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Cherenkov radiation
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In 1934, P.A. Cherenkov observe new type of luminescence 

irradiating gamma rays into uranyl salt. 

Originated by charged particle 

Not to be radiative origin 

Observed at a certain angle along particle direction

2.3   Cherenkov  Radiation

A charged particle that moves in a dielectric medium with a velocity v > c/n, 
i.e. has a velocity above the speed of light in this medium, emits a characteristic 
radiation, called Cherenkov radiation 

1934 experimental discovery, P. Cherenkov
1937 theoretical explanation by  Frank and Tamm

Æ additional energy loss term: 

The energy loss contributions due to Cherenkov radiation are small,
small correction of the order of percent to the ionization energy loss: 

ion Brems CH
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Ursprung der Strahlung:      Polarisation des Mediums

cv n< cv n>

Teilchen polarisiert das Medium
vPol = c/n > v
→ symmetrisch in Vorwärts- u.

Rückwartsrichtung
→ kein resultierendes Dipolmoment

• Atome hinter dem Teilchen bleiben
polarisiert

• keine Polarisation in Vorwärtsrichtung
→ resultierendes Dipolmoment am

Ort des Teilchens
→ Strahlung



2



3

e,µ,𝜋,K,p



4

Principle of  experiment

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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dE/dx and Particle Identification

Measured

energy loss
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Remember:
dE/dx depends on β!
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Transition radiation (TRD)
Charged particle passes through materials with di�erent dielectric properties

→ particle forms dipole with the mirror charge

→ dipole changes with time 

→ radiation

● radiated energy W proportional to the energy of particle!

● with ω
p
 Plasma frequency   

● only important for highly relativistic particles

                                  
● energy: keV (x-rays)

●  θ ∝ 1/γ : emission in very forward direction

● probability for photon emission very small → many transitions (foils with gaps) 

● # photons <N> ~ W / hν ~ O (α)=1/137  α :ne structure constant
● energy loss due to TRD negligible for single transition
● important for particle ID at high energies, other e�ects used for PID ∝ β (β≃1)

   Review article: B. Dolgoshein; NIM A 326 (1993) 434

+ -
charged part.             mirror charge

Air (Vacuum)            Dielectric medium

W =
1
3
ℏ p 

 p= N e e2

0 me

ℏ p=20eV

Energy spectrum for CH2 foil

keV!
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Interaction  of photons
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Interaction  of photons
Photoelectric effect

Compton scattering

Rayleigh scattering

Photonucleear interaction

Pair creation



PMT
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Compton Scattering
Y
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Pair Production

for h𝛎 > 2mec2

e+

e-

  σpair =4Z2αre2[7/9{ln(183Z-1/3)-f(Z)}-1/54] 

I = I0e
�t/�

X0 =
A

4↵NAZ2r2e ln
183
Z1/3

⇠ (
A

NA
)
7

9
X0
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Electromagnetic Shower
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Electromagnetic shower
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Electromagnetic calorimeter uses a successive 
generation of secondaries - EM shower. 

High energy photon occurs pair creation 
dominantly. 

High energy electron-positron pair loses its energy 
by bremsstrahlung.
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Radiation Length (Xo)
Characteristic amount for energy loss of (high 
energy) photon and electron 

mean distance over which a electron loses its 
energy as 1/e by bremsstrahlung 

7/9 of the mean free path for pair 
production by a photon
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Longitudinal shower development 
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Number of secondaries 

Average Energy 

Shower development stops at 

N = 2t

Radiation Length(Xo) 

t=3 t=2 t=1 t=0 

(Eo) 

E(t) = E0/2
t

E(t) = Ec
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Critical energy (Ec)
Energy at which a electron losses its energy as 
same amount by bremsstrahlung and ionization. 

