
Interactions of Neutrons with Matter

Reading Material:

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

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

F Chapter 2 in <<Radiation Detection and Measurements>>, Third Edition, by G. F. Knoll.
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Introduction
FThe neutrons was discovered by Chadwick in 1932.
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Neutron occupies a central position in the modern world of atoms and radiation.

FNuclear fission, induced by the capture of a slow neutron in 235U was
discovered by Hahn and Strassman in 1939.

FThe fact that several neutrons emitted when fission takes place suggested that
a self-sustaining chain reaction might be possible.

FUnder Fermi’s direction, the world’s first man-made nuclear reactor went
critical on Decembe 2, 1942.



Neutron Sources – Nuclear Reactor 

F Fission reactions of 235U and
239Pu emit neutrons.

Figure from Page 150, Introduction to Health Physics 

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

NPRE 441, Principles of Radiation Protection, Spring 2020

F These neutrons possess energies
ranging from a few keV to more
than 10MeV.

F Neutrons from reactor are
usually degraded in energy,
having passing through parts of
the reactor and coolant as well as
structural materials.



Classification of Neutrons
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Fast neutrons: neutrons with energies above 0.1MeV.
Slow neutrons: neutrons with energies between those for thermal and fast
neutrons.

Thermal neutrons:

F Thermal neutrons are in approximate
thermal equilibrium with their
surroundings. Their energy distribution is
given by the Maxwell-Boltzmann formula.

F The most probable energy at room
temperature (20°C) is 0.025eV. The average
energy is 0.038eV.



Classification of Neutrons

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

NPRE 441, Principles of Radiation Protection, Spring 2020



Classification of Neutrons
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Interactions of Neutrons with Matters

Attenuation of neutrons:

F Neutrons are uncharged and can travel appreciable distance in matter without
interaction.

F Under conditions of “good geometry”, a narrow beam of monoenergetic
neutrons is attenuated exponentially.
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Interactions of Neutrons with Matters
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Neutrons can interact with a atomic nuclei through
F Elastic scattering: the total kinetic energy is conserved – the energy loss by the

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

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

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



Interactions of Neutrons with Matters
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Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p213

FHydrogen nucleus does not have
excited state. Only elastic scattering
and neutron capture is possible.

FThe neutron cross section for
carbon has considerable structures
resultant from the combined effects
of elastic, inelastic and capture
process.



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:

F Maximum energy transfer.

F Angular distribution of scattered neutrons.

F Energy distribution of scattered neutrons.

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



Elastic Scattering of Neutrons
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Kinematics of neutron scattering:

FEnergy transfer as a function of scattering angle.

FAngular distribution of scattered neutrons.

FEnergy spectrum of scattered neutrons.

FAverage 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.

q2cosneutronproton EE =Eneutron Eproton



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 +
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Energy Transfer in Compton Scattering (Revisited)

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!!
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assuming the binding
energy of the electron is
negligible.



Angular Distribution of the Scattered Gamma Rays (Revisited)

The differential scattering cross section – the probability of a photon scattered into a
unit solid angle around the scattering angle q, when passing normally through a layer
of material containing one electron per unit area.
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Elastic Scattering of Neutrons
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F The elastic scattering is the dominating mechanism whereby fast neutrons
deliver dose to tissue.

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

F 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.



Elastic Scattering of Neutrons
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Kinematics of neutron scattering:

FEnergy transfer as a function of scattering angle.

FAngular distribution of scattered neutrons.

FEnergy spectrum of scattered neutrons.

FAverage logarithm energy decrement of a neutron in multiple
scattering.



Incident neutron

scattered neutron

Angular Distributions of the Scattered Neutrons
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F 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.



Incident neutron

scattered neutron

Angular Distributions of the Scattered Neutrons
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Elastic Scattering of Neutrons
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Kinematics of neutron scattering:

FEnergy transfer as a function of scattering angle.

FAngular distribution of scattered neutrons.

FEnergy spectrum of scattered neutrons.

FAverage logarithm energy decrement of a neutron in multiple
scattering.



Angular Distributions of the Scattered Neutrons
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Before collision,
within the center-of-mass system

Before collision,
within laboratory system

After collision,
within the center-of-

mass system

After collision,
within laboratory system
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Application of the Klein-Nishina Formula (1)
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The terms on the right-hand side of the equation can be derived from the following
relationships,
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Application of the Klein-Nishina Formula (1)
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From Page 311, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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F 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).



