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Particle Detectors

Lecture at the African School for Fundamental Physics
Marrakesh, Morocco, July 2024

Goal of these lectures:

to understand how nuclear and particle physics detectors work
Lecture |
Introduction
Interaction of radiation and particles with matter

Lecture Il + Ill. Given by Sally Seidel
The basics of detectors

Lecture IV (tentative programme)
High purity segmented Ge-detectors for Nuclear physics
Recent developments of CMOS pixel detectors
Fast detectors for time of flight measurements
High granularity calorimeters
Dark Matter detectors and other Exotics
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Particle Detectors

Lecture at the African School for Fundamental Physics
Nelson Mandela University in Gqeberha, 2022

1st Lecture

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

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

Interaction of particles and radiation with matter
- Photons: PE, Compton, Pair creation
- 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
- Multiple scattering

- Cerenkov, Transition radiation
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Who am I? Géttingen
Heidelbrg
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Ulrich Goerlach

Born in Gottingen, Germany . Post-doc (particle physics) at CERN,
Physics (and Math) studies at the Geneva

Universities Gottingen and . Researcher at University Heidelberg
Heidelberg . Researcher(staff) at CERN Geneva

Diploma (now Master) and PhD at | Regsearcher(staff) at DESY, Hamburg
the Max Planck Institute for

Nuclear Physics in Heidelberg University Professor at the Unistra,

(Université de Strasbourg)
Professor émeérité since 01/09/2022
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Photons at low energy
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Interaction of photons with matter

Photo-electric effect Absorption of y; dominant for E <0.1-1 MeV
Compton effect Diffusion y—>y' Dominant for 0.1 <E <10 MeV
Creation of (e*e’)-pairs Absorptiondey E >1.022 MeV

Nuclear photo-electric and photo-nuclear reaction are very rare!

Statistical processes governed by a cross section:

(reaction rate per unit of flux) o, (1 barn = 10-24cm?):
Intensity (number of y behind an absorber of depth x, [x]=g/cm?)

I=1,exp(-ux) (dl=-Iudx)

u = Attenuation or/and absorption coefficient; [u]=cm?/g
p#=N,/A(9)-2;, 0;. N, Avogadros number, A=atomic weight in gramme

08/07/2024 12
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K - 32 Za’ x §J‘L’l’2 x corrections
P-| ytom 2 7 3 ¢
(E I m c ) . / i
14 € ' . e
* dmem,c’

Electron éjecté

Photon gamma /’“"‘\ (= E}:g);o-électron)
A incident g LN L . At high Z, the hole in the K-shell
A2 e _ o
ol  The ' Eiin=Ey -Be isfilled by an electron under the
1 - Expulsion 4R .. £ 2 fl
d'un dlectron , n emission or a rfijuorescence X-ray
2-Comblement 14

- of enerqy E; =E«-E
de l'orbitale 3 - Emissiond ‘un 9y En=Ek-ELmN

photon de fluorescence
At low Z, Auger electrons

occur: electrons of higher
shells (L) are ejected with

onZ40.5 energy

- —
] | ] - - EAuger_EK'ZEL

B B B Y 08/07/2024 13




Universite ‘
de st X-RAY ABSORPTION SPECTRUM
3Fe X-Rays (5.9 keV) in Argon:

g )
In the photo-peak all

Fa55 PH n argon
L Ll

250 T T
0 energy is deposited
z | in the detector!! '
o | ,?./\’ef
200 - RN e -
.|z'
escape
150 —Xray ..... »_:,.- ------------------------ -
, | .:-::| L.
l £17 |
. I : . i : |
1oo| i ISR ESHESEEE Sonssrressy
! HHEEEE L |
| I v | :
50 | ,-~-|3/\'€.If" e "{ QLE SHITHITY
: )&'.'. X ¥ :
e '3 :
| PR A = |
0 hasanaot® | R 1 it e
2 = 4 8 10
- E (keV)

Escape of the fluorescence x-ray of energy
EX=EK-EL,IW,N=3'2-0'3=2'-9 keVv

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

~~X-ray
\absorbed by
photo effect

X-ray escapes
2,9 keV

E, 20.3 keV

08/07/2024 14



Ulrich. Goerlach@iphc.cnrs.fr, ASP Particle detectors

Université

‘ H de Strasbourg l B —

Compton-effect

Scattering of a gamma on a “free” electron
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Kinematics of Compton scattering
exercise !!

