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Interactions of Beta Particles

Beta radiation detected in an
isopropanol cloud chamber (after
insertion of an artificial source
strontium-90)
https://en.wikipedia.org/wiki/Beta_particle



What are the significant interactions of 
beta particles with matter?
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Ionization and excitation:
Beta particles may interact with orbital electrons through the electric fields
surrounding these charged particles, which leads to excitation and ionization.

Mechanisms of Energy Loss by Electrons

Ionization process can be modeled as an inelastic collision, the energy loss by the
electron and the kinetic energy carried by the ejected electron is related by

 lossk EE
where  is the ionization potential of the absorbing medium.
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Specific energy loss: the linear rate of energy loss by an electron through excitation
and ionization, which is given by

Specific Energy Loss of Beta Particles
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Energy expenditure for creating ion pairs in media:

The average energy needed for creating an ion pair is normally 2 to 3 times greater that
the corresponding electron binding energy in the absorbing medium.

Mechanisms of Energy Loss

The deviation between the ionization
energy and the average energy required
to create an ion pair is due to the
excitation of the atoms, which does not
lead to ionization.

Cember, Introduction to Health Physics, Fourth Edition
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In the context of radiation protection and health physics, it is normally important to
specify the effect of the energy deposition by a bate particle in terms of the number
of ion pairs created by the particle after traveling through a unit path length – the
specific ionization.

Specific Ionization

where w is the average energy expenditure
required to create a ion pair.

Cember, Introduction to Health Physics, Fourth Edition
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An example:

Specific Energy Loss of Beta Particles

Solution:
The specific energy loss is given by

To use the equation, one needs to find  as the following

so
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It is also common to specify the energy loss of beta particles in a medium in terms
of mass stopping power, which given by

Mass Stopping Power

medium. absorbing  theofdensity   theis  where
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Why mass stopping power?
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Mass Stopping Power

Turner, Atoms, Radiation and Radiation Protection, 3’rd edition
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Remarks on Mass Stopping Power

• It takes ~22 eV to produce an e-i pair in water. At low energy, the specific energy
loss of electron is increasing with energy. This does NOT agree with Beth’s
formula,

• A 10 keV electron produces ~450 secondary electrons through cascade of
ionization events.

• In water, most of ionization events are induced by electrons with E<100 eV.



X-ray Generation – Bremsstrahlung
• Target nucleus positive charge (Z·p+) attracts incident e-

• Deceleration of an incident e- occurs in the proximity of the target atom nucleus

• Energy lost by e- is gained by the EM photon (x-ray) generated

• The impact parameter distance, the closest approach to the nucleus by the
e- determines the amount of E loss

• The Coulomb force of attraction varies strongly with distance ( 1/r2); ↓
distance →↑ deceleration and E loss →↑ photon E

• Direct impact on the nucleus determines the maximum x-ray E (Emax)

•NPRE 441, Principles of Radiation Protection

•Chapter 1: Radioactivity

13
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Radiative Energy Loss of Beta Particles – Bremsstrahlung 
• Bremsstrahlung occurs when a beta particle is deflected or accelerated in the

forced field of nucleus.
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Radiative Energy Loss of Beta Particles – Bremsstrahlung 

Part of the energy possessed by the beta particle is emitted in the form of photons.
The rate of energy loss is proportional to the square of the instantaneous
acceleration experienced by the beta particle.

Glenn Knoll, Radiation Detection and Measurement, Fourth Edition

E: kinetic energy of the beta particle,
N: number of absorber atoms per cm3,
Z: atomic number of the absorber,
m0: mass of an electron
e: charge of an electron
c: speed of light
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Radiative Energy Loss of Beta Particles – Bremsstrahlung 



2.2 Interaction of Heavy Charged Particles
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Overview
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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 their energy
in a single collision. Its deflection in a collision is almost negligible.
Therefore, heavy charged particles travel in almost straight paths in the
absorber, 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 it net charge.
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Energy Loss Mechanisms



How do heavy charged particles lose energy
in absorbing media?
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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 their energy
in a single collision. Its deflection in a collision is almost negligible.
Therefore, heavy charged particles travel in almost straight paths in the
absorber, 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 it net charge.
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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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Maximum Energy Loss by a Single Collision

For a more general case, which includes the relativistic effect, the maximum energy
transferred by a single collision is
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Maximum Energy Loss by a Single Collision



Paying attention to the single-collision 
energy-loss spectrum
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Single Collision Energy-Loss Spectrum
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Single Collision Energy-Loss Spectrum

Therefore,

Solution:
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Linear Stopping Power for Heavy Charged Particles

The linear stopping power for heavy charged particles may be estimated using the
single collision energy-loss spectra discussed previously.

Therefore, the linear stopping power is given by



Can you derive the linear stopping power 
for heavy charged particles?
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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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Linear Stopping Power – A Semiclassical Treatment

Consider the following diagram

P 117, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.

and assuming the electron is stationary during the collision…

Step 1: Deriving the energy
transfer from the heavy
charged particle to a free
electron nearby.

Charged particle

electron: assumed stationery 
during the impact.
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Deriving the Linear Stopping Power for Heavy Charged 
Particles – A Semiclassical Treatment

The total momentum imparted to the electron
is given by

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.

