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What is a particle accelerator?

Device that uses electromagnetic
flelds to accelerate charged
particles® to high speeds (energy).

fe.g. elementary particles, hadrons, ions



What are accelerators used for?

“A beam of the right particles with the right energy at the right
Intensity can shrink a tumor, produce cleaner energy,
, make a better radial tire,
: , Study a nuclear explosion,

, , Implant ions In a
semiconductor, prospect for oil, date an archaeological find,
package a Thanksgiving turkey or discover the secrets of the

universe.”

[B.L. Doyle, F.D. McDanniel, R.W. Hamm, SAND2018-5903B]

Brigitte Vachon (McGill)



How do we “see” objects

Wave detector

Source of wave

Object to
Investigate

Can resolve teatures of a size comparable to the wavelength used

4



Wave-like behaviour of matter

Wavelength ot h

matter \ ﬂ

p —_
~ Momentum

Example: LHC
Proton momentum ~ 7 TeV/c

A ~ 1018 m (attometers) !!!!

High momentum particles have a correspondingly small wavelength

5



Outline
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Electrostatic accelerators

© ;F L | — CRT Monitor

\o II V

Credit: Tazzari, CAS-1IC-2006

Particle Kinetic Energy gain:

AK=q AV
Challenge: Energy gain directly How to create
related to electric potential. ) high voltage?

https://learnodo-newtonic.com/jj-thomson-contribution/cathode-ray-tube-in-a-tv

Brigitte Vachon (McGill)



Electrostatic accelerators

Cockceroft-Walton 750 keV' H- ions Voltage multiplier using
. capacitor/diode ladder

e First accelerator used in nuclear
physics (1932).

( HV Termina)

 Nobel prize 1951

This Cockcroft-Walton accelerator
was used at Fermilab until 2012!

Brigitte Vachon (McGill)



Electrostatic accelerators

high-voltage
terminal

Van de Graaff

pressure
tank positive
 1929: Uses a moving belt to ion source
accumulate electric charge charge
on a hollow metal globe on remover »
the top of an insulated points 1T
column, charge |
conveyor acceleration
| belt it tube
 (Capable of creating ~ 10 MV +
and DC current of 100 A W
+
ground plane_ i+
spray points_ Sl driving
controllable ® motor |
spray voltage |l B B | . o
©1 994 Encg Clopaedia Bl"itannica, Inc. AT ROUND HILL, FINAL STAGE OF CONSTRUCTION

EMIT Museum  All rights reserved

Brigitte Vachon (McGill) 10



Electrostatic accelerators

Limit: Electrostatic accelerator limited by
achievable potential difference before discharge

( ~ O0(l) MVim)

™,

How to accelerate particles
to higher energy?

Brigitte Vachon (McGill) 11



Electrodynamic accelerator

Standing wave linear accelerator (“Linac”)
 Widerge (1928): Apply acceleration voltage several times to particle beam.

Potential
Nurr;bertlof difference
aCCSetgrilon per gap
v(x)_\\ // \\ // \x Energy gain P
+ - + - + after nth step \ l
] - E=n-q Uy sin
C1 C2 C3 C4 ™~
<|> [ l | / Phase b/w
S Oavall Charge of particle and
E.g Linac2 at CERN delivers protons to LHC at 50 MeV (relativistic f# = 0.31)
Limit: Length of drift tubes for particle approaching relativistic Circular acceleration with
speed and hence dimension of the whole accelerator will reach a several pass through
size that may no longer be feasible. accelerating field!

Brigitte Vachon (McGill) 12



Circular Accelerators: Cyclotron

* Invented by E.O. Lawrence (1930)

—

F =g[E + (X B)]

Accelerated charged particles in a static magnetic field travel
outwards from the center along a spiral path.

 (Cyclotron frequency (non-relativistic):

% eB
o = — = — = constant
14 m

 (Capable of producing DC current of order mA.

