced chemical

of absorber, which increases the effects than energy in the form of small
energy level of its orbital electrons. quanta (ie processes can occur at lower

temperatures =»more efficient!)

Effective & efficient generator of reactive species N. Lockyer
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Accelerators: Food Preservation INFN

~ LASA

Low-energy beams of electrons can help beat food-borne lliness

Input RF Power

~60 people die from food-borne illness
in the U.S. each week

Accelerating
Waveguide

Food poisoning is estimated to cost the
US $152 billion a year.

Electron beams and/or X-rays can kill
bacteria like E. coli, Salmonella, and
Listeria.

Currently in use for: Spices, fruit,
lettuce, ground beef, milk, juice,
military rations...
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Many more opportunities exist
Barriers = cost & public acceptance

N. Lockyer
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Accelerators for Security @
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ledical Systems

* More than two billion tons of cargo pass through U.S. ports
and waterways annually.

* Accelerators are used for cargo scanning and “active
interrogation” to detect special materials

N. Lockyer
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Ay Accelerators for the Environment: Coal INFN

~ LASA

41% of all electrical power worldwide is generated
by burning coal

The three major actors, China, India and the US are
still using a lot of of coal for electrical power
generation.

Emission of NOx and SOx is a serious
environmental issue

Accelerators can treat flue gas turning NOx and SOx
into fertilizer

m Nuclear

m Hydroelectric
m Other

m Coal

m Qil

2.6% mGas

1t step towards sequestration of CO,

High Sulfur Fuel Converted to Fertilizer

Pollution from Fertilizer applied to
Traditional : i\  (Ammonium | Farming or Bio
Combustion | |  Sulfate and | \ fuels; total CO2
(Fuel: Coal, Ammonium reduction 10 to

Petcoke, Nitrate) 30%
N. Lockyer Bitumen etc.)
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Accelerators for the Environment: Flare Gas INFN

~ LASA

Many wells produce both oil and natural gas,

but not all gas is recoverable
« Remote, so pipelines are not economical

« Produce a burst of gas for only a few years

« Methane is a powerful green house gas... so most
companies “Flare” stranded gas at the well

World wide $ 30 B/yr of gas is flared

« Equal to 25% of the natural gas usage of U.S.

+ Adds CO, with no useful work for mankind
Some Company can convert gas to liquid hydrocarbons
but requires large plants for high temperature/pressure
reactions
Mobile accelerators could in principle break C-H bonds to

efficiently convert stranded gas to liquid hydrocarbons at
the well head, could also lower viscosity of heavy oils
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Gas flare i ND

N. Lockyer
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IAS Portable Accelerator to avoid Flare Gas INFN

~ LASA

Trailer mounted high power electron accelerators
Natural gas turbines provide the local electrical power

Liquid hydrocarbons created can be mixed and collected with crude oll
produced by the well

Potential high revenfues!
1 well flares ~ $ 5 M/yr for 1-2 yrs

Unconverted Nat
Gas + Hydrogen
drives gas turbine
for power

Nat Gas
+ heavy oils

N. Lockyer

hydrocarbons
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