𝑟 ൌ 𝑏ଶ ൅ 𝑉ଶ𝑡ଶ

Coulomb force 𝐹 ൌ
𝑘଴𝑧e
𝑟ଶ
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Linear Stopping Power – A Semiclassical Treatment

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power – A Semiclassical Treatment

Therefore, the total linear rate of energy-loss is given by

Step 2: Integrate the energy
transfer to all the electrons
surrounding the path of the
heave charged particle.

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power – A Semiclassical Treatment

~ duration of the collision

period of the orbital electron

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power – A Semiclassic Treatment
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Linear Stopping Power – A Semiclassic Treatment
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Linear Stopping Power – A Semiclassical Treatment

P 119, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power – A Semiclassical Treatment
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Linear Stopping Power – A Semiclassical Treatment
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Linear Stopping Power for Heavy Charged Particles

The linear stopping power of a medium is given by the Bethe formula,

frequency of the orbital electron

speed of the charged particle
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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,

MLJ1



Slide 43

MLJ1 Meng, Ling Jian, 2/15/2021
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Mean Excitation Energies

The main excitation energy (I) for an element having atomic number Z, can
be approximately given by

For compound or mixture,

mean excitation energy for compound

mean excitation energy for a 
given element
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What is the restricted stopping power?
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Restricted Stopping Power

• Energy lost versus energy
absorbed…

• Restricted Stopping Power is
introduced to better associate the
energy loss in a target with the
energy actually absorbed there.
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Restricted Stopping Power

In hard collisions, the scattered electron
– or delta ray - can receive significant
amounts of energy.

The delta ray can carry this energy a
significant distance from the initial
interaction site.

Need to separate this from the energy
loss that is deposited locally.
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The Rationale behind Restricted Stopping Power

• If we are interested in microscopic events, in which incident particles
deposit energy in local regions with finite sizes …

• Since the predominate way for heavy charged particles to loss energy is
to transferring its energies to energetic delta-rays …

• If the range of the delta-ray is large compare to the dimension of the
region-of-interest (ROI), it is likely that the energy carried by these delta-
rays will not be fully deposited in the ROI.

• To account for this effect, we will consider those delta-rays that carry
energy less than a threshold, this give rise to the Restrict Stopping
Power.

• The value for the threshold is typically determined by the dimension of
the ROI associated with the given application.
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Restricted Stopping Power



2.3 Interaction of Photons
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Classification of Photon Interactions
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Interaction of Photons in Matter

From Page 50, Radiation 
Detection and 

Measurements, Third 
Edition, G. F. Knoll, John 

Wiley & Sons, 1999.
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Photoelectric Effect and its implication to
shielding design and dosimetry calculation
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Photoelectric Effect

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

photon  theof frenquency  theis
constant  sPlanck'  theis 

 v
h

EhvE be 

 Photoelectric effect creates a vacancy in one of the electron shells, which
leaves the atom at an excited state.
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In photoelectric process, an incident photon transfer its energy to an orbital
electron, causing it to be ejected from the atom.
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Photoelectric Effect Cross Section 

Probability of photoelectric absorption per atom is











energyhigh

hv
Z

energylow
hv
Z
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5

5.3

4
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)(

 The interaction cross section for photoelectric effect depends strongly on Z. 

Page 49, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

 Photoelectric effect is favored at lower photon energies. It is the major
interaction process for photons at low hundred keV energy range.
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Photoelectric Effect – Absorption Edges

 Requires sufficient photon energy for
P.E. interaction.

 Interaction probability decreases
dramatically with increasing energy.

 P.E. interaction is significant only for
low energy photons, when the
photon energy is close to the binding
energies of the target atoms.
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Relaxation Processes after Photoelectric Interaction

Generation of characteristic X-rays Generation of Auger electrons

Competing 

Processes

 The excited atoms will de-excite through one of the following processes:

 Auger electron emission dominates in low-Z elements. Characteristic X-ray
emission dominates in higher-Z elements.
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Auger Electrons

NPRE 441, Principles of Radiation Protection

•Chapter 1: Radioactivity

58



• Angular distribution of the scattered photon and
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A few things about Compton scattering 

• Energy transfer to recoil electrons.



Compton Scattering
 In Compton scattering, the incident gamma ray photon is deflected by an orbital

electron in the absorbing material.

 Part of the energy carried by the incident photon is transferred to the target
electron in the atom, causing it to be ejected from the atom.
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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 2: Interaction of Radiation with Matter – Interaction of Photons with Matter

Conservation of energy

Conservation of momentum



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

,
)cos1(1 2

0




cm
hv

hvvh

))cos(1(1 2
0




cm
hv

hvhvvhhvErecoil

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 a one-to-one relationship between
scattering angle and energy loss!!
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assuming the binding
energy of the electron is
negligible.



Energy Transfer in Compton Scattering
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 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.




hmc
hE 2max 2

2



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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:

evhehv pppp   vvvv

evhehv EEEE  

Are those terms truly zero?
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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.

