o . wé“"\;ﬁ"\"\’:’l Y

particle Accelerators in the XXICentury



Outline and Motivations for this Seminar

This Seminar is intended as an “appetizer” to introduce you to the
Science and Technology of Particle Accelerators

Goals:

- Give a general overview of accelerator technologies and
applications, with no maths;

- Give some hints to guide your study and your future choices.
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Outline: The best way

- Accelerators as instruments to pr_ed|Ct the future
- Accelerator and innovation is to invent It.

- Key accelerator ch aI_ lenges e L

- ACCe|era’[0rS for SOCIth Speech given at Xerox PARC (1971)

- The future...




Accelerators: our access to the subatomic world

R When we extract particles from an atom (protons, electrons, charged nuclei) and we
access the subatomic dimension... to study

P ey accelerate them we concentrate enormous amounts of energy in tiny volumes

|L ";1 The Large Hadroan Collider

proton

e |
HUCLEUS \/:I.ECTDONS

Proton out of LHC 150g Yoghurt TGV train
- Energy in an LHC bunch
R - (1.15 10" protons) is 1.3
S frmiend™ |2 .
ade , in the full beam
e 10° J, inthe full b
7 TeV 120 cal (2808 bunches) 3.6 108 J.
Energy 1.110°) 5102 3.6108%) Energy density of an LHC
Energy density 5.310%%)/m?3 3.310°)/m? 1.510°J/m? bunch at interaction point
Ch ical 2) =~
Kinetic emica ) Kinetic (30 cm, 16x16 1m?) =0.5
Type of energy _ Macroscopic , 1012 J/m3
Subatomic scale Macroscopic scale
scale
Where will this energy go? An accelerated subatomic particle sent towards an atom will: L e
1. Deliver some energy to the electrons. o o T

2. Deliver some energy to the nucleus (after penetrating the Coulomb barrier).




Accelerators can modify the nuclel and create new particles

It's the dream of the
ancient alchemists
coming true!

NUCLEAR PHYSICS
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Accelerators can produce intense secondary beams

Accelerated produce beams by Accelerated produce beams

Interaction with a metal target (bremsstrahlung) or
by synchrotron radiation in accelerator magnets)

by spallation reactions in a heavy metal target

) heutron
X-Rav Production fission
y product
(Bremsstrahlung)
EIe:tron — T / neutron
Target Nucleus @ X-Ray J G J
Tungsten L neutron
target T~ fissi
ot nucleus ission
Mnode( ) v"‘mw product
Cathode
O T e e ) neutron
=‘
// \\ XRays

» X-rays generated by accelerators are commonly used in medicine

» Both X-rays and neutrons generated from accelerators are used for advanced imaging in many fields: life
sciences, condensed matter, energy, material science, cultural heritage, life sciences, pharmaceuticals,...

» Additional applications are appearing for other types of secondary beams.




Accelerators can precisely deliver energy

A «beam» of accelerated particles is like a small “knife” penetrating into the matter

A particle beam can
deliver energy to a
very precisely defined
area, interacting with
the electrons and with
the nucleus.

Bragg peaks

Particles can penetrate in depth o
(different from lasers!).

40

. 80 120
depth in water (mm)

Particle beams are used in medical and industrial applications,
e.g. to cure cancer, delivering their energy at a well-defined depth inside the body (Bragg peak)

Lasers and accelerators have comparable peak energy densities, but different interactions and penetration
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Accelerators have a
long history...

Question:
How old are particle
accelerators?




Modern particle accelerators are 95 years old

In 1928 a 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

4
(from R. Wideroe’s thesis) .
M,_% 1. use of Radio-Frequency technology (at the time limited to 1-2
_’// MHz) — marrying radio technology and accelerators.
1 7 . . .
S 2. Use of a drift tube separating 2 accelerating gaps —
invention of periodic acceleration.
3. complete accelerator: ion source, RF accelerator, detector,
Y [L all in vacuum.
2k X‘Kél +_-_ - = + — — -— + )
= S5 . L] [ -
%ﬁ mmm——) . |--| T r ° % R

/ \ 56:;)-—;‘-; Vit)
lon Accelerating RF Detector (image credit: Wikimedia common
source tube at generator

V=V, sinot




At the roots of Innovation

What were the ingredients of Rolf Wideroe’s innovation?

