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DISCLAIMER

— Particle Detectors are very complex, a lot of physics is behind the
detection of particles:

@ particle physics
@ material science " ] A C0G 4 THE CORPORATE MACHINE
@ electronics |

@ mechanics, ....

~ To get a good understanding, one needs to work on a detector
project ...

— This lecture can only give a glimpse at particle detector physics,
cannot cover everything

Pic: DC Comics

— Biased by my favourite detectors !

Maybe not the ideal detector
physicist
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. OVERVIEW:

DETECTORS FOR PARTICLE

PHYSICS
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PARTICLE PHYSICS DETECTORS

— There is not one type of detector which provides all measurements we need -> “Onion” concept -> different
systems taking care of certain measurement

— Detection of collision production within the detector volume
@ resulting in signals (mostly) due to electro-magnetic interactions

Myon

Tracking detector Energy measurement Detector

Photons | g

Electrons ) —
Positrons \Q
Myons

>
Charged |
Hadrons

Neutrons l
Neutrinos'

M Innermost layer » Outermost layer
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ATLAS@LHC

Muon Detectors

AN

Tile Calorimeter

\ 46 m

Liquid Argon Calorimeter

25 m

Weight: 7 000 t

\ Central Solenoid: 2 T ,
Muon-Toroid: 4 T Riagnats

.~ 0. Ingrid-Maria Gregor - HEP Detectors - Part 1

Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

lllustration: CERN



ATLAS@LHC

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

/\ \ 46 m /I ==
~ —_— -#-_-_ =/’ | ,

25 m

Weight: 7 000 t

V Central Solenoid: 2 T
Muon-Toroid: 4 T
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Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

lllustration: CERN



ATLAS CROSS SECTION
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CMS@LHC

Siliziumstreifen- Siliziumpixel-
Spurdetektor Spurdetektor

= | Elektromagnetisches
e—u  Kalorimeter (ECAL)

Endkappen-
Myondetektoren

Barrel-
Myondetektoren

Hadronisches

Kalorimeter (HCAL)
Weight: 12500 T Supraleitende
Length: 21.5m Solenoidspule
Diameter: 15 m Eisenjoch
Solenoid-Field: 4 T
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CMS@LHC

Siliziumstreifen- Siliziumpixel-
Spurdetektor Spurdetektor

= A Elektromagnetisches
e—u Kalorimeter (ECAL)

Endkappen-
Myondetektoren

Barrel-
Myondetektoren

Hadronisches

Kalorimeter (HCAL)
Weight: 12500 T Supraleitende
Length: 21.5m Solenoidspule
Diameter: 15 m Eisenjoch
A Solenoid-Field: 4 T
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CMS CROSS SECTION

N30 -0}04
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SIZE AND WEIGHT

CMS is 65% heavier than the Eiffel tower
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Brandenburger Tor
in Berlin

12500 t
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THE Bi1cG ONES AT LHC

ATLAS

.~ .| Ingrid-Maria Gregor - HEP Detectors - Part 1

CMS

ALICE
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THE ZEUS DETECTOR@HERA

. \ |
Weight: 3600 T i )

Length: 19 m \|, 0>
Diameter: 11 m

Solenoid-Field: 1.5 T
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THE ZEUS DETECTOR@HERA

Weight: 3600 T
Length: 19 m
Diameter: 11 m
Solenoid-Field: 1.5 T

\|, : ?")
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ZEUS
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THE DELPHI DETECTOR @QLEP Weight: 3500 T
Length: 10 m
Forward Chamber A Barrel Muon Chambers Diameter: 10 m
Forward RICH Barrel Hadron Calorimeter Solenoid-Field: 1.2 T

Forward Chamber B Scintillators

Forward EM Calorimeter Superconducting Coil
Forward Hadron Calorimeter High Density Projection Chamber
Forward Hodoscope Outer Detector
Forward Muon Chambers
Barrel RICH
Surround Muon Chambers

Small Angle Tile Calorimeter

Quadrupole

c

Very Small Angle Tagger g

®

—

]

o]

x

3

- Beam Pipe —

b 4 I

T Vertex Detector %

s, " LL]
: Inner Detector (]
¥

D E L P H I Time Projection Chamber o
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DELPHI
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THE BABAR DETECTOR