o : : hv
longitudinal momentum conservation : hv = 5
, 1+&(1-cosf))
_hv _hv 0+l | cosd '
p, = c  c c0s y,+|pe|c0s ¢ Js=hv/mec2
transversal momentum conservation ::
hv' . . he
0=—s1n6,—‘p’s1n0, AM=A"-A= (1—c0s0,)
y e e 2 Y
c mc
Energy conservation:T, = hv - hv' he
A= — longueur d'onde de Compton
mc
d'un ¢lectron
A
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The Klein-Nishina formula

do

do Z 2 /1 + cos26 Lo
dw 1 4+ a(1 — cosb) 2

— a1l — cosh)

Figure 1.2:
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Probability of Compton scattering as a function of the scattering angle 6 for
an incident y-ray coming from the left. The different curves correspond to various initial
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Creation and annihilation of electron positron pairs

2-.

—z tmgC 9
o - v
1~0.1 ns
E. >2m_c? . EY-- m_c?
v )= -mecz_: : L
y +CF —*e’+; e tet — 2y

Only in the presence of a nucleus, cannot occur in free space !

oy ><(e+e'): photon(E, = hv,P, =hv /c); E, =E,!

electron— pair: E,_ =2ym ¢*, P =2ym y = hvy _hv =P

dibuc ce ¢
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Response function of a Scintillator
Two examples of how a scintillator responds to
mono-energetic photons
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: — Interaction of photons
Regions where one process is )
dominant, not exclusive ! with matter

100

photoelec tric pair
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< 3 >
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o O
o O

Compton effect
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N
o

Low Z

0.01 0.1 1 10 100
photon energy [MeV]

Z of absorber material
r
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Questions ??7?
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(Excitation)
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Interaction of charged “heavy” particles with

the electrons of matter
Ny

(R Particle speed is much larger than
- the speed of an electron bound to

a nucleus

- db
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Bethe — Bloch formula

0.1 1 10 100 1000
py=pc/m

| dE  dE

0.3071 MeV /(g/cm?)

=—-——=47N rezmec2 Zz2 1l

pds dx —° 4 B2
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X = surface density

_dE__1dE
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/
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e’ ahic
o= =

— ; :
¢ 47reom c- mec
e e

2 2,202, Tmax
n meC}/ﬁ e _/D)Z_Q_g
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Density- shell correction

08/07/2024 27



Université

’ H de Strasbourg |

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors
e ————————

2 2 2 2.Tmax
—ld—E=—d—E=4JrNAr2mczgzzi2 lln mecy/f < —ﬁz—é—g
o ds X —— 4 p|2 / 2 Z
0.3071 MeV /(g/cm®)
50 | llllllll | llllllll L L | | llllllll IR
\

40 = -
— Non-relativistic
= )
& | regime i =
; 30 Relativistic rise)
R i 71/v?

/

T

1

0
102

1071 1 10

10° 10
Kinetic Energy (MeV)

107



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

Université

||| de strasbourg | —————
'_.' T L | T T T i rvovyl T T
3 180 F : . Measured

energy loss
[ALICE TPC, 2009]
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Fluctuations of energy loss by charged particles

Most probable charge = 0.7x mean, Large fluctuations of energy

loss, specially in thin layers

Mean charge
« Results from the stochastic

nature of collisions.

Megsured Landau distnbution .
' in 2}300 pm thick Si detector Large Fransfer of ene.rg.y can
200 - ! { ot al.. Urwv. Okiahoma) occur in a single collision
« If the number of collisions
£ 180 becomes very large the
H .
> e 15 New v distribution approaches a
2 e ey stlouton Gaussian (Central Limit
: Theorem).
50 <
0

M| L A A A B |

“z.'o 30 40 50 80 7.0 80 9.0 100 CMS silicon detector

charge deposted (femto-coulombs)

Mean / average energy loss is
icted by Bethe-Bloch formula
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Identification of masses _____

for non relativistic particles S g

v 201 W H/~ =
{ L MULTIPLIER SPECTRUM 2
Incident particle l _ 16 3He + 4He <geg -
e / 126 5 Mev
g = / 8,,:17° -
> .
o 12+ /" oLi —
2 /
© /
“AE” \ e [ / ]
Transmission E- ﬂ 10g
detector detector ‘ 1B g
(a) - i L / o
/ /
dE 1 // |
2
—ox—; E =1lmy
2 cin 2
dc v
0 20 40 60 80 100 120 140 160
= Channel number
(b)
dE
— XEcin X m Figure 11-16 (a) A particle identifier arrangement consisting of tandem AE and E
dx detectors operated in coincidence. (b) Experimental spectrum obtained for the AE - E

signal product for a mixture of different ions. (From Bromley.”?)
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Range of charged
particles is a very
well defined qu_?ntity

