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Lecture at the African School for Fundamental Physics
Kigali, Rwanda 2016

Goal of my lecture:
to understand how particle physics experiments are being built
Main focus on the example LHC
Lecture |
Introduction
Interaction of radiation with matter

Lecture ll
Simple particle identification
Concepts and strategies of (LHC) experiments
The basic “building blocks”, the detectors
Conclusions or recommendations
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Particle Detectors
Lecture at the African School for Fundamental Physics

Kigali, Rwanda 2016
First Lecture

Introduction

how are particle physics experiments are being built ?

The goal: measuring subatomic particles (E, p, charge,, mass, ....

Collisions of proton-proton, electron-positron, CR, neutrinos, dark matter....

Detection of particles, how do they interact with matter, what does the interaction depend
on (E, p, charge,, mass, beta, gamma ....

Interaction of radiation with matter

lonization/excitation, Bethe Bloch formula, range of particles, Bragg peak

Electrons, Bremsstrahlung, critical energy, radiation length

Electromagnetic showers of electrons and photons, (muons)

Hadronic interactions - showers, interaction length, solid and atmospheric absorbers
Photons: PE, Compton, Pair creation

Multiple scattering

Cerenkov, Transition radiation

Simple particle identification (dE/dx, E/p, e/h/y, Cerenkov/ TR

e 05/08/2016 3
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Particle Detectors
Lecture at the African School for Fundamental Physics

Kigali, Rwanda 2016
Second Lecture

Detector systems, some examples, strategies

Experimental conditions, fixed target or collider, neutrinos, dark matter...
Experiments at the LHC (Atlas and CMS, ALICE, LHCb ?

The basic “building blocks”, characteristics (efficiency, resolution)

Gas detectors

Scintillators

Semiconductors

Calorimeters

Cerenkov and transition radiation detectors

System aspects
Conclusions or recommendations

Exercises for Thursday !!!
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Summary
Particle interaction with matter

Photons :

At low energy (< 10 MeV) photons are absorbed by a single
interaction (photoelectric, Compton effect or pair creation). The
number of photons is attenuated exponentially, the energy of

the remaining photons is not changed, however by the

Compton effect lower energy photons are created.

N(x)=N, exp(—x / A) ; i =A =attenuation length; x = thickness

specific process

At high energy (E>> 10 MeV) successive pair creation followed
by electron Bremsstrahlung will lead to extended elm showers
characterized by the “radiation length X,”

A 4

05/08/2016 5
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?ﬁ/ | Summary

dX (ichelle arbitraire)

Particle interaction with matter

L | 90 MeV/n
8 12
195 MeV/n C

[ |5Y | 270 Mevin
330 MeVin

23 mm

L s 1 1 >
0 Mc? 10 Mc2 100Mc?  ENERGIE

&mm 55mm

relative energy loss
($) ]

- N
T T

Heavy charged particles

5 10 15 20 25
depth H,O [cm]

loose continuously kinetic energy along their
path (ionization) with small fluctuations until
they are stopped after a well defined distance;
until that point their number remains constant K
and they travel on a straight line. 2

At high energies also hadronic interactions
may occur, leading to an hadronic shower :

N(x)=N0exp(—x/A) ; %=aint ‘N

b

05/08/2016 6
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~ Summary
Particle interaction with matter
Electrons

also loose their energy by ionization but with much larger
fluctuations in the energy loss and deflections leading to a
badly defined range in matter.

At energies higher than a critical energy Bremsstrahlung is
emitted. This process becomes rapidly dominant.

Multiple pair creation and Bremsstrahlung will lead to extended
showers characterized by the “radiation length X,”

The energy of the incoming electron (not the number!)
decreases exponentially with the path length.

E° (x) =E, exp(—x/XO)

A 4

— 05/08/2016 7
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o Some general characteristics of electronic
detectors
Single detector Combination of many detectors

(the building blocks) - experiment

Propagation of charged
particles in a magnetic field,
reconstructing their

Time-response and dead time trajectories

Energy, spatial or angularand  p;(GeV/c) = 0.3 B(Tesla)R(m)
time resolution

Energy-response function
and linearity

Measure the energy of

Efficiency of a detector electrons, photons and jets
Availability and price !!! . Detect muons as penetrating
particles

Particle identification!

Trigger (event selection) and
Data acquisition (DAQ)

I— 05/08/2016 9
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Experiments at colliders and fixed target
geomeftry

Fixed target geometry Collider geometry
“Magnet spectrometer” “4m multi purpose detector”
interaction  tracking muon filter

] T A
=~ A A

beam magnet calorimeter T barrel T
(dipole) endcap endcap

from M. Hauschild

Ecolhder _ 2 E _ \/;

beam

beam ){ Experiment

EPue 5 M E + M*¢* + m’c* = N2 MCE

Target

e 05/08/2016 10
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Proton — proton:

2835 x 2835 bunches
Separation: 7.5m (25ns)

10" protons / bunch
Crossing rate of p-bunches: 40 Mio. /s
Luminosity: L= 103 cm2s!

~10° pp collisions / s
(superposition of 23 pp-interactions
per bunch crossing: pile-up)

~1600 charges particles in the detector

=> high particle densities
high requirements for the detectors

05/08/2016 12
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=--.. pp Collisions

at LHC

o . =40-100mb
PP

tot

GH(SOOGeV)

L=10"cm>s™
Beam crossing rate:
0 MHz

25 interactions

~ 1 pb

per crossing
N, =10"s"
N=107s"
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~ Compact Muon Solenoid
[ MUON CHAMBERS | | INNER TRACKER | | CRYSTAL ECAL. |

S

VERY FORWARD
CALORIMETER

>

A - )&,;ﬁfr
LITTT] [
[1T] nmmmnm
‘ - | =0 P -
\, .
e

Total Weight : 14,500 t.
Overall diameter : 14.60 m [ SUPERCONDUCTING COIL |
Overall length : 21.60m
Magnetic field : 4 Tesla

Ud/uUs/2ulb 15



ATLAS Detector Under construction
October 2005
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e ——
How huge are ATLAS and CMS?

ATLAS superimposed to
the 5 floors of building 40

ool ] lﬂ

Dverall weight (tons) 7000 12500

T oo . Di@ameter 22 m 15 m
Length 46 m 22 m
Solenoid field 2T 4T

e 05/08/2016 17
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Design Goals

. A good and redundant muon system (= many
layers — if one layer fails we can fall back on the
others)

The best possible elecfromagnetic calorimeter
. A high quality central tracking

. A hadronic calorimeter that has good energy
resolution and that is as hermetic as possible

. Affordable! (= ~500 MCHF)

05/08/2016 18
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Magnetic field solenoid
configurations:

—

+ Large homogenous field + Rel. large fields over large
inside coill volume

- weak opposite field in + Rel. low material budget
rgtum_ ypke - non-uniform field

- Size limited (cost) - complex structure

- rel. high material budget

Example:
Examples: - ATLAS (Barrel air
-« DELPHI (SC, 1.2T) toroid, SC, 0.6T)

- L3(NC, 0.5T)
- CMS (SC, 4T)

e 05/08/2016 19
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ol Particle Identification, (PID)
. Photon vs neutral . Neutral particle:
hadron - No ionization track
— Electromagnetic or
hadronic shower
. Electron vs hadron . Charged particle
— lonization track visible
- Electromagnetic or
hadronic shower
. Hadrons vs muons . Charged particle,

— lonization track visible

- No absorption by a
shower 05/08/2016 21
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Movement of a charge z itf a uniform
magnetic field

Momentum resolution dp/p

Spatial resolution of the sagitta dS/S

ds dp, 80 1
S p 3.7 B[
[B]=Tesla; [L]=m;[pl]=GeV/c

p ds

If the trajectory is | o(p;) ~  o(x)- '
measureJd with N (pr) =Lp‘3r\/720/(N+4) (for N 2 ~10)
- Pr 03-BL°
points:
I 05/08/2016 22
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o

R2=(L/2)2+(R—S)2
0=S"-2RS+I*/4

/2
pigmndR>>L (1 x) ~1
S —2R=I /8R
s L2 /SR

P, = p-sing; -

U. Goerlach, ASP Particle detectors 2016
T —

Momentum reconstruction
in a uniform magnetic field

F=q (3xl§)=mﬁk=m%;i§¢l§

_mvy _ P,

" qB ¢B
[pl]=GeV/c;[q]=e°z;[B]=Tsla=Vs/m2
p-L 10V _1 _; ¢=3-10"m /s

z'e ¢ Vsim
R[m] 11()pl[GeV/c]
:3  B[T]

05/08/2016 23
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o=  Multiple scattering

| -t Scattering in the coulomb field of
] the nucleus (Rutherford)

Gaussian (0) distribution for

A
S
]

small angles 0,

Violant scatters can lead to large
values of 0O

grro - 13-0MeV/ "7 /i(1+0.0381n(x/)(0)
rms p.ﬂ XO

X,=radiation length

05/08/2016 24
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>4 Tracking in a magnetic Field:

Resolution and multiple scattering

meas.

