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https://indico.cern.ch/event/1426610/ Thu, 4 Jul 2024

Time and duration : Doors open at 7.00 p.m. Event starts at 7.30 p.m. Duration: 2h
« Location: Auditorium Sergio Marchionne, CERN Science Gateway
Admission: Free of charge, but registration is required for in-person attendance.

- Refreshments: At the Big Bang Café until 7.30 p.m.

https://indico.cern.ch/event/1426610/registrations/106599/
W. Riegler/CERN




Oliver:

My question is whether or not systematic miss classification of events is a
large problem in particle detectors. And if so, what the major sources of
miss classification are ?

W. Riegler/CERN
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Particle Detectors

Summer Student Lectures 2024
Werner Riegler, CERN, werner.riegler@cern.ch

History of Instrumentation < History of Particle Physics
The ‘Real’ World of Particles
Interaction of Particles with Matter

Tracking Detectors, Calorimeters, Particle Identification

Detector Systems



We have to know the details about all interactions to design our detectors !
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LA Electromagnetic
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through CMS

O By, CERN, Felrauney 2004
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Detector Physics

Precise knowledge of the processes leading to signals in particle detectors is necessary.

The detectors are nowadays working close to the limits of theoretically achievable
measurement accuracy — even in large systems.

Due to available computing power, detectors can be simulated to within 5-10% of reality,
based on the fundamental microphysics processes (atomic and nuclear cross-sections).

W. Riegler/CERN



Particle Detector Simulation

CMS detector simulation GEANT ATLAS detector simulation GEANT

Electrons avalanche multiplication, GARFIELD++ Electric Fields in a Micromega detector, e.g. COMSOL Silicon sensor simulation, TCAD

Mesh: -425 V

55-60 kV/cm

60-100 kV/cm

Anode: 0 V

W. Riegler/CERN



Particle Detector Simulation

Moore’s Law
The Fifth Paradigm

|) C. Moore’s Law:
Computing power doubles 18 months.

I1) W. Riegler’s Law:

The use of brain power for solving a problem is
inversely proportional to the available computing
power.
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Knowing the basics of particle detectors is essential ...

W. Riegler/CERN
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http://upload.wikimedia.org/wikipedia/commons/c/c5/PPTMooresLawai.jpg

Interaction of Particles with Matter

Any device that is to detect a particle must interact with it in some way - almost ...

In many experiments neutrinos are measured by missing transverse momentum.

E.g. e*e” collider. P,,=0,
If the Z p, of all collision products is #0 = neutrino escaped.

“Did vou see 1t?”
“No nothing.”

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
W. Riegler/CERN

“Then it was a neutrino!”™
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Neutrinos and other invisible particles

R\\‘\ » Run Number: 152409, Event Number: 5966801
W) . .
Y ‘ Date: 2010-04-05 06:54:50 CEST

JA EXPERIMENT

W-ev candidate in

7 TeV collisions
p,(e+) = 34 GeV

ne+)= -042

E,m™ss = 26 GeV

M, =57 GeV

They are seen by missing momentum vectors — if you are sure your detector is hermetic !

W. Riegler/CERN



Electromagnetic Interaction of Particles with Matter

Z, electrons, g=-¢,

G
g

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing

M, q=2, e,

Interaction with the
atomic electrons. The
incoming particle loses
energy and the atoms
are excited or ionized.

can be emitted.

W. Riegler/CERN

multiple scattering of the
particle in the material.
During this scattering a
Bremsstrahlung photon

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

13



Hadronic Interaction of Particles with Matter

Z, electrons, q=-¢,

M, q=2, e,
Hadronic interactions with the nuclei produce a complex ATLAS ATLAS Simulation
. . . . Daya \s=13TeV_(2015) |z| < 400 mm ) 10* P_ythi‘a”B (f_\_2_2ND _|z|<400 mm ) 104
seguence of secondary particles. This is at the basis of hadron T % Y 40 e TR
calorimetry. ¥ ; '

=
Vertices / mm?/ Event

Vertex y [mm]
Vertex y [mm]
Vertices / mm?/ Event

Hadronic interactions taking place in the trackers are of course
having bad an impact on the tracker measurements !

