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Four interactions

The constituents of matter

Three generations
gluon         photon          W-Z          graviton 
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The laws which hold at the microscopic level are different from ours

A particle or an atom can stay at the 
same time in two or more different 
places 

A particle can move from a point to another 
in space without passing anywhere in 

between the two points 

Particles do what we cannot

Max Plank is the father 
of the quantum theory
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The Standard Model
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History of the Universe
From Cosmic Microwave Background Radiation and other measurements
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The fundamental constants of nature and unified theories

h: Plank constant
c: speed of light
G: Newton’s constant

Theoretical panorama

Classical 
Mechanics

Quantum 
Mechanics

Special 
Relativity

General 
Relativity

Newtonian 
Gravity

G

c

h

Field Theory
(Standard Model)

Theory of 
Everything?

Quantum 
Gravity?
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Thanks to theoreticians and experimentalists

We know a lot about our world

Nobel Prizes 1974
for the J/ψ discovery
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Discoveries and detector technologies

The history of discoveries and that of particle 
detectors are intimately interconnected
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Radioactivity is everywhere

My activity is ~ 5000 
disintegrations per second

On average a human body has ~30 mg of  Potassium 40, corresponding to ~ 4 kBq

The average annual human exposure to natural 
background radiation is 2.4 mSv
(from 0.4 to 4 mSv/y depending on the location)

An average banana has 14 Bq

During a flight the background dose rate 
increases by a factor between 10 and 30 
Charged particles:

-heavy (µ, π, p, α, …)
-light (electrons and positrons)

Neutral particles:
-photons
-neutrons
-neutrinos
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The discovery of radiation
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Photographic plates
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The discovery of the atomic nucleus
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Scintillating screens:
William Crooks, 1903
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1912: cosmic rays
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Wulf electroscope 
invented in 1909
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1911: the cloud chamber

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO



14

1932: antimatter, 1936: muon 
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Nuclear emulsions

Cecil Frank Powell 
Nobel Prizes 1950

Marietta Blau:

she developed in 
Vienna the photographic 
nuclear emulsion 
technology for very 
accurate measurement 
of high energy nuclei 
and discovered the 
”disintegration stars” of 
spallation events

emulsions are still the detectors with the 
highest intrinsic space resolution: < 1 μm
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The bubble chamber, invented by 
Donald Arthur Glaser in 1952, has 
been for many years the most 
powerful instrument of ionizing 
particles investigation.

BEBC (Big 
European 
Bubble 

Chamber)

1952: bubble chamber
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1964: the first predicted particle
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Gargamelle1973: a big discovery 
in Europe, at CERN.
Gargamelle detects 
weak neutral currents
The electroweak 
theory is confirmed

Salam receives the Nobel prize in 1979 together with Weinberg and Glashow

1973: the e.w. theory is confirmed 
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1983: the weak bosons
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The discovery of W and Z bosons
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Thanks to the CERN accelerators
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Is the largest particle physics 
laboratory in the world
It hosts ~2500 staff members
and ~12000 users
Provides particle accelerators and 
infrastructures for particle physics 
research.
Founded in 1954 as a European 
common project
All results are published and 
universally accessible

15 May 1954

P. Auger, E. Amaldi, L. Kowalski

9 Nov. 1954
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CERN:
European Organization for Nuclear Research
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The 600 MeV Syncro-Cyclotron

G. Fidecaro,
(is the first INFN 
Trieste director)

1 Jan. 1956 1957

analysis of bubble chamber pictures

First physics result in 1958: 
π e ν BR = 10-4

Giuseppe and Maria Fidecaro
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The Proton-Syncrotron and the ISR
24 Nov. 1959

the PS delivers a 24 GeV/c proton beam

27 Jan. 1971

Two proton beams collide for the first time in the world.

The ISR reached a luminosity 1000 times larger than the 
project design one.
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The Super-Proton-Syncrotron
1981: The SPS is the first proton-
antiproton collider

17 June 1976: 400 GeV/c
1983: an event in the UA1 detector
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The Large Electron-Positron Collider

High precision W and Z 
measurement

Between 1985 and 1988 1.4 M m3 were escavated at a 
depth of 100 m for a length of 27 km: the largest 
European civil engineering work of that period
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The largest accelerator in the world
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2012: discovery of the Higgs boson

μ

μ

μ

μ

Peter Higgs, 
Nobel Prize 2013
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The antihydrogen

The Low Energy Antiproton Ring 16 Dec. 2016
first antimatter spectroscopy
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Tim Bernes-Lee invented the www

in 1990 the web is born!

fundamental 
contribution to 
the informatics 
revolution
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uses a combination of 
different detectors,

combines the 
information from all 
of them and fully 
reconstructs the 

characteristics of the 
interesting event 
which took place

A modern experiment

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO



32

Different particles are seen by 
different detectors
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Scintillation detectors
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Scintillation detectors

Large light yield, good energy resolution Fast and cheaper
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Scintillating Fibers hodoscopes
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Photomultipliers
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Photocathodes

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO



38

Micro-Channel Plates
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Si PMs
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CCD
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CMOS technology
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Si microstrips
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Si detectors
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ALICE inner tracker upgrade
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Glorious tradition: 100 years of 
gaseous detector developments

