Ch.01 Nuclear Reactions
Introduction: Mass Energy Equivalence


[bookmark: _Ref33885699]Table 1 Energy density of various fuels adapted from [WP 1]
	Storage Material
	Energy Type 
	Specific energy (MJ/kg)
	Current uses

	Deuterium
	Nuclear fusion
	87,900,000
	Experimental

	Uranium (in breeder) *
	Nuclear fission
	80,620,000
	Nuclear power plants

	Thorium (in breeder)
	Nuclear fission
	79,420,000
	Experimental

	Plutonium 238
	Nuclear decay
	2,239,000
	Space crafts as radioactive thermal generator (RTG)

	Liquified Natural Gas**
	Chemical
	56
	Power plant, Heating

	Diesel
	Chemical
	48
	ICE/ Power plants

	Gasoline (petrol)
	Chemical
	46
	ICE/ Power plants

	Coal
	Chemical
	30
	Electric power plant


*Fission: U-235 + n (7-8MeV)  fission products + 200MeV/reaction	 80 x106 MJ/kg 
**Combustion: CH4 +3 O2  CO2 +2 H2O + 810kJ/mole	  55 MJ/kg or 1.5million times less than U235

1GW Coal plant: 		10,000 ton per day
1GW Nuclear plant:	20 ton/year
Ratio:				(182500X)!
Nuclear Reaction Fundamentals
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The Curve of Binding Energy
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Fusion Reactions



Fission Reactions

https://wwwndc.jaea.go.jp/cgi-bin/FPYfig?iso=nU235&typ=g3
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Energy Release and Dissipation

Neutron Multiplication

Fission Products

Fissile and Fertile Materials
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Some other actinides need more than one neutron capture before arriving at an isotope which is both fissile and long-lived
· uranium-236 to neptunium-237 to plutonium-238 to plutonium-239
(wasteful of neutrons and often undesired. (in future accelerator based designs, it might be possible)



Radioactive Decay
There are 43 decay modes! Not all are common though. 

[image: Detection prospects for the second-order weak decays of $$^{124}$$ 124 Xe  in multi-tonne xenon time projection chambers | SpringerLink]
Using IsotopeData[] and decay modes and flattening the table, you could arrive to the most common ones:
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Not all isotopes are equally stable. Radium is an example of variety:
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Saturation Activity
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Decay Chains
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https://astronuclphysics.info/JadRadFyzika4.htm 




Appendix: Using Online Databases for Cross sectional data
https://nds.iaea.org/exfor/servlet/E4sMakeE4
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Appendix: Greek Alphabet

	#
	Capital letter
	Small case
	Greek Name
	English counterpart

	1
	A
	
	Alpha
	a

	2
	
	
	Beta
	b

	3
	
	
	Gamma
	g

	4
	
	
	Delta
	d

	5
	
	
	Epsilon
	e

	 6
	
	
	Zeta
	z 

	7
	
	
	Eta
	h

	8
	
	
	Theta
	th

	9
	
	
	Iota
	i 

	10
	
	
	Kappa 
	k

	11
	
	
	Lambda
	l

	12
	
	
	Mu
	m

	13
	
	
	Nu 
	n 

	14
	
	
	Xi
	x [image: ]

	15
	
	
	Omicron
	o 

	15
	
	
	Pi
	p 

	16
	
	
	Rho
	r 

	17
	
	
	Sigma 
	s 

	18
	
	
	Tau
	t 

	19
	
	
	Upsilon
	u 

	20
	
	
	Phi
	ph 

	21
	
	
	Chi 
	ch 

	22
	
	
	Psi
	ps 

	23
	
	
	Omega
	O



http://www.johnkerl.org/doc/ortho/ortho.html 
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812.12  Other Factors That Affect Nuclear Stability



way makes them more stable than if the numbers of protons and neutrons are ODD. However, there are a number of 
exceptions to this rule, for example, the stability of Uranium-236 compared to the stability of Uranium-235. (In this case, 
U-236 has a half-life of 23.4 million years, while U-235 has a half-life of about 700 million years.) The half-lives of all 
the common isotopes of uranium are shown in Table 2.2. A picture of the uranium atom, including the number of protons 
(Z) and the number of neutrons (N) in the Uranium-238 nucleus, is shown in Figure 2.12.



However, nature has also produced certain elements (and their isotopes) that are naturally unstable, and given enough 
time, they will disintegrate into simpler atoms or elements, radiating light (photons), electrons, protons, neutrons, and 
energetic ions (nuclear fragments without their associated electrons) in the process. Plutonium-239 is an example of 
one of these isotopes. The kinetic energy these decay products carry can cause the materials that they are created from 
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FIGURE 2.11  The nuclear landscape—how the stability of the isotopes is affected by the number of protons and neutrons 
in the nucleus.



TABLE 2.2
Half-Lives of Most Common Isotopes of the Element Uranium



Isotope of the 
Element Uranium Radioactive Half-Life Exists in Nature



U-230 20.8 days No



U-231 4.2 days No



U-232 ~70 years No



U-233 159,000 years No



U-234 247,000 years Yes



U-235 704,000,000 years Yes



U-236 23,400,000 years Trace amounts only



U-237 6.75 days No



U-238 4,460,000,000 years Yes



U-239 23.5 minutes No



U-240 14.1 hours No



Source:	 ChemicalElements.com.





http://ChemicalElements.com
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remaining 99.3% of natural uranium. By capturing a neutron,
uranium-238 becomes radioactive and decays to plutonium-239:



nþ 238



92
U�! 239



92
U �!� 239



93
Np �!� 239



94
Pu: ð1:28Þ



If a neutron of any energy strikes plutonium-239, there is a strong
probability that it will cause fission. Thus it is a fissile isotope.
Plutonium-239 itself is radioactive. However its half-life of 24.4
thousand years is plenty long enough that it can be stored and used
as a reactor fuel. There is a smaller probability that the plutonium
will simply capture the neutron, resulting in the reaction



nþ 239



94
Pu! 240



94
Pu: ð1:29Þ



Plutonium-240, however, is again a fertile material. If it captures a
second neutron it will become plutonium-241, a fissile material.



