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Z2 electrons, q=-e0

Interaction with the 

atomic electrons. The 

incoming particle 

looses energy and the 

atoms are excited or  

ionized.

Interaction with the 

atomic nucleus. The 

particle is deflected 

(scattered)  resulting in 

multiple scattering of 

the particle in the 

material. During these 

scattering events a 

Bremsstrahlung 

photons can be emitted.

In case the particle’s velocity is larger 

than the velocity of light in the medium, 

the resulting EM shockwave manifests 

itself as Cherenkov Radiation. When the 

particle crosses the boundary between 

two media, there is a probability of the 

order of 1% to produce an X ray photon, 

called Transition radiation. 

1) Electromagnetic Interaction of Charge Particles 

M, q=Z1 e0



Bethe-Bloch overview

• dE/dx in [MeV g-1

cm2]

• valid for “heavy” 
particles (mmm).

• First approximation: 
medium simply 
characterized by 
Z/A ~ electron 
density  
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Energy loss by Ionisation only  Bethe - Bloch formula

Z/A~0.5

Z/A = 1
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“relativistic rise”

“kinematical term”
  3-4 

minimum ionizing particles, MIPs

“Fermi plateau”



Kaon

Pion

Pion

Pion
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Discovery of muon and pion

Cosmis rays: dE/dx α Z2

Large energy loss

 Slow particle

Small energy loss

 Fast particle

Small energy loss

 Fast Particle





Application in Particle ID



• Monoenergetic proton beam loses energy more rapidly 

as it slows down; gives sharp Bragg peak in ionization 

versus depth (used in proton radiation therapy)

• Using a range of proton

energies allows a varied

profile versus depth

• Photon beam (x-rays)

deposits most energy 

near entrance into tissue

Bragg peak

https://www.youtube.com/watch?v=FuD4z9H8Pcg


Multiple Scattering

• Particles don’t only loose energy but also they also 
change direction. Average scattering angle is roughly 
Gaussian for small deflection angles with 

• Multiple scattering will make worse resolution for 
charged particle tracking.  

• Energy loss distribution is not Gaussian around mean. 
In rare cases a lot of energy is transferred to a 
single electron  : 
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δ-Ray



δ-Rays

• Energy loss distribution is not Gaussian 
around mean.

• In rare cases a lot of energy is 
transferred to a single electron

• If one excludes δ-rays, the average 
energy loss changes

• Equivalent of changing Emax

δ-Ray
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L. Alexander et al., CLEO III test beam results

energy loss (keV)

300 mm Si
Includes a Gaussian 

electronics noise 

contribution of 2.3 keV
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Em.p. ~ 82 keV

<E> ~ 115 keV

300 mm Si

Landau’s theory J. Phys (USSR) 8, 201 (1944)

x (300 mm Si)  = 69 mg/cm2

“Theory”

 = 26 keV

Landau in thin layers

charge collection 

is  not 100% 



-Ray : Landau distribution in thin layers

For thin layers or low density materials:

 Few collisions, some with high energy transfer.  

 Energy loss distributions show large 

fluctuations towards high losses:  ”Landau tails”

For thick layers and high density materials:

 Many collisions.

 Central Limit Theorem  Gaussian shaped 

distributions.

Emost probable <E>

E

e-

e-

Em.p.  <E>

E

 electron
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Light mass particle energy Loss 

• At very low βγ, large 

energy loss due to 

atomic effects

• For large (and 

relevant) range of 

relativistic βγ, energy 

loss is small 

(minimium ionizing 

particle – “mip”)

• Ultra-relativistic 

particles lose energy 

mostly via gamma 

radiation



Bremsstrahlung
Energy loss by Bremsstrahlung

Radiation of real photons in the Coulomb field 
of the nuclei of the absorber medium

Effect plays a role only for e± and ultra-relativistic m (>1000 GeV)

For electrons: 
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radiation length [g/cm2]

(divide by specific density to get X0 in cm) 
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Electrons

• Electrons are different light
• Bremsstrahlung

• Pair production



2)  and X-ray interaction

•  and X-ray are neutral : No direct 
interaction with target. 

• Photon interaction by
• Photo-electric effect

• Compton scattering

• Pair production 



In order to be detected, a photon has to create charged particles 

and / or transfer energy to charged particles

Photo-electric effect:    

Interaction of photons
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5Zphoto 

Only possible in the close 

neighborhood of a third collision 

partner - photo effect releases mainly 

electrons from the K-shell.

