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⚫ Photons with energy exceeding the ionization energy of atoms are called 

indirectly ionizing radiation because they transfer energy to an absorber by an 

indirect process (photoelectric effect, Compton effect, and pair production).

⚫ In each of these effects, a portion of the photon energy is transferred to 

energetic light charged particles (electron or positron) which travel through the 

absorber and lose their energy through direct Coulomb interactions with nuclei 

and orbital electrons of absorber atoms.

Interaction of photons with matter (absorber)
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Interaction mechanisms

⚫ Unlike charged particles, photons are electrically neutral and do not steadily lose 

energy as they penetrate matter. Instead, they can travel some distance before 

interacting with an atom.

⚫ How far a given photon will penetrate is governed statistically by a probability of 

interaction per unit distance traveled, which depends on the specific medium 

traversed and on the photon energy.

⚫ When the photon interacts, it might be absorbed and disappear or it might be 

scattered, changing its direction of travel, with or without loss of energy.

⚫ Thomson (interaction of a photon with a free electron, low-energy limit of 

Compton scattering) and Rayleigh scattering (interaction of a photon with an 

atom) are two processes by which photons interact with matter without 

appreciable transfer of energy.

⚫ The principal mechanisms of energy deposition by photons in matter are 

photoelectric absorption, Compton scattering, pair production, and photonuclear 

reactions.
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Photoelectric effect

⚫ The ejection of electrons from a surface as a result of light absorption is called 

the photoelectric effect.

⚫ Einstein’s explanation (1905)
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Photoelectric effect

⚫ The probability of producing a photoelectron when light strikes an atom is 

strongly dependent on the atomic number 𝑍 and the energy ℎ𝜈 of the photons.

⚫ The probability varies as 𝑍4/ ℎ𝜈 3.
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Main features of photoelectric effect



7 Introduction to Nuclear Engineering, Fall 2022

Cross section and attenuation coefficient for photoelectric 

effect

⚫ Atomic cross section for photoelectric effect

⚫ Mass attenuation coefficient
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Compton effect



9 Introduction to Nuclear Engineering, Fall 2022

Compton effect

⚫ Each plot shows peaks at two values of 𝜆′: one at 

the wavelength 𝜆 of the incident photons and 

another at a longer wavelength, 𝜆′ > 𝜆. The 

appearance of scattered radiation at a longer 

wavelength is called the Compton effect.
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Kinematics of Compton scattering

⚫ Energy conservation

⚫ Momentum conservation

⚫ Energy and wavelength of scattered photon

Compton wavelength
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Kinematics of Compton scattering
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Kinematics of Compton scattering

⚫ Energy and wavelength of scattered photon

⚫ Extreme cases:

𝜃 = 0 ℎ𝜈′ = ℎ𝜈max
′ = ℎ𝜈

𝜃 = 𝜋/2 ℎ𝜈′ =
ℎ𝜈

1 +
ℎ𝜈
𝑚𝑐2

ℎ𝜈′ = ℎ𝜈min
′ =

ℎ𝜈

1 + 2
ℎ𝜈
𝑚𝑐2

→
𝑚𝑐2

2
= 255 keV𝜃 = 𝜋

ℎ𝜈 ≫ 𝑚𝑐2
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Energy transfer in Compton scattering

⚫ The kinetic energy acquired by the secondary electron is given by

⚫ The maximum kinetic energy, 𝑇max, that a secondary electron can acquire occurs 

when 𝜃 = 180°.

𝑇max = ℎ𝜈 − ℎ𝜈min → ℎ𝜈 −
1

2
𝑚𝑐2 for ℎ𝜈 ≫ 𝑚𝑐2

⚫ Recoil angle of the electron
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Energy transfer in Compton scattering
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Compton collision cross section

⚫ Klein–Nishina formula for Compton scattering (1928)
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Angular distribution of scattered photons



17 Introduction to Nuclear Engineering, Fall 2022

Energy transfer cross section

⚫ For photons of a given energy ℎ𝜈, one can write the differential Klein–Nishina

energy-transfer cross section (per electron m–2)

⚫ Energy transfer cross section (the average fraction of the incident photon energy 

that is transferred to Compton electrons per electron m–2 in the material 

traversed)

⚫ Similarly, the differential cross section for energy scattering (i.e., the energy 

carried by the scattered photons) is defined by
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Mean energy transfer fraction



19 Introduction to Nuclear Engineering, Fall 2022

Energy distribution of recoil electrons

Compton edge
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Compton attenuation coefficient

Compton macroscopic cross section
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Compton attenuation coefficient
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Pair production

⚫ A photon with an energy of at least twice the electron rest energy, ℎ𝜈 ≥ 2𝑚𝑐2, 

can be converted into an electron–positron pair in the field of an atomic nucleus.