0
<R>=f d—E
>\ dx

dE

Stopping Power [MeV/cm]
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Range of heavy charged particle

A
Transmission

100%

| |
Energy Loss of Alphas of 5.49 MeV in A|r\l\

(Stopping Power of Air for Alphas of 5.49 MeV)

Courbe de Bra

\

28

Path Length [cm]
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Electrons

Electron — electron collisions
Identical particles / equal masses
Higher energy transfer

Larger directional changes

Badly defined trajectory
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High energy electrons: Bremsstrahlung
dE™  dE° E°

= - = = E° (x) = E; exp(—x / XO) X, = radiation length
“ o dE™ Z' 22, (183
E — =4axN—=—z"r"Eln( ”’,)
- dx A 7"
- o
10%E v, =
: J 4me, m c’
Ng : critical N (mpam_cle l
) - critical
% - p." electron Z
Lgl i ..’- // ]
= 10"k “.. / Bremsstrahlung loss For muons the critical
O - s/ .
| o Ve | energy is about 200 GeV !
:\*~‘-,_,€<<ff;;i---‘":“n:::::::;:::;a
; Collision loss ,’, E = 610 MeV L|C|U|C|S
- / © Z+1.24 and solids
]0"l AR L’;/Is:m Lol MR R RN N AR
107 10' 10° 10° 710 MeV
Energy [MeV] E(— Gas

Z+0.92
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Interaction of electrons:

radiation length and critical energy

milien Z A Xof g/cm’ ) X; (em) Ec(MeV)
hydrogéne 1 1.01 63 700000 350
hélium 2 4 94 530000 250
lithium 3 6.94 83 156 180
carbone 6 12.01 43 18.8 90
azote 7 14.01 38 30500 85
oxygene 8 16 34 24000 75
aluminium 13 26.98 24 8.9 40
siliclum 14 28.09 22 94 39
fer 26 55.85 13.9 1.76 20.7
cuivre 29 63.55 12.9 1.43 18.8
argent 47 109.9 9.3 0.89 11.9
tungsténe 74 183.9 6.8 0.35 8
plomb 82 207.2 6.4 0.56 7.4
air 7.3 144 37 30000 84
silice ( S103) 11.2 21.7 27 12 57
eau 7.5 14.2 36 36 83
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Electromagnetic shower

* N(O=2" E@)/particle=E,-2"

/é Process continues until E(1)<E,
|y | e — e E
=] d : total _ f o et 0. 90me — 920
= N Zz 2 1~2-2 E
Y =0 e

B InE, /Ec
ED/Z EO/!. EO/B l':0/16 tmzx B 1112
0 1 2z 3 & 5 6 7 8  tix
PbW0, CMS, X,=0.89 cm
o A T AT 2 A

e Y

\ 4
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Depth [Xo]
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= oL : Energy deposit of electrons as a function of depthina 4
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95% in a cylinder of Ry
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Hadronic showers

This is NOT(?)

a parton shower !!!

\‘n
(Grupen) N \
hadronic r electromagnetic

v N(x)=N, exp(—x/A) ;

» charged hadrons p,n*,K*
* nuclear fragmets ....

4
A

{- breaking up of nuclei (binding energy)

* neutrons, neutrinos, soft y's, muons

A = nuclear interaction length
invisible energy — large energy fluctuations — limited energy resolution

o.

