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Nucleus Neutron

Four interactions
Electro Weak 6 Gravity

2 2 Magnetic
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~0.01 ~ (0.000001

Two families
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gluon photon W-Z graviton

Three generations
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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 A particle can move from a point to another
same time in two or more different in space without passing anywhere in
places between the two points

Hydrogen Wave }I'11_| nct 'Il_'I!I.'I

9 ©
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Max Plank is the father
of the quantum theory
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B\ - Two protons colliding at high energy can

Miramare,

27/11/2018

A neutron decays to a protan. an electran.
and an antineutrin via a virtual {mediating}
W bosan, This is neutron [ decay

An electron and positron 0
(antielectron) colliding at high energy can B
annihilate to produce B? and B’ mesans

wvia a virtual Z boson or a virtual photon.

produce various hadrons plus very high mass
particles such as 2 bosens. Events such as this
one are rare but can yield vital clues to the
structure of matter.

Fundamentals of Particle Detectors

http://CPEPweb.org

Fulvio TESSAROTTO



Miramare,

Cosmic
MiCToWave
background

27/11/2018

INFN

‘ " Istituto Nazionale
di Fisica Nucleare

Dark Energy
Acceleralad EXxpansion
Afterglow Light
Patternn  Dark Ages Davelopment of
Galaxies, Planets, etc.

- 'II.
Fluctuations

1at Stars
about 400 milllon yra,

Big Bang Expansion

13.7 billion years
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The fundamental constants of nature and unified theories

General
.. Theory of
Relativity Every?hing?

Newtonian
Gravity

Quantum
Gravity?

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

Special
Relativity

C

Field Theory
(Standard Model)

Classical Quantum
Mechanics Mechanics
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Thanks to theoreticians and experimentalists

There is an ancient Chinese saying:

"He who labors with his mind rules
over he who labors with his hand”.

This kind of backward idea is very harmful to
youngsters from developing countries.

Partly because of this type of concept, many [
students from these countries are inclined
towards theoretical studies and avoid
experimental work. P

Nobel Prizes 1974

: . . for the J/y discovery
In reality, a theory in natural science can not

be without experimental foundations; physics,
in particular, comes from experimental work ...

Samuel Ting
December 10, 1976

Miramare, 27/11/2018 Fundamentals of Particle Detectors
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We know! a lot aboui our: world I
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SLAC logbook entry
November 10, 1074

Beam Energy
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Discoveries and detector technologies ¥

Istituto Nazionale
di Fisica Nucleare

® 1395 P1011 103> ? 1047 P1o60ies  Plo75
X-rays Atomic Nucleus BEnann Pion El.-weak Th)] Tau
W. C. Réntgen E. Rutherford ). Chadwick C. Powell S.L. GlashoyM. Perl
Positron Kaon A. Salam
e G. Rochester S. Weinberg|
C. D. Anderson
? 1596 Tlgzc 1936 ®P1950 Piofs P1082/83
Radioactivity Isotopes Muon QED Neltral W/Z Bosons
H. Becquerel E.W. Aston C. D. Andersgn |R. Feynman Cufrents C. Rubbia

J. Schwinger
S. Tomonaga

1899 1920ies 1956 Plo74
Electron Quantum| Mechanics MNeutrino [y
F. Reines t Richter

Lam i

J. J. Thompsoni
L.C.C. Tin

34
1900 Phetomultiplier 195 1983
H. lam= Silicon Strip Det.
B. falzberg J. Kemmer
. Klanner
B. Lutz
1911 1929 las2 1974
Cloud Chamber Coincidences Bubble Chamber TPC
C. T. R. Wilson W. Bothe D. Glaser D. Nygren
L - -° L
1928 1971
Geiger-Miiller Drift Chamber
19(_}3 . tube 1937 ] A. H. Walenta
Spinthariscope H. Geiger Nuclear Emulsion J. Heintze
&'V Crookes &W. Miiller QM- Blau EB. Schiirlein
The history of discoveries and that of particle
detectors are intimately interconnected
Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 8
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Radioactivity is everywhere — [¥N
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On average a human body has ~30 mg of Potassium 40, corresponding to ~ 4 kBq
B wK—=yCa+e +7, My activity is ~ 5000
EC - ng Lo %-ngr* N 'veé-ngr* + Veﬁngr_l_ y+v, disintegrations per second
B oK—Ca+e +v,

An average banana has 14 Bq

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

During a flight the backgroud oserate
increases by a factor between 10 and 30

Energetic

Charged particles:

-heavy (u, m, p, a, ...)

-light (electrons and positrons)
Neutral particles:

-photons

-neutrons

-neutrinos

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 9




Photographic plates

First

Detection of
-, B- and y-rays

18960
voer PR R
Epfon' e Al & 2y, ol 876 b AiA. € 06 o

1:2“-’1—’& IS b,

B-rays

Image of Becquerel's photographic plate which has been
fogged by exposure to radiation from a uranium salt.