» He was young and curious (PhD student, fresh ideas and time available)

» He was under pressure to complete his thesis («necessity is the mother of invention»)
» He was merging information and experience from different fields (cross-fertilisation)
» He was going all the way down to practical realisation (to «<innovate»).

The Oslo Manual
(OECD/Eurostat, 2005),
defines innovation as
“the implementation of a
new or significantly
improved product or
process ..."




Innovation in the particle accelerator field
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Particle Accelerators in 2023
We have reached the end of exponential growth... | but the field has never been so flourishing!
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THE ENERGY FRONTIER
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Updated Livingstone-type chart (Wikipedia ) : :
2014, uploaded by J.Nash, Imperial College) As many as 50 ongoing accelerator constructllon or upgrade projects
listed in the 2017 IPAC Conference (13 America, 11 Asia, 26 Europe)

How many particle accelerators there are in the world, and where are they?




Multiple challenges for accelerator science

N N T

Particle Physics 0,5%
Nuclear Physics, solid state, materials 0,5%
Biology 5%
edical Applications | |39
Diagnostics/treatment with X-ray or 33%
electrons
Radio-isotope production 2%
Proton or ion treatment 0,1%
A I
Applications
lon implantation 34%
Cutting and welding with electron beams 16%
Polymerization 7%
What is the role of accelerators Neutron testing 3.5%

In this transition? Non destructive testing 2,3%




Accelerators in transition — for physics and for society

Transition to new more affordable and sustainable technologies for basic science

2. Transition from basic science as main technology driver to a multiple system where basic and applied science,
medicine and industry will together drive accelerator development.

3. Transition from a centralised configuration based on large laboratories to a distributed scheme (project clusters

of small and large laboratories and industry)

New-ideas and

/ technologies

Societal
applications
(medicine, industry,
environment, etc.)

S

e /. " ' -
Fundamental science

Applied science (photon
and neutron sources)

The electron linac for cancer radiotherapy, the most
widespread accelerator in the world (> 12000 units)




Reaching the limits of sustainability ?

Particle physics has been from the very beginning the technology driver for the development of particle accelerators: the quest
for new particles at increasingly higher energies has motivated the development, construction and financing of increasingly
large accelerators. And now?

Physics: Accelerators:

After the discovery of the Higgs boson the Standard  The sjze, cost and energy consumption
Model is complete — many questions remain open of the accelerators required to go beyond

(origin of dark matter and energy, antimatter the standard model rise questions on the

asymmetry, etc.) and their solutions may be related long term sustainability of accelerator-

to new unknown particles, but so far no clear based particle physics.

predictions exist to be verified by an accelerator.

The recent (2022)

# Difficulty to justify new large projects # Difficulty to implement new large projects international crisis
has shown that
COLLISION COURSE «Nature», July 2014 energy reduction is
lﬁ:l‘l-..lr- .Iﬁl:{kr;lg arcas 1 the world are des ;/'I:-: I,':'.’,J]:lmjt "r'“n::::'i‘hhr nsize a must for futu re
CERN's Large project, and that
Hadran Collider China's electran-positron collicer
CivcumlEer::?gcye.:lZZ;;E 5'2 Grm: ZAOIGeV" N gOVGI’n ance mOde|S
S2m 70TV based on science
US/European super China-hosted Internationa globalisation will be
proton collider electron-positron collider . . L.
: =~ 106 k. 100 TeV B0km:200GeV increasingly difficult
Jo | i) to implement.
Leptons n‘.-:r"‘z'tu.nw
: Linear Collider Existing Proposed
Length: 31 km TeV. teraelectronvolt: GeV, gigaelectronvolt

=1 TeV




The big challenges for accelerator science

From the LHC (27 km) to the Future Circular
Collider (100 km)

How does this translate into technical challenges?