:M\/720/(N+4) (for N 2 ~10)

Resolution = F,W;4,H. M./ mean 2 (pr)

pr 0.3- BI?
op) o(x)- pr \
Pr o'(p) — - -
. » =constant |e. independent of p |
O’(X)lm o 6y °°l i
/

Example
More precisely: ip)‘ =0.045
’ Yop B\/ p,=1GeV/c, L=1m,B=1T,N=10
A 0'(p meas.
S@)p o(x) =200 pm: = I ~05%
T

Assume detector (L = 1m) to be filled with 1
total error atm. Argon gas (Xp= 110m),
MS
— a(p)
S()p Pr

~0.5%

v

e 05/08/2016 25
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-
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d
P axpdS® (multiple scattering)

P,

,95 Atlas

N . Iml<15

;‘ - ¥ tube resolution and auto-calibration (dashed)

L 10 ® misalignment (assuming a misalignment at 50 pm)
, ’ / [0 multiple scattering
.o w’ s S O fluctuation of energy losses
T L e 4,({ i 9 : A total gy "
10 NRURRRRRRS LI, ;e . K -E 8 ;
- .E
= E 7
i =
! g 6
! s 5
=
- 2 4
5
0<n<08 |£°7|
107} S 2
1 1F R em
n Lol cov ol L 111 of T il — — o
10 102 10° 10 100 p.* [GeV] 1000
p. [GeV/c]
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The Trigger and Data Acquisition System
Data Acquisition Main Parameters |

Collision rate 40 MHz
Level-1 Maximum trigger rate 100 kHz
Average event size 1 Mbyte
No. of electronics boards 10000
No. of readout crates 250
No. of In-Out units (200-5000 byte/event) 1000
Event builder (1000 port switch) bandwidth 1 Terabit/s
Event filter computing power 5 10°MIPS
Data production Thyte/day
40MHz [ 4 [ Detector Frontend - 100 Thytels
Trigger
“ ‘_LH-LH-L’ Readout
=] =] Systems //fvsame as whole
z ’
0y | r Run | 100 Gbytels | WOrld li 'telecom
network!
< ' 1 Filter
| RERREERRE
10 Hz Computing Services 100 Mbyte/s

Trigger and Data Acquisition baseline structure

05/08/2016 27
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Detectors for Particle and Nuclear
Physics

. The building blocks and assemblies

e———— 05/08/2016 28
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Gas detectors

lonisation chambers

Proportional counters

Multi Wire Proportional chambers

Drift chambers and Time Projection Chambers

Many many more .....

— 05/08/2016 29
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Excitation : X+p — X'+p

o =107 cm?

lonisation : X+p — X*+p + e-

o =10-1¢ cm?

U. Goerlach, ASP Particle detectors 2016

lonisation and excitation
In a gas

Primary ionization Total ionization

Norimary = Ntotal x1/3
Gaz Excitation lonisation Energie moyenne (e-,ion*) /cm au minimum
(eV) (eV) pour (e, ion) (eV) | d'ionisation N,

H, 10.8 15.4 37 14

He 19.8 24.6 41 16

Ne 16.6 21.6 35 42

Ar 11.6 15.8 26 103

CO, 10.0 13.7 33 62

CH, 13.1 33 107

C.Hyo 10.8 23 113

05/08/2016 30
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~ Mobility and collection of charge

v, =u-E; E = electric field; p = pressure
in general it's more complicated ,u=,u(E , p)

v, (electrons) >V, (ions) ~E/p

« - Drift velocity forions -  Drift velocity for electrons
- 6
Vil 3 - Vp6:10°cm /s=6cm/ us
] - N ) i _____Plateau |
f @ = B - ,/7///;/;;/\10
: f’gﬂéﬁw’ 4 e
E r:: ) - - E /? 2030 -
: o o ~E /// |
Er s I ES .
T 7.6 kV/cm a P=1atm = '
20} i
/ e B Ar/ethane, different |
N T W . concentrations
b E 10 AE-_ NE”.'CH"I %rr} 0 . ) , ) . . , ,

2-10°cm / s ° ! e 3 4

E (kv/cm)
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> 4
lonisation chamber
4 I AE -> charges AQ* = Ne
t+T =& C and AQ =-Ne
++-_+++_++_ d det - -
- +_+___++_+-_;-_l'-_-_-_;-_;.i- ::R ” U, Drift velocity v,
d | x ¢t l vp(€e?) >> vy (ions)
v Uo Vp ~v E/p

AU oy =AQ/C

05/08/2016 32
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Proportional Counters

1

Cathode

IE > 10 kV/cm

I
+ |

e 05/08/2016 33
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7 Proportional Counters

qufensateur

gaz Cathode

Fil anode

Apres B.Jean-Marie, Roscoff 2000, école IN2P3, MERCI!

012345678391
rcm)

Champ Elecrique

Particule

c=1cm

Rg=20pum

05/08/2016 34



’ U. Goerlach, ASP Particle detectors 2016

——
T~100ns

The primary electrons have sufficient
energy to ionize the gas. This
multiplication happens close to the
wire, where the field is very high and
stops when all electrons have reached
the wire

UNIVERSITE DE STRASBOURG

>4
=0
Passage of a charged
particle

Creation of paires
ion-electron.

T de 0 a 100ns

Ions and electrons are
separated by the electric
field.

k‘IO4 electrofis

/

05/08/2016 35
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> 4
T~150ns

The electrons have been collected by the wire, all ions
(primary and secondary) migrate slowly to the cathode.
An electric signal is produced by this mouvement Oft/he/

charges /

<
Migration of
the ions

The essential points:

= Very high field close to the anode wire
T some ms — Creation af an avalanche around the
The secondary ions from the anode _ _
avalanche have reached the — Slow motion of the ions
cathode, the counter is ready for |= The gas is at the same time the
the next particle . detecting and amplifying material

T ——
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CROSS SECTION (end)

CROSS SECTION (cm?)

y

( Argon )

10 y Gex G
001 01 1 10 100 1000
_ ELECTRON ENERGY (V)
(Isobutane).
e
16 2
10"
of o
013} 01 1 10 100. 1000

ELECTRON ENERGY (eV)

U. Goerlach, ASP Particle detectors 2016

The role of the gas

In practice one uses a mixture of
gases, a hoble gas and a
molecular gas:

Noble gas: Ar, He, neon, xenon,
krypton to favour ionisation.

High excitation energies, the
photons from the de-excitation
can generate new electrons by
photoelectric effect on the
cathode, which will provoke a
second avalanche and so on. The
detector is not stable

A molecular gas: CO,, CH,, C;H,,
C,H,,, have a lot of vibrational
and rotational degrees of
freedom. These exitations can
absorbe some of these photons.

