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An Overview of  Radiation Exposure to US Population
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Nuclear Binding Energy and Energy Release

Chapter 1: Radioactivity
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Nuclear Binding Energy

The nuclear binding energy

In this case, the binding energy for the deuterium nucleus is given by
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Nuclear Binding Energy

• Nuclei are made up of protons and neutron, but the mass of a
nucleus is always less than the sum of the individual masses of
the protons and neutrons which constitute it.

• This difference is a measure of the nuclear binding energy,
which holds the nucleus together. The binding energy can be
calculated from the Einstein relationship:

Nuclear binding energy = Δmc2
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The nuclear binding energy



Alpha Decay
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Chapter 1: Radioactivity

Key concepts
• Coulomb barrier and energy release through alpha decay.
• Energy spectrum of alpha particles.
• Major health hazards related to alpha emission
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Alpha Emission
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• An alpha particle is a highly
energetic helium nucleus
consisting of two neutrons
and 2 protons.

• It is normally emitted from
isotopes when the neutron-
to-proton ratio is too low –
called the alpha decay.

• Atomic number and atomic
mass number are conserved
in alpha decays

Chapter 1: Radioactivity
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Energy Release in Alpha Emission
A more accurate version

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

The required kinetic energy has to come from the decrease in mass following the
decay process.
The relationship between mass and energy associated with an alpha emission is
given as
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Energy Release from Alpha Decay
Chapter 1: Radioactivity

An example: Alpha decay of 226Ra

The same example, when considering the daughter atom to have two less electrons,
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What is the energy of the alpha particle?

Note:
Md, Md: masses of the parent
and daughter atoms



Energy Spectra of Alpha Particles
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Chapter 1: Radioactivity

Measured energy spectrum of alpha
particles emitted from the decay of
238Pu.

m is the mass of the alpha particle, and 
M is the mass of the recoil nucleus. 

10



NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Alpha Emission and Potential Health Concerns
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NPRE 441, Principles of Radiation Protection, Spring 2023

Radiation Effect and Dose Delivery
Chapter 8: Chemical and Biological Effects of Radiation

For low LET radiation,  RBE (Relative Biologic Effectiveness)  LET (Linear Energy Transfer), for higher 
LET the RBE increases to a maximum, the subsequent drop is caused by the overkill effect. 

These high energies are sufficient to kill more cells than actually available!



Alpha Emission and Radiation Hazard

Chapter 1: Radioactivity

J. Chadwick, Cavendish Laboratory, 
University of Cambridge. Encyclopaedia of Occupational Health and Safety 

4th Edition, from the International Labor Office
Alpha particles have extremely short ranges (micros to tens of microns in tissue). They can
not penetrate the outer layer of dead skin and in general pose no direct external hazard to
the body.
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Alpha Emission and Radiation Hazard

Chapter 1: Radioactivity

(Left) Measured energy spectrum of
alpha particles emitted from the
decay of 238Pu.

In addition to the internal hazard, alpha particles, one can generally expect gamma ray
emission with an alpha source. Also, many alpha emitters have radioactive daughters that
present radiation protection concerns.

14





The Indoor Radon Dose

Chapter 1: Radioactivity
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Common characteristics of radioactive series:
• The first member of each series is very long-lived – 232Th: 1.391010 years, 238U:

4.51109 years and 235U: 7.13108 years.

Naturally Occurring Radioactivity

Actinon called is and series actiniumin  appears 

Thoron called is and series in thorium appears 

Radon called is and series uraniumin  appears 
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Pb

• All three naturally occurring series each has a gaseous member.

Artificially created radioactive series, such as the neptunium series has no
gaseous member.

• The end product of all three naturally occurring radioactive series is lead.

17



NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

All three isotopes of radon have radioactive daughters, so they are all potentially
hazardous.