Multiple dimensions of accelerator R&D

THE SMALLER THE THING YOU WANT TO OBSERVE,
THE BIGGER THE

L
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INSTRUMENT
/ B \ YOU NEED
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Frontier accelerators — economic sustainability

Specific cost [2008 MCHF/GeY c m]
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Moving along this line was made
possible by new technologies
(colliders — antiproton production and
storage — superconductivity)

scaling of present technology

reduction in cost with new technologies?




Step 1. smaller accelerators

Synchrotrons: p/g=Bp

Need to maximise magnetic field
Superconductivity is mandatory, the limitations is the
critical current density Jc for SC magnets

@ m 0 J 0 . J___m Linear accelerators: W=E(
% f Need to maximise electric field

[/ ' @ Limitations: arcing between electrodes, field emission, etc.
\ / / (and RF power, proportional to V2 1)



http://commons.wikimedia.org/wiki/File:Wideroe_linac_en.svg

The magnetic field frontier in superconducting magnets

Dipole Field f““"adr“"‘ciﬁ'r:i‘;'ye[ s ceRn Three technologies under consideration
. HE-LHC 1. NbTi (Niobium Titanium as in the LHC): mature but
T . =" roomn limited to about 9T field.
E 14 - ” - C . :
S JELY S — o g 2. Nb;Sn (Niobium Tin) technology has seen a great boost in
- " _ ST — the past decade (factor 3 in J- w/r to ITER) but is not yet used
86 o e in an accelerator — The HL-LHC upgrade will be the first one.
BVA rLjL-—“"F HERA RHIC .
2 Lo ' 3. HTS (High-Temperature Superconductor) technology
5P5 & Main Ring (resistive) y . . .
still in the experimental phase (Production quantities,
hER e mEe e homogeneity and cost need to evolve!) but can be a disruptive
o NoTioperatng _ » Nb3Sncosdtest = Nbasnbocktest & NbasneossmiLem  LECNINOIlOQY for future high-field magnets.
dipoles; dipoles dipoles QuUADs A 20 T HE-LHC dipole

L. Rossi & E. Todesco, (CERN)

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/mm2 at 4.2 K, 18-20 T have been obtained

Nb,Sn

o ' HTS l
a1 IEN”‘
Ll | T |

40 20 30 100 120 140 180 130 200 20 240 W

Cost optimized, graded winding

Right: layered structures with
sections of different conductors
Left: new magnet designs are
required for HTS




HTS magnets —reducing cost is the main challenge

Cost of high-field magnets HTS allows reducing the size of the accelerator but not (yet)
the cost.
HTS is presently about 5 times the cost of Nb3Sn, but other
communities (e.g. fusion) could contribute to reducing the
RS R price in the next years.

Cost of 2 100 TeV pp cellider

2500
ARl =—laceelerator) Cimarall

20,00

(courtesy of P. Lebrun)

Q | ':1, IIEI I ll'.‘- 20 25 ]
BIT] z_ 1500
_; 10.00
25 E
77+ [ A A A S S ° = 100 CHF (:100$) Of
Futifs HT> o YBCO HTS tape built by
15 A HL-LHC il i o.on o Bruker HTS for CERN
4 G 1n 11 12 1 4 15 16 17 18 19 pLi]
. - Bizale fiald IT)
v iLHC
HERA L -
S e { T . . .
Tevatron Is superconducting magnet technology approaching saturation ?

oo im0 1m0 00 00 a0 0w a0 200 2060 Large increase in cost for small performance improvements




The electric field frontier — superconducting cavities

1
CEBAF: CW SRF Linac

European XFEL & ILC: Pulsed SRF Linac @ Single-cell R&D result
A Multi-cell R&D result

