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History of the nuclear physics
1896:	Henri	Becquerel	(1852-1908)	discovered	radioac)vity		

1911:	Ernest	Rutherford	(1871-1937),	Hanz	Geiger	(1882-1945)	and	Ernest	Marsden	
(1888-1970)	conducted	scaOering	of	alpha	par)cles	on	nuclei		

1930:	John	D.	CocroF	(1897-1967)	and	Ernest	T.S.	Walton	(1903-	1995)	conducted	the	
first	ar)ficial	nuclear	reac)on		

1932:	James	Chadwick	(1891-1974)	discovered	the	neutron		

1933:	Frederick	Joliot	(1900-1958)	and	Irene	Joliot-Curie	(1897-	1956)	synthesized	
ar)ficial	elements		

1938:	discovery	of	nuclear	fission	by		
ORo	Hahn	(1879-1968)	and		
Fritz	Strassman	(1902-1980)		

1942:	Enrico	Fermi	(1901-1954)	builds	a		
fission	reactor

Chicago	Pile-1
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Some Properties of Nuclei
All	nuclei	are	composed	of	two	types	of	par)cles:	protons	and	neutrons.	The	only	
excep)on	is	the	ordinary	hydrogen	nucleus,	which	is	a	single	proton.	We	describe	the	
atomic	nucleus	by	the	number	of	protons	and	neutrons	it	contains,	using	the	following	
quan))es:		
• the	atomic	number	 ,	which	equals	the	number	of	protons		
in	the	nucleus	(some)mes	called	the	charge	number)		

• the	neutron	number	 ,	which	equals	the	number	of	neutrons	in	the	nucleus		
• the	mass	number	 ,	which	equals	the	number	of	nucleons		
(neutrons	plus	protons)	in	the	nucleus

Z

N
A = Z + N

1382 Chapter 44 Nuclear Structure

 You might wonder how six protons and six neutrons, each having a mass larger 
than 1 u, can be combined with six electrons to form a carbon-12 atom having a 
mass of exactly 12 u. The bound system of 12C has a lower rest energy (Section 39.8) 
than that of six separate protons and six separate neutrons. According to Equation 
39.24, ER 5 mc2, this lower rest energy corresponds to a smaller mass for the bound 
system. The difference in mass accounts for the binding energy when the particles 
are combined to form the nucleus. We shall discuss this point in more detail in Sec-
tion 44.2.
 It is often convenient to express the atomic mass unit in terms of its rest-energy 
equivalent. For one atomic mass unit,

ER 5 mc 2 5 (1.660 539 3 10227 kg)(2.997 92 3 108 m/s)2 5 931.494 MeV

where we have used the conversion 1 eV 5 1.602 176 3 10219 J.
 Based on the rest-energy expression in Equation 39.24, nuclear physicists often 
express mass in terms of the unit MeV/c 2.

Table 44.1 Masses of Selected Particles in Various Units
  Mass
Particle kg u MeV/c2

Proton 1.672 62 3 10227 1.007 276 938.27

Neutron 1.674 93 3 10227 1.008 665 939.57

Electron ( b particle) 9.109 38 3 10231 5.485 79 3 1024 0.510 999
1
1H atom 1.673 53 3 10227 1.007 825 938.783
4
2He nucleus (a particle) 6.644 66 3 10227 4.001 506 3 727.38
4
2He atom 6.646 48 3 10227 4.002 603 3 728.40
12

6C atom 1.992 65 3 10227 12.000 000 11 177.9

 

Example 44.1   The Atomic Mass Unit

Use Avogadro’s number to show that 1 u 5 1.66 3 10227 kg.

Conceptualize  From the definition of the mole given in Section 19.5, we know that exactly 12 g (5 1 mol) of 12C con-
tains Avogadro’s number of atoms.

Categorize  We evaluate the atomic mass unit that was introduced in this section, so we categorize this example as a 
substitution problem.

