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| ecture series overview

Monday (today): History and basic principles
of particle accelerators.

Tuesday: Related technologies: Radiofrequency and Cryogenics.
Wednesday: Optics and beam dynanaasl Ultra High Vacuum
Thursday: Zoom SPIRALZ2 and more beam dynamics

Friday: Zoomon the LHC and
Machine detector interface and applications.

+ Visits of accelerators facilities:

Monday: ThomX(accderator)
TuesdaySupratechi{Superconducting RF test facility)
Wednesday: Vacuum test facility

Thursday: SCALP (Low energy ions platform)
Friday: ACO (Old Collider)
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A History of particle accelerators

A Basic principles:
- Particle sources
- Particle acceleration
- Magnets
- Emittance and beam dynamics
- Beam diagnostics

A Challenges for present and future accelerators



About myself

A Researcher dtICLalin the accelerator
Department

A Working on:

- beam instrumentation and diagnostics (how

to measure what happens in an accelerator)
and

- new acceleration techniques (how to reach
higher energy over shorter distances).



Lecture content

A Basic principles:
- Particle sources
- Particle acceleration
- Magnets -
- Emittance and beam dynamics™
- Beam diagnostics

A Challenges for present and future accelerators
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The first accelerator:
Crookes tubes

A First ever particle
accelerator:
Crookes (1869
Cathode Ray tubes.

A Discovery of the
electron:
J. J. Thomson (1897).

A X-rays Roengten (1895) 4 =

¢ The first accelerator
was already used a
source of Xays!

Anode Cathode

) —

High Voltage
Power Supply




Rutherford scattering experiment (1)

In the early 20 century the
structure of the atoms

In 1909 Rutherford was studying
the structure of the atom.

He proposed to use alpha particles

. >
on a gold folls to probe the e — >
structure of the atom. T

: : Tl
This experiment shows that by >

using an appropriate probe it was
possible to study very small objects.Trajectory of alpha particles in a

uniformly charged sphere (top) anc
in a real gold nucleus (bottom)
(image sourcewikipedig
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Rutherford scattering experiment (2)

Geiger and Marsden carried out the
experiment prOPOSEd by RUtherrord THOMSON MODEL RUTHERFO_RD MODEL
and recorded the scattering pattern.

The best explanation of the scattering
pattern observed was that gold atoms
were made of a hard core (now
known as the nucleus) surrounded by
a cloud of electrons.

The idea of using small»probes to
study the structure of particles is the
basis of many accelerator.

The resolution depends on the probe
size which is inversely proportional to
its energy.

OBSERVED RESULT



Beyond the
GeigerMarsden experiment

The GeigeMarsden experiment used alpha
particles that were not accelerated.

Cathode (-) Anode (+)

To get a better resolution one needs a -
higher energy . -

=]
To go beyond what is available naturally it e— (electron)

@ ——
necessary to accelerate the particles. =
Charged particles can accelerated with an -
electric field (as was done in the Crookes - -
E (electric field)

tubes).

However the electric fields needed to study
subrnuclear matter are in the Megavolt
range or beyond!



Van de Graaff generator

In 1929 Van de Graaff proposed a e
generator capable of producing suclmet! sehere + L/ +
high voltages.

In a Van de Graaff generator charge
are mechanically carried by a conve
belt from a low potential source to a
high potential collector.

belt

several MV and are still used as sta
accelerators especially for ions. voltdge  comb

Image courtesy of
http:// people.clarkson.edkekatZscientistsgraaff.ntml



Tandem accelerators

It is possible to increase the energy
reach of a Van de Graaff accelerators  negative ions
0 dzaAy3da | &Gial yRS

gradient rings

]

Such accelerator has two stage:

- In the first stage negative ions (with
extra e) are accelerated from ground
to a positive high voltage. ot L Arrnal
- These ions are then stripped o

electrons in a stripper and become

Il

I
I

Il

R A

1t

o] l]

0

negative. charged belt
- They are then accelerated further

by going from the positive high

voltage to DC.

! |

LRI

QUL

There is a Tandem Van de Graaff at positive ions
IPN Orsay (nowJCLap

steel pressure tank

charge exchange canal
gas inlet

accelerating tube
beam steering magnet

(4 ++++++++ 4+ + 4+ + HOT

Example: 10MV Van deraaffcan accelerate @ 10MeVand then €'to 30 MeV.

Nicolas Delerue, LAL Orsay History/basics of particle accelerators
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Cockroftwalton generator

A To reach higher energies, the
particles can be accelerated in an
electric field.

A Cockroftand Walton used a voltage
multiplier made of diodes and
capacitors.

40 AT 80 AC
200 AL B0V AC
A B, 4B, 44B: B,
AC
;3
+
C1 CE C3 C4
— 20 Do [s{E R
40 DC g0 Dz
O -

wrw . globalsino.com/E S

A The first halfcycle will load the first
capacitor to its peak voltage. The
second haHKcycle loads the second
capacitor and so on...
=> high voltage pulses

Nicolas Delerue, LAL Orsay Historybasics ofparticleaccelerators
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A CockroftWalton generator

(image sourcewikipedig
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Spllttlng the atom

Deuterium

Lithium-6 =
(Li6) a» @ (H-2)

oo
\A/

f((‘ (\

4
R

Alpha Particle / \
(He- 4 Alpha Particle

(He-4)

Lithium-6 — Deuterium Reaction

By using their generator Cockroft
and Walton were able to
accelerate protons to hundreds
of keV.