)(
))cos(1(1 2

0

vh

cm
hv

hvvh 


 


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.
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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
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Angular Distribution of the Scattered Gamma Rays

The differential scattering cross section of per electron is given by the Klein-
Nishina formula:

𝑑𝜎
𝑑Ω ሺ𝜃ሻ ൌ 𝑟௘ଶ

1
1 ൅ 𝛼ሺ1 െ cos𝜃ሻ

ଶ 1 ൅ cosଶ 𝜃
2 1 ൅

𝛼ଶ 1 െ cos𝜃 ଶ

ሺ1 ൅ cosଶ 𝜃ሻሾ1 ൅ 𝛼ሺ1 െ cos𝜃ሻሿ ,

𝑤ℎ𝑒𝑟𝑒

𝛼 ൌ
ℎ𝑣
𝑚଴𝑐ଶ

   and   𝑟௘ ൌ
𝑘଴𝑒ଶ

𝑚଴𝑐ଶ
 is the classic electron radius ሺ2.818 ൈ  10െ15 m ሻ
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𝑚ଶ𝑠𝑟ିଵ



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 a given scattering angle , when the incident photon is passing
normally through a thin layer of scattering material that contains one electron per unit area.

𝑑𝜎
𝑑Ω ሺ𝜃ሻ ൌ 𝑟௘ଶ

1
1 ൅ 𝛼ሺ1 െ cos 𝜃ሻ

ଶ 1 ൅ cosଶ 𝜃
2 1 ൅

𝛼ଶ 1 െ cos 𝜃 ଶ

ሺ1 ൅ cosଶ 𝜃ሻሾ1 ൅ 𝛼ሺ1 െ cos 𝜃ሻሿ 𝑚ଶ𝑠𝑟ିଵ
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where 𝛼 ൌ ௛௩
௠బ௖మ

   and   𝑟௘ ൌ
௞బ௘మ

௠బ௖మ
 is the classic electron radius ሺ2.818 ൈ  10െ15 m ሻ.



Angular Distribution of the Scattered Gamma Rays

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

Incident photons with lower energies (a
few hundred keV) have a greater chance
of undergoing large-angle scattering
(backscattering).

Radial distance represents the 
differential cross section.
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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 for an Electron
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Compton Collision Cross Section is defined as the total cross section per electron
for Compton scattering. It can be derived by integrating the differential cross

section, ୢఙ
ୢఆ

, over 4 solid angle.

Since

𝑑Ω ൌ 2𝜋 sin𝜃 𝑑𝜃,

then the Compton scattering cross section per electron is given by

Note that the Compton scattering cross
section per electron is given in unit of cm2.

𝜎 ൌ 2𝜋 න
d𝜎
d𝛺

ఆ

⋅ sin𝜃 ⋅ 𝑑𝜃  𝑐𝑚ଶ



Energy Distribution of Compton Recoil Electrons
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Given the Klein-Nishina formula, how do we derive the energy spectrum of recoil
electrons? In other words, how do we derive the probability of a gamma-ray
undergoing a Compton scatting and transferring an energy falling into an energy
window, 𝐸௥௘௖௢௜௟ ∈ 𝐸ᇱ െ ଵ

ଶ
Δ𝐸,𝐸ᇱ ൅ ଵ

ଶ
Δ𝐸 ?

𝑑𝜎
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ଶ 1 ൅ cosଶ 𝜃
2 1 ൅

𝛼ଶ 1 െ cos𝜃 ଶ

ሺ1 ൅ cosଶ 𝜃ሻሾ1 ൅ 𝛼ሺ1 െ cos𝜃ሻሿ 𝑐𝑚ଶ𝑠𝑟ିଵ



Energy Distribution of Compton Recoil Electrons
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Klein-Nishina formula can be used to derive the energy spectrum of recoil
electrons as the following:

NPRE 441, Principles of Radiation Protection, Spring 2023

If a gamma-ray underwent a Compton Scattering, then probability of the gamma-ray
transferring a given amount of energy falling into a small energy window, 𝐸௥௘௖௢௜௟ ∈
𝐸ᇱ െ ଵ

ଶ
Δ𝐸,𝐸ᇱ ൅ ଵ

ଶ
Δ𝐸 would be proportional to

𝑑𝜎
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อ
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The three partial derivative terms on the right-hand side of the equation can be derived from the
following relationships:

   
recoilrecoil dE

d
d
d

d
d

dE
d 


 




• From Compton equation:
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• From the known scattering geometry: 𝑑𝛺 ൌ 2𝜋 𝑠𝑖𝑛 𝜃 𝑑𝜃  ⇒   ௗఆ
ௗఏ

ൌ 2𝜋 𝑠𝑖𝑛 𝜃

Energy Distribution of Compton Recoil Electrons

• From Klein-Nishina formula: 

ௗఙ
ௗஐ
ሺ𝜃ሻ ൌ 𝑟௘ଶ

ଵ
ଵାఈሺଵିୡ୭ୱ ఏሻ

ଶ ଵାୡ୭ୱమ ఏ
ଶ

1 ൅ ఈమ ଵିୡ୭ୱ ఏ మ

ሺଵାୡ୭ୱమ ఏሻሾଵାఈሺଵିୡ୭ୱ ఏሻሿ

The energy distribution for the recoil electrons could be derived with the following differential
cross section



Energy Distribution of Compton Recoil Electrons
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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 (in particular,
the so-called Compton continuum).




hmc
hE 2max 2

2



Remember that the maximum amount of energy
that a photon can transfer to an electron in a
single Compton scattering is given by:



Average fraction of energy transfer to the recoil electron 

through a single Compton Collision
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Average recoil electron energy Eavg_recoil is of special interest for dosimetry is the,
since it is an approximation of the radiation dose delivered by each photon
through a single Compton scattering interaction.