410° = 10°¢

Tracing back these secondary particles to their origin gives the
place of interaction. Making a map of these points we can image

our detectors ! 40 20 0 20 40
Vertex x [mm] Vertex x [mm]

W. Riegler/CERN



Electromagnetic Interaction of Particles with Matter

Z, electrons, g=-¢,

e

W. Riegler/CERN

M, q=2, e,

Interaction with the
atomic electrons. The
incoming particle
loses energy and the
atoms are excited or

ionized.

G
g

Interaction with the
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.

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

15



lonization and Excitation

The charged patrticles leave a trail of excited and ionized atoms.

The electrons and holes produced in these interactions do themselves have sufficient energy ionize the gas or
solid, but because there energy is small the loose all their energy over a very small distance, so in we get a
trail of ionization-clusters along the way.

The de-excitation of the excited atoms and the movement of the electrons/holes/ions in electric field are the
basis for signals in our particle detectors.

Let's make a more quantitative assessment of this ...

Electrons and ions in gases Electrons and holes in solids

IIH‘J

——— A o3

v

v

Primary J
interactions Q f

Clusters of

ionization ’ & *

\ 4
v

W. Riegler/CERN
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lonization and Excitation

m, g = Zatp

e | i >
. Relafivily 2 —)Xé s
T £iob o 4 _
- ’ >
Mv,g=Zyen X

While the charged particle is passing another charged particle, the Coulomb Force is
acting, resulting in momentum transfer

YAV

.IL1 E[ng'.{': Jrl
dreguh

¥ dmen(b? + v2t2) VB2 + 022 P ./;x y (e

The relativistic form of the transverse electric field doesn’t change the momentum transfer.

The transverse field is stronger, but the time of action is shorter

AVATE L) f‘; VAV
F, X O TYT. A F,(t)dt
! 47:_".;;.{})'! + "_:";:I'J]szl'i-"‘E P —x 'F{ }" I:‘n!'lri
. PRY - o2
The transferred energy is then Ap. Bp° _Zy  2Zi
N m (drep)2v2b?
: Lo 1 27%e] . Z3 2Z%ed AF(electrons)  2m,,
{ Trons) = Zo 4 denus) = = == 00
AE(electrons) /”mr (im0 20202 AFE(nueleus) 2 Zam, (Ame0) 2020 AE(nucleus) -

- The incoming particle transfer energy only (mostly) to the atomic electrons !
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lonization and Excitation

Target material: mass A, Z,, density p [g/cm3], Avogadro number N,

A gramm = N, Atoms: Number of atoms/cm3
Number of electrons/cm?3

p 2222?.’}?; 2 [:;:J:I ?Z-_JZ?IH*.;-:' ,
AFE(electrons) = 2 Treom.2)? — i r2

bynax 2 22 AT bmax
AnZaZem .ccr< Nap ith
dE = —/ n ABdr2bmdh = — — =271 e A [ i
Brnin of Bain

32 A b

n,=N, p/A [1/cm3]
N.=N,pZ,/A [1/cm3]

With AE(b) > db/b =-1/2 dE/E > E._=AE(b. ) E. =AE(b, )
dE 5 5 2 Zf NaZyp [Pmes dE B o2 2228 NaZyp, Epaa
= = 2rrimi 2 A /t i = 2rrimie 2 I B

LTI

E.. | (lonization Energy)
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Relativistic Collision Kinematics, E_ .,

i =/ Pt +mcd
M.p. E = /p*c? + M2t m,p=0.E =mec i

----@- R Ry g CUDEECTEEEPEEEEPEEERE

1) VPR 4+ M2 4 me® = /pPe2 + m2ed 4 /p'2e? + M2 .