Brigitte Vachon (McGill)

North Pole Magnet
Coils

RF \'Oltage Magnetic
Oscillator - Field
x . B
'==;-_‘ 1
DEE
W

South Pole

A. W. Chao, W. Chou, “Reviews of Accelerator Science and
Technology - Volume 2: Medical Applications of Accelerators” (2010)

13



Circular accelerators

Limit: To reach high energy, size of magnet gets
prohibitively expensive.

CYCLOTRORS

LAR GE MAOGNET
LAR 6 \ A CUUM

Brigitte Vachon (McGill)

Design machine with
constant orbit radius!

SMA KK
ARONETS

coNSTAN7
RAD (1US

VAC uuM
PIPL

14



Circular accelerators: Synchrotron

 Acceleration: Provided by radio-frequency (RF) accelerating cavities.

* Trajectory: Particles kept in a constant radius orbit using dipole bending magnets with a time-dependent

field!
el /
Accelerating / ‘/Be.ndlng magnets
cavity

\ ,

* Increase magnetic field

Ny
I during acceleration.

* Constant orbital radius

Focusing magnets Credit: CERN

15
Brigitte Vachon (McGill)



Synchrotron: trajectory

Dipole Quadrupole Sextupole

N
E :
Chromaticity

compensation

S

Credit: Wikipedia

Cgctupol?‘

High-order
corrections

N &
_Credit: hlfiTQc;,h

7
P
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Synchrotron: trajectory

The (magnetic) “lattice” of an accelerator is the sequence of dipole, quadrupoles and other magnets which constitutes

the accelerator.

One of the most wide-spread lattice cell is called the FODO cell.

Vertical Focussing
Horizontal defocussing

Space or
non-altering
elements

Vertical Defocussing
Horizontal focussing

Beam particles trajectories through the focusing arrangement of several FODO cells show an oscillating pattern.

Brigitte Vachon (McGill)
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Resonant accelerating cavity

A voltage generator induces an electric field Protons always
inside the RF cavity. ts voltage oscillates feel a force in the
with a radio frecuency of 400 MHz. forward direction.

6o— 8 g - &

Protons in LHC
Protons never feel a force

in the backward direction.

Superconducting cavities can achieve
electric fields up to 50 MV/m.

Brigitte Vachon (McGill) 18



Synchrotron: Phase Stability

* To always see an accelerating voltage, the RF frequency must be an integer@l 37 o) =5 K (@

[h = “harmonic number’]

fRF = h frev

 The “h” segments of the circumference centred on these accelerating point

* Particles get “clumped” around the synchronous particle in a “bunch”.
This particle bunch is contained in an RF bucket.

 Not all buckets need to be filled with particle bunches.

e ‘S,
-~ 1\
1 .
N 7 I vollage
I I S~
| |
AE | |
. L
” | . — ] huckel
* 2
< — >
- --_.x-‘ o At
~ o Arrival time with
R s el | | respect to RF
Bunch waveform

http://www.lhc-closer.es/php/index.php?i=1&s=4&p=19&e=0
Brigitte Vachon (McGill)

>

Fnergy Deviation

fre = 400 MHz
Proton travelling atv ~ c
Circumference ~ 27 km

frev ~ 10 kHz
Harmonic number = 35,640.
# occupied buckets = 2808

Higher energy particles —> longer orbit and a lower revolution frequency —> delayed arrival
at the accelerating cavity —> get more acceleration.

3
- @

higher

s 4 energy 4

arrival tme

S — g > with respect to RF

carly . A v late AT wavelorm
arrival . arriva
@
ower
energy

19
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Accelerators In physics research

e Light source

- Synchrotron radiation: Electromagnetic radiation emitted when charged particles are subjected to an
acceleration perpendicular to their velocity.

