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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

— Biased by my favourite detectors !

Pic: DC Comics

Maybe not the ideal detector
physicist
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OVERVIEW

I Detectors for Particle Physics

Il. Interaction with Matter

Tuesday
Ml. Calorimeters
IV. Tracking Detectors
@ Gas detectors
@ Semiconductor trackers
Wednesday

V. Examples from the real life
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. OVERVIEW:

DETECTORS FOR PARTICLE

PHYSICS
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WHY STUuDY DETECTOR PHYSICS ?

_ Particle and nuclear physics discoveries are driven by detector innovation.
~ And you need fundamental understanding to drive innovation

Theoretical and/or
heuristic
understanding of » New detectors » New physics!

fundamental

interactions

________________________________________________________________________________________________________

Instruments = Detectors

for particle physics / photon science / medicine / societal applications
~ what is the underlaying principle

~ how do they work

~ how precise can they measure
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DISCOVERY OF NEUTRAL CURRENTS Gargamelle, 1972

| &— Outgoing
: neutrino

Shower of
particles due to
bremstrahlung

» &— Collision

point

€— Incoming

neutrino

© Gargamelle/CERN
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DISCOVERY OF THE GLUON 18.06.1979

~ Field theory predicted that the outgoing
quarks radiate field quanta (gluons)
-> 3 jet events

The quantum of the strong force
was discovered and studied at
lepton colliders

nyr
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ATLAS@LHC

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

/\ \ 46 m /I ==

25 m

Weight: 7 000 t
Central Solenoid: 2 T
Muon-Toroid: 4 T

\4

Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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ATLAS CROSS SECTION

L

i

/™

\

N30 -0}04
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CMS@LHC

i

Siliziumstreifen- Siliziumpixel-
Spurdetektor Spurdetektor

= A Elektromagnetisches
e—u Kalorimeter (ECAL)

Endkappen-
Myondetektoren

Barrel-
Myondetektoren

Hadronisches

Kalorimeter (HCAL)
Weight: 12500 T Supraleitende
Length: 215 m Solenoidspule
Diameter: 15 m Elseaioch
Solenoid-Field: 4 T
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CMS CROSS SECTION

Nd3D -0304

1
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SI1ZE AND WEIGHT

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

12500 t
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IN HAMBURG
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EXAMPLE: ATLAS AT CERN

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

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

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

Photoni.I _é

Electro

Positroi jﬁ

Muons

Charge%
adrons
Neutron
hadron?

Neutrin*

lg Innermost layer » Outermost layer
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HEP DETECTOR OVERVIEW

Tracker: Precise measurement Calorimeter: Energy
measurement of photons,
electrons and hadrons

of track and momentum of
charged particles due to

Muon-Detectors: Identification
and precise momentum
measurement of muons outside

magnetic field. through total absorption of the magnet

Key:

Muon

Electron

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

Vertex: Innermost

tracking detector ( \

T

Good energy

Transverse slice resolution up to
through CMS highest energies
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Electromagnetic
p Calorimeter
)
o

Hadron
Calorimeter

Superconducting
Solenoid

Iron return yoke interspersed
with Muon chambers

Radiation hard
(hadron collider)

picture: CMS@CERN
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Il. THE BASICS OF ALL

DETECTION PROCESSES:

INTERACTIONS WITH
MATTER
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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>Mmeiectron)

it )

photons neutrons

http://www.particlezoo.net/
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http://www.particlezoo.net/

INTERACTIONS OF

CHARGED PARTICLES
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INTERACTION OF CHARGED PARTICLES

Z, electrons, q=-¢,

~ Acharged particle traverses material of thickness Ax
Upon exiting, the energy of the particle has decreased by AE

A

— The basis of ~all particle detectors: collect AE from the material @?)
{ON

The deposited energy AE probably depends on:

A

@ Ax
@ Material density p
Partic] M and ch The key to detector design
@
ATICIE Tass ATEnd Fhatge £& is understanding dE/dx