DIRC (PID)
144 quartz bars
11000 PMs

Weight: 1200 T
Length: 6 m
Diameter: 6 m
Solenoid-Field: 1.5 T

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

Ingrid-Maria Gregor - HEP Detectors - Part 1

1.57 solenoid

EMC
6580 CsI(TI) crystals

Silicon Vertex Tracker
5 layers, double sided strips

Pic: BaBar Collaboration
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BABAR

s
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Collaboration Home Page
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AMS@ISS

Weight: 1200 T
Length: 6 m
Diameter: 6 m
Solenoid-Field: 1.5 T

.~ 0. Ingrid-Maria Gregor - HEP Detectors - Part 1

Vacuum
Case

=
m
>
o
=

picture: AMS collaboration
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AMS@ISS

Weight: 1200 T
Length: 6 m
Diameter: 6 m
Solenoid-Field: 1.5 T
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Star Tracker

Cryacooler

Vacuum
Case

picture: AMS collaboration
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EXAMPLE: ATLAS AT CERN

Full movie: ATLAS experiment - Episode 2 - The Particles
Strike Back
http://cds.cern.ch/record/10963907In=en

Full movie: ATLAS experiment - Episode 2 - The Particles Strike Back

http://cds.cern.ch/record/10963907In=en © 2006 CERN
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http://cds.cern.ch/record/1096390?ln=en
http://cds.cern.ch/record/1096390?ln=en

EXAMPLE: ATLAS AT CERN

Full movie: ATLAS experiment - Episode 2 - The Particles Strike Back
http://cds.cern.ch/record/10963907In=en © 2006 CERN
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EXAMPLE: ATLAS AT CERN

Full movie: ATLAS experiment - Episode 2 - The Particles Strike Back
http://cds.cern.ch/record/10963907In=en © 2006 CERN
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CAMERAS FOR PARTICLE PHYSICS

~ There is not one type of detector which provides all measurements we need (track, momentum, energy,
PID)

@ “Onion” concept -> different systems taking care of certain measurement
— Detection of collision production within the detector volume
@ resulting in signals (mostly) due to electro-magnetic interactions

Tracking Electromagnetic Hadronic Muon
detector calorimeter calorimeter detector

Photons, —é
Electron

Positror-g jﬁ
Muons

Charge?
adron
Neutron
hadron?
Neutrins

.g Innermost layer » Outermost layer

Ingrid-Maria Gregor - HEP Detectors - Part 1
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HEP DETECTOR OVERVIEW

Tracker: Precise measurement Calorimeter: Energy Muon-Detectors: Identification
of track and momentum of measurement of photons, and precise momentum _
charged particles due to electrons and hadrons measurement of muons outside
magnetic field. through total absorption of the magnet

Key:

Muon

Electron

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

Vertex: Innermost

tracking detector < N\ I

£
Electromagnetic / FTR
P ’ Calorimeter
). iy Hadron Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Good energy

Transverse slice resolution up to
through CMS highest energies

o
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picture: CMS@CERN



HEP DETECTOR OVERVIEW

e

Tracker: Precise measurement Calorimeter: Energy Muon-Detectors: Identification
of track and momentum of measurement of photons, and precise momentum .
charged particles due to electrons and hadrons measurement of muons outside
magnetic field. through total absorption of the magnet

om

Key:

Muon

Electron

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

Vertex: Innermost

tracking detector ( \\\ I

T

Electromagnetic
’ ’ Calorimeter ?
) Y i’ Hadron Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Good energy Radiation hard

Transverse slice resolution up to (hadron collider)
through CMS highest energies
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picture: CMS@CERN
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ll. THE BASICS OF ALL
DETECTION PROCESSES:

INTERACTIONS WITH

MATTER

Ingrid-Maria Gregor - HEP Detectors 23



ANALOGY

~ Planes leave tracks in sky under certain conditions ....

Ingrid-Maria Gregor - HEP Detectors - Part 1



ANALOGY

~ Planes leave tracks in sky under certain conditions ....
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PARTICLES LEAVE SIGNALS IN MATTER

~ Different effects are involved when a particle passes through matter, depending on mass, charge and
energy of the particle.

