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Physics of Particle Detection

Every effect of particles or radiation can be used as a
working principle for a particle detector.

Claus Grupen

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.

Werner Riegler



Detection and identification of particles

Detection = particle counting (is there a particle?)

|ldentification = measurement of mass and charge of the particle
(most elementary particle have Ze=%1)

How:

- charged particles are deflected by B fields such that:

ym, B¢ p = particle momentum

p
© B 708 7 7 m, = rest mass
pc = particle velocity

- particle velocity measured with time-of-flight method

1
e = o= e - X —
> p v




Detection and identification of particles

Detection = particle counting (is there a particle?)

|ldentification = measurement of mass and charge of the particle
(most elementary particle have Ze=%1)

How:

- kinetic energy determined via a calorimetric measurement
1

J1+pB°

- for Z=1 the mass is extracted from Ek" and p

- to determine Z (particle charge) a Z-sensitive variable is e.g.
the ionization energy loss

E™ =(y-1)m,c’ Y=

cCZiE " Zj ln(a/a’z)/z) a = material-dependent constant
X



Interaction of particles and y-radiation with matter

Different type of interactions for charged and neutral particles

Difference “scale” of processes for electromagnetic and strong
interactions

» Detection of charged particles  (lonization, Bremsstrahlung, Cherenkov ...)

« Detection of y-rays (Photo/Compton effect, pair production)
« Detection of neutrons (strong interaction)
» Detection of neutrinos (weak interaction)

Mind: a phenomenological treatment is given, no emphasis on
derivation of the formulas, but on the meaning and implication for
detector design.



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=-¢,

elocity is
light in
EM

1) Interaction with the atomic 2) Interaction with the atomic nucleus. particle crosses the boundary

electrons. The incoming The particle is deflected (scattered) between two media, there is a
particle loses energy and the causing multiple scattering of the particle probability of the order of 1% to
atoms are excited or ionized in the material. During this scattering a produced and X ray photon, called

Bremsstrahlung photon can be emitted. Transition radiation.




Energy loss by ionization — dE/dx

Charged
A < particle
°
harged
Samgne t Electron

atomic
electron

First calculate for Mc? > m_c? :
Energy loss for heavy charged particle [dE/dx for electrons more complex]

The trajectory of the charged particle is unchanged after scattering

dE Z*
oC
dx f’

ln(a[jzyz) a = material-dependent constant



Bohr's calculation of dE/dx

Particle with charge Ze and velocity v moves
through a medium with electron density n.

Electrons considered free and initially at rest

The momentum transferred to the electron is:

ApJ_—/FJ_dt /F_L dl—/F_L

Ap” .

Symmetry!

averages to zero

Gauss law: The electric flux through any closed

2ze

L surface is proportional to the enclosed electric
F 1 = ek 1 charge
dx
ApJ_:e E| — &« E, (2nb)dr = 4Aw(z2e) — | E dxr =
v
v
2ze?




Bohr's calculation of dE/dx

Ap* 2ze’ = dx —
AE(D)=—"— | yign | Ap, ==
2m, bv db
E - b
Energy transfer to a single electron A N | B
For n electrons distributed on a barrel \
/ Cylindric barrel

n =N, (21b) db dx with N, electrons

Energy loss per path length dx for distance between
b and b+db in medium with electron density N.:

2 2\2 2 4
CAEB) = 2N b db dv =22 _2aN b db dx= 2N A g,
2m 2m, (bv) m.yv b
(-) Energy loss ! e € e
_dE _ 47N 7€’ .fbmax db _ 47N ,2°r’m ¢’ In ... (rm.c? =)
dx m, V2 buin b /5 ? bmin

Diverges for b > 0; integration only for relevant range [Db.,i,, Diayl 9



Bohr's calculation of dE/dx

2.2 2
Stopping power: — dE _ A4wNZr mc by

dx ﬁz bmin
Determination of the relevant range [b
b

min? bmax]:
qin - for head-on collisions in which the kinetic energy transferred is maximum