The average fraction of energy transfer to the recoil electron through a single
Compton scattering is given by

ாೌೡ೒_ೝ೐೎೚೔೗

௛ఔ
ൌ ׬ ாೝ೐೎೚೔೗

௛ఔ
⋅ ௗఙ

ௗாೝ೐೎೚೔೗
𝜎ൗ ⋅ 𝑑𝐸௥௘௖௢௜௟ாೝ೐೎೚೔೗

,    

where 𝜎 is the Compton scattering cross section per electron and is given by

𝜎 ൌ 2𝜋න ୢఙ
ୢఆఆ
⋅ sin𝜃 ⋅ 𝑑𝜃  𝑚ଶ .



Pair Production

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

Characteristics
 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 positrons emitted will soon annihilate with ordinary electrons near by and
produces two 511keV gamma rays.
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Photonuclear Reaction
 A photon can be absorbed by an atomic nucleus and knock out a nucleon.

This process is called photonuclear reaction. For example,

 The photon must possess enough energy to overcome the nuclear binding
energy, which is generally several MeV.

 The threshold, or the minimum photon energy required, for (,p) reaction is
generally higher than that for (,n) reactions. Since the repulsive Coulomb
barrier that a proton must overcome to escape from the nucleus.

 Other nuclear reactions are also possible, such as (, 2n), (, np), (, ) and
photon-induced fission reaction.

Chapter 2: Interaction of Radiation with Matter – Interaction of Photons with Matter
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Interaction of Photons in Matter

From Page 50, Radiation 
Detection and 

Measurements, Third 
Edition, G. F. Knoll, John 

Wiley & Sons, 1999.
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The Relative Importance of the Three Major Types of X 
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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What are the energy transfer coefficient and energy
absorption coefficient? and their implication to dose
calculation?
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Comparison Between Linear Attenuation Coefficient and 
Energy Absorption Coefficient

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195

The fraction of photons removed from the 
beam after traveling through a unit 
distance.

The fraction of energy 
carried by the photons 
being absorbed in 
material.



Linear Attenuation Coefficients for Gamma-Rays

 Considering a thin slab of absorbing media, the number of photons being
removed/attenuated from the beam through the distance x is given by

Chapter 2: Interaction of Radiation with Matter – Interaction of Photons with Matter

where 𝝁 is the linear attenuation coefficient (the probability that a photon is
removed from the beam by the absorbing media per unit distance it travels)

𝑁୧୬ ሺphotonsሻ

𝑑𝑁 ൌ 𝑁௜௡ െ 𝑁௢௨௧ ൌ 𝑁௜௡ 1 െ 𝑒ିఓ௫ ൌ 𝜇𝑁௜௡𝑑𝑥

pairComptonricphotoelect  

𝑁௢௨௧ ൌ 𝑁௜௡eିఓ௫

A narrow beam that carries



Linear Attenuation Coefficients for Gamma-Rays

Instead, if we consider the gamma-ray beam as a flow of energy, where 𝐸௜௡ ൌ 𝑁௜௡ ⋅ 𝐸ఊ,

for each unit distance that the beam transmitted through, what is the fraction of the
incident energy that is transferred to the secondary electrons within the absorbing media?
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𝑁୧୬ ሺphotonsሻ,
𝐸௜௡ ൌ 𝑁௜௡ ⋅ 𝐸ఊ

𝐸௢௨௧ ൌ 𝑁௢௨௧ ⋅ 𝐸ఊ= 𝑁௜௡ ⋅ eିఓ௫ ⋅ 𝐸ఊ



Linear Attenuation Coefficients

Linear attenuation coefficient 𝜇 is the probability that a photon is attenuated
(removed from the beam) in the absorber per unit distance it travels,

Chapter 2: Interaction of Radiation with Matter – Interaction of Photons with Matter

௣௛௢௧௢௘௟௘௖௧௥௜௖ ஼௢௠௣௧௢௡ ௣௔௜௥

Can we define a linear energy transfer coefficient, 𝜇௧௥, which is the fraction of
the energy carried by the incident beam that is subsequently transferred to the
absorber per unit distance the beam is transmitted through?

𝜇௧௥ ൌ 𝜏௣௛௢௧௢௘௟௘௖௧௥௜௖ ൈ?൅𝜎஼௢௠௣௧௢௡ ൈ? ?൅𝜅௣௔௜௥ ൈ???



Energy Transfer by a Gamma-Ray Beam
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All characteristic
X-rays escaped

Multiple Compton 
scattering ignored

All Compton scattered 
gamma rays escapedCompton 

scattering

Photoelectric 
effect

All photoelectrons, auger 
electrons and Compton recoil 
electrons are absorbed

All annihilation gamma rays 
escaped

Pair production



What is Energy Transfer Coefficients?
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For a parallel beam of monochromatic gamma rays transmitting through a unit
distance in an absorbing material, the energy-transfer coefficient is the fraction of
energy that was originally carried by the incident gamma-ray beam and
transferred into the kinetic energy of secondary electrons per unit distance of
travel.



