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PREFACE	
This book is written to serve as a textbook for an entry-level radiation physics course for students 
majoring in nuclear engineering, health physics, or medical physics. The purpose is to string and pack 
together three closely related topics (atomic and nuclear structures, radioactive decays, and 
interaction of ionizing radiation with matter) so that they can be taught in one semester. Such a course 
is meant to help students build the foundation before they take on the more specialized subjects, e.g., 
nuclear reactor physics, radiation transport methods, radiation dosimetry, radiation detection, and 
radiation shielding, …etc.  

The word “radiation” here strictly refers to ionizing radiation particles, including neutrons, gamma-
ray and X-ray photons, electrons, protons, and alpha particles, as well as energetic heavy ions. These 
particles are referred to as ionizing radiation because they are capable of breaking chemical bonds and 
causing ionizations in atoms and molecules (i.e., the matter) as they travel through them. 

The materials included in this book are largely based on my lecture notes, which have been developed 
and taught over the last two decades at Georgia Tech. The book has 11 chapters. The first 10 chapters 
can be divided into three parts. Part I (Chapters 1–3) discusses the modern physics that is relevant to 
radiation interaction. Part II (Chapters 4–6) is a condensed version of nuclear physics and radioactive 
decay. Part III (Chapters 7–10) includes nuclear reaction kinematics and how the various types of 
radiation (i.e., neutron, charged particles, and gamma/X-ray photon) undergo the various types of 
nuclear or atomic interactions with matter. Chapter 11 uses examples to show how the various types 
of ionizing radiation are involved in the major applications in nuclear engineering, medical physics, 
and health physics.    

My approach in writing this book is to treat and integrate the wide range of subjects (atomic and 
nuclear structure, radioactive decays, and radiation interaction with matter) with a slight flavor of 
quantum mechanics, just enough so that the concept of “transition probability” can be introduced to 
explain the probablistic nature of radioactive decays as well as the wave nature of a radiation particle 
undergoing interaction with a target nucleus (or atom). The materials have been taught at both 
undergraduate sophomore/junior and first-year graduate levels at Georgia Tech. I usually covered the 
same topics for both levels. The main difference between the two levels is the discussion on the 
involvement of angular momentum in a radioactive decay or a nuclear reaction. The discussion is 
qualitative for undergraduate and quantitative for graduate. It is suggested that, for an undergraduate 
course, one may skip the following sections without losing the continuity: 3.8–3.11, 4.6–4.10, 6.1.2–
6.3, 8.3–8.6.2, and 9.2. 

I am truly grateful to Professor Pedro Vaz of University of Lisbon in Portugal. As visiting professor 
at Georgia Tech, Dr. Vaz taught the preliminary edition of the book to the Georgia Tech 
undergraduate students. He and the students together helped eliminate numerous typos and errors 
from the preliminary edition.  

C-K Chris Wang  
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CHAPTER	1:	BASIC	CONCEPTS	AND	
DEFINITIONS	

1.1	 What	is	Ionizing	Radiation?	
Ionizing radiation (IR) includes neutrons, gamma-ray and X-ray photons, beta particles (or 
electrons), protons, and alpha particles, as well as various types of heavy ions. We call these 
“particles” IR because they cause atoms and molecules to ionize as they traverse through matter. 
The characteristics of the various types of IR and how they interact with matter form the common 
field of study in nuclear engineering, health physics, and medical physics. IR is generally divided 
into two categories: direct IR and indirect IR. Those carrying electric charge (e.g., electrons, 
protons, helium ions, and heavy ions) are referred to as direct IR, for they directly knock out 
atomic electrons via Coulomb force, and thus cause ionizations to the host atoms. Those carrying 
no electric charge (e.g., neutrons, gamma rays, and X rays) are referred to as indirect IR, for they 
must first undergo some kind of interactions with atomic electrons or nuclei to produce charged 
particles, which can then cause ionizations in matter via Coulomb force. 

 IR can be manmade or naturally existing. The manmade IR sources include nuclear reactors, 
particle accelerators, and the radiation-emitting radioactive sources produced by the reactors and 
accelerators. The energy range of concern is different for different types of IR and for different 
applications. Specifically, there is an energy threshold of about 10 eV for beta particles (i.e., 
electrons and positrons), and gamma-ray (or X-ray) photons. That is, these particles must have a 
minimum energy of 10 eV (corresponding roughly to the minimum ionization potential of an 
atom) in order to cause ionizations in matter. Neutrons, however, do not have an energy threshold 
because, even with no kinetic energy, they can still undergo nuclear interactions and produce 
energetic charged particles fully capable of causing ionizations in matter. Protons, alpha particles, 
and heavy ions have different energy thresholds (i.e., lower bounds) in order to be called IR. The 
threshold corresponds to the speed below which the ion becomes neutralized and can no longer 
cause ionizations in matter. Because the kinetic energy increases with the mass for an ion (when 
holding the speed constant), the energy threshold for an ion increases as its mass increases. For 
example, the approximate energy thresholds for proton and alpha particles were found to be 10 
keV and 40 keV, respectively. The upper-bound energy for neutrons, alpha particles, beta 
particles (or electrons), and gamma rays (or X rays) for most manmade applications is around 10 
MeV. Recently, however, new radiotherapy modalities (for human cancer treatment) involve the 
use of protons and carbon-12 (12C) ions with energies up to 250 MeV and 3 GeV, respectively.        

