
Chapter 5: Radiation Dosimetry

Radiation Dose Induced by Gamma Radiation



Radiation Dose from a Gamma-Ray Point Source

Considering an I-131 point-source of 1 MBq, how do we evaluate the exposure it 
delivers at a distance of 1 m?  

F The decay of 131I produces gamma rays of various energies as shown below,  



Calculation of Energy Transfer and Energy Absorption

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

For simplicity, we consider an idealized case in which 
F Photons are assumed to be monoenergetic and in a broad parallel beam.
F Multiple Compton scattering of photons is negligible.
F Virtually all fluorescence and bremsstrahlung photons escape from the absorber. 
F All secondary electrons (Auger electrons, photoelectrons, and Compton electrons) 

generated are stopped in the slab.
F The absorber is thin compared to the range of the incident radiation.

In such case, the transmitted energy intensity (the amount of energy per unit area 
per second) can be given by 
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Calculation of Energy Transfer and Energy Absorption

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

Assuming µenx<<1, which is consistent with the thin slab approximation and the 
energy fluence rate carried by the incident gamma ray beam is Ψ̇! J ⋅ cm"# ⋅ s"$ . 
Then the energy absorbed in the thin slab per second over a unit cross section area is 
given by 

𝛹̇!𝜇%&𝑥  (𝐽 ⋅ 𝑐𝑚"# ⋅ 𝑠"$)

𝐴𝛹̇!𝜇%&𝑥 (𝐽 ⋅ 𝑠"$)

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

Given the density of the material is r, the rate of energy absorption per unit mass 
(Dose Rate) in the slab is
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Specific Gamma-Ray Emission for I-131 -- An Example
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F Repeating the calculation, we get the following results:



Specific Gamma-Ray Emission -- An Example

Chapter 7: Radiation Dosimetry

F For the 131I source of a unit activity, if all gamma rays are considered, the source 
strength can be expressed as the specific gamma ray constant using the 
following equation:

F For many practical situations, when photon energy is ranging from 60keV to 
2MeV, the linear absorption coefficient varies little with energy, over this 
energy range, µ is about 3.5´10-3 per meter. Therefore, we can simplify the 
above equation as 



Specific Gamma-Ray Constant

F Specific Gamma Ray Constant ( G): The exposure rate from a gamma ray point 
source of unit activity and positioned at a unit distance. It is given in the unit of 
coulombs per kilogram per hour at a distance of 1 m from a 1 MBq point 
source, or (coulombs/kg/h/MBq at 1m).

Cember, pp. 226.



Specific Gamma-Ray Constant

Turner, pp. 382.

Given the specific gamma ray constant, 𝛤,	 for an isotope, the exposure rate at a 
location at a distance, r, is simply

𝑋̇ = 𝛤̇
𝐴
𝑟#

activity

distance



Internally Deposited Radioisotope (IV)
Gamma Ray Emitters

Chapter 5: Radiation Dosimetry

F For a uniformly distributed gamma-ray-emitting isotope, the dose rate from 
the isotope in an infinitesimal volume dV to a point p at a distance r away is

	𝑑𝐷̇ = 𝐶(𝑀𝐵𝑞) ⋅ 𝛤( ⁄"#$%#&' ()
*+,⋅./ 	at	1	m) ⋅ 0
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Mass energy absorption coefficient 
of the dose-receiving media

Mass energy absorption 
coefficient of the air



Internally Deposited Radioisotope (IV)
Gamma Ray Emitters
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F For a uniform spherical source, the dose rate at the center is given by 
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F And the dose rate at the surface of the spherical source 
volume is given by 

𝐷̇0123/4% = 0.5	𝐷̇4%&5%2
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Radiation Dose Induced by Beta Radiation



Cember, Introduction to Health Physics: Fourth Edition 4th Edition

Chapter 5: Radiation Dosimetry

Dose from Monochromatic Electron Beam as a Function of Depth



Skin Dose from Surface Contamination 

Chapter 5: Radiation Dosimetry

1. Beta particles are very easy to attenuate, for beta particles to contribute to skin 
dose, the source must be very close to the skin.

2. If we consider a thin layer of beta emitters placed parallel to the skin at a very 
small distance, we could assume that beta particles are traveling in parallel 
beams along two opposite directions only – 50% going up and 50% going down.  

3. For skin dose, we only consider the dose deliver to the thin layer of Basel cells 
under the dead-layer (density thickness: 0.007g/cm2) of the skin.



Beta Dose 

Chapter 5: Radiation Dosimetry

4. The intensity of beta particles in a parallel beam decreases approximately 
exponentially with absorber thickness:

5. For beta particles emitted by a beta emitter of maximum energy Em (MeV), the 
corresponding beta-ray absorption coefficients for air and for tissue could be 
approximately given as 

6. If a beta particle of energy E is attenuated in the absorption media, we assume 
that all the energy originally carried by the beta particle will be locally absorbed 
and contributing to the absorbed dose.  