Miramare, 27/11/2018
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An x-ray picture taken by Wilhelm Rontgen of Albert von
Kolliker's hand at a public lecture on 23 January 1896.
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discoyvery! oi {he atomic nucleus

lead shield_ radioactive Ru’[herford S .
. souree scattering experiment

- |lead screen
with slit

: beam of
Microscope + .
alpha particles

Scintillating ZnS screen

e L e

é&iﬂi\i\\m\\\\\\\\\m\\w

N

NN Scintillating screens:
¢ ﬁ\ \"; CIn —_—— g SO Schematic view
%& &'4 William CrOOkS, 1903 of Rutherford experiment

i

R

181

Rutherford's original
experimental setup

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

Adrd of cosmic rays invented in 1909
. R [Hess 1912; Nobel prize 1936]

Electrometer Cylinder
from Wulf [2 om diameter]

/ Strings

Mirror

Microscope

..I 9.1 2 Natrium

Victor F. Hess before his 1912 balloon flight
in Austria during which he discovered cosmic rays.

Miramare,  27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 12
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- chamber with saturated water vapour

- charged particles leave trails of ions
water is condensing aound ions

- visible track as line of small water droplets

UK Sdence Museum

4 " a © ) O
0 g it diei15%°% 00 696% %08 :C'QOCC'%A%.qO
H: PSR G O —QDO o0 o C Gcooououﬂ
Charged particle Free ions Condensation droplets
Also I‘ECII,Ii red Charles T. R. Wilson

-thigh speed photographic methods

invented by Arthur M. Worthington 1908
to investigate the splash of a drop

ultra short flash light produced by sparks
First photographs of a—ray particles 1912

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 13



1932: antimaiiter, 1936: muon U/ﬁ

- predicted by Paul Dirac 1928 (Nobel Prize 1933)

-~ found in cosmic rays by Carl D. Anderson 1932
(Nobel Prize 1936)

Anderson also found the muon in 1936,

downward going positron, 63 MeV the first 2"! generation particle
AL in the Standard Model
_ \ ¥ ; ".""_':,‘ Isidor Isaac Rabi said:
e Y - %" “Who ordered that?”

Minore
impulso

6 mm lead plate

Maggiore R
} PR S e
impulso LR .

positron is loosing] /1. T 0 IR [1.5 T magnetic field
energy in lead, : f,f" ' v L3 J
23 MeV at exit , l

- /.
smaller radius,
this defines the

track direction!

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 14



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

Nuclear emulsions ol

L/ Istituto Nazionale
di Fisica Nucleare

Discovery of the pion P,[iO” :
Nuclear emulsion technique :d L
[Powell 1947; Nobel prize 1950] MUOH ,-

. "u a
. - g
A b " -l o
a8 KeEh el o T, | [ RSP
r o i e - 2 T f --.__“-....--. .
e S & \‘%*-Pw e = e
p, 2 e Ty . 1 SR
- o5 T8 e FELEELL T M

0

SR T i -
- .
. -
»

Mhon stopped

T > JV
I"I > eVV [not seen]

highest intrinsic space resolution: <1 ym Cecil Frank Powell

Miramare, 27/11/2
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1952 bubble chamber NN

The bubble chamber, invented by BEBC (Big =—==10
Donald Arthur Glaser in 1952, has European

been for many years the most Bubble

powerful instrument of ionizing Chamber)

particles investigation.

AACHEN-BONN-CERN-MUNICH-0OXFORD COLLABORATION

wa 2|
EVENT 294/0995

, vp=D"pu-

p*w*

: - ¥ NEUTRING
& - o R J BEAM
. =il " G
R S !:.A | o
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First observed (2~ event
[BNL Bubble Chamber]

27/11/2018

Miramare,

Fundamentals of Particle Detectors
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)y 1973k the e.w. theory is confirmed INFN

1973: a big discovery )
in Europe, at CERN. : Gargamel le
Gargamelle detects ER e
weak neutral currents d

The electroweak
theory is confirmed

ey 4

LA

.l: I--. . Z - » ! % 2
L % i £ . -
A 4 ; P # ¢ ey
- : ; - _a Ae

Salam receives the Nobel prize in 1979 together with Weinberg and Glashow
18
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1983: the weak bosons PN

| A

/R Discovery of the
\ W/Z boson (1983)

Carlo Rubbia
Simon Van der Meer

[Nobel prize 1984]

First Z° particle seen by UA1

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 19
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Nobel Prize in
Physics 1984

)
W
AR
N

“for their decisive
contributions to the
large project, which
led to the discovery
of the field particles

W and Z,
communicators of
weak interaction"

)
AN

Wk
P
WAL

3
A
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Y SRR
N
WY
AT NN

&
S

NN
}\

.
e B
RO R
A s

Carlo Rubbia and
Simon Van der Meer
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Thanks Yo tnef CERN acceleraions: i

CERN's accelerator complex

CMS

2008 (27 k]

: Noﬁch Area
ALICE o LHCb

1140 1141

- e o
1978 [7 km] y y neytrinos
=) TT10

A ATLAS CNGS

Gran Sasso

L
]
T2 BOOSTER
» ISOLDE
|
n-lof = . 4 PS

LINAC 2 _[_ CTF

> :
LINAC 3 ¥ : LI:
lons 4

nedtrons

¥ plproton) L 1] F neutrons b i [antipraton) —-H— proton/antiproton conversion * neutrnos » electron

