
Interactions of Ionizing Radiation 
with Matter 
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Reading Material:
Chapter 2 in Radiation Detection and Measurements, 

Third Edition, G. F. Knoll, John Wiley & Sons, 1999.



Interactions of X and Gamma Rays
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X‐ray and Gamma Ray Interactions

From Page 50, Radiation Detection and 
Measurements, Third Edition, G. F. 
Knoll, John Wiley & Sons, 1999.
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Covered in 
lecture



Photoelectric Effect
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• Photoelectric interaction is with the atom in a whole and can not take 
place with free electrons.

X‐ray and Gamma Ray Interactions
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• Photoelectric effect leaves a vacancy in one of the electron shells, which 
leaves the atom at an excited state. Covered in 

lecture



Photoelectric Effect Cross Section
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Probability of photoelectric absorption per atom is

X‐ray and Gamma Ray Interactions – Photoelectric Effect 

• The interaction cross section depends strongly on Z. 
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Page 49, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

• Photoelectric effect is favored at lower photon energies.



Photoelectric Effect (2) – Absorption Edges
X‐ray and Gamma Ray Interactions – Photoelectric Effect 
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Covered in 
lecture



Photoelectric Effect (2) – Absorption Edges
X‐ray and Gamma Ray Interactions – Photoelectric Effect 
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Covered in 
lecture

Contrast enhanced CT image of the lung
www.healthcare.siemens.com



Figure 1 Contrast enhanced calculated "virtual 120 kV" 
dual energy CT image of a 56‐year‐old male patient 
with an adenocarcinoma of the left upper lobe (A). 
Fused (B) and isolated selective iodine perfusion maps 
(D) revealed hyper‐perfusion of the peripheral tumor 
margins with less iodine uptake in the central areas. 
The corresponding virtual non‐contrast CT image (C) 
shows hypo‐attenuation of the hypo‐perfused central 
tumor area indicating less tumor vitality.



What is Compton Scattering?

The differential scattering cross section (d) – the probability of a photon
scattered into a unit solid angle around the scattering angle , when passing
normally through a layer of material containing one electron per unit area.

NPRE 435, Radiological Imaging, Fall 2019



Energy Transfer in Compton Scattering
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and the photon transfers part of its energy to the electron (assumed to be at 
rest), which is known as a recoil electron. Its energy is simply
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If we assume that the electron is free and at rest, the scattered gamma ray 
has an energy

Initial photon energy, v: photon frequency, 

h= 6.757704 meterkilogram/second,  (Planck’s constant)

Scattering anglemass of electron

Reading: Page 51, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

The one‐to‐one relationship between scattering angle and energy loss!!



Basic Kinematics in Compton Scattering

The energy transfer in Compton scattering may be derived as the following:
 Assuming that the electron binding energy is small compared with the energy of 

the incident photon – elastic scattering.
 Write out the conservation of energy and momentum:

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

Conservation of energy

Conservation of momentum

NPRE 441, Principles of Radiation Protection, Spring  2019



Compton Scattering with Non‐stationary Electrons –
Doppler Broadening
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Energy Transfer in Compton Scattering

and the photon transfers part of its energy to the electron (assumed to be at rest 
before the collision), which is known as the recoil electron. Its energy is simply
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If we assume that the electron is free and at rest, the scattered gamma ray has an 
energy

Initial photon energy, v: photon frequency 

Scattering anglemass of electron

Reading: Page 51, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

In the simplified elastic scattering case, there is an one‐to‐one relationship between 
scattering angle and energy loss!!

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

NPRE 441, Principles of Radiation Protection, Spring  2019

assuming the binding 
energy of the electron is 
negligible.



Derivation of the Relationship Between Scattering Angle 
and Energy Loss  

The relation between energy the scattering angle and energy transfer are derived 
based on the conservation of energy and momentum:
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Are those terms truly zero?

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

NPRE 441, Principles of Radiation Protection, Spring  2019



Compton Scattering with Non‐stationary Electrons – Doppler 
Broadening

 It is so far assumed that (a) the electron is free and stationary and (b) the 
incident photon is unpolarized.     
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The one‐to‐one relationship between scattering angle and energy loss holds only 
when incident photon energy is far greater than the bonding energy of the 
electron…

 When an incident photon is reflected by a non‐stationary electron, for example 
an bond electron, an extra uncertainty is added to the energy of the scattered 
photon. This extra uncertainty is called Doppler broadening.   

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

NPRE 441, Principles of Radiation Protection, Spring  2019



Compton Scattering with Non‐stationary Electrons – Doppler 
Broadening

The Doppler broadening is stronger in Cu than in C because of the Cu electrons have greater 
bonding energy.