05/08/2016 37
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1\

107 | I | -
Goiger-Mdilier
1 counter |
1
. _ [ I
10" = Region of limited .
proportionality ) - .
Recombination : \ :
belore collection " ] "
1 [
5 || lonization Proportional 1 l
10 chamber, counter ' T
|
! Dyscharge j
: Il region
& '
10 M =

Number of lons collected

Gain reduction by H
space charge from
the avalanche

Y yd
cey

I 1

500 750
Voltage (V)

1000
15

IV.

U. Goerlach, ASP Particle detectors 2016
[ ———T

Simplified scheme of different regimes of gas counters

ionization mode: full charge
collection, but no multiplication;
proportional mode: multiplication of
ionization; detected signal
proportional to original ionization —
possible energy measurement (dE/
dx); secondary avalanches are
qguenched; gain ~ 104 - 10°

limited proportional mode
(saturated, streamer) strong
photoemission; secondary
avalanches merging with original
avalanche; requires strong
quenchers or pulsed HV; large
signals — simple electronics;
gain ~ 1010

Geiger mode — massive
photoemission; full length of the
anode wire affected; discharge
stopped by HV cut; strong
quenchers needed as well

CERN Academic Training Programme 2004/2005

05/08/2016 38
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u zumrzmm ;'
.|

&

G. Charpak, F. Sauli and J.C. Santiard

1970
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=4 Multi Wire Proportional Chamber
| (MWPC)
Cdthod . Surface : 10x10cm? — 4x4m?2,
A
04 t= 100ns
3 05 E ; .
d . = Counting: 10°/fil, signal: gg mV,
il ! 71 0 gas: argon+n-pentane.
s I
] o §-:g - Each wire is connected to an
il - amplifier
T H ‘. : Ii \ \ \ \\ e L 7/ |/ /
Anode wire | e e iy
L ﬁz 1| :4 //// _},:\‘\ |
¥ 1| v f{/ Py
r = lonisation /\/\/ /
i i : FT L
i | ~ Datt | |
% NP _
(a) . gen [ \ \\ \*\;/\\\/\L_%//\ -
. i Amplification N e |
Spacial Resolution: div12 P ed N e e g U
= | / /}\/Lj“jﬁ/ \ \\
v = Read-out ®
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— E field line

Electron flow

™ |on backflow

05/08/2016 41
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LIS LT —

- Amplifier

Memory with

time stamn
A T

Rn Sgqquential
04 Diff threshold binary (0 or
! 05 R 1)read-out
d 06 1 (multiplexing)
LI 07
LU ‘
il M aitbag o+ HY
a P 090 . -
, efficiency
t TR t i r
Ler.es (TQH < 4l.oum : 100%e¢6 0000000000000 0000ccsosos seecccscccne Seessccccee R
L 1
] HJ. g Lr ] 80
i‘; ,I s=3mm
-t i s0r fgﬂﬁ'/{o A
T‘.. _N{ Li r r...,.i. 40 -
Binary read-out : 2ol
Resolution: L
3200 3400 3600 3800 4000 4200 4400 4600 4800
d/v12; d=2mm > o= 0,6 mm
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CSC - Cathode Strip Chamber 20. Gas Dot

Precise measurement of the second coordinate

by interpolation of the signal induced on pads.
Closely spaced wires makes CSC fast detector.

Center of gravity of induced
signal method.

-
Fi by Gagne + Poraboly
soE gg=-82aun

- -3 - L a3 o (X ]
Dlalclandt . pwrrs

Space resolution

C. D'Amorosio, T. Gys, C. Joram, M. Mol and L. Ropelewskl

CERN - PHIOT2 Pariicie Detectors — Principles and Techniques 2a/10

e\

CERN Academic Traning Pogramme 20042005
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d Micro-Strip-Gas-Chambers
Primary —— E field line
lonizatio /

& Electron flow

" |on backflow
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Micro MEshGAs Structure (Micromegas)
Primary $.

)
lonization \’v LA
" o H”'

' !

» Mesh

Amplification
region

— E field line

' Electron flow

™ |on backflow 08/2016 45
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3 " 3 mm Drift gap

A0
oy

1 mm Transfer gap T1
2 mm Transfer gap T2

1 mm Induction gap

Primary -
lonization Drift E field

Amplification
. region

é
Gas-Electron-Multiplier
(GEM)

—— E field line Transfer E field

Proportional detectors

Electron flow

5 |on backflow
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Geiger-Muller and Streamer modes

Schematic representation of Schematic representation of a
Geiger-Muller counters. Streamer in parallel plate detectors

V.
Cathode

+ 1

; Gas volume Vv,

05/08/2016 47



RPC - Resistive Plate Chamber 2a. Gas Detectors

useful gap \ /

Rate capability strong function of the resistivity
of electrodes in streamer mode.

A. Akindinov et al., NIM A456(2000)16
Typical time spectrum from 5 gap MRPC

12kV

103 c= 77 pS Gaussian it o= 77 ps
Tl of Late signals
29 events/ 1 TRI3 events
MRPC Eim Z016%
HV 310 .
 — 3
.i\
e —| — LR 1

-2000 -1000 0 1000 2000 3000
I —
GND time difference between start counter and MRPC [ps]
Multigap RPC - exceptional time resolution Time resolution

suited for the trigger applications

C. D'Ambrosio, T. Gys, C. Joram, M. Moll and L Ropelewski CERN -PHDT2 Particle Detectors — Principles and Techniques 2a/11

CERN Academic Training Programme 2004/2005
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umvn-:nys*rmssounc —
Classical Drift Chambers
t) Drift velocity of electrons:
— 50 um/ns
I < X > HV If the drift time is measured one

zﬁgative can calculate the drift distance

E ......................... I Spacial resolution 100_200 IJm

Degraded potentiel

positive = Constant electric field
: But mgn wires !!!
Drift of electrons y shielding Al
>
| '-G\COthode
' . : /] Cn:/drift wires
shielding Al
Anodic wire couple Field wire
+ HV 2 : - HV I
A. Breskin et al Nucl. Instr. Chavmeb_r;.f)iideri
Meth.A124 (1975) 189
m Vitesse_argon_ethane.pct 05/ 08/ 2016 49
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A
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Cathode
SLrip
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__________________________
.....................

N R R - - -G -G - - D SN - - -
5 - - - - - -G - - - - - -

Cut view of a drift tube chamber in its final position inside
the CMS iron yoke. Two superlayers with wires along the
beam direction and a third crossed one can be seen as well
as the honeycomb panel providing rigidity to the chamber.

— 05/08/2016 51
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7 CMS Muon chambers
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Drift Tubes (DT) in ATLAS:
inner detector and muon spectrometer

B Classical detection technique for charged particles based on gas ionisation
and drift time measurement

DTs used in muon systems and ATLAS TRT

Primary electrons drift towards thin anode
wire

lonised
electrons
drifting to wire

Cathode (HV-)

Charge ampilification during drift (>10%) in
high E field in vicinity of wire: E(r) ¥] U,/ r

Anode
wire (HV+)

Signal rises with number of primary e’s (dE/
dx) [signal dominated by ions - need
differentiator]

Nobel
Gas

cathode

Macroscopic drift time: v,/c ~10~* > ~30 ns/

mm
Charged particle Determine v, from difference between DT
signal peaking time and expected particle
TRT: Kapton tubes, J= 4mm passage

MDT: Aluminium tubes, & =30 mm

From D. Froidevaux, ASP 2010 =» Spatial resolution of O(100 um)
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“  The ATLAS Muon Spectrometer

'''''''

‘ HE)
v v v hd v 2 4 VAP NAENNT N4 5
NF AP I P CICIUIC I

' Big wheel, Feb 2007

From D. Froidevaux, ASP 2010
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Tiﬂe Projection ¢

Gas volume with pa

B for momentum meast
Diffusion is strongly reduc:

Drift Fields 100-400V/cn

B Distance u
| gas voli
[ ]
>
B ‘Q‘
® .
: , _;il’lft
s
@ “‘
E . —>
4 -
y / 8 9
R ®

charged track *

Wil
del

W. Riegler/CERN
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gating plane -
cathode plane "
anode plana E_\\_
7777711 AR 3y L4 \\
/71T
i f e/l ]] 1T\
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Tiffie P rojection Chamber (TPC):

Gas volume with parallel E and B Field.