LHC Large Hadron Collider  SPS  Super Proton Synchrotron  PS  Praton Synchrotron

AD Antiproton Deceleratar  CTF3  Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  [SOLDE  [sotope Separator OnLine DEvice
LEIR Low Energy lan Ring  LINAC LiNear ACcelerator  n-ToF MNeutrons Time Of Flight
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CERN:

Eur'oecm @Organization for Nuclear Resear'ch aﬁw-”sz:szz:::z

Is the Iargest 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

Miramare,  27/11/2018  Fundamentals of Particle Detectors Fulvio TESSAROTTO
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ihe 600 MeV: Syncro-Cyclotron  FLILIEEGN

di Fisica Nucleare

]
J
B
*

P

F|rst phy5|cs result in 1958:
n%evBR-1w4

.....

G. Fidecaro,

; N ‘ is the first INFN
N«. analysis of bubble chamber plctures% gl'rieste director)

Miramare, 27/11/2018 . Fundamentals of Particle Detectors Fulvio TESSAROTTO
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di Fisica Nucleare
" |

<)) |iher Profion=Syncrotroniand The ISR INPN
H - ,‘ — - ! - o [ -

G g™ ¢ TR _ =\ A

the PS delivers a 24 GeV/c proton beam Two proton beams collide for the first time in the world.

The ISR reached a luminosity 1000 times larger than the
project design one.

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 24



1981: The SPS is the first proton-
antiproton collider

ihe: Super=Proton=Syncroiron — FLLN.

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



di Fisica Nucleare

Tihe) Large) Electron=Positron) Colliders I
L—/ Istituto Nazionale

High precision W and Z
measurement

Vi

Between 1985 and 1988 1.4 M m® were escavated at a
depth of 100 m for a length of 27 km: the largest .
European civil engineering work of that period \

Miramare,  27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO s
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¥
8 1 o 1 1 - ' i,q..
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muone (L) muone (L)

Peter Higgs,
Nobel Prize 2013
Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO




et antinydrogen INpN

16 Dec. 2016
first antimatter spectroscopy

i The Low Energy Antiproton Ring

29
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Tiim Bernes-Lee’invented the www NN

in 1990 the web is born!

The web was invented at CERN!
The machine used by Tim
Berners-Lee in 1990 to develop
and run the first WWW server,
multi-media browser and web
editor.

fundamental
contribution to
the informatics
revolution

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



A" modern’ experiment,
.o (P
A

Beam:

160 GeV p*
2-108 wspill
(4.8 s/16.8s)
P, ~80%

Polarised Target

Muon

Electron

Hadron (e.g. Pion)
""" Photon

Tracker

il ]]]

Transverse soe
through CMS

Miramare,

Electrermagnetic
Calorimeter

Superconducting

Calerimeter Solenoid
Imnwreit:nml‘mke :‘mer:persen
27/11/2018 Fundamentals of Particle Detectors
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INFN

trigger-hodoscopes

P. Abbon et al., Nucl. Instr.
and Meth. A 567 (2006) 114

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

Fulvio TESSAROTTO el



Different particles are seen by .

different.detectors L

Tracking Electromagnetic Hadron Muon
charmber calorimmeter  rcalorimeter charmber

[] Beam Fipe

(center)

photons I Tracking
Chamber st
Wentr@n L
ot B Magnet Coil [:fentian :! \B_
B E-M
muons Calorimeter
’ Had : Electron
+ O ron 1ks, |telieli)
=, P Calorimeter
—
B Magnetized q/
n [ron
—_

haon
- Chambers

Innermost Layer.. P .. Outermost Layer

Fulvio TESSAROTTO 32
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Jlul :

Scintillators — General Characteristics Scintillators — Basic Counter Setup

Prin CID| e Thin window Mu Metal Shield Iron PrOE_eiti.v_ef[\ET‘ -
dE/dx converted into visible light Lot = C T
Detection via photosensor 9 > y ‘ Photomultiplier l PMT Base i
[e.g. photomultiplier, human eye ] [or other photosensar] : [voltage divider network etc.] !

o | :

Main Features: i : ' FE :

L Scintillator
Sensitivity to energy 2 l Outout
Fast time response C— _ il Scintillator Tvoes: A Sigr?al
Pulse shape discrimination ypes. PuTPuse ||

: Photosensors Organic Scintillators [\

Requirements . Inorganic Crystals P
. . ‘ o o Photomultipliers Gases i \
High efficiency for conversion of excitation energy to fluorescent radiation Micro-Channel Plates / \
Transparency to its fluorescent radiation to allow transmission of light Hybrid Photo Diodes _jﬂ \\
Emission of light in a spectral range detectable for photosensors Visible Light Photon Counter
Short decay time to allow fast response Silicon Photomultipliers 0 ° 10 Time ne}
. 33
Fulvio TESSAROTTO
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Example CMS

Electromagnetic Calorimeter

PbWO0, ] One of the last
ingots 4 CMS end-cap crystals

Large light yield, good energy resolution

Miramare, 27/11/2018

Scintillationrdeteciors

Particle Detection via Luminescence

Fundamentals of Particle Detectors
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In practice use ...

solution of organic scintillators

[solved in plastic or liquid]

+ large concentration of primary fluor’

+ smaller concentration of secondary ‘fluor’
+ ..

Scintillator array

with light guides
Scintillator requirements:

Solvable in base material
High fluorescence yield

Absorption spectrum must overlap
with emission spectrum of base material

Fast and cheaper

LSND experiment

Fulvio TESSAROTTO 3



Scintillatingl Eibersihodoscopes

Scintillating Fibers Hodoscopes

9 stations: 21 coordinates Rate capability > 56 MHz
per channel

lear fiber light gui PSPM
Clear fiber light guides (Hamamatsu H6568)

Fiber array
(Sensitive a

Efficiency: 99%

Space resol 130 - 250 um

r A T Time resol. <400 ps
Mirror  Connection part Signal Output —
(Glued with Optical Epoxy)
-

. paas ‘afe|e]®

- -t - BEAM h@gﬁfa

5 i ag

ot *—.Ell—\lf‘l

Cross section at A PSPM photocathode pixels

(Hamamatsu H6568)

Sensitive area:
7-layers of Kuraray SCSF-78MJ 0.5 mm @

..—-—— -'—-.

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

Photocathode —

Photomultipliers S

input system

Focusng |
Talel . lectrod

Principle: electrode |
Electron emission :
from photo cathode First dynode — |
i
1

Secondary emission

from dynodes; dynode gain: 3-50 [f(E]]
Multiplier —___}}

Typical PMT Gain: > 108

[PMT can see single photons ...]

Arode-

PMT
Collection

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

Bialkali: SbRbCs; SbK:Cs

Y-COnVerSIOH Quantum Efficiency % Q.E. %
via photo effect ... | | BRERR =
A T | s
— | TN AL Extended
Photon TIST K- $-20
- S—-10L\\¢
1.0E \""* A==
A P=eS—1
Y - i s 15 \
cathoae - R S AVA vk VA WA
| 600 700 800 900
|
b-— - - ?— -— T —— —_— — - - —T s g ———p ey
Electron Biatkali (K-Cs) ~ S—11
B e e S S 1
3-step process: T (P . . | P
p p | 5_10 | ! r
Electron generation via ionization gh- | | ”
Propagation through cathode | 21°°% W L
Escape of electron into vacuum | | \Kﬂen::l‘ed $-20
i . VNS ’
—+—— All window materials ! }
Q E ~ -10_80% [ =#+==- Fused silica windows T\ N\
o 0 0 (T | - e

[need specifically developed alloys] 00 200 300 200 500 6500 500 85{']_
Wavelength nm
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Micro-Channell Plates

CHANNEL
e CHANNEL WALL
OUTPUT
INPUT ELECTRODE
ELECTRON / .
o— OUTPUT
N ELECTRONS

INPUT ELECTRODE #|

STRIP CURRENT
[(;ontinuous"
(Hamamatsu) —— d

node chain

Pb-glass

2D Photomultiplier”
Gain: 5-10%
Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to O.1T]

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

. . 1‘\'Tl:ii;v.r.
PflﬂCl Dle: Si* Re@istor Al - conductor

Pixelized photo diodes
operated in Geiger Mode

Single pixel works as a binary device

Substrate p+

Energy = #photons seen by
summing over all pixels

Features:
Granularity 1 103 pixels/mm? 108
Gain ;106 g . Avalanche region
Bias Voltage : < 100V o
Efficiency : ca. 30 % o
. [ ¥ Drift region

" . . 101 1 _-_.-1"'«-‘_‘_-:\
Insensitive to magnetic fields! ; T
Works at room temperature ... : ,

2 4 6
X, Uum

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO =
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The Nobel Prize in Physics 2009

5 Volt :
2V v v 2y IV 10V 210V 2V 2V vV 1oV 2y Wi
—— aékéééz zzjzzézééz zéiéaéz i o sk
e o “for groundbreaking "“for the invention of an imaging
== —_— achievements semiconductor circuit — the CCD sensor”
- — —t=— potential well s b —— - concerning the
with charge —— transmission of light
Extended potential well in fibers for optical
(a) (b) (o) communication”

2V IG-=2V 10V 2V

Turning off of
primary potential well

(d)

Cl C2 C3 Cl C2

il 4
Photo: U. Montan Photo: U. Montan

Charles K. Kao Willard S. Boyle George E. Smith

Fulvio TESSAROTTO
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CMOS ‘rechnology wu |

CMOS Image Pixel Sensors

«  While 1980s were dominated by CCDs (camcorder market)

«  The 1990s/2000s have shown an increasing demand for CMOS
imaging sensors due to the camera phone market

Technology x Market Penetration

Era of Mobile

Era of Digital Photography

Era of Fiim . Photography

Canon

CCD in 2010

Film in the
2000's

1865 sowars 1945 swyears 1985 20100 2005 1oyesrs 2015 Sveen 2020
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L J ? L J
p ‘ ~"Istituto Nazionale
di Fisica Nucleare
Al 15 pym -u Signal
. —>
Bias
p* dead layer n+
.’f 5 pum g-
1pm = n-type
P
] lp=10kQom; N nt
14 -
g Signal =
¢ 1 pm Schematics of
; X 300 pm . Silicon Strip Detector
| [ 1\ . [from 1983]
= Sensitive volume \ Simple mods
\ of a line source High resistive n-type silicon
Metal contact onto which p* diode strips with
aluminum contacts are implanted
one-stnp

127 chuster

Pulga Haight

Schematics of a double
sided micro-strip detector
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BaBar Vertex Detector

A — |
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. jonizing particle
MAPS (Monolithic Active Pixel Sensors)  [F* ceveonments cad by iprc createa a umber a—

. of m_onol|th|c pixel sensors of the MIMOSA J. / oxide
for Imaging and More farmily: '

Epitaxial wafers with collection diode and few
transistors per cell (size ~ 20 x 20 um?)