 The naturally existing IR is generally divided into two groups based on their origins. The 
first group includes alpha and beta particles, as well as gamma photons that are emitted from the 
decays of naturally existing radionuclides. These nuclides include very long-lived primordial 
ones (e.g., potassium-40, radon-222, and radon-222) and less long-lived cosmogenic ones (e.g., 
tritium and carbon-14). The second group of the naturally existing IR includes neutrons, gamma 
photons, and muons, which arise from the instantaneous cascading/degradation processes of very 
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high-energy cosmic rays (mainly protons) bombarding the earth’s atmosphere. The naturally 
existing IR contributes to the overall earth background radiation, which is an important part of 
the study of health physics. The naturally existing IR can also cause complications in applications 
where the source radiation signals to be detected are weak (e.g., radiation monitoring at the US 
border for homeland security inspection). 

 A radiation particle must undergo some sort of interaction with matter, or it would be of no 
consequence. Because matter is made of atoms and because most IR particles (e.g. neutron, 
proton, electron/beta, and alpha) are the subcomponents of atoms, it is helpful to have a general 
idea of the dimensions and structure of matter before we discuss radiation interactions.  

1.2	 Dimensions,	Forces	of	Nature,	and	Structure	of	Matter	
Matter is a general term for the substance that makes up all physical objects, and it contains both 
mass and volume (or space). It is well known that, depending on the temperature and pressure, 
the same matter usually can exist in three different states (i.e., solid, liquid, and gas). Scientists in 
the late nineteenth century showed that the three states of the same matter are all made of the 
same types of fundamental units called atoms (or molecules). In early twentieth century, it was 
further shown that an atom (being neutral in charge) is made of interacting subatomic particles—
a positively charged nucleus at the center and a cloud of negatively charged electrons orbiting the 
nucleus. In addition, it was shown that the mass of an atom is almost entirely possessed by the 
nucleus, which occupies very little volume. The diameter of an atom is in the range of 10-11 to 10-

10 m, and the diameter of a nucleus is in the range of 10-15 to 10-14 m. In other words, the volume 
of an atom is almost entirely occupied by the cloud of electrons that carries very little mass. In 
1932, an experiment conducted by James Chadwick further showed that the atomic nucleus is 
made of two different particles (or nucleons): the proton, which is positively charged, and the 
neutron, which is neutral in charge. The quantity of the electric charge of a proton is the same as 
that of an electron. In addition, the mass of the proton and the mass of the neutron were found to 
be about equal, and the diameter of each nucleon inside a nucleus is approximately 10-15 m. At 
about the same time, a fourth particle known as the neutrino (“little neutral one” in Italian) was 
proposed by Wolfgang Pauli, to reconcile the description of beta decay with the fundamental 
laws of the conservation of energy, momentum, and angular momentum. The existence of the 
neutrino was experimentally confirmed in the late 1950s. In other words, it seemed clear in the 
1930s that electrons, protons, neutrons, and neutrinos constitute the elementary particles (or 
building blocks) from which all atoms and molecules are made. 

 In the last eighty years, with the ever more powerful particle accelerators, physicists have 
further shown that protons and neutrons are actually made of even smaller particles called quarks. 
According to the Standard Model of particle physics, there are two classes of elementary 
particles: the fermion, which has half-integer spin, and the boson, which has integer spin. (Povh 
at. al, 1995) Fermions include various types of quarks and leptons. Quarks bind together through 
the short-ranged strong interaction to make protons and neutrons. Leptons include electron, 
muon, tau, and their corresponding neutrinos. Electron, muon, and tau all carry the same negative 
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electric charge, and they are not involved in strong reactions. Fermions (i.e., quarks and leptons) 
appear to be point-like particles without internal structure, and therefore, they are the ultimate 
building blocks of all matter. Unlike fermions, bosons are the interaction mediators. There are 
four fundamental interactions of matter in nature: gravitation, electromagnetic interaction, strong 
interaction, and weak interaction. According to the Standard Model, interactions are mediated by 
the exchange of bosons, including gravitons in gravitation, photons in electromagnetic 
interactions, gluons in strong interactions, and W+, W-, and Z0 in weak interactions.  

 Strictly speaking, it is meaningless to talk about the size (or diameter) of a subatomic 
particle. In the realm of quantum mechanics, one can only discuss the likelihood of finding 
the particle in a certain volume in space. It is a compromise between particle and wave, the 
dual properties of radiation. The size of an atom (or nucleus) discussed here, therefore, 
corresponds to the volume within which the atom (or nucleus) can be found. It turns out that 
this volume is determined by the force potentials involved in the corresponding quantum 
system. The gravitation force in an atom is so weak it can be ignored. The electromagnetic 
force exerted between the nucleus and the orbiting electrons is responsible for the relatively 
large volume of the electron cloud, which defines the volume of the atom. While atoms are 
overall electrically neutral, the electromagnetic force fields at close distances between atoms 
do not cancel out completely. This gives rise to the attractive chemical binding force (i.e., the 
Van-der-Waals force) between atoms, and thus allows atoms to join together to form 
molecules. In other words, the fundamental interaction that gives rise to the chemical binding 
force is electromagnetic in nature. Quarks bind together through the short-ranged strong 
interaction to make nucleons (i.e., protons and neutrons). The strong interaction, as the name 
implies, is much stronger than the electromagnetic force, but only effective within a very 
short distance (~10-15 m). Similar to the electromagnetic force fields between the nearby 
atoms, the strong force fields between the nearby nucleons also do not cancel out completely. 
This gives rise to the short-ranged attractive force between nucleons, and is responsible for 
the tiny volume of the nucleus (~10-14 m), within which all the nucleons are clustered 
together. Because the electromagnetic force among atoms in a molecule is much weaker than 
the strong nuclear force among the nucleons in a nucleus, the binding energy of an atom in a 
molecule is much smaller than the binding energy of a nucleon in a nucleus. The typical 
binding energy of an atom in a molecule is in the order of a few eV, where 1 eV is equivalent 
to 1.6 × 10-19 joule. The typical binding energy of a nucleon in a nucleus, on the other hand, 
is in the order of a few MeV, where 1 MeV = 106 eV. This shows the difference in scale 
between nuclear energy and chemical energy.  