B for momentum measurement. Positive effect:
Diffusion is strongly reduced by E//B (up to a factor 5).

Drift Fields 100-400V/cm. Drift times 10-100 ps.

N Distance up to 2.5m !
gas volume
‘:6‘—> L / ve=5906
)
B ™ drift %
D %/
T
A .'g = 7_ %
’ /§ “ > 7
> b
z
charged track -
Wire Chamber to
detect the tracks

W. Riegler/CERN

034 BRA £ 90 Bos
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>4 ALICE TPC: Detector Parameters
Largest TPC:
o Length 5m

o Diameter 5m
e VOolume 88m3

o Detector area 32m2 ‘ 748 T
e« Channels ~570 000 N 1110, A 1\
(HBEHEe M) =
. GasNe/CO, 90/10% b =g - ( e
* Field 400V/cm = e %

e Gas gain >104 e
o Position resolution o=

0.25mm &
e Diffusion: ¢,= 250um [’\ 510 S
e Pads inside: 4x7.5mm | \

e Pads outside: 6x15mm
e B-field: 0.5T
W 05/08/2016 57
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wessire oz srnssocnd PC 1NStAlled In the ALICE Experiment
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DfmoFirst Pb Pb Collisions in the ALICE TPC in Nov 2010 ! ...
>4

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run: 137124

Event : 0x00000000D3BBE693
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Limitations of Gas Chambers

Operation stability

- Gas control
- HV / pressure and temperature control

Rate capabilities

- Limited by the drift time of the positive ions from the
avalanche to the cathode

. Aging in high rate environment
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Scintillators

{ \ I. | * Organic scintillators (molecules)

* Inorganic scintillators (crystals)

|'
scintillator photodetector
\J « Gas scintillators (atoms)

A good scintillator :

1. Number of produced photons should be high

2. And should be proportional to the deposited energy.
3. Transparent.

4. Short signals.

5. Good optical properties.

6. Refraction close to 1.5.
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Photomultiplier

REFLECTIVE COATING
PHOTOCATHDE

/ PHOTOELECTRONS
J

GAMMA RAY
DYNODES T
p
2% >
RADIATION “/“/ s //
SOURCE J\_,\,\,\_,\.,
. /)
SCINTILLATOR PMT
OPTICAL COUPLING

(USING SILICONE OIL)
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J — Photomultiplier Tube
- Photon
The ga In Miriy \ Window

cathode ‘ " d. Anode Mt

G=n6"

Dynode Number vs PMT Gain
10%-
14 Stage Focusing
Electrode
J
o \
Figure 1 i

Power Supply ¢ Metar

9,9, acc

S4 S5 S6 S7 S8 S9 S10 SN S12
- 3 -

e 2 A 2 A

R
125 | 15 | 15 [175 | 25 | 35 |45 | 8 | 10
[~ Vg e Vg Vg -oe-Vs —1e- Vg -sle— Vg —sle- V5 —sle- Vg —sle- V5,
g I o M

b 445 Vs -
1000 1500 2000 2500 a
Volts
Figure 1
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Fl : <10 x -
Phosphorescence >> 10 ns | O CiNtillators

—'x\-—ﬁ —eneration
{ \E={ | —}t*aﬂsmmnjﬁ} of scintillation light
'photodetector  —sdetection

scintillator |
4
Inorganic Scintillators . Organic scintillator
Crystal structure plastic or liquid
- — 40 000 hviMeV - — 10 000 hviMeV
- High Z material, - low Z,
- High density - Low density =~ 1g/cm?
- Time constants of ns - ys - Large choice of emission
— High price! spectra
~ radiation hard - Time constants of typically ns
Used for - “low” price
- Gamma detection Sensitive to radiation
- Medical imaging Used for
— Electromagnetic - Charged particle detection
calorimeters - TOF, Veto counters, calorimeters
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Scintillator crystal
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4 Scintillator - crystals | Three stepst

1. Absorption =excitons/ionisation

Excitons: 2. Transfer to activator
Pairs (e-,hole) (= band below 3. Fluorescence of the activator
conduction band), but mobile
within the crystal, will hit the Nal(TI) \mndumm band
activator atoms : ’
Transfer of energy exciton / 2lectron
— Excitation of activator atom band —*™= < / -] A 1
— Radiative transition: li 14 n
et - light o Actiyator level TV
— Non-radiative transitions: activation
vibrations (phonons) of the centres )
whole crystal, (energy loss) (impurities) 5 - % g traps E:
3 z ol | E
. o R E w| |[*  Energy |lost ’
Light emission of energy E = hv  scintillation
_ . _ (200-600nm)
E=hv <E_;7, = 0.02-1ps Energy [lost |
dN(t) N |
( ) =_ 0 exp(—t/’lfd) l . O hole
dt T,

valence band

A = 410-600
max i Energy — Iight]
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Scintillator Density Index of Wavelength Decay time Scint Photons
compasition (glem?) refraction of max.£m. Constant “uise |l per Mev

inm) (Us) height!
Nal(Tl) 3.67 1.9 410 025 100 38 000
Csl 4 51 1.8 310 0.01 6
CslI(Tl) 4 51 1.8 565 10 45 52 000
CaF,{Eu) 3.19 1.4 435 0.9 50 24 000
B3F s |15 |00 | Yo | s {10000
BGO 713 2.2 480 0.30 10 8 200
Cdwo, 7.490 23 540 5.0 40
PbWO, 8.28 2.1 440 0.020 0.1 1 900
CeF, 6.16 1.7 igg gggg 5
G350 6.71 1.9 430 0.060 40
LSO 7 1.8 420 0.040 A
YAP 5.50 19 370 0.030 0

1) Relative to Nal(Tl) in %; 2) Hygroscopic, 3) Water soluble
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Emission spectra of inorganic scintillators

10

S-1 Response

'/ PMT

Bialkali
PMT

1100

Csl (Na)
/ /
Nal (Tl)

1 | 1
300 400 500 600
Wavelength [nm]

1
@®
o

]
H
o

N
o

PMT spectral sensitivity (Rel. units)
(85
I
1
D
o
Spectral sensitivity (Rel. units)

£
o

05/08/2016 68



’ U. Goerlach, ASP Particle detectors 2016

p 76B76 Nal Detector: *’Co Spectrum
76B76 Nal Detector: "*'Cs Spectrum
1.17 MeV
32 keV 662 keV
1.33 MeV

Respone of Nal

Counts
Counts

Energy (keV)

Unce. of Tewwessee , Bept. of Ploysics

Energy (Mev)

143 MeV ¢
60”} ¥

1.33 eV ¥
‘OM‘
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J 1000

100 ¢ Y- ABSORPTION
F : COEFFICIENTS
B | —— Nal
i . T~ NE102A
10 | |
- | | 5
= i |
p=0.6cmt . s’ :
M =0.18 cm o

o2 el o

1.0 10 100
Energy [MeV]
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Nal (TI)

« Reference/standard of efficiency: € = 1,22x10-3
* Cylindrical detector Nal(Tl), 7,62(J) x 7,62(¢) cm3
e Source of 9°Co (1,33 MeV) at 25 cm

Properties of Nal:

« Z =53 high = good efficiency

* Relatively short decay time (230 ns)
* intense signal

* Relative good energy resolution

« But Nal is very hygroscopic!!
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>4 Efficiency of a detector

(valid in general!!)
Absolute or total efficiency

(particles or gammas) registered

tot

(particles or gammas) emmitted
- This depends on the geometry between the source and the

detector (its distance and opening, its solid angle)

-D
E = |[1-exp|—
tot [ p( A )

|-

X AR E =€ XE€

ys tot int geom

- S
e e . probability of an emmission
probability of an interaction j, the solid angle of the detector