(2ze")’

1, 2 2 p2. 2
> Emax( mln)= ) 2b2 € Emax =5V me(zv) =2mec /J) Y
my .
Z€2 ¢ mimn (calculated from conservation of momentum)
bmin = 2
)/meV

b Particle still moves faster than the e in the atomic orbit (~ electron at est).
electrons are bound to atoms with an average orbital frequency <U 5
the interaction time has to be smaller or equal to 1/{V

__rv or distance at which the kinetic energy transferred is
<v ) minimum E_. = I (mean ionization potential)
In this interval the stopping power does not diverge: Bohr classical formula
_dE 47N ,7°r’m c’ In y’mv’  4xN,z2°rimc’ In 2m.c’ By’
dx B 2 (v, B I

10



Quantum mechanic

Behte-Bloch equation  catcuition of Bohr

stopping power

Valid for heavy charged particles (M, igent™>Ms), €.9. proton, kK, m, M

<dE> 2aN mcp 2 L 1n<2’"j@ W, )-2p5 6(/5y>——

dx a'e e A@
1 Fundamental constants

=0.1535 MeV cm?/g dE 7° e r.=classical radius of electron
— «=_In(aB’) | m ,=mass of electron
N_=Avogadro’ s number

Absorber medium ¢ =speed of light

| = mean ionization potential Incident particle
Z = atomic number of absorber || z = charge of incident particle
A = atomic weight of absorber || = v/c of incident particle

o = density of absorber y = (1-p2)12
d = density correction W, .= max. energy transfer
C = shell correction in one collision

Note: the classical dE/dx formula contains many features of the QM version: (z/)?, & In][]
—-dE 4N ,2°r’mc® . b

ln max

dx B b 11

min




Exercise:

« Calculate the stopping power of 5 MeV a -particles in air.

2
<dE > 47N r’m,c p——[l n(=e) - ] W, =2m,c By
dx A B’
=2-0.511-(0.05177)°
I = 122+7,Z<13 [eV] —~2739-107> MeV
I = 9.76Z +5582919 7 > 13 '

2
AE N\ 030541 2 lln(%)— (0.0517)2}
\ pdx 2 (0.0517)° I



Understanding Bethe-Bloch

~dE /dx (MeV g~ lem?)

50.0

— )
o ©
o (o]

1
o

™
o

1.0

05

dE [dx « B2

-5/3 nt on Cu
I =322eV

Radiative effects
become important

Approx Tynax
g I_dE/dx without §
;éoﬁi \ Minimum ik
cox?rect ! °\ ionization L i SO
's /Tcut =0.5 MeV
| B-2_/5,'3/.'.“
- o< B \ . Complete dE/[dx
i lll L1 I.\lll A 111 1148 l . l!lll A - lllll ' L l.l.:r;j;h'
0.1 1.0 10 100 1000 10000

Minimum
ionizing particles (MIP): |By = 3-4

dE/dx falls|~ B-2;)kinematic factor
[precise dependence: ~ B4

dE/dx rises|~ In (By)z;lrelativistic rise
[rel. extension of transversal E-field]

Saturation at large (By) due to

density effect [(correction 6)|
[polarization of medium]|

Units: MeV g' cm?

MIP looses ~ 13 MeV/cm
[density of copper: 8.94 g/cm?d)

13



Understanding Bethe-Bloch

50.0
2 . ‘\.\db/dx B'5’3 n* on Cu
Remember: B Radiative effects
dx 'Tw 10.0 become important -
ApJ_ - /F_Ldt — /FJ_— = 500 Approx Tiax
v =  100x | dE /dx without &
. . : <  shellw, \ Minimum R
I.e. slower particles feel electric force of S 90 Piofrect. ‘-\ \lonization  § _.-——f _....& =
. ! s “ A :
atomic electron for longer time ... ' e~
1.0 - - B« B‘?’3 Complete dE /dx ':‘;
0.5
Relativistic rise for By > 4: kel il
By =p/Mc