Naturally Occurring Radioactivity – Other Isotopes of Radon

seconds 4T U,from  :(Actinon) 

 seconds 56T Th,from  :(Thoron) 

3.81daysT U,from  :(Radon) 
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The health concerns of these isotopes are determined by two factors:
• The rate of production from their parent nuclides.
• The probability of decay before get airborne.

The contributions from the daughters of 220Rn and 219Rn to internal exposure are
usually negligible compared with that from 222Rn.
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Indoor Radon
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Chapter 1: Radioactivity

• Airborne radon itself poses little health hazard. It is not retained in significant
amounts by the body.

• The health hazard is closely related to the short-lived daughters of radon.

Naturally Occurring Radioactivity
– Health Concerns of Radon Gas

Beta particle

alpha particle
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The WHO predicts that “The risk of lung cancer increased by 8% per 100 
Bq/m3 increase in measured radon concentration (95% confidence 
interval).” (from the WHO Indoor Radon Handbook)
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What is beta decay?

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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Beta Emission 
Chapter 1: Radioactivity

• Beta particle is an ordinary electron. Many atomic and nuclear processes
result in the emission of beta particles.

• One of the most common source of beta particles is the beta decay of
nuclides, in which

Beta  decay

Z
AX Z1

AY  1
0      

Beta-plus  decay

Z
AX Z1

AY  1
0 

Electron  capture

Z
AX  e  Z1

AY        

𝑛 → 𝑝 ൅ 𝛽ି ൅ 𝜈

𝑝 ൅ 𝛽ି → 𝑛 ൅ 𝜈

𝑝 → 𝑛 ൅ 𝛽ା ൅ 𝜈



Typical Decay Products from Unstable Radioisotopes
Alpha decay Beta decay

Beta decay Beta-plus decay Orbital electron 
capture (E.C.)

Beta particles Positrons

Annihilation 
gamma rays

Excited Daughter Nuclei 

Excited atoms
Gamma rays

Internal conversion (I.C.)

Auger electrons Characteristic 
X-rays

Alpha particles Daughter nuclei

Daughter nuclei

Gamma ray emission

IC electrons

Bremsstrahlung X-rays 

Bremsstrahlung 
X-rays 
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Energy Release of Beta Decay

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

The energy release in a beta decay is given as

• The energy release is once again given by the conversion of a fraction of the mass
into energy. Note that atomic electron bonding energy is neglected.

• For a beta decay to be possible, the energy release has to be positive.

)( edp MMMQ 
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Energy Release Through Orbital Electron Capture 

 atomsdaughter  andparent  the

 of masses atomic  theare  and 

2
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dp
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NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

For positron decay to be possible, we need

For Electron Capture to occur,

electron  orbital    theofenergy  binding  theis  where

0











dp

dp
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thatso
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Orbital Electron Capture and Positron Decay

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

• Electron capture and positron decay
are normally competing processes
through which a neutron deficient
nucleus may attain an increased
stability.

• Both the emission of a positron and
the capture of an electron, a neutrino
is always emitted in order to conserve
energy.

• In positron decay, the neutrino carries
the difference between the energy
release and the energy of the
resultant positron. In electron capture,
however, the neutrino must be mono-
energetic.
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Orbital Electron Capture and Positron Decay (Revisited)

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

• Electron capture and positron decay
are normally competing processes
through which a neutron deficient
nucleus may attain an increased
stability.

• Both the emission of a positron and
the capture of an electron, a neutrino
is always emitted in order to conserve
energy.

• In positron decay, the neutrino carries
the difference between the energy
release and the energy of the
resultant positron. In electron capture,
however, the neutrino must be mono-
energetic.

28



NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

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/2012/04/f
ukushima-cesium-137-
spread.jpg
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Following the initial alpha or beta decay, 
what are the nuclear and atomic level 
transformations that could lead to secondary 
radiation?  

Chapter 1: Radioactivity



Gamma-Ray Emission and Internal Conversion 
Chapter 1: Radioactivity

31
http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/radact2.html

Gamma-ray emission             vs              Internal Conversion
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Different Types of Radiation from Hg-203 Beta Decay 

Chapter 1: Radioactivity
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Gamma-ray transition
• Energy of the beta particles?
• Relative frequency per decay? 