⚫ Pair production can also occur in the field of an atomic electron, but the 

probability is considerably smaller and the threshold energy is 4𝑚𝑐2. (This 

process is often referred to as “triplet” production because of the presence of the 

recoiling atomic electron in addition to the pair.)

⚫ Energy conservation (neglecting recoil energy)
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Pair production

⚫ Atomic cross section for pair production

⚫ Mass attenuation coefficient

⚫ Energy transfer to charged particles



24 Introduction to Nuclear Engineering, Fall 2022

Attenuation coefficient

⚫ Photon penetration in matter is governed statistically by the probability per unit 

distance traveled that a photon interacts by one physical process or another.

⚫ This probability, denoted by 𝜇, is called the linear attenuation coefficient (or 

macroscopic cross section) and has the dimensions of inverse length. The 

coefficient 𝜇 depends on photon energy and on the material being traversed.

⚫ We let 𝑁(𝑥) represent the number of 

photons that reach a depth 𝑥 without 

having interacted. The number that 

interact within the next small distance 

d𝑥 is proportional to 𝑁 and to d𝑥.

Fraction of ‘uncollided photon’
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Attenuation coefficient

⚫ Experimental setup: A narrow beam of monoenergetic photons is directed toward 

an absorbing slab of thickness 𝑥. A small detector of size d is placed at a 

distance 𝑅 ≫ 𝑑 behind the slab directly in the beam line.

⚫ Under these conditions, referred to as “narrow-beam” or “good” scattering 

geometry, only photons that traverse the slab without interacting will be detected. 

One can measure the relative rate at which photons reach the detector as a 

function of the absorber thickness to obtain the value of 𝜇.
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Attenuation coefficient for photons

⚫ The linear attenuation coefficient for photons of a given energy in a given

material comprises the individual contributions from the various physical 

processes that can remove photons from the narrow beam.

⚫ Mass attenuation coefficient
𝜇

𝜌
=
𝜏

𝜌
+
𝜎

𝜌
+
𝜅

𝜌
𝜇 = 𝑁𝜎𝐴 =

𝑁𝐴
𝐴
𝜌𝜎𝐴

Microscopic or atomic cx

Number density
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Attenuation coefficient for photons
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Predominance for individual effects
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Energy transfer and absorption

⚫ The incident fluence Φ0 is the number of photons per unit area that cross a 

plane perpendicular to the beam.

⚫ The number that cross per unit area per unit time at any instant is called the 

fluence rate, or flux density:

m-2 s-1

⚫ The energy that passes per unit area is called the 

energy fluence Ψ0, having the units J m–2.

⚫ The corresponding instantaneous rate of energy 

flow per unit area per unit time is the energy 

fluence rate, or energy flux density:
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Mass energy-transfer coefficient

⚫ Photoelectric effect

⚫ Compton scattering

⚫ Pair production

The fraction of the incident intensity transferred to electrons (i.e., the 

photoelectron and the Auger electrons)

The average energy emitted as fluorescence radiation 

following photoelectric absorption in the material

The average fraction of the incident photon energy that is converted 

into the initial kinetic energy of the Compton electrons

The fraction of the initial 

electron-positron kinetic energy
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Mass energy-transfer coefficient

⚫ Total mass energy-transfer coefficient determines the total initial kinetic energy 

of all electrons produced by the photons, both directly (as in photoelectric 

absorption, Compton scattering, and pair production) and indirectly (as Auger 

electrons).

⚫ Total mass energy-transfer coefficient

⚫ Energy absorption: Except for the subsequent bremsstrahlung that the electrons 

might emit, the energy absorbed in the immediate vicinity of the interaction site 

would be the same as the energy transferred there.
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Mass energy-absorption coefficient

⚫ Letting 𝑔 represent the average fraction of the initial kinetic energy transferred to 

electrons that is subsequently emitted as bremsstrahlung, one defines the mass 

energy-absorption coefficient as
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Mass attenuation vs. energy-absorption coefficient

𝜇

𝜌
=
𝜏

𝜌
+
𝜎

𝜌
+
𝜅

𝜌
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Individual physical processes contribute to the interaction

coefficients as functions of the photon energy

𝜇 = 𝜏 + 𝜎 + 𝜅

⚫ Linear attenuation coefficient

⚫ Linear energy-absorption coefficient

𝜇en = 𝜇tr(1 − 𝑔)
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Calculation of energy absorption and energy transfer

⚫ We begin by assuming that the slab is thin compared with the mean free paths 

of the incident and secondary photons, so that (1) multiple scattering of photons 

in the slab is negligible and (2) virtually all fluorescence and bremsstrahlung 

photons escape from it. On the other hand, we assume that the secondary 

electrons produced by the photons are stopped in the slab.
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Calculation of energy absorption and energy transfer
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Homework

⚫ J. Turner, Atoms, Radiation, and Radiation Protection, Wiley (2007), chapter 8

Problems: 20, 43, 54