With Doppler 
broadening

Without Doppler 
broadening

Without Doppler broadening

With Doppler broadening

Comparison of the energy spectra for the photons scattered by C and Cu samples. Ehv=40keV, 
=90 degrees

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

NPRE 441, Principles of Radiation Protection, Spring  2019



Energy Transfer in Compton Scattering
Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

 The maximum energy carried by the recoil electron is obtained by setting  to 
180,

 The maximum energy transfer is exemplified by the Compton edge in measured 
gamma ray energy spectra.

Figure from Atoms, Radiation, and 
Radiation Protection, James E 
Turner, p180.
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NPRE 441, Principles of Radiation Protection, Spring  2019



Angular Distribution of the Scattered Gamma Rays
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Klein‐Nishina formula:
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Incident photons with higher energy 
tend to scatter with smaller angle 
(forward scattering)

Incident photons with lower energy (a 
few hundred keV) have greater chances 
of undergoing large angle scattering 
(back scattering)

Radial distance represents the 
differential cross section.

Probability of Compton scattering within a unit solid angle around a scattering angle .



Application of the Klein‐Nishina Formula (1)

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

Klein‐Nishina formula can be used to calculate the expected energy spectrum of 
recoil electrons as the following: 
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and the probability that a recoil electron possesses an energy between Erecoil‐E/2 
and Erecoil+E/2 is 



Application of the Klein‐Nishina Formula (1)

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

The terms on the right hand side of the equation can be derived from the following 
relationships, 
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The expected energy spectrum of recoil electrons can be evaluated numerically 
using these relationships.



Angular Distribution of the Scattered Gamma Rays

The differential scattering cross section per electron – the probability of a photon 
scattered into a unit solid angle around the scattering angle , when passing normally 
through a very thing layer of scattering material that contains one electron per unit 
area.  
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Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter



Angular Distribution of the Scattered Gamma Rays

Incident photons with higher energies 
tend to scatter with smaller angles 
(forward scattering).

Incident photons with lower energy (a 
few hundred keV) have greater chance 
of undergoing large angle scattering 
(back scattering).

Radial distance represents the 
differential cross section.

Chapter 5: Interaction of Radiation with Matter – Interaction of Photons with Matter

The higher the energy carried by an incident gamma ray, the more likely that the gamma ray 
undergoes forward scattering …



Total Compton Collision Cross Section

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

Compton Collision Cross Section is defined as the total cross section per electron 
by Compton scattering. It can be derived by integrating the differential cross 
section over the 4 solid angle.
Since 

 dd sin2

The total scattering cross section is

Note that the Compton collision cross 
section is given in unit of m2. 



Application of the Klein‐Nishina Formula (1)

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

From Page 311, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

 The energy distribution of the recoil 
electrons derived using the Klein‐
Nishina formula is closely related to 
the energy spectrum measured with 
“small” detectors.  



Total Compton Collision Cross Section

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

Compton Collision Cross Section is defined as the total cross section per electron 
by Compton scattering. It can be derived by integrating the differential cross 
section over the 4 solid angle.
Since 

 dd sin2

The total scattering cross section is

Note that the Compton collision cross 
section is given in unit of m2. 



Angular Distribution of the Scattered Gamma Rays

The differential scattering cross section per electron – the probability of a photon 
scattered into a unit solid angle around the scattering angle , when passing normally 
through a very thing layer of scattering material that contains one electron per unit 
area.  
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Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter



Question 2:

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

If we know the total Compton scattering cross section 

How do we drive the linear attenuation coefficient of gamma rays through 
Compton scattering?

The linear attenuation coefficient is the probability of a gamma rays Compton 
scattered in the material while traveling through a unit distance. 



Application of the Klein‐Nishina Formula (3)

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

The differential Compton cross section given by the Klein‐Nishina Formula can also 
be related to another important parameter for gamma ray dosimetry – the linear 
attenuation coefficient.

Suppose that the total number of atoms per m3 in the absorber is N and the atomic 
number is Z, the electron density in the absorber is NZ.  
Therefore the product 
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Application of the Klein‐Nishina Formula (3)

Chapter 4: Interaction of Radiation with Matter – Interaction of Photons with Matter

comptonlinear NZ 

has the unit of m‐1, is 
 The total cross section of all electrons “seen” by a photon while traversing a 

unit distance in the absorber, or 
 The total probability that the photon will interact with the absorber through 

Compton scattering while traversing a unit distance in the absorber.

NPRE 441, Principles of Radiation Protection, Spring 2010



Compton Scattering for Imaging?

– Interaction of Photons with Matter

NPRE 435, Radiological Imaging, Fall 2019

Covered in 
lecture



Compton Scattering for Imaging?

– Interaction of Photons with Matter

NPRE 435, Radiological Imaging, Fall 2019

Covered in 
lecture



Principle of Compton Imaging

Covered in 
lecture



Principle of Compton Imaging

Source

Image Plane

1st Detector

2nd Detector
Scattered
‐Rays

• No need for mechanical collimation – much higher detection efficiency.

