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Foreword

A The aim of this lecture is to illustrate the joint evolution of elementary particle
physics and their essential tools, the particle accelerators, cross-fertilized by
the «pull» of the former and the «push» of the latter, throughout the 20" and
beginning of the 21st century

A The presentation approximately follows chronological order, though with some
necessary deviations imposed by the non-linear developments in the history of
science and technology

A Not all the major discoveries in particle physics, and not all the major high-
energy accelerators are discussed rather, the lecture addressesa selection of
salient casesdeemed of interest to the purpose of the discussion

A The lecture is targeted to students of accelerator physics and technology, not
of particle physics
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Isaac Newton
Opticks (1704)
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Reflections, Refractions,
Inflections and Coloum‘
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The FourTH EDITION, correiied.

. . By Sir ISAAC NEWTON, Knt.
There are agents in Nature able to make the particles of e :

bodlies stick together by very strong attractions. And it Is the

. . . . LONUDON: ‘
business of Experimental Philosophy to find them out.  THe  pu f wissiaw 1uxvs a the Wetk
smallest particles of matter may cohere by the strongest BB, Dokl Mg
attractfons.
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John Dalton

John Dalton introduces atoms to
explain why elements always
react in ratios of small whole
numbers

Chemical analysis and synthesis go
no farther than to the separation of
particles one from another, and to
their reunion. No new creation or
destruction of matter I[s within the
reach of chemical agencye All the
changes we can produce consist in
separating particles that are in a state
of cohesion or combination, and
Joining those that were previously at
a aistance
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A New System of Chemical Philosoph){1808)
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Crookes tubes to study «cathode rays» (ca 1870)
From electrical discharge in rarefied gasesto beams of particles
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Roentgen (1896)
First radiograph of hand
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The first application of acceleratorsfor society
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J.J. Thomson experimenting with C rco-0 kubes s

CAS 2019 Vysoke (High Tatra)

1 Scientific Institute



Y e S I
erator School

IT\[

J.J. Thomson experimenting with C rco-0 kubes s

A «Cathode rays» are deviated by electrical and
magnetic fields

A Deviation is independent of the cathode material and
gas speciesin the tube

As the cathode rays carry a charge of negative electricity, are deflected by an electrostatic
force as If they were negatively electrified, and are acted on by a magnetic force in just the
way in which this force would act on a negatively electrified body moving along the path of

these rays, | can see no escape from the conclusion that they are charges of negative
electricity carried by particles of matter.
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Discovery of the electron (1897)
First model of the atom

A Applying sequentially electric and magnetic fields enables
to measure the charge-to-mass ratio Q & of the particles
A Electric field O deflection — O 'QJbL
A Magnetic field 6 deflections & Qi 0 B s s
where
Z Jbs the path length over which the fields are applied Electron
Z U is the particle velocity
A Setting the fields suchthat — < one can calculate
Qa O+/b
A The measured charge-to-mass ratio is constant,

independent of the nature of the gas and of the material
of the electrodes Y the electron, elementary particle
carrying negative charge

Matter is electrically neutral Y «plum-pudding» model of
the atom
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Cavendish Laboratory, Cambridge University (end 19™ century)

Rugerford_as
-

Ph. Lebrun CAS 2019 Vysoke (High Tatra) 10



ZSI

n Sc If\ttt

Ph. Lebrun

CAS 2019 Vysoke (High Tatra)

11



Juas . esl .

niversities Accelerator School European Scientific Institute

The nuclear scattering experiment
Rutherford, Geiger & Marsden 1911

Atoms in gold foil
1
| |
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—> most particles

Ultra thin gold foil:

Alpha particles: probe target e |
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Ruthe r dnalysisiobtise structure of the: atom
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We have been able to get some of the alpha-
particles coming backwards..I/t was quite the
most incredible event that has ever happened
to me in my life. It was almost as incredible
as If you fired a 15-inch shell at a piece of
tissue paper and it came back and hit you. On
consideration, | realized that this scattering
backward must be the result of a single
collision, and when | made calculations | saw
that it was impossible to get anything of that
order of magnitude unless you took a system
in which the greater part of the mass of the
atom was concentrated in a minute nucleus.
It was then that | had the idea of an atom
with a minute massive center, carrying a
charge.

Ernest Rutherford
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Ernest Rutherford advocates the use of accelerators

It has long been my ambition to have available for
study a copious supply of atoms and electrons
which have an individual energy far transcending
that of the alpha and beta particles from
radfoactive bodies. | am hopeful that | may yet
have my wish fulfilled, but it is obvious that many
experimental difficulties will have to be surmounted
before this can be realised on a laboratory scale

Anniversary Address of
the President of the Royal Society (1927)
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Electrostatic accelerators: Cockroft & Walton
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conversion along the ladder
A Theoretical maximum voltage
Voc=2 NV ¢
N number of stages

A Accelerating voltage up to several
hundred kV
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A Voltage multiplication by AC to DC
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First breaking of the atomic nucleus by Cockroft & Walton (1932)
Nobel Prize 1951

