)

km\{ Fundamentals of Particle Detectors /v

Fulvio Tessarotto (CERN and INFN Trleste)

Introduction

discoveries and detectors

gas detectors
silicon detectors
photon detectors

calorimeters
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Istituto Nazlonale
di Fisica Nucleare

Particle detectors are instruments invented to measure
the feeble signals produced by subatomic particles

Thanks to particle detectors subatomic particles can
be “seen” and their characteristics can be measured

A single particle is “invisible” but many particles at the
same time can produce an effect visible to naked eye:

kL Nuclear reactor cores
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Radioactive decays inside the Earth

Crust

Mantle

Outer Core

Inner Core

Energelic
proton

Almost every material on
the Earth surface too,
including our own bodies

L \ >\ On average a human body
,/ has ~30 mg of Potassium 40,
/ | \ corresponding to ~ 4 kBq

ICTP-IAEA FPGA-based SoC 27/01/2021

-

Fundamentals of Particle Detectors Fulvio TESSAROTTO 3



INFN
__tpuuto Mazionate

<)) fand cantbefproduced|intatlaboratory

& N S SR ] | N\~ § '-:fsr':‘_ - \ )/
SO o W s e ] = | ! r !

In a high-energy event all kind of particles are produced: many of them

Immediately decay, others survive long enough to interact with the
materials they traverse.

The complete reconstruction of an event requires the detection of the
produced particles and the identification of their characteristics: a
complex set of particle detectors has to be used to accomplish this task.
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lhe constituents ofi matier INN

Neutron

Four interactions
n Electro @Weak 6 Gravity
i Magnetic J .

&‘mﬁ_. o "€ s .

Two families

~ 0.000001

gluon photon W-Z graviton

Three generations
and the Higgs boson
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Particles do what we cannot 1NN

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
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Max Plank is the father
of the quantum theory
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Historyroft thexUniverse: INN

From Cosmic Microwave Background Radiation and other measurements

Dark Energy
Acceleraled Expanaion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. | Galaxies, Planels, elc.

Cosmic
microwave
background

Flu:lui"

1st Siars
about 400 millon yrs,

Big Bang Expansion

— _———————p

13.7 billion years
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Ilheoretical panorama mm

The fundamental constants of nature and unified theories

General
i Theory of
Relativity Everything?
Newtonian
Quantum
Gravity?

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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cum\/ Discoveries and detector technologies [f

® 1895
X-rays
W. C. Rontgen

® 1896
Radioactivity
H. Becquerel

1899
Electron

1900

1s03
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J. J. Thompso

Spinthariscope
.W- Crookes

)
FN
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P1011 ST ? 1047 Pio60ies Plo7s
Atomic Nucleus Ncaton Pion El.-weak Th] Tau
E. Rutherford . C. Powell S.L. GlashoyM. Perl
J. Chadwick
Positron Kaon A. Salam
e G. Rochester S. Weinberg]|
C. D. Anderson
P1920 1936 P1o50 o) & P1082/83
Isotopes Muon QED Neltral W/Z Bosons
E.W. Aston C. D. Andersgn |R. Feynman Cufrents C. Rubbia
J. Schwinger
S. Tomonaga
1920ies 1956 974
Quantumy Mechanics Meutrino \
W. Heisghbergd F. Reines R Richter
E. Schrédlinge 1.C.C. Ting
D Dird
1834
Phetomultiplier 195¢ 196 1983
H. lam= MWPC Silicon Strip Det.
B. Falzberg . Qharpak J. Kemmer
R. Klanner
B. Lutz
1911 1929 1952 1974
Cloud Chamber Coincidences Bubble Chamber TPC
C. T. R. Wilson W. Bothe D. Glaser D. Nygren
® [ ] ® o
1928 1971
Geiger-Miller Drift Chamber
tube 1937 . A. H. Walenta
H. Geiger Nuclear Emulsion . Heintze
&W. Miiller &M- Blau &E. Schiirlein
The history of discoveries and that of particle
detectors are intimately interconnected
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Photographic plates

First

Detection of
-, B- and y-rays

1896
},:*vhﬂ- 'F‘;w "Jg-: ?;::if'...-...rz =
Epho' o Mt b B), 4 86 bon LAl s o

1.'-4f..*d o

B-rays
Image of Becquerel's photographic plate which has been An x-ray picture taken by Wilhelm Rontgen of Albert von
fogged by exposure to radiation from a uranium salt. Kolliker's hand at a public lecture on 23 January 1896.
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Rutherford's

lead shield radioactive

source scattering experiment

- lead screen
with slit

Microscope + beam of
Scintilating ZnS screen alpha particles

A R T R

NN

A x\\\x\\\\\w&»ﬁx\ﬂg\ﬁ N
’N \7 Scintillating screens: .
’;§ William Crooks, 1903 of Rutherford experiment
¢

e S

1911

#
r;ﬁﬁ;‘;ﬁ'}?’fxﬁ Z Rutherford's original

L' aexperimental setup
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Detection Wulf electroscope
+' 2 of Cgsm|c rayg invented in 1909