Binding energies for 203Tl
K 85.529 keV
LI 15.347 keV
LII 14.698 keV
LIII 12.657 keV
M 3.704 keV

Internal conversion
• Energy of the beta particles?
• Relative frequency per decay? 

eN
NRatio) Branching (or tCoefficien IC  𝐸௜.௖. ൌ 𝐸௘௫௖ െ 𝐸௕



Characteristic X-ray vs Auger Electron

Chapter 1: Radioactivity
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Radiation from Excited Atoms



Auger Electrons
• The excitation energy of the atom may be transferred to one of the outer

electrons, causing it to be ejected from the atom.

• Auger electrons are roughly the analogue of internal conversion electrons
when the excitation energy originates in the atom rather than in the
nucleus.

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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Chapter 1: Radioactivity
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Radiation from Excited Atoms

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/moseley.html

X-ray spectrum of a gold sheet irradiated by an X-ray tube
with Ag-anode working at 28 kV.

(“Portable systems for energy-dispersive X-ray fluorescence analysis of works of art”,
Cesareo, 2007)

Possible X-ray Transitions
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Figure 5. The spectrum of Auger electrons at an X-ray energy of 100 keV.



Chapter 1: Radioactivity
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Characteristic X-ray vs Auger Electron

Atomic Radiation from Excited Atoms



Typical Decay Products from Unstable Radioisotopes

Alpha decay Beta decay

Beta decay Beta-plus decay Orbital electron 
capture (E.C.)

Beta particles Positrons

Annihilation 
gamma rays

Excited Daughter Nuclei 

Excited atoms
Gamma rays

Internal conversion (I.C.)

Auger electrons Characteristic 
X-rays

Alpha particles Daughter nuclei

Daughter nuclei

Gamma ray emission

IC electrons

Bremsstrahlung X-rays 

Bremsstrahlung 
X-rays 
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Chapter 1: Radioactivity

Decay scheme:

Understanding the Radiation from Cs-137
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Understanding the Radiation from Cs-137
Chapter 1: Radioactivity

2. Gamma-rays

What will happen to the excited  Ba-137 nucleus?

3. Internal conversion electrons

4. Emission of characteristic X-ray

5. Auger electrons

1. Beta particles for sure, what else?
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6. Bremsstrahlung X-rays
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If you are holding a Cs-137 source, what are the 
radiations that your hand/body is exposed to?

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Auger 
electrons with a 
relative complex 

spectrum

Gamma-ray,
662 keV,
85%

Char. X-rays
32 keV
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http://www.nuclear.kth.se/courses/lab/latex/internal/internal.html
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Beta 1,
Emax: 512 keV,
95%

Beta 2,
Emax: 1174 keV,
5%



X-ray Emission

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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X-ray Generation – Characteristic X-rays

• e- of the target atom have a binding
energy (BE)that depends on atomic Z
(rem: BEK Z2) and the shell (BEK> BEL>
BEM> ... )

• When e-(KE) incident on the target
exceeds the target atom e-(BE), it’s
energetically possible for a collisional
interaction to eject the bound electron
and ionize the atom.

• What would happen then?

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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X-ray Generation – Characteristic X-rays

• Within each shell (other than K) 
there are discrete E orbitals (ℓ = 0, 
1, ... , n-1) → characterisƟc x-ray 
fine E splitting 

• Characteristic x-rays other than 
those generated through K-shell 
transitions are unimportant 

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

An experimentally measured X-
ray energy spectrum from a 
micro-focus X-ray source
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Neutron Sources

NPRE 441, Principles of Radiation Protection
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Neutron Sources – Spontaneous Fission

NPRE 441, Principles of Radiation Protection

An engineer tests the prototype Timed Neutron Detector, a device 
that detects landmines. The neutron source of the landmine 
detector holds a tiny amount of californium-252. (Photo credit: 
Pacific Northwest National Lab)

Cf-252 neutron source can be made 
extremely compact
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Neutron Sources – Spontaneous Fission

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

NPRE 441, Principles of Radiation Protection

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Neutron Sources – Radioisotope (,n) Sources

Energetic alpha particles can induce (,n) reaction in certain target
materials.