Many developments in the
field of CMOS imaging
sensors and MAPS in
general within the
community!

0.35 ym CMOS technology with only one
type of transistor (NMOS)

Rolling shutter architecture (readout time
O(100 us))

Example:

Wafers scale (8") imaging
sensor developed by the
RAL team (stitched)

Charge collection mostly by diffusion

Limited radiation tolerance (< 10" n, cm?)

+  Complete removal of the present
inner tracking system and
installation of a new tracker based

ry 2 luers: on monolithic silicon pixel sensors
2 hybrid silicon pixel all Monolithic Active Pixel Sensors ~ 2
2alicon it ( 10m )
2 silicon strip

Inner-most layer: Inner-most layer:

— radial distance: 33 mm radial distance: 23 mm
s material: X/Xo= 1.14% material: XX = 0.3% - Change of technology compared to

pitch: 50 x 425 pm? pitch: O[30 = 30 prm?)

rate capability: 1 kHz rate capability: 100 kHz (Pb-Pb] the present system: hybrid pixels
silicon drift, silicon strips =

monolithic CMOS sensors

First use of monolithic pixel
detectors in an LHC experiment.

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSROTO 44




&0 Glorious tradition: 100 years of "~

INFN
S

gaseous detector developments &

USED BY RUTHERFORD IN THE STUDY OF NATURAL RADIOACTIVITY

1911: CLOUD CHAMBER

Proc. Royal Soc. A81 (1908) 141

1928: GEIGER COUNTER Charles T.R. Wilson
SINGLE ELECTRON SENSITIVITY . -

Nobel Prize in 1927

o -mm steel bhall sdldered
to "Z4 brass wire

&bonite

.-"}lé“" e lal /
Huard
) - = 2 T
iapqgtr A - X Ttz o,
-y N " Ernst Rutherford U '
o 2 N 1) E
ke R / lim o . | -
bras Ll i ijﬂ m;?i‘—f?c‘l‘
A ‘ ® - -
frp et _ 5
¢ cenbirmeters -V = HanS Gelel’

. .. Walther Bothe
H. Geiger and W. Miiller, -
Phys. Zeits. 29 (1928) 839 Nobel Prize in 1954
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Glorious tradition: 100 years of ,wiv

gaseous detector developments @i

1952: BUBBLE CHAMBER 1968: MULTIWIRE PROPORTIONAL CHAMBER

%

Donald A. Glaser
Nobel Prize in 1992

‘ (3, »
IBLES FILS DU RENOUVEAU

George Charpak N =

- -

Nobel Prize in 1992 ' N " . ; —
Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO 46
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Glorious tradition: 100 years of

INFN
gaseous detector developments — C s

]

Geiger Counter PPC =
HLGapErvY, Ml lar 1928 Parallel Plale Counter

Pestov
Counter Q& RPC
W Posioy 19E2 " e
- Resistive Plale Chambers
R.Santonice R.Carkredli193

MWPC
Mulinvire Proportional Chamber '&

GLhamak el al 1965

Time Projection Chamber s
DRE.Nygren oL al 197 "

Gas Electron Multiplier

F Saull 1887

Micromegas
| Glomataris el al 1996

—
|
R e L
..I
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A
Tip Counter, Geiger 1914 L

Istituto Nazionale
di Fisica Nucleare

The needle is connected to
an electroscope that can
detect the produced charge.

Leaves of
-~ metal foil

48



E(a)rnest Rutherford
(1871-1937)

Geilger counter

» Detects radiation by discharge:

» can count , p and y particles (at low rates ...);
» no tracking capability.

» 1908: Ernest Rutherford and Hans Geiger

» 1928: Hans Geiger and Walther Miiller

A Geiger-Muller counter built in 1939 and
used in the 1947-1930 for cosmic ray studies
in balloons and on board B29 aircraft by
Robert Millikan et al.

Walt(h)er Miiller
(1905-1979) Made of copper, 30 cm long 49




‘Electric Registration of Geiger Miiller Tube Signals

Charges create a discharge in a cylinder with a thin wire set to HV. The charge
is measured with a electronics circuit consisting of tubes - electronic signal.