M Design gradient
W Achieved gradient

Qualify [l -

ILC 1TeV Upgrade Very-high-gradient R&D Y
Design ,all ==

A y
‘a | Qualify I

Design [l I . |

ILC 500GeV

FLASH PXFEL1 European XFEL |

European XFEL 17.5GeV

Eacc [MV/m]
8

20 r CEBAF 12 GeV upgrade lC100designgo;I — R
ol | I'CSOmoduIerework
CEBAF T . 4 GeV physics run 6 GeV physics run
0 ‘ ‘ ‘ TRENDS:
1970 1980 1990 2000 2010 2020
Year Nitrogen infusion process (FNAL) and other doping
Megnetiefield B (mT) techniques: high Q operation, gradients ~45 MV/m
= Multi-layer Coating of Nb with a thin layer of Nb;Sn (allows
o SRF Thin Film operation at larger T, improved cryogenic efficiency)
E i . . . - -
2 ' < Coating of Cu cavites with Nb by HIPIMS (High Power
gm *‘5\/’ Impulse Magnetron Sputtering,
5 Bulk Nb
e o n 40 o LOﬂg-term goal 60 — 90 MV/m
Acoelerating Field E, .. (MW




The electric field frontier — normal conducting cavities
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Unloaded Accelerating Gradient [MVW/m)

pulses lost because of vacuum arcing in the structure

Most advanced results by the Compact Linear Collider
(CLIC) study based at CERN (X-band, 12 GHz)

Large international collaboration to understand the
physics of breakdown phenomena.

LRy

s =
—.

i e

rf structure

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

... but power scales as the square of gradient! High gradient means smaller

dimensions but higher power consumption.




The sustainability frontier — energy and efficiency

n: per beamline:

ey geamon T 10°s'@10v-20m A particle accelerators is a device that
RF Systems . . .
PSI 125 e > Lo & omcvic converts electrical energy from the
:ESSIEF 38 2 g ‘ ' = 300uW grid into high-quality kinetic energy
o .
- -
KV 4 p . at sub-atomic scale (beam energy).
INEN 25 B #> ~2.6MW Power flow of ) ]
ALBA-CELLS 20 g PSI cyclotron: After a series of transformations,
= 0 . .
GSl 60 2 - grid to beam most of the energy is lost into
aux.systems 1C1 0 .
E?EEIIL ;?OO Instruments efficiency 13% Iow-quallty heat.
=~ 3.3MW
ESS 317 o 5 Efficiency can be increased using
MAX IV 66 heat — to river, to air

DESY 150 ’ peciic: — il special devices (e.g. permanent

Most of the electricity used by a particle accelerator magnets, high-efficiency RF

goes to heating water and air — intrinsic limitation sources, SC RF cavities, etc.) but
normal  Stand-by due to the “quality” of the energy stored in the beam there is an intrinsic efficiency

LHC o - limit related to the “high-quality”
HL-LHC ™ 101 of the energy produced by the
ILC 230 Future large projects require huge amounts of electrical power qgccelerator and to its use.
CLIC 500 GeV 235 167 Example: the ILC needs about 1/3 of a Fukushima-type nuclear Recuperation of heat is possible,
CLIC 1.5 TeV 364 190 reactor, or in alternative 200 large windmills (80m diameter, 2.5 but very inefficient because of
FCC hh 580 3007 MW, 50% efficiency) covering a 100 km distance.

low temperatures and distance.




New acceleration techniques using lasers and plasmas

A(_:celeratlng field of tod_ay_s RF cavities or Lasers can produce huge transverse
microwave technolqu Is limited to <;OO MV{m electric fields (TV/m 1)
Several tens of kilometers for future linear colliders
Plasma can sustain up to three orders of Can we convert the transverse fields into
magnitude much higher gradient longitudinal and use them for acceleration?
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
Dielectric Waveguide transverse electrical field of
(Micro-Accelerator) the laser (or the space

charge force of a beam
driver) into a longitudinal
electrical field, by creating
plasma waves.

I m=> 100 MeV Gain lmm => ' X,
Electric field < 100 MV/m Electric field > 100 GV/im

V Malka et ol, Science 298, 1596 (2002)




Towards a plasma-based linear collider?

* Based on 10 GeV modules (n~10%" cm=)
* Quasi-linear wake: e- and e+, wake control
= Staging & coupling modules

~o.