BMIT

P~yt J ]

Canadian Centre canadien 220 MeV Linac BXDS
Light de rayonnement . r
Source synchrotron ™ / f
; / - SYLMAND _f
. | . S HXMA
5 1 VM KSR Storage Ring —
[ SXRMB
OSR
FAR-IR\
W\ Booster Ring

1/‘

//’

ff VESPERS
| /IDEAS
MID-R _— MCF
SGM_—~ QMSC
VLS-PGM SM~” REIXS

|

Brigitte Vachon (McGill) 21
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Accelerators In physics research

* Fixed-target experiments

Example of Xe collision event at 150A GeV/c
momentum at fixed lanthanum target.

Credit: CERN

Brigitte Vachon (McGill)
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Accelerators In physics research
\/_ 2 Elartlcle

 Particle Collider

iy

= [ —

4ro,.0

XY

Rate = o0 &£

Brigitte Vachon (McGill)

[cm™%s 1]

100000 .
B Hadron Colliders
e Electron-Proton Colliders
> ® Lepton Colliders PP o
@ 10000 ; u
O ¢ Heavy lon Colliders =
80 Tevatron. -~ “m ; .
E) il eva, [o’ [ _ “LHC lead-lead
« 1000 SppS — -
m e
p .- HERA . |
(@] e ) RHIC
= —g* - @
= 100 ~—ISR _PETRA 8 y St LEP "
O — “~ TRISTAN
” » PEP
- DORIS —
£ 10 SPEAR @ f~f ==
G
o
é ’ADONE
§ 1 & VEPP2
O PRIN STAN
0.1
1960 1970 1980 1990 2000 2010 2020

Year

F. Zimmerman, DOI:10.1016/j.nima.2018.01.034

23
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Accelerators In physics research

 Secondary beam production

- E.g. Neutrino beam

Muon Monitors

Target Hall Decay Pipe Aheorbe
o L Absorbei
"< . % <3 iy
Target : | |
N AR B o N e = - = o >
,I ___________ VI RS E . | st B 1 | s '»I
__'/: —— — /
Protons from B R A0\ A R R R RNl L e e - - - ">
————————————— L
Main Injector - il 1 L&
Hom 1 HOom 2 T e R R S | | S ®
- - e IS R === .
10m - 0m 675 m - 7 ' 14
5m
: 12m 1I8m 210 m
Hadron Monitor s ol
~
Rock

https://www.hep.ucl.ac.uk/nova/beam.shtml
Brigitte Vachon (McGill) 24
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BEAM LINES AND
EXPERIMENTAL ISAC-II FACILITY /ﬁ@

FACILITIES

In Progress = i | ogs - | .
Future e , TR 30-2

Primary beam driver: i : TR0:2_
Cyclotron, 500 MeV, 100 uA, H- A\ = | /" cveLoTRON.

Produces rare isotopes, neutrons and muons! AT : g =r | W
o % o 30-2
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e Nuclear structure —— ,,‘-“"‘ = Y ” gf‘rsec:qNs li-(l)%LL
: EXTENSION y -5 4 s
* Nuclear astrophysics E P Ny o
. z ) UCN .: f‘
* Fundamental symmetries g et e bl o o
. . —— | ELEQTRON HALL | CYCLOTRON YAULT | T - ' ‘ ]
 Particle PhyS|CS 1 —— I 1« [ ™ T MESON HALL N
» Nuclear medicine - ANNEX = | s SERVICE |
EXTENSION — M— ] . FACILTY | | .
_ _ | L —r - - 'Y= - *ms | LANNEX n
* Molecular & Materials Science ] | B — | Faciy| 1] A
¢ etC. | %'gl.:;))gE . ) . .

Brigitte Vachon (McGill) 26



TRIUMF

 World’s largest cyclotron!

eB

Recall cyclotron frequency: @ = —

m

but for relativistic particle m = ym,,

* Need to make a B field that increases
with radius.

But this de-focusses the beam.

Solution: Make B field vary in azimuth so that the net
effect is to focus beam.