f r
p=pcost+p cosg . . )
2) ;J”z = pﬂ + ;3" — 2pp’ cos
0=p'sinf+p sine

) a0 s oa .
0 e p‘z(-' cos® f

1+2) EF = Ve + m2et — et =

3
: ] — p2eZeosld

. nc?ple? 2 .2 2 2\
o ] — 9me? B F P ('l } .m 1+ #2472 4 m.)

o EIIJ‘Q + jf?}f"l + 2”} j?il"g + jfgf‘l
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Classical Scattering on Free Electrons

1dE 2 22 2 2m.B2F ;
P — —Q?T'rg MeC Aj’é Na A In == 'CJ'.E. : l:; :
o :

Hy liquid
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This formula is up to a factor 2 and the
density effect identical to the precise QM
derivation -

=
|

—dE/dx MeV g‘lcmz)
W
|

1/p

Bethe Bloch Formula

0.1 1.0 10 100 1000 10000
By = p/Mc

. 2
1B w2,
pdr  — 32

Z [ 2m.c?B3*~+*F  ,  4(3y) | oy
‘A [ln I — 3% - 5 } (Bvy) =In h'““p/ir‘i‘lﬂﬁf'—a

Density effect. Medium is polarized

i Which reduces the log. rise.
Electron Spin

W. Riegler/CERN
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Bethe-Bloch formula

Small energy loss
- Fast Particle

Discovery of muon and pion

Small energy loss
—> Fast particle

IRTA TR L
[

Large energy loss
- Slow particle

21



Bethe-Bloch formula

Bethe Bloch Formula, a few Numbers:

ForZ~05A 8 E -
1/p dE/dx ~ 1.4 MeV cm?/g for Ry ~ 3 o~ 6 e i Il
E 5L ettt il
'TOD 4 Iy
Z
Example: = 30 T
Iron: Thickness = 100 cm; p = 7.87 g/cm3 S =
dE=1.4*100* 7.87 = 1102 MeV ET; 2f
o
i
- A1 GeV Muon can traverse 1m of Iron 1L 1 R
0.1 1000 10000

W. Riegler/CERN
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Range of Particles in Matter

Particle of mass M and kinetic Energy E, enters matter and looses energy until it comes

to rest at distance R. 50000 | - -
0 . 20000 1 c r
—1 10000 | Fe e
R(Eg) = / dE/dl dE 5000 | Ph \‘>‘,
Eo ™ N 2000 | \\ ,/ ~
= A H liquid
1-{02 l 4 'f 1000 — He gas = |
. WO p, , r Q500 F
R(Bovo) = Z_lg 7 f(Bovo) f‘é 200 |
&0 100 E— =
= 50 F
J2 R( 3 1 Jil ) . = 20
. Bovo) = =5 = f(Bovo) ~ independent of the 0 b il
M2 Z 12 Z material 5 ]
2 -
Bragg Peak: ' 10.0 2 5 100.0
bg ;A"r\f{'
For By>3 the energy loss is ~ R\
constant (Fermi Plateau) MEpcrgic  Brge Peak ‘\
verlust v “\'-"' i
If the energy of the particle falls
below By=3 the energy loss rises
as 1/B2 HH‘L“-—-ﬂ"f Ill
Towards the end of the track the .
energy loss is largest - Cancer o
R X

Therapy.
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Average Range:

Towards the end of the track the energy loss is largest - Bragg Peak - Cancer Therapy
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Range of Particles in Matter

Photons 25MeV
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®

3

L

A .

4 8 12 16 20
Depth of Water (cm)

Carbon lons 330MeV

Kobalt 6(
Elektronen 21 MeV
Photonen 25 MV

Kohlenstoffionen
330 MeV

feBdaten:
FPhaotonen und Elektronen
AKH Wien

Hahlesstol Tronen
GSl Darmstadt
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Energy loss as a function

Energy loss depends on the particle velocity and is =
independent of the particle’s mass M.

The energy loss as a function of particle
momentum p = McBy IS however
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 !

o1+ M2EP

1dE
— —4Trr§ mec? A 5
P

odr

W. Riegler/CERN

N4

Z

A

In

of the momentum

dF/dx (keVicm)

2mec?F  p?