 Quarks and neutrinos can be mostly ignored in the discussion of radiation interaction. This 
is because quarks bind so strongly together and they do not exist individually (i.e., at least not in 
the energy range of IR described in Section 1.1). Neutrinos, on the other hand, are nearly 
massless and they hardly interact with matter. Accordingly, an atom based on the 1930s depiction 
should serve well for the readers of this book. The main features in such a simplified depiction of 
matter can be summarized as follows:  
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1. Atoms and molecules are the basic units of matter that makes up all physical objects.  

2. Electrons, protons, and neutrons combine to form atoms, which in turn form 
molecules. 

3. The space inside a seemingly solid object is essentially “empty,” in the sense that the 
mass of the object is almost entirely possessed by the atomic nuclei, which occupy 
almost no volume.  

This last feature is most important when we enter the discussion of interactions of IR with 
matter.   

1.3	 Particle–Wave	Duality	and	the	Uncertainty	Principle	
The nature of particle–wave duality of IR necessarily results in an important rule called the 
uncertainty principle, a key concept of quantum mechanics, first proposed by Werner Heisenberg 
in 1927. It states that the position and momentum of a particle cannot be simultaneously 
measured with arbitrarily high precision. There is a fundamental limit to the precision of these 
two measurements in that the product of their uncertainties must be greater than a certain value. 
Specifically, the principle is written as: 

 
2


 px ,         (1.1) 

where x  and p  are the uncertainties associated with the particle’s position and momentum, 
respectively, and  is the reduced Plank constant. Equation 1.1 is not about the inaccuracy of 
measurement instruments, nor a reflection on the quality of experimental methods; it reveals an 
important fundamental property of matter: a particle cannot have a definite location and a definite 
momentum at the same time independently of any measurement. Even with perfect instruments 
and technique, the uncertainty will still be there because it is inherent in the nature of things. 

The uncertainty principle is a necessary compromise between the conflicting natures of 
wave and particle. To illustrate this more thoroughly, let us consider a free electron traveling in 
the +x direction. According to the formula proposed by Louis de Broglie, the electron’s wave 
length (λ) is inversely proportional to its momentum, that is, 

 p
h

 ,         (1.2) 

where p is the electron’s momentum and h is the Planck constant. If one assumes that the 
momentum of the electron is precisely known (i.e., 0p ), then equation 1.2 says that the 
wavelength of the electron will be constant. Such a wave form would spread probability 
throughout all of space, and therefore, the position of the electron becomes completely unknown 
(i.e., x ). Conversely, if one assumes that the electron’s position is precisely known (i.e., 

0x ), then its wave form becomes a delta function, corresponding to the supposition of waves 
of an infinitely broad range of frequencies, meaning that its momentum is completely unknown 
(i.e., p ). The uncertainty principle described by equation 1.1 is therefore a compromise 
between the uncertainty of the position and that of the momentum.   
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1.4	 Relativistic	Relationships	of	Energy,	Momentum,	and	Mass	
In addition to the quantum effect discussed in Sections 1.2 and 1.3, the relationships of energy, 
momentum, and mass for IR also differ from that of classical mechanics, due to the relativistic 
effect. The relativistic effect becomes important when the speed of the radiation particle becomes 
a significant fraction of the speed of light. Let us start with the classical expression of the linear 
momentum ( p ) of an object:   

  
dt
rdmυmp


 ,         (1.3) 

where m, υ , and r are the mass, velocity, and position of the object, respectively. As the speed of 
an object becomes a significant fraction of the speed of light, the inertia of the object increases, 
which, in turn, requires that equation 1.3 be modified with a correction factor γ (known as the 
Lorents factor): 

  
dt
rdmυmp


 γ ,        (1.4) 

where 
21

1


  , 

c
υ

 , and c is the speed of light in vacuum. Figure 1.1 shows difference 

between 1.3 and 1.4, in that the relativistic effect limits the speed of an object to be less than c. 

 

 

 
 

Figure 1.1. The relationship between linear momentum and speed of an object. 
 
It should be noted that, although υ of an object can never exceeds c, p can keep increasing 
infinitely because m  as cυ .  

Now consider an electric or magnetic force F


 is exerted on a charged object at position r. 
The total work (W) being done to the object over a certain path (s) would be 

p

Classical

c

Relativistic

ν
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s

rdFW 
.         (1.5) 

Since the work done on an object translates to a change in the kinetic energy of the object, if we 
assume that the object is initially at rest, then the final kinetic energy is equal to the total work 
expended on the object. In other words, equation 1.5 can be rewritten in terms of kinetic energy 
(K), that is, 

     
υ

ssss s
γυdυmdpυpdυpd

dt
rdrd

dt
pdrdFK

0
)(   

. 