High energy particle: transversal electric field increases
due to Lorentz transform; E, = YE,. Thus interaction cross section increases ...

fast moving
particle particle
at rest :
Corrections:
___)
Y gross low energy : shell corrections
high energy : density corrections

14



Understanding Bethe-Bloch

<dE> 27N, 1m cp——[ MW@ 26 {6071

dx
Density correction 5001 Ay
[saturation at high energy] * ‘-‘\db/dxoc p=573 |n* on Cu
I : : g dE /dx o« §~ I=2322eV
Density dependent polarization 20.0 fx o< B2 -s2ev]
effect ... 10.01- Radiative effects

become important Py

Approx Trax
dE/dx without 5 | ;

Shielding of electrical field far from 750~

~dE/dx (MeV g~lem?)
en
o

particle path; effectively cuts of the 3 , , |tk \ionization /,L o S
long range contribution ... _2'*/'"7\,&’_7;_-#_Tcuz =0.5 MeV__
More relevant at high y 2 " B-337 "1 Complete dE/dx 2
05 Lo el il i il L
Shell correction [small effect] o +0 lgy=p/M1coo 1000 10000

For small velocity assumption that
electron is at rest breaks down,
Capture process is possible

15



]
-
<

(~dE/dX) min (MeV g=lem?2)
= 0

0.5

Dependence of A and Z

dx

Minimum ionization:

2 2022
N o 2 d D APy
a'e e ﬁz 12

ca. 1 -2 MeV/g cm
[H,: 4 MeV/g cm~]
K l o 10
L Hs gas:  4.10 4 8
L Hj liquid: 3.97 1o
NG PO it < N 13
+ °e ;
+ o, o+ 27+ st
————————————— S —— = — — —
i ]
+ Solids ‘.&\5\;
o Gascs 7
I > |
HH He Li Be B CNO N¢ Fe Sn -
| 1 1 1 R T R T A | 1 1 1 L L1
1 2 5 10 20 50 100

Z

max

—dE/dx (MeV g \em?)

10

2 _ _¢
)=2"=5(By) Z]

§_ T ‘\\- llllll T LA Ll T TrTrTrT T T Trrn T T IIIE
] E_ i\l -—E
6 - . Ii:

g 5 liquid _
5 E- I
4+ i
3 il

i —— ]

- T L —

- L — ] -

] 1 1 lIIIIII 1 1 IIlIIII 1 1 lIIIIl| 1 11 IIIII| 1 1 LLiiill
0.1 1.0 10 100 1000 10000
By= p/Mc

1 1 lllllll 1 1 llIlIl| 1 1 lllllll 1 1 IlIIllI 1 1 IIlllI|
0.1 1.0 10 100 1000
Muon momentum (GeV/e) 16



Some numbers

Minimum ionization:
ca. 1-2 MeV/g cm2

i.e. for a material with p = 1 g/cm3 =» dE/dx = 1-2 MeV/cm
Example :

Iron: Thickness = 100 cm; p = 7.87 g/cm3
dE=1.4 MeV g'cm?* 100 cm * 7.87g/cm3 = 1102 MeV

- A1 GeV Muon can traverse 1m of Iron

17



dE/dx for particle identification

TPC signa

10™ 1
momentum p (GeV)

The energy loss as a function of
momentum p=mcpy is dependent
on the particle mass

By measuring the particle
momentum (deflection in a
magnetic field) and the energy
loss one gets the mass of the
particle, i.e. particle ID

(at least in a certain energy
region)

18



MeV/(g/cm?) (Electon i losses only)

Dependence on absorber thickness

The Bethe-Bloch equation describes the mean energy loss

When a charged particle passes the layer of material with thickness x , the
energy distribution of the d-electrons and the fluctuations of their number