» Requires high rep-rate (10's kHz) | s §" Gy = -
* Requires development of high r;»». n O )
average power lasers (100's kW) g '.-T -

W.P. Leemans & E.
Esarey, Physics Today,
March 2009

Main
challenges

Beam acceleration with small energy spread
Preservation of small e-beam emittance
Concepts for positron acceleration with high

2017 - 2022 | 2022 - 2027

e- sources:
optimization

e+ sources:
Concept devt

Beam transport
and coupling

Driver development

Accelerating structures

brightness

High efficiency of acceleration for e and e*
Staging required to reach very high energies
Repetition rates averaging 10s of kHz

Beam stability and reproducibility

2027 - 2032 2032-2037

e- acceleration :
Optimization of all
parameters

20 Ys

Advanced

15 Ys
e+ acceleration: —_
demonstration Reliable

Linear
Collider
CDR
and

staged
accelaration,
10 GeV

module
[ —

Improved
beam quality
at higher

eane
5Ys &l

Address specific challenges:

Injector, Staging =
Accelerat.or Reliability =
stages with Polarization =

;ontrg!!ed o Efficiency =

Beam Delivery System =




Other options for high energy: muon collider

MAP & LEMMA pn-collider Schematic Layout

14 TeVcme

Prolorn Driver

Frorl End

;{'u-ullrm Acceleration Callider Ring

Crneal
= = 10 Ted!
CERN § 5 - =
a = [ g M
Muon : e = L= tnacli "ALA o FRAG, RES
bow Collider Key ~10"3.10"* [ sec Fast cooling Fast acceleration Background
‘hallenges| Tertiary particle p=2r+u {r=2us) by 10¢ (6D} mitigating p decay by p decay
cran
Mie de Pywvpinin

e
Lte b Meyotn

MOPMFO072, IPAC18, V. Shiltzev, D. Neuffer

Key
Challenges

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 ps.

Critical components:
Muon production complex (proton or positron beam, MAP or LEMMA)
Muon acceleration complex
- Neutrino radiation

Acceleration

Collider Hing

Positron Beam @
B+

=5

rings =

-"EEE"E Btors:

IIIII L HLA or FEAL HIS

@+ source
e+ acceleration
at 45 GeY
isochranous

Low EMittance Muon Accelerator

~10"u/ sec from ete-=u+u— Positrons on target, annihilation

* Au*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




Accelerator for society

The Economist, October 2013




Accelerators for medicine and industry

>35000 accelerators in use world-wide: Treating cancer
44% for radiotherapy / Making better semi-conductors
"Curing” materials:

/s‘rer'ilisa‘rion; carbon dating;
treating flue gases or water; etc

41% for ion implantation
9% for industrial applications

4% low energy research <«— Microanalysis of materials, mass

; . ) spectroscopy, PIXE, etfc
1% medical isotope production <« pcT .14 SPECT medical imaging

<1% research

.

»
¢
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The IBA Rhodotron for production Proton cyclotron for

A tandem accelerator for material and artwork analysis A commercial system for ion implantation : . .
of intense electron beams radioisotope production




Particle accelerators: a formidable tool for medicine

Operating facilities

» Particles beams can activate the > wroons R T
nuclei generating radiation that can Primary beam g1 . S toa\_ therapy .
destroy cancerous cells or can be ri ow en) S
. _} IORT Inter Dperanm 8
detected from outside. Ly electrons |(high en.) - ——aaaaion e} =
. T f
> The energy deposited by a proton  [——— N — 2
. . ] econdary beam &y . .
or ion beam has a well-defined t , O [ X Radiation Therapy S
. . arge -
peak (Bragg peak) inside the body: — neutrons < neron therepy >
can destroy the cancer cells with L"— :
- . o &  — imaain PET Positron
minimum damage to other tissues. Radioisotopes (i 9in9 \_Emission Tomography B
_____ __ 7 i theragnostics ® g
» Accelerators are the way to realise S & R L therapy bty S g
the old dream of a bloodless R
surgery and imaging: penetrate Y e ]

into the human body to treat
diseases and to observe internal
organs without using surgical tools.

carbonjions

= 16°000 particle accelerators
operating for medicine worldwide,
in cancer therapy and imaging

relative dose

protons

0 80 120
depth in water (mm)