Electrometer Cylinder
from Wulf [2 em diameter]

.1 9.1 2 Natrium

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

ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors Fulvio TESSAROTTO 13



)

191 15 the cloud chamber 1NN

- chamber with saturated water vapour

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

- visible track as line of small water droplets

0%2a00Q Q0O

UK Sdence Museum

L UE P ALY : ra 0 0 0 o el L C
:_;1\".' Man ity idhiatt gD 00 Q_'-jo 02080 pPo 0% 00
f+!_.‘..-;__“=_ a0, 0 O OC:O o0 OO CGOOQH “0
. . ] % |
Charged particle Free ions Condensation droplets

Charles T. R. Wilson

Also required

-=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

_ i -
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(CERN)

19325 antimatiter) 1986:mucn I
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Was also used for the discovery of the positron |
- predicted by Paul Dirac 1928 (Nobel Prize 1933) G

- 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
e, N in the Standard Model
\ .. A A\ Isidor Isaac Rabi said: Carl D. Anderso
a8 Y *i:' “Who ordered that?” |\ )
Minare ; 5

impulso

:Mﬁgg-;iore ol _— R 6 mm |EE[C[ plate

impulso VLR

positron is loosing i e 1.5 T magnetic field
energy in lead, : ,-‘f i, L E g

23 MeV at exit / : _

- L 1

smaller radius,
this defines the
track direction!
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NUclear emulsions e

L‘/ Istituto Nazlonale
di Fisica Nucleara

Discovery of the pion F’ticrn t
Nuclear emulsion technique 3 res

[Powell 1947; Nobel prize 1950]

Marietta Blau:

she developed in
Vienna the photographic
nuclear emulsion
technology for very
accurate measurement

MLJon stopped

of high energy nuclei -
and discovered the M IJ v
"disintegration stars” of |J > VvV Inot seen]

spallation events

emulsions are still the detectors with the

highest intrinsic space resolution: <1 pm Cecil Frank Powell
Nobel Prizes 1950
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19525 bubble chamber mm

The bubble chamber, invented by BEBC (Big
Donald Arthur Glaser in 1952, has European
been for many years the most Bubble

powerful instrument of ionizing Chamber)

particles investigation.

AACHE W - BOMN -CE RN - MUNKCH-DXFORD COLLABORATION
Wa 21
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@)Y IN1964: therfirstipredictediparticle Ty

\ /
\ Istituto Nazionale
S L‘/ di Fisica Nucleara

First observed (- event
[BNL Bubble Chamber]
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auw 1973 theresws theorysisiconfirmed Iy

Istituto Nazionale
di Fisica Niicleara

1973: a big discovery
in Europe, at CERN.
Gargamelle detects
weak neutral currents
The electroweak
theory is confirmed

Gargamelle

Salam receives the Nobel prize in 1979 together with Weinberg and Glashow
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Discovery of the
W/Z boson (1983)

Carlo Rubbia
Simon Van der Meer

[Nobel prize 1984]

First Z° particle sean by LIA1
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iliim Bernes=Lee invented the www I,
L~ (tuto Nesionas

In 1990 at CERN, to allow full exploitation
of the data from these particle detectors

Til‘l‘l BGI"MI"S Lee The web was invented at CERN!

The machine used by Tim
Berners-Lee in 1990 to develop

s and run the first WWW server,
multi-media browser and web
editor.

[
d

fundamental
contribution to
the informatics
revolution
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muone (1) muone ()

Peter Higgs,

Nobel Prize 2013 _ | ——
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Beam:

160 GeV p*
210" wspill
(4.8 5/16.83)
P~ B0%

Polarized Target

Muon
Electron

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

4
Hadron . Superconducting
Calorimeter Solenoid

Transverse sice
through CMS
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Iran Petuim yoKe interspersad
with Muon chambers

SM2 dipale

)
INFN

L,/ Istituto Nazlonale
di Fisica Nucleara

P. Abbon et al., Mucl, 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

|
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Different particles are seen by |
different: detectors L ocnan

Tracking Electromagnetic Hadron Muon
chamber  calorireter  calorimeter  charber []Beam Pipe
(center)
photons [l Tracking
Charber [eutran folon
ot WMagnet Coil L
_ W Vegr & Y
B E-M
ML Calorimeter
’ Electran
+ [ Hadron b1k, [Eifalte)] ¥
T, P Calorimeter
—
B Magnetized q/
n Iron huan
—_—
Bl Whion
Inrermost Layer., ¥ .. Outermost Layer Chambers

B Particles are detected via their interaction with matter.