3.0

2.5

(ns) cause fluctuations of the energy losses AE

T LILILE | T T LI LI | T T LI LR |

Silicon

2.0 Restricted energy loss for: ]
 mmemmsenssoeen s oo =10 Rl = s o -
= — "' ......................................... Teowt = 2 dE/dX]| === £
157 Landaw/Vavilov/Bichsel AEy/x for: 7]
S ST - Xlp=1,600 pm === .= ]
Y I b bl 320uym------
= T T T T T T eesise s L) 7 J——— o
1-0 T TP T A
05L L A 1 R
0.1 1.0 10.0 100.0 1000.0

Muon kinetic energy (GaV)

The energy loss AE in a layer
of material is distributed
according to the Landau
function:

it

1
1
1
1
1
|
]
T 0 8 I
1
1
1
1
1
1
|
]
1
1
—_—
ABlaua

3 0

For a realistic thin silicon
detector ns < 1-10,
fluctuations do not follow
the Landau distribution

19



Energy loss at small

momenta

relative dose

energy loss increases at small By A
particles deposit most of their I
energy at the end of their track 100
=l =
=> Bragg peak S F
—— T T § -4 Anderson-
_ . = Fo. Zicgler
"C-ions ‘ .’_:
_ ] & 10 ::JE A
- 250 MeV/u . 2 - Minimum
F 300 MeV/u v — . .
] & 3 1onization
: S [ Nuclear
[ ' N | losses
1 ‘ | [
hoton 0.001 001 0.1 1 BY>
/e | | | |
/ . ' 10.1 1 10 100 |
\ ............ [MeVie] Muon momenfum
X.—mcy\s

0 5 10 15

depth in water [cm]

= Important effect for tumor therapy

20



Energy loss at small momenta

Small energy loss
-> Fast Particle

Discovery of muon and pion

Cosmis rays: dE/dx a Z2

XA
Small energy loss ‘“\‘ :
- Fast particle : E:'“PIOH

LR e T
——s——e

Large energy loss
- Slow particle




Mean particle range

50000

- T
20000 GD)
Integrate over energy loss 10000 = =3
from the total energy T to zero 5000 F 10
~ 2000 F 1
/ & dE -1 '% 1000 = =
O < C .
R(T) = Bl B ) L ;
0 dr = 200 - .
g) 100 = =
. . = 50 F .
More often use empirical formula = B ]
(=>» see exercise) 207 ]
10 = 3
Example: [ ]
. / 1 | I I | I| 1 1 ) I ll 1 1 L1 1111
Proton with p =1 GeV o1 2 5 1.0 2 5 100 2 5 100.0
Target: lead with p = 11.34 g/cm? Py=pMc |
0.02 0.05 0.1 02 05 1.0 20 50 10.0
5 y Muon momentum (GeV/c)
R/M = 200 g Cm_ Gev_ 1 1 1 11 III 1 1 1 1 IIII 1 | | 11 I[I|
002 005 0.1 02 05 10 20 50 100
- R =200/11.34/1 cm ~ 20 cm Pion momentum (GeV/c)

| 1 1 1 | | | 1 1 1 1111 I| 1 1 1 1 1 11
0.1 0.2 0.5 1.0 20 5.0 10.0 20.0 50.0

Proton momentum (GeV/c) 22




Exercise:

« Compute the range of 4 MeV a -particles in air and tissue.

Several empirical and semi-empirical formulae have been proposed to compute range
of a-particles in air. For example, (56),

_ el 61VE for E, < 4 MeV
RY"[mm| = (2.4.23)

(0.05E, + 2.85)ES? for 4 MeV < E, <15 MeV

and SOE

_ 0.56 Eq for Eq < 4 MeV E

Ry [em] = S0r

1.24E, —2.62 for 4 MeV < E, <8 MeV )

T 40-

Ef

%30[-

Scaling the range to other materials « 205

| -

—4 ai VAI- C

R% =337 x 107 "Ry —. 1o

Pz i
Ot‘l'lllllllllllllIlllllllllllllllllllllll

o 1 2 3 4 5 6 7
Energy(MeV)



Energy loss for electrons

Bethe-Bloch formula needs modification
Incident and target electron have same mass m,
Scattering of identical, undistinguishable particles