North Pole Magnet
Coils

RF Voltage Mngne.lic
Oscillator Field

€

South Pole

Brigitte Vachon (McGill)

Credit: TRIUME:
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TRIUMF

Pierre Elliott Trudeau, 1976

>

'S Wil oy 14 51 . j
: LTS S o
et teatTl

CrediE ERIGINE s *?,W %
i1 e ?i‘?:}ti‘.is#é#‘_‘i;{: L

Brigitte Vachon (McGill)

Credit: TRIUMF

¥ wyw

A
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TRIUMF

Inside the TRIUMF Cyclotron vacuum chamber

=" =
" \l
‘
" = an -* — T ;)
; = ) s
o -
- | 3 ~
‘l
I 4
( 1
:
{
SUBSCRIBE
. . i | i |
P> Pl o) 2:07/3:30 O @ ¢ (= O L2 Credit: TRIUMF

Avengers: Infinity War First Look (2018):: Movieclips Trailers

Brigitte Vachon (McGill)



Stanford Linear Accelerator

3 km linac with top energy of 50 GeV

» Klystron gallery was the longest building in the world!
(...until LIGO interferometers was completed in 1999)

* Physics research:

- Materials science, Biology, Chemistry.
- Accelerator physics

- Particle physics

- Astrophysics/cosmology

-

giea| Survey, Public Domain, https://commons.wikimedié.Org/w/index‘.‘php...; b



Stanford Linear Accelerator (USA)

> 2009: The Linac Coherent Light Source (LCLS) is a free electron laser facility: extremely brilliant and
short pulses of synchrotron radiation.

 Synchrotron radiation: Electromagnetic radiation emitted when charged particles are accelerated

radially.
The LCLS
(Linac Coherent Light Source) J\I
RFGun-, (& ""“/j/

Linac 0 \ o

Z.
Linac 1 3 g
\ ‘ .
— 2k Existing Li
o ' Linac2 = d.a " _,m/ Pty
Linac3 —, A 3 "“\ v T
AT o N— Bunch Compressor 1
Ty ’H‘“\ = sl
i A \ \ ¥ W “— Bunch Compressor 2

 3km

N —— Undulator

) To Electron
Beam Dum
_/ P

\\— B Factory Rings

By Horst Frank, CC BY-SA 3.0, https://
commons.wikimedia.org/w/index.php?curid=3977203

C. Pellegrini t

Brigitte Vachon (McGill) 31


https://www.researchgate.net/profile/C-Pellegrini

KEK (Japan)

e > 2016: SuperKEKB asymmetric electron-
positron collider.
 Circumference of 3 km.

« Beam energies: £, =4 GeV, E_ =7 GeV

o Center-of-mass energy: 10.57 GeV/c?
« Beamcurrents: I, =94 A, I_=4.1A

» World’s highest luminosity: 8 X 10> cm
(target)

—2S—1

AT

e

KEKB Ringm- "

 Experiment: Belle-2

* Physics research:
- Flavor physics

- CP violation

- Search for new physics

- etc.
e KEK Tsukuba

Campus

Brigitte Vachon (McGill)


https://doi.org/10.1116/1.5083928

J-PARC (Japan)

 Main Ring accelerates protons to 50 GeV.
* World's-highest Intensity Neutrino Beam

 Beam current ~ 20 uA

 Experiments:
- Super-Kamiokande
- Hyper-Kamiokande (future)

 Physics research:

- Neutrino properties
- eflc.

Brigitte Vachon (McGill)

Hadron Beam Facility
Materials and Life Science T -
Experimental Facility

Nuclear_
Transmutation

- —————

Neutrino to
% Kamiokande T

3 GeV Raid Cycle —
Synch_ (25 Hz, 1MW) 3 50 GeV Main ng

(0.75 MW)
- e ity R =
£ v'L ¥ b, LJ-PARC = Japan Proton Accelerator Research Complex

QMivag:

@foKamﬁ@)k@@amiok;n'*~>'~-u' SN N L VI
USRR,; Univ. Tokyo). PR P S gk AL OTPARE
| N be 4 o 0 (KEK=JA SAMEELET