S O L U T I O N

Find the mass m of one 12C atom: m 5
0.012 kg

6.02 3 1023 atoms
5 1.99 3 10226 kg

Because one atom of 12C is defined to have a mass of 
12.0!u, divide by 12.0 to find the mass equivalent to 1 u:

1 u 5
1.99 3 10226 kg

12.0
5 1.66 3 10227 kg

The Size and Structure of Nuclei
In Rutherford’s scattering experiments, positively charged nuclei of helium atoms 
(alpha particles) were directed at a thin piece of metallic foil. As the alpha particles 
moved through the foil, they often passed near a metal nucleus. Because of the 
positive charge on both the incident particles and the nuclei, the particles were 
deflected from their straight-line paths by the Coulomb repulsive force.

A
ZX
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Isotopes
The	different	isotopes	of	a	given	element	have	the	same	atomic	number	but	different	
mass	numbers	since	they	have	different	numbers	of	neutrons.	The	chemical	
proper)es	of	the	different	isotopes	of	an	element	are	iden)cal,	but	they	will	oYen	
have	great	differences	in	nuclear	stability.
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The size and structure of nuclei
 44.1 Some Properties of Nuclei 1383

 Rutherford used the isolated system (energy) analysis model to find an expres-
sion for the separation distance d at which an alpha particle approaching a nucleus 
head-on is turned around by Coulomb repulsion. In such a head-on collision, the 
mechanical energy of the nucleus–alpha particle system is conserved. The initial 
kinetic energy of the incoming particle is transformed completely to electric poten-
tial energy of the system when the alpha particle stops momentarily at the point of 
closest approach (the final configuration of the system) before moving back along 
the same path (Fig. 44.1). Applying Equation 8.2, the conservation of energy prin-
ciple, to the system gives

DK 1 DU 5 010 2 1
2mv2 2 1 ake 

q1q2

d
2 0b 5 0

where m is the mass of the alpha particle and v is its initial speed. Solving for d gives

d 5 2ke 
q1q2

mv2 5 2ke 
12e 2 1Ze 2

mv2 5 4ke 
Ze 2

mv2

where Z is the atomic number of the target nucleus. From this expression, Ruth-
erford found that the alpha particles approached nuclei to within 3.2 3 10214 m 
when the foil was made of gold. Therefore, the radius of the gold nucleus must be 
less than this value. From the results of his scattering experiments, Rutherford con-
cluded that the positive charge in an atom is concentrated in a small sphere, which 
he called the nucleus, whose radius is no greater than approximately 10214 m.
 Because such small lengths are common in nuclear physics, an often-used conve-
nient length unit is the femtometer (fm), which is sometimes called the fermi and is 
defined as

1 fm ; 10215 m

 In the early 1920s, it was known that the nucleus of an atom contains Z pro-
tons and has a mass nearly equivalent to that of A protons, where on average  
A < 2Z for lighter nuclei (Z # 20) and A . 2Z for heavier nuclei. To account for 
the nuclear mass, Rutherford proposed that each nucleus must also contain A 2 Z 
neutral particles that he called neutrons. In 1932, British physicist James Chadwick 
(1891–1974) discovered the neutron, and he was awarded the Nobel Prize in Physics 
in 1935 for this important work.
 Since the time of Rutherford’s scattering experiments, a multitude of other 
experiments have shown that most nuclei are approximately spherical and have an 
average radius given by

 r 5 aA1/3 (44.1)

where a is a constant equal to 1.2 3 10215 m and A is the mass number. Because 
the volume of a sphere is proportional to the cube of its radius, it follows from 
Equation 44.1 that the volume of a nucleus (assumed to be spherical) is directly 
proportional to A, the total number of nucleons. This proportionality suggests that 
all nuclei have nearly the same density. When nucleons combine to form a nucleus, 
they combine as though they were tightly packed spheres (Fig. 44.2). This fact has 
led to an analogy between the nucleus and a drop of liquid, in which the density of 
the drop is independent of its size. We shall discuss the liquid-drop model of the 
nucleus in Section 44.3.