In 1932 they bombarded Lithium
with 700 keV hydrogen nuclei
and transmuted it into Helium
and other elements.

This was the first time that a
particle accelerator had been use
to trigger a nuclear reaction.

Cockroft and Walton were
awarded the Nobel prize for this
work in 1951.



First varying field accelerator

A To reach higher energ T P
Isingproposed in 1925 “F BRI

e s S L

to used a varying field | 5 ;

A This was realised by =z £+% “ ﬂg
Wideroein 1928. :




Cyclotron

a Aafcel@ator was limited by
the need of having many

accelerating sections after each
other.

T

[

VA
\

1

used to loop the particles back or
the accelerating section.

In 1931 Lawrence designed a
GO O0f 2UNRYES |
of two electrodes placed in a
magnetic field that used AC field to
accelerate the particles.

Zranmurun
o=t | "\"_‘__j\-_f’

il
|




Cyclotron (2) m

The particle source is located in the middle of the
cyclotron.

Due to the magnetic field the particles follow a
circular trajectory

By reversing the electric field of the electrode
between two gap crossing it is possible to C el

accelerate the particles. “
With an AC potential of only 2000V Lawrence U
accelerated protons to 80kV!

Lawrence received the Nobel prize in 1939 for /—\B
this work.

However, Cyclotrons can only accelerate fion

e - b - . - 4 2 |
NBfFOGAGAZGAO LI NOAOEf Sax T ¢




SizelimitsX

A 11-A ¥y OK -ATYH OKT-indhy (B6MeV)
M mnn?lasS+

A Relativistic limits!
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were done on a fixed target.

A In such experiment, the energy in the centre
of mass Is:

2 2 2
E., = (m]+m5+2moE) ;4p)

Target _




X OSNAhdza O2t ¢
A Energy with fixed target Hom = (mi +m3 +2ms o)
A With colliding beams the centre of mass energy

1S:
E., = (B, +E,)’°

A At high energy (E>>m) gain of having colliding
beams Is significant!

A But how to collide beams?

single ring double rings “brezel” scheme

O es

avond p aaaaa tac coII ||||||

alowse® ¥ e E#E e=e FE=F



Quizzfixedtarget
E2, = (m?+m3+2myBy 1) E., = (B + E,)’

Al SGQa O2YLI NB FAESR GF NBS
A Assuming that the mass of a proton is 1G&V/c

A You have an accelerator than can accelerate protons to
400 GeV.

A What will be the energy in the centre of mass of a 400 GeV
proton hitting a proton in a fixed target?

(a) 28.3 GeV
(b) 400 GeV
(c) 800 GeV
(d) 802 GeV



Answer(a)
B2, = (m?+m+ 2myEy 1) E., = (B, + Ey)°

Al SG§Qa O2YLI NB FTAESR Gl NH
A Assuming that the mass of a proton is 1 G&Vi/c

A You have an accelerator than can accelerate protons t«
400 GeV.

A What will be the energy in the centre of mass of a
400 GeV proton hitting a proton in a fixed target?

Ecn?=1°+12+2*1*400=802 Ge¥/
Ecn¥sqrt(802)=28.3GeV



Quizz
B2, = (m?+md+ 2myBy 1) Een = (BEy + By)°

Al SGQa O2YLI NB FAESR GF NBS
A Assuming that the mass of a proton is 1G&V/c

A You have an accelerator than can accelerate protons to 40(
GeV.

A What will be the energy in the centre of mass of two 400
GeV protons hitting each other?

(a) 28.3 GeV
(b) 400 GeV
(c) 800 GeV
(d) 802 GeV



Answer(c)
B2, = (m?+m+ 2myEy 1) E., = (B, + Ey)°

A[lSiQa O2YLI NS FAESR GIFNHSG FyR O¢f
A Assuming that the mass of a proton is 1GéV/c
A You have an accelerator than can accelerate protons to 400 GeV.

A What will be the energy in the centre of mass of two 400 GeV protons
hitting each other?

Ecn?=(400+4003=80C¢ Ge\* Ecnm=800GeV

Fixed target: 28.3 GeV Colliding beams: 800 GeV

A similar comparison for AeVprotons gives: v
114.6 GeV for fixed target beams against TeVfor colliding
beams!
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A Most work in new accelerators stopped
during WWIL.

A After the war the work resumed and several
ANRdzLJA UGNASR (2 o0dzAf F

\’r

LNF Frasca fi
HEPL Stanford Bruno Touschek — e Courteswf
: : e-e+ 1960 OoVvosIoIrs 00 g A
Gerard K. O'Nell 1e faisceau mai 1961 Gersh |. Budker Jacque3-| aISSI nSkI
e-e- 1958 LAL Orsay e-e-1956

ler faisceau mars 1962 Pierre Marin ler faisceau 1963

Orsay en 1962



e+ e Versus ee-

A A critical choice for a collider was to decide the
type of collisions.

A Positrons are difficult to produce hence
Kurchatov and Stanford choosees.

A The Frascati group (led by Bauschekwas
convinced that collisions would be easier (CT
Invariance).

A e+ e collisions had several advantages:

I Single ring
I More interesting physics with the collisions



Firstgenerationcolliders
(storagerings)

Laboratory Propos | Name Collision| Energy First
al date type beam

Kurchatounstitute 1956 VEP1 e- e- 2x 160 MeV 1963
(Moscow)

then Novosibirsk

High Energy 1958 PrincetonStanford e-e- 2x 500 MeV 1962

Physic4.aboratory e- e- storagerings
(Stanford)
Frascati National 1960 Ada e-e+ 2x220 MeV 1962
Laboratory (Ring of accumulation)

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 26



VEPR1 (Dubng Russia

) ]

1 Storage rings
2 Compensating systems
3 Synchrotron B-2S

Fig. 2: Layout and photo of the VEP-1 co

Proceedings of the International Conference on High Energy Accelerators,
Dubna, 1963, p. 274, G. |. Budker, et al. (in Russian).