Calculation of Absorbed Dose (Revisited)

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

Assuming µenx<<1, which is consistent with the thin slab approximation and the 
energy fluence rate carried by the incident beam of particles is Ψ̇! J ⋅ cm"# ⋅ s"$ . 
Then the energy absorbed in the thin slab per second over a unit cross section area is 
given by 

𝛹̇!𝜇%&𝑥  (𝐽 ⋅ 𝑐𝑚"# ⋅ 𝑠"$)

𝐴𝛹̇!𝜇%&𝑥 (𝐽 ⋅ 𝑠"$)

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

Given the density of the material is  𝝆 ⁄𝑔 𝑐𝑚6 , and the linear energy absorption 
coefficient is 𝝁𝒆𝒏 𝑐𝑚"$ ,	the rate of energy absorption per unit mass (Dose Rate) in 
the slab is

𝐷̇ = I JK; ⋅L̇< M⋅JK=;⋅N=> ⋅O?@(JK=>)⋅P 4.

Q R⋅JK=A ⋅I JK; ⋅P JK
,
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Skin Dose from Surface Contamination 
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Skin Dose from Surface Contamination 

Chapter 5: Radiation Dosimetry

For a planar beta emitting surface, the surface dose rate may be easily calculated. 
Suppose the surface concentration is Ca Bq/cm2, the dose rate to the basal cell 
region is 

𝐷̇ = 𝐶/ ⋅ 0.5 ⋅ 𝑓9 ⋅ T𝐸 ⋅ e":!"#⋅5!"#⋅ e":$⋅5$ ⋅ 𝜇<

surface concentration is Ca (Bq/cm2)

Backscattering correction, 1.25

Average energy of beta particles
Mass energy absorption 

coefficient of tissue ( ⁄𝑐𝑚! g) 

Attenuation by dead skin layerAttenuation by air

energy fluence rate, (J/cm2/sec)

backscattered beta particles

beta contamination

surfacebeta particles



Beta Radiation – Dose from Surface Contamination
An Example (Cember, p. 190)



Beta Radiation – Dose from Surface Contamination
An Example (Cember, p. 190)

energy fluence rate attenuation in the dead layer

extra attenuation by the air gap
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Beta Radiation – Submersion Dose
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Charged-Particle Equilibrium (CPE)
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From <<Introduction to Radiological Physics and Radiation Dosimetry>>
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Beta Radiation – Submersion Dose
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F For a small volume of air inside an infinite cloud of beta emitting radionuclide, 
we have

F In an infinite cloud containing C Bq/m3 of a beta emitter, the dose rate in a 
small volume inside the radioactive cloud is  



Beta Radiation – Submersion Dose

F For a small volume of air inside an infinite cloud of beta emitting radionuclide, 
we have

F In an infinite cloud containing C Bq/m3 of a beta emitter, the dose rate in a 
small volume inside the radioactive cloud is  



Decay scheme:

What will happen to the excited  Ba-
137 nucleus?
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Understanding the Radiation from Cs-137

http://faithandsurvival.com/wp-content/uploads/2026/04/fukushima-
cesium-137-spread.jpg



Skin Dose for Human Submersed in Radioactive Cloud Containing 
Beta Emitters



Human Submersed in Radioactive Cloud Containing Beta Emitters

Basel cells of the skin

dose rate to the skin, Db ??

human body

betas



Human Submersed in Radioactive Cloud Containing Beta Emitters

F Because (a) the skin is irradiated from one side only, and (b) soft tissue absorbs 
about 10% more energy per kilogram than dose in air, the dose rate to the 
basal cells of the skin in a semi-infinite medium is 

F Therefore, the dose rate to the skin of a person immersed in a large cloud of 
concentration C Bq/m3 is  

F Generally, if the cloud consists of several groups of beta particles with different 
maximum energies, the beta dose rate is 

C: concentration of beta-emitter in air,

fi : Fraction of the i’ th group of beta particles,
7𝐸!: Average energy of the I’th beta particle,  

µbi,t : Linear energy absorption coefficient of 
tissue.



Beta Radiation – Submersion Dose

An example. Cember, pp. 231.

The Fukushima nuclear disaster is 
estimated to have released between 20-
200 megacuries of Krypton 85 from three 
melted down reactors
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Organ Dose from Internally Deposited Beta Emitters
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Internally Deposited Radioisotope (I)
Corpuscular Beta Radiation 

Chapter 5: Radiation Dosimetry

F For an infinitely large medium containing a uniformly distributed radioisotope, 
the concentration of absorbed energy must be equal to the concentration of 
energy emitted by the isotope. 

F The energy absorbed per unit mass per transformation in a given organ is called 

the specific effective energy (SEE). 

F For practical health physics purposes, “infinitely large” may be approximated 
by a tissue mass whose dimension exceed the range of the radiation. 