4 ¥ Japan \ O
13570301 FuupET36E 30" P BN Y fafor 305 | K E 1407 '30;

a
_.__’ _J‘r_ - (,‘
= B E # 1 I

5

Data SIO, NOAA!U'S. Navy, NGAIGEBCO )
Data JJ:Jﬁ:"i,‘d'gzrapjwn:(l\,s:o::mtnjn - Jox
L SRl | ~ e
N34 30 Imagery Date 4A10/2013  36° 011547 N 138° 342680  E ek . &
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Fermilab (USA)

 1983-2011: Tevatron collider

e Collision centre-of-mass energy: 1.96 TeV
* World's highest-energy proton-antiproton collider. FFE
* Circumference: 6.3 km :

« CDF and DO experiments:
- Discovery and study of top quark
- Search for new physics
- Hadron physics eotired
- Flavour physics
- + Wide range of particle physics topics

—

&~
- )

Credit: ENAL

Brigitte Vachon (McGill) 34



Fermilab (USA)

Felicia the Ferret

Brigitte Vachon (McGill)




Fermilab (USA)

e > 1999: Fermilab has become the “Neutrino capital of the world”
- Short-baseline experiments
- Long-baseline experiments

 Experiments: Short-baseline
- NOVA ’ | _ezperiens“
- ANNIE @
- MicroBooNE ) D
_ SBND Long-baseline  gb

experiments_.a |

- DUNE Ak SR |
- etlc...

Sanford

Underground
Research
Facility

o« 4
Credit: ‘:’Ig?\lAL

Brigitte Vachon (McGill) 36



CERN (Switzerland/France)

 Founded in 1954:. CERN unites scientists from around the world in the pursuit of knowledge

 1989-2000: Large Electron-Positron (LEP) collider
. 1989-1994: /s = 90 GeV

. 1996-2000: /s = 130 — 209 GeV

e Circumference: 27 km
 Experiments: ALEPH, DELPHI, L3, OPAL

7 ACredit GERN

: 3 X -D'
| & o 7 ) { — . r O ] .
-~ T o it e § T S e N\ A b i
P - \/ A » U - P £ . o ¢ S ! P % e Cone 2%
< N S i : > "SI L L i . |
- STy g LAY L v '3 — -
- 4 "~ < “.._, -ty ] . o g - : ' -5 v
—-— ., <18 ey n (=) — g 4 2t 4
2 L ' g N . 7 L X o\
: MR g e, e ¥ e
P J ~ - 1.5 | e ¥ = - IS % oa St [ ~ o ”
B MY = Jr— R i (s \ P!
r - ‘ / ¢ Y - —— . .
- N ‘el & 17 L ' ;

- Flavour physics
- Search for new physics
- etc.

Brigitte Vachon (McGill)
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CERN (Switzerland/France)

Mysterious periodic changes in energy

* 1989-2000: Large Electron-Positron (LEP) collider
observed for many years....

LEP energy changes due to tidal effects The Paris-Geneva TGV!!
' L ' ' I 17.11.1995 e
100 b % CERN SL/94-07 | = BEaa , | 1
#‘4“' | " \‘N E /" U 6V ;
AE/E ;0 0 - _
A Y P T
m * \ * ; \ o f g g
(ppm) | i ! w |
a4 i £ 2
! Pe 1 T ¥ i \’\ L
% £ YN S
100} \,_" RATL Y
1 11 November 1992 ~— ] - . ‘
N P | L ~ G. Brun et al., “A newly observed effect affects the LEP beam energy”
0:00 4:00 8:00 1[2:00 16:00 20:00 24:00 4:00 % 0012 }
3 !
S 0016 [ S Vs RO B W
T 3y : g“ W\(ﬁ wn"‘f"\ I'{-.. \ A I
1996 "beer bottle” incident.... g om ’ PR
0024 | i L"'j
LEP beam pipe | |

: 55 .
16:50 16:55 Time
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Credits: cern