Courtesyof
Nicolas Delerue, LAL Orsay History/basics of particle accelerators Jvaue$'| aTSSinSKi’



The Princetostanfordcollider

ELECTRON—~

BEAM '
PULSED\,m

L MAGNET ¢

CI— PULSED VIEW |
\INFLECTOR - |

8 _ — X PuLsED
<=7 \INFLECTOR

Fig.3: Layout and photo of the Princeton-Stanford electron—electron colhder

Courtesyof

JacquedHaissinski

HEPL Report, RX-1486, Stanford University, May 1958: A Proposed Experiment on the Limits of Quantum
Electrodynamics, G. K. O'Neill, W. C. Barber, B. Richter, W. K.H. Panofsky.
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AdA
Anellodi Accumulazione

A After unsuccessful attempts i
FrascatiAdAwas brought to
Orsay where the positron
source was stronger. AdAin a glass case at

Nicolas Delerue, LAL Orsay History/basics of particle accelerators Frascati National Labora:ory




AdA | .
= . e 3
Anellodi Accumulazione T

. -w/""*’ S S el

| - ;

Amorphous
Magnet target

A In Orsay the flux of electrons
was sufficient to get a good
number of positrons.

A The choice of e+-¢hen
proved good.

A Despite being the last project "‘ >
to start, it was the first to see AdAin a Orsay
collisions.

Nicolas Delerue, LAL Orsay History/basics of particle accelerators
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Some results from\dA
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Nicolas Delerue, LAL Orsay

Vorume 10, Numser 9 PHYSICAL REVIEW LETTERS 1 May 1963
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Number of stored particules =
Touscheleffect
Courtesyof
JacquedHaissinski
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First collisions

-
"

A First collisions at

AdA autumn1963. ﬁ ' 4/,}/{
AVEPRL (e e-); 15 ,;/ﬂ |
May 1964

A PrincetonStanford
electron-electron
collider.

March 1965.

o

A T
\
\

o
i

Y

1 L | eolbe t o Lo | 1
0 10 20 30 26 40
N, /10°

Taux d'événements par particule du faisceau # 1

Nombre de particules dans le faisceau # 2

Courtesyof
JacquedHaissinski



Secondyenerationcolliders

A Initial collidershad strongdimitation (focussing,
6SFEY aAl SIXO

A Even before their success a second generatiol
was planned:
I VEP2 (Novossibirsk 2 x 700 MeV
I ADONE (Frascati): 2 x 1,5 GeV
i ACOAnneauRS [/ 2fftA&aA2ya RQN
I CEA (Cambridge Electron Accel., USA): 2x3,5G



ERoL0 T R A - T

A TheAdAsuccess led to the construction of the first French
collider, ACO in 1962 (first collision in 1965).

A ACO ceased as a collider in 1975. After it served as a light
source until 1988.

A Another collider, DCOspositifde Collisiondans QL)3 t 2
was used on site from 1975 until 1985 (and as synchrotron
source until 2001).

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 34



A second life focolliders
light sources

A Colliders were the first rings
able to store beams for
several hours (storage rlngs)

A The opened the way for the
exploitation of the
synchrotron radiation they
produced.

A After the end of their time as [{§ ;||
collider they were converted | gg__
to 1stgeneration light
sources. j

1

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 35



CERN

A End of second world/iar: needto restore
Science in Europe arstharework on nuclear
physics

A Earlyproposal Louis De Broglie (1949),

' bO9{/ h omdPppnvuX

A 1952: First CERN (Conseil Européen pour la
Recherche Nucléairepuncilmeeting.

A 1954:EuropeanOrganizatiorfor Nuclear
Researcl{CERNIs established




The synchrocyclotron

A Cyclotrons ardimited by
relativisticeffects

A Toreachhigherenergies
CERNbuilt iIn 1957 a
synchrocyclotrorthat could
reach600 MeV.

A Works like a cyclotron but th
RHrequencyis changed
whenthe particlesreachhigh
energy

A 1967:Usedfor ISOLDE.

A 1990:Decommissioned Imagecourtesyof CERN
https:// home.cerrabout/ who-we-

A You carstill visitthe SGoday  are/our-history
at CERN.

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 37




QuizzRelativisticeffects

A Assuminghe mass of a protois 1 GeVc2.

A Whatisthe Lorentz factor of a protowith a
kineticenergyof 600 MeV?

(a) gamma =1
(b) gamma = 1,2

(a) gamma = 1,6
(a) gamma = 600



Answer (c)

A Assuminghe mass of a protois 1 GeVc2.

A Whatisthe Lorentz factor of a protowith a
kineticenergyof 600 MeV?

Gamma=Etot/Mass
Etot=1 GeV+ 600 MeV =1,6eV

Gamma=tot/Mass=1,6/1=1,6
Beta ~0,/8



The proton synchrotron
A 1959: The Proton 1 \ 7 =
Synchrotron starts and Y fEe=glar, o 5T
reache24 GeV(later | & } g o Sl
28 Ge\}, beating A S
5 dzo Y1DGEY
accelerator

A The PSsstill in use
nowadays

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 40



The Intersecting Storage Rings

A Building up on the
success oAdACERN
decided to build a
collider.