E Many different physical principles are involved (mainly of electromagnetic nature).
Finally we will always observe ionization and excitation of matter.
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100 years of gaseous detectors: ,uiv

Istituto Nazlonale
ga ery L di Fisica Nucleare

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

1911: CLOUD CHAMBER

Firing Tube Detecting Vesses

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

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

Nobel Prize in 1927

o 2omm atewl ball sdldzeed
to "Z4 brass wire

FE ~~wmelal
L. e Huargd
) 5 Ty
lqpqt:z,r | = i ¥
W AEIChir Y ! ] & X b
¢ 'f.' Ernst Rutherford
-t
T lingar
Brass amplifier
acalg ‘ -rl
p wches B
—
@ 1 El
cenbirnebers

Hans Geiger

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

Walther Bothe
Nobel Prize in 1954
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&M 100 years of gaseous detectors: ,uix

90| |€f'y 2 k. dom N

1952: BUBBLE CHAMBER 1968: MULTIWIRE PROPORTIONAL CHAMBER

Donald A. Glaser
Nobel Prize in 1992

_

G. Charpak

George Charpak

Nobel Prize in 1992 A — L ‘ :
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100 years of gaseous detectors: -

INFN

gal Ier'y 3 (- ituto Nazionme

PPC
G |
u.afﬂﬂ.&ﬂﬂj@:- Parallel Plale Counter

Proportional Counter Pesloy
Counter “\& RPC

W Pes oy 1987
Resislive Plate Chambers
R.Sarilonien RLCardandli 1981

ﬂ Multiwire Proportional Chamber &

Li.ClmRipak et al 1%:0

BERRRER ] FY , Time Projection Chambear _

DU Mygren = al 197

/

GEM e \ Microstrip Gas Chambers

Gas Electron Mulliplier e

F Samll 107

uM
Micromegas
| Clomatiris o1 a 1996
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di Fisica Nucleara

12

10 I
Geiger-Milfar
1 calntar |
107 = Region of limited : A
proportionality '} ! !
. .. . Racombination ! '
Primary ionization Total ionization - befare collection : :
o ;|| fonization Proportional 1 !
© 10 ¥, chambey, counter . ' ]
r . i E ]' ! | Dfschar_ga_}
/ | 0 . region
gas fia‘“_‘:"?’fx | \ S 10° | -
AN IH': Ethreshold ° i
b \ L, E I !
f -'-.: : 1 i |
|:." a‘:ﬁ{ I,II : "lI 5 _lDd. : |
I'-, “"—-..q_‘_ II'I i -_‘\\;I |l'lr i
\ anode / : \ :
AN | i N 10° | N
— : . N l .
a r ! N
anode Ar atom radius: ~ 70 pm 1 Vp | '
distance between Ar atoms: ~ 4 nm 0 250 500 750 1000
&= mean free path: ~2 um Voltage (V)

primary electron

ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors Fulvio TESSAROTTO 28



—

(cERN) Signal fermation

\
S

o
Jyv_280

Electrons collected by the anode wire i.e. dr is
very small (few um). Electrons contribute only
very little to detected signal (few %).

lons have to drift back to cathode i.e. dr is large
(few mm). Signal duration limited by total ion drift
time.

v()

Need electronic signal differentiation to limit dead time.

)
INFN

Avalanche formation within a few
wire radii and withint < 1 ns.
Signal induction both on anode and
cathode due to moving charges
(both electrons and ions).

Q dr

ICVy dr
50%‘:5——

dv =

—dr

e

u 100 ns /-—

300 ns

| | | | ]
0 100 200 300 400 500
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E(a)mest Rutherford
(1871-1937)

Geiger counter

» Detects radiation by discharge;

» can count «, B 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 1947-1950 for cosmic ray studies

in balloons and on board B29 aircraft by
Robert Millikan et al.
Hans Geiger Walt(h)er Miiller

(1882-1945) (1905-1979) Made of copper, 30 cm long
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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

G | 5000
FA —— P Z
K o i
G ¢ O &l ¢
30 2wl 2
én; mém wﬁéw@»" W
1
L
i
W. Bothe, 1928
Gy G,

G,
_ A

i 111 ;

i |
B. Rossi, 1932
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Cosmic Ray Telescope 1930ies
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Muon or
Electron

_A Plastic Scintillator

Plastic Scintillator - A

HV

Pulser
Coincidence
Circuit i
-10 kV

ICTP-IAEA FPGA-based SoC

-

Spark Chamber, 1960ies INFN

‘ ~ Istituto Nazionale
di Fisica Nucleare

Pla
Ga:
Discovery of the Muon Neutrino 1960ies
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il /
Simple idea to multiply SWPC cell : Nobel Prize 1992

A X First electronic device allowing high statistics experiments !