A Shoot accelerated protons onto lithium target
A For incident energy above 125 keV
DQNO 6P 0VQ 0OQ prLQW
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Electrostatic accelerators: Van de Graaf

collecting
comb

metal sphere 4+ +/ +
+ +

h §

R.J. Van de Graaf

belt

7 MV Van de Graaf at MIT
(1933)

A Electric charges are transported mechanically on an insulating belt
A Stable, continuous beams, practical limit 10 - 15 MV
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Tandem Van de Graaf

A The DC electric field derives from a potential, therefore the voltage can
only be used once for acceleration of a given particle

A The tandem Van de Graaf allows to use the voltage twice, by reverting
the charge of the accelerated particle in the center (stripping)

Target Pressure !ﬁgh-vo&age NesatWe
tank terminal Jon Source

[l =)

E I S I N ) e

+ 4+ +
\

Ann{ysin Anm’ysin&
magnet and magnet and
collimator collimator
/ \
Strippin3 Chargiqs belt
foil or gas

2 x 15 MV tandem Van de Graaf at BNL
To raise electrical breakdown limits, the machine is
contained in a SFK; tank under pressure
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The beam acts as secondary winding of a transformer
Conceptual design by R.Widerge, PhD student in 1923
Unsuccessful attempt to build model machine in 1927
Rei nv e nbewiona sb yKerflin 1940

To o o I
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Keeor - Beétairen

side view

vacuum

pipe L beam

iron yoke coil

top beam

view

Donald Kerst with the first betatron, built at
University of lllinois in 1940

A Compact, robust accelerator insensitive to relativistic effects, well adapted
for electrons up to ~300 MeV

A Used in industry and medicine

[
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| <is - IR linear accelerator

Prinzip einer Methode zur Herstellung von
Kanalstralilen hoher Yoltzahl.

Yon
GUSTAF ISING.
it 2 Fignren im Texte.

Mitgeteilt am 12. Marz 1924 durch C. W. Osgex und M. Sizanags.
I

1 r
N\ T/ 'a/,' z
To Pumps
R, F
L
¢
R,
Ground

A Electrostatic accelerators are limited in voltage by
i electrical breakdown Y to go higher, use time -varying fields (RF)
I flux conservation of electrical field, entailing single-pass acceleration in DC

A In 1924, Ising proposes time-varying fields across drift tubes: the particles
can then reach energies above that given by highest voltage in the system

A In 1928, Widerge builds first demonstration linac using! s i prin@pte
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Widerge 1928
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Particles with a positive electric charge are drawn into
the first cylindrical electrode by a negative potential; by
the time they emerge from the tube the potential has
switched to positive, which propels them away from the
electrode with a second boost. Adding gaps and
electrodes can extend the schemeto higher energies
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Alovamneizrdisac pr ot on
Berkeley 1946
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L. Alvarez ) ‘ % U
Synchronism condition L -
d ¢ <Q

Acceleration occurs in the gaps between the drift tubes

First practical proton linac (200 MHz, 32 MeV) built by L. Alvarez at Berkeley in 1946
As particle velocity increases, the drift tubes get longer Y lost length

This can be contained by increasing 7, Y increased power loss

To limit power loss, enclose the system into a resonant cavity
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Va ot Kystrons(1939) and Ha nis-eelecfran linacs (1947-1960)
Stanford University
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Mark Il electron linac (75 MeV)

In the 1950s, Stanford becomes the center for
electron linacs, of increasing beam energy

Mark | electron linac (6 MeV)
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R. Hofstader studies the protom by’ electron scattering
Stanford 1957, Nobel Prize 1961

1029 — E'?E;?Lf;fgéﬂng A Similar to Rut h e r fsoattediniys
| 188 MeV (LAB) experiments half a century eatrlier,
= experiments at the Mark Il
2 - accelerator show an excess of
2 30— electrons scattered at large angles
= Anomalous o _ o ] _
S i Moment A This is a sign of finite size and a hint
S of some internal structure of the
S - proton
w .
2 1031 A A 20 GeV electron linear accelerator,
s i Mott 3 km long, was proposed in 1957 to
Experimental . explore further this struc.ture_ with
_ \ «harder» probes, and built in the
10°32 | early 1960s: SLAC
| | |
30 70 110 150

Scattering Angle (deg)

Ph. Lebrun CAS 2019 Vysoke (High Tatra) 25



juas . esl .

Joint Universities Accelerator School European Scientific Institute

The Stanford Linear Accelerator Center (SLAC)
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J. Friedman, H. Kendall & R. Taylor discover point scatterers inside the proton
Stanford 1968, Nobel Prize 1990

= |
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/ R. Feynman explains the results - N
, by point scattering from E

ELECTRON V= Eo- E . .. . . | | | |

individual «partons» inside the

o

05 1.0 1.5 20 25
~ ﬁ proton Q2 [cevrerd]

"™ This later validates the theory of

quarks developed by M. Gelt
Mann
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E.O. Lawrence tries to read Wit dce r paped s
Berkeley 1930

Not being able to read German easily, | merely looked at the
diagrams and photographs of Wi d e r appajiasuse and
readily understood his general approach to the problem, i.e.
the multiple acceleration of the positive ions by application of
radjo-frequency oscillating voltages to a series of cylindrical
electrodes
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