Energy loss for electrons

Bethe-Bloch formula needs modification
Incident and target electron have same mass me

Scattering of identical, undistinguishable particles

d
Bl <7§>10nization * ln( E )

Dominating process for Ee> 10-30 MeV is not anymore 1onization but

Bremsstrahlung: photon emission by an electron accelerated in
Coulomb field of nucleus [radiative losses]

<ﬂ5> x F
dx Brems nm:

energy loss proportional to 1/m?2=> mainly relevant for

electrons (or ultra-relativistic muons)
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Bremsstrahlung

_<d_E> _E
dX Brems XO
X, = radiation length in [g/cm?]
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% = 183
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Zl/3

After passage of one X,
electron has lost all but
(1/e)t of its energy (63%)
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Total energy loss for electrons
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Energy loss summary
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Energy Loss by Photon Emission

Ionization 1s one way of energy loss
emission of photons is another...

Optical behavior of medium is
characterized by the (complex)
dielectric constant &

Re Vg = n Refractive index

Im € = k Absorption parameter

€ schematically !

Ime

optical | absorptive X-ray

Cerenkov

X jonization |transition radiation
radiation

30
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Cherenkov radiation

Polarization of atoms by charged particle

No destructive interference if v >speed of light in medium
Velocity of the particle: v

Velocity of light in a medium of refractive index n: ¢/n

>
Threshold condition for Cherenkov light emission: VihZ G = 3 B = 1

for water 9 cmax=42 o

d o€ 2> S1N 2 Y. 0 = 1 for neon at 1 atm 0 cmax=11mrad
— COSU ——
dx Cherenkov n B

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

Visible photons:

E=1-5eV;A2=300-600 nm
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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  2maz? . 1 _ 2maz2? 2
ddr A2 Fn2(n)) ~ )

Integrate over sensitivity range: dN (%0 42N

[for typical Photomuiltiplier] dr  Jas0um X Nz

= 475 22 sin? 6 photons/cm

aN
&

- energy dependence ~ constant

d°N 2%« 1 Za ., “
=~ [1—-———— ) = "——sin?b¢
dEdr ~ he B*n?(A) he
~ const
% = 370 sin’ A eV~! ecm™! — )E
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Detection of Cherenkov radiation

Parameters of Typicll Radiator

Medium n Binr BOmax [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
)

1.5+1.5cm 20cm

Peter Schleper, Universitat Hamburg 22



Cherenkov radiation - application

Threshold detection:
Observation of Cherenkov radiation > B > Binr

K C1 CQ
M, K p
[momentum p] N1 N2 > M
. Note:
Choose n1, n2 in such a way that for: e always visible in
nz : Br, Bx > 1/n2 and Bp < 1/n2 Cherenkov counters
ni : Br > 1/ny and Bk, Bp < 1/N4
Light in C1 and C2 -> identified pion
Light in C2 and not in C4 -> identified kaon
34

Light neitherin Ciand C, = identified proton

Peter Schleper, Universitat Hamburg 23



UH
Cherenkov Radiation - Momentum Dependence
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Cherenkov angle 6 and number of photons N grow with 3
35

Asymptotic value for B =1: co0SOmax=1/n; Neo=x-370/cm (1-1/n?)
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Transition Radiation

Transition radiation occurs if a relativist particle (large v ) passes the
boundary between two media with different refraction indices (n 1#n 2)

[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies]

Effect can be explained by

Y
re-arrangement of electric field: A N4 A )
A charged particle approaching a boundary ) 9
created a magnetic dipole with its mirror

\4 \ 4
Y n 2 W

charge Ay
particle E

1
Energy radiated from a single boundary: S= 3 aZyhw, (hw,=~20eV)

)