�W Nuclear radius�W Nuclear radius

Because of the Coulomb 
repulsion between the charges of 
the same sign, the alpha particle 
approaches to a distance d from 
the nucleus, called the distance 
of closest approach.

d

Ze
2e v ! 0

vS
"" " ""

" "

""
"

"

Figure 44.1 An alpha particle 
on a head-on collision course with 
a nucleus of charge!Ze.

Figure 44.2  A nucleus can be 
modeled as a cluster of tightly 
packed spheres, where each  
sphere is a nucleon.Example 44.2   The Volume and Density of a Nucleus

Consider a nucleus of mass number A.

(A)  Find an approximate expression for the mass of the nucleus. continued

Rutherford	used	the	isolated	system	(energy)	analysis	
model	to	find	an	expression	for	the	separa)on	distance	
	at	which	an	alpha	par)cle	approaching	a	nucleus	

head-on	is	turned	around	by	Coulomb	repulsion.
d

Since	the	)me	of	Rutherford’s	scaOering	experiments,	a	mul)tude	
of	other	experiments	have	shown	that	most	nuclei	are	
approximately	spherical	and	have	an	average	radius	given	by

Ernest	Rutherford
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Nuclear structure and stability
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are the same, apart from the additional repulsive Coulomb force for the proton– 
proton interaction.
 Evidence for the limited range of nuclear forces comes from scattering experi-
ments and from studies of nuclear binding energies. The short range of the nuclear 
force is shown in the neutron–proton (n–p) potential energy plot of Figure 44.3a 
obtained by scattering neutrons from a target containing hydrogen. The depth of 
the n–p potential energy well is 40 to 50 MeV, and there is a strong repulsive com-
ponent that prevents the nucleons from approaching much closer than 0.4 fm.
 The nuclear force does not affect electrons, enabling energetic electrons to serve 
as point-like probes of nuclei. The charge independence of the nuclear force also 
means that the main difference between the n–p and p–p interactions is that the 
p–p potential energy consists of a superposition of nuclear and Coulomb interactions 
as shown in Figure 44.3b. At distances less than 2 fm, both p–p and n–p potential 
energies are nearly identical, but for distances of 2 fm or greater, the p–p potential 
has a positive energy barrier with a maximum at 4 fm.
 The existence of the nuclear force results in approximately 270 stable nuclei; 
hundreds of other nuclei have been observed, but they are unstable. A plot of neu-
tron number N versus atomic number Z for a number of stable nuclei is given in Fig-
ure 44.4. The stable nuclei are represented by the black dots, which lie in a narrow 
range called the line of stability. Notice that the light stable nuclei contain an equal 
number of protons and neutrons; that is, N 5 Z. Also notice that in heavy stable 
nuclei, the number of neutrons exceeds the number of protons: above Z 5 20, the 
line of stability deviates upward from the line representing N 5 Z. This deviation 
can be understood by recognizing that as the number of protons increases, the 
strength of the Coulomb force increases, which tends to break the nucleus apart. 
As a result, more neutrons are needed to keep the nucleus stable because neutrons 
experience only the attractive nuclear force. Eventually, the repulsive Coulomb 
forces between protons cannot be compensated by the addition of more neutrons. 
This point occurs at Z 5 83, meaning that elements that contain more than 83 pro-
tons do not have stable nuclei.
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Figure 44.3  (a) Potential 
energy versus separation distance 
for a  neutron–proton system.  
(b) Potential energy versus separa-
tion distance for a proton–proton 
system. To display the difference 
in the curves on this scale, the 
height of the peak for the proton–
proton curve has been exagger-
ated by a factor of 10.
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in a narrow band called 
the line of stability.

The dashed line 
corresponds to the 
condition N " Z.

Figure 44.4  Neutron number N 
versus atomic number Z for stable 
nuclei (black dots).