Energy Spectrum of the Scattered Neutrons
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Incident neutron

scattered neutron

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 sin 𝜃 d𝜃 4𝜋 = "
.
sin 𝜃 ⋅ d𝜃.

Therefore, the probability of the outgoing neutron carrying kinetic energy falling 
into a given window [𝐸,, 𝐸, + d𝐸,] is given by 
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Energy Spectrum of Scattered Neutrons 
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P(E’)
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The fraction of energy carried by the scattered neutron is

The distribution of the energy of the scattered neutrons is given by
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Elastic Scattering of Neutrons
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Kinematics of neutron scattering:

FEnergy transfer as a function of scattering angle.

FAngular distribution of scattered neutrons.

FEnergy spectrum of scattered neutrons.

FAverage logarithm energy decrement of a neutron in multiple
scattering.



Average Logarithmic Energy Decrement
Chapter 4: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2020

For fast neutrons undergo successive collisions in the absorber. The average
decrease per collision in the logarithm of the neutron energy (the average
logarithmic energy decrement) remains constant:

and

where

The average logarithmic energy decrement) is independent of the neutron energy
and is a function only of the mass of the scattering nuclei.



Average Logarithmic Energy Decrement of Scattered 
Neutrons
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Average Logarithmic Energy Decrement
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Since

The median fraction of the incident neutron’s energy that is transferred to the
nucleus during a collision is



Average Logarithmic Energy Decrement
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If the slowing-down medium contains n kinds of nuclides, each of microscopic
scattering cross section ssi , and the average logarithmic energy decrement isx



Fast- and Thermal-Diffusion Lengths
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The fast-diffusion length: the average straight line distance covered by fast neutrons
traveling in a given medium.

The thermal-diffusion length: the average distance covered by thermalized neutrons
before it is absorbed. It is measured by the thickness of a slowing down medium that
attenuates the beam of thermal neutrons by a factor of e. Thus the attenuation of a
beam of thermal neutrons by a substance of thickness t (cm), whose thermal
diffusion length is L (cm) is given by



Interaction of Slow Neutrons (E<0.5eV)

F Significant interactions include elastic scattering and neutron induced nuclear
reactions.

F Due to the low neutron energy, very little energy can be transferred by elastic
scattering.

F The more significant effect of elastic scattering is to slow down slow neutrons
and turn them into thermal neutrons (average E<0.025eV at room
temperature).

F Neutron absorption followed by the immediate emission of a gamma ray
photon and other particles.
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Interaction of Slow Neutrons (E<0.5eV)
• The most important interactions between slow neutrons and absorbing

materials are neutron-induced reactions, such as (n,g), (n,a), (n,p) and (n,
fission) etc. These interactions lead to more prominent signatures for neutron
detection.
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Neutron Induced Reactions

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

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

F The capture cross section per atom is 0.33barn.

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

F Cross section for thermal neutron is 5330 barns.

F Q=765keV.

F Commonly used in proportional counters for fast neutron monitoring.
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Neutron Induced Reactions

F Cross section for thermal neutron is 940 barns.

F Q=4.78MeV.

F 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

F Cross section for thermal neutron is 3840 barns.

F Q=2.31MeV when the daughter nucleus is in an excited state (93%) and
2.79MeV when the Li nucleus is in ground state (7%).

F Widely used for thermal neutron detection.

BF3 is a gas that can be used directly in a neutron counter.

Boron is also used as a liner inside the tubes of proportional counters for
neutron detection.
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Neutron Induced Reactions

F Cross section for thermal neutron is 1.70 barns.

F Q=0.626MeV.

F 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.

F 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

F Cross section for thermal neutron is 0.534 barns.

F Q=0.626MeV.

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

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

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

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



Energetics of Threshold Reactions
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SA32



Energetics of Threshold Reactions
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Energetics of Threshold Reactions
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Energetics of Threshold Reactions
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Energetics of Threshold Reactions
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Neutron Activation
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F For endothermic reactions, the minimum energy carried by the neutron (the
threshold energy) can be derived based on the conservation of energy and
momentum:

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



Average Thermal Neutron Capture Cross Section
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F 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.

F 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

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

F So if the capture cross section s0 is known for a given velocity v0, then the cross
section at velocity v can be estimated from the following relation,
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F 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
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F Neutron activation is the production of a radioactive isotope by the absorption
of a neutron, such as in the (n,p) reaction.