A The Intersecting o
Storage Rings started §
In 1971 and observed
the world first proton
proton collisions.

A Decommissioned in
1984.

Nicolas Delerue, LAL Orsay Historybasics ofparticleaccelerators 41



The Super Proton Synchrotron (SPS

Aln 1976, a kilometer
ring was started: the SPQ

A Control room uses touc 9 "
screens! T = >
A Energy: 400 GeV

A Converted to proton
antiproton collider In
1981

=> discovery of W and |
A Still in operation.

Nicolas Delerue, LAL Orsay Historybasics ofparticleaccelerators 42



The Large ElectreRositroncollider

Aln 1989, LEP started.
A 27-kilometer ring! i

A Energy: ~100 GeV
(electrons)

A 209 GeV in theenter
of mass

A Closed and dismantled
In 2000.
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The Large HadroGollider(LHC)

Vd

A. dzAf G Ay
A First beam in 2008.

A Initial energy
limitation to
3,5TeV/beam.

A Later increased to
/TeV/beam (14eV
cm).

Nicolas Delerue, LAL Orsay Historybasics ofparticleaccelerators 44



1957: Synchrocyclotron (SC), 600 MeV, protons/iong
(closed in 1990).

1959: Proton Synchrotron (PS), 28 GeV, still in use! ™

1971: Intersecting Storage Ring (ISR), first CERN cG&S==
62 GeV protons (closed 1984) s —

1976: Super Proton Synchroton (SPS), 7km,
up to 400 GeV (now 450 GeV). S
{Discovery of neutral currents and the Z boson in 19-«_ e ¥
1989: Large Electron Positron collider (LEP), 27 km, w4
up to 209 GeV gstopped in 2000)

1997: Antiproton Decelarator (down to 100MeV/c) fa
antimatter studies.

HanyY [FNBS | FRNRY [ 2¢f

o oo D>

ST SU S

Source: http://timeline.web.cern.ch/timelines/CERN
accelerators

Nicolas Delerue, LAL Orsay History/basics of particle accelerators



Quizz

A Why CERN built a 200 GeV electron position
collider after building a 400 GeV proton collider?

(a) Because of budget cuts: they could no longer
afford to go to 400 GeV

(b) Stability (and hence luminosity) is better at
200GeV than at 400 GeV

(c) The physics potential of a 200 GeV lepton
collider is higher than that of a 400 GeV proton
collider.




Answer (c)

A The physics potential of a 2@eVlepton
collider is higher than that of a 4@@eV
proton collider.

A For example to discover the Higgs only twice
the Higgs mass was need in the cm with
leptons (but they did not reach that energy).



GANIL and SPIRALZ2

A GANIL is a laboratory dedicated to radioactive
lons, Initially using cyclotrons.

A SPIRAL2 is an upgrade using a linear RF
accelerator.

A There is another large heavy ions resedsdilty
In Darmstadt (Germany): GSI.




Other HEP accelerators in Europe

A Frascati (near Rome, ltaly):
ADONE: e+fecollider (19691993) 1.5 GeV _
DAFNE (since 1999): e+gmllider; 1 GeV, Kaon studies.

A DESYHambourgGermany):
e+/e- collider (19661980)
Electronproton collider (HERA; 1994D07) up to 920 GeV protons on 27

GeV electrons.

A GSI/FAIR:
GSl is a heavy ions accelerator in Darmstadt, Germany (11.h)/

since 1975. It is being upgraded as FAIR.

49
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A 1962: Construction of the 2 miles acceleratos, the
Stanford Linear Accelerator at SLAC (for eteto 45
GeV). {1968: Evidence for quarks}

A 1980: PEP: PositreElectron Project at 29 GeV until 1990.

A 1989: Stanford Linear Collider (90 GeV cm) until 1998
(Detector: SLD).

A 1999: PER, ~10 GeV Bactory until 2008 (Detector:
BaBar).
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Other HEP accelerators
In North America: Proton/ions

A 1969: Proton Linac at Fermilab near Chicagr
(200 MeV)

A 1974: TRIUMF,-Hyclotron (500MeV) in
Vacouver, Canada

A 1976: 500 GeV ring at Fermilab.

FNAL
{Discovery of the top quark in 1995}

A 19831993: Superconducting Super Colllder
attempt to build a 20 TeV collider in Texas = e
(aborted in 1993 due to budget problems). sas=—

A 2001: RHIC, Brookhaven, heavy ions, — :
up to 100GeV/nucleon

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 51



Other HEP accelerators in North
America;: CSER and JLAB

A Cornell (NY state):
1979 CESR 312 GeVring; B and C physics
CESR has been converted into a test facility for rings.
Cornell is also working (with other lahs) on a new kind
2F I OOSf SN 02 NA OradsfOSIPR a

A Jefferson Lab (Virginia):
1984: CEBAF Up td3d&Velectrons; fixed target
experiments; high intensitstill in operation).




HEP Accelerators in (former) Soviet
Union

A NovosibirskBudkerinstitute:
-1964: VEP, e+/130 MeV In Novosibirsk
-1994:. VEPRM, e+/e, 6 GeV, Meson physics
A Dubna JINR:
- 1957: 10GeVprotons (closed 2003)
- NICANucIotronBased lon Collider Facllity.
/2YY)\ aA2yAy3a SELISOGSRK

Superconducting accelerator complex NICA

Fixed target experiments

c-cooler

Detector
KEDR




HEP Accelerators in Asia

A KEK (Tsukuba, Japan):
Proton synchroton (19/42005), 12

GeV R Tt
TRISTAN (1988995): e+/ecollider 4 o e
at 26 GeV % T ¢
KEKB (1998010): e+/ecollider 8 | o '-,;,J;z
GeV on 3.5GeV \fr
SgperKEKB (2016+): egellider: :
7GeV on 4 GeV. o )
\ige
A BEPGI: e/ \:\‘

Beljing Electron Positron Collider
(started 2008) 4.6 GeV,; charm
guark studies.