Treating cancer with particle beams

Electron Linac (linear accelerator) Proton Cyclotrons and lon (Carbon)
for X-ray radiation therapy of cancer synchrotrons for particle therapy of cancer

Different from X-rays,
protons and ions
deposit their energy at a
given depth inside the
tissues, minimising the
dose to the organs
05 = 7 = close to the tumour.
penetration depth in tissue (cm) (“Bragg peak”)

electrons 100

X-rays

0
o

(9]
o

40 |- protons

relative dose (%)

20 =

T

tumour

carbon ions

5—25 MeV e-beam
Tungsten target

. ) . ol
14,000 in operation worldwide >100 centres for protons, 12 for carbon



Compact accelerators for medicine

The trend is to move the accelerator inside the hospital, but how can we miniaturise the

accelerator ?

The challenges are the same as for future particle physics facilities: high field SC magnets, high-
gradient and high frequency accelerating structures.

AMIT superconducting cyclotron for
iIsotope production (CIEMAT, Spain)
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Carbon ion cancer therapy facility in <1000 m? based
on a superconducting synchrotron (CERN, SEEIIST)

CLIC 12 Ghz technology for FLASH therapy in hospitals (CERN, CHUV) RFQ linac system for isotope production in hospitals (CERN)




Environmental applications of accelerators

Low-energy electrons can break molecular bonds and be used for:

- Flue gas treatment (cleaning of SOx from smokes of fossil fuel power plants)
Wastewater and sewage treatment

Treatment of marine diesel exhaust gases (removal of SOx and NOX).

« Maritime transport is the largest contributor to air pollution: a
cruise ship emits as much sulphur oxides as 1 million cars!

« Ships burn Heavy Fuel Oil, cheap but rich in Sulphur. Diesels
(high efficiency) emit Nitrogen oxides and particulate matter.

- New legislation is going to drastically limit SOx and NOx 150 kV electron accelerator to

emissions from shipping, with priority to critical coastal areas. breaxihehighiordenimnolecules
that are then cleaned by a

ESP Recovery

AAA

» So far, technical solutions exist to reduce SOx or NOx, but there water jet (scrubber) i NG
is no economically viable solution for both. (NH250+
Electron or other neutral byp.
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Accelerators for art
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Some conclusions - at the roots of Innovation

Particle accelerators are facing a critical moment in their evolution.

The expectations on accelerators from basic science, applied science, medicine and industry are
Increasing but some of our technologies are still the same as Wideroe’s invention almost 100 years ago.

There Is today a lot of space and encouragement for innovative ideas!
But, what are the ingredients of innovation? Remember the first slide on Wideroe’s invention!

1. Merge inputs from different science and technology fields (look around you!)
2. Challenge the established traditions (but respect experience!)
3. Take risks (but foresee mitigations!)

11750 1800 1850 1900 1950 2000

The 4 industrial

revolutions (4th I i i % ﬂ é Particle accelerators can
still ongoingl) B become crucial actors of the

4th industrial revolution
FIRST(1784) SECOND [1870] THIRD (1969] FOURTH [NOW] allowing industry and medicine to

Mechanical production, Mass production, electri- Automated production, Artificial intelligence, big exploit technologies based on the

Image credit: B. Horvath, railroads, and steam cal power, and the advent electronics, and data, robotics, and more usage of subatomic particles
S. Mundi, 2018 power of the assemblyline computers tocome




The final words...

Particle accelerators are a vibrant and growing field, in
full transition from basic science to applied science and
to wider societal applications.

But to drive this transition and to push further the
frontiers of accelerators we need fresh ideas, technology
jumps, and (why not!), some change in paradigm.

The secret for the success are novel ideas by young
people developed in a collaborative environment,
jumping across borders between different scientific fields.

* K K N N

YOU!

Thﬂlll( YOu fDI’ YOUI’ aﬂentiﬁn! maurizio.vretenar@cern.ch

To achieve this we need multinational research
programmes with wide support from governments and
scientific communities, but above all...
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