A > X,

l

neutral pions — 2y
— electromagnetic cascades

a(z°)~ InE(GeV)-4.6

example E =100 GeV: n(n®) ~ 18

C. D'Ambrosio, T. Gys, . Joram. M. Moll and L. Ropelewski

CERN-PHDT2

Particle Detectors — Principles and Techniques
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Hadronic shower
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Same particle input
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number of shower particles

1
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A > XO blue - charge«

100

Comparison elm shower: shower depth [cm]

/‘ T T T i TR T R R S S
Sl "t_,"f.-: TP LA R - = 2 “

08/07/2024 41



Fe

h (km)

35
30>

25

20

15

10

g5 W A5
« (km)

0
-0.5 0 0.5

Fig. 1.11 Side view of trajectories of particles of energy =10GeV of a photon, a proton and an
iron nucleus initiated shower having a total primary energy of 10° GeV each. The electromagnetic
component is shown in red, hadrons are black and muons green. The widely spread particles in the
o lower region of the atmosphere in the hadron showers are mostly muons (courtesy of KASCADE
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Extensive Air shower

1074 eV

The atmosphere as a big
calorimeter

See lecture on
astroparticles
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- - Summary (I)

dX (ichele arbitraire)

Particle interaction with matter

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

[ |5Y | 270 Mevin
330 MeVin

23 mm

M 1 H 1 1 >
0 Mc? 10 Mc? 100Mc?  ENERGIE

&mm 55mm

relative energy loss
(&)

Heavy charged particles 1

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 "
and they travel on a straight line. 7

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

N(x)=N0exp(—x/A) ; %=aim ‘N

b
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Summary(ll)
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
electromagnetic 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)
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Summary (lll)
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 / }L) ; 1 =A =attenuation length; x = thickness
u

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,”
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L | | | | | | [
= + N
- u" on Cu
& _
8100 = u - e
; = Bethe-Bloch Radiative =
g -/ Anderson- -
= [ Ziegler i
3 [5% :
o'
%0 - Radiative B
= Minimum  effects T
& L lonization reachl% @ A4 . = __o---- =
< | Nuclear A -
N  losses _ Ll | f SR 5
‘ .... : Without §
L | | | |
0.001 0.01 0.1 1 10 100 1000 104 10 106
By
I | | | | | | | | J
1 0.1 1 10 100, |1 10 100, 1 10 100 |
[MeV/e] [GeV/e] [TeV/e]

Muon momentum
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Other processes

Multiple scattering
Cerenkov radiation
Transition radiation
Neutrons

Neutrinos

Direct dark matter detection
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~~  Multiple scattering

‘ el Scattering in the coulomb field of
f the nucleus (Rutherford)

Gaussian (0) distribution for

A
S
]

small angles 0,

Violant scatters can lead to large
values of ©

gro L 13OMeV /e o I X 1 6038In(x/ X )
rms p/J) J XO 0

z of charged particle
X, =radiation length
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L
7

 Magnetic field B /—~ momentum in a mag

S,=I*/8R

If the trajectory is
measured with N
points:

BA: :
{_ Reconstruction of trans

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

Movement of a charge 7 it 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

meas.
olpr) _ U(X)-P‘;r J720/(v+4)  (forN>~10)
Pr 0.3-BL
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Resolution and multiple scattering

( )meas.
2P = m\/720/(N+4) (for N 2 ~10)
pr 0.3-BI?
\
? - O'(X)-pr MS
! - -
i 9P) " =constant  je. independent of p |
1 Pr
0(x)|“‘ o€ Gy oc —
y
= E le:
More precisely: o(p) =0.045 L i
p : br ByLX, p,=1GeV/c, L=1m,B=1T, N=10

3

meas.
olpr)” | 0.5%
Pr

A
S@)p o(x) = 200 pm:

Assume detector (L = 1m) to be filled with 1

total error atm. Argon gas (Xy= 110m),

MS
a@) L o5%

o@)p™® Pr
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- --=-- Muon system only CMS
—e— Full system

anner tracker @

- o

- /"

- ’;r

- '.‘a'

_ s

----
-

0<n<0.38

_Jl | llllllll 1 L1l

| lllllll

L

Multiple scattering

constant

102 10°

p. [GeV/c]
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Cerenkov effect

A A
o
O o000 0 Q00O
OOOO o D O OO eleamct}tary OO C()) %% % OOO
00 Q000  dpdes Oy @720 O
0’0 0l0Q Q. T—OgdQ|ggo 0" )
03 pg@/o O %>3e light
O fere Qo0 @15 O
C@2|®60 050 90 200
o0 020000 05 00/00%0
00P0%0 o0 09000
9500009 05000020
0~ 0 3l0~00 0" 0 060%
vp (a) P (b)
B B
v=Pc>c/n
V/C < c/n(A) Vy/C > c/n(A) P
e c'At/n 1
« Coherent superposition of the cosf . = B A = 5
- c: n
radiation of the atoms | |
« Mainly blue light = B> - . cos6™ =;
 Very few photons
i P A ~200-700nm

photons

d*N .
— ™ 370 sin’ 6. eV 'lem™
dE dx

hv

 Very small energy loss
 Identification of particles!
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Exercise

Blue light in a reactor
1. What produces the light?