Photoelectric Effect

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

photon  theof frenquency  theis
constant  sPlanck'  theis 

 v
h

EhvE be 

 Photoelectric effect creates a vacancy in one of the electron shells, which
leaves the atom at an excited state.
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In photoelectric process, an incident photon transfer its energy to an orbital
electron, causing it to be ejected from the atom.

NPRE 441, Principles of Radiation Protection, Spring 2023



Relaxation Process after Photoelectric Effect

Generation of characteristic X-rays Generation of Auger electrons

Competing 

Processes

 The excited atoms will de-excite through one of the following processes:

 Auger electron emission dominates in low-Z elements. Characteristic X-ray
emission dominates in higher-Z elements.
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Energy-Transfer Coefficients through Photoelectric Effect
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Based on these considerations, we can define the mass energy transfer coefficient,
which is the fraction of photons that interact by photoelectric absorption per gcm-2,

𝜏௧௥ ൌ 𝜏 1 െ
𝛿
ℎ𝜐

δ is the fraction of the gamma ray energy got converted into characteristic x-rays
following the photoelectric interaction.

Note that the photoelectrons and Auger electrons may also lead to secondary photon
emission through Bremsstrahlung. So the energy transfer coefficient defined above
does not fully describe energy absorption in the slab. We will return to this point
later.



Energy-Transfer Coefficients Through Compton Scattering
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For Compton scattering of monoenergetic photons,
the mass energy transfer coefficient

𝜎௧௥ ൌ 𝜎
𝐸௔௩௚
ℎ𝜐

The factor Eavg/h is the fraction of the incident
photon energy that is converted into the initial
kinetic energy of Compton electrons.
As with the photoelectric effect, the above mass
energy transfer coefficient does not take into
account the subsequent photon emission due to
bremsstrahlung.



Energy Transfer by a Gamma Ray Beam
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Energy-Transfer Coefficient through Pair Production
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For the pair production process, the initial energy carried by the electron-positron
pair is h-2mc2. Therefore, the energy transfer coefficient for pair production is
related to the mass attenuation coefficient as the following:

𝜅௧௥ ൌ 𝜅 1 െ
2𝑚௘𝑐ଶ

ℎ𝜐



Energy-Transfer Coefficient
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The total energy transfer coefficient is given by

𝜇௧௥ ൌ 𝜏 1 െ
𝛿
ℎ𝜐 ൅ 𝜎

𝐸௔௩௚
ℎ𝜐 ൅ 𝜅 1 െ

2𝑚𝑐ଶ

ℎ𝜐

The fraction of energy that is carried
away by characteristic x-rays following
the photoelectric effect.

The average fraction of energy that is transferred to
recoil electron through Compton scattering.

The fraction of energy that is carried
away by the two 511keV gamma-rays
generated during the annihilation of
the positron.

For a parallel beam of monochromatic gamma rays transmitting through a unit distance in an
absorbing material, the energy-transfer coefficient is the fraction of energy that was originally
carried by the incident gamma ray beam and subsequently transferred into the kinetic energy
of secondary electron inside the absorber.



Energy Transfer by a Gamma Ray Beam
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What is Energy Absorption Coefficients?
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The total mass energy transfer coefficient is given by

Consider the fraction of energy that may be carried away by the subsequent
bremsstrahlung photons, one can define the mass energy-absorption coefficient as

𝜇௘௡ ൌ 𝜇௧௥ 1 െ 𝑔

where g is the average fraction of energy of the initial kinetic energy transferred to
electrons that is subsequently emitted as bremsstrahlung photons.

For a parallel beam of monochromatic gamma rays transmitting through a unit distance in an
absorbing material, the energy-absorption coefficient is the fraction of energy that was
originally carried by the incident gamma ray beam and eventually absorbed inside the absorber.

𝜇௧௥ ൌ 𝜏 1 െ
𝛿
ℎ𝜐 ൅ 𝜎

𝐸௔௩௚
ℎ𝜐 ൅ 𝜅 1 െ

2𝑚𝑐ଶ
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Chapter 2: Interaction of Radiation with Matter – Interaction of Beta Particles

Energy Loss by Bremsstrahlung

• For beta particles to stop in a given medium, the fraction of energy loss by
Bremsstrahlung process is approximately given by
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Mass Energy Absorption Coefficient

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195

Mass attenuation coefficient Mass energy absorption coefficient
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Mass Energy Absorption Coefficient

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195

Mass attenuation coefficient Mass energy absorption coefficient



Energy-Transfer and Energy Absorption Coefficients
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 As expected, bremsstrahlung is relatively unimportant for photon energy of less
that ~10MeV, whilst it accounts for a significant difference between the mass
energy-transfer coefficient and the mass energy absorption coefficient.
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Comparison Between Linear Attenuation Coefficient and 
Energy Absorption Coefficient

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195

The fraction of photons removed from 
the beam after traveling through a unit 
distance.

The fraction of energy 
carried by the photons 
being absorbed in 
material.



Calculation of Energy Transfer and Energy Absorption
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For simplicity, we consider an idealized case, in which

 Photons are assumed to be monoenergetic and in broad parallel beam.

 Multiple Compton scattering of photons is negligible.