Quizz

A Why did KEK downgrade its TRISTAN collider
from 26 GeV to 8 on 3.5 GeV?
(a) Because the physics Is more interesting at
low energy
(b) Energy Is not the only interesting
parameter, luminosity Is more important and
they could reach a higher luminosity at lower
energy.



Answer (b)

A To reach a high energy the peak current in the
accelerator has to be reduced.

A There is a case for high energy accelerators tc
discover new particles.

A However lower energy accelerators can do
GLINBOAaA2YE LIKeéaAoa ¢
particle with a very large statistics and
studying more accurately their properties.

A KEKB (an8uperKEKBstudy CP violation.
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A FromAdAuntil 1989 lepton colliders tripled their energy every 6 years!
A From ISR to the 2009, hadron colliders doubled their energy every 6 year:



Colliderssize
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everytwo years



of-Mass Energy  (GeV)
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Quizz
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Quizz

A What was the
highest energy In the

o centerof mass

reached to date by
an electron
accelerator?

(2) 209 MeV
(b) 100 GeV
(c) 209 GeV
(d)14 TeV



Light sources

Circular accelerators emit radiation.

With some tuning it is possible to make them emit an intense
flux of radiation at a useful wavelength.

Some machines have been built entirely for this purpose,
Including several in the area

- SuperACO (now decommissioned)

- SOLEIL near SACLAY

THE STHCHROTRON RADIATION FACILITIES AT DARESSURT LABORATORY

A

ource: éOLEIL

Nicolas Delerue, LAL Orsay History/basics of particIeSacceIerator



1stgeneration light source

Synchrotron radiation was

discovered in 1946.

It was first seen as a nuisance as it ii’]li
makes the beam loose energy. : ," ;

In the 1960 it was recognised that
It could be used as a powerful
source of radiation (Xays)

Some accelerators started to make 2 |
this radiation available to other B i '“

users. Discovery of Synchrotron radiation
Nicolas Delerue, LAL Orsay History/basics of particle 3q3eEQD6. Source: W|k|ped|a 64



2"d generation light sources

In the 1980s machine dedicated to the production of light
were built.

. The first one in France was SugeCO.

In these machines the light is extracted from the bending
magnets and delivered to users.
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3'd generation light sources

With the increasing need for synchrotron
radiation extracting the light from bending
magnets was not enough.

[ LISOALE FNNY@éa 27F YIPH
2NJ ddzyRdzf I 12 NBR ¢ O y 28
radiation produced by a light source.

3rd generation light source were also
design with brilliance optimisation in mind
(smaller beams, large rings...). e LIRS
SOLEIL (in SaiAtbin, near Saclay) is Undulator, Source: Diamond
a 39 generation light source.

1

D

Nicolas Delerue, LAL Orsay History/basics of particle accelerators ' :
Source: Diamond



Free electron lasers

The photons emitted in an undulator can
stimulate the emission of more photons

from the bunch.

Totally
reflecting
mirror

Free electron lasers (FEL) use this
phenomena to generate photon beams
with an even higher brilliance.

Bending

A‘” 3
undulator £ s

P

Electron beam

Bending
Magnet

FEL form the @ generation of light
source. Some have started to operate in T Source: SRS
the past few years.

FEL use a linac (not a storage ring, unlike
synchrotrons).



Energy Recovery Linacs

A Rings have the advantage of recycling the particles turn after turn
=> High efficiency

A FEL produce ultrahort light pulses
=> |nteresting physics potential

A To combine the advantages of rings and FEL the concefEmdrgy
Recoventinac»has been invented:
after being used to produce light the particles are decelerated and

the energy recycled to accelerate other particles.
ENERGY RECOVERY LINAC

1st Sta %
ge %,

2nd Stage

(Optical Unit)

Main Linac

Injector

Beam Stop



Summaryof the history

A The first particle accelerators wenevented
~150 years ago.

A The first man made collisions took place ~60year
ago.
A LHC is the largest scientific instrument on earth!

A Many Nobel prizes are connected with the
discovery made at particle accelerators.

Al 26 R2 0KSeé ¢2NJ K [ SiC



Lecture content

Electric field

A History of particle accelerators U
A Basic principles: -

- Particle sources

- Particle acceleration ~(~
- Magnets

- Emittance and beam dynami ——4 |
- Beam diagnostics g
A Challenges for present and future accelerators

Cathode




Particle sources

A Electrons
I Thermionic emission
I Field emission
I Photoemission
I Beam quality
I Spacecharge
A Protons and ions
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Particle sources

A How particles are first produced?

A How to extract particles with the right
properties?

A What are the limitations of the sources?

A The quality of the source is very important. If
the particles emitted by the source do not

have the right properties, it will be very
difficult and/or expensive to rectify it later.



Producing beams of electrons:
Thermionic effect

A Most particle accelerators in the world
accelerate electrons.

A Remember the MaxweBoltzmann
energy distribution: -E

.l'. = ekBT

A Electrons (fermions) obey a different
but similar law.