2. Water n=1.333. calculate the
minimal energy of an
electron to produce
Cerenkov light
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Transition radiation medium vacwum - X-rqy hy
Elm. radiation is emitted when a charged wa_my
particle traverses a discontinuity of refractive 3 \
index, e.g. the boundary between vacuumand electron
a dielectric layer. MICrons

Radiated energy W/ boundary:

Plasma frequency Nee2 plasma
W, = : 3 S
pl ’
\/ g,M, frequency

ha)pl ~20-30¢eV
Energy of emitted photons (X-rays) /v =% = %ha)pl’y — keV range

W=3ahw,y=7 !

Proportionally to rel. gamma factor!

N %% 1 . many
Number of emitted photons: ph = % U= 137 = layers
HX—ray - 1/y

X-rays are emitted at small angle
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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
o ATLAS detector
Photon radiation when charged % 025
ultra-relativistic particles traverse < [ e pions l .+ 1
the boundary of two different _“E’ 02 m vectrons 2 GeV : ¥
dielectric media (foil & air) e -, |
w B muons
180 GeV
Q -
Foil | Air (unpolarised) g 0151 Y2/Nyos = 153.4/20
(polarised) g N
\ = 01
Electron + CY E o = :
with boost y + L\/’ 'S C 2 TieV
/ © [
\ﬂectrical dipole 'g 0'05: = 180 GeV
- - - - - m : I 2 Gev
=» Significant radiation for y > 1000 01"0 — ““;‘1)2 “;(1)3 “‘1‘(‘), “;'(‘)5
and > 100 boundaries | y factor

Fromrp. Froidevaux, ASP 2010
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Transition Radiation Detectors

M D) R DD F NOMAD TRD
‘—'H"I-‘I—' u-, 10 GeV
2
&
)
. 0 >
Folienstack TR-xray P4 @
° ©
. 2 10 GeV
o £ ~ e- e
L~ o [ BT ;
fﬂ_/f”’/ﬂ%——— = with radiator
— o e-, 10 GeV
° without radiator
: )\
Small Z to suppress . : .
photo effect o energy deposit [ ADC channels ]
Detektor
W 1 many
W=Llahw y=vy !! N =~—~0=——; =
SO =T " ho 137 layers
. ho=zhow,y — keV range Oxray ~ 1Y
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T T T T T T
£ 40°F 7
§ He3(n, p) H
2 10% -
O
0 H(n,n)H’
A
o
S | S g
B (n,x)Li
01k Litnc o ¥
) \ | \ \ \
leV 1KeV MeV

Neutronenenergie Ep
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N =N, exp(—x/A1);
A'=No,,

Elastic scattering off a nucleus E, . ., = MeV
Inelastic scattering E, . on = MeV
Radiative capture o ~ 1/ velocitiy

Nuclear reactions, fission
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; 4 Interaction of neutrinos

¥l e L ..
v, Réacteur nucléaire Liquide scintillant (CH_+ L)
\Y
> / e
v, Ve
el
V .
Reines & Cowan € ~0

1959

La réaction de détection 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+Lf—>cx+r’+ 4 8 Mel” . 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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Conclusions

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

The interactions produce free electrical charges (ionization,
excitations of the medium) or sometime light (Cerenkov)

These products of the interactions can be used to derive
(electronic) signals to indicate the presence of an invisible
particle

We will see in the next lectures, how we can do this
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Some recommended exercises

1 Look at the classical derivation of the the Bethe-Bloch formula
2 Kinematics of Compton scattering and (e+e-)-pair creation
3 Cerenkov threshold for electrons in water

4  Find the decay scheme of the *°Fe source: where do the 5.9 keV gammas come
from?

5 Estimate the nuclear interaction length in Iron
(Fe, A=56; p=7.8 g/cm3)

1 The number of particles in a elm shower is proportional to the Energy. If we can
measure the number of particles in a shower, how will the energy resolution scale
with energy ?

