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Linear Attenuation Coefficients

 Monochromatic photons are attenuated exponentially in a uniform target.
 The number of photons in a pencil beam interact within a small distance dx is
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NdxdN 

xeNxN  0)(

where  is the linear attenuation
coefficient and the solution to the
above differential equation is

exp(‐x) is simply the probability of a
photon penetrating a distance x
without interaction.



Linear Attenuation Coefficients

 Linear attenuation coefficient is measured using the following setup
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Using small detector to avoid the effect of Compton scattered photons on the
measured linear attenuation coefficient.

𝑰𝟎 𝑰

𝑰 ൌ 𝑰𝟎𝐞ି𝝁𝒙



Linear Attenuation Coefficients
 Linear attenuation coefficient for a given material comprises the individual

contributions from various physical processes,

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

NPRE 441, Principles of Radiation Protection, Spring  2021

As shown in the discussion of the attenuation of beta and alpha particles, the
mass attenuation coefficient is used to partially remove the dependence on
different atomic compositions and densities, and provides in an unified
measure of photon attenuation amongst various materials

pairComptonricphotoelect  

 Mass attenuation coefficient is simply defined as,

)/(/ 2 gcmm  



Linear Attenuation Coefficients
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Atomic Attenuation Coefficients
 Atomic attenuation coefficient (cross section per atom) – the probability of a

photon is removed from the beam, when passing normally through a layer of
material containing one atom per unit area.
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 The atomic attenuation coefficient is also called the microscopic cross
section of an atom in the absorber material. It is the microscopic “target
area” sustained by an atom in the absorber.

a 
 cm1 

N atoms cm3 

𝜇௔ ൌ
𝜇
𝑁  𝑐𝑚ଶ 𝑝𝑒𝑟 𝑎𝑡𝑜𝑚



Atomic Attenuation Coefficients
The numerical values for a have been published for many elements and for a
range of quantum energies.
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Atomic Attenuation Coefficients
Atomic attenuation coefficient (microscopic cross section per atom) a () can
be related to the linear attenuation coefficient () as the following:
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𝜇 ൌ 𝑁஺𝜇஺ 
where
𝜇: linear attenuation coefficient ሺcmെ1ሻ
𝑁୅: atmoic density ሺNo. of atoms per cmଷሻ
𝜇஺: atmoic cross section ሺcmെ2ሻ



Attenuation Coefficients
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The linear attenuation coefficient (𝝁𝒍) is related to the atomic attenuation
coefficient (microscopic cross section per atom) as the following:

P170, <<Introduction to Health Physics>>, Third edition, by Cember.

𝜇௟ 𝑐𝑚ିଵ ൌ 𝜇௔
𝑐𝑚ଶ

𝑎𝑡𝑜𝑚 ൈ 𝑁
𝑎𝑡𝑜𝑚𝑠
𝑐𝑚ଷ

Number density of the n’th atom in the 
compound or mixture



Attenuation Coefficients of an Alloy or a Compound 
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P170, <<Introduction to Health Physics>>, Third edition, by Cember.
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Attenuation Coefficients
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NCu: the number of Cu atoms per unit
volume of the mixture or compound.



Attenuation Coefficients
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Attenuation Coefficients
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Photon Attenuation Coefficients

 For photon energies between 0.75 to 5Mev, almost all materials have, on mass
attenuation coefficient basis, about the same gamma ray attenuation
properties. The shielding properties of a given material is approximately
proportional to the density of the material.

 For lower or higher energies, absorbers of high atomic number is much better
than those of low atomic number.

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

NPRE 441, Principles of Radiation Protection, Spring  2021



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

NPRE 441, Principles of Radiation Protection, Spring  2021

Energy transfer coefficient
&

Energy absorption coefficient



Energy Transfer and Energy Absorption Coefficients
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For dosimetry applications, we are often interested in

 How much energy is transferred to the absorber?
and

 How much of the energy transferred is eventually
absorbed in the shielding?

To answer these questions,

 It is important to consider the secondary radiations
resultant from the interactions of the incident
gamma rays and the absorber.

 Under certain conditions, energy absorption in
shielding material can be modeled with exponential
function …



Energy‐Transfer and Energy‐Absorption Coefficients
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The photon fluence : the number of photons cross a unit area perpendicular to the
beam.

The photon fluence rate: the number of photons per unit area per unit time.

)( 12 
 sm

dt
d

The energy fluence  (Jm‐2): the amount of energy passes per unit area
perpendicular to the beam.

The energy fluence rate (Jm‐2s‐1): the amount of energy transfer per unit area per
unit time.

)( 12 
 sJm

dt
d



Energy Transfer by a Gamma Ray Beam
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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 inside the absorber.



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.

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

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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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.

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

NPRE 441, Principles of Radiation Protection, Spring  2021



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,


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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

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

NPRE 441, Principles of Radiation Protection, Spring  2021

For Compton scattering of monoenergetic photons, the mass energy transfer
coefficient
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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.
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Therefore, the differential cross section becomes

Energy Distribution of Compton Recoil Electrons

Remember than
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Energy Distribution of Compton Recoil Electrons
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Klein‐Nishina formula can be used to calculate the energy spectrum of recoil
electrons as the following:
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If a gamma‐ray underwent a Compton Scattering, then probability of the gamma‐ray
transferring an energy that fall into a small energy window, 𝐸௥௘௖௢௜௟ ∈ ቂ𝐸ᇱ െ

ଵ
ଶ
Δ𝐸,𝐸ᇱ ൅

ଵ
ଶ
Δ𝐸ቃ would be proportional to

𝑑𝜎
𝑑𝐸௥௘௖௢௜௟

ൌ
𝑑𝜎
𝑑𝛺 ⋅

𝑑𝛺
𝑑𝜃 ⋅

𝑑𝜃
𝑑𝐸௥௘௖௢௜௟

ሺmଶ ⋅ keVିଵሻ   

𝑃 ∝ 𝛥𝐸 ⋅
𝑑𝜎

𝑑𝐸௥௘௖௢௜௟
อ
ாᇲ



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೐೎೚೔೗
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,    

NPRE 441, Principles of Radiation Protection, Spring 2010

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

𝜎 ൌ 2𝜋න ୢఙ
ୢఆఆ
⋅ sin𝜃 ⋅ 𝑑𝜃  𝑚ଶ .
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Energy‐Transfer Coefficient through Pair Production
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For pair production process, the initial energy carried by the electron‐positron pair is
h‐2mc2. Therefore the mass energy transfer coefficient for pair production is related
to the mass attenuation coefficient as the following
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Energy‐Transfer Coefficient
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The total mass energy transfer coefficient is given by
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The fraction of energy that is carried
away by characteristic x‐rays following
photoelectric effect.

The 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 by 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 transferred into the kinetic energy of secondary
electron inside the absorber.
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What is Energy Absorption Coefficients?
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The total mass energy transfer coefficient is given by
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Consider the fraction of energy that may be carried away by the subsequent
bremsstrahlung photons, one can define themass energy‐absorption coefficient as

 gtren  1






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.



NPRE 441, Principles of Radiation Protection, Spring  2021

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
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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

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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

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 (௖௠) 
ఘ ௚⋅௖௠షయ ⋅஺ ௖௠మ ⋅௫ ௖௠

,
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 The thin slab geometry discussed is approached in practice only by various
degrees of approximation.

 Non‐uniformity and finite width of real beams are two examples that deviate from
the ideal.
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