Integrating by parts leads to  

  2222 )1( mcγmcEmcγmcK  ,      (1.6) 

where 2γmcE  , and it is referred to as the total energy of the object, including both its kinetic 
energy and the so-called rest energy, 2mc . Correspondingly, γm and m are referred to as the 
relativistic mass and rest mass. It should be noted that γ  is always greater than 1 except when the 
object is at complete rest of which 1γ . The relationship between E and p for relativistic object 
can then be derived as below: 

  2

42
42222

1
        




cmcmγEγmcE      (1.7) 

  22222222         cmγmγpγmp   

    2

2
42224222

1
        





 cmγcmpc .    (1.8) 

Equations 1.7 and 1.8 together result in 

  42
2

2
42

2

42
222

11
cmcmcmpcE 











.    (1.9) 

This well-known Pythagorean relationship is shown graphically in Figure 1.2. Equation 1.9 can 
be recast below to obtain the relativistic expression of p in terms of the kinetic energy K. That is, 

  KmcKmcEmcEcmEpc )2())(( 22242222   

       KmcK
c

p )2(1   2 .      (1.10) 
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Figure 1.2.  The Pythagorean relationship among E, cp, and mc2. 

It should be noted that equation 1.9 is also valid for a photon of which the rest mass is zero. In 
that case, it is reduced to 

  222 pcE  .            (1.11) 

Indeed, by inserting equation 1.2 into 1.9, one obtains 




h
c

hchccpE 














/
,        (1.12) 

where ν is the frequency of the photon. This is obviously the correct formula for the photon 
energy first proposed by Max Planck in 1900. 

1.5	 Mass,	Binding	Energy,	and	Antiparticles	
While in equation 1.6 we have already referred the term mc2 as the rest energy of an object, the 
inventor of this famous formula himself (Albert Einstein) did not make such a claim in his early 
publications on mass and energy from 1905 to 1912. His early publications showed that 1.6 
applies to a point-like object, and that the change of energy content of the object is proportional 
to the change of its mass. Indeed, if one assumes that 1υ  and 2υ  are respectively the initial and 
final speed of the object, then equation 1.6 can be re-derived as follows: 

2

1

2 1

2 2 2 2
2 1 2 1

             (γ )

         ( ) .                                                  (1.13)

υ

υ

E K K K
dp drF dr dr dp υ dp υ dp m υ d υs s s s sdt dt

γ mc γ mc γ γ mc γmc

 



      
  

         

    

        

If one considers γm as the mass of a moving object, then equation 1.13 can be rewritten as: 

 
 2mcE  .  (1.14) 
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Einstein’s claim then was that “the mass of a body is a measure of its energy content.” (Einstein, 
1952). Because equation 1.13 was derived based on a charged object gaining or losing its kinetic 
energy in an electric or magnetic field, it can be interpreted as “the mass of an object changes 
proportionally with the change of the field potential.” Since binding energy associated with a 
composite system (an atom or an atomic nucleus) is a form of potential energy, one may apply 
equation 1.13 to obtain the relationship between binding energy and mass difference. As 
mentioned in Section 1.2, the typical binding energy of an electron to an atom is in the order of a 
few eV, and the binding energy of a nucleon to a nucleus is in the order of several MeV. In other 
words, the mass of a nuclide is different from the sum of the masses of all the nucleons of which 
it is composed. This difference can be accounted for by the nuclear binding energy. A widely 
used quantity to calculate this mass difference is called “mass excess”. The mass excess of a 
nuclide is the difference between its actual mass and its mass number in atomic units (u) , of 
which 1u is defined as 1/12 the mass of a carbon-12 atom (or ~931.5 MeV/c2). To illustrate this 
concept more clearly, let us consider the following nuclear reaction: 

   HHn 2
1

1
1

1
0  .        (1.15) 

According to Appendix B, the mass difference between the reactants and the product can be 
obtained as 

     MeV2.22413.136-7.289)(8.071 H)(H)(Δ 2
1

1
1

2  mmmmc n . 

In other words, the mass of a free neutron and the mass of a free proton together is greater than 

the mass of a deuteron (in which a neutron and a proton are bound together) by 2
 MeV224.2

c , and 

2.224 MeV (which corresponds to 2mc ) is the binding energy between the neutron and the 
proton. In 1912, Einstein finally made his point (not proof) that “one should view a body with 
inertial mass m as an energy store of magnitude mc2 (rest-energy of the body).” (Einstein, 1952). 
Or more generally, one may say that mass is some form of potential. 

The concept of mass and energy equivalence was most convincingly demonstrated by the 
observation of antiparticles. If one takes the square root of equation 1.9 for a relativistic particle, 
it gives 

   2222 pcmcE  .       (1.16) 

Dirac argued in 1928 that the two signs in equation 1.16 is not a mathematical accident, and 
proposed that electrons can indeed have both a positive and a negative energy state. The positive-
energy state corresponds to an ordinary electron carrying a negative charge, and the negative-
energy state corresponds to an electron carrying a positive charge (known as the positron). The 
positron was experimentally discovered in 1932 by Anderson, and was recognized as the 
antiparticle of the electron. Today, it is relatively easy in the laboratory to observe the creation of 
a pair of an electron and a positron by bombarding a thin piece of high-Z material (e.g., lead or 
tungsten) with high-energy gamma photons. In this case, some of the energy (1.02 MeV to be 
exact) carried by the massless photon “disappears” to give the masses of the electron and 
positron. Oppositely, a positron and an electron also “annihilate” each other and during the 
process their masses are converted into two 511-keV gamma photons that are massless. 