A practical neutron source

5.71MeV :value-Q        1
0

12
6

9
4

4
2 nCBe 

The source is normally prepared
in the form of alloy (MBe13),
where M is alpha-emitting
radioisotopes

NPRE 441, Principles of Radiation Protection

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Neutron Sources – Radioisotope (,n) Sources

NPRE 441, Principles of Radiation Protection

James Tuner, Atoms, radiation and Radiation Protection, p210-p211.
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Neutron Sources – Radioisotope (,n) Sources

A typical neutron energy spectrum from an 239Pu/Be source.

• The various peak and valley
are due to the distinct
excited states of the 12C
product nucleus.

• The continuum is the result
of variable energy possessed
by the alpha particles before
reaction.

NPRE 441, Principles of Radiation Protection

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Neutron Sources – Radioisotope (,n) Sources

Practical considerations for choosing appropriate  emitter.

NPRE 441, Principles of Radiation Protection
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Radium-226 gamma ray spectrum from high purity germanium (HPGe) detector



Neutron Sources – Photon-Neutron Sources

• Some radioisotope gamma ray emitters can also be used to produce
neutrons when combined with an appropriate target material.

MeVvalueQnHhvH

MeVvalueQnBehvBe

226.2:,

666.1:,
1
0

1
1

2
1

1
0

8
4

9
4





• A gamma ray photon with an energy greater than the negative of the Q
-value is required.

NPRE 441, Principles of Radiation Protection

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

• Some practical gamma ray emitter include: 226Ra, 124Sb, 72Ga, 140La and
24Na.
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Neutron Sources – Photo-neutron Sources

If the gamma rays are monoenergetic, the neutrons are also nearly
monoenergetic!

2

2

2

2/1

c neutron  of mass  m
c  nucleus recoil of mass  M

energy gamma  E
directionneutron  andphoton  gammabetween  angle  

where

)cos(
)(

)])()(2[()(
)(
























Mm

QEMmmME
Mm
QEM

En

The neutron energy is blurred by
• The slight angular dependency.
• Neutron scattering inside the source.

Typical structure of photon 
neutron sources

NPRE 441, Principles of Radiation Protection

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Neutron Sources – Photo-neutron Sources

Calculated neutron energy spectra

NPRE 441, Principles of Radiation Protection
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Neutrons Generated by Accelerated 
Charged Particles

NPRE 441, Principles of Radiation Protection
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Neutrons Generated by Accelerated 
Charged Particles

NPRE 441, Principles of Radiation Protection

• Neutrons can be produced by nuclear reaction between accelerated
charged particles.

The D-D reaction:   1
2H  1

2H  2
3He 0

1n,   Q-value: 3.26MeV, En=2.5MeV
The D-T reaction:   1

2H  1
3H  2

4He 0
1n,   Q-value: 17.6MeV, En=14.1MeV

• Due to the Coulomb barrier between the
incident deuteron and the light target
nucleus, a relatively small accelerating
potential is required (about 100 to 300kV)
to induce the reaction.

• The neutrons produced by a given nuclear
reaction (D-D or D-T) have roughly the same
energies.

Page 19-27, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

Why accelerated?

Why 
14.1MeV?
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Neutrons Generated by Accelerated 
Charged Particles

NPRE 441, Principles of Radiation Protection

James Tuner, Atoms, radiation and Radiation Protection, p210-p211.
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Chapter 1.2: Transformation Kinetics

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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Chapter 1: Radioactivity

http://www.world-nuclear.org/info/inf30.html
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Transformation Kinetics

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Exponential Decay

• Different isotopes are characterized by their different rate of transformation
(decay).