Momentum (GeV/¢)

P

I

M?2c2

Cpr 4 M2e2
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Energy loss as a function of the momentum

Measure momentum by curvature of
the particle track.

Find dE/dx by measuring the
deposited charge along the track.

- Particle ID

26



Landau Distribution

P(A): Probability for energy loss A in
matter of thickness D.

Landau distribution is very asymmetric.

Average and most probable energy loss
must be distinguished !

Measured Energy Loss is usually
smaller that the real energy loss:

3 GeV Pion: E',, = 450MeV > A 450
MeV Electron usually leaves the
detector.

W. Riegler/CERN
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Particle Identification
Measured energy loss

32 I'Irr_.]- T 'l'-‘-.’lv IIIIII T T IIIIIII

dE/dx (keV/cm)

!

lIIII 1 1 IIIIIII 1 1 IlllllI

p(GeVic 8 0.1 1 10
Momentum (GeV/d

BLUE => PIONS RED => KAONS GREEN => PROTONS MAGENTA »> ELECTRONS BLACK => NO ID POSSIBLE

dE /dx vs. Rigidity (~ 50 HIJING Events)

STAR 4.00-06
TPC 350-06 |
In certain momentum ranges, m——
particles can be identified by g -t
measuring the energy loss. Y

1.0e-06

§0e-07
0

W. Riegler/CERN



Electromagnetic Interaction of Particles with Matter

Z, electrons, g=-¢,

G
g

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing

M, q=2, e,

Interaction with the
atomic electrons. The
incoming particle loses
energy and the atoms
are excited or ionized.

/ can be emitted.

W. Riegler/CERN

multiple scattering of the
particle in the material.
During this scattering a
Bremsstrahlung photon

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

29



Bremsstrahlung

A charged particle of mass M and charge q=Z,e is deflected by a nucleus of charge Ze which
is partially ‘shielded’ by the electrons. During this deflection the charge is ‘accelerated’ and it
therefore radiated - Bremsstrahlung.

Z, electrons, q=-¢,

W. Riegler/CERN 30

M, q=Z, e,




Bremsstrahlung, Classical
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A charged particle of mass M and charge

g=Z,e is deflected by a nucleus of Charge Ze.

Because of the acceleration the particle
radiated EM waves - energy loss.

Coulomb-Scattering (Rutherford Scattering)
describes the deflection of the particle.

Maxwell’'s Equations describe the radiated
energy for a given momentum transfer.

—> dE/dx
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Bremsstrahlung, QM
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Proportional to Z?/A of the Material.

Proportional to Z,* of the incoming
particle.

Proportional to p of the material.

Proportional 1/M? of the incoming
particle.

Proportional to the Energy of the
Incoming particle 2

E(xX)=Exp(-x/X;) — ‘Radiation Length’

Xooc M2A/ (p Z, Z2)

Xo- Distance where the Energy E, of
the incoming particle decreases
E,Exp(-1)=0.37E, .
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—_

Stopping power [MeV cm?/g]

Critical Energy

such as copper to about 1% accuracy for energies between/ﬁout 6 MeV and 6 GeV

For the muon, the second
lightest particle after the
electron, the critical

/if on Cu

o
=]
I

Radiative

Bethe-Bloch

¥
Anderson-

by Ziegler energy is at 400GeV.
_%E -

10-S & ' — )
F- . Radiafive 1 The EM Bremsstrahlung is
- Minimum  effgts ]
“Nuclear ionization  re A et 1 therefore only relevant for
 losses 0 N | fpe= S b {1 electrons at energies of

+ Without density effe¢t
1 . | ! | past and present

4 5 6
0.001 0.01 0.1 1 / bg 100 1000 10 10 10 detectors
| | | | | ] | | | J

L4
| 0.1 1 10 100| ‘1 10 100| |l 10 1DO|

[MeV/cd] [GeVid] [TeV/d
Muon momentum

Electron Momentum 5 50 500 MeV/c

Critical Energy: If dE/dx (lonization) = dE/dx (Bremsstrahlung)

Myon in Copper: p = 400GeV
Electron in Copper: p =~20MeV
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Pair Production, QM
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For Ey>>m_c?=0.5MeV : A = 9/7X,

Average distance a high energy photon has to
travel before it converts into an e* e pair is
equal to 9/7 of the distance that a high energy
electron has to travel before reducing it's
energy from E, to Ej*Exp(-1) by photon

radiation.