The	nuclear	force	(or	nucleon–nucleon	interac)on,	residual	strong	force,	or,	
historically,	strong	nuclear	force)	is	a	force	that	acts	between	
the	protons	and	neutrons	of	atoms.	Neutrons	and	protons,	both	nucleons,	are	affected	
by	the	nuclear	force	almost	iden)cally.	Since	protons	have	charge	 ,	they	experience	
an	electric	force	that	tends	to	push	them	apart,	but	at	short	range	the	aOrac)ve	
nuclear	force	is	strong	enough	to	overcome	the	electromagne)c	force.	The	nuclear	
force	binds	nucleons	into	atomic	nuclei.

+e
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are the same, apart from the additional repulsive Coulomb force for the proton– 
proton interaction.
 Evidence for the limited range of nuclear forces comes from scattering experi-
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are the same, apart from the additional repulsive Coulomb force for the proton– 
proton interaction.
 Evidence for the limited range of nuclear forces comes from scattering experi-
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Figure 44.4  Neutron number N 
versus atomic number Z for stable 
nuclei (black dots).

The	stable	nuclei	are	represented	by	the	black	
dots,	which	lie	in	a	narrow	range	called	the	
line	of	stability.	No)ce	that	the	light	stable	
nuclei	contain	an	equal	number	of	protons	
and	neutrons;	that	is,	 .	Also	no)ce	that	
in	heavy	stable	nuclei,	the	number	of	
neutrons	exceeds	the	number	of	protons:	
above	 ,	the	line	of	stability	deviates	
upward	from	the	line	represen)ng	 .	
Why?

N = Z

Z > 20
N = Z
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Nuclear binding energy

1386 Chapter 44 Nuclear Structure

44.2 Nuclear Binding Energy
As mentioned in the discussion of 12C in Section 44.1, the total mass of a nucleus 
is less than the sum of the masses of its individual nucleons. Therefore, the rest 
energy of the bound system (the nucleus) is less than the combined rest energy of 
the separated nucleons. This difference in energy is called the binding energy of 
the nucleus and can be interpreted as the energy that must be added to a nucleus 
to break it apart into its components. Therefore, to separate a nucleus into protons 
and neutrons, energy must be delivered to the system.
 Conservation of energy and the Einstein mass–energy equivalence relationship 
show that the binding energy Eb in MeV of any nucleus is

 Eb 5 [ZM(H) 1 Nmn 2 M(A
Z X)] 3 931.494 MeV/u (44.2)

where M(H) is the atomic mass of the neutral hydrogen atom, mn is the mass of the 
neutron, M(A

Z X) represents the atomic mass of an atom of the isotope A
Z X, and the 

masses are all in atomic mass units. The mass of the Z electrons included in M(H) 
cancels with the mass of the Z electrons included in the term M(A

Z X) within a small 
difference associated with the atomic binding energy of the electrons. Because 
atomic binding energies are typically several electron volts and nuclear binding 
energies are several million electron volts, this difference is negligible.
 A plot of binding energy per nucleon Eb/A as a function of mass number A for 
various stable nuclei is shown in Figure 44.5. Notice that the binding energy in Fig-
ure 44.5 peaks in the vicinity of A 5 60. That is, nuclei having mass numbers either 
greater or less than 60 are not as strongly bound as those near the middle of the peri-
odic table. The decrease in binding energy per nucleon for A . 60 implies that energy 
is released when a heavy nucleus splits, or fissions, into two lighter nuclei. Energy is 
released in fission because the nucleons in each product nucleus are more tightly 
bound to one another than are the nucleons in the original nucleus. The impor-
tant process of fission and a second important process of fusion, in which energy is 
released as light nuclei combine, shall be considered in detail in Chapter 45.

Binding energy of a nucleus X
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Figure 44.5  Binding energy 
per nucleon versus mass number 
for nuclides that lie along the line 
of stability in Figure 44.4. Some 
representative nuclides appear as 
black dots with labels.

Pitfall Prevention 44.2
Binding Energy When separate 
nucleons are combined to form a 
nucleus, the energy of the system 
is reduced. Therefore, the change 
in energy is negative. The absolute 
value of this change is called the 
binding energy. This difference 
in sign may be confusing. For 
example, an increase in binding 
energy corresponds to a decrease in 
the energy of the system.