A When a metal is heated more electrons
can populate high energy levels.

A Above a certain threshold they |
electrons can break their bound and be  image sourcewikipedia
emitted: Ay 0

This is thermionic emission.

Nicolas Delerue, LAL Orsay History/basics of particle accelerators T



Electrons In solids

=
[—
0]
http://cnx.org/content/m13458/latest/
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(image source:

0

A At low temperature all electrons are in the lowest possible
energy level, below the Fermi level.

A As the temperature increase some electrons will go above
the Fermi level.

A.dzi _2yfeée (0K2aS 6A0K |y SyS

TdzyOuA2ye I NB aFNBSeEOD

=
w1
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Electrons extraction

0]

A Once the electrons are free they *
may fall back on the cathode. :

A To avoid this an electric field
needs to be applied.

A If a negative potential is applied tc
the cathode the electrons will be
attracted away from the cathode
after being emitted.

A The potential the electrons must
overcome to escape Is called the
awork functiore.
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Work function

A To escape from the metal the electrons must reach an
energy greater than the edge of the potential well.

A The energy that must be gained above the Fermi energy is
called thedwork functiore of the metal.

A The lower the work function, the easier it will be for an
electron to escape. @ .« n BB R3] vacuom

A The work function is a property -y
specific to a given metal. Itcan ... | v..w ///_ 0
be affected by many parameters o™ s—=—=m——7
(eg doping,crystalinestate, ] P
surface roughness,...) T

A Example Values zﬁ;:ﬁfﬁml (image sourcewikipediag

Fe:4.7eV : Cu:5eV: Al: 4.1eV:Cs: 2eV




Quizz

Which of these materials would give the highest thermionic
emission current (at the same temperature)?

(a)lron (Fe); W&.7eV
(b) Gadolinium (Gd); WZ90eV
(c)Cobalt (Co); WseV



Answer: (b)

A The lower the work function, the easier it will
be for an electron to escape.
=> more electrons will escape at a lower work
function.

A Gadolinium (b) has the lowest work of this
example function and thus it will give a higher
current.



Schottky emission

A The application of an electric field F to
a material modifies the work function,
this is called the Schottky effect:

e3F

401
A This will lead to a reduction of the work
function. The higher the field the lower

the work function. The Richardson
Dushman equation becomes:

DW =

-W - W

= 2 ke T
Je AlFews e

(image source:

A This formula is valid only up t@0PV/m. "™ Kt 1Lc school
For more intense fields additional
phenomena happen.



Photo-electric emission

A A photon incident on a :
material will transfer its @
energy to an electron
present in the metal.

A If the energy of this
electron becomes bigger
than the work function of
the material, the electron
can be emitted.

A This is called photelectric N® 2
emission. (image source:

MasaoKurikj ILC school)

Vacuum level

Photon




Photo-electric emission (2)

AA UV photon at 200nm carries an energy of
 62dz0 ¢ S>> OGKA&A A& S

work function of most metals.

A As seen in electromagnetism, electromagnetic
waves (photons) can penetrate inside a metal

A The photeelectric P
emission may thus
take place away from
the surface.

140 -

130 -

120 -

al Absorption Length (angstroms)

110 -

100 | | | |
180 200 220 240 260 280 300

Wavelength (nm)

Optic

(image source: Dowell et aPhotoinjectordectures)



The 3 steps of
photo-electric emission

Photoelectric emission takes place 3rsteps:

1) Absorption of a photon by an electron inside the metal.
The energy transferred is proportional to the photon
energy.

2) Transport of the photon to the physical surface of the
metal. The electron may loose energy by
scattering during this process.

3) Electron emission (if

the remaining energy Is ) e
above the work function; . e | Jectrons
Including Schottky effect) & —p o] —Pe

absorbed ‘ Potential barrier

The efficiency of this process
calledoguantum efficiency.

due to spillout electrons



Quizz

Whichof theselaserwill givethe best quantum

efficiency(photonyield) for photoelectric
emissior?

(a)Aninfrared Nd:YAQaser (vavelength
1064nm)with 10 MW power

(b)A CQlaser (vavelengthlOum)with 1 GW
power

(c) AfrequencyquadrupledNd:YLHRaser
(wavelength200nm)with 1MW power



Answer(c)

Themostimportant parameteristhe photons
wabelength

The lasewith 200nmwavelengthwill have a
better yield!



Example of thermionic gun

SCSS

500kV Electron Gun

Magnetic Sheld
Corona Dome Ceramics
Hostr et
Trans Magneti
Cathode Lens

wem . SPHiNg8 SCSS thermionic gun.

e Terad 4

(images source: Bhintake Spring8)



RF Gun

A The high voltage of a DC gun
can be replaced by a RF U
-

cavity.
A This can provide much high$/—cereser :

accelerating gradients and 8 o

hence limit the space charg )Yﬂ r
A RF guns are often coupled

with a photocathode. ——

A QF gun can generate ShOrte?magessource:MasacK_ljriki ILC school)
punches (using short laser
pulses).

Electric field




Principle of a RF Photun

Pulsed laser photoemission...