L kb

Cross section { bams/atom)

Ib

10 mb

le_\g

{a) Carbon (£ = 6)
o - experimental o7, -

eV

IMeV  1GeV  100GeV
Photon Energy
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Bremsstrahlung + Pair Production = EM Shower

Eéchoha\gul{c Showev - ER Colovineleyr
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Multiple Scattering

Statistical (quite complex) analysis of multiple collisions gives:

Probability that a particle is defected by an angle 6 after travelling a distance x in
the material is given by a Gaussian distribution with sigma of:

0.0136 x
Op = ARV
’ Bep|GeV /¢l "X,

X, .. Radiation length of the material
Z, ... Charge of the particle
p ... Momentum of the particle
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Multiple Scattering

Magnetic Spectrometer: A charged particle describes a circle in a magnetic field:

2 ® (I
fT p-qR3B
L {: (6>+  plee’]-0.3RI~) 3L

L=R-©

6! " s _,1:_1
S='R/”‘6m¥\""R§=§i‘ - ’R: %S
L‘l
AP=0.3'BAR'0.33 Fs2 AS
s > a : ‘
&8 ® e PORN resshhion N .. Meowvent Poi b
e =P /

AP, 4s,_ eI 33.3 p[ &Y]
S 3 — :
g VN TR Lt e

Limit = Multiple Scattering
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Multiple Scattering
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Multiple Scattering

ATLAS Muon Spectrometer:
N=3, sig=50um, P=1TeV,
L=5m, B=0.4T

Ap/p ~ 8% for the most energetic muons at LHC

F

-~ .
:

=

WA'_- — . -
L ls-—-—.. - & :

W. Riegler/CERN



Cherenkov Radiation

If we describe the passage of a charged particle through material of dielectric permittivity € (using
Maxwell’'s equations) the differential energy cross-section is >0 if the velocity of the particle is larger
than the velocity of light in the medium is

de x A ;2 1 NapZa da dw  a 1 1 - P
— = - - 1 — — — _—— = — —_— n = /€ o= fr
il F P NapZahe £1 A dw dE i #2n2 FE VA

dE e { 1 N - 2ma 1 1 o 2

drdw b ¢ #2n? drdh A2 12n? Y

N is the number of Cherenkov Photons emitted per cm of material. The expression is in addition
proportional to Z,? of the incoming particle.
The radiation is emitted at the characteristic angle 8., that is related to the refractive index n and the

particle velocity by

1
cosO, = —

ns &
M, q=2, e, !‘

S

W. Riegler/CERN
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Cherenkov Radiation

with velocity g= g, =% n:refractive index

cos b, =L
n
with n=n(A)=1
" ﬂm=',l; - =0 ?;r::g&v . 9m=af°°°5"l; ‘saturated’ angle (p=1)
T4 Mo velocily cd 0 Chugd poykicle
e mediun > 5 (0. Refvackive Tnder of Nakwist ) sohd Sodivm  3.22 0.24% 1.029
it emils ‘Greskov' vatlickion ol o chovecknVlc leod SM 0.€7 0.60 1.25
walkyv 0.33 0.75 1.82
ocgle © (,,,9‘-—1-(,23) :

3 é = “ Sikca oetoscl 0.025-0.035 0.93-0.97¢ 27 -4 6
dN " 2 i dvAs air 2945 0.99%7 1.2
—_— 1- =5 ) =2—=
e ~2wa 2] (1- 7w ) 5 be 33405  0.99483 423