• Requires the first detector to have a very good energy resolution.
Covered in 
lecture



Experimental Compton Camera 

Developed by the Detector Physics Group, University of Michigan, lead by Neal Clinthorne and Les. RogersCovered in 
lecture





Imaging Spectroscopy

Covered in 
lecture



Pair Production

NPRE 435, Radiological Imaging, Fall 2019 X‐ray and Gamma Ray Interactions

• Pair production refers to the
creation of an electron‐
positron pair by an incident
gamma ray in the vicinity of a
nucleus.

• The minimum energy required is

MeVcm
m

cmcmE e
nucleus

e
e 022.1222 2

22
2 

• The process is more probable with a heavy nucleus and incident
gamma rays with higher energies.

• The positron will soon annihilates with ordinary electrons near by
and produces two 511keV gamma rays.



The Relative Importance of the Three Major Type of X 
and Gamma Ray Interactions

NPRE 435, Radiological Imaging, Fall 2019 X‐ray and Gamma Ray Interactions

Page 52, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Covered in 
lecture



X‐ray and Gamma Ray Interactions

From Page 50, Radiation Detection and 
Measurements, Third Edition, G. F. 
Knoll, John Wiley & Sons, 1999.

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

Covered in 
lecture



Case Study I – Dual Energy CT

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

What are the challenges for CT imaging?

• Compton scattering is the predominant interaction for x‐ray
attenuation.

• Compton scattering depends on Z (or electron density)

• There are many materials of interest that have similar electron
density.

If we solely rely on Compton scattering as the contrast mechanism for X‐

ray imaging, we are measuring the attenuation factor that is a linear
function of the density … This may not be sufficient for many cases …

Covered in 
lecture



Classification of Photon Interactions

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

Table 1: Physical Properties of Several Materials

Material
Chemical 
Compo.

Densit
y 

(g/cm3

)

Effecti
ve
Z

Linear Attenuation Coefficients (cm‐1)

30keV : 80keV : 
300keV

30keV 80keV 300keV

Comp   :   Phot
Total

Comp   :   Phot
Total

Comp   :   Phot
Total

Iron Fe 7.6 26
3.14 59 1.29 3.1 0.78 0.055

74 : 5.2 : 1
62 4.4 0.84

Aluminium Al 2.7 13
0.69 2.35 1.246 0.288 0.28 1.6x10‐

3
11 : 5.5 : 1

3.05 1.53 0.28

Polyethylen
e

(CH2)n ~1.2 3.75
0.266 0.059 0.217 0.0022 0.146 3.1x10‐

5
2.2 : 1.5 : 1

0.325 0.219 0.146

Wood C28H42N ~0.9 4.05
0.195 0.047 0.158 0.0018 0.11 2.5x10‐

5
2.2 : 1.45 : 1

0.242 0.16 0.11

Cocaine C17H21O4N ~1.2 4.77
0.256 0.093 0.204 0.0036 0.137 5.0x10‐

5
2.55 : 1.51 : 1

0.349 0.207 0.137

TNT C7H5O6N3 1.64 6.14
0.344 0.179 0.268 0.007 0.179 9.8x10‐

5
2.9 : 1.54 : 1

0.523 0.275 0.179

RDX C3H6O9N6 ~1.50 6.39
0.319 0.19 0.246 0.0075 0.164 1.1x10‐

1
3.1 : 1.54 : 1

0.509 0.253 0.164

Covered in 
lecture



Airport X‐ray Inspection

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

Covered in 
lecture



Case Study I – Dual Energy CT

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

Covered in 
lecture

Organic explosive material is easily visible in Orange‚ metallic components in Blue 
and soft inorganic materials in Green

http://www.vidisco.com/node/338



Classification of Photon Interactions

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions

Note the difference!

Covered in 
lecture
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Energy Loss Mechanisms for Fast 
Electrons



NPRE 435, Radiological Imaging, Fall 2019

– Interaction of Beta Particles

Tracks of Beta Particles in Absorbing Medium

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p150

• Since beta particles have the same mass as the orbital electrons, they are easily
scattered during collision and therefore follow tortuous paths in absorbing
medium.

• The electrons are “wondering” more significantly near the end of their tracks.
• Energy‐loss interactions are more sparsely distributed at the beginning of the track.



Specific Energy Loss of Fast Electrons

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

• The specific energy loss of electrons by excitation and ionization is
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Page 44, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll

No. of atoms per unit volume

Electron velocity

Effective atomic number of the absorbing 
material



Specific Energy Loss of Fast Electrons

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

• The linear specific energy loss through Bremsstrahlung is
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Page 44, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll

more important for higher‐Z materials, such as lead and tungsten.