Typical geometry

Smm, 1mm, 20 um

I--III-*II _—

Normally digital readout :

spatial resolution limited to B e = :‘_‘i! :

#l
d
x \/E

ford =1 mm ¢, = 300 pm

pE T r— . '.
| LT O E S, .

G. Charpak, F. Sauli and J.C. Santiard
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Old ALICE TPC

Istituto Mazionale
di Fisica Nucleara

C

| _£

Al _==_== |

...d.....u.\vtﬁ.qmﬁw. 7

.«..____.._.._h_._

._,____, ____:

.h-._g____ __a.
;M,,_,,, _2

.

L

_. __._"_._

poam ....._t.._.___q.:
G

\ \\%ﬁﬁ.ﬁ; __

(11,

L

i

34

Fulvio TESSAROTTO

Fundamentals of Particle Detectors

ICTP-IAEA FPGA-based SoC 27/01/2021



)
INFN

‘ ~ Iatituto Nazionale
di Fisica Nucleara

useful gap
readout strips
e Jresistuve electroge | TV Rate capability strong function of the resistivity
of electrodes in streamer mode.
gas gap = 2 mm
A. Akindinov et al., NIM A456(2000)16
GND Typical time spectrum from 5 gap MRPC
| = 2y
readout strips - .
103 c=77 ps Gaussian it o =77 ps
Tatl ot late signaly
i M ] T nte
MRPC ‘%I{]E ;Huf:ef:r&s}! O3 pventy
— :
HV 20 [/
—
——————————————————
1
— . |
-200H) Ll o 1000 2000 2000

e — CND

time difference between start counter and MRPC [ps]
Multigap RPC - exceptional time resolution Time resolution
suited for the trigger applications
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WCRO-GAP CHAMBER

Drift  plane

Metal 1
(cathodea)

Metal 2
janode}

Substrale

MICRO-WIRE CHAMBER

1. Metal Metalization

Kapton

2. Kapton @

48 T4 | 4
VA A 4R 4

Kapton spacer

Anode

ICTP-IAEA FPGA-based SoC 27/01/2021

MICRO-GROOVE CH

J Polyimide
Imm
200 pm

;Zage :
Equipatential and drift lines
(with zero diffusion)

AMBER

)

Several different MPGDs have been developed |NeN

(L~ iyt Naztonaie

MICRO-PIN ARRAY
= ... ..q
0,%0,%
0 aP0n®

COMPTEUR A TROUS MICRO-PIXEL CHAMBER
o] 1000 . (Ligjﬂo 3000
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hicro Mesh
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Arnplification Ragian

Micromegas
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Hw{ = T20V

Hy2 = 400y

Fundamentals of Particle Detectors

Micromesh mounted above readoul\/

structure (typically strips).

E field similar to parallel plate detector.
E_/E; ~ 30 to secure electron transparency

and positive ion flowback supression.

[ mMMOIVI__  Residuals |
e WOTE e
L Erifies T
I = Maen 000 025
- Y s o058
B = = 1nsE 47
?Bl‘.'l'.'l_ (s ] ?ﬂ I.I.m Prok n
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EﬂM_ Mesn  9Sd7adli AEdlenE
e Sigrrms 0 OCEa9 - 247505
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1000—
N oty
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0.1 Q15 0.2

[em)

Space resolution
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(o, : o
e Bulk Micromegas technology (*'~....

A\

\-‘\:‘f""'f. di Fisica Nucleara
Y. Giomataris M. Chefdeville T2K TPC, A. DE‘Iba rt, M. thﬂ
R. de Oliveira

| PcB ]

lamination

Mesh deposit
M

. Fine segmentation 1cm?,
thickness 8rmm for ILC
Hadronic calorimetry

*  Tested inthe RD51 1 kHz
beam
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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):

H. Van der Graaf, i Y imm1
IEEE Nucl. Sci. Symp. Conf. Rec. (Dresden, October 2008)

Eage XIL  Higeasd s 55D Seagead T = TR T 12W
WE e T R W 5 Crambar v T 2004 By
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= GEM

l.L{:.EHN'

X Thin metal-coated polymer foil pierced by a high density of holes (50-100/mm?)
\T’___.z Typical geometry: 5 um Cu on 50 um Kapton, 70 um holes at 140 um pitch

Induction gap

Fundan%gt/g}:s::of Pariticle Detectors Fulvio T éﬁﬁm
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GEM Manufacturing eh

GEM foils are produced at (
CERN using proprietary process.