 Virtually all fluorescence and bremsstrahlung photons escape from the absorber.

 All secondary electrons (Auger electrons, photoelectrons and Compton electrons)
generated are stopped in the slab.

Under these conditions, the transmitted energy intensity (the amount of energy
transmitted through a unit area within each second) can be given by

xene  0
&&



Calculation of Energy Transfer and Energy Absorption
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Assuming enx<<1, which is consistent with the thin slab approximation and the
energy fluence rate carried by the incident gamma ray beam is 𝛹ሶ ଴ 𝐽 ⋅ 𝑐𝑚ିଶ ⋅ 𝑠ିଵ .
Then the energy absorbed in the thin slab per second over a unit cross section area is
given by

ΔΨ ൎ  Ψሶ ଴ ⋅ 𝜇௘௡ ⋅ 𝑥 (𝐽 ⋅ 𝑐𝑚ିଶ ⋅ 𝑠ିଵ)

𝐴Ψሶ ଴𝜇௘௡𝑥 (𝐽 ⋅ 𝑠ିଵ)

The rate of energy absorbed in the slab of area A (𝑐𝑚ଶ) and thickness x is

Given the density of the material is , the rate of energy absorption per unit mass
(Dose Rate) in the slab is

𝐷ሶ ൌ ஺ ௖௠మ ⋅అሶ బ ௃⋅௖௠షమ⋅௦షభ ⋅ఓ೐೙ሺ௖௠షభሻ⋅௫ ሺ௖௠ሻ 
ఘ ௚⋅௖௠షయ ⋅஺ ௖௠మ ⋅௫ ௖௠

,

𝐷𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟:   𝐷ሶ ൌ 𝛹ሶ ଴
ఓ೐೙
ఘ

𝐽 ⋅ 𝑔ିଵ ⋅ 𝑠ିଵ



Interactions of Neutrons with Matter

Reading Material:

 Chapter 5 in <<Introduction to Health Physics>>, Third edition, by Cember.

 Chapter 9 in <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.

 Chapter 2 in <<Radiation Detection and Measurements>>, Third Edition, by G. F. Knoll.
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Interactions of Neutrons with Matters
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Neutrons can interact with an atomic nuclei through
 Elastic scattering: the total kinetic energy is conserved – the energy loss by the

neutron is equal to the kinetic energy of the recoil nucleus.

 Inelastic scattering: the nucleus absorbs some energy internally and is left to
an excited state.

 (Thermal) neutron capture: the neutron is captured or absorbed by a nucleus,
leading to a reaction such as (n,p), (n,2n), (n,) or (n,). The reaction changes
the atomic number and/or atomic mass number of the struck nucleus.



Elastic Scattering of Neutrons
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Elastic scattering is the most important process for slowing down fast neutrons.
Due to the rapid increase in the probability of neutron capture, the neutrons, once
slowed down, will eventually be captured by target nuclei.

Here we will discuss several aspects of neutron scattering in matter:

 Maximum energy transfer.

 Angular distribution of scattered neutrons.

 Energy distribution of scattered neutrons.

 Average logarithm energy decrement of a neutron in multiple scattering.



Elastic Scattering of Neutrons
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Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p281

The elastic scattering plays an important role in neutron energy measurements.
For example, a proton-neutron telescope illustrated below can be used to
accurately measure the spectrum of neutrons in a collimated beam.

2cosneutronproton EE Eneutron



Elastic Scattering of Neutrons
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The maximum energy that a neutron of mass M and kinetic energy En can transfer
to a nucleus of mass m in a single elastic collision given by

 2max
4

mM
MmEE n 





Elastic Scattering of Neutrons
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 The elastic scattering is the dominating mechanism whereby fast neutrons
deliver dose to tissue.

 The recoil nuclei are essentially ionizing particles traveling in media and losing
their energy through ionization and excitation.

 As we will see later, over 85% of the “first-collision” dose in soft tissue
(composed of H, C, O and N) arises from n-p scattering for neutron energy below
10MeV.
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How do we derive the average energy transfer per
single elastic collision between an energetic neutron
and a target nucleus?



Incident neutron

scattered neutron

Angular Distributions of the Scattered Neutrons
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 For neutron energies up to 10MeV, it is experimentally observed that the
scattering of neutrons is isotropic in the center-of-mass coordinate system. The
neutron and the recoil nuclei are scattered with equal probability in any direction
in this 3-D coordinate system.



Angular Distributions of the Scattered Neutrons
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Neutron
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Recoil nucleus
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Angular Distributions of the Scattered Neutrons
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Before collision,
in the center-of-mass (CM) system

Before collision,
in laboratory system

After collision,
in the center-of-mass system

After collision,
in laboratory system
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Angular Distributions of the Scattered Neutrons

𝑣ଵ
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The speed of the scattered neutron 
within the laboratory frame is

𝜈ᇱ ൌ 𝑣ଵ ൅ 𝑣௖.

𝑣ᇱଶ ൌ 𝜈ଵଶ ൅ 𝑣௖ଶ െ 2𝑣ଵ𝑣௖ cos 𝜋 െ 𝜃
=𝑣ଵଶ ൅ 𝜈஼ଶ ൅ 2𝑣ଵ𝑣஼ cos 𝜃.