N2

CourtesydomLuiten TUV Eindhoven

Nicolas Delerue, LAL Orsay History/basics of particle accelerators
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Principle of a RF Photiun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

CourtesydomLuiten TUV Eindhoven
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Principle of a RF Photiun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

N2

CourtesydomLuiten TUV Eindhoven
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Principle of a RF Photiun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

N2

CourtesydomLuiten TUV Eindhoven

Nicolas Delerue, LAL Orsay History/basics of particle accelerators 90



RF photocathode gun

Master
Oscillator

Electron bunches

Photocathode (Cs,Ie, CsK,Sb, Cu etc.)
Slide compliments of P. 0’Shea, UMd

Nicolas Delerue, LAL Orsay History/basics of patrticle accelerators



Spacecharge limitation

Cathode Anode Cathode Anode Cathode Anode
| : ] et
. © * oMM
‘ * ‘ + 8 ‘ +
N ° M ® M
‘ + ‘ + EE) ‘ ==
M O+ o +
\+ + (=) }+
"" + () ‘+
‘+ == (= ==
|+ (=) + (= ll
A Emitted electrons shield the cathode from the anode

=> reduced field

A This limits the intensity of the emission.
ChildLandmuir law (potential V, area S, distance d)

3/2
V

@

J=233x10°Ss



Spacecharge effect

A Now let's consider two particles with similar charges travelling
In the same direction.

A Due to their charge these particles will push each other away
(Coulomb's law).

A What is the intensity of the force with
which they repel each other?

A What is the effect of a full bunch?

of particle accelerators Nicolas Delerue, LAL G8say



Coulomb force
between two electrons

i 1, 0.9,
4ol , d?
A Assume d=1micrometre.

A =2 1016N

A This may look small but an
electron is not very heavy
A fime=2.5 10*N/kg
A This force is very intense on
94

the scale of the electrons.

A Typical charge in a bunch:
~1nC = 1.6 1® electrons

A This force has to be taken into
account to mitigate beam
blow up due to spaeeharge.

Nicolas
Delerue, History/basics of particle accelerators

LAL Orsay




Proton source: the duoplasmotron

A At CERNnac? the protons were T\L( o
produced in aduoplasmotron -
source.

A Hydrogen is injected in a plasm
chamber at a high electric
potential (100kV

A Inside the plasma chamber a
cathode emits electrons.

A These electrons hit the gas ator
and ionise them into protons.

A The protons are attracted towara
lower potential areas and are
ejected from the source.

A Magnets are used to minimise
transverse momentum of the
particles and focus them at the
exit.

(
—

Nicolas Delerue, LAL Orsay History/basics of particle a5 .



Other proton
and ion sources S,

A An electric discharge creates a
plasma in which positively and
negatively charged ions are prese /7] Merde /i)
(as well as neutrals). {

A If such plasma experiences an Anods
P

intense electric field ions will power %
separate In opposite directions. ™™ Zd

A This is a rather crude and inefficie | /:‘ »
(but very simple) way of producing |5 {
any sort of ions. i

Hot Cathode

fITT T

(images source: CERN)




1
= Pressure moni tor port

I :?f i A Pumping portx2
. —}
A ire Puller/Ground electrade
R 5
157 i Electron deflection magnets
Q9
; 6.
- T STy

Antenna

H- RF source -

Gasinjection  ~_

A In a Radiofrequency ion e <=k
source an RF field Is usec ™™™ — cie=
to break the gas
(hydrogen) into a plasma.

A This RF field is brought in
the plasma chamber by al
antenna.

A An intense electric field is
used to separate the
positive ions from the
negative ions.

A The negative ions are then |
extracted and accelerated 1] i
f

e Electrom |

—— —~ _= . 1

Electron dump

Extraction electrode

I/

{/ [

AN
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Spectrometer
magnets

http://linac4ionsource.web.cern.ch/
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Why a Hsource to produce protons?

A H-is a proton with2 electrons

A However the2 electrons can be stripped easily by sending
the H through a foill.

A Can be Injected on already existing proton bunches in a rin
more easily (we will see why later).

A This is how it is done at CERN now.

Nicolas Delerue, LAL Orsay 98



ECR sources
¢CKS to6 A2ya | NB LINPRddzOSR A

field.
Lead is heated and brought in the chamber.

o o Po T T Ix

Plasma
Chamber
Insulation

Ph SAMPLE

20KV

SOURCE
TUREBC
PUMP

MAIN VACLILIM
PUMPS

Nicolas Delerue, LAL Orsay

~ COAXIAL

)

ECR 4 LEAD SOURCE
(GANIL)

14GHZ POWER
INGVEN - INPUT

TRAMSITION

L
d F == _ OXYGEM
EXTRACTION . g t ~ INPUT

Bl RON YOKE

In addition to pp collisions the LHC will also be used fdelbollisions.

y a@9fSO

Electrons magnetically confined in a plasma chamber are excited by an electric

When the electrons collide with the lead they strip it from some of its electrons.
Under the influence of the electric field the Pb ions are slowly extracted.

[ | INSULATICN

=i COPPER
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... Particle sources

We have discussed how to produce the particles used In
accelerators.

The requirement of the next generation of electron
accelerators impose strong constraint on the quality of the
beam produced by electron sources. Several recent
development aim at improving this quality.

lon machine are limited by the beam intensity that can
reliably be extracted form the source.

For both electrons and ions the quality of the particle source
has a strong impact on the overall accelerator performance.



ANTIPARTICLES SOURCES



Question

A How can positrons be produced?
A How can antiprotons be produced?

102



Positron source$

A ElectronPositrons pairs can
be produced by high energy §
(>2xMe) photons.

A These photons can be
produced by bremstrahlung
of high energy electrons in ¢
target.