Istituto Mazlona
di Fisica NI.IC|E‘1[E‘

50 um Kapton
5 um Cu both sides

Rui De Oliveira
CERN-EST-DEM

Photoresist coating, masking
and exposure
to UV light

Metal etching

Kapton etching > < ) ( ) <

Second masking > < ) (

—\/—
N

Metal etching |/ | ] |
and cleaning |> <] |> <| |> <|
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GEM - Gas Electron Multiplier ,NQ

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

7 e FE@OUL Structure.

Both structures can be optimized
independently !

L-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.

42
42
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INFN
Induced Charges e lones
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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Induced cha rges k< ves e

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
® q

(J=Zn
2m (22 4 y2 + 28)

[T o5}

o(r,y) = -

45

Fulvio TESSAROTTO

ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors



)

INFN
Induced cha rges R gl Nanus

If we segment the grounded metal . Th_e ch_arge Induced on e individu_a!
plate and if we ground the individual q v 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

TTTTTT o o [

w2 2{ "
o) (z,y)drdy = ~ Y arctan ( ' ) (1) = 20 — vt
f /LL H"'j w _Jf_-'{:] 0( ) 0

A0 [z0(t)] dzo(t) Adqw
Iumf —_ __( - o : : — N
(t) [z ()] D20 dt mdzp(t)? + w?]
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Solid state detectors: Silicon

« Small band gap

B Some characteristics of Silicon crystals

Eg = 1.12 eV = E(e-h pair) = 3.6 eV (= 30 eV for gas detectors)

» High specific density 2.33 g/cm? ; dE/dx (M.I.P.) = 3.8 MeV/cm =~ 106 e-h/um (average)

« High carrier mobility p_ =1450 cm?/Vs, u,, = 450 cm?/VVs — fast charge collection (<10 ns)

«\Very pure

» Rigidity of silicon allows thin self supporting structures

» Detector production by microelectronic techniques

< 1ppm impurities and < 0.1ppb electrical active impurities

— well known industrial technology, relatively low price, small structures easily possible

B Alternative semiconductors

Diamond | SiC (4H) | GaAs | S1 | Ge

Atomic number Z 6 14/6 31/33 | 14 32

- Diamond Bandgap E, [eV] 5 e’ 33 142 | 1.12 | 0.66

- GaAs E(e-h pair) [eV] 13 7684 | 43 | 3.6 | 29

« Silicon Carbide density [ga"cuf] 3.515 3.22 332 |'2.33 | 532
: bility |l [em™/Vs] 1800 S00 8500 | 1450 | 3900

- Germanium el e [
h-mobility Ly [em™/Vs] 1200 115 400 | 450 | 1900
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\'\

conduction band

4%

E p-n junction

E
There must be a single

Fermi level |
— band structure deformation
— potential difference E;

— depleted zone

Dopingand p=nijunciion mril“mm

di Fisica Nucleara

E Doping: n-type Silicon E Doping: p-type Silicon
- add elements from V" group - add elements from 111" group
€.g. Ph?sphorus/ — donors (P, As,..) — acceptors (B,..)
0 - electrons are majority carriers - holes are the majority carriers
@ @,I ®) 3 g4 g4
-
c_{’& s o N cB cB
- HO¥ ree
gm«;,mi@; B p--amns
@)@}
Lo DR T T
cB particle
(mup)
s D
& ‘gi...,_

Full charge collection only for Vg>V,
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B Produce a polysilicon rod

» Melt very pure sand (SiO,)
together with coke (~1800°C)

Si0, +2C — Si+2C0O

e Grind the “metallurgical grade
silicon” (98% Si) and expose it
to hydrochloric gas

Si+ 3HCI (gas) —>@;H®+ H,

o

_:-"_-'-H-

e Trichlursilane boils at 31.7°C
and can thus be distilled and
purified

e Deposit silicon in a Chemical
Vapour Deposition process

SiHCI, + H, — Si + 3HCI

e Cast silicon into a
polycrystalline silicon rod

ICTP-IAEA FPGA-based SoC 27/01/2021

| Wafer produciion

F Float Zone process

e Using a single Si crystal
seed, melt the vertically
oriented rod onto the seed
using RF power and “pull”
the monocrystalline ingot