F 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

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

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

F The capture cross section per atom is 0.33barn.

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

F Cross section for thermal neutron is 1.70 barns.

F Q=0.626MeV.

F 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.

F 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

F Cross section for thermal neutron is 0.534 barns.

F Q=0.626MeV.

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

F Since 23Na is a normal constituent of blood, activation of blood sodium can be
used as a dosimetric tool when persons are exposed to relatively high does of
neutrons, for example, in a criticality accident.
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Neutron Activation
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F Considering the decay of the radioactive daughters and the constant
bombardment by incident neutrons, the net rate of increase of radioactive
atoms is given by

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



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

F The saturation activity is defined as . For an infinitely long irradiation time, it
represents the maximum obtainable activity with any given neutron flux.

F 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.



Neutron Activation
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Neutron Activation
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Neutron Activation
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Summary on Neutron Interactions 
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Classification of neutrons:
F Fast, slow and thermal neutrons …

Interactions of fast neutrons:
F Elastic scattering

-- Maximum energy transfer through elastic scattering of neutrons
-- Angular distribution of scattered neutrons
-- Energy distribution of scattered neutrons
-- Mean logarithmic energy decrement through elastic scattering

Interactions of thermal neutrons:
F Neutron induced nuclear reaction.

-- Important neutron capture reactions.
-- Energetics of threshold reactions.
-- Neutron activation

energy dependency of neutron capture cross section
time profile of neutron induced radiations
practical applications in analytical studies
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Fast neutrons: neutrons with energies above 0.1MeV.
Slow neutrons: neutrons with energies between those for thermal and fast
neutrons.

Thermal neutrons:
F Thermal neutrons are in approximate thermal

equilibrium with their surroundings. Their
energy distribution is given by the Maxwell-
Boltzmann formula.

F The most probably energy at room
temperature (20°C) is 0.025eV. The average
energy is 0.038eV.
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Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p213

FHydrogen nucleus does not have
excited state. Only elastic scattering
and neutron capture is possible.

FThe capture cross section for
hydrogen is relatively small,
reaching an maximum of ~0.33barn
at thermal energies.

FThe neutron cross section for
carbon has considerable structures
resultant from the combined effects
of elastic, inelastic and capture
process.



Interactions of Neutrons with Matters

Attenuation of neutrons:
F Neutrons are uncharged and can travel appreciable distance in matter without

interaction.
F Under conditions of “good geometry”, a narrow beam of monoenergetic

neutrons is attenuated exponentially.

Neutrons can interact with a atomic nuclei through
F Elastic scattering: the total kinetic energy is conserved – the energy loss by the

neutron is equal to the kinetic energy of the recoil nucleus.
F Inelastic scattering: the nucleus absorbs some energy internally and is left to

an excited state.
F (Thermal) neutron capture: the neutron is captured or absorbed by a nucleus,

leading to a reaction such as (n,p), (n,2n), (n,a) or (n,g). The reaction changes
the atomic number and/or atomic mass number of the struck nucleus.
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Angular Distributions of the Scattered Neutrons and 
Recoil Nuclei
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F Experimentally, for neutron energies up to 10MeV, it is 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.

Incident neutron

scattered neutron



Energy Distributions of Scattered Neutrons 
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The fraction of energy carried by the scattered neutron is

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



Average Logarithm Energy Decrement
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For fast neutrons undergo successive collisions in the absorber. The average
decrease per collision in the logarithm of the neutron energy (the average
logarithmic energy decrement) remains constant:

and

where

The average logarithmic energy decrement) is independent of the neutron energy
and is a function only of the mass of the scattering nuclei.



Average Logarithmic Energy Decrement
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If the slowing-down medium contains n kinds of nuclides, each of microscopic
scattering cross section ssi , and the average logarithmic energy decrement is

where Ni is the atomic density of the i’th nuclide in the medium

Since

x

The median fraction of the incident neutron’s energy that is transferred to the
nucleus during a collision is



Energy Dependence of Thermal Neutron Absorption Cross 
section

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

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

F So if the capture cross section s0 is known for a given velocity v0, then the cross
section at some other velocity v can be estimated from the relations

E
E

v
v 00
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F This equation can be used for neutrons of energies up to 100eV or 1keV,
depending on the absorbing nucleus.



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

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



Neutron Activation
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F Considering the decay of the radioactive daughters and the constant
bombardment by incident neutrons, the net rate of increase of radioactive
atoms is given by

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



Neutron Activation
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