“ Nonbr of enilea Pholes [y gk wil 2 bohveer 2, €8 2
V'”. 2,,’ 90 mm 2,‘ 700 hw

N :
s hvo (1- 7)) [ 427
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Ring Imaging Cherenkov Detector (RICH)
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event >one needs highly sensitive
photon detectors to measure the
rings !
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LHCb RICH
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IceCube Lab

IceTop
81 Stations
324 Optical Sensors

50m

IceCube Array
86 Strings including 8 DeepCore Strings
5160 Optical Sensors

IceCube Aerial View

Amanda Il Array

(precursor of IceCube)

1450 m

DeepCore
8 Strings-spacing optimazed for lower energies
480 Optical Modules

Eiffel Tower
324 m

2450 m
2820 m

IceCube Cherekov Detector
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Transition Radiation

Z, electrons, q=-¢,

M, q=2, e, ‘

When a highly relativistic particle crosses the boundary
between two media, there is a probability of the order of 1% to
produce an X ray photon, called Transition radiation.
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Transition Radiation
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W. Riegler/CERN

Electromagnetic Interaction of Particles with Matter

lonization and Excitation:
Charged particles traversing material are exciting and ionizing the atoms.

The average energy loss of the incoming particle by this process is to a good approximation
described by the Bethe Bloch formula.

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

Multiple Scattering and Bremsstrahlung:
The incoming particles are scattering off the atomic nuclei.

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, which causes an EM cascade. This effect depends on the 2" power of the particle
mass, so it is only relevant for electrons.
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Electromagnetic Interaction of Particles with Matter

Cherenkov Radiation:

If a particle propagates in a material with a velocity larger than the speed of light in this
material, Cherenkov radiation is emitted at a characteristic angle that depends on the particle
velocity and the refractive index of the material.

Transition Radiation:

If a charged particle is crossing the boundary between two materials of different dielectric

permittivity, there is a certain probability for emission of an X-ray photon.

—> The strong interaction of an incoming particle with matter is a process which is important
for Hadron calorimetry and will be discussed later.
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Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, q=2, e,

q=-€,

g
g

Now that we know all the Interactions we can talk about Detectors !

Interaction with the
atomic electrons. The
incoming particle
loses energy and the
atoms are excited or
ionized.

Interaction with the
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.

In case the particle’s velocity is larger
than the velocity of light in the medium,
the resulting EM shockwave manifests
itself as Cherenkov Radiation. When the
particle crosses the boundary between
two media, there is a probability of the
order of 1% to produced and X ray
photon, called Transition radiation.
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Now that we know all the Interactions we can talk about Detectors !

TRACKING CALORIMETERS MUONS ¥
velocity electromagnetic  hadronic
measurement

+
FLECTRONS Lz ‘5?% e
I"HOTONS « 7"

HARGED Z - b o T
I1ADRONS P ) K7, s x
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| LADRONS 4 n
(¢.g. neutrons) !

\UONS = 2 = o e | U p =

P— — pea—
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B p Typical dimensions [cm]
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Intermezzo: Crossection 1L

a N
N e

Crossection o: Material with Atomic Mass A and density p contains ~
n Atoms/cm3 ? L

~ 3

. N r:l_11 [er /= 4 B . _ ' €
H[i'lll_'g] = J'[m.-l[g;"-lli-zr]l . N4y = 6.022 % 10 mol ™!

E.g. Atom (Sphere) with Radius R: Atomic Crossection G = R?nt © o ©

OFO
A volume with surface F and thickness dx contains N=nFdx Atoms. OO 8
The total ‘surface’ of atoms in this volume is N ©. /qd

X

The relative areais p=No/F=N,pc /Adx =
Probability that an incoming particle hits an atom in dx.