Poly silicon rod

Single crystal silicon

Fundamentals of Particle Detectors

F Monocrystalline Iny
e grind into round shap
e make the flat or a notch

B Wafer production

e Slice the ingot into wafers of
300-500 pm (diamoend saw)

* lapping of wafers

« etching of wafers

» polishing of wafers

Fulvio TESSAROTTO

INFN

Istituto Nazlonale
di Fisica Nucleara
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Silicon! sensor: produciion m;ﬁ .

di Fisica Nu

n-type silicon  Polished n-type silicon wafer (typical p ~ 1-10 KQcm )

_~Si0, « Oxidation (800-1200°C)

: e Photolithograpy (coat with photo resist; align mask,

expose to UV light, develop photoresist);

UV light : :
Etching of oxide
LELbLly e

e Doping with boron and phosphorus by implantation (or by diffusion)
Annealing to cure radiation damage and activate dopants
- p* n junction on front side

Al - n n* ohmic contact on back side
= e Aluminize surface (e.g. by evaporation)
T ’ e Pattern metal for diode contacts

ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors Fulvio TESSAROTTO 50
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Silicon! sensor: produciion INEN

di Fisica Nucleara

pitch Get a 2nd coordinate

./ Put n* and p* strips on opposite sides and read them both

msz al

= A
i + y + silicy T
b +f- pt silicon |
ol
+f- % =
+1l- n type silicon I
n* silicon V>
|
Microscope:

connect sensor to
fan-out circuit

Electron microscope:
bond “foot”

ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors Fulvio TESSAROTTO il



(CERN

\'\

o))

¥ HAPS — Hybrid Active Pixel Sensors Solder Bump: Pb-Sn

« segment silicon to diode matrix with high granularity
(= true 2D, no reconstruction ambiguity)

« readout electronic with same geometry
(every cell connected to its own processing electronics)

» connection by “bump bonding”
« requires sophisticated readout architecture

« Hybrid pixel detectors will be used in LHC experiments:
ATLAS, ALICE, CMS and LHCb

Pixel detector mrﬂm

di Fisica Nucleara

Flip-chip technique
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Particle Detection via Luminescence

Scintillation detectors

)
INFN

L-// Istituto Nazionale
di Fisica Nucleara

Principle:
dE/dx converted into visible light

Detection via photosensor
[e.0. photomultipiaer, human aye ...

Main Features:

Sensitivity to energy
Fast time response
Pulse shape discrimination

Requirements

High efficiency for conversion of excitation energy to fluorescent radiation
Transparency to its fluorescent radiation to allow transmisslon of light
Emission of light in a spectral range detectable for photosensors

Short decay time to allow fast response

ICTP-IAEA FPGA-based SoC 27/01/2021

Scintillators — Basic Counter Setup

Thi wenchosw Ml Matal Shiskd ron Protectve Sheld
? i '.'.'.i?‘.'::._ R A A T B A :..—__u:lﬂ,j e
Light h| Prictomiutiol PRAT Re
i :
——* ‘EI for o ;n.-.;ﬂ-f_fm] [eoage arader r\:-f:;rh.d: |
|- I
Scinfllator a
l Outpurt
] ; _ Signal
Scintillator Types: PMT Pulss |
Photosensors Organic Scintillators |
Photomultipliers gﬁﬂc Cryssats I \
Micro-Channel Plates i \*_
Hytborid Photo Diodes ) s
Visible Light Photon Counter =i '
Silicon Photomultipliers ¢ - 10 Time ns]
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Plastic and Liquid Scintillators

Example CMS

Blectromagnetic Calorimeter In practice use ...

solution of organic scintillators
[sobved in plastc or liguid]

+ large concentration of primary “fluor’
+ smaller concentralion of sacondary “fuor”

oW,

ot

Scintillator requirements:

Solvable in base material
High fluorescence yield

Absorption spectrum must overlap
with amission spectrum of base material

LSND axperimend

Fast and cheaper

Large light yield, good energy resolution
ICTP-IAEA FPGA-based SoC 27/01/2021 Fundamentals of Particle Detectors Fulvio TESSAROTTO 54
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di Fisica Nucleara

RD7 60um hexagonal fibers

Fibers Hodoscopes

tillating

-
&
9

3
T
=
o g
&
£ 3
.m,m
@ﬂa
O X
T
Vg
g
£
=3
58
o
E
g
£
£
=
o
o
o
has
N
s
=
+
(8

Efficiency: 99%

Clear fiber light guides

Fiber array
(Sensitive area)

