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Interaction of Radiation with Matter

• Electrons and photons
– Photoelectric effect
– Compton scattering
– Pair production
– Bremsstrahlung
– Synchrotron radiation

• Charged particles
– Ionization
– Cerenkov radiation

• Neutrons
– Elastic scattering
– Nuclear interactions

• Neutrinos
– Weak interactions



Interaction of Photons with Matter

• Low-energy photons can excite atomic electrons

– Non-ionized atoms can de-excite, emitting lower energy 
photons uniformly over all angles.

– When an atom is ionized, the ejected electron has less 
energy than the photon because of the work function of 
the material.

– Inner shell (K-shell) electrons are more tightly bound and 
are harder to ionize.



Photoelectric Effect

Low energy:
𝜎𝑝.𝑒.~ 𝑍4/𝐸3

High energy:

𝜎𝑝.𝑒.~ 𝑍5/𝐸

Cross section falls rapidly 
with increasing energy.

This is the interaction 
between the photon and 
the atom as a whole.  
When the photon 
wavelength is small 
enough it no longer “sees” 
the whole atom at once.



Photoelectric Effect

After an electron has been removed from the atom, the 
system can return to its ground state in various ways:

• Fluorescence x-ray emission:
– An outer-shell electron falls into the inner-shell vacancy

• Auger electron emission:
– Excess energy from an outer-shell electron falling into the 

inner-shell vacancy ejects more outer-shell electrons

• Coster-Kronig process:
– The inner-shell vacancy is filled by an electron, leaving 

another vacancy in a more outer shell



Compton Scattering

• When the wavelength of a photon is smaller than the 
size of an atom, it begins to see the individual 
electrons.
– A photon with energy 10 keV has a wavelength of

𝜆 =
ℎ𝑐

𝐸
= 2𝜋

ℏ𝑐

𝐸
= 2𝜋

197 MeV ∙ fm

10 keV
~ 0.1 nm

• Based on kinematic arguments alone, we saw that 
the energy of the scattered photon depended on the 
scattering angle:
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Compton Scattering

• Klein-Nishina angular distribution per electron:

𝑑𝜎

𝑑Ω
=
𝑟𝑒
2
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1

1 + 𝜖 1 − cos 𝜃

2

1 + cos2 𝜃 +
𝜖2 1 − cos 𝜃 2

1 + 𝜖 1 − cos 𝜃

𝑟𝑒 =
𝑒2

𝑚𝑒𝑐
2 = 2.818 fm (classical electron radius)

𝜖 =
𝐸

𝑚𝑒𝑐
2 (ratio of incident photon energy to electron mass)

• Cross section per atom is proportional to 𝑍

• Modified at low energy due to binding energy of 
atomic electrons.



Compton Scattering
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Pair Production
• When a photon has energy greater than about 2𝑚𝑒𝑐

2, it can 
convert into an 𝑒+𝑒− pair in the electric field of a nucleus.

𝑑𝜎

𝑑𝑥
=

𝑚

𝑋0𝑁𝐴
1 −

4

3
𝑥 1 − 𝑥

𝑥 =
𝐸𝑒−

𝐸𝛾

• 𝑚 is the atomic mass of the material (frequently denoted A).

• 𝑋0 is the radiation length [g ∙ cm−2] of the material.
1

𝑋0
~

𝑍2

𝑚𝑚𝑒
2

• Pair production cross section is larger for high-𝑍 materials.



Pair Production
• High-energy limit:

𝜎 =
7

9

𝑚

𝑋0𝑁𝐴Atomic mass, 𝑚



Photon Interactions with Matter
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Electron interactions: Bremsstrahlung

• Accelerated charges radiate electromagnetic fields

• Bremsstrahlung: breaking radiation

𝑑𝜎

𝑑𝐸𝑒
=

𝑚

𝑋0𝑁𝐴𝐸𝑒
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3
−
4

3
𝑦 + 𝑦2

𝑦 =
𝐸𝛾

𝐸𝑒

𝑒−

𝑍𝑒

𝑒−

𝛾



Electromagnetic Interactions

• Pair production, Compton scattering and 
bremsstrahlung all occur with similar characteristic 
length scales

𝑁 𝑥 = 𝑁0𝑒
−𝑥𝜌/𝑋0

• The “radiation length” is usually scaled by the density

𝝆 [𝒈 ∙ 𝒄𝒎−𝟑] 𝑿𝟎 [𝒈 ∙ 𝒄𝒎−𝟐] 𝑿𝟎

𝝆
[𝒄𝒎]

Helium 0.166 x 10-3 94.32 5682 m

Carbon 2.21 42.70 19.3

Lead 11.35 6.37 0.56



Synchrotron Radiation

• When an electron moves in a circle (for example, in a 
magnetic field) its velocity remains constant but its 
direction changes.