L.
|||l+ l-—ﬂﬁ‘t-illl———

W. Bothe, 1928

B A
- - s 0000 8
A HRHROROP ¢

i

B. Rossi, 1932 Cosmic Ray Telescope 1930ies 50



Spark Chamber, 1960ies P

di Fisica Nucleare

Muon or
Electron

A Plastic Scintillator

C Pla
X - Ga:

Plastic Scintillator " A

HV
Pulser
Coincidence
Circuit ! Y
-10 kV 4

Discovery of the Muon Neutrino 1960ies

Miramare, 27/11/2018 Fundamentals of Particle Detectors Fulvio TESSAROTTO o1
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Rs'Au.* Es "}""  colloque

mternaz‘zonal |

sur
I'électronique
nucléaire

Chambres a Etincelles
Spark chambers

Happortaur . CHARPAK
Reportar CEFIN GENEVE (Suisse)

G. Charpak, Proc. Int. Symp. Nuclear Electronics (Versallles 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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Multi=Wires Proporifionalf Chamber:

WIRE COUNT: :
DIGITAL MWPC [T T e e T T T

TIME MESUREMENT: bR PP EEE R EE
DRIFT CHAMBERS T r _

INDUCED CHARGE:
2-D READOUT ' —

~
VR, I

yALl
V4

P i VRN, FHHIRNON : .
— + ; Ui OO Py /!! o \\ /
ant N SEDNEET ' penagatly
Il . \
= \ =
] 1 " - 1
bt , = HEES =
1 [ ] am | I e I | N
|1 ] NI » o ] EnEEEEEN
N ] B 1
\ o il
L . -
N o 3 : .
»
. ' SHEE EEEEaEaE T SEEECENSEEEEEE] z IR EEaan  EEEEEC
3
\\. - -a o - SEEEEEE - i - ,
L] L : N . 3 : : A : A ||
A y ;
1#]

was the only approach to achieve good space

resolution before introducing the Si trackers Ul A D DS (A e (900 LRI EE

TIME PROJECTION CHAMBERS
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Old"ALICE TPC

di Fisica Nucleare
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Rivelatori di particelle

04/09/2012

Trieste,



MicroStrip Gas Chamber

MSGC — ol
Semiconductor industry EEENGSSSE
technology: ok
Photolithography TR |
Etching TR Lan
Coating Yo f :
. R AL 5
Doping el o
| SUBSTRATE CLEANING METAL DEPOSITION
T
: - coating
COATING LIFT-OFF PROCESS
e photopolymer P;J;imide
Typical distance between g‘ypucal dns‘racrj\ce 200 - ﬁ_a%
wires limited to 1 mm efween anodes Hm
thanks to semiconductor PHOTOLITOGRAPHIC PROCESS EDGE PASSIVATION

AND PLASMA CLEANING

etching technolo
- 9y A. Oed, Nucl. Instr. and Meth. A263 (1988) 351.

In the early days:
high E-values at the edge between
insulator and strips - damages

Passivation of the
Charge accumulation at the insulator cathode edges
—> gain evolution vs time

a - MSGC operational
56
Moscow, 12/10/2016, 2" International Conference on Particle Physics and Astrophysics ICPPA-2016 -  Fulvio Tessarotto

Later (~ 1999-2000):




CRO-GAP CHAMBER

Drift plane

Metal 1
(cathode)

Metal 2
(anode)

Substrate

MICRO-WIRE CHAMBER

1. Metal Metalization

Kapton

2. Kapton B

/“ ‘48 4
/7 7 7

Kapton spacer

Anode

Polyimide

*1

y—AKIS leml

Several different MPGDs have been developed

MICRO-GROOVE CHAMBER

=3 Contours of ¥ =
s) g

ssl  Drift Fleld 3kV/em
251 Cathode —500% Anode OV

micro—groove 80,40

§

/cathode

anode

)))))))))
wwwww

w—Axis [c
Equipotential and drift lines
(with zero diffusion)

COMPTEUR A TROUS

6000
5000
4000
3000 [
hode
2000 -
— T
— ] T—— —
1000 P S —
Anode
0
[} 1000 2000 3000

X {um)

)
INFN

L/ Istituto Nazionale
di Fisica Nucleare

MICRO-PIN ARRAY
.*.v"’.“

e,"a
o PN Y
e alan

C AL
=l ®.9

MICRO-PIXEL CHAMBER
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? INFN
Mle'Omegas L~ Do Wzionate

~ Anode strips

Pillar

Micromesh mounted above readout
structure (typically strips).

E field similar to parallel plate detector.
E_/E, ~ 50 to secure electron transparency

and positive ion efficiency & discharge probabijity

backflow supression. 11 . K ;=

- g &7 Ta

o Fuecr enerqy res. ~ 10% R i 10

ij T D Reesowican || r . (0.9 | 10
S| Rl = | | 10¢
1_05 P IE gmm_ _______ (<}] M —
ol e TaEs T ? 1107
10 F .“l' m;,"Fe, i ] 0.7‘ T

Lt - Ar+10% CH,, : |
(1,21 PO DUDIL DUUOE FOUOR JUUOR JOUUE FOVOX JO00 e 3 I P
350 400 450 500 550 600 650 T rrr N0 35 400 500

a5y " ssp
High voltage [V] High Voltage [V].
Moscow, 12/10/2016, 2"¢ International Conference on Particle Physics and Astrophysics ICPPA-2016 -  Fulvio Tessarotto
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Bulk Micromegas technology (** . .