Therefore

The kinetic energy of the scattered neutron, 𝐸ᇱ, is

𝐸ᇱ ൌ ଵ
ଶ
𝑚𝜈ᇱଶ,
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Therefore,



Energy Spectrum of the Scattered Neutrons
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Incident neutron, E

scattered neutron, E’

Since the scattering in the CM system is isotropic, the probability of the scattered 
neutron falling into an angular interval [𝜃,𝜃 ൅ d𝜃] is

𝑝 𝜃 ⋅ d𝜃 ൌ 2𝜋 𝑟ଶsin𝜃 d𝜃 4𝜋𝑟ଶ⁄ ൌ ଵ
ଶ

sin𝜃 ⋅ d𝜃.

The probability of the outgoing neutron carrying a kinetic energy falling into a given 
window [𝐸ᇱ,𝐸ᇱ ൅ d𝐸ᇱ] is given by 

𝑝 𝐸ᇱ d𝐸ᇱ ൌ െ𝑝 𝜃 ⋅ d𝜃

=െଵ
ଶ
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Incident neutron

scattered neutron

Angular Distributions of the Scattered Neutrons
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Since the scattering of the neutron is isotropic in the CM system, the probability of the
scattered neutron going into an angular interval dθ can be written as
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The probability of the outgoing neutron carrying kinetic energy falling 
into a given window [𝐸ᇱ,𝐸ᇱ ൅ d𝐸ᇱ] is given by 

𝑝 𝐸ᇱ d𝐸ᇱ ൌ ெା௠ మ

ସெ௠
⋅ ଵ
ாబ
⋅ d𝐸ᇱ ൌ ଵ

ଵିఈ
⋅ ଵ
ாబ
⋅ d𝐸ᇱ ,

where

𝛼 ൌ ெି௠ మ

ெା௠ మ .
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P(E’)

1/[(1-)E0]

E0 E0 E’

The fraction of energy carried by the scattered neutron is

The distribution of the energy of the scattered neutrons is given by

𝛼 ൌ
𝑀 െ𝑚 ଶ

𝑀 ൅𝑚 ଶ
E’: Energy of scattered neutrons
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P(E’)

1/[(1-)E0]

E0

E0 E’: Energy of scattered neutrons

Average energy carried by the scattered neutron:

𝐸௔௩௚ᇱ ൌ ଵାఈ
ଶ
𝐸଴ ൌ

ଵା ౉ష೘ మ

౉శ೘ మ

ଶ
𝐸଴ ൌ

ெమା௠మ

ெା௠ మ ⋅ 𝐸଴

Average energy transferred to the recoil nucleus:

𝐸௔௩௚_௘௡௘௥௚௬_௟௢௦௦ ൌ 𝐸଴ െ 𝐸௔௩௚ᇱ ൌ
2𝑀𝑚
𝑀 ൅𝑚 ଶ ⋅ 𝐸଴

𝑀 െ𝑚 ଶ

𝑀 ൅𝑚 ଶ 𝐸଴ ≡ 𝛼𝐸଴
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Important neutron capture reactions



Interaction of Slow Neutrons (E<0.5eV)
• The most important interactions between slow neutrons and absorbing

materials are neutron-induced reactions, such as (n,), (n,), (n,p) and (n,
fission) etc. These interactions lead to more prominent signatures for neutron
detection.













fragmentsfission 
particles alpha

protons
nucleusrecoil

nucleustargetneutron
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Neutron Induced Reactions

 Neutron absorption followed by the immediate emission of a gamma-ray
photon.

 Since the thermal neutron has negligible energy by comparison, the gamma
photon has the energy Q=2.22 MeV released by the reaction, which represents
the binding energy of the deuteron.

 The capture cross section per atom is 0.33 barn.

 When tissue is exposed to thermal neutrons, this reaction provides a source of
gamma rays that delivers dose to the tissue.

00
2
1

1
1

1
0  HHn
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Neutron Induced Reactions

 Cross section for thermal neutron is 1.70 barns.

 Q=0.626MeV.

 Since the range of the proton and the 14C nucleus are relatively small, their
energy is deposited locally at the site where the neutron was captured.

 Capture by hydrogen and nitrogen are the only two processes through which
neutron deliver a significant does to soft tissue.
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Neutron Induced Reactions

 Cross section for thermal neutron is 5330 barns.

 Q=765keV.

 Commonly used in proportional counters for fast neutron detection.

pHHen 1
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Neutron Induced Reactions

 Cross section for thermal neutron is 940 barns.

 Q=4.78MeV.

 Widely used for thermal neutron detection.

Neutron sensitive LiI scintillator can be made or Li can be added to other
scintillator to register neutrons.
6Li is 7.42% abundant and Li enriched in the isotope 6Li is available.
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Neutron Induced Reactions

 Cross section for thermal neutron is 0.534 barns.

 Q=0.626MeV.

 24Na undergo radioactive decay with the emission of two gamma rays, having
energies of 2.75MeV and 1.37MeV per disintegration with a half-life of 15
hours.

 Since 23Na is a normal constituent of blood, activation of blood sodium can be
sued as a dosimetry tool when persons are exposed to relatively high does of
neutrons, for example, in a criticality accident.
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Threshold Reactions 



Energetics of Threshold Reactions

 The neutrons must have an energy of above a certain threshold to enable this
reaction.