Energy at which the ionization loss per Xo is 
equal to the electron energy.
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Longitudinal shower development 

Number of secondaries 

Average Energy 

Shower development stops at 
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N = 2t

Radiation Length(Xo) 

t=3 t=2 t=1 t=0 

(Eo) 

E(t) = E0/2
t

E(t) = Ec

Maximum number of shower particles at which their 
energy is critical energy ;

Ec = E0/2
t
max t

max

= ln(
E0

Ec
)/ln2
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Energy deposit
Energy deposit ∝ total integrated charged track 
length
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< Ti(E0) >=

Z i�t

(i�1)�t
N(E0, Eth, t)dt

dE

dx

= E0b
(bt)(a�1)

e

�bt

�(a)

= ln(
E0

Ec
) + Cj

Ce = �0.5
C� = +0.5

t
max( dE

dx

) = (a� 1)/b
Eth = 1.5MeV

EGS4 calculation 
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Longitudinal shower shape
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Ec=19.42

t_max = 5.7 for 1GeV

              9.0 for 10 GeV

            12.3 for 100 GeV

            15.6 for 1TeV

t_max(dE/dx) = 

            3.4 for 1 GeV

            5.7 for 10 GeV

            8.0 for 100 GeV

           10.3 for 1 TeV



Lateral development of EM 

Mainly due to multiple 
scattering of low energy 
electron. 

Moirère Radius (RM)　
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RM =
21MeV

Ec
X0

⇠ 7A

Z
[g/cm2]

90%

99%

1 3.5
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Hadronic Shower

23
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M. Krammer: Detektoren, SS 05 Kalorimeter 44

In Absorbern aus schweren Elementen, z.B. 238U, kann es nach einer
Spallation mit einhergehender Kernanregung oder nach dem Einfang eines
langsamen Neutrons durch einen Targetkern zu einer Kernspaltung kommen.

Dabei zerfällt der Kern unter Energiefreisetzung in 2 (sehr selten auch 3)
annähernd gleich große Kernbruchstücke. Zusätzlich werden dabei typischer-
weise außerdem Photonen und Neutronen emittiert. Haben die Kernbruch-
stücke nach der Spaltung noch hohe Anregungsenergien, so können sie auch
andere Hadronen emittieren.

6.3.1 Hadronische Schauer
Kernspaltung (Fission)

Bild rechts: Schematische
Illustration der Kernspaltung
mit anschließender Emission
von Hadronen und Photonen.

�+ + �� + �0 + . . . + Nucleus⇤
p + Nucleus!

p + Nucleus! p + Nucleus

Nucleus⇤ ! Nucleus A + n, p, �, ...
Nucleus⇤ ! Nucleus B + 5p, n, �, ...

Hadronic Showers

Hadronic interaction:

Elastic:

Inelastic:

Heavy Nucleus (e.g. U)  

Incoming        
hadron

Ionization loss                   Ionization loss     
                

Intranuclear cascade
(Spallation 10-22 s)

Intranuclear cascade
(Spallation 10-22 s)

              Internuclear cascade

! Nuclear fission

Inter- and 
intranuclear cascade 

M. Krammer: Detektoren, SS 05 Kalorimeter 43

Angeregte Kerne emittieren solange Kernbausteine, bis die verbliebene Anre-
gungsenergie geringer ist als die Bindungsenergie der Kernbausteine. Dieser
Prozess wird “Kernverdampfung” genannt. Die restliche Energie wird dann in
Form von Photonen abgestrahlt.

Die Kernverdampfung folgt in einem Kalorimeter typischerweise als Sekundär-
prozess auf eine Spallation.

6.3.1 Hadronische Schauer
Kernanregung, Kernverdampfung

Bild oben: Schematische Illustration der Kernverdampfung. Hochangeregte Kerne
verlieren typischerweise innerhalb von !"10-18"s einen Großteil ihrer Anregungsenergie
durch die Emission von Kernbausteinen.

Nuclear 
evaporation

B
Fission

CA
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Hadronic shower
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�I ⇡ 35 g/cm2 ·A 1
3

N(x) = N0e
� x

�

I

𝞴I X0 R=(𝞴I/X0) 𝞴I X0 R=(𝞴I/X0)

Fe 16.78 1.76 9.54 Scin. 78.93 42.62 1.85

Cu 15.32 1.44 10.68 CsI 38.03 1.86 20.44

Pb 17.59 0.56 31.33 PbWO4 20.28 0.89 22.77
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Comparison hadronic vs EM showers 
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