~ Following the effects will be explained for

eer

heavy charged particles electrons/positrons

(with masses>Meiectron)

it 3

photons neutrons

http://www.particlezoo.net/
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INTERACTIONS OF

CHARGED PARTICLES
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INTERACTION OF CHARGED

~ Three type of electromagnetic interactions:
1. lonization (of the atoms of the traversed material)
2. Emission of Cherenkov light
3. Emission of transition radiation

Z, electrons, q=-e,

Ingrid-Maria Gregor - HEP Detectors - Part 1

PARTICLES
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INTERACTION OF CHARGED

~ Three type of electromagnetic interactions:
1. lonization (of the atoms of the traversed material)
2. Emission of Cherenkov light
3. Emission of transition radiation

Z, electrons, q=-e,

1) Interactions with

atomic electrons. Y
Incoming particle loses

energy and the atoms

are excited or ionised.
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INTERACTION OF CHARGED PARTICLES

~ Three type of electromagnetic interactions:
1. lonization (of the atoms of the traversed material)
2. Emission of Cherenkov light
3. Emission of transition radiation

Z, electrons, q=-e,

1) Interactions with
atomic electrons.
Incoming particle loses
energy and the atoms
are excited or ionised.

2) Interactions with atomic nucleus.

The particle is deflected (scattered)
causing multiple scattering of the
particle in the material. During this
scattering a Bremsstrahlung photon
can be emitted.

Ingrid-Maria Gregor - HEP Detectors - Part 1
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~ Three type of electromagnetic interactions:
1. lonization (of the atoms of the traversed material)
2. Emission of Cherenkov light
3. Emission of transition radiation

Z, electrons, q=-e,

1) Interactions with
atomic electrons.
Incoming particle loses
energy and the atoms
are excited or ionised.

2) Interactions with atomic nucleus.

The particle is deflected (scattered)
causing multiple scattering of the
particle in the material. During this
scattering a Bremsstrahlung photon
can be emitted.

Ingrid-Maria Gregor - HEP Detectors - Part 1

3) If particle’s velocity is larger than
velocity of light in medium, the
resulting EM shockwave manifests
itself as Cherenkov Radiation. When
the particle crosses the boundary
between two media, there is a
probability in the order of 1% to
produce an X ray photon, called
Transition radiation.

27



HEAVY CHARGED PARTICLE

=

Simple model (M>>me):
@ consider energy transfer of particle to single electron (distance b)
@ multiply with the number of independent electrons passed (Z)

@ integrate over all distances b

Ingrid-Maria Gregor - HEP Detectors - Part 1

o\ 8
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HEAVY CHARGED PARTICLE

Simple model (M>>me):

g

@ consider energy transfer of particle to single electron (distance b)

@ multiply with the number of independent electrons passed (Z)

@ integrate over all distances b

® Incoming particle interacts elastically with a target of nuclear charge Z.

Cross section

Ingrid-Maria Gregor - HEP Detectors - Part 1

Rutherford Formula
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HEAVY CHARGED PARTICLE

~ Simple model (M>>me):
@ consider energy transfer of particle to single electron (distance b)
@ multiply with the number of independent electrons passed (Z)
a%

@ integrate over all distances b

® Incoming particle interacts elastically with a target of nuclear charge Z.
Cross section (\Z /)

do 9,9 ofMeC\2 1
—= =47 Te( - ) 175  Rutherford Formula
dQ /Bp Sin B)

® Heavy charged particles transfer energy mostly to the atomic electrons causing ionisation ]

and excitation. -~
b | ho, hk

/ NE—hdw

M N: electron density

Ingrid-Maria Gregor - HEP Detectors - Part 1




HEAVY CHARGED PARTICLE

Simple model (M>>me):
@ consider energy transfer of particle to single electron (distance b)
@ multiply with the number of independent electrons passed (Z)

g

@ integrate over all distances b

® Incoming particle interacts elastically with a target of nuclear charge Z.

Cross section

2 1
) 10 Rutherford Formula
sin B)

® Heavy charged particles transfer energy mostly to the atomic electrons causing ionisation
and excitation.