Chapter	1:	Basic	Concepts	And	Definitions	|	9	

1.6	 Cross	Section	and	Mean	Free	Path	
Because different forces of nature are involved for different types of IR, their interactions with 
matter differ drastically. For instance, a charged particle (e.g., electron, proton, or alpha particle) 
usually undergoes a large number of elastic and inelastic interactions (i.e., excitation and 
ionization events) in a very short distance (e.g., a few micrometers) in matter. This is because 
these interactions occur via the long-ranged Coulomb force. A neutron, on the other hand, must 
travel quite some distance (a few centimeters or more) before it encounters an interaction. This is 
because a neutron undergoes nuclear interactions via the short-ranged nuclear force. A commonly 
known quantity called the macroscopic cross section (denoted by Σ) has been used in radiation 
transport equations to calculate how radiation particles travel and interact in materials. The 
concept of Σ can be understood by the classical scenario of collisions between two hard spheres, 
as described by Figure 1.3. 

 
 

 
 

Figure 1.3. The classical scenario of collisions between two hard spheres. 

As described, an incident particle randomly impinges on a thin slice of material with area “A,” 
containing one layer of randomly distributed targets. The target may be an atom, an atomic 
nucleus, or an atomic electron, depending on the type of incident particle (or interaction). If we 
take the classical approach by assuming that both the incident particle and the target are hard 
spheres, that the size of the incident particle is much smaller than the size of the target, that all 
the targets are identical and each has a cross section area , and that the material contains N 
target spheres (electrons, atoms, or nuclei) per unit volume, then the expected probability for the 
incident particle to undergo a collision with a target over the thin slice of dl would be 
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 dldlN
A
dlNA

A
dVN

A
dAP  Σ   ) ()(

  ,    (1.17) 

where dA is the total cross-section area occupied by all the targets contained in the thin slice of 
material; dV = Adl, the total volume occupied by the thin slice of material;  is the microscopic 
cross section for each target; and N , the macroscopic cross section. If we take each 
nucleus as a target, and assign the unit of cm2 nucleus-1 for , then the unit of Σ can be obtained 
as follows: 

  1-
2

3 cm
nucleus

cm
cm

nuclei        Σ 













 N .     (1.18) 

The physical meaning of Σ is the probability of a radiation particle to undergo a collision with a 
nucleus per unit distance as it travels through the material.  

Now, consider a beam of n particles impinging on the material; the expected number of 
collisions over the differential thickness of dl would be 

  ) (Σ dlndn  .           (1.19) 

If we further assume that a particle is removed (i.e., absorbed or scattered away by the target) 
from the beam after each collision, then equation 1.19 can be modified with a negative sign to 
represent the beam attenuation factor: 

  dl
n

dn  Σ .           (1.20) 

The negative sign is needed because the change of the particle beam intensity after it passes 
through the differential thickness dl is negative. Now, assuming that there are οn  particles 

impinging on a slab of a finite thickness l, and that n out of οn  transmit through the slab without 
having an interaction, one can then calculate the transmission probability by integrating equation 
1.20 over the specified thickness l: 

  l
ln

n

e
n
nl

n
ndl

n
dn Σ

οο0

         Σln           Σ
ο

  .    (1.21) 

In other words, the probability of an incident particle to undergo a collision in the thickness l is 
simply 

   le 1 .          (1.22) 

In the case that 1l , equation 1.22 can be further reduced via the Taylor series expansion: 

  lllle l Σ) . . . 
3!

)Σ(
!2
)Σ(Σ1(11

32
Σ   ,     (1.23) 

which is consistent with equation 1.17 for an infinitely thin material. 
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It is obvious that both  and Σ are the material properties and that they must be 
experimentally determined. Indeed, in the last half century many scientists all over the world 
have dedicated their lives to working on developing the so-called cross section data library for 
various types of radiation particles of a broad energy range, and for all kinds of material. The 
common experimental setup for measuring cross section is that of a narrow-beam geometry 
shown in Figure 1.4. The radiation detector measures the radiation count rates with and without 
the sample material in place to obtain n and οn . One then uses equations 1.21 and 1.18 to obtain 

Σ and . That is, 

  
Nn

n
l

Σ       and       ,ln1Σ
ο









  .      (1.24) 

The   thus obtained is denoted as t , the total cross section, because, as indicated in Figure 1.4, 
the narrow-beam geometry ensures that as long as an interaction has taken place, a radiation 
particle is removed (from the incident beam) regardless of the type of interaction. In other words, 
the measured beam attenuation factor ( ο/nn ) is a result of all types of interactions, including 
absorption, elastic scattering, inelastic scattering, etc., of which each has its corresponding cross 
section (i.e., ,  , , isa   etc.). Because cross section is synonymous with the probability of 
interaction, and because different types of interactions are independently competing with one 
another, the total probability should be the sum of the parts. That is 

  ...isat           (1.25)  

 
Figure 1.4. The narrow-beam geometry for cross-section measurement. 

One other interesting aspect is that these measured microscopic cross sections are often 
significantly larger than the classical size of the target. For example, the measured cross section 
for a thermal neutron (with a kinetic energy of 0.025 eV) to be absorbed by a uranium-235 

nucleus is about 26108.6  m2. However, the classical formula for estimating the radius of a 
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nucleus is 15104.7  m (from equation 4.16). This would predict a cross-section area of 

approximately 28107.1  m2, which is more than two orders of magnitude smaller than the 
measured one. This discrepancy has to do with the misconception of a definite size of a radiation 
particle and target nucleus (as alluded to in Section 1.2), and it can only be understood via 
quantum mechanics. This will be explored in detail in Chapters 3 and 8.  

Below we show an example of how to use equation 1.18 to calculate the macroscopic cross 
section for 1-MeV neutron interacting with water. The data of t  for hydrogen and oxygen are 

given to be 4 barns and 3 barns, respectively, where 2-24 cm 10barn 1  . The number density for 
hydrogen and oxygen atoms in water can be calculated as 

  OHH 2
2NN  








O2H

O2H2 M


AN 










 

mole
atoms 106.023

mole g 18
cm g 0.1 23

1-

-3
2 -322 cm  atoms 107.6   

and 
  OHOxy 2

NN  -322 cm   atoms 1035.3  . 