@ Particle kinetic energy T and velocity g

[ dE.] MeV
<&> — Linear stopping power
or
[ dE, | MeV _
_( N )_ = p— Mass stopping power
T = px
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IONISATION The primary contributor to

A

) 4

A=

dE/dx at typical energies

Particle can collide with atomic electron (EM interaction)

If enough energy is transferred, the electron escapes, ionising the
atom and causing small —dE

@ can also excite the atom, if transferred energy is small e

pan‘\c\e(ma
In general, this happens frequently, with small energy transfers A

(<100eV), so energy loss is ~continuous

Ingrid-Maria Gregor - HEP Detectors - Part 1

Kolanoski, Wermes 2015

22



INTERACTIONS OF ‘“HEAVY?” PARTICLES WITH MATTER@“

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

£ 2
_d_E _ 27TNA7“37713(32 ‘94 ln (Zme@) Wmax) . 2@ 0 — 29}

dx X

Material; is the fraction 177 Maximum kinetic energy which can be 0 . Density term due to polarisation: leads to
of nucleons that are "4 transferred to the electron in a single 9 saturation at higher energies
protons collision
i C'  Shell correction term, only relevant
O Properties of the 72 Excitation energy 7  atlower energies
particle

2N arimec® = 0.1535MeVem? /g

T'e  classical electron radius = . atomic weight of absorbing material

Me : electron mass : density of absorbing material
N 4 : Avogadro’s number . charge of incident particle in units of e

[ : mean excitation potential v/c of the incident particle

1/v1—p°
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LUINDERSTANDING BETHE

BLOCH

~ Kinematic term @DV~O~4"4"6):' I I - : ] ] ] —
~f2 & i 3 /]
@ dE/dx~p & - uwonC 8 7 u"on Cu |
@ slower particle QI“(Ia((?l eelecmf atomic ———— g0 M—~\ | E
electron for longer e M= & F/ hnderson e e ]
B Bethe ) L Ziegler \ 4
— Vs : 2 . & \ .
— - 4 Andecrson 8< e \ Radiative E 1
o . . L = Zlcg er ‘5_5:‘6 effects Mc
= Minimum ionizihg particles (By~1.0510.0) £ 1023 \ | reachl% Radiative
¥ 8= ) _ a E \ Minimum < _~ losses :
@ Most physwsﬂr%kghéppen in this range z \ fonization AL -
= S @ : Nuclear \ ;‘,/.——_:/_/;’_ . 1 ......... :
@ Semi-classicgl intuition: after py~1, the trackin@num < 1105“‘5 Nl Without
2 I : ignization : : : 1 l J4 S
longer gets ‘fc;aster_a%ﬂlegreases, so there's 0.001 001 0.1 1 10 100 1000 10 10°
minimum time spent Fgﬁg@{omic electrons. B | | | | By 1 | 1 1 |
= | | | i 0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/e] [TeVic]
0.001  0.01 0.1 1 10 Muon momentum
Pr
| 1 | 1 | 1 1 1 |
0.1 1 10 100 ] 10 100 1 10 100
[MeV/c] [GeV/e] [TeVi/c]
Muon momentum
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LUNDERSTANDING BETHE BLOCH

~ Rise after By~5:
@ dE/dx~In(By)2

@ due to more energy transfer from rare high-dE

collisions

@ logarithmic rise due to lateral extension of electric
field due to Lorentz transform Ey—yEy

Ingrid-Maria Gregor -

HEP Detectors - Part 1

Mass stopping power [MeV cm?2/g]

I I [ I I i
/\ uton Cu 1
00 L —= E
Fo A \ Bethe Radiative 3
- ,/ Andcrson- \ 4
o Ziegler
H e e \ Radiative i .
%_E cffects Enc /
10 :—E(g reach 1% Radiative E
r Minimum 7~ losses :
- \| lonization sy R
" Nuclear \ ;;/,—7_/;‘_ T _ .
l Ig9scs AN o= Without™ &
1 | | | | | |
0.001 0.01 0.1 1 10 100 1000 104 10°
By
[ | | | | | | | J
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/e] [TeVic]