£
3.
g

Space resol 130 —

Connection part

Time resol <400 ps

Signal Qutput

(Glued with Optical Epoxy)

[#]2]
[]e]

8]

ALY

2080
~{8[e[e]®]

PSPM photocathode pixels

M

EA

B

11111111

# UWN|oa 18g14

(Hamamatsu H6568)

Cross section at A
Sensitive area:

7-layers of Kuraray SCSF-78MJ 0.5 mm @

== O —————
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Photon detection mm

Photoemission threshold th of various materials

Ultra Violet 4 Visible = Infra Red
) & : (IR)
| |
TMAE,Csl = . = 4—@
: Bialkali :
- <z - Multialkali
TEA < - - <
12.3 49 3.1 2.24 1.76 145 E[eV]
: ; ; : ; ; .
L I
| : : : : : _
100 250 400 550 700 850 X [nm]
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a\{;m\/ Photomuliipliers mm
Basic principle: *

- Photo-emission from photo-cathode _ Wiz
9
£t

s

- Secondary emission (SE) from N dynodes:

-dynode gain g~3-50 (function of

incoming electron energy E); - g1,
% i . (Hamamats.t-.l’]‘ : S g " : I i
total gain M: Incoming
. P:":’“\ Window
0
M=T]e cathode l Dynodes | j  Aeede B

P’

- Example: Ll ,\ < A\ ;
Wit NN
M=4%n10° Focusing

Electrode

Voltage Dropping
e Resistors

e
Power Supply ¢ '
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—

(cERn) Multianoder and fiati=panels

Yo

Multi-anode (Hamamatsu H7546)

-Up to 8 x 8 channels (2 x 2 mm?each);
Size: 28 x 28 mmZ;

-Active area 18.1 x 18.1 mm?2 (41%);

{Hamamatsu)

-Bialkali PC: QE ~ 20% @ A, = 400 nm;
-Gain ~ 3 10°;
-Gain uniformity typ. 1 : 2.5;
-Cross-talk typ. 2%
Cherenkov rings from
_ BEsVicw thioughiserogel Flat-panel (Hamamatsu H8500):

; 02 -8 x 8 channels (5.8 x 5.8 mm? each);
Whr -Excellent surface coverage (89%)
02l

m-a,zf—
-0_45- .
e N F S

8, (rad)

[Hmnamats::i S

(T. Matsumoto et al., NIMA 521 (2004) 367)
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a\cé’é?i\/ Micro-Channell Plates &Q
SZA e ecanre

CHANNEL
o CHANNEL WALL
OUTPUT
INPUT y ELECTRODE
ELECTRON . '
iedy gl s OUTPUT
& & ELECTRONS
INPUT ELECTRODE #| .
- STRIP CURRENT
N - - “Continuous”
amamatsu i
| - - dynode chain
VD
Pb-glass

"2D Photomultiplier”
Gain: 5-10%
Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to 0.1T]
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a\{;m\/ Photiodiodes mrn

Photodiodes: |
« P(I)N type |

- p layer very thin (<1 um), as visible light is N
rapidly absorbed by silicon (see next slide); »
. High QE (80% @ A ~ 700nm); ’ B
!

- No gain: cannot be used for single photon ‘
|

detection; |

Avalanche photodiode:

- High reverse bias voltage: typ. 100-200 V (Cathode) B .o
N3 1 fiegion
= due to doping profile, high internal field HBres Iﬁ?ﬁé‘&%

and avalanche multiplication;

. High gain: typ. 100-1000; (hittp:#imicro magnet fsu edu)

- Used in CMS ECAL; Avalanche H-L.Iylrr P-Layer Figre1
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S1 PMS mm

Silicon Photomultipliers

"I‘\-.._,__../

Principle:

Pixelized photo diodes
operated in Geiger Mode

Single pixel works as a binary device

Energy = #photons seen by ’
summing over all pixels ‘

Features:

Granularity : 103 pixels/mm? 106 -
Gain s 10P = "~ Avalanche region
Bias Voltage : <100V % i |
Efficiency : ca.30 % L - Driftrcgion

10° T
Insensitive to magnetic fields! =
Works at room temperature ... 1

2 4 (i)

X, pm
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L~ it Nionee

fali 5 Vol @ The Nobel Prize in Physics 2009

v v av a2y v ::'I-r 1=lov 1y Vv v v
@% @&A_@ “for groundbreaking "for the invention of an imaging
= I achievements semiconductor circuit — the CCD sensor”
| — L potantial wal g_ - conceming the
with chaege _— transmission of light
Extended patantial well in fibers for optical
fa) (b} () communication”