/ NE—hdw

M N: electron density

Ingrid-Maria Gregor - HEP Detectors - Part 1

» Bethe-Bloch Formula
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

dFE 5 5o o/ 1 1 2mec? B2V Tras o C
—%:47TNAremec 2 Z@[ﬁln 7 5 7

Plot: PDG, June 2018

5
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

dE 5 5 oZ 1 1. 2m.c?*B°v*Thnas o C
—%:47TNAremec 2 Z@[ﬁln 7 5 7

Maximum kinetic energy which can be
transferred to the electron in a single collision

max

Plot: PDG, June 2018
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

dE 5 5 oZ 1 1. 2m.c?*B°v*Thnas o C
—%:471']\/:47“677?,66 2 Z@bln 72 5 7

Maximum kinetic energy which can be
transferred to the electron in a single collision

max

J2 Excitation energy

Plot: PDG, June 2018
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

dE Z 1 1. 2m.c?B*~?T, o C
_—:47TNATgmeCQZQ—-—2-[—1n e 527 max_BQ____]

dx A B2 "2 1 2 7
Maximum kinetic energy which can be ) Density term due to polarisation: leads to

max

transferred to the electron in a single collision saturation at higher energies

o |

J2 Excitation energy

Plot: PDG, June 2018
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

o
~
o
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Mean energy loss is described by the Bethe-Bloch formula

dE Z 1 1
—— = 47TNArgmeczz2—

dx A.@ 2

Maximum kinetic energy which can be
transferred to the electron in a single collision

max

J2 Excitation energy

[=In

2mec262fy2Tmax

NIQ NI

Density term due to polarisation: leads to
saturation at higher energies

Shell correction term, only relevant
at lower energies

29



INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

202.,2
dE 5 o o4 1 1 2mec*B2y*Thax 5 Mon C
—— = A Ngrimec z®— - — - [=In — B4+ =— =]
d © A B2 I? A
x p2 2 2
o Maximum kinetic energy which can be ) Density term due to polarisation: leads to
~ transferred to the electron in a single collision 2 saturation at higher energies
J2  Excitation energy C Shell correction term, only relevant
7 at lower energies
r— = | ) -
oL ; .
o I +
5 /\ i on Cu
2 100 3 w—=\ | 3
o p> -/ \ Bethe Radiative -
S re -/ Anderson- 1
N g ol Ziegler \ 1
GC) 5 -2 \ Radiative ) T
S S“D E;E \ cffects Enc
- = 10 _—E(‘n) reach 1% Radiative =
- - | & i yC .
(D & r \ Minimum // losses 7
E ,g L \, ionization ) . - I
i @ I\l'uclcar \\ ;—4_/—’7_/;' S =]
2 g [ ] 1oses N - Without & |
o = l 1 ! ! 1 ! 1
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i
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

Plot: PDG, June 2018
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

202.,2
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula
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INTERACTIONS OF ‘“HEAVY” PARTICLES WITH MATTER 9

</

Plot: PDG, June 2018

]

Mean energy loss is described by the Bethe-Bloch formula
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MATERIAL DEPENDENCE OF

(—dE/dx) (MeV g—lem?)

Plot: PDG, June 2018
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THE ENERGY LOSS 9

251 ' T T T '
i Hy gas:  4.10 _
i Hpj liquid: 3.97 .
& 2.0
g
_‘O
|
o)
>
L 15
Z
S
~=
L 1.0
05 -H He Li Be B CNO Ne Fe Sn 1
| ! | L L PR R R | | \ ! L [ R
| 2 5 10 20 50 100
Zabsorber

Rule of thumb: energy loss of MIPs (By ~ 3):
1-2 MeV g cm?
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IMPORTANT CONSTANTS

o
=
o
N
[0}
c
>
3
o
>
o
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o
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@
L
=
©
(a

Symbol Definition Units or Value
a  Fine structure constant 1/137.035999 11(46)
(€2 /4meghc)
M  Incident particle mass MeV/c?
E  Incident part. energy yMc? MeV
T  Kinetic energy MeV
mec? Electron mass x ¢? 0.510998918(44) MeV
re  Classical electron radius 2.817940325(28) fm
e? [Amegmec?
N4 Avogadro’s number 6.0221415(10) x 10?3 mol~!
ze  Charge of incident particle
Z  Atomic number of absorber
A Atomic mass of absorber g mol~!
K/A 4nNarimec?/A 0.307075 MeV g~! cm?
for A =1 gmol™!
I Mean excitation energy eV (Nota bene!)
d(By) Density effect correction to ionization energy loss
hw, Plasma energy Vp(Z/A) x 28.816 eV
(\/ATNer3 mec? /) (pin g cm™3)
N, Electron density (units of r,) =3
w;  Weight fraction of the jth element in a compound or mixture
n; o< number of jth kind of atoms in a compound or mixture
—  4ariNy/A (716.408 g cm~2)~! for A =1 g mol ™!
Xo Radiation length g cm ™2
E. Critical energy for electrons MeV
E,. Critical energy for muons GeV
Es Scale energy \/4m/a mec®  21.2052 MeV
Ry Moliere radius g cm ™2