The CERN accelerator complex
C E I ‘ N Complexe des accélerateurs du CERN

CMS
P — =

Some highlights
- LHC experiments Omkm ____________________________________
/\ North Area

> ALlCE, ATLAS, CMS, LHCDb ALICE TT20 A e LHCb
F' d t -t . -t —p- TT40 TT41
- IXed-1argetl experiments SPS 1142
g p | 1976 (7 km) _ TI8 \/ AWAKE
» COMPASS, NA61/SHINE, NA62, etc. A
HiRadMat
- Antimatter experiments S _
> ALPHA, AEGIS, ASACUSA, GBAR, etc. ISOLDE
- - A~
- Testbeam and radiation facilities 10 W8\ REX/HIE
oo | East Area |
-~ ——— gmm
o LEIR
| 1994
p H™ (hydrogen anions) D ions P RIBs (Radioactive lon Beams) P n (neutrons) p p (antiprotons) D e (electrons)

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

Brigitte Vachon (McGill)
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Courtesy CERN
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Electron
Injection
Line Possible
On-energy

lon Injector

Electron-lon Collider (EIC)

* The EIC will be the only electron-nucleus collider operating in the world! |
* High luminosity: 10*° — 10°* cm 25! P\ e
* Large centre-of-mass energy range: 20 — 140 GeV
* Polarized beams

e Large range of ion species

* Physics:

- 3D structure of protons and nuclei
- Proton spin
- Quark and gluon confinement (Polarized)

lon Source

Polarized
Electron
Source

Possible
Detector
Location

tlectrons

Possible /
Detector
Location

Electrons

Electron
Injector (RCS)



International Linear Collider (ILC)

All right... The ILC is a planned 31-km-long
next-generation linear accelerator. Thousand of
scientists from all over the world have been working
on it for over twenty years.

-

N

M The ILC Overview _ .
— 7~ Science communities

’
7 from around the world
are joining forces to

accelerator!

An accelerator
over 30 kilometers
long...?!

———_

DN
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Future Circular Collider (FCC)

&>
‘e§
X
Jura N
e 4 Préalpes
Départem .
de I'Ain ,
'(\/ C de G
o
\"S_/KA Départernent de Haute-Savoie @
X2
&
Jura Schéma
d'un tunnel circulaire
de 80 a 100 km de long
Aravis
N
NI
¥
<
ey - N Courtesy CERN

» Collider circumference of 100 km
* Proton-proton collisions at 100 TeV
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Muon Collider

proton driver

MW-class target

decay channel I

Low EMmittance Muon
Accelerator (LEMMA):

1011 y pairs/sec from e*e"
interactions. The small production
emittance allows lower overall charge
in the collider rings — hence, lower
backgrounds in a collider detector
and a higher potential centre-of-mass
energy while mitigating neutrino
radiation from muon decays.

buncher

phase rotator

cooling

@
T ——i—

initial 6D cooling
charge separato
6D cooling

positron linac

positron linac

6D cooling

final cooling

nngs

o/

accelerators:
linacs, RLA or FFAG, RCS

N/

accelerators:

acceleration collider nng
-~

\/ .
O

acceleration collider ring
()

g .

w.

< ) 10s of TeV

&

linacs, RLA or FFAG, RCS

J P Delahaye et al. 2019 arXiv:1901.06150.

LHC
d=8.4km

Credit: Symmetry Magazine
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Plasma Wakefield Acceleration

Can achieve field gradient ~ 100 GV/m!
X100 times higher than the gradient of a RF accelerating cavity!

simulation

SEERRRRRR

Radial distance (um)
-

|
S

-100

600 400 200
Time (fs)
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(6-Wo g,01) ANSuap w333
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Summary

* Particle accelerators are everywhere!
* Rich history of technological breakthroughs.
 Major accelerator facilities exist all around the world.

e Several future projects under development that will open up the
door to new discoveries.

Brigitte Vachon (McGill)
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Questions?

Want to learn more
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http://cdsweb.cern.ch/record/1017689