A =attenuation length; % =0" nb}; D = Depth of the detector

Intrinsic efficiency
(particles or gammas) "registered"

int (particles or gammas) in the acceptance of the detector
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'Energy Resolution
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e

=
@

Detector response :

-For a fixed energy the detector will respond
each time slightly different (also around the
photo peak)

All measurements will be distributed around a
mean value with a certain width

Detector response

-This distribution can be approximated by a
Gaussian with

%:z

|

digitized

— Histogram

Signal (charge, light, ... )
collected, amplified and

S
N

- Mean p and
- A width FWHM

-The resolution R is defined by
R:=TWHM _, 359

y 1/ u u
2 . 71—
U, 0° =mean and variance
Ho

of the distribution

However, please note :

very often people talk about the resolution of
their detector and what they (including myself)

E,

E,

E,

=a-E+D

E,

really mean or quote is |0/ u/and NOT “R”

A4

=

A4

= eposited
WHM 05/08/2016 73
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> 4 ) .. )
Gaussien or normal distribution

+10 = 68.3% confidence level T l Mesciuion K =
+20 = 95.5%
+30 = 99.7% F}WHM
N ) N -(x_‘u)z . ; rw:uu
P( ) ()'\/E p( 202 ), :
U = mean ‘

2 P "
O~ = variance;

FWHM =2.35 o Resolution

Impossible to separate two signals
closer than FWHM
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z. NaI-Resolution

o'

~ charges/photons

~

Photo
peak

Amplitude(ADC) 4 L-J
~ Volts B

energy of gamma

U. Goerlach, ASP Particle detectors 2016

B
E E

N _=—3;dN, =N, = [—

hv w hv hv \/;
Statisticsstrictly Poisson = o’ = u;
dE/E=dN, |N, ~ 1

th

Nal:w =25eV | photon . => 40000 hv / MeV

Incomplete collection of scintillation
photons and finite quantum efficiency will
reduce the mean number of photo-electrons

N pe N iy % € cottection € quantic?

dee = \/ N pe \/ N,y XE, € puant.

e, =02-038; € puant, = 0.2(PM)

dE/E=dN |N s—1_- 1
oo m \/ N,y XE,. "€ puant.

F=1le , =~0.4; € pant. ™ 0.2(PM)

= dE/E=0,/E~1.5% 31.333 MeV
R =235%x1.5%=3.6% —<perimental (,5 - 82%
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ol Organic scintillators

Liquids and plastics

Solvent which absorbs the energy
The excitation energy of the solvent is transferred to the dopant
Emission, reabsorption and re-emission of light
Shift towards longer wave lengths
Fast response, about 5ns
Liquids :
- Solvents liquids: xylene, tolene,benzene,phenylcyclohexane,triethylbenzene,decaline

- Dopants for liquids: p-Terphenyl (C,;H,,), PBD(C,,H,,N,0), PPO(C,5;H,,NO),
POPOP(C,,H,¢N,0,), = 3g/l

Solids:

- Solvents plastics polyvinyltoluene, polyphenilbenzene, polystyrene.
- Primary dopants for plastics : PBD, p-Terphenyl, PBO, 109/l
- Secondary dopant POPOP to shift the light to longer wavelengths.

Quality depends largely on low level of impurities
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> 4 b
a

Organic Scintillators
atemic state
o fluorescence (durée ~ ns-us) a ot ses b
] B8 7
o phosphorescence (durée ~ ps-min) 5 .
3
Valence electrons of the 2tomic ground
diationese | T-Molecular orbitals A
A
Radiation less singlet states
transitions
.- SS gtomic separation
(Forster) 10" 5 i
S, friple states
The energy - T +T — S, +S, + phonons
absorbed by radiztive K
: S, —¥ 3
the solvent is ‘ |
transferred to ¥ T,
-.J"- fluorascence hasph
th-e dopant ﬁN\rL D 100 e }1|:::H55 orescence
without % o
radiation i Phosphorescence :
T - Slow emission
3y
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ol Organic Scintillators

lonization excitation of base plastic
—— base plastic

-8 : : - o
107"m | | Forster energy transfer (radiation less transitions)

primary fluor
(~1% wt/wt)

§ emit UV, ~340 nm
1074m )

absorb UV photon secondary fluor
(~0.05% wt/wt )

emit blue, ~400 nm
I m Y

aVaValal

absorb blue photon

photodetector

Figure 28.1: Cartoon of scintillation “ladder” depicting the operating mechanism
of plastic scintillator. Approximate fluor concentrations and energy transter
distances for the separate sub-processes are shown.
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o Absorption and emission
p-Terphenyl
2.007 $2.42 —~
1.80 -2.18%
c 1607 -1.94 T
O 1.407 . "1.69 @
S 1.207 kes shi r1.45 2
S 1.007 121 @
@080 "0.97 &
< 0.607 "0.73 @
0.40" | 1048 S
0.20" , [0.24 =
0,00 T T T T T i T T T 000
210 250 200 / 3300 370 410 450 490 530 570 610
Py : Wavelength(nm)
absorption — emission : POPOP
2.007 m1.80
= 1.609 -1.44 T
A 1.207 ! -1.08 2
5 1.00" | -0.90 @
2 0.807 -0.72 3
< 0.60- I -0.54 @
0.40 - -0.36 O
0.20- e AR -0.18u—3_
0.00 T T T 1 T T T T T 0.00
210 250 200 330 370 410 450 490 530 570 610
Wavelength(nm)
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p
Geometrical adaptation: Light gUides
= Light guides: transfer by tofal internal reflection (+outer reflector)
Lighs guide

Scintillator

- -—-—.__:_ ==|| PuT
. f ¥
.-‘__::: v -"'-; Lignt guide
“fish tail” adiabatic

= wavelength shifter (WLS) bars

. WLS green
small air gap -~y oo T T Photo detector

blue (secongary)

LY (primary)
scintillator

primary particle
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>4
Scintillating fibers

Double cladding system
(develcped by RD7)

typ. 25 um light transport by total
ke internal reflection cladding
P cladding ' _(PNIMA)
4 '» (PMMA) n=1.49
" core K n=14 4 :
~ polystyrene
. n=159 | \
N - fluorinated
< 7 | . outer cladding
typically <1 mm Nz 'n=1.42
25 pum
cosf =sing, B 0937=6=205% =2 a2 =1lsin’ @ = %(l cos 6?)=0.06 %2 20893 =0=267% E-OIO
n, Ax n, 4
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; ¢ Interaction of neutrinos

Ve ) Réacteur nucléaire Liquide scintillant ( CH, +L;)
'Y
) / e
v, Ve
o
v,
Reines & Cowan € ~0

1959

La réaction de detection est © V +p— n+e’ . qui est rapidement ( 100 ps ) suivie de la capture du

neutron sur un noyau de Lf selon la réaction : nm-l-Lf—m-l-H 4 8Mel” . Les particules chargées

produtsent des impulsions de scintillation en coincidence . La signature de détection d’un neutrino
correspond a l'enregistrement de deux impulstons lumineuses induites par le postton et la paire o—1 .
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> 4 / , .j_ g 1 2
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Semiconductor detectors

. Tracking detectors in High Energy Physics

. Energy measurement of charged particles and
gammas in nuclear physics
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' Semi-conductors

Résistivité (C2cm)