Ingrid-Maria Gregor - HEP Detectors - Part 1

/

Median ionisation energy I:
| ~16 Z0° eV for Z > 1

® Maximal energy transfer:

Tmaa: ~ 2m6 62ﬁ272

fur m >> me
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A CLOSER ACCOUNT OF ENERGY LOss

— Bethe-Bloch displays only the average
@ energy loss is a statistical process
@ discrete scattering with different results depending on strength of scattering
@ primary and secondary ionisation

wean 3
e

== Example of a delta
electron in a bubble

© 1982 CERN

chamber: visible path

Liquid hydrogen bubble chamber 1960 (~15cm).
Ingrid-Maria Gregor - HEP Detectors - Part 1

Primary ionisation

* Poisson distributed

* Large fluctuations per
reaction

Secondary ionisation

» Created by high energetic
primary electrons

» sometime the energy is
sufficient for a clear secondary
track: d-Electron
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A CLOSER ACCOUNT OF ENERGY LOss

— Bethe-Bloch displays only the average
@ energy loss is a statistical process

@ discrete scattering with different results depending on strength of scattering

@ primary and secondary ionisation

wean 3
e

© 1982 CERN

Liquid hydrogen bubble chamber 1960 (~15cm).
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’ : 4 Example of a delta
electron in a bubble

chamber: visible path

Primary ionisation

* Poisson distributed

* Large fluctuations per
reaction

Secondary ionisation

» Created by high energetic
primary electrons

» sometime the energy is
sufficient for a clear secondary
track: d-Electron

Total ionisation = primary ionisation
+ secondary ionisation

32



ENERGY LOSS IN THIN LAYERS

In case of thin detectors the variation width within the energy transfer of the reactions leads to a large

variation of the energy loss:
@ A broad maximum: collisions with little energy loss
@ Along tail towards higher energy loss: few collisions with large energy loss Tmax, &-electrons.

most probable peak!

7

(MeV g_l cm?)

0.50 1.00 1.50 2.00 2.50
The Landau distribution is used in | ! ! ! .
physics to describe the fluctuations in the Sl TN 500 MeV pion in silicon 7]
energy loss of a charged particle passing i AR 640 um (149 mgfem?) -
through a thin layer of matter 08 Y 320 um (74.7 mg/em?) |
- AN 160 um (37.4 mg/em?) -
= | N R 80 um (18.7 mg/em?) ]
N - ( AR ]
: 0.6 |
Thin absorber: 270 - A0\ i
L -~ W i
<dE> < ~1 OTmax - ' ah\ -
04 d .tl "'_:\\\ —
- I Mean energy i
i L AL \ loss rate i
o N AN, % X 1
0.2 iR i
i i i — . ) )
OO llJlillll-{'l-t/llllllllIlllllllllllllllllllllllmﬁT
500 600

100 200 300 400
A/x (eV/um) 33
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PARTICLE IDENTIFICATION UsiING dE/dx

® The energy loss as a function of particle
momentum p = mcf-y is depending on the
particle’s mass.

® By measuring the particle momentum
(deflection in the magnetic field) and
measurement of the energy loss on can
measure the particle mass.

- Particle Identification at low
energies (p<2GeV/c)

Ingrid-Maria Gregor - HEP Detectors - Part 1

dE/dx (mip)

Example:
DELPHI@ LEP

p (GeVic)

N Nucl. Instr. and Meth. A378 (1996) 57
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ENERGY LOSS FOR ELECTRONS

’ = 4
~ Incident and target electron have same mass me f e
_ Scattering of identical, undistinguishable particles 1 @ o
~ Bremsstrahlung: photon emission by an electron accelerated in Coulomb -« - o
field of nucleus N
dE 72 51 2 18 )
—_— = 4a]VA 22 Eln 1 ~ Photon
dx A 4.71’80 mcz 7 /3

Incident electron and

. Effect plays a role only for et and ultra-relativistic y (>1000 GeV). Bremsstrahlung photon.