_ <d_E> oC ]n( E)
dx lonization

Dominating process for E_, > 10-30 MeV is not anymore ionization but

Bremsstrahlung: photon emission by an electron accelerated in

Coulomb field of nucleus -
[radiative losses]

<dE> E —
—_( — o — e
dx [ g, M’

energy loss proportional to 1/m? = main relevance for
electrons (or ultra-relativistic muons) o4



Bremsstrahlung

zm 1 1 1 1 LI 1 1 1 1 L
<dE> E | |
“\ - v Copper
AX [ grems Xy X, =12.86 g cm2
100 — E.=19.63 MeV
X, = radiation length in [g/cm?] <
8 70E =
¥ A s Eb Roced E
= o = OSSI: 3
’ 4aN Z**1n 183 0 §_ lonization per X, 3
AT e T I3 % 40 = electron energy —
. C -
After passage of one X, N 30 _ _
electron has lost all but 0 - —
(1/e)t of its energy (63%) -
Brems = ionization -
1 1 L1 1 1 I ]

E. = critical energy 102 s 10 0 50 100 00

Electron energy (MeV)

dE

dE
= (E
dx (E.)

() dx

Brems Ion

25



Total energy loss for electrons

AN IIIIII
\

I Illlllll | T T TTrl

Positrons 0.20

Lead (Z=282)

0.15 .

)

Bremsstrahlung

(cn12g‘l

0.10

Ionization

0.05

IIII|IIII|IIII|

on
L 1111l

from |
PDG 2010 [~
_Elcctrons
~ 1.0—
|
Moller S
g G o
| s
Sk
—|Q
.............. ' 05
o & e
e* e”
............................ _ Positron
---------- “annihilati
o y () . | |
R |
o 4
Bhabha
6 Y
Annihilation

10 100 1000

E (McV)

Fractional energy loss per radiation length in lead
as a function of electron or positron energy
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Energy loss summary

Stopping power [MeV cm2/g]

e
3
i u*on Cu 1m0
100 - 2
- =" . 10

- Bethe-Bloch Radiative -

B 4/ Anderson- i

:-g &g Ziegler :

5

- Radiative 3

N Minimum  effects .

| ionization reach1% A4 .  _ __-=-=-- =

| Nuclear e |

i lOSSCS P -—:'. ...... S — T R p—— —

‘ Without &
1 | | | |
0.001 0.01 0.1 1 10 100 1000 104 10° 106
By
[ | | | | | | | |
|0] 1 10 lOO| L 10 100| |1 10 IOOI
[MeV/c| [GeV/c] [TeV/c]

Muon momentum



Interaction of particles and y-radiation with matter

Second part

28



Interaction of charged particles

Three type of electromagnetic interactions:

1. lonization (of the atoms of the traversed material) v
2. Emission of Cherenkov light

3. Emission of transition radiation

Z, electrons, q=-¢,




Energy Loss by Photon Emission

lonization is one way of energy loss
emission of photons is another...

Optical behavior of medium is el hemticaly
characterized by the (complex) ’\
dielectric constant € Re €|

1

Re Ve = n Refractive index

Im € = k Absorption parameter

> V
optical | absorptive X-ray

Ce(er!kov jonization |transition radiation

radiation

30



///////
Cherenkov radiation ' ///////
.,

Bet N
Velocity of the particle: v \\\\\\
Velocity of light in a medium of refractive index n: c/n \\\\\
\

Threshold condition for Cherenkov light emission: v, = L S l
n

dE> 5 . 2 1 for water §_max = 420
—{ — o Z Sin 80 COSHC - for neon atc1 atm 6_max =11mrad
< dx Cherenkov nﬁ i

Energy loss by Cherenkov radiation very small w.r.t. ionization (< 1%)

Typically O(1-2 keV / cm) or O(200-1000) visible photons / cm




Cherenkov radiation

In a Cherenkov detector the produced photons are measured

Number of emitted photons per unit of length:
« wavelength dependence ~ 1/A?