From equation 1.18, 

         OxytOxyHtHOHt 2
Σ NN     -1224-322 atom cm 104cm  atoms 107.6  

    -1-1224-322 cm 37.0atom cm 103cm  atoms 1035.3   . 

The macroscopic cross section, Σ, is closely related to another important quantity called the 
mean free path (MFP), designated by the symbol λ, which is the average distance that a particle 
travels between collisions in a material. By definition, an averaged quantity of a variable, x, is 
obtained by weighting its value with the corresponding probability density function, P(x), and 
then integrating over the full range of the variable. As such, λ	can be obtained via 

  dxxxP  )(
0


 ,          (1.26) 

where x is the distance a particle will travel through the material without having a collision, and 
P(x)dx is the probability that a particle will have its first collision at the interval between x and x 

+ dx. Accordingly, P(x)dx is the product of xe   and dx  , where the former is the probability 
of having no collision over the distance x, and the latter is the probability of having a collision at 
the interval between x and x + dx. That is, 

  dxedxxP x   )(   .         (1.27) 

By inserting equation 1.27 into 1.26, λ	can then be obtained as 

  







0

1   dxex x .       (1.28) 
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Since Σ has the unit of µm-1, mm-1, cm-1,and so on, λ has the unit of µm, mm, cm, and so on, 
which is consistent with the physical meaning of the MFP. Table 1.1 shows the estimated values 
of λ for various types of ionizing radiation.	 As shown, the values of  for charged particles (alpha 
and electron) are many orders of magnitude smaller than that for neutral particles (gamma and 
neutron). This is consistent with the fact that charged particles constantly and directly interact 
with atomic electrons via the Coulomb force, and that neutral particles are neutral in charge, and 
thus, can travel relatively freely in media. The value of λ	 alone provides a rough picture on how a 
particle travels in a material.  

 

Table 1.1. Estimated values of the mean free path (λ)	for various types of ionizing radiation. 

Radiation particle Material λ (cm) 

5-MeV alpha 
water 7104.3   

air 4108.2   

steel 8101.8   

1-MeV electron 
water 5103.5   

air 2104.4   

steel 5103.1   

1-MeV gamma 
water 1104.1   

air 4103.1   

steel 1.2  

1-MeV neutron 
water 7.2  

air 4101.1   

steel 7.4  

 

1.7	 Radiation	Quantities	
In many applications it is of interest to calculate the reaction density (interactions cm-3), R, or 
reaction rate density (interactions cm-3 s-1), R , for neutrons and gamma rays. For example, in 
nuclear engineering applications, the neutron-induced fission reaction rate density is proportional 
to the power density in a nuclear reactor. In medical and health physics applications, the gamma 
reaction density in tissue is proportional to the absorbed dose in the human body. A widely used 
quantity allowing these calculations to be carried out is called particle fluence, denoted by . For 
any point in a radiation field, the particle fluence is the number of particles Δn that, during some 
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period of time, pass through an imaginary sphere of cross section ΔA centered on the point, as 
illustrated in Figure 1.5(a). The particle fluence is defined as  

  





A
n

Δ
Δ  lim     .        (1.29) 

The unit of  is, therefore, particles cm-2. Another definition, which is found to be equivalent to 
equation 1.29, can be made in terms of the sum 

i
is of path-length segments within the sphere, 

as illustrated in Fig. 1.5(b). That is, 

  


















V

s
i

i

Δ
  lim     ,        (1.30) 

where ΔV is the volume of the sphere. The reader is asked to verify the equivalence of equations 
1.29 and 1.30 in a homework problem at the end of this chapter. 

  

 

Figure 1.5. The imaginary sphere of volume ΔV and cross-sectional area ΔA used to 
illustrate the two definitions of particle fluence: (a) for equation 1.29, and (b) for 
equation 1.30.  Source: Shultis and Faw (1996). 

 

From equation 1.19, ) (Σ dln  is the number of particles that would interact in the 
distance dl, AdlΣ  or dVΣ  is then the number of interactions that would occur in 
the volume dV. In other words, Σ  is the reaction density, or 

  ΣR .         (1.31) 
Similarly, one defines the particle fluence rate as 

  
At
n

 ,         (1.32) 

where t stands for time. The reaction rate density can be obtained as 

   ΣR .         (1.33) 

In medical and health physics applications, the biological effect caused by radiation is closely 
related to the absorbed dose (denoted by D), which is defined as energy deposited per unit mass. 
The SI unit of D is Gray (or Gy), and 1 Gy -1kg  joule 1 .  

(a) (b) 

 0Δ A

 0Δ V
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1.8	 Rutherford	Scattering	of	Alpha	Particles	
The mental image of a collision between two hard spheres described in Section 1.6 is a 
convenient way of illustrating the concept of cross section, and it is based on the idea that the two 
spheres must make “contact” with each other in order to have some kind of interaction. This 
image works reasonably well for describing neutron interactions because the nuclear force 
involved in the interaction has a clearly defined range of ~10-15 m. It, however, does not work for 
describing charged particle interactions, which are based on the long-ranged Coulomb 
forceError! Bookmark not defined.. A classical example of this is the alpha-particle scattering 
cross-section formula derived by Rutherford in 1911. The formula was used to explain the results 
of the famous gold foil experiment of H. Geiger and E. Mardsen, which resulted in the discovery 
of the atomic nucleus. 