In addition to uranium-238, a second fertile material occurring in
nature is thorium-232. Upon capturing a neutron it undergoes decay
as follows:



nþ 232



90
Th�! 233



90
Th �!� 233



91
Pa �!� 233



92
U; ð1:30Þ



yielding the fissile material uranium-233. This reaction is of particu-
lar interest for sustaining nuclear energy over the very long term
since the earth’s crust contains substantially more thorium than
uranium.



Fissile materials can be produced by including the parent fertile
material in a reactor core. Returning to Fig. 1.2, we see that if more
than two neutrons are produced per fission—and the number is about
2.4 for uranium-235—then there is the possibility of utilizing one
neutron to sustain the chain reaction, and more than one to convert
fertile to fissile material. If this process creates more fissile material
than it destroys, the reactor is said to be a breeder; it breeds more
fissile material than it consumes.



Since most power reactors are fueled by natural or partially
enriched uranium, there is a bountiful supply of uranium-238 in
the reactor for conversion to plutonium. However, as subsequent
chapters will detail, to sustain breeding the designer must prevent a
large fraction of the fission neutrons from being absorbed in nonfis-
sile materials or from leaking from the reactor. This is a major
challenge. Most reactors burn more fissile material than they create.



Because half-lives, cross sections, and other properties of fissile
and fertile isotopes are ubiquitous to reactor theory, the following
unambiguous shorthand frequently is used for their designation.
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Notation



Before proceeding, the introduction of some shorthand notation is
useful. Note from Eqs. (1.5) and (1.6) that the helium nucleus and the
electron are both emitted from the decay of radionuclides. When
emitted from nuclei these are referred to as alpha and beta particles,
respectively. A nearly universal convention is to simplify the nota-
tion by simply referring to them as � and � particles. In like manner
since gamma rays carry neither charge nor mass, and the mass and
charge of neutrons and protons are simple to remember, we refer to
them simply as �, n, and p, respectively. In summary, we will often
use the simplifications:



4
2He) �



0
�1 e) �



0
0� ) �



1
0n) n



1
1H) p: ð1:7Þ



Likewise the notation for two important isotopes of hydrogen,
deuterium and tritium, is also simplified as 2



1H) D and 3
1H) T.



Instead of using the form of Eq. (1.1) we may write reaction
equations more compactly as AðB;CÞD, where the nuclei of smaller
atomic number are usually the ones placed inside the parentheses.
Thus, for example,



1
0nþ 14



7N! 14
6Cþ 1



1p ð1:8Þ



may be compacted to
14
7Nðn; pÞ14



6C or alternately as
14
7N �!ðn;pÞ 14



6C.



Likewise radioactive decay such as in Eq. (1.5) is often expressed as
117
49In �!� 117



50Sn, where in all cases it is understood that some energy is



likely to be carried away as gamma rays and neutrinos.



Energetics



Einstein’s equation for the equivalence between mass and energy
governs the energetics of nuclear reactions:



Etotal ¼mc2; ð1:9Þ



where Etotal, m, and c represent the total energy of a nucleus, its mass,
and the speed of light, respectively. The mass in this equation, how-
ever, depends on the particles speed relative to the speed of light:



m ¼m0



� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðv=cÞ2



q
; ð1:10Þ



where m0 is the rest mass, or the mass of the particle when its speed
v ¼ 0. For situations in which v� c, we may expand the square root
term in powers of ðv=cÞ2,
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832.13 Differences  between Chemical and Nuclear Bonds



In other words, the energy of the electrons is “quantized” into discrete levels that are INTEGRAL MULTIPLES of 
Planck’s constant, h. Photons, which are the carriers of the electromagnetic force, also carry their energy E away in mul-
tiples of Planck’s constant as well (Figure 2.14):



	 E fh= 	 (2.19)



where
f is the frequency of vibration
h is Planck’s constant



The discrete structure of these energy levels has been known for many years, and it is responsible for the energy spectrum 
of the individual elements, including the dark bands, or the absorption lines that are observed in the spectrum of light 
coming from distant stars through telescopes. (This is one way that the chemical composition of a star can be determined 
at a great distance.) Because of this quantization of the electron energy levels, each element has its own unique electro-
magnetic signature when it interacts with a light wave. The absorption lines for the sun are compared to the bright star 
Vega in Figure 2.15. Sometimes these lines are also known as the Fraunhofer lines. Notice how well you can see the 
Balmer absorption lines for hydrogen in the spectrum of the star Vega. This indicates that Vega is a very young star with 
a lot of hydrogen in its core, while the sun is a middle-aged star with less hydrogen to burn. This is how we know what 
elements the stars are made out of and what the overall abundance of the individual elements in the universe is! Away 
from the effects of the nucleus, free electrons are free to have any energy that they desire. In other words, their energy 
spectrum is continuous there. However, in the vicinity of the nucleus, their energy levels must be quantized, and this fact 
can never be ignored in determining their position and behavior.
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FIGURE 2.13  How the nuclear binding energy varies with the number of protons and neutrons in the atomic nucleus. Sometimes this figure is 
referred to as the “Nuclear Bonding Energy Curve.”