1908: FIRST WIRE COUNTER
USED BY RUTHERFORD IN THE STUDY OF NATURAL RADIOACTIVITY

E. Rutherford and H. Geiger , 
Proc. Royal Soc. A81 (1908) 141

1928: GEIGER COUNTER 
SINGLE ELECTRON SENSITIVITY

H. Geiger and W. Müller, 
Phys. Zeits. 29 (1928) 839

1911: CLOUD CHAMBER

Nobel Prize in Chemistry in 1908

Walther Bothe
Nobel Prize in 1954

Hans Geiger

Ernst Rutherford

Charles T.R. Wilson
Nobel Prize in 1927

COINCIDENCE METHOD
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Glorious tradition: 100 years of 
gaseous detector developments

SPARK CHAMBER 1968: MULTIWIRE PROPORTIONAL CHAMBER

G. Charpak

G. C. Santiard

F. Sauli

1952: BUBBLE CHAMBER

Donald A. Glaser
Nobel Prize in 1992

George Charpak
Nobel Prize in 1992
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Glorious tradition: 100 years of 
gaseous detector developments
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Tip Counter, Geiger 1914



49

Spark Chamber, 1960ies
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Nuclear Emulsion, M. Blau, 1930ies
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Spark Chamber, 1960ies
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CAMERA PROPORZIONALE MULTIFILI
VERSAILLES
1968 

G. Charpak, Proc. Int. Symp. Nuclear Electronics (Versailles 10-13 Sept 1968)
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George Charpak
in his lab with one 
of the big Multi-
Wire Proportional 

Chambers

George Charpak wins the Nobel Prize
in 1992 for the invention of the MWPC
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WIRE COUNT: 
DIGITAL MWPC

TIME MESUREMENT: 
DRIFT CHAMBERS

INDUCED CHARGE: 
2-D READOUT

TIME AND INDUCED CHARGE ON PADS: 
TIME PROJECTION CHAMBERS
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Multi-Wire Proportional Chamber

was the only approach to achieve good space 
resolution before introducing the Si trackers
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Old ALICE TPC

Trieste,     04/09/2012 Rivelatori di particelle Fulvio TESSAROTTO INFN
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MicroStrip Gas Chamber

A. Oed, Nucl. Instr. and Meth. A263 (1988) 351.

Semiconductor industry 
technology:

Photolithography
Etching
Coating
Doping

Typical distance between
wires  limited to 1 mm

Typical distance
between anodes  200 µm
thanks to semiconductor
etching technology

MWPC MSGC

In the early days:
high E-values at the edge between 
insulator and strips  damages
Charge accumulation at the insulator 
 gain evolution vs time

Later (~ 1999-2000): 
Passivation of the 
cathode edges
 MSGC operational 

Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto
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MICRO-GAP CHAMBER MICRO-GROOVE CHAMBER

MICRO-WIRE CHAMBER COMPTEUR A TROUS MICRO-PIXEL CHAMBER

MICRO-PIN ARRAY

Several different MPGDs have been developed
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Micromegas

High voltage [V]
350 450400 500 550 600 650

103
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105105

ga
in gain energy res. ~ 10%

55 Fe
Ar + 10% C4H10

Micromesh mounted above readout
structure (typically strips).
E field similar to parallel plate detector.
Ea/Ei ~ 50 to secure electron transparency
and positive ion
backflow supression. 1
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efficiency & discharge probability

High Voltage [V] 
Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto
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Bulk Micromegas technology

Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto

woven mesh
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INGRID

Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto
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GEM
Thin metal-coated polymer foil pierced by a high density of holes (50-100/mm2)
Typical geometry: 5 µm Cu on 50 µm Kapton,  70 µm holes at 140 µm pitch

70 µm

140 µm

Electrons

Ions

60 %

40 %

70 µm
55 µm

5 µm

50 µm

Induction gap

e-

e-

I+

Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto
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50 µm Kapton
5 µm Cu both sides

Photoresist coating, masking 
and exposure
to UV light

Metal etching

Kapton etching

Second masking

Metal etching 
and cleaning

Rui De Oliveira
CERN-EST-DEM

GEM  Manufacturing
GEM foils are produced at

CERN using proprietary process.

Moscow, 12/10/2016,      2nd International Conference on Particle Physics and Astrophysics ICPPA-2016    - Fulvio Tessarotto
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GEM – Gas Electron Multiplier 

A. Bressan et al, Nucl. Instr. and Meth. A425(1999)254

Full decoupling of the charge amplification
structure from the charge collection and
readout structure.
Both structures can be optimized
independently !

Most of the detectors use three GEM foils in cascade for amplification
to reduce discharge probability by reducing field strength.

Cartesian
Compass, LHCb

Small angle

Hexaboard, pads
MICE

Mixed
Totem
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Different flat shapes cylindrical spherical
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How do gaseous detectors work?
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Simulation example (from R. Veenhof)
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Ionization
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Ionization



68

Electron transport simulation



69

Electron transport simulation
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Electron Cross-section
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Gaseous detectors regimes

Ar atom radius: ~ 70 pm
distance between Ar atoms: ~ 4 nm
mean free path of electron: ~2 μm
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Induction signals
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Induced charges
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Induced charges
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Induced charges
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Induced charges
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