Cross section shows strong modulation if E ≈Eshell

At high energies 



Compton scattering:

'' ee  
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Interaction of photons

Assume electron as quasi-free.

Klein-Nishina 

Atomic Compton cross-section: 

e-

 EEEe


At high energies approximately 
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Compton cross-section (Klein-Nishina)



Detector Response  with 137Cs  source 

HPGe

Scintillator

Liquid scintillator (C,H)



Pair production

Interaction of photons

nucleuseenucleus  
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 independent of energy !

Z

e+

e-

Only possible in the Coulomb field of a nucleus (or an electron) if 

Cross-section (high energy approximation)

Energy sharing 

between e+ and e-

becomes 

asymmetric at 

high energies.

  eeee

nucleuseenucleus  



Dependence of 
Type of interaction 

Energy 

 

Z 
cm2/atom 

Z 
cm2/g 

Photoelectric Effect E-3.5 Z4 to Z5 Z3 to Z4 

Compton Effect E-0.5 to E-1 Z  independent 
Pair Production E1 to ln E Z2 Z 

 

Energy Loss of 



Interactions of photons with water and lead

xeII m


 0

m: mass attenuation coefficient

In summary:

 gcm
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A
i /2m  ... pairComptonphoto mmmm



Reminder: basic electromagnetic interactions

e+ / e-
Ionisation

Bremsstrahlung

Photoelectric effect

Compton effect

Pair production
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• Wave front comes out at certain angle

• That’s the trivial result!

3) Cherenkov Radiation
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Cherenkov Radiation

• How many Cherenkov photons are 
detected? 2
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Cerenkov Radiation in Popular 
Culture…

• Picture of 
Cerenkov 
radiation from 
the core of a 
water-cooled 
nuclear reactor.

• given off by fast 
electrons 
emerging from 
fission reactions



CREAM Cosmic ray experimenet



electron event

muon event

50kt 

H2O

12000 PMTs

Super-Kamiokande



Transition Radiation

• Transition radiation is closely related 
to Cerenkov radiation.

• Occurs when a charged particle 
crosses the boundary between 
materials of different refractive 
indices.



4) Transition radiation 

radiators) (plastic  eV20 
frequency

plasma
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only high energetic e± emit TR of detectable 

intensity. 
 particle ID

medium vacuum

TR is electromagnetic radiation emitted when a 
charged particle traverses a medium with a 
discontinuous refractive index, e.g. the 
boundaries between vacuum and a dielectric 
layer.

A (too) simple picture

• Radiated energy per medium/vacuum boundary

by B. Dolgoshein (NIM A 326 (1993) 434))

(G. Garibian, Sov. Phys. JETP63 (1958) 1079) 

A correct relativistic treatment shows that…
electron

1



optical absorptive X-ray

Cherenkov
radiation

ionisation transition radiation

regime:

effect:

Re 

Im 

TR is also called 

sub-threshold 

Cherenkov 

radiation

 <1 ! 



TRD for CREAM experiment



Summary of particle-matter 
electromagnetic interactions 

e+ / e-
Ionisation

Bremsstrahlung

Photoelectric effect

Compton effect

Pair production
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5) Neutron  interaction with matter

1) Introduction

2) Elastic scattering of neutrons

3) Inelastic scattering of neutrons

4) Neutron capture

6) Spallation reactions, hadron shower



Introduction

Neutron has not electric charge → interaction only by strong nuclear interaction

Magnetic moment of neutron → interaction by electromagnetic interaction, mostly 

negligible influence

Different energy ranges of neutrons:

Ultracold: E < 10-6 eV

Cold and very cold: E  = (10-6 eV – 0,0005 eV)

Thermal neutrons – (0,002 eV – 0,5 eV) neutrons are in thermal equilibrium with 

neighborhood, Maxwell distribution of velocities, for 20oC is the most probable velocity v = 

2200 m/s → E = 0,0253 eV

Epithermál neutrons and resonance neutrons: E = (0,005 eV – 1000 eV)

Slow neutrons: E < 0,3 eV

Fast neutrons: E = (0,3 eV – 20 MeV)

Neutrons with high energies: E = (20 MeV – 100 MeV)

Relativistic neutrons: 0,1 – 10 GeV

Ultrarelativistic neutrons: E > 10 GeV



Elastic scattering of neutrons

The heavier nucleus the lower energy can

neutron transferred to it:

Maximal transferred energy (nonrelativistic case of head-head  collision):