A More advanced techniques |
are being investigated to
produce polarised pairs of
electronpositrons.

polarisation laser o "
circulaire p .
| \ _,'I ._,-" a*
rﬂ\,}‘ ! / -"II.-"'F_ -
. 2
- 7
faisceau e- ' \/\/\/\,\ Ve
/

(999¢1) . M\/\ ) /
(10-60 MeV) %
a

cible
(création de paires) ;elerators 103




Anti-proton sources

A The creation of anti
protons is similar to
that of positrons but at
higher energy (2Mp).

A Typical targets use
copper or iridium.

A Anti-protons
production is very
Inefficient so fermilab
had built a special ring
to arecycle its antt
protons.

CERN antiproton target



Anti-particles capture

A After the target the antparticles are emitted from the
target with a very large spread.

AT
AT
AT

ney need to be captured by special sections.
ney also need to beooled:.

ne whole chain: target/capture/cooling tends to have a

low efficiency. That is why in particle vs gpdirticles
colliders the antparticles bunches tend to have a lower
charge.

63 Cavities

>
Y YLl e*(200 MeV)

Solenoid



Quizz

Why does the LHC not use aptotons as did
Fermilab?

(a) CERN does not have th
Infrastructure to
produce antiprotons.

(b) At the energy scale of
the LHC to physics yielc
for pp orppbaris almost
the same.

(c) Antimatter production Is
forbidden in Switzerlanc

5ics of particle accelerators 106




Answer

A Producing antprotons is very inefficient.

A QCD tells us that protons at high energy also
CO n tai n a n t.i.q u ar kS ’ HERA I+II inclusive, jets, charm PDF Fit

- i
w

e, . : Q*=10 GeV?

June 2011

—— HERAPDF1.7 (prel.)

I exp. uncert.
____ model uncert.
[ | parametrization uncert.

0.8

xu,

0.6

........... HERAPDF1.6 (prel.)

04

0.2

HERAPDF Structure Function Working Group

10 ) - : 1

—s. c
e o= ,. —=-SICS



Lecture content

A History of particle accelerators
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- Particle acceleration
- Magnets
- Emittance and beam dynamics
- Beam diagnostics

A Challenges for present and future accelerators
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Special relativity reminder

A In a particle accelerator particles travel at very high speed.
A Special relativity can not be ignored.

1 1 2
v = =~ E = ymgc
v 1— 32 it ?CJ_j
b b
Protons: v = 5 = E|GeV] Electrons: v = 5 = 2E[MeV]
MpC MeC

A TypicaRF gun (electrons): feMeV=> gamma =-80
A Typical proton/Hsource: hundred kV => gamma ~ 1!
A Electrons are very quickly relativistic, protons are not!

A Typical synchrotron light source GV=> gamma = 6000
A LERenergy 100GeVbeam => gamma = 200 000.
A LHCEnergy TeVbeam => gamma = 7000.

A Relativistic phenomena are much more important in electron
accelerators than in proton accelerators.



Cathode (-)
-

-

-
e— (electron)

-
-

]
E (electric field)

collecting
comb

metal sphe;e_e e v

belt

charged
voltage comb
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Anode (+)

Electrostatic acceleratiot

A Charged particles cafis
be accelerated in an g8
electrostatic field. e

A This works up to a fe
MV but we have seer
yesterday that intenst
electric fields can be i
dangerous. o .

A To reach more than &
few MeV, alternating
current accelerators
must be used.

History/basics of particle accelerators 110



(+) (=) (+

(—)
Particle acceleration! = I—= 1=—1

I —
| =—[—> =1
Particles can be accelerated in a static . (=) +) a
electric field, however such fields are | —» | - | > |
limited to a few megavolts. e —
e | — | =—|—|
To go beyond these limits it Is necessarv \
LT3 . . . (=) (+) (=) (+
to use cavities in which the fields is | — | > | |
alternatively accelerating and e —
deceleratingRadiefrequency (RF) | = | > | -— |

cavities use such AC field to accelerate
particles to very high energies.

In a RF cavity the particlesurfeon an /.
electromagnetic wave that travels in th | §
cavity.

Nicolas Delerue, LAL Orsay History/basics of particle accelerat(arss

ource: Spring, Japan)



RF accelerators (2

The first stages of an AC accelerator
guite complicated because the speec
of the particles keeps changing and
thus the spacing between cavities Is

changing. First stage of a proton

Once the particles reach the speed of RF accelerator
light, the cavities can be evenly spaced.

Source _

— > - — -<—

O

\ 4

Nicolas Delerue, LAL Ors Source accelerators 112
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RF accelerators (3)

Because after each cavity the — FEas—
particles return to ground potentiai s
there Is no theoretical limit on the
length of a RF accelerator.

String of accelerating cavities are
usually callediina& (Linear
Accelerator).

Linacsare mostly limited by their
length: to accelerate electrons up

1 TeV eachlinacwould be 20km

|Ong! Artist view of the ILC
(source: KEK)
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RF: Phase stability
and cavity quality

A In an RF accelerator the field  carly particle
felt by the particles depend on | P
the exact phase a which the /0
particle Is injected.

A In alinac the phase of all
accelerating cavities must be

—— late particle

accelerating vollage

controlled very accurately.

A The shape of the cavity is also el b
very important to ensure a
homogeneous field in the '
center. s S

A After a while cavities dissipate .. Loiees
the energy they store - o

=> the design must optimise ...k Aoooook

the Q factor. S i
ik
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How to control

where the particles go?

A Electric and magnetic fields can
deflect charged particles.

A In an electric field the particles
get accelerated.

A In magnetic field the direction of
the particles is changed but not
their energy.
=> |t Is preferable to use
magnetic field (usually

electromagnets) to control a
beam.

A Magnets are also more efficient.