T T “I T TT l T T TTTTT T T T TT ]
B \‘\ Posit —0.20
f \ ‘/051 rons Lead (Z=282) ]

® Bremsstrahlung is dominating at high energies

Electrons \

= 10— AW} — 015 — ® Atlow energies: ionisation, additional scattering
f ' Bremsstrahlung | :;:.0
95 i E i i
I —[0.10 Energy loss for anything heavier
! than an electron is
dominated by ionisation.

—0.05

0 B ey
1 1000
E (MeV)
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ELECTRONS: ENERGY LOSS

® Critical energy: the energy at which the losses due to
ionisation and Bremsstrahlung are equal

aE

dx (Ee) dx (Ee)
For electrons approximately:
psolid+liq _ 610MeV Fees _ 710MeV
© 7 +1.24 ¢ Z +1.24
E 22 1
For electrons _dE 4N, 2 83
dx A ZA
dE. E
dx - X() *
A
Xo =
I
M z5

Ingrid-Maria Gregor - HEP Detectors - Part 1

400 -&\\ | T I I I T I 1 1 I_
200 — —
100 — o
<
2 ool 610 MeV "
% Z+1.24
83
20 + Solids
o Gases
10 —
:1|{ He Li BeBCNONe | |
5 1 1 L1 11 L1 11
1 2 5 10 20 50
Z
-x/ X
E=Ee  "°

Xo:Radiation length

Parameters only depending on material the electron is
passing through.
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ELECTRONS AND PHOTONS: RADIATION LENGTH

Radiation length: an important parameter for particle detectors
Thickness of material an electron travels through
® until the energy is reduced by Bremsstrahlung to 1/e of its original energy

— UNI

Ingrid-Maria Gregor - HEP Detectors - Part 1
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ELECTRONS AND PHOTONS: RADIATION LENGTH

Radiation length: an important parameter for particle detectors
Thickness of material an electron travels through
® until the energy is reduced by Bremsstrahlung to 1/e of its original energy

L _ 716.4 A g A
|: = —5
empirica Xo Z(52) in(287/VE) om? X %3

— UNI
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ELECTRONS AND PHOTONS: RADIATION LENGTH

Radiation length: an important parameter for particle detectors
Thickness of material an electron travels through
® until the energy is reduced by Bremsstrahlung to 1/e of its original energy

X, = 716.4 A g

. A
|: -5
empirica Z(14.2) In(287//Z) em? X 72

® The radiation length is also an important quantity in multiple scattering

® A very important number when building detectors, one always has to keep in mind how
much material is within the detector volume

Ingrid-Maria Gregor - HEP Detectors - Part 1
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ELECTRONS AND PHOTONS: RADIATION LENGTH

Radiation length: an important parameter for particle detectors
Thickness of material an electron travels through
® until the energy is reduced by Bremsstrahlung to 1/e of its original energy

L _ 716.4 A g A
empirical: Xg = Z(52) in(287/VE) om? X %3
® The radiation length is also an important quantity in multiple scattering

® A very important number when building detectors, one always has to keep in mind how
much material is within the detector volume

® Usually quoted in [g/cm?2], typical values are:
® Air: 36.66 g/cm2 ->~ 300 m
® Water: 36.08 g/lcm2 -> ~ 36 cm
® Silicon: 21.82 g/lcm?2 -> 9.4 cm
® Aluminium: 24.01 g/cm2 -> 8.9 cm
®

Tungsten: 6.76 g/cm2 -> 0.35 cm

~ UNI
Ingrid-Maria Gregor - HEP Detectors - Part 1 37



MULTIPLE SCATTERING!

_ Charged particles are forced to deviate from a straight track when moving through a medium: multiple scattering mostly

due to Coulomb field.

~ Cumulative effect of these small angle scatterings is a net deflection from the original particle direction.

e
b

epla.ne

A

® the smaller the momentum the larger the effect
® kind of Gaussian around original direction

—l
0
-
o
N
()
C
>
]
o
>
o
j .
O
©
N
©
(@)
9
.0
h
©
o
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1

90 _ prms erms

plane — \/5 space

13.6 M
oo — SOMNV TR [1+0.038In(z/ Xo),

Bep

Gaussian approximation sufficient
for many applications.
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CHERENKOV-RADIATION

~ Emission of photons when a charged particle is faster than speed of light within a
medium (n>1).

— Typically in transparent material: threshold

— Suitable for particle identification!
@ Only depending on 3 if momentum known.