 In the gold foil experiment, alpha particles with energy of a few MeV are brought to 
perpendicularly impinge on a thin gold foil. Rutherford first assumed that the mass of an atom 
was almost entirely possessed by the nucleus. He then assumed that both the incident alpha 
particle and the target gold nucleus are point-charged particles, and that the target nucleus is at 
rest. The geometrical relationships of the incident alpha particle with respect to the target nucleus 
is shown in Figure 1.6. As shown, an alpha particle travels along a straight line in the x  
direction towards the target nucleus, and would pass a distance b from the nucleus in the absence 
of the Coulomb force. The distance b is called the impact parameter. With the influence of the 
repulsive Coulomb force, the alpha particle will be deflected with a scattering angle θ from its 
initial x  direction. Since no energy is converted into the internal energy of both interacting 
particles, the interaction is considered elastic scattering. From Figure 1.7, it is obvious that the 
scattering angle θ increases as the impact parameter b decreases and that (2πb)db corresponds the 
differential cross section for the incident alpha particle to be scattered into a new direction 
between θ and θ + dθ. To obtain the relationship between θ and b, we first use the law of 
conservation of the linear momentum for the alpha particle before and after the scattering. That 
is, the direction of the alpha particle has changed (and so has its linear momentum) but its kinetic 
energy has remained the same (and so has the magnitude of the linear momentum) after the 
scattering. 
 

 
 

Figure 1.6.  Geometrical relationships in Rutherford scattering. 
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Figure 1.7.  The scattering angle (θ) increases when the impact parameter (b) decreases. 

Mathematically, the change of linear momentum before and after scattering can be expressed as 

   
t

dtFPPP    12


,       (1.34) 

where 1P


 and 2P


, respectively, represent the linear momentum of the alpha particle before and 
after the scattering; F


 is the Coulomb force involved during the scattering; and t is the time 

duration of the scattering event. Since mυPP  21


, where υ is the speed of the alpha particle, 

the magnitude of P


  can be obtained by using the vector diagram shown in Figure 1.8 as 

 
2

sin 2Δ θmυP 


.        (1.35) 

 

 

Figure 1.8. The vector diagram of the linear momentum of the alpha  
particle before and after scattering. 

 
By combining equations 1.34 and 1.35, we obtain the following: 

    


tt
mυdtFdtF

2
sin 2 cos      


,     (1.36) 
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where F is the magnitude of F


, and ϕ is the instantaneous angle between F


 and P


 . To carry 

out the integral of equation 1.36, it is necessary to convert the variable t to ϕ so that the upper 
bound and lower bound of the integral are well defined. That is,  

  


 d
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dtFθmυ
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θ
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2
sin 2
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2
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.       (1.37) 

To obtain 
d

dt , we apply the law of conservation of angular momentum during the scattering 

process: 

  2
2          

r
υb

dt
dbmυ

dt
dmrPrL 


     (1.38) 

Inserting equation 1.38 into 1.37 yields the following: 

  
2
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θ

θ
dFrθbmυ  .      (1.39) 

Substituting the Coulomb force formula, 2

2

r
zZekF c  , into equation 1.39 yields 
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 ,  (1.40) 

where fm   MeV,44.12 ekc , and z and Z correspond the electric charge of the alpha particle 
and the target nucleus, respectively. 

Equation 1.40 is the algebraic expression of the relationship between b and θ shown in 
Figure 1.7. The differential scattering cross section for the alpha particle to be scattered into a 
new direction between θ and θ + dθ can now be expressed in terms of θ: 

  

















2
cot   2 2
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2
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mυ
zZekdbdbbd c .    (1.41)  

Because the probability of the alpha particle to be scattered into a new direction between θ and θ 
+ dθ is proportional to the corresponding cone-shaped solid angle dΩ (see Figure 1.9), and 
because the scattering is azimuthally symmetric, one has 

   ddd  
2

cos
2

sin4 sin2  .      (1.42) 
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Figure 1.9. The relationship between dθ and differential solid angle d. 

 

By combining equations 1.41 and 1.42, one finally obtains the famous Rutherford scattering 
formula: 
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,   (1.43) 

where 2

2
1 mυE  , which is the classical expression of the kinetic energy of the alpha particle. 

Equation 1.43 predicts that 
Ωd

d  when 0θ . This is because b  when 0θ . In 

reality, however, θ must be greater than 0 because b must be smaller than the radius of the atom, 
or the charge of the target nucleus would be neutralized by the surrounding electrons of the atom. 
Another noteworthy aspect of equation 1.43 is that it predicts a small but finite probability for the 
alpha particles to be scattered with large scattering angles. If one takes 5 MeV as the kinetic 
energy of the incident alpha particle, and integrates equation 1.43 for θ between 90° and 180°, 
this gives a backscattering cross section of -1227 nucleus m 1063.1  . If one further assumes a 
thickness of 1 micrometer (or 10-4 cm) for the gold foil, and then applies equation 1.23, this gives 
a backscattering probability of 5106.9  (see Problem 1.6). This result agrees well with that 
observed by Marsden and Geiger, and contributed to the monumental discovery of the atomic 
nucleus. 

As mentioned, Rutherford’s classical treatment of Coulomb scattering was published in 
1911, at least one decade before the concept of quantum mechanics was solidified. Now, let us 
use the uncertainty principle to examine the validity of the assumptions made in the Rutherford 
scattering formula.  According to the uncertainty principle, the position of a particle can only be 
known to an accuracy of approximately the de Broglie wavelength of the particle (i.e., x ). 
For a 5-MeV alpha particle, the uncertainty of its position can therefore be calculated as 

  fm  02.1
MeV) MeV)(5 2(3728.4
fmMeV  327.197

22 2





Emc
c

mEp
x  .  