d’°N  2mwaz? (1 1 ) 2raz? | ,

_ _ - sin“ @
d\dz A2 pn2(V)) ~ () T °
Integrate over sensitivity range: dN %0 =™ 7 d2N
[for typical Photomuittiplier] dr  Jagum  dMz
= 475 z? sin? ¢ photons/cm
* energy dependence ~ constant dN A
dE
d°N  z*a ’ 1 z2a wy
— — —— sin
dEdx ~ hc B*n2(\) he ¢
~ t
2N . L cons
_ : 1

Thde 370 sin“f- eV~ cm —-—-—-———-—)E




Detection of Cherenkov radiation

Parameters of Typiclal Radiator

Medium n Binr Bmax [B=1] Nph [eV-' cm]
Luft 1.000283 0.9997 1.36 0.208
Isobutan 1.00127 0.9987 2.89 0.941
Wasser 1.33 0.752 41.2 160.8
Quartz 1.46 0.685 46.7 196.4

aerogel n < n,

photon detectors

Cherenkov photons

charged particle
g P>

Lo
[

1.5+1.5cm 20cm




Cherenkov radiation - application

Threshold detection:
Observation of Cherenkov radiation >~ B > Binr

" C1 Co
K p
—"> -3 —>
[momentum p] N1 n2>m
Choose n1, n2 in such a way that for: Note:
Nz : Br, Px > 1/n2 and Bp < 1/n2 6 always visible in
Cherenkov counters
Ny : Br > 1/n1 and Bk, Bp < 1/ny
Light in C1 and Cz2 -> identified pion

Light in C2 and not in C+ -> identified kaon
Light neitherin C;and C, = identified proton 34



Cherenkov Radiation — Momentum Dependence

Nn‘:N/Noo

8 | | | i j
)
~.
o)
I
o)
1.0
_‘.,,/“' // G
i P i
: // / 1°°
osp | TT / K o )
{o.
O.- el | | | 1
0 5 10 1S 20 25 p [GeV]

Cherenkov angle 6 and number of photons N grow with 3
Asymptotic value for f=1: cos 6., = 1/n; N, =x-370/cm (1-1/n?) 4



Exercise

Compute the threshold energies an electron and a proton must possess in light
water to emit Cherenkov radiation.

Nyaer = 1.3 Bireen= 1/1.3 = 0.77

water —

Ethresh= EO(Ythresh'1 )

An electron moving in water emits Cherenkov radiation in a cone making an
angle of 40° with electron’s direction of motion.

Compute the number of photons emitted per centimeter by the electron.

d_N = 475sin” © [photon / cm]

dx



Transition Radiation

Transition radiation occurs if a relativist particle (large y) passes the

boundary between two media with different refraction indices (n,#n,)
[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies]

Effect can be explained by

re-arrangement of electric field: N4 ~Y
A charged particle approaching a boundary ) -)
created a magnetic dipole with its mirror
charge
Y n2 ~y
particle A _ . _
ib The time-dependent dipole field causes the
mirror emission of electromagnetic radiation
¥ charge
«—>

a
1
Energy radiated from a single boundary: S = gazzthp (hw, =20eV) .,



Transition Radiation

Typical emission angle: 0="1N

\
\
\
\
1
N
—/\
\
°

Energy of radiated photons: ~y

particle

Number of radiated photons: «z?
Effective threshold: v > 1000

=>» Use stacked assemblies of low Z material with many transitions +
a detector with high Z gas

Detection Principle: y-Absorption
Electron-ID
[ ] / Slow signal Note: Only X-ray
N N n n n m T (E>20keV) photons
/\/A\/\/\/\NN/VVV’ | . Electron can traverse the
== many radiators
dE/dx | 5 Fast signal  Wwithout being
I : absorbed
Radiator foils | Wires
_ | 38




Transition radiation detectors

rR= 1082 mm

TRT <

TRT

LR=554mm
rR=514mm

R =443 mm
SCT

e

R =371 mm

L R =299 mm

R=122.5 mm

Pixels { R = 88.5 mm
R =50.5 mm
R=0mm

« straw tubes with xenon-based gas mixture
* 4 mm in diameter, equipped with a 30 um
diameter gold-plated W-Re wire 39