Emission under a characteristic Angle:
ct/n 1

® Cherenkov angle: between 10 (air) to 45° (quartz).

® Number of photons is small -> good detectors are needed
for the detection.

Pic: Idaho National Lab

Ingrid-Maria Gregor - HEP Detectors - Part 1

Cherenkov ring recorded by an array
of silicon photomultipliers (pions).

PIC: NASA

NIM A, 613 (2010), p. 195
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TRANSITION RADIATION

® Transition Radiation

i 9

Faser—Radiator

Produced by relativistic charged particles when they
cross interface of two media of different refraction indices

Explained by re-arrangement of electric field
Significant radiation only at large y (O ~ 1000) in the

|

20,6 mm

|

keV range.
Very useful for electron/pion separation

Energy loss at a boundary is proportional to the relativistic gamma factor.

A significant amount of transition radiation is produced for a gamma greater than 1000.
Gamma factor of protons is, up to a momentum of 5GeV, still in the order of 10.
Positron's gamma is greater than 1000 starting at 0.5GeV momentum.

Ingrid-Maria Gregor - HEP Detectors - Part 1

6 mm

Pic: PERDaix Collaboration
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TRANSITION RADIATION

® Transition Radiation

P
/ 9

Produced by relativistic charged particles whenthey |

cross interface of two media of different refraction indices

Explained by re-arrangement of electric field

____________ \

Faser—Radiator ‘

------------------------------------------- 20,6 mm

Significant radiation only at large y (O ~ 1000) in the
keV range.

Very useful for electron/pion separation

Energy loss at a boundary is proportional to the relativistic gamma factor.

6 mm

A significant amount of transition radiation is produced for a gamma greater than 1000.

Gamma factor of protons is, up to a momentum of 5GeV, still in the order of 10.
Positron's gamma is greater than 1000 starting at 0.5GeV momentum.

Ingrid-Maria Gregor - HEP Detectors - Part 1

Both effects are not really
contributing to the energy loss of
the particles!

Pic: PERDaix Collaboration
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INTERACTIONS OF

PHOTONS, NEUTRONS AND

NEUTRINOS

Ingrid-Maria Gregor - HEP Detectors 41



PHOTONS: INTERACTIONS

~ Photons appear in detector systems \\ o%l | | | | | |
I \\ o
@ as primary photons, BN b —
: s © o Lead (Z=82
e created in Bremsstrahlung and de-excitations 1%, 82 (b) Lea (_ )
'.@' \% o -experimental Oy
IMb— V¥ $9 . —
~ Photons are also used for medical applications, Opee. y, Photo-electric
both imaging and radiation treatment. z ; —
Q
5
® Photons interact via six mechanisms g
depending on the photon energy: Z | kb _
® <few eV: molecular interactions g
® <1 MeV: photoglectric effgct I3 | Pair prod., nuclear field —
® <1 MeV: Rayleigh scattering - B
® ~ 1 MeV: Compton scattering S | nuc |
® > 1 MeV: pair production © , Ogdr.
® > 1 MeV: nuclear interactions b / . Pair prod., elegtron field
, O Compton \‘v" TN ¢
— ',/ / §\\\ —]
10 mb ! I | I LN !
| 10 eV 1 keV 1 MeV 1 GeV 100 GeV
/ Photon Energy
— UNI
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PHOTONS: INTERACTIONS

® Most dominating effects:

Ingrid-Maria Gregor - HEP Detectors - Part 1
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect Compton-Scattering

Ingrid-Maria Gregor - HEP Detectors - Part 1

Pair creation
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect

e-

o

A7 is absorbed and photo-

electron is ejected.

* the 7Y disappears,

* the photo-electron gets an
energy

Ep.e — E'y - Ebinding

Ingrid-Maria Gregor - HEP Detectors - Part 1

Compton-Scattering

Pair creation
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect
Y €

o

A7 is absorbed and photo-

electron is ejected.

* the 7Y disappears,

* the photo-electron gets an
energy

Ep.e - E'y - Ebinding
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Compton-Scattering

1

\' e

Vv

Tte—9 +¢

Elastic scattering of a photon
with a free electron

1
E! =
7 14 ¢€(1—cosb,)

Pair creation
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect
Y €

o

A7 is absorbed and photo-

electron is ejected.