T2K TPC, A. Delbart, M. Zito

Y. Giomataris M. Chefdeville

R. de Oliveira

| PcB |
m
W
pm————

*  Fine segmentation 1cm?,
thickness 8mm for ILC
Hadronic calorimetry

*  Tested in the RD51 1 kHz
beam

woven mesh

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



)
INFN
INGRID WL

Integrated Micromegas and Pixel Sensor
Postprocessing of the TIMEPIX chip to build a metal mesh
on insulating pillars

Electron tracks from®°Sr in magnetic
field (0.2 T):

X X X XX X
T I L X X X X
TXTX XX X X %
PP OO ®d
T XX E X K X
XX X & N X

H. Van der Graaf, e ]
IEEE Nucl. Sci. Symp. Conf. Rec. (Dresden, October 2008)

Bhge KIE  Siges ds 552
W W R W

60
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GEM

Thin metal-coated polymer foil pierced by a high density of holes (50-100/mm?)
Typical geometry: 5 um Cu on 50 pm Kapton, 70 pm holes at 140 pm pitch

Induction gap

Mag= 1.00K X 10um
EHT = 1500 kY
Detector = SE1

lectrons 61
Moscow, 12/10/2016, 2" International Conferepce on Partig@ ipimgsics ar'wd Asfrophysics ICPPA-2016 -~ Fulvio Tessarotto



GEM Manufacturing el

GEM foils are produced at L/ A,
CERN using proprietary process. di Fisica Nucleare

50 pm Kapton
5 um Cu both sides

Rui De Oliveira
CERN-EST-DEM

Photoresist coating, masking
o and exposure
- to UV light

Metal etching

Kapton etching I> <I I) ( > <

Second masking > ( > <

Metal etching \ / \ )
and cleaning |> <] ) <| ) <|

62
Moscow, 12/10/2016, 2" International Conference on Particle Physics and Astrophysics ICPPA-2016 -  Fulvio Tessarotto



GEM - Gas Electron Multiplier

Full decoupling of the charge amplification
structure from the charge collection and

7 e readout structure.

Z Both structures can be optimized
A 7 7 independently !

o ol ol

H-COORDINATE

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

Different flat shapes cylindrical spherical

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

| Istituto Nazionale
| di Fisica Nucleare

63
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How do gaseous detectors work?  [NFN

Istituto Nazionale
di Fisica Nucleare

» a charged particle passing through the gas ionises
some of the gas molecules:

» the electric field in the gas volume transports the
ionisation electrons and provokes multiplication:

» the movement of electrons and ions leads to
induced currents in electrodes:

» the signals are processed and recorded.

64



sl b )
a4t Simulation example (from R. Veenhof) (¥N

At the 100 um scale

EI O1F
» E le: = _Photo-electron
xample: 5 ‘
» CSC-like structure, r
» Ar 80 % CO, 20 %, | |
> 10 GeV : 0.04} [onisation
eV u. . /
H 0.02} | £
& 'E’
» The electron is shown P
every 100 collisions, % Do N P
but has been tracked  °%r i
-
rigorously. 006 “+~Electron-path
-0.08
» Ions not shown. ol <« Charged particle
AR

x-Axis [cm] 65
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Tonization INFN

Virtual photon exchange

» gas-based detectors: ~50 e-ion* pairs/cm;

I mm

—~

» semi-conductor (Si): ~10° e/h pairs/cm :

Charged particle
6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties hy D. E. Groom (2007). See weh pages for more detail about entries in

this table including chemical formulae, and for several hundred other entries. Cuantities in parentheses are for NTF (207 C and 1 atm), and

square brackets indicate quantities evaluated at STP. Boiling points are at 1 atin. Relractive indices nare evaluated at the sodinm D line blend
(589.2 nm); values 21 in brackets are for (n— 1) = 106 (zases).

Material Z A {(Z/A) Nucl.eoll. Nuclinter. Rad.len. JdF /de|,;, Den=ity Melting Boiling  Refract.
length Ay length Ay Xy { MeV e e ) point point mdex
{gem™?} {gem™?) {gem™?) g lem?) ({ze 1) (K) (K) (@ Na D)
Ha 1 1.00794(T) 0.99212 42.8 52.0 G3.04 (4.103) 0.071{0.054) 13.581 20,28 1.11[132]
D2 1 2.01410177803(8) 0.49650 51.3 T1.8 125.97 (2.033) 0.169{0.1658) 18.7 23.65  1.11[138
He 2 4.002602(2) 0.49967 51.8 71.0 04.32 (1.937) 0.125(0.166) 4220 1.02[35.0]
Ng 7 14.0067(2) 0.49976 61.1 8O.7 37.99 (1.825) 0.8( T 1.165) 63.15 7720 1.20[208.]
Qg g 15.0004(3) 0.50002 61.32 00.3 34.24 (1.801) 1. ] :1:13: 51.36 90.20  1.22[271]
Fa 0 18.0984032(5) 0.47372 65.0 07.4 32093 (1.676) 1.f | 550 53.52 R5.03 [195.]
Ne 10 20,1797 (6) 0.49555 65.7 99.0 28,93 1.724) 1.2 | (1,531 24 .56 27.07 1.09[6T.1]
Ar 18 39.945(1) 0.45059 5.7 119.7 19.55 1.319) | 306(1.662) B3.81 87.26  1.23[281]
Xe 54 131.293(6) 0.41129 100.3 172.1 5.48 (1.255 953(5.483) 1614 1651  1.39]701.]