• The activity of a pure radionuclide decreases exponentially with time. For a given
sample, the number of decays within a unit time window around a given time t is
a Poisson random variable, whose expectation is given by

• The decay constant is the probability of a nucleus of the isotope undergoing a
decay within a unit period of time.

teQQ  
0
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Units for Radioactivity

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

The Becquerel (Bq) – SI standard unit for radioactivity

The Becquerel is the quantity of radioactive material in which one atom is transform
per second.

BqCiCurie
tpsBq

10107.3)(1
11





Note that a Becquerel is not the number of particles emitted by the radioactive
isotope in 1 s.
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Specific Activity (SA)

 
 molegA

moleatoms
/

/1003.6 23

gBq
TA

SA /1018.4 23






NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Specific activity for pure radioisotopes is defined as the number of
Becquerels per unit mass.

Specific Activity =

SA can be related to the half-life (T) of the radionuclide by

gBq /

Number of atoms per 
unit mass

The probably of an atom 
decaying within a unit time 
span 

Activity per 
unit mass

Specific activity of a sample is defined as its activity per unit mass, given in
units of Bq/g or Ci/g.
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Derivation of radioactivity as a function of time

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity
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General Case

NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Consider a more general case, in which (a) the half-life of the parent can be
of any conceivable value and (b) no restrictions are applied on the relative
half-lives of both the parent and the daughter.

The number of atoms of the parent A and the daughter B at any given time
t are therefore related by
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Proof of the Previous Serial Decay Equation
From Cember, p123-124 
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Proof of The Serial Decay Equation (Continued) 

68

𝑃 𝑡 ൌ 𝜆஻
𝑄 𝑡 ൌ 𝜆஺𝑁஺బeିఒಲ௧𝑦 𝑡 ൌ

ධ e׬ ௉ ௧ ⋅ୢ௧ ⋅ 𝑄 𝑡 ⋅ d𝑡

e׬ ௉ ௧ ⋅ୢ௧

d𝑦
d𝑡 ൅ 𝑃 𝑡 𝑦 ൌ 𝑄 𝑡



𝑁𝐵 ൌ
𝜆஺𝑁஺బ
𝜆஻ െ 𝜆஺

eିఒಲ௧ െ eିఒಳ௧

Proof of The Serial Decay Equation (Continued) 
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QB

Qtotal

QA

tmt tmd

Activity Peaking Times Under General Case
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Chapter 1: Radioactivity

The peak-reaching-time for the activity from the daughter can be derived
as the following:

Activity Peaking Time Under General Case

Start from the equation for the general case

Differentiate respect to t and set to zero

and therefore

71



NPRE 441, Principles of Radiation Protection

Chapter 1: Radioactivity

Similarly, the peak reaching times for the total activity is …

The total activity is

Differentiate respect to t and set to zero, we have

Solving for t, it can be shown that

Since

then

Activity Peaking Time Under General Case

72
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QB

Qtotal

QA

tmt tmd

Activity Peaking Times Under General Case
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Further Discussions on Serial Transformations
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Several Special Cases
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QB

Qtotal

QA

tmt tmd

Activity Peaking Times Under General Case
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From this relationship,

one can see that

1. As the time goes by, 𝑒ିఒಳ௧
decreases and QB approaches QA.
At equilibrium, we have

BA QQand   

2. Since A has a relatively long half life, QA may be considered as a
constant. So the total activity converges to a constant.

TA >> TB

7TB
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Secular Equilibrium: TA >> TB (λA << λB)
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QB

Qtotal
QA

tmt tmd

QA0

A and B are in 
Transient 
Equilibrium

General case
Transient Equilibrium

Transient Equilibrium: TA  TB (λA ≤ λB) and t > tmd
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General case
Secular Equilibrium Transient Equilibrium

No Equilibrium

TA >> TB ,
t > 7TB

TA  TB

t > Tmd

TA < TB

---

B

A+B

A

B
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Summary of Serial Transformations

TA > TB
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