The time-dependent dipole field causes the
/ mirror emission of electromagnetic radiation
\ charge

il
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Transition Radiation

< - Typical emission angle: O=1/
\ - Energy of radiated photons: ~ vy

particle

- Number of radiated photons: ~ z2

- 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

[ 3 - ] ) B - / Slow signal Note: Only X-ray

TR i o + I (E>20keV) photons
s et el I S B in & &0 a EkeCtrO” can traverse the
J \ many radiators
A I 6 I N R O N e Fast signal ~ without being
Radiator foils | Wires absorbed
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Transition radiation detectors

rR=w&nm

TRT

TRT<
LR=554mm

(R=514 mm

R =443 mm
SCT

= 58

R=371 mm

L R =299 mm

R=1225 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 39
diameter gold-plated W-Re wire
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Transition radiation detector (ATLAS)
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Interactions of photons with matter

Characteristic for interactions of photons with matter: H
A photon i1s removed from the beam after one single interaction

either because of total absorption or scattering

/ /

1) Photoelectric Effect ~ 2) Compton Scattering

» e I-dI

NN AAAANAN A ey
| ® . “L ,." )
\x) O L Y X

7 +atom — atom™ + e~ P
y+e—y'+e
3) Pair Production
N <3
e = | e” y=_"
/\/\U/\/\,);Sf e . I(X) - IOe 9 lL‘ - A Zi=l Oi

® A=1/u Mean free path / absorption length

v +nucleus — e e +nucleus
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Interactions of photons with matter
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Interactions of photons with matter

Cross section (barns/atom)

Photon Total Cross Sections
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Photoelectric effect

Electron ).
. P
From energy conservation: i =
— - — - Naive \‘b
Ee - Ey EN = hv Ib picture
Nucleus
I, = Nucleus binding energy
introduces strong Z dependence ) - j
Y + atom > e~ + atom*
Cross-section largest for E, = K-shell energy
Strongest E dependence for I, < E, < m,C? . .
a;=0.53 A
— Y
Opn = aﬂa@lo @ I,=13.6 eV
E-dependence softer for E, > m c? \ P e
lagram

0, =211 Z(moy’ | E
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Compton scattering

Photon

Best known electromagnetic process Photon /7
(Klein—Nishina formula) — -

Naive .9
for E/1 << rneC'2 O, 0777(1 -2+ 2?652) picture Electron
Thompson cross-section: E
O, = 81/3 r 2= 0.66 barn £=—2%_ - -

mc [ y+e > () +() |
Ine

for E, >> meC2 O, % TZ Electron Electron

NS
P

eynman
Y diagram Y

Cross section

lbp=

10eV 1 keV 1 MeV 1GeV 100 GeV

Photon Energy
47
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Compton scattering

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

-
O 16|
' Ey _ E/l C% . Compton edge
Y 1 + 8(1 —COS 0) me Cz 2 '.for different photon energies

O 2}

Kinetic energy of the outgoing electron: O B
7;=Ey—Ey'=Ey £(1-cosB) of
I+&(1-cosf) sk
Max. electron recoil or ol

T T 14 2¢ A4

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

energy for 6 = m:

—

AE=FE — 7:nax = 1 o 05 1.0 5 20 25
’ "1+2¢ Te [MeV]

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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Pair production

Minimum energy required for this process
2 me+ Energy transferred to the nucleus

2mc’

mNucIeus

E22mcz+

Necessary to satisfy energy and
momentum conservation

e++ e-+ nucleus’

Electron

Photon /)

\?ositron

Nucleus

y +atom > e*+e” I

Positron

&=Nucleus
[also electron] Electron

51
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Pair production

7. 183 1

A2 72 2
for E/l >> f77eC2 Opair = 4ar,Z (5111 173 54) [cm” /atom]

Using as for Bremsstrahlung the radiation length

A
A 4aN,Z2r In 153
aN,LT, In Z1/3 p [g/cm?®] I Xo [cm]
7N 1 Ho [fl.] 0.071 865
Opair =——A.—
9 A X C 207 18.8
Fe 7.87 1.76
Pb 11.35 0.56
Luft 1.2-10%° 30-10°
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Interactions of photons with matter

Photon Total Cross Sections
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Electromagnetic interactions
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