» A minimum- 10111s1ng particle loses (only ')
1.519MeVem®/gx1.662x 107 g¢/cm’=2.5keV/cm ”



Tonization AT

ML= B, A s e -,

>

» 25-30 clusters/cm

O-electrons Number of primary ionising interactions per cm in Ar,

» by u* at minimum ionising energy,

. b R
» Deposits are not always “lumps’: at 300 K and 1 atm,

. ki according to
""l\{ 4 » Degrad: 23.1/cm
= "b.,, » Heed: 24.1 /cm
5 o e » Rieke-Prepejchal:  24.3/cm

» CERN 77-9: 294 /cm
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= Electron transport simulation INFN

lectrons n Ar/CO2 at E=1 kV/cm

di Fisica Nucleare

|||||||||||||||||||

95 F b 95 F
0% CO,] I
85 F - B F
8 F b 80 F
T5F b T5F
T0F E T0F

65 F

55 b

a5t

ERl

25F
20 F
15 F
10 F

0

Starting point Starting point o8



Istituto Nazionale

INFN

Electron transport simulation

di Fisica Nucleare

95

10
5k

30 % CO,

95

90

85

8O F

B

T0r

65

60

55 F

50 b

45 F

40 F

35F

10k

251

20rF

15 F

-25

-3C

AC
45

T5F

TFr

a5

55F

50 F

a5t

40 b

B

25

20F

95

90 F

BS

80

kLR

T0F

65 F

55 F

50 b

st

a0 b

3B

25 -

20 F

15 F

-25
-3c

A
45

-25
-3c

A
45
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R Electron Cross-section INFN
RP51 .o (P

Energy dependence of e scattering

» Elastic scattering: S AT
» dominant contribution 3: o elastic: total and [onisation |
for much of the energy = 0 momentum transfer
range that concerns us; %
» only term< 15.7eV 5 .
(ionisation threshold). 5
» Non-trivial structure: Rumxtuer i Excitations
» Ramsauer dip. I R |
.01 A 1 10 100 1000

Electron energy [eV]
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Gaseous detectors regimes INFN

=

Recombination
before collection

:-'( e

10° t
' lonization
' ¥ chamber Proportional
' I

Region of limited
proportionality

N\

I
I
I
I
counter |
I

[ |

100 f

a particle

>

P particle

- -
Geiger-Miiller
counter

e
I

-

Discharge
region

|
|
|
|
|
|
|
|
|
4‘- >

] 1 1 L 1
0 200 400 600
Voltage (V)

)

Istituto Nazionale
di Ficira Nuelegre

Townsend coefficient in argon

» Energy after a distance A.:
»e=Eh, h~25um

P ionisation energy of argon:

» [P~ 15.7eV

» ionisation would occur at:

» £>60kV/cm, o1}

» indeed a typical field for oos}

multiplication, avalanches oo}

start much earlier, though.  oof

002

o [1/pum]

0.18F

» o: Townsend coefficient,
# new e per unit length.

E [kV/cm]

» Townsend coefficient o: probability per unit length that an
electron creates an additional electron.

» Avalanches grow proportionally to their size:

dn(x)=n(x)a(x) dx

(x)=n(o)et "

s00 1000 Ar atom radius: ~ 70 pm

distance between Ar atoms: ~4 nm
mean free path of electron: ~2 ym
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Induction signals

V=V Q V=V
q=q, : q=q.”
V=V V=V?
—q ?
=V, =9, =V, ?
q=, q=q, "’
\ ( \ {
V=V +AV V=V
. Q T C . Q C
q=d, q = q.+Aq,
V=V +AV V=V,
A
V= VAV, o V=V,
q = qb q - qb+qu
\ ( \ [
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A

Induced charges Y.
The total charge induced by a point charge q on an infinitely large
grounded metal plate is equal to —q, independent of the distance of
the charge from the plate.

The surface charge distribution is however depending on the
distance z; of the charge q.
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INFN

Induced Charges (1t Nestonae

Moving the point charge closer to the metal plate, the surface charge distribution
becomes more peaked, the total induced charge is however always equal to —q.

® 9
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A
Induced charges e

Istituto Nazionale
di Fisica Nucleare

If we segment the grounded metal . Th_e ch_arge induced on the individug!
plate and if we ground the individual q Vv strips is now depending on the position
strips, the surface charge density . z, of the charge.

doesn’t change with respect to the If the charge is moving there are currents
continuous metal plate. flowing between the strips and ground.

- The movement of the charge induces a
current.

-q

T depe g ]

2q w
Qi(z0) = D’{ r,y)dedy = —— arctan o ;30@) = 29 — vt
—w /2 i Z.2()

0 [z0(t)] dzo(t) dquw

d
[7"(t) = —— Q1 [20(t)] = _ = Y
(t) = 21[20(t)] 9o pr =AW Tt
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