Specific energy loss by Bremsstrahlung increases with particle energy.



NPRE 435, Radiological Imaging, Fall 2019

– Interaction of Beta Particles

Energy Loss by Bremsstrahlung

• For beta particles to stop completely , the fraction of energy loss by
Bremsstrahlung process is approximately given by



Specific Energy Loss of Fast Electrons

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

• The total specific energy loss of electrons is

• The ratio of specific energy loss is
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Bremsstrahlung is the
favored process at
higher electron
energies and for high‐Z
materials.

The critical energy

MIP( Minimum 
Ionizing Particle)

Minimum occurs when  v>0.96c



Specific Energy Loss of Fast Electrons

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

• The energy for which the two terms become equal, is called the
critical energy.

Material Radiation Length (g/cm2)
Critical Energy

(MeV)

H2 63 340

Al 24 47

Ar 20 35

Fe 13.8 24

Pb 6.3 6.9

H2O 36 93

NaI(Tl) 9.5 12.5

BGO 8.0 10.5

)(700 MeV
Z

EC 

• At keV‐MeV energy range, ionization is the dominant mechanism for
energy loss.



NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

Range of Fast Electrons



Range of Fast Electrons in Medium
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• As a very crude estimate, electron ranges tend to be about 2mm per
MeV in low‐density materials and 1mm per MeV in materials of
moderate density.

From page 45, fig. 2.13, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

The Electron Range

• To a fair degree of approximation, the product of the range times the
density of the absorber is a constant for different materials for
electrons of equal initial energy.



Absorption of Beta Particles
• The number of beta particles emerging

from a absorber of a given thickness
tends to follow a exponential behavior,

nteII  0

From P.46, Radiation Detection and Measurements, Third 
Edition, G. F. Knoll, John Wiley & Sons, 1999.
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• Note that there is no fundamental
basis for interpreting this exponential
behavior, as does in gamma ray
attenuation.



Interaction of Positrons
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• Positron shares the major mechanism of energy loss with their negative
counterparts (electrons).

• However, positrons differ significantly in the annihilation radiation
process that results in 0.511MeV gamma rays.



A Useful Website

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons

http://physics.nist.gov/PhysRefData/contents.html
By NIST, Physics Laboratory, 



Interaction of Heavy Charged Particles
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Energy Loss Mechanisms

• Heavy charged particles loss energy primarily though the ionization and excitation
of atoms.

• Heavy charged particles can transfer only a small fraction of its energy in a single
collision. Its deflection in collision is almost negligible. Therefore heavy charged
particles travel in a almost straight paths in matter, losing energy continuously
through a large number of collisions with atomic electrons.

• At low velocity, a heavy charged particle may losses a negligible amount of energy
in nuclear collisions. It may also pick up free electrons along its path, which
reduces its net charge.

• Energetic heavy charged particle can also induce nuclear reactions.
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Energy Loss Mechanisms
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Energy Loss Mechanisms

For heavy charged particles, the maximum energy that can be transferred in a single
collision is given by the conservation of energy and momentum:

where M and m are the mass of the heavy charged particle and the electron. V is the
initial velocity of the charged particle. V1 and v1 are the velocities of both particles
after the collision.

The maximum energy transfer is therefore given by
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Energy Loss Mechanisms

For a more general case, which includes the relativistic effect, the maximum energy
transferred by a single collision is

In extreme relativistic case, m/M<<1. So the above equation reduces to

M: mass of the heavy charged particle

m: mass of a electron at rest
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Linear Stopping Power of a Medium for Heavy Charged 
Particles

The linear stopping power of a medium is given by the Bethe formula,
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Linear Stopping Power of a Medium for Heavy Charged 
Particles

The Bethe formula can be further simplified by substituting known constants, which
gives

It is further simplified to emphasize some important quantities related to the
stopping power, the “speed” of the particle , atomic mass of the charged particle z,
the number of electron per cm3 n and the mean excitation‐ionization potential I:

where
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Linear Stopping Power of a Medium for Heavy Charged 
Particles (revisited)

The linear stopping power of a medium is given by the Bethe formula,
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Range for Heavy Charged Particles

There are two related definitions of the range of heavy charged particles:

1. Mean range: the absorber thickness that reduces the alpha particle count to
exactly one‐half of its value in the absence of the absorber.

2. Extrapolated range: extrapolating the linear portion of the end of the
transmission curve to zero.
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Range for Alpha Particles

 The range of alpha particles in air (15oC, 1atm) can be approximately given by

where E is given in MeV and R is given in cm.

 The range of alpha particles in any other medium with a similar atomic
composition can be computed from the following relationship:

 Because the effective atomic composition of tissue is not very much different
from that of air, the following relationship may be used to calculate the range of
alpha particles in tissue:


