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Cloud Chamber

Wilson Cloud Chamber 1911
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Cloud Chamber

1895 arrived at Cavendish Laboratory.

Wilson used a ‘dust free’ chamber filled with saturated water vapor to 
study the cloud formation caused by ions present in the chamber.

• C. Röntgen discovered X-rays in 1895.

Wilson used an X-Ray tube to irradiate his Chamber and found ‘a very 
great increase in the number of the drops’, confirming the hypothesis 
that ions are cloud formation nuclei.

• H. Bequerel discovered Radioactivity in 1896. Produces same effect 
in cloud chamber. 

• 1899 J.J. Thomson claimed that cathode rays are fundamental 
particles → electrons.

• Rays for radioactivity consist of alpha, beta and gamma particles 
(E. Rutherford).  

1911: Wilson had track photographs from  from alpha rays, X-Rays 
and gamma rays (high speed photography developed).  

Charles Thomson Rees Wilson, * 1869, Scotland:
Wilson was a meteorologist who was interested in cloud formation initiated by electricity. 

Cloud Chamber, 
Wilson 1895

Early alpha-ray picture, Wilson 1912 4
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Wolfgang Pauli,
Letter to the group of 
‘Radioaktiven’, 1930

• 1930 postulated by Pauli to 
explain how beta decay can 
conserve energy, momentum, 
and angular momentum. 

→ first called it ‘neutron’ and 
considered that it was emitted 
from the nucleus.

Neutrino



Neutrino

• 1930 postulated by Pauli to explain how beta decay can conserve energy, momentum, and angular momentum. 
→ first called it ‘neutron’ and considered that it was emitted from the nucleus.

• 1932/33 Fermi called it now ‘neutrino’ in Paris and Solvay conferences. Edoardo Amaldi coined the word. 

• 1934: Fermi’s theory of beta decay combines neutron and neutrino: 

• n→ p + e +anti-neutrino_e

• 1938: indirect measurement: simultaneous cloud-chamber measurement of electron and recoil of the nucleus.

• 1956: F. Reines and C. Cowan: first direct measurement in gold mine in South Africa:

• beta capture: anti-neutrino_e +p → n +e+ ➔measure 2 gammas (e+e- annilation and recoil gamma).   
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Motivation: 
• Investigate the smallest building blocks of matter. 

• Produce massive particles that are either unknown or predicted by 
theories.

How? 
• Explore particle collisions at even higher energies.
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Higher particle energy → smaller wavelength → smaller structures

Accelerators are Super-Microscopes !

Pattern of the scattered light → structure of the hand.

Visible light  10-6 m =  1 micrometer = 0.001mm  size of a bacterium
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Why Do We Need Particles at Even Higher Energies?
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Matter
Atom

10-10 m
Nucleus
10-14 m

Neutron

Proton
10-15 m

Quarks
<10-18 m

Electron

Optical Microscope: 10-6   m
Radioactive Source: 10-14 m
LHC: <10-21 m

Why Do We Need Particles at Even Higher Energies?



Rutherford Experiment, 1910
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Atoms (10-10 m) consist of an extremely small 
Nucleus (10-15 m), electrons are moving around.

Pattern of scattered high energy particles 
→ structure of the atom.

Ernest Rutherford

Alpha Particle Source
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1927
E. Rutherford says, addressing the Royal Society:

“… if it were possible in the laboratory to have a supply of electrons and 
atoms of matter in general, of which the individual energy of motion is 
greater even than that of the alfa particle, …. This would open up an 
extraordinary new field of investigation…”



Cockcroft Walton – 1st Accelerator
Electrostatic Accelerators
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1932: First splitting of a nucleus (Lithium) by 

using a 400 keV proton beam



Van de Graaff Accelerator
Electrostatic Accelerators
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1932 Possible thanks to further improvement of the charging system, insulation

Go up to ~5 MeV = 5000 keV

Based on static electricity



Linear Accelerator
Electrodynamic Accelerators

1924:  G. Ising: instead of electrostatic use non-conservative electric fields.  
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Linear Accelerator
Electrodynamic Accelerators

Widerøe: Instead of rectifying the AC voltage, he connected a series of acceleration electrodes in an alternating manner to the output
of an AC supply. In principle, this device can produce step by step a multiple of the acceleration voltage, as long as for the negative half-
wave of the AC voltage the particles are shielded from the decelerating field.
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1927: Widerøe invents and builds a small, 2 section resonant linear accelerator with which he verifies the principle by

accelerating ions to 50 KV using a 25 KV, 50 Hz generator.



Circular Accelerator
Electrodynamic Accelerators

1932: E.O. Lawrence, Berkeley
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~10cm

1.2MeV→ produced nuclear disintegration

Limit is ~ 50 MeV = 50 000 keV

Constant guiding magnetic field, constant-frequency electromagnetic field



Synchrotron Principle

Principle: Varying magnetic field strength in time, 
synchronized to the increasing energy of the particles
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1944 Vladimir Veksler 
1945 Edwin McMillan (didn’t know of Veksler’s paper, was also 
in Russian) built first electron synchrotron 

Cosmotron, BNL Brookhaven Start building: 1948, 1952-66:, protons, 3.3 GeV = 3300 000 keV

→meson production 

Courant-Snyder: have alternating focusing-defocusing magnets →make a net focusing! 



Proton Synchrotron
1959: CERN’s first synchrotron

First time use of ‘alternating-gradient focusing’

Protons up to 30 GeV = 30 000 000 keV! 
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72 m radius, 628 m circumference. 



Tools
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New directions in science are launched by new tools 
much more often than by new concepts. 

The effect of a concept-driven revolution is to explain 
old things in new ways.

The effect of a tool-driven revolution is to discover 
new things that have to be explained.

From Freeman Dyson ‘Imagined Worlds’

http://upload.wikimedia.org/wikipedia/commons/3/3d/Freeman_Dyson.jpg


CERN’s Accelerator Complex Today
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LHC: 6.8 TeV = 6800 000 000 keV



“Science never solves a problem without creating ten more”

George Bernard Shaw
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Discover New Physics
Higher energies ➔ bigger accelerators
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Challenge: Magnets Challenge: Accelerating structure

→ ~50 km

Circular Colliders Linear Colliders

FCC, 100 TeV
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Accelerating Gradient

Plasma is already ionized or “broken-down” and can
sustain electric fields up to three orders of magnitude 
higher gradients 
→ order of 100 GV/m.

→ ~1000 factor stronger acceleration!

Plasma Acceleration

Accelerating fields are limited to <100 MV/m

Conventional RF Cavities

Typical 
gradients:
LHC: 5 MV/m
ILC: 35 MV/m
CLIC: 100 MV/m

(invention of Gustav Ising 1924 and Rolf Widerøe 1927)



Seminal Paper 1979, T. Tajima, J. Dawson
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How to Create a Plasma Wakefield?
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Surfer = accelerated beam

Boat = drive beam

Lake = plasma
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Example: Single ionized rubidium plasma



Many, Many Plasma Wakefield Experiments…! 
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Boat = laser or electron beam



AWAKE
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2009: Idea: use proton beam as drive beam (boat) → take advantage of the high energy of the protons!
Proposal in 2012
2013: AWAKE approval, first beam in 2016



AWAKE Stages of Innovation

e- acceleration to several GeV,
beam quality control, scalability

Quality:
RUN 2 (2021-2032)

p+ self-modulation 2 GeV e- acceleration

Proof-of-Concept:
RUN 1 (2016-2018)

➔First applications: >2033
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Environment for Innovation in AWAKE and …
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Innovation

Collaboration

Principal 
motivation

Tools

Merit system Experts Hub
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Big Bang

13.7 billion years 

LHC
10-12 s

1016 C

today

Principal 
motivation

Increase particle energies
➔ understanding the building blocks of 

matter and the origin of the universe.



Young scientists
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PhD/master thesis

Merit system • PhD thesis
• Publications

• Conference-presentations

Collaboration papers in high-level journals
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Novosibirsk
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Lausanne Budapest
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Lancaster

Liverpool

Oxford

Marburg

Collaboration
• International Collaboration 
• 22 institutes worldwide, 100 authors
• Broad and diverse expertise

“In science, we must be interested in things, not in persons.”
Marie Curie
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Tools

• Instrumentation
• Accelerators
• Simulations

• Computing Power
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Experts Hub

Hub of experts at 
CERN



Thank You!
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“The good thing about science is that it’s true whether or not you believe in it.”

Neil deGrasse Tyson
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Hadron Colliders
Electron-Proton Colliders
Lepton Colliders
Heavy Ion Colliders

Standard Model
Particles and forces

SPEAR:
• charm quark
• tau lepton

PETRA:
• gluon           

SppS:
• Z-boson
• W-boson      

Tevatron:
• top-quark   

LHC:
• Higgs-boson 

Discoveries with Colliders

E. Gschwendtner, CERN 37



Open Questions

Despite of impressive progress and discoveries in the past decades
several fundamental question remain open
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Today 80 % of the mass of the universe is 
unknown.

What is the universe made of?

Why is the universe composed only of 
matter? Where has the anti-matter gone 
that was produced simultaneously in the 

big bang?

Why is the gravitation so much smaller 
than the other forces? 

How to reconcile gravitation with quantum 
mechanics?

Is there only a single type of Higgs boson 
and does it behave exactly as predicted?