The	total	mass	of	a	nucleus	is	less	than	the	sum	of	the	masses	of	its	individual	
nucleons.	Therefore,	the	rest	energy	of	the	bound	system	(the	nucleus)	is	less	than	the	
combined	rest	energy	of	the	separated	nucleons.	This	difference	in	energy	is	called	the	
binding	energy	of	the	nucleus	and	can	be	interpreted	as	the	energy	that	must	be	
added	to	a	nucleus	to	break	it	apart	into	its	components.
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Nuclear models: liquid-drop model
It	is	called	the	Liquid	Drop	Model	because	nuclei	are	assumed	to	behave	in	a	similar	
way	to	a	liquid	(at	least	to	first	order).		
• The	molecules	in	a	liquid	are	held	together	by	Van	der	Waals	force	that	is	only	
between	near	neighbors.		

• For	nucleus:		
• Treats	the	nucleus	as	a	drop	of	incompressible	fluid	of	very	high	density,	held	
together	by	the	nuclear	force	(a	residual	effect	of	the	strong	force)	that	act	only	
between	neighboring	nucleons	

• Liquid	drop	model	accounts	for	the	spherical	shape	of	most	nuclei	and	makes	a	
rough	predic)on	of	binding	energy.	

• The	mo)va)on	is	to	describe	the	masses	and	binding	energy	of	nuclei.	

George	Gamow

Niels	Bohr

John	Archibald	Wheeler
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Nuclear models: liquid-drop model

Eb = C1A − C2A2/3 − C3
Z(Z − 1)

A1/3
− C4

(N − Z)2

A

Volume	energy:	

Surface	energy:	
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Nuclear models: liquid-drop model

Eb = C1A − C2A2/3 − C3
Z(Z − 1)

A1/3
− C4

(N − Z)2

A

Coulomb	energy:	

Asymmetry	energy:
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Nuclear models: liquid-drop model
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of proton pairs Z(Z 2 1)/2 and inversely proportional to the nuclear radius. 
Consequently, the reduction in binding energy that results from the Coulomb 
effect is 2C3Z(Z 2 1)/A1/3, where C3 is yet another adjustable constant.

r�The symmetry effect. Another effect that lowers the binding energy is related 
to the symmetry of the nucleus in terms of values of N and Z. For small values 
of A, stable nuclei tend to have N < Z. Any large asymmetry between N and Z 
for light nuclei reduces the binding energy and makes the nucleus less stable. 
For larger A, the value of N for stable nuclei is naturally larger than Z. This 
effect can be described by a binding-energy term of the form 2C4(N 2 Z)2/A, 
where C4 is another adjustable constant.1 For small A, any large asymmetry 
between values of N and Z makes this term relatively large and reduces the 
binding energy. For large A, this term is small and has little effect on the over-
all binding energy.

 Adding these contributions gives the following expression for the total binding 
energy:

 Eb 5 C 1A 2 C2A2/3 2 C3 
Z 1Z 2 1 2

A1/3 2 C4 
1N 2 Z 2 2

A
 (44.3)

This equation, often referred to as the semiempirical binding-energy formula, 
contains four constants that are adjusted to fit the theoretical expression to experi-
mental data. For nuclei having A $ 15, the constants have the values

 C1 5 15.7 MeV C2 5 17.8 MeV

 C3 5 0.71 MeV  C4 5 23.6 MeV 

 Equation 44.3, together with these constants, fits the known nuclear mass values 
very well as shown by the theoretical curve and sample experimental values in Fig-
ure 44.6. The liquid-drop model does not, however, account for some finer details 
of nuclear structure, such as stability rules and angular momentum. Equation 44.3 
is a theoretical equation for the binding energy, based on the liquid-drop model, 
whereas binding energies calculated from Equation 44.2 are experimental values 
based on mass measurements.
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Figure 44.6 The binding-
energy curve plotted by using the 
semiempirical binding-energy for-
mula (red-brown). For comparison 
to the theoretical curve, experi-
mental values for four sample 
nuclei are shown.