 These reactions are called endothermic reactions, in which energy is converted
into mass and therefore Q<0.
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 Consider the following reaction



Energetics of Threshold Reactions
Chapter 2: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2023

S
A32
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Neutron Activation
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 For endothermic reactions, the minimum energy carried by the neutron (the
threshold energy) can be derived based on the conservation of energy and
momentum:

 The threshold energy is slightly greater that the Q value (the mass difference
before and after the reaction).



Energetics of Threshold Reactions
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Energy release : 𝑄 ൌ 𝑀ଵ ൅𝑀ଶ െ 𝑀ଷ ൅𝑀ସ   ሺ1ሻ

Conservation of energy:  𝐸ଵ ൌ 𝐸ଷ ൅ 𝐸ସ ൅ 𝑄 ⇒ 𝐸ସ ൌ 𝐸ଵ െ 𝐸ଷሺ2ሻ

Conservation of momentum: 𝑝ଵ ൌ 𝑝ଷ ൅ 𝑝ସ ⇒ 2𝑀ଵ𝐸ଵ
భ
మ⁄ ൌ 2𝑀ଷ𝐸ଷ

భ
మ⁄ + 2𝑀ସ𝐸ସ

భ
మ⁄ (3)

Substitute (2) into (3), we have

2𝑀ଵ𝐸ଵ
భ
మ⁄ ൌ 2𝑀ଷ𝐸ଷ

భ
మ⁄ + 2𝑀ସሺ𝐸ଵ െ 𝐸ଷሻ

భ
మ⁄ . (4)

Rearranging the terms in (4),

𝐸ଷ െ
ଶ ெభெయாభ

భ మൗ

ெయାெర
𝐸ଷ െ

ெరିெభ ாభାெరொ
ெయାெర

ൌ 0 .    (5)

Solving (5) and considering 𝐸ଷ should take a real value, we need to have

െଶ ெభெయாభ
భ మൗ

ெయାெర

ଶ

െ4 െ ெరିெభ ாభାெరொ
ெయାெర

൒ 0,

or
ெభெయாభ
ெయାெర మ ൅

ெరିெభ ாభାெరொ
ெయାெర

൒ 0,  (6)

which finally leads to

𝐸௜ ൒ െ𝑄 1 ൅ ெభ
ெయାெరିெభ

.   (7)
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 The thermal neutron capture cross section for neutron reactions with a
threshold usually increase steadily from zero at Eth to a maximum and then
decline at higher energies.

 The neutron energy at which the cross section has approximately its average
value is called the effective threshold energy, which is greater than Eth.



Energy Dependence of Thermal Neutron Absorption 
Cross section

Interaction of Fast Electrons

 Capture cross sections for low energy neutrons generally decreases as the
reciprocal of the velocity as the neutron energy increases (the 1/v law).

 So if the capture cross section 0 is known for a given velocity v0, then the cross
section at velocity v can be estimated from the following relation,

E
E

v
v 00

0





 This equation can be used for neutrons of energies up to 100eV or 1keV,
depending on the absorbing nucleus.



Energy Dependence of Thermal Neutron Absorption Cross 
section

NPRE 435, Principles of Imaging with Ionizing Radiation, Fall 2006                                           Interaction of Fast Electrons
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Neutron Activation Analysis 



Neutron Activation
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 Neutron activation is the production of a radioactive isotope by the absorption
of a neutron, such as in the (n,p) reaction.

 Neutron activation is important to health physicist for several reasons.

(a) Materials irradiated by neutrons may become radioactive. A radiation
hazard may therefore persist after the irradiation by neutron is terminated.

(b) Neutron activation provides a convenient way to measure neutron flux.

(c) By spectroscopic examination of the induced radiation, quantitative analysis
of the unknown samples is also possible.



Neutron Induced Reactions

 Cross section for thermal neutron is 0.534 barns.

 Q=0.626MeV.

 24Na undergoes radioactive decay with the emission of two gamma rays, having
energies of 2.75MeV and 1.37MeV per disintegration.

 Since 23Na is a normal constituent of blood, activation of blood sodium can be
used as a dosimetry tool when persons are exposed to relatively high doses of
neutrons, for example, in a criticality accident.

00
24
11

23
11

1
0  NaNan

Chapter 2: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2023



Neutron Activation
Chapter 2: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2023

 Considering the case that an object is irradiated by a constant flux, 𝜙ሺ𝑛/𝑐𝑚2/
𝑠ሻ, of neutrons, which activates a given types of atoms. Then the net rate of
increase of radioactive (daughter) atoms is given by

 The radioactivity induced by neutron activation (the number of disintegration
of the activated daughter atoms per second) is given by
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 The radioactivity induced by neutron activation (the number of disintegration
of the activated daughter atoms per second) is given by

 The saturation activity is given by 𝝓𝝈𝒏. For an infinitely long irradiation time,
it represents the maximum obtainable activity with any given neutron flux.

 The analysis leading to these results is identical to that used for analyzing the
secular equilibrium for radioactive decay chains, in which the daughter has a
much shorter decay time than that of the parent.
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From Turner’s textbook, Page 229
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From Turner’s textbook, Page 230