1018 1010 1012 10° 106 103 100 10-3 10-6
W&As J Si |EE | |Hg' Ag |
Cu

. AE N

B‘V‘s\\f‘i“;‘&i\iﬂ f B‘&g\\\#\\i\{% f m 3

05/08/2016 87



”~

UNIVERSITE DE STRASBOURG

>4
,Doped” Semi-conductors

o\ ot

\} , -----.l J.------0
:R::-’q:kg/ Ef:&f:n X :‘Q‘q N
t80e 1] AR

"Excess

O/—'O"‘- /-'0 h°le —p # g—

wmnor Acceptor - ) l\""
‘( i | impurity impurity 8 o\
O \.._o_.ao \-— q‘l-o—" S
l\ [ f

n-type: Np,>N,=0

*\‘;- Donorl

Acceptor\::
impurity
level

] leve

p-type; N,>Np=0

Intrinsic: 1.5 101%cm3 (N, = 6.022 1023/cm3 1)

n,p: 1013/cm3

nt, p*: 10%0/cm3 Impurities
W.Dulinski * traps

* recombination
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——
L Sb P As Bi
Silicon o 0069
band { ________________________
eV
1.1e .26
s 057 0085 28 ==
=
B A Ga In Tl

Energy levels within the
band gap corresponding to
various n- and p-type
dopants [6]
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Semi-conductor detectors
Mobility (velocity/E) Z [a.m.u]
Material | E, [eV] | w [eV] T [5] T [s] density
Me Wh g/em’
[cm2/V S| [cmZ/Vs]
C 5.5 13 1800 1200 210° 210° 3.515 6
(diamond)
Si 1.12 3.61 1350 480 5107 5107 2.33 14
Ge 0.67 2.98 3900 1900 2107 2107 5.32 32
GaAs 1.42 4.70 8500 450 5107 5107 5.32 31,33
CdTe 1.56 4.43 1050 100 110° 110° 48,52
Hgl, 213 | 4.20 100 ~ 110° | 210° 53,80

dN 1
N N

Parameters Values for Materials Used in Fabricating Semiconductor Radiation Sensors
W.Dulinski [3]

; E~N; N =numb. of (e,h))
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Formation of a depletion zone

electrons and holes combine

d

letion region

no free charge carriers

cmmen bbb bbb e b+ 4+
===== bttt ttrtttrt

il £ X E R

caman Pttt t bbbttt
TR

b L L L EEEE X
@Electric field

G.Hall

Junction p-n
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Standard diode symbol
Paypeend  Naypeend
Direct Polarisation
e conduction + P -
I I [ ( V/kT) 1] Forward hias
» I~ Io[exp(qV/KT) -
0
- P+
Reverse bias

Inverse Polarisation

e increase of depletion zone

» reduction of capacitance

depletion
reglon
«—
Np
. _IL
Electric
fieid \ n-type

dielectric between

conducting regions
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> 4 C.
Inverse Polarisation

Holes move to « - »

U. Goerlach, ASP Particle detectors 2016
[ ———T

26(9y +V,) (V. + N, )
e N N,

electrons move to
contact "+"

N,»N,

b
] d=x,~053p,¢, um
Ji= P~ 2-10* Qcm, ¢0 ~1V

=d ~TSum

o |
depletion jn n-type o
V= "ol
Dopant ..
concentration s Ql
2
e .
density L
: - _
Gonsicy — X

Zone

Reverse bigs | Forward biss

Depletion

Standard diode symbol
P4ype end N-iype end T
I

ol + P - o |

Vi Forward bias v,

V—3 - —H— + [

Real Diode Reverse bias ‘Ideal” Diode
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o

Junction p-n

0-1'2|..|m = perte ‘ Si02 o

d’énergie SEEEE
Diffused or ~er— T
Ion implanted - an ST
Depletion '
Diffused & Ion N-type w'.o?é AL

= (a/
implanted e G
oxide window +

robust, flexible  Alvminum 20 nm = small energy loss =
geometry Gold film Z
Insulating
Shottky barrier guard ring
Shottky barrier _ Wpbonmgon Signal
metal-silicon "
; Ly
junction

thin metal contact

more fragile Aluminum
G.Hall 7
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Surface barrier detectors
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Data Taken from C.F. Williamson, J.P. Boujot and J. Picard,

CEA-R-3042 (July 1966)
10 E T T T T T I T T 11 Interaction of
- % charged particles in
102 E = silicon
S ]
s
3 100 A =
8§ £/ Lagend: =
-4 T f”:;:; 1 - % | Single particle
10k — — — DEUTERON 5 |
i - - - - PROTON = |
B _ | Parallel beam
100 ) poou Lo o e 1 ‘
10° 10' 10? 10° 10* 1 ‘\
Range (um of Si) .~
Figure 1.10 Range-Energy Curves in Silicon Distance of penetration ——m
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Identificati
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I
v 20+ M‘ H R
{ - MULTIPLIER SPECTRUM a
Incident particle l _ 16 3He + 4He 2C+2C -
T / 126 5 Mev
2 |/ 8,17 -
> .
v 121 /oL i
2 it
“AE” \ g r 4 ]
Transmission Détecteu 8 ﬂ 10g
detector r épais ' 7Be / 1p
(a)/‘ j
dE 1 o
«—; E. =lmy
d 2 cin 2
X Vv 0 20 40 60 80 100 120 140 160
Channel number
= (b)
d E Figure 11-16 (a) A particle identifier arrangement consisting of tandem AE and E
—X Ecin o m detectors operated in coincidence. (b) Experimental spectrum obtained for the AE - E

dx

signal product for a mixture of different ions. (From Bromley.”")

05/08/2016 95



’ U. Goerlach, ASP Particle detectors 2016

UNIVERSITE DE STRASBOURG

Detection of nuclear gammas
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_

High Purity Germanium

Energy measurement
of gammas

(INA-Np| = 10'9 cm-3):

Egap =0.74 eV =
operation
temperature : T= 77K

w,,=2.98 eV
=excellent resolution

- E,=1MeV, dE = 1 keV

- “High” photo peak
efficiency
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o Large volume detectors

e o |20V (N 4N
voor e N,N,

d

Vbias

N=N,<N,; ¢, <V,

Depletion zone

bias
2gl/bias . = i 1 1
d , = EvRE N =N, ou N, = netimpurity of material

N =10"atoms | cm’; V. =3000Volt;

=2.2mm
V.., =3000Volt

High purity :
N, ou N, =10"atoms | cm’; V.. =1000Volt; e =16-¢,;

¢, =8.85: 107" F/ m; F = Coulomb | Volt ; e =1.6-10"" Coulomb
d =1.8cm
V,as=1000Volt
d =2.5cm
V,..,=2000Volt
d =3.1cm
V,...=3000Volt
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Germanium detectors

Operation temperature: T= 77K (Liquid Nitrogen)

Configuration : co-axial

Electronics is mounted very close to the Crystal

Capsule Ge detector Lid
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E

collectwn

dN \/7 \ ’ collectum

Statistics : Poisson

N,

= 0’ =py; p=mean; 02 = variance
1

\/ N,
w collection

e . =100%; w=2.98eV E=1MeV

collection

= dE | E = 0.0017; Resolution R =2.35xdE/ E =0.4%

Fano factor:

dE/E=dN,IN,

o’'=F, u;
F =012 (Ge,Si); V0.12=1/2.9

JF 1
JN,,
w F gwllectinn

dE | E =0.0006; Resolution R=2.35xdE/ E =0.14%
Nal :

w=25eV | photon_,  Light collection: 0.5 PM: Q.E.~0.20
dE | E =1.6% Resolution R=235xdE/ E =3,7% a 1MeV

dE/E=dN,I|N, ~
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WIMP diffusé EDELWEISS

WIMP
impulsion de chaleuf EXpérience pour Détecter Les Wimps en Site Souterrain)
.‘.—
Neutron and gamma calibrations
- (°°Co and *°’Cf sources), Polar = — 2V
senseur I e B J
\ | EDELWEISS |
| |
80 - ; A = L. =
) électrode - |
electrode > |
1 impulsion d’ionisatih: =
o L . : —
T T d’un noyau s = f
=) = Nuclear recoils / 1
o / ]
E / /
© / /
5 ‘] ‘ Electron il ]
cristal de GE E / eciron recolis ;
» Cristal of very pure “Ge” 1Kg, * v
20 [ ‘ - :
- Very rare events 1 event/Kg/year !! | parcours dielectrons 2> pm
« lonisation “ parcours d’un récule << ym