Muon momentum
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INTERACTIONS OF ‘“HEAVY?” PARTICLES WITH MATTER 9

— [ I ! | l I 7
an - ; /]
a "'. +
?, % L™ on Cu
> 100 — 3 _
O - M i -
> -/ \ Bethe Radiative \
. - ,/ Andecrson- T~
g ¢ Ziegler \ i Bremsstrahlung
dE 1 Q B 'g& \ Radiative .
x = g — \ effects Eue
dx p '—WT.E A \ reach 1% Radiati —
.- . ) 2. L o adiative ]
kinematic term o - Minimum :
S - \| ionization ]
|7 | .
» Nuclear AN Y e = (T, D
& - l losscs \\“’_}’ P« |
® = 1 | | dE .
S T~ (—)xInpBy
DY 0.001 0.01 0.1 10 dx
[
g. | 1 | | 1 | | [ | “relativistic rise”
O
o 0.1 10 100 1 10 100 1 10 100
B [MeV/c] [GeV/e] [TeVic]
o

“minimum ionizing

5

particles” By = 3-4

Muon momentum
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A CLOSER ACCOUNT OF ENERGY LaOss

— 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

a3
e

© 1982 CERN

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

’ : 4 Example of a delta
electron in a bubble

chamber: visible path

Primary ionisation

e Poisson distributed

e 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

9”@
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ENERGY LOSS IN THIN LAYERS

— Bethe Bloch formula describes average energy loss
~ Fluctuations about the mean value are significant and non-Gaussian

@ A broad maximum: collisions with little energy loss (more probable)

@ Along tail towards higher energy loss: few collisions with large energy loss Tmax, 0-electrons.
-> Most probable energy loss shifted to lowed values

most probable peak!

The Landau distribution is used in physics to describe ) T LI B B
the fluctuations in the energy loss of a charged particle “_3- 120 == Data _
passing through a thin layer of matter - : = | andau ® Gaus Fit 1
§ 100 MPV,: 15.04 E
1 1 B w
P\ = exp [— —(A e 80 -
V2T 2 I
60" -
\ AE — AEy, 40" N
5 20 —
0 L1 L1 1 A tnin 1 o1on
@ M ¢ is a material constant 0 20 40 60 80 100

AEmp Amplitude [p.e.]
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LANDAU TAILS

~ Real detector measures the energy A E deposited in a layer of finite | &
thickness oz

— For thin layers or low density materials
@ few collisions; some with high energy transfer

4((<

2 Energy loss distributions show large fluctuations towards high losses
27 Long Landau tails

T _ _ _ _

\E_ = = <AE>
~ For thick layers and high density materials i
@ Many collisions "
@ Central limit theorem: distribution -> Gaussian ,"'EE".
z )z = < < — ." E "n
N B
1: EE ‘I'\\ \I ‘
n? - .
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ENERGY LOSS FOR ELECTRONS

~ Incident and target electron have same mass me / o
_ Scattering of identical, undistinguishable particles 1 Q} o
~ Bremsstrahlung: photon emission by an electron accelerated in Coulomb -« - o
field of nucleus 3y
dE z> 12 Y s ;
—_— = 4a]VA 22 Eln 1 ~ Photon
dx A 4.71’80 mcz 7 /3

Incident electron and

— Effect plays a role only for e* 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
'_ \\\‘/051 rons Lead (Z=82) ]

Electrons

® Bremsstrahlung is dominating at high energies

10— o5 ® Atlow energies: ionisation, additional scattering
| E
g | Bremsstrahlung ] C\'J:.o
Iz b 1 & : :
L —0.10 Energy loss for anything heavier

Tonization

than an electron is
dominated by ionisation.

—0.05
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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 4aN 2 83
dx A ZA
dEE. E
dx - X() *
A
Xo =
ag oo
W 2"

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

o 716.4 A g A
m |: —

empirica Xo Z(14+2) In(287//Z) cm? X 72

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

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

Tungsten: 6.76 g/cm?2 -> 0.35 cm
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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

Particle Data Group, June 2018¢

_~ UNI
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1
90 — rms — _erms

plane \/5 space

13.6 MeV
0, = “Y o VE X [1 4+ 0.0381In(z/ X))

Bep

Gaussian approximation sufficient
for many applications.