• This acceleration leads to the emission of photons.

• Radiated power (over all wavelengths):

𝑃 =
𝑒2

6𝜋𝜖0𝑐
7𝑟2

𝐸4𝛽2

𝑚𝑒
4

• Most important for high-energy electrons

• Limits the achievable energy of circular electron 
accelerators.



Ionization

• A charged particle with mass 𝑀 will transfer energy to 
the electrons in the surrounding medium via its electric 
field.

• Maximum possible energy transfer:

𝑊𝑚𝑎𝑥 =
2𝑚𝑒𝑐

2𝛽2𝛾2

1 + Τ2𝛾𝑚𝑒 𝑀 + Τ𝑚𝑒 𝑀 2

• Bethe equation:

– 𝐾 = 0.307075 MeV ∙ mol−1 ∙ cm2

– 𝐼 is the mean excitation energy (typically a few eV)

– 𝛿 is called the “density effect correction” 



Ionization

1/𝛽2 region

The curve is a function of 𝛽𝛾 – it is a universal shape for all particle types.



Ionization



Cherenkov Radiation

• When a charged particle moves through a medium with a 
speed that is faster than the speed of light in the medium, it 
emits Cherenkov radiation

cos 𝜃𝑐 =
1

𝑛𝛽
𝑑𝑁

𝑑𝑥𝑑𝜆
=
2𝜋𝛼𝑧2

𝜆2
1 −

1

𝛽2𝑛2 𝜆

• Not a significant energy loss mechanism, but a useful way to 
detect charged particles

𝜃𝑐 photons

Charged particle

Medium with index 
of refraction 𝑛



Charged Particles

• Charged particles that interact primarily via 
ionization must move macroscopic distances through 
material before decaying.

• Typically, these include

– Protons (stable)

– Muons (𝜏 = 2.2 μs)

– Charged pions, 𝜋± (𝜏 = 26 ns)

– Charged kaons, 𝐾± (𝜏 = 12.4 ns)

– Deuterons, tritons, 𝛼-particles and other nuclei



Neutral Particles

• Neutral particles that are composed of quarks are called hadrons

• Hadrons with relatively long lifetimes include

– The neutron, 𝑛 (𝜏 = 880 s)

– Neutral kaons, 𝐾𝐿
0 (𝜏 = 52 ns) and 𝐾𝑆

0 (𝜏 = 89 ps)

– Neutral pions decay immediately to photons, 𝜋0 → 𝛾𝛾 which 
subsequently interact electromagnetically

• Neutral particles can scatter elastically from nuclei, which could 
then interact as charged particles

• Neutral hadrons interact with nuclear material to produce 
secondary (charged and neutral) collision products (eg, charged and 
neutral pions).

• Nuclear interaction length, 𝜆𝐼 = 𝜌𝜆

𝑁 𝑥 = 𝑁0𝑒
−𝑥𝜌/𝜆𝐼

• Nuclear collision length, 𝜆𝑇.



Charged Hadrons

• Long-lived charged hadrons (𝑝, 𝜋±, 𝐾±) will interact 
both by ionization and by nuclear interactions

• Characteristic length scales are different

– Ionization is continuous

– Mean free path is of order 𝜆𝐼

• Example for carbon and lead:

𝝆 [𝒈 ∙ 𝒄𝒎−𝟑] 𝝀𝑻[𝒈 ∙ 𝒄𝒎−𝟐] 𝝀𝑻
𝝆

[𝒄𝒎]
𝝀𝑰[𝒈 ∙ 𝒄𝒎−𝟐] 𝝀𝑰

𝝆
[𝒄𝒎]

Carbon 2.21 59.2 26.8 85.8 38.8

Lead 11.35 114.1 10.1 199.6 17.6



Neutrinos

• Neutrinos are electrically neutral
– They do not lose energy via ionization
– They do not interact with other charged particles

• Neutrinos are not made of quarks
– They do not interact strongly with nuclei

• They only interact rarely via weak interactions
– Inverse beta decay
– Elastic scattering

• These have extremely small cross sections
• Detecting neutrinos requires extremely large detectors 

and the interaction rate is usually quite low
• We do not try to directly identify neutrinos in collider 

experiments.



Examples of Neutrino Detectors