0 e n . i S E— .

some kev ’ 20Charge :zlplitude 6((:(ev e.e.)80 .
« Heat/ mechanical vibration of cristal
AT = 10-6 mK => cryostat(*He*He) a 10 milli-Kelvin
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o’ Ge ionization — phonon detectors |

NTD sensor

Al center

~ electrode

» bolometer mass: 320 g

» 100nm sputtered Al layer as electrode (center + guard ring)
» 60nm Ge(Si) amorphous layer below electrode
» NTD sensor glued on sputtered gold pad on guard ring electrode

» electrical contacts/heat links via gold wire bonding (d=25um)

S obneratina temberature T=17.00+0 01K 05/08/2016 103
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High energies

Sllicon Tracking Detectors
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_ ) CMS Tracker

Charge Collection time
» Drift velocity of charge carriers v = LE, so drift time, {;= d/v = d/uE

Typical values: d=300 pm, E= 2.5 kV/em,
with = 1350 cm?/ V-s and = 450 cm?/V's

= ty(e)=9ns, ty(h)=27ns

ohmic cd‘qfocf
& metal

U. Goerlach, ASP Particle detectors 2016
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=4 Silicon Detector

Every electrode is connected to an amplifier >

Highly integrated readout electronics.

. ! ' X - Strips
e CMS Outer Barrel Module
| D = typically 300 pm .
w S o | ® '
e © E
T
Sl s
‘e o
itk '
(:fu
. Y - Strips e >
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o Pixel detectors

DELPHI-LEP-CERN
- Pixels : 330x330 um
e odiles;T.22 Nichannels

£ colonne : ¢ '(i'

registre i P . 1

)—“— comparateur ne % :
KV _\_
At;l;lg lcifri\g?;%ur Ir [ Pixel

seuil raz

electronics:

——— complex! ' b el AR
05/08/2016 107



’ U. Goerlach, ASP Particle detectors 2016

High energy Calorimetry
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Calorimeters at high energy

At very high energies the momentum resolution of
any magnetic spectrometer will deteriorate rapidly
Calorimeters measure the energy of the particles

The energy of the incident particle is transformed into a large number of
secondary particles which can be measured

The number of secondary's is proportional to the energy

lonisation, scintillation Cerenkov...

- Electromagnetic showers (electrons, gammas, n°...
-~ Hadronic showers, all hadrons!

Electromagnetic showers :
— Conversion of photons into e*e- and Bremsstrahlung

Hadronic showers:
- nuclear interactions, fragmentation of nuclei

05/08/2016 109
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Showers in calorimeters

Electromagnetic
shower

radiation length X,

-
|.I.
Hadronic shower

Nuclear interaction
length A
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. o i
/ .
i YA
o __.-t': - — .
“-‘—““, -

hadronic +
\/

* charged hadrons p,n=, K-

* nuclear fragmets ....

* breaking up of nuclei (binding energy)
{o neutrons, neutrinos, soft y's, muons

invisible energy — large energy fluctuations — limited energy resolution

U. Goerlach, ASP Particle detectors 2016

e ———

Hadronic
showers

electromagnetic

l

neutral pions — 2y
— electromagnetic cascades

a(z°)~ InE(GeV)-4.6
example E =100 GeV: n(n®) ~ 18

11
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< CMS homogeneous elm Calorimeter

PbWO, Scint. Crystal Calorimeter

Entire shower in active detector material
High density crystals (28 X,)
Transparent, high light yield

" No particles lost in passive absork

" High resolution: ~3%/VE (stochastic)

Granularity

" Barrel: AnxA¢=0.0172 rad

" Longitudinal shower shape unmeasured

Read out with avalanche photo diodes

2 1.4f ]
i 1'4: CMS ECAL Test Beam A
=~ 1oL Resolution in 3x3 ]
= 15 A [ The number of created secondary
] 7oz || 170sf particles is proportional to the
o 2|y energy E ~N, ogys ~ YN ~VE
B 724 1124)
0.6 723 | |-1123]
0.4 S——
: o 2.8% 0.128
i E TG PEGew) 2%
C TR B I A c C
L R L g R (GeV)
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The
Electromagnetic
Calorimeter - ECAL
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>
ATLAS Liquid Argon EM Calorimeter

-~

——

. J b
" M, ~ X [

LAr Sampling Calorimeter By Ay
Passive, heavy absorber (Pb, 1.1-1.5 ' v’

mm thick [barrel]) inter-leaved with active

detector material (liquid argon)
» Overall 22 X,
» Accordion structure for full ¢
coverage
» Resolution: ~10% / VE (stochastic)
Granularity
» Barrel: AnxA¢ = 0.0252 rad (main

~ -
-

Readout electrodes (3 etched copvber

layers) placed in middle of 2.1 mm LAr
filled gaps by honeycomb spacers

Total of 170k readout channels
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>4

S I 1 I . Absorber
Detector
ampling calorimeters Dotector
PO s 7

Detector mrmmmrrr s

WLS bars/fibres

plastic scintillators
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CMS Hadron calorimeter

Brass absorber + plastic scintillators g

2 x 18 wedges (barrel)
+ 2 x 18 wedges (endcap)
~ 1500 T absorber
5.8 L.at n=0.

Scintillators fill slots and are read out
via WLS fibres by HPDs (B = 4T!)

Test beam
resolution for
single hadrons
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Energy / momentum resolution
dE

CMS Simulation Vs=8TeV

Q _I I L I T T | 1t l 1T T T T T rTrTi | rrrTi I T I_
~ 014 ECAL barrel F

— arre

5 @@iﬂfb@@@
- e -

0.1: qﬁj qﬁl :

- @@jﬁ@ _

0.08 Ehr;ﬂl —

FO f ® Eieq-p comb. :

0.06[ % F o ECAL,, -
0.04 :_ Dcfjg OOOO O Tracker p _
LI ]

i soes OQOQQQQ )
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O :l I 111 I | | l | | l 1 111 1 | | I | | 1 1 111 I 1 111 I 111 l:
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500 T T I T 1T T 7T | L | L } T T 17 | L \ T 1T 17T
| ECAL_ only _ ¥ 7]
[ G ™ = 2.8CeV ~~ECAL,, only
I EcAL, ony _ ’ 7
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400 et = Se e Eregr.'p comb. _|
H—ZZ — 4e
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B0 135 140
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>4
(Simple?) Particle Identification, (PID)

PID: charge, masse, leptons or hadrons, muons
Measure dE/dx () and momentum (B-field)
Photon vs neutral hadron

Electron vs hadron

Hadrons vs muons

Cerenkov (B) or Transition radiation (y)

Time of flight (TOF)
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FIGURE 7. Measured ionization energy loss of electrons, muons, pions, kaons, protons
and deuterons in the PEP4/9-TPC (Ar-CH4 = 80 : 20 at 8.5atm) [13]
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7 Cerenkov effect

A A

@)
o) O 000 0O OO0 0O
500 P O S ementary 50 %o@ % S0
OO OOC Ooo O ‘f-““-\- OO Q% g@% OO e / At
PATISY T e Do tlight = (€/N)
Oped @ OO () p@o O
Crel|®e0 OOoOoOOO
0o 0910000 05 00[00C%0
00P0%0 o 09000
©500/909 05000020
OOOO OO0 OOOOOOO
wp (a) P”  (b)
B B /
v,/c < c/n(A) v/c > c/n(\) v=pc>cln
. Coherent superposition of the c'At/n 1

radiation of the atoms COS ‘90 =

. Mainly blue light pe-At - pn

* Very few photons 1 1

ry P :>/),>_;COS‘9max=_
« Very small energy loss " c "
 Identification of particles!