33



CONSERUENCE OF MULTIPLE

secondary
vertex

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

Kolanoski, Wermes 2015

34



USING MULTIPLE SCATTERING

— Possibility to provide x/Xo maps of complex targets -> input for detector simulations

@ Currently only coarse information of modules available as radiation length for composite materials typically not
available

~J

Calibration
with Copper

Preliminary
E=24GeV

()]

Measuring kink angle

Scattering angle [mrad]
TN

y [mm]
W

.0 GeV

Highland prediction

O 1 II 1 | 1 L 1 I 1 1 1 I L 1 1 | L 1 1 |
0 0.2 0.4 0.6 0.8 1

8 6 -4 -2 0 2 4 6 8
X [mm]
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INTERACTIONS OF

PHOTONS, NEUTRONS AND

NEUTRINOS
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BIG DIFFERENCE

Charged particles

\J
Vg gyl ‘
\j

Ingrid-Maria Gregor - HEP Detectors - Part 1

Y

Photons

Kolanoski, Wermes 2015

\ J

37



PHOTONS:

- Photons appear in detector systems
@ as primary photons,

@ created in Bremsstrahlung and de-excitations

~ Photons are also used for medical applications,

both imaging and radiation treatment.

~ Photons interact via six mechanisms
depending on the photon energy:

< few eV: molecular interactions
<1 MeV: photoelectric effect
< 1 MeV: Rayleigh scattering

> 1 MeV: pair production
> 1 MeV: nuclear interactions

Ingrid-Maria Gregor - HEP Detectors - Part 1

INTERACTIONS

N, | ! ! | |
.\:’Q)o
N "o 00, b) Lead (Z =282 ]
:Oo k \:é) ( ) ( . )
i 3 o - experimental Oy
IMb[— ¥ —
/é\ L —
o
IS
> - —
=
<
<
1 kb [~ ]
=
R
> - ]
2
gL .
/ N Og.d.l‘.
1bh— ’ / Pair prod., elegtron field
, Y At
/ OCompton TN €
L ._‘,“\ —
, .““ “ N\ "
ompl_ & 14 N N Y
10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy
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PHOTONS: INTERACTIONS

® Most dominating effects:

Photo-Effect Compton-Scattering Pair creatieo+n
¥ e v e’
o
o
e v
\ K )
\\ / , Nucleus
— Y+e—7y +e
A7 is absorbed and photo- Elastic scattering of a photon Only possible in the Coulomb
electron is ejected. with a free electron field of a nucleus (or an
e the 7 disappears, electron) if
e the photo-electron gets an 9
energy oo 1 E, > 2mcc
Ep.e = E'y - Ebinding K 1+ 6(1 — COS 97) ~1.022 MeV

< Reduction of photon intensity with passage through matter:

I(:U) = I()e_'mj
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DOMINANT REGIONS

100 T T T T — |‘|||||| T T TTTT]

_ photoeffect pair
o 80 domi &
= ominant production
© dominant
€ 60 —
O
i)
S a0} -
A Compton effect
qg 20 | dominant _
N

0 oo vl il

0.01 0.1 1 10 100

Photon energy (MeV)
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GENERAL DETECTION PRINCIPLES

— Neutron detectors do not detect neutrons but products of neutron interactions!

Prompt ® Beta

Gamma ray Particle
Target
Nucleus
9
Incident %’ 2 N
Neuron_— ¢ s '&
. PP
4_/'§. 3’:::0’ Product
Seconflary o’.?&“ Nucleus
Neutrons Compound Delayed
Nucleus Gamma ray
Secon
Charged Particles

— Almost all detector types can be made neutron sensitive:

@ external converter (radiator)
@ converter = detector é ' %

Jochen Dingfelder, Ingrid-Maria Gregor - Physics of Particle Detectors 41




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

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

7r_+p%Kg—|—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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