MCL: pn0 = pA - pn ECL: En0KIN = EAKIN + EnKIN  pn0
2/2mn = pA

2/2mA + pn
2/2mn

MCL: pn
2 = pA

2 – 2pApn0 + pn0
2    mApn

2 =    mApA
2 – 2mApApn0 + mApn0

2

ECL: mApn
2 = - mnpA

2                                  + mApn0
2

We subtract equation:

0 = mApA
2 + mnpA

2 – 2mApApn0  mApA + mnpA = 2mApn0
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Energy distribution of 

reflected protons for 

En0 < 10 MeV

Recoil Energy distribution of 

Elastic scattering of neutrons
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14 MeV neutron recoil with H



Nuclear reactions of neutrons

Neutron capture: (n,γ)

Cross section of reaction 139La(n,γ)140La

Resonance regionThermal region

High values of cross sections for 

low energy neutrons

157Gd(n,γ) – for thermal neutrons cross section is  biggest σ ~ 255 000 barn

Total 8 MeV gamma+conversion electrons

Inelastic neutron scattering

Part of energy is transformed to excitation → accuracy of energy determination is 

given by their fate

Competitive process to elastic scattering on nuclei heavier than proton

Its proportion increases with increasing energy



Reactions (n,d), (n,t), (n,α) ...

Reactions used for detection of low energy neutrons :

10B(n,α)7Li Q = 2,792 and 2,310 MeV,  Eα =  MeV, ELi =  MeV   σth = 3840 b 1/v up to 1 keV

6Li(n,α)3H   Q =  4,78 MeV,  Eα = 2,05 MeV, EH = 2,73 MeV    σth = 940 b 1/v up to 10 keV 

3He(n,p)3H Q = 0,764 MeV,  Ep = 0,573 MeV, EH = 0,191 MeV   σth = 5330 b 1/v up to 2 keV 

EN + EP = Q

mNvN = mPvP → P

N

P
NPPNN E

m

m
EE2mE2m  Q

mm

m
E

NP

N
P




(two particle decay of compound nucleus at rest, nonrelativistic approximation)



Induced fission: (n,f)

Exothermic with very high Q ~ 200 MeV

Induced by low energy neutrons (thermal): 233U, 235U, 239Pu

Induced by fast neutrons: 238U, 237Np, 232Th 

Induced by „relativistic“ neutrons: 208Pb

Spallation reactions, hadron shower

Interaction of realativistic and 

ultrarelativistic neutrons

Same behavior as for protons and nuclei



6) Electromagnetic and 
Hadronic Showers



Electromagnetic Showers

• High energy electron produces photon 
through bremsstrahlung

• Photon produces e+ e- through pair 
production



Example of E&M Shower at High Energy

Primary photon can convert
into e+ e--pair; electron and
positron generate 
bremsstrahlung photons
which produce pairs in
their turns. The shower
develops until the energies
of photons become less
than necessary to create
pairs. 

Electron shower in a cloud 

chamber with lead absorbers



Hadronic Showers

• High-energy hadrons give hadronic 
showers.

• Hadron interacts with nucleus by the 
strong interaction.

• Number of particles produced in each 
collision  ln(E)

• Length scale :

•
• I is nuclear cross-section for strong 

interaction
• I = hadronic interaction length

IAI N

A

n 
 

1
I



Hardronic shower  



e/p separation  



Particle energy loss in matter

X rays

gamma rays

PE

CS

PP

electron(s)

dE/dx loss, Cv, TR

charged particle

Nuclear particles

nuclear reaction (NI)

energetic neutrons

proton

dE/dx, NI

neutrino
Weak Interaction



Identifying particles



Cosmic Ray Energetics And Mass (CREAM)

• To extend direct measurements of 
elemental spectra to the highest 
energy practical with balloon 
experiments

• To have enough overlap with ground 
based indirect measurements

• To understand whether/how the 
“knee” is related to the acceleration, 
propagation and confinement



m / KL detection

14/15 lyr. RPC+Fe

Tracking + dE/dx

small cell + He/C2H5

CsI(Tl) 16X0

Aerogel Cherenkov cnt.

n=1.015~1.030

Si vtx. det.

3 lyr. DSSD

TOF counter

SC solenoid

1.5T

Belle Detector

8GeV e

3.5GeV e



*KB  Candidate at Belle



We observed a dimuon event

• J/ymm

– M(mm) = 3.1 GeV

–both muons tracks 

clearly evident in 

magnet return yoke

This events is 

consistent with 

although there were 

no hits in the RPCs

LKJB   /