A ~200-700nm

‘photons
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“N“’E“s”éjs““s"°““ s
Cerenkov Detectors
principle mir/ror
/ medium b Spax (deg.) th I:Eﬁu'rll:ﬂ]-'::l
. radiator medium -
particle _ air® 1.000283 1.36 0.208
sobutane® 1.00127 289 0.941
_ Wra water 1.33 412 160.8
mof \ quartz 1.46 46.7 196 4
1574 |
= T ;
A i K | 1 1 ( 2 2)
> - ) - —_ o e e—-
£ 60 - . Npy ~1 n2ﬂ2 ! n2 1+m/p
k2 - bt -
= " H
Yoot Al i -
! T —1.055 | |
20 | ! ar (]
- P 1.0065 ;| &

0 PRI | M M PE B 1 1 i
0 1000 2000 3000 4000 5000

Momemtum [MeV/c]
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Rlﬂg Imaging Cerenkov

< 0.8
£
particle $
£
& 06
Cherenkoy
light . -
T mirra . DELPHI
ohoto - 1994
electrons CF, gasra P ——— . . ' “—
3,7 0809 2 3 4 o e 7
< \l \\ p{Gev/c)
Q UV photon detector
Cherenkoy ——— /
light 5 0.08
/ ¥ / C,E, liquid radiator £~ | =
/ £
100 = 0 0-08 &
E‘ GAS RADIATOR E LIQUID RADIATOR
0 00
el —
2. &£
i .
T , @ 9 LI
2f. o DELPHI
40 b 400 1. PRRRE AP i N |1%4 1 1
50 -x . 3 4 8 7 & 910 20 Ak 40
.w a) fl 1 ! 1 1 1 1 "'IK p (GeV/C)
1080630 50 40 20 0 2 T )
- 6, c08(9) [mrad]
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~ Transition radiation

« Effect can be explained by re-arrangement of electric field

« A charged particle approaching a boundary creates a electric dipole with its
mirror charge

« The time-dependent dipole field causes the emission of electromagnetic

radiation
Photon radiation when charged % 0.25
ultra-relativistic particles traverse £ [« i l _+ 1
the boundary of two different _"E’ 02 m wectrons 2 GeV . }
dielectric media (foil & air) 5 - |
B A muons
L . ® 015 180 GeV
Foil | Air (unpolarised) §<> a8
. Q -
(polarised) C
/\(\ 'g 0.1 180 GeV _A‘/ ¢y = 0.036 £ 0.001
Electron + 4+ VYMT c = i e =017 :0.002
with boost y +-% ‘i_l g 'S - 2 cl':‘eV o c3=3.3¢ :0.010
© - ¢y = 0.250 = 0.008
lectrical dipole -g 0'05: I 18|() GeV
o - '2GeV
» Significant radiation for y > 1000 0 Ul sl
0 10? 10 10 10
and > 100 boundaries ' y factor

From D. Froidevaux, ASP 2010
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o Transition Radiation Detectors

fooalboe bl F NOMAD TRD
—'H—‘I-‘I—' u-, 10 GeV
2
C
2
Folienstack ThR-xray 2 @
o ‘G
\ gl 2 10 GeV
°l Q2 ~ e- e
A :
LTt 5 with radiator
— o e, 10 GeV
o without radiator
: AN
Wer kleines Z . .
wegen Photoeffekt —2° a energy deposit [ ADC channels ]
Detektor
W 1 many
W=Lahw y=y ! N =~—~a=——) =
’ il =Y " ho 137 layers
ho=zhow,y — keV range Oxray ~ 1Y
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Particle ID using Time Of Flight (TOF) . .

. . /

” I—L' ﬂc fc
—“ H Combine TOF with momentum measurement

! v c2t2
start stop p=myfy —» my = py[——-1

L2
Mass resolution d—m = d—p + y2(£+ d—L)
m p t L At for L = 1 m path length

10

1 1T 1 1viny

TOF difference of 2 particles as f{p)

Vo

oy = 300 ps
= n/K separation
up to 1 GeVlic

= £(\/l+m12c2 / p? —\/l+m2262 /pz)
c

Lc ( 2 2)
R 2m1—m2

time -of-flight difference A t[ns]

CERN Academic Training Programme 2004/2005

2p 0.1
04 1 LY
momentum p [GeY/cl
C. D'Ambrosio, T. Gys, C. Joram, M. Moll and L. Ropelewski CERN - PH/DT2 Particle Detectors — Principles and Techniques 5al9
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PHENIX High Resolution TOF
t Au+AuNs = 200 A GeV

=]

=

o
I I LI I L | I LI I LI I LI I LI I 1

1 6 Figure 7. TOF-PID plot from PHENLX
based on an Au-Au run in 2002.

charge/Momentum [(GeV/c) '1]
N
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o Conclusions

All particle detectors in nuclear, particle and astroparticle
physics are based on the physics of the interaction of particles

and radiation with matter

It is possible to measure and reconstruct the interaction of
elementary particles also in the very difficult environments of
proton proton collisions at the LHC

Many of the experiments today are large and complex, both in
their concept and in the new technologies employed

They are run by very large collaborations of scientists,
engineers and also of students over periods of 10-20 years

We live in exciting times and there is a lot more ahead of us,
many opportunities for students

Message to students

It is fun to work on these experiments and their data
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— Large colaborations: Where are the students?
- Sub divided in smaller groups
— Detector, subdetector

— Analysis: different topics
— Students belong to instituts

//8N\\\

- International environment
— Communication skills !
— Mobility

— Good students become well known in the collaboration very fast!
Management

— Physicists are (generally) not trained for that
changes with time...

— Sometimes there are problems, one has to sort them out..
Students are an extremely important factor

é
job opportunities outside particle physics Lo

3

s FIREE sibmal g IR, A
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ATLAS and CMS EM Calorimeters

CMS: PbWO, Scint. Crystal Calorimeter

Entire shower in active detector material Lead Tungstate crystal SIC-78
" High density crystals (28 X) vom China
Transparent, high light yield f -
" No particles lost in passive absorber
High resolution: ~3%/VE (stochastic)
Granularity
" Barrel: AnxA¢=0.0172 rad
Longitudinal shower shape unmeasured
Read out with avalanche photo diodes

B ATLAS: LAr Sampling
Calorimeter

Passive, heavy absorber (Pb, 1.1-1.5
mm thick [barrel]) inter-leaved with active
detector material (liquid argon)
» Overall 22 X,
» Accordion structure for full ¢
coverage
» Resolution: ~10% / VE (stochastic)
Granularity
» Barrel: AnxA¢=0.0252 rad (main
layer)
» Longitudinal segmentation (3 layers)
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ATLAS electromagnetic Calorimeter
Accordion geometry absorbers immersed in Liquid Argon

Liquid Argon (90K)

+ lead-steal absorbers (1-2 mm)

+ multilayer copper-polyimide
readout boards

— lonization chamber.
1 GeV E-deposit - 5 x10° e-

* Accordion geometry
minimizes dead zones.

* Liquid Ar is intrinsically
radiation hard.

» Readout board allows fine
segmentation (azimuth,
pseudo-rapidity and
longitudinal) acc. to physics
needs

Test beam results  o(E)/E =9.24%/\E ©0.23% Spatial resolution ~ 5 mm / \E

——y - ———— ——
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> 4 . Two-dimensional read-out via cathodes

Fig. 6.11. Bidimensional readout
using cathode strips (from Breskin et
al. [6.18]). The signals from each
strip are stored and the center of
gravity of the distribution calculated
to yield the position of the avalanche

Avalanche

7 = = = Anode wire
N T T

T lalalalalcd

R - =
yo L@b)y; CT O —f; T N

X (Q;-0) L1

V_—,— V_—,— V_—,—
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Drift Tubes (DT) in ATLAS:
inner detector and muon spectrometer

B Classical detection technique for charged particles based on gas ionisation
and drift time measurement

Example: muon in MDTs (aligned !)

lonised
electrons
ifting to wire

Cathode (HV-)

...........
\\\\\\\\
...........
.....
77777777777777
...........

...........

Charged particle

TRT: Kapton tubes, J= 4mm
MDT: Aluminium tubes, & =30 mm

From D. Froidevaux, ASP 2010
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