2 Movement of a charged particle in a magnetic field. If the curvature is measured,
how well can we measure the momentum of the charged particle ?
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L
7

 Magnetic field B /—~ momentum in a mag

S,=I*/8R

If the trajectory is
measured with N
points:

BA: :
{_ Reconstruction of trans
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Movement of a charge 7 it 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

meas.
olpr) _ U(X)-P‘;r J720/(v+4)  (forN>~10)
Pr 0.3-BL
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R*=(L/2) +(R-S)
0=S*-2RS+1*/4

s, =R(1:\/l—(L/2R)2) P

e 12
p, grand R> L; (l—x) ~1-2x7

S =2R-L'/8R

S,=L"/8R

p, = p-sin6; ~.
. ;S

0=<):(P,B)

R
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Momentum reconstruction
in a uniform magnetic field

F=q (3xl§)=mﬁk=m%;ﬁll§

_mv _ P

" qB ¢B
[p.]=GeVIc;[q]=e-u;[B]=T,, =Vs/m’
p-L 10V _1 _; ¢=3-10"m /s

zce ¢ Vsim
R[m]=110pl[GeV/c]

:3  B[T]
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INTERACTION CROSS-SECTION &

— . i
5N
b 1 dN. i g -—""); |:
Flux — Lt
S dt *— =
dN area obscured by target particle
Reactions A
per unit of 0 — (I)ngtarget dCU\ [c']

e dt e w7 W

Reaction rate |
Wi = ®o It

per target particle

Cross section ‘ ‘ 1 f

per target ()

particle (I)

[L?] = reaction rate per unit of flux

Ib = 1022 m? (roughly the area of a nucleus with A = 100)

Isabelle Wingerter-Seez (LAPP-CNRS) - CERN Summer Students Program




CROSS-SECTION: ORDER OF MAGNITUDE

Standard

cross section unit: 0] =mb
orin

natural units: [0] = GeV?

Estimating the
proton-proton cross section:

Effective
Cross section

Isabelle Wingerter-Seez (LAPP-CNRS) - CERN Summer Students Program

b2

with 1 mb = 102" cm?

with 1 GeV?2=0.389 mb
1 mb =2.57 GeV?2

using: hc =0.1973 GeV fm
(hc)? =0.389 GeV2 mb

Proton radius: R = 0.8 fm
Strong interactions happens up to b = 2R

o =1 (2R)? = 1-1.6% fm?
=1-1.6%2 1026 cm?
=1-1.62 10 mb
=80 mb
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' || de Strasbourg Al)e = det = efQEJ_ dt =_fQEJ_ ds; GJ_ = electric field

divyy dxdydz = 45 Wda; P = vector field
A

Cylinder of f ¢ da= divédxdydz=l pdxdydz =, divé=L
surface 4 and A Z & & £,
volumeV |
: : F ze
Classical calculation da =2mbds ; anfeil ds =—
by Bohr: Zo €
2 2
Momentum transfer 4p Ap = 2 oze 2w X P
to the electron; © dme, by, by, 4e,
Energyloss of particle (Ap )2 20t (kY
- . AE=-AE =-3 " - =
energy transfer to e ' b'm v
electron AE; ¢ e o

2
2 4
~dE(b) = AE(b)n dV = 4zin 5 (ﬁ) %bds; (av = 2mbdbas)
m
n. = electron density ¢

o0 2 4 2
. —d—E=—fd—Edb=4nnze LA L
~HPHC—— ds db “m \v b
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Classical calculation by Bohr, b,,;, and b,,.,

b . :Maximal energy transfer to electron

et (K 2
T-Vemax = zmevg,yl 2 bz (_)

mlll e

0
2712
b = zek, y = 1 ;,B=ﬁ; v, = particle speed !
ymv 1_/_-32 c

b_ : interaction time = Orbit time T

b _
e LT
yY,

b =yvT

2

2 4712 3
T
_dE= f db_47'l,’Z€k I/lel }/WIV

2 2 2
S myYy Z e
e 0
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Maximal energy transfer of charged “heavy” particles
to the electrons of matter

’”0 i)‘ m
— P
- - "‘"'/ s “\\ \'
p=ym,v [ 77N

ERE T
4 % Mee
E ‘-_\‘. N /
S )

2m6202/32)/2

Tmax _ Emax —m C2 _
e e e ) 2
(B /)

\ 7

m,>m;2ym /m <1
Temax _ zmec2ﬁ2y2
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