IV Ip=2V jav IV ivVY ey 2w

—

Turning off of
peamiary poberitenl well
id) (e}

T ad
Phote: U. Mantan Photo: U. Montan

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

" pABCD Camerd,
___ﬁ_ 4 X-ray astronomy sate iM1-Ne
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CERN)I Dumbbell nebula in Vulpecula (M27, NGC 6853)

(http://pdg.ge.infn.it'~deg/figures/ngc6853_rgb1 g,

(http-/fantwrp .gsfc_nasa_gov/apod/ap981005.htmil) _ . B hitp//'www noao_edu/outreach/aboutnoao_htmi)
FORS false color image using a Tektronix back- NOAQO false color image using a back-
illuminated 2kx2k CCD with 24um pixels illuminated fully depleted 2kx2k CCD with
thinned and anti-reflection coated. 15um pixel.
This image was obtained on ESO 8.2-m VLT This image was obtained on WIYN 3.5-m
Unit Telescope (UT) 1 on September 28, 1998. Telescope on June 7, 2001.
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a{;hﬂl Image Sensors mr-N

- IS sales amount has grown by camera phone. .__ . = pyp

- IS spreads into various applications, DSLR Medical
- “Others” includes scientific, Compact DS Smart glasses
: % G Broadcast
industrial, ... ame
Automobile Others
Surveillance
Bpcs _ PC/WEB c;

Tablet

Camera phone

Sales amount

12. 14 Application in amount (2015)

oo
-y

010203040506070 09 11

Year ©2018 N. Teranishi (Source: TSR)
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Image Sensors INF

Automobile Endoscope Iris verification Security

Light

Microlens

SEEEEEmEEmEs Color filter
EEREEEREEEDR
EEEEEREREERE— |
N EEEEEEEEEEEE Photodiode
- 11‘!‘."32".'5’}35'4;' _.‘_,« | ..'.. EREEEEER
A Inags senser F‘)@Iz)‘(’%l N Teranihi Pixel cross—section
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\gtw\l Calorimeiry. m;ﬁm

Calorimetry = Energy measurement by total absorption,
usually combined with spatial reconstruction.

latin: calc. heat

q
Qa PR

)

« LHC beam: Total stored beam energy

()
E = 10" protons x 14-10" eV ~1-108 J 2

« Which mass of water M. could one heat up (47 = 100 K) with

water
this amount of energy (¢ =418 Jg' K1) 7

water
M, =E/(cAT)= 239 kg

- What is the effect of a 1 GeV particle in 1 liter water (at 20° C)?
AT=E/(c- M) =3.8101 Kl

vater:

There must be more sensitive methods than measuring A7T'!
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Electromagnetic Calorimeters

Basic mechanism for calorimetry in paricle physics: formation of
= electromagnetic
= or hadronic showers.

Finally, the energy is converted into ionization or excitation of the matter.

¥ \

Charge Scintillation light

electron shower in a cloud chamber with Pb

Cerenkov light , -
Simple qualitative model

Calorimetry is a “destructive” method. The energy and the particle get absorbed! |

Detector response « E E

Complementary information to p-
measurement ‘
L L1

?
A

Calorimetry works both for
=~ charged (e* and hadrons)

Bor, Boy Bosy Eosg

=~ and neutral particles (n,y) =~ Only way to get direct kinematical . . .
information for neutral particles L

8 cm
Example: E; = 100 GeV in lead glass /

E=11.8 MeV >l ~ 13, fggyg ~ 23 -—«I

_1{, = 2 cm, R_‘u"= ‘18-1,} = 36 cm o ¢6 cm s
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P

N HadronicrCalorimeiny

A

Various processes involved. ! .

2T
l u 0 -
Much more complex than A CMS Hadronic Calorimeter:
electromagnetic cascades. = __ S&="%  Pprass and plastic scintillators
":—"_F{:?j":‘-—— : 1
“'-.'a“-'i ~ _h‘.:;;\‘-‘
et N
Rl T HJ:
ol N
{Grupen)
A hadronic shower contains two components:
hadronic + electromagnetic
' '
+ charged hadrons p,n*,K* neutral pions —» 2y
* nuclear fragmets .... — electromagnetic cascades

+ breaking up of nuclei (binding ener
{ 2ol (binding energy) 10 )~ In E(GeV) - 4.6

« neutrons, neutrinos, soft v's, muons
example E= 100 GeV: n(n?) ~ 18

invisible energy — large energy fluctuations — limited energy resolution
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