F For alpha and beta radiation, this condition can be easily met, so that the SEE is 
simply the average energy of the radiation divided by the mass of the tissue in 
which it is distributed.
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Internally Deposited Beta Emitters 
– An Example Cember, pp. 234.
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Neutron Dose

Neutron dose to tissue:
• Fast neutron dose from elastic scattering (mostly from first-collision dose).
• Thermal neutron dose

• neutron capture by H à gamma ray dose.
• neutron capture by N à dose from the recoil nucleus.



Thermal Neutron Capture Radiation Therapy

Boron neutron capture therapy

Figure from: http://en.wikipedia.org/wiki/File:NeutronCaptureTherapyImage.jpg

Fig.1 boron neutron capture therapy 
(BNCT) can be performed at a facility 
with a nuclear reactor or at hospitals 
that have developed alternative 
neutron sources. A beam of 
epithermal neutrons penetrates the 
brain tissue, reaching the malignancy. 
Once there the epithermal neutrons 
slow down and these low-energy 
neutrons combine with boron-10 
(delivered beforehand to the cancer 
cells by drugs or antibodies) to form 
boron-11, releasing lethal radiation 
(alpha particles and lithium ions) that 
can kill the tumor.[1]

Barth, Rolf F.; Soloway, Albert H.; Fairchild, Ralph G. (1990). "Boron 
Neutron Capture Therapy for Cancer". Scientific American 263 (4): 
100–3, 106–7. Bibcode:1990SciAm.263d.100B. 
doi:10.1038/scientificamerican1090-100. PMID 2173134.83



Neutron Sources – Spontaneous Fission

84

Spontaneous fission of tarnsuranic heavy nuclides, such as 252Cf, produces 
several fast neutrons, in addition to heavy fission products, prompt fission 
gamma rays and beta and gamma ray activities.

• Half-life: 2.65 years

• Neutron yield: 0.116n/s per Bq, 
or 2.3×106 n/s per mg

• Neutron energy peaking at 
0.5MeV and extends beyond 
10MeV.

Measured neutron energy spectrum from spontaneous 
fission of 252Cf 

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Radiation Dose from Fast Neutrons
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How do Fast Neutrons Deposit Energy in Tissue?



Energy Spectrum of Scattered Neutrons (Revisited) 
Chapter 2: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

P(E’)

1/[(1-a)E0]

aE0

E0 E’: Energy of scattered neutrons

Average energy carried by the scattered neutron:

𝐸()*+ = ",-
$
𝐸# =

", 9:; <

9=; <

$
𝐸# = .<,/<

.,/ < ⋅ 𝐸#  

Average energy transferred to the recoil nucleus:

𝐸()*_%&%1*2_3455 = 𝐸# − 𝐸()*+ =
2𝑀𝑚
𝑀 +𝑚 $ ⋅ 𝐸#

𝑀 −𝑚 !

𝑀 +𝑚 ! 𝐸$ ≡ 𝛼𝐸$
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F For isotropic scattering, the average fraction of energy transferred in an elastic 
scattering with a nucleus of atomic mass number M is

F The composition of soft tissue is shown below

Radiation Dose from Fast Neutrons (Revisited)



Radiation Dose from Fast Neutrons

Chapter 5: Radiation Dosimetry

F Neutron dose is deposited through scattering and neutron induced nuclear 
reactions. 

F In cases of elastic scattering, the scattered nuclei dissipate their energy in the 
immediate vicinity of the primary neutron interaction. The radiation dose 
absorbed locally in this way is called the first collision dose. The scattered 
neutron is not considered after this primary interaction. 

F For fast neutrons, the first collision dose rate is given by  
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Radiation Dose from Fast Neutrons
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How do Thermal Neutrons Deposit Energy in Tissue?



Interaction of Slow and Thermal Neutrons (E<0.5eV) (Revisited)

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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Chapter 2: Interaction of Radiation with Matter – Interaction of Neutrons with Matter
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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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F Two reactions are normally considered, namely 14N(n,p)14C and 1H(n,r)2H 
reactions.

Thermal Neutron Dose from the 14N(n,p)14C Reaction 

F For the 14N(n,p)14C reaction, the dose is given by 



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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Thermal Neutron Dose from the 1H(n, g)2H Reaction 
F For the 1H(n, g)2H reaction, the dose is deposited by the gamma rays emitted 

throughout the entire volume. The number of reaction per second per gram is 
governed by the neutron flux and is given by   

F The resulting gamma ray dose is illustrated with the following example.



𝐷̇% = 𝐴 ⋅ 𝐸& ⋅ 𝜑 = 1.973×10' ⁄𝐵𝑞 𝑘𝑔 ⋅ 2.23MeV ⋅ 1.6×10()* ⁄𝐽 𝑀𝑒𝑉 ⋅ 0.278
             =1.19×10()) ⁄𝐺𝑦 sec	= 6.89×10(+ ⁄𝜇𝐺𝑦 h	
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Radiation Dose from Neutrons as a Function of Depth

Tuner, p373.