* the 7Y disappears,

* the photo-electron gets an
energy

Ep.e - E'y - Ebinding
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Compton-Scattering

1

\' e

Vv

Tte—9 +¢

Elastic scattering of a photon
with a free electron

1
E! =
7 14 ¢€(1—cosb,)

Pair creation
e+

Nucleus

Only possible in the Coulomb
field of a nucleus (or an
electron) if

E, > 2. 2
~1.022 MeV
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect Compton-Scattering Pair creati&n
Y e Vv e’
o
o
e v
\ K )
\\ Nucleus
_— Y+e—v +¢€
A7is ab_sorl_aed and photo- Elastic scattering of a photon iny possible in the Coulomb
electron is ejected. with a free electron field of a nucleus (or an
* the 7Y disappears, electron) if
* the photo-electron gets an 5
energy oo 1 E, > 2mcc
Ep.e = E'y - Ebinding K 1+ 6(1 — COS 9’)/) ~1.022 MeV

<~ Reduction of photon intensity with passage through matter:

I(:U) = I()e_'mj
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INTERACTIONS OF NEUTRONS

~ Neutron interaction is based only on strong (and weak) nuclear force.
To detect neutrons, one has to create charged particles.

[ T T t | 1 |

Possible neutron conversion and elastic reactions ...

n+p->n+p -
n+%Li - a+*H He? (n,p)
n+B - a+Li E, < 20MeV 10°r-

— H'(nn)H’

n+>He - p+>H

¢ [barn]

0 -
n + p—n + Yy En < 1G€V Lis(n,q.l
1 -
En
T high energy o1k
100 MeV{ '
~ fast ] 1 ] | 1 i ]
[as Tev TheV Mev
100 keV'1 E
B n
(" epithermal
10" eVt In addition there are...
102eV1 thermal ® inelastic reactions - hadronic cascades E, > 1 GeV
108 eVt ® same detection principals as for other hadrons (calorimeter)
cold
ultracold

Ingrid-Maria Gregor - HEP Detectors - Part 1
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Plot: H. Neuert, Kernphysikalische Messverfahren, 1966



A SHORT WORD ON NEUTRINOS...

— Neutrons react very weakly with matter

_ Cross section for ve +n — ¢+ p is around 1043 cm-2.

@ 1m lron: probability 10-17

— In collider experiments fully hermetic detectors allow

indirect detection

@ Sum up all visible energy and momentum in detector
@ Missing energy and momentum belong to neutrino(s)

Ingrid-Maria Gregor - HEP Detectors - Part 1

“Did you see it?”
“No nothing.”
“Then it was a neutrino!”

Claus Grupen, Particle Detectors, Cambridge Uni. Press 1996

S
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SUMMARY PART 1

lonisation and Excitation:

~ Charged particles traversing material are exciting and ionising the atoms.

_ Average energy loss of the incoming charged particle: good approximation described by the Bethe Bloch
formula.

— The energy loss fluctuation is well approximated by the Landau distribution.

Ingrid-Maria Gregor - HEP Detectors - Part 1
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SUMMARY PART 1

lonisation and Excitation:

Charged particles traversing material are exciting and ionising the atoms.

Average energy loss of the incoming charged particle: good approximation described by the Bethe Bloch
formula.

The energy loss fluctuation is well approximated by the Landau distribution.

Multiple Scattering and Bremsstrahlung:
Incoming particles are scattering off the atomic nuclei which are partially shielded by the atomic

electrons.

Measuring the particle momentum by deflection of the particle trajectory in the magnetic field, this
scattering imposes a lower limit on the momentum resolution of the spectrometer.

The deflection of the particle on the nucleus results in an acceleration that causes emission of
Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs in the vicinity of the nucleus....

~ UNI
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A SHORT SUMMARY

|
© 1960 CERN The decay of a lambda particle in the 32 cm hydrogen bubble chamber

Ingrid-Maria Gregor - HEP Detectors - Part 1
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http://cds.cern.ch/record/39474

A SHORT SUMMARY

Lifetime of lambda:
2.6 10-10 sec
-> a few cm

™ +p— K+ A ?

|
© 1960 CERN The decay of a lambda particle in the 32 cm hydrogen bubble chamber

Ingrid-Maria Gregor - HEP Detectors - Part 1
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http://cds.cern.ch/record/39474

AND NoOow ... *©
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AND Now ... ?
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15 minutes
coffee break ....
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