For the Rutherford scattering formula to be valid, the distance between the two particles (i.e., r in 
equations 1.38 and 1.39, as well as in the Coulomb force formula) must be well defined. This 
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means that r must be much greater than x . Classically, the closest distance between the two 
particles (rmin) can be obtained by setting the kinetic energy equal to the potential energy. That is, 

  fm  5.45          fm  MeV)44.1)(79)(2( MeV5 min
minmin

2



 r

rr
zZekc .  

Since xr min , one concludes that the quantum uncertainty associated with the alpha particle 
position is negligible in the Rutherford scattering experiment. In other words, the classical 
approach of treating the incident alpha particle and the target nucleus as two point-charged 
particles is valid. 

If we now take 1-MeV electron as the incident particle instead of 5-MeV alpha, the 
corresponding values for x and rmin become comparable to each other. In this case, one may 
argue that the quantum uncertainty associated with the electron position may significantly alter 
the Coulomb scattering formula predicted by the Rutherford’s formula. Surprisingly, however, 
the quantum treatment of the Coulomb scattering cross section gives the same result as that of the 
Rutherford’s formula (i.e., equation 1.43). This is because the factor r gets cancelled out in 
equation 1.39, and therefore does not affect the final form of equation 1.43. In other words, the 
successful classical treatment by Rutherford was a happy accident due to the special form of the 
Coulomb force, 22 / rekF c , in that the quantum treatment of the Coulomb scattering cross 
section actually gives the same result. 

1.9	 Wave	Behavior	of	Electrons	
To illustrate the wave property of a particle, it has been demonstrated in the so-called double-slit 
experiment that a single electron passing through a wall with two opening slits can produce 
interference patterns, and that the interference patterns can be precisely explained by the classical 
wave mechanics. Since the interference pattern is most pronounced when the wavelength of the 
electron is comparable to the distance between the two slits, which is limited to a few hundred 
nanometers with today’s technology, the corresponding energy of the electron in the double-slit 
experiment is in the range of a few hundred eV. Figure 1.10 is the schematic diagram of the 
electron double-slit experiment. As shown, electrons are emitted from the source one at a time. 
According to particle physics, each electron can only go through either slit 1 or slit 2 and will be 
detected at either 1P  or 2P . As such, the pattern appears on the screen predicted by particle 
mechanics should show two humps corresponding to 1P  and 2P . The experimental result, 
however, shows the interference pattern of multiple humps. This result is perfectly predicted by 
the wave mechanics. The interference pattern implies that each electron actually goes through 
both slits at the same time, and wave functions emerging from the two slits interfere with each 
other and thus creates the interference pattern. The interference pattern has also been shown 
when high energy electrons (> 100 MeV) undergo elastic scattering with an atomic nucleus (see 
Figure 1.11). As the wavelength of an electron becomes comparable to the size of the nucleus (

x ~5 fm), the electron no longer sees the nucleus as a point charge. Instead, it can 
simultaneously interact with each proton in the nucleus, and the interference pattern is the result 
of the scattered wave created by all of the protons inside the nucleus. 
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Figure 1.10. Schematic diagram of the electron double-slit interference experiment. 

 

 
 
Figure 1.11. Elastic scattering of 248-MeV and 502-MeV electrons from Pb208 . The 
diffraction pattern is clearly seen. 

Source: Krane (1988). 
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Problems	
1. Consider an imaginary sphere that is passed by a uniform parallel beam of particles. Show 

that the particle fluence obtained from equations 1.29 and 1.30 are identical. 

2. As described in the figure below, two isotropic point sources (S1 and S2) of radiation are 
located at 3 meters and 5 meters, respectively, from a point detector P. 

 

S1

P

* S2

5 m* *

 
     

If 8
1 100.1S   particles sec-1 and 7

2 100.1S   particles sec-1, and the radiation attenuation 
in the medium is negligible, calculate the particle fluence rate (particles cm-2 sec-1) at P.  

3. The point P is located at the origin of a spherical-surface radiation source. The diameter of 
the sphere is 30 cm, and the source intensity is uniform of 105 particles cm-2 sec-1 over the 
entire spherical surface. (a) Calculate the fluence rate (particles cm-2 sec-1) at P. (b) Calculate 
the average fluence rate over the entire sphere. (Note: the medium is a vacuum.) 

4. As shown below, a neutron beam of fluence rate 108 neutrons cm-2 sec-1 is perpendicularly 
incident on a slab of polyethylene (CH2, ρ 0.92 g cm-3, C 1.0 barn, H 10.0 barn, 1 
barn = 10-24 cm2) of thickness 1.5 cm. 

 

1.5 cm (CH2)

Neutrons

 
 

(a) What is the macroscopic cross-section for neutrons in the material? 
(b) How manu neutrons will not interact inside the slab? 
(c) What is the mean free path of the neutrons? 
(d) Indicate which assumptions were used in the solution of (b) and (c). 
 

5. For an electron moving with a speed of 2.9 x 108 m/s, determine: 

(a) The De Broglie wavelength 
(b) The Lorentz factor 
(c) Its  total energy 

(the mass of an electron is 9.11 x 10-31 kg and h= 6.62 x 10-34 J s) 
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6. Use the differential cross-section ( / ) of Rutherford scattering to calculate the alpha 

particle microscopic scattering cross-section on a gold atoms, between  = ¾  and  = . 

 