Transition radiation detector (ATLAS)

High threshold probability
o o
o - o N
—i (@) N (@)

ot
o
o

_l 1 I I T T TTT I I I T T TTT I I I T T TTI I I |
= ATLAS Preliminary ? } ]
_ - § i
-+ Electron candidates j’ g g ? B
- =  Generic tracks &’ .
— o Electrons (MC) . —
- : ectrons i
- 5 Generic tracks (MC) £ from Conversions
. Mainly Pions A Z
L SR eaRS Qﬁ-i@i%% ------- i ]
- TRT endcap -
_I 1| | | | I Y I | I | | | N I | I | | | N | l | ]
10 102 y-factor 1¢° 10*
1 10 1 10

Pion momentum (GeV) Electron momentum (GeV) 40



Interactions of photons with matter

Characteristic for interactions of photons with matter:

A photon is removed from the beam after one single interaction
either because of total absorption or scattering

/ /

1) Photoelectric Effect 2) Compton Scattering [

Y I-dI
AN\ @ @ rvvvvv\rw-'quhe\l X

¥ +atom — atom™ + e~ 1

3) Pair Production
N 3
//e-' = THX _—— .
/ I(x) lye™, u A Ei=1 o

A=1/u Mean free path

v+ nuclens — e e + nucleus 41



Cross section (barns/atom)

,_\ [ [ [ [ [ [ [
AR Carbor (Z = 6) |
i 1MbF
B * Photo effect 7 =
' 2
=
E
B
~ 1kb
=
2
2
2
o
1b
1 keV 1 MeV 1GeV 100 GeV
Photon Energy
Pair Production

Interactions of photons with matter

1 Mb

Photon Total Cross Sections

Lead (Z = 82)

1 MeV

Pair

. production

10eV

Compton scattering

42



Photoelectric effect

From energy conservation: Electron @
Photon
E,=E -E,=hv-1I, .._.>./
I, = Nucleus binding energy Nawe. %
iIntroduces strong Z dependence P Nucleus

Cross-section largest for £, = K-shell energy -
Strongest E dependence for [, < E, < m,c? | MRS B SR I

a, =053 A
pn = aym@]o @ I,=13.6 eV

E-dependence softer for E, > m,c? %

0, = 2ar’a*Z’ (me)’ /E,

Electron Electron

Feynman
diagram

43



Exercise

Calculate the wavelength below which it would be impossible for
photons to ionize hydrogen atoms. The first ionization potential for
hydrogenis E 213.6 eV .

hc 2mhc i

A= 7
ko E e
<=—— wavelength (m)
16° 10° 100 10° 100 10 100 10° 10" 1 100 160 10 100 10 10
2 JU hC | | | | | {)hotoln enelrgy ((IeV) I_) | | | | | |

frequency (Hz) —>

radio waves I l infrared ‘ uv I Ihard X—rays
L

I microwaves < I I I—
=

soft x—rays Y—rays

I Not a well defined boundary

Figure 1.6.1: Electromagnetic spectrum.



Compton scattering

Best known electromagnetic process
(Klein—Nishina formula)

for E, <<m,c® |0 *0p(1-2¢)

Thompson cross-section:

O, = 8m/3 r,2= 0.66 barn £ = E,
2
m,c
Ine
for E, >>m,* |0, x—Z
¢ £

-
é L
g
/

b
10 mb L #

10 eV 1keV 1 MeV 1GeV 100 GeV

Photon Energy

Naive

picture

Photon

{

y+e > (v) +(€) I

Y

s

eynman
diagram
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Compton scattering

From E and p conservation get the energy
of the scattered photon

E = E}/ E = EA’

" 1+é&(l-cosB) m,c’

Kinetic energy of the outgoing electron:
T —E —E'-E E(1-cos0)
7 "1+e(1-cosB)