1The liquid-drop model describes that heavy nuclei have N . Z. The shell model, as we shall see shortly, explains why 
that is true with a physical argument.

Example 44.3   Applying the Semiempirical Binding-Energy Formula

The nucleus 64Zn has a tabulated binding energy of 559.09 MeV. Use the semiempirical binding-energy formula to 
generate a theoretical estimate of the binding energy for this nucleus.

Conceptualize  Imagine bringing the separate protons and neutrons together to form a 64Zn nucleus. The rest energy of 
the nucleus is smaller than the rest energy of the individual particles. The difference in rest energy is the binding energy.

Categorize  From the text of the problem, we know to apply the liquid-drop model. This example is a substitution 
problem.

S O L U T I O N

For the 64Zn nucleus, Z 5 30, N 5 34, and A 5 64. Evalu-
ate the four terms of the semiempirical binding-energy 
formula:

C1A 5 (15.7 MeV)(64) 5 1 005 MeV 

C2A2/3 5 (17.8 MeV)(64)2/3 5 285 MeV

C 3 
Z 1Z 2 1 2

A1/3 5 10.71 MeV 2 130 2 129 2164 21/3 5 154 MeV

C 4 
1N 2 Z 22

A
5 123.6 MeV 2 134 2 30 22

64
5 5.90 MeV
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1895:	W.C.	Röntgen	reported	the	discovery	of	X-rays	

Becquerel	was	interested	in	fluorescence	(a	capacity	that	some		
material	can	emit	light	under	certain	condi)ons).	He	studies	highly		
fluorescence	material	using	uranium	salts.	

In	1896,	Becquerel	tested	if	uranium	salts	can	work	as	a	source	of	x-rays.		
•Uranium	highly	fluorescence	
•Non	fluorescence	uranium	==>	s)ll	see	that	photographic	plate	shows	the	same	as	
highly	fluorescence	uranium	

He	concluded	that	the	radia)on	emiOed	by	the	crystals	was	of	a	new	type,	one	that	
requires	no	external	s)mula)on	and	was	so	penetra)ng	that	it	could	darken	
protected	photographic	plates	and	ionize	gases.	This	process	of	spontaneous	emission	
of	radia)on	by	uranium	was	soon	to	be	called	radioac\vity.

13

Radioactivity

Henri	Becquerel
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Radioactivity
Inves)ga)ons	by	Marie	and	Pierre	Curie,	they	reported	the	discovery	of	two	
previously	unknown	elements,	both	radioac)ve,	named	polonium	and	radium.		

Addi)onal	experiments,	including	Rutherford’s	famous	work	on	alpha-par)cle	
scaOering,	suggested	that	radioac)vity	is	the	result	of	the	decay,	or	disintegra)on,	of	
unstable	nuclei.	

Pierre	Curie

Marie	Curie
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Radioactivity
The	decay	process	is	probabilis)c	in	nature	and	can	be	described	with	sta)s)cal	
calcula)ons	for	a	radioac)ve	substance	of	macroscopic	size	containing	a	large	number	
of	radioac)ve	nuclei.	For	such	large	numbers,	the	rate	at	which	a	par)cular	decay	
process	occurs	in	a	sample	is	propor)onal	to	the	number	of	radioac)ve	nuclei	present	
(that	is,	the	number	of	nuclei	that	have	not	yet	decayed).	