What is the probability P that a particle hits an atom between distance x and x+dx ?
P = probability that the particle does NOT hit an atom in the m=x/dx material layers and that the
particle DOES hit an atom in the mt" layer

N, N, T y
Plr)de = (1=p)"p = e " p = exp (_ ':m J') ":rmf.lr.." it‘}{]: (—i) dr A 1

Mean free path =/ .rP(-r-_aef.a:f %r’wrz,\
0 (1] “

Average number of collisions/cm E \"—;”
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Intermezzo: Differential Crossection

E \:/,,' E-&'
_f—y, —
f \

da(E.E")
dE"
— Crossection for an incoming particle of energy E to lose an energy between E’ and E’+dE’

Differential Crossection:

Total Crossection: a(E) = /%ffﬁ“

Probability P(E) that an incoming particle of Energy E loses an energy between E’ and E’+dE’ in
a collision:

_ 1 do(E.E")
o ml nl} I||' nli
P(E, E)dE (E) JE i F
. _ ) - Nap do(E.E')
Average number of collisions/cm causing an energy loss between E’ and E’+dE = J‘” EFE,
i E Nap ,ffﬁ{E E'r
Average energy loss/cm: = /E TE
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Fluctuation of Energy Loss

Up to now we have calculated the average energy loss. The energy loss is however
a statistical process and will therefore fluctuate from event to event.

x=0 x=D
E A E-A

vV vV v v Y

P(A) = ? Probability that a particle loses an energy A when traversing a material of thickness D

We have see earlier that the probability of an interaction occuring between distance x and x+dx
Is exponentially distributed

Pla)de i exp (—i) dr A _:1

Napeo
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Probability for n Interactions in D

We first calculate the probability to find n interactions in D, knowing that the probability to find
a distance x between two interactions is P(x)dx = 1/ A exp(-x/A) dx with A=A/N,po

Probability to have no interaction between 0 und D:
Plr = D)= f Py )de, = e~ 3
o

Probability to have one interaction at r; and no other interaction:

2 O

1
Pley,rg = D) = j Play ) Play =y )dey = —e7 %
D A

Probability to have one interaction independently of o

13
D _p
Plry.oe > D)= —e 3
ﬁ (w1, 2 )=

Probability to have the first interaction at ry. the second at ro .... the n
¥, and no other interaction:

)
e A

P(.T] v L2l = DJ - -‘r’[J.| :'Pf-"z — I :l...Pl{.f'” — -1 _:Iﬂr‘r.'l -

J 0D /

r

Probability for n interactions independently of rq.rs...0,
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Probability for n Interactions in D

For an interaction with a mean free path of A, the probability for n interactions on a distance D is given by

—>Poisson Distribution !

How do we find the energy loss distribution ? -
If f(E) is the probability to lose the energy E’ in an interaction, the probability p(E) to lose an energy E over
the distance D ?

1 r!’r'r

fE) =

E
plE) =Py IE) 4 J”I:‘_)jlf fE=E"FEYIE + P( / ] EFE"V(ENAE"dE + ...
0

F(s)=L[f(E)] = | f(E)e

>0

—uFu - o . N
L[ E)) = P(1)F(s)+P(2)F(s)*+P(3)F(s Z;»‘ n)F(s)" :Z” ¢~ = )= o (AF(s)-1)

n=1 n=1

p(E) = £7H [FFO] = } f L OE
Tl Sy —ioe
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Fluctuations of the Energy Loss

Probability f(E) for loosing energy between E’ and E’+dE’ in a single interaction is given by the differential
crossection do (E,E’)/dE’/ o(E) which is given by the Rutherford crossection at large energy transfers

T
|
10 :

o 5 r
i £ . do orZ2et
S & = ]
TR Ay s I dE" mec?(32E"
w3 | €,
b = 10 v : 1 -
© i |
0001 oot f 100
Minimum ionization energy Energy fransfer (keVv)
Excitation and ionization Scattering on free electrons
1 fu S s
plr)=— f exp(slogs+ xs)ds. 018
271 Je—ico =
0.16
1 e =
= —f exp(—tlogt — xt)sin(wt) dt. 01
a In 0.12;—
. _ 0.1
I = _—+(_-I- —L—lllﬂ = M 0_03:_
ne ' Ae =
0.06:—
lne = In — ] 4 232 0-04;—
FIRaT 0.02—
obl
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