Max. electron recoil Je

energy for 6 = m: l.=E, 1+ ¢

Transfer of complete y-energy
via Compton scattering not possible:

AE-E, -T. -E —
! "1+ 2¢

Cross Section

)

2
Ld

—
N
T

(=]

a

Compton edge

for different photon energies

—

05

1

) 5 20 25

Te ['\/16\/]

Important for single photon detection; if photon is not completely absorbed
a minimal amount of energy is missing (Compton rejection in PET)
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Exercise

A photon incident on an atom scatters off at an angle of 55° with an
energy of 150 keV. Determine the initial energy of the photon and the
energy of the scattered electron.

£ E, .o E, )L=hc=2nhc
" 1+e(1-cosB) m,c’ E, E,
10 10 10 1 16" 102 100 10* 100 10° 107 10° 10° 100 10" 102

I I I I I I I I I I I I I I I I
<—— wavelength (m)
-9 -8 -7 —6 -5 -4 -3 =2 - 2 3 4 5 6
10° 10" 100 10° 100 100 100 10° 10 1 10 10 10 100 10 10

[ | I [ | | [ [ | I [ | I | [ |
photon energy (eV) ——=

0 100 10 10 10 100 10" 107 107 10¢ 10° 10° 107 10® 10° 107

I I I I I I I I I I I I I I I I
frequency (Hz) —>

radio waves infrared uv hard x-rays
H P

soft x—rays Y—rays

microwaves

visible

I Not a well defined boundary

Figure 1.6.1: Electromagnetic spectrum.



Pair production

Minimum energy required for this process Hloction
2 m, + Energy transferred to the nucleus N _—

2
Ey > 2mec2 + 2’/’1—66 ?D)osltron

m Nucleus Nucleus

i e , =

.T'.‘ ,";,'::.\\3 \‘-. + _
\1.‘4:}},!)} ] Yy +atom > e*+e l
N2 -

X‘“\.b Positron
e, \\"~~. iy
f/(%-'p)/ \ W:;;::::u-q—. Ve a———

y+te 2>et+e te”

Nucleus
[also electron] Electron
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Pair production

7. 183 1
for £, >> mecz Opair = 4ar2Z? (5 In 13 54> [cm? /atom)]

Using as for Bremsstrahlung the radiation length

7 4aN ziz In 13
AT e T 13 p [g/cm? Xo [cm]
O pair = TN, 1 He [fl.] 0.071 965
L= C 2,27 18.8
" .87 1.76
Po 11.35 0.56
Luft 12:10° | 30-10°
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Cross section (barns/atom)

,_\ [ [ [ [ [ [ [
AR Carbor (Z = 6) |
i 1MbF
B * Photo effect 7 =
' 2
=
E
B
~ 1kb
=
2
2
2
o
1b
1 keV 1 MeV 1GeV 100 GeV
Photon Energy
Pair Production

Interactions of photons with matter

1 Mb

Photon Total Cross Sections

Lead (Z = 82)

1 MeV

Pair

. production

10eV

Compton scattering
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Electromagnetic interactions

e 6

¥ + atom — atom™ + e~

Gammas
;

¥ +nucleus — e” e +nucleus

Photoelectric effect

gkt

>
E

Compton effect

e

E

Pair production

¥

=

lonisation

=,

E

dE/dx

Bremsstrahlung

. X

E

SU0J}09|3

dE/dx
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Material dependence
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Electrons

T
l Increasing Z
— Joniz: len loss

o 95 MeV L o
I y : Electrons lose energy by: ionization radiation
L d) i
-2 i Ll 1] | piljng - d'E * E’ng
101 l : IIIIIIII::: LA ||I|\‘ T T clltli*étf E‘HE’I'gV Elr-: = [:1011) = =T (I‘Hd)
26, 3 dx da
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€. x 1/Z PDG: €. = 610 MeV/(Z + 1.24)
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- . 200 -
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1 - particle multiplication 83 o 4
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Photons

3K 6r Increasing Z
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