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µ = nσ= ρ
NA

A
·σpair

Electromagnetic Showers

Reminder:

X0

Dominant processes 

at high energies ...

Photons	:   Pair production

Electrons	:   Bremsstrahlung

Pair production:
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=
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Bremsstrahlung:

E = E0e− x/ X 0

[X0: radiation length]
[in cm or g/cm2]

Absorption 
coefficient:

After passage of one X0 electron

has only (1/e)th of its primary energy ...

[i.e. 37%]
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Total Energy Loss of Electrons
27. Passage of par ticles through matter 19

B rem sstrahlung

L ead  (Z  =  82)
Posi trons

E l ectrons

I oni zat ion

M øl l er  (e-)

B habha (e+)

Posi tron
anni h i l at ion

1.0

0.5

0.20

0.15

0.10

0.05

(c
m

2
g

-
1
)

E   (M eV)
1

0
10 100 1000

1 E
-

d
E

d
x

(X
0-

1
)

Figure 27.10: Fractional energy loss per radiation length in lead as a

function of electron or positron energy. Electron (positron) scattering is

considered as ionization when the energy loss per collision is below 0.255

MeV, and as Møller (Bhabha) scattering when it is above. Adapted from

Fig. 3.2 from Messel and Crawford, Electron-Photon Shower Distribution

Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,

1970. Messel and Crawford useX0(Pb) = 5.82 g/ cm2, but wehavemodified

the figures to reflect the value given in the Table of Atomic and Nuclear

Propertiesof Materials (X0(Pb) = 6.37 g/ cm2).

At very high energies and except at thehigh-energy tip of the bremsstrahlung

spectrum, thecrosssection can beapproximated in the“completescreening case”

as[38]

dσ/ dk = (1/ k)4αr2
e{ (4

3
− 4

3
y + y2)[Z2(Lrad − f (Z)) + Z Lrad]

+ 1
9(1− y)(Z2 + Z)} ,

(27.26)

where y = k/ E is the fraction of the electron’s energy transfered to the radiated

photon. At small y (the“ infrared limit” ) theterm on thesecond lineranges from

1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored and the first line

simplified with thedefinition of X0 given in Eq. (27.22), wehave

dσ

dk
=

A

X0NAk
4
3

− 4
3
y + y2 . (27.27)

Thiscrosssection (timesk) isshown by thetop curvein Fig. 27.11.

This formula is accurate except in near y = 1, where screening may become
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Energy Loss – Summary Plot for Muons
4 27. Passage of par ticles through matter
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Fig. 27.1: Stopping power (= −dE/ dx ) for positive muons in copper as a

function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders

of magnitude in kinetic energy). Solid curves indicate the total stopping power.

Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data

at higher energies are from Ref. 5. Vertical bands indicate boundaries between

different approximations discussed in the text. The short dotted lines labeled

“µ− ” illustratethe“Barkaseffect,” thedependenceof stoppingpower on projectile

chargeat very low energies [6].

27.2.2. Stopping power at intermediate energies :

Themean rateof energy lossby moderately relativistic charged heavy particles,

M1/ δx, iswell-described by the“Bethe-Bloch” equation,

−
dE

dx
= K z2Z

A

1

β2

1

2
ln

2mec
2β2γ2Tmax

I 2
− β2 −

δ(βγ)

2
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for

intermediate-Z materials with an accuracy of a few %. At the lower limit the

projectilevelocity becomescomparabletoatomicelectron “velocities” (Sec. 27.2.3),
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Homogeneous Calorimeters

In a homogeneous calorimeter the whole detector volume is filled by a

high-density material which simultaneously serves as absorber as well 

as as active medium ...

Advantage: homogenous calorimeters provide optimal energy resolution

Disadvantage: very expensive

Homogenous calorimeters are exclusively used for electromagnetic

calorimeter, i.e. energy measurement of electrons and photons

Signal Material

Scintillation light BGO, BaF2, CeF3, ...

Cherenkov light Lead Glass

Ionization signal Liquid nobel gases (Ar, Kr, Xe)

★

★

★



Sampling Calorimeters

Simple shower model

! Consider only Bremsstrahlung and (symmetric) pair 
production

! Assume X0 !  ! pair

! After t X0:

! N(t) = 2t

! E(t)/particle = E0/2t

! Process continues until E(t)<Ec

! E(tmax) = E0/2tmax = Ec

! tmax = ln(E0/Ec)/ln2

! Nmax "   E0/Ec

5

Alternating layers of absorber and 

active material [sandwich calorimeter]

Absorber materials:
[high density]

Principle:

Iron (Fe)

Lead (Pb)

Uranium (U)
[For compensation ...]

Active materials:

Plastic scintillator

Silicon detectors

Liquid ionization chamber

Gas detectors

  passive absorber        

    shower (cascade of secondaries)

  active layers   

        incoming particle      

Scheme of a
sandwich calorimeter

Electromagnetic shower
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Hadronic Calorimeters

Energy resolution:

Fluctuations:

	 Sampling fluctuations

	 Leakage fluctuations

 Fluctuations of electromagnetic 
 fraction 

 Nuclear excitations, fission, 
 binding energy fluctuations ...

	 Heavily ionizing particles

e.g. electronic noise
		 sampling fraction variations

e.g. inhomogeneities
		 shower leakage

Typical:

A:  0.5 – 1.0 [Record:0.35]

B:  0.03 – 0.05

C:  few %