1392 Chapter 44 Nuclear Structure

which, upon integration, gives
 N 5 N0e2lt (44.6)

where the constant N0 represents the number of undecayed radioactive nuclei at 
t 5 0. Equation 44.6 shows that the number of undecayed radioactive nuclei in a 
sample decreases exponentially with time. The plot of N versus t shown in Figure 
44.10 illustrates the exponential nature of the decay. The curve is similar to that for 
the time variation of electric charge on a discharging capacitor in an RC circuit, as 
studied in Section 28.4.
 The decay rate R, which is the number of decays per second, can be obtained by 
combining Equations 44.5 and 44.6:

 R 5 ` dN
dt

` 5 lN 5 lN0e2lt 5 R 0e2lt (44.7)

where R 0 5 lN0 is the decay rate at t 5 0. The decay rate R of a sample is often 
referred to as its activity. Note that both N and R decrease exponentially with time.
 Another parameter useful in characterizing nuclear decay is the half-life T1/2:

The half-life of a radioactive substance is the time interval during which half 
of a given number of radioactive nuclei decay.

To find an expression for the half-life, we first set N 5 N0/2 and t 5 T1/2 in Equa-
tion 44.6 to give

N0

2
5 N0e2lT1/2

Canceling the N0 factors and then taking the reciprocal of both sides, we obtain 
e lT1/2 5 2. Taking the natural logarithm of both sides gives

 T1/2 5
ln 2

l
5

0.693
l

 (44.8)

After a time interval equal to one half-life, there are N0/2 radioactive nuclei remain-
ing (by definition); after two half-lives, half of these remaining nuclei have decayed 
and N0/4 radioactive nuclei are left; after three half-lives, N0/8 are left; and so on. In 
general, after n half-lives, the number of undecayed radioactive nuclei remaining is

 N 5 N0 11
2 2n  (44.9)

where n can be an integer or a noninteger.
 A frequently used unit of activity is the curie (Ci), defined as

1 Ci ; 3.7 3 1010 decays/s

This value was originally selected because it is the approximate activity of 1 g of 
radium. The SI unit of activity is the becquerel (Bq):

1 Bq ; 1 decay/s

Therefore, 1 Ci 5 3.7 3 1010 Bq. The curie is a rather large unit, and the more fre-
quently used activity units are the millicurie and the microcurie.

Exponential behavior of the X
 number of undecayed nuclei

Exponential behavior X 
of the decay rate

Half-life X

The curie X

The becquerel X

N(t)
N0

N0

N0
1
4

1
2

t

N !N0e –  t

T1/2 2T1/2

!

The time interval T1/2 is 
the half-life of the sample.

Figure 44.10 Plot of the expo-
nential decay of radioactive nuclei. 
The vertical axis represents the 
number of undecayed radioactive 
nuclei present at any time t, and 
the horizontal axis is time.

Pitfall Prevention 44.5
Half-life It is not true that all the 
original nuclei have decayed after 
two half-lives! In one half-life, half 
of the original nuclei will decay. 
In the second half-life, half of 
those remaining will decay, leav-
ing 14 of the original number.
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Radioactivity
Decay	rate	 	and	ac\vity:R

Half-life:	The	half-life	of	a	radioac)ve	substance	is	the	)me	interval	during	which	half	
of	a	given	number	of	radioac)ve	nuclei	decay.	

Unit	of	ac\vity:	curie	(Ci)	and	becquerel	(Bq)	



Phat	Srimanobhas;	Nuclear	physics 17

The decay processes: alpha decay
Alpha	decay	or	α-decay	is	a	type	of	radioac)ve	decay	in	which	an	atomic	
nucleus	emits	an	alpha	par)cle	(helium	nucleus)	and	thereby	transforms	or	'decays'	
into	a	different	atomic	nucleus,	with	a	mass	number	that	is	reduced	by	four	and	
an	atomic	number	that	is	reduced	by	two.	

Disintegra\on	energy	is	the	energy	released	during	radioac)ve	decay.

 44.5 The Decay Processes 1395

ity (with a few exceptions) are tan circles that represent very proton-rich nuclei for 
which the primary decay mechanism is alpha decay, which we discuss first.

Alpha Decay
A nucleus emitting an alpha particle (4

2He) loses two protons and two neutrons. 
Therefore, the atomic number Z decreases by 2, the mass number A decreases by 4, 
and the neutron number decreases by 2. The decay can be written

 A
Z X   S   AZ 2

2
4
2Y 1 42He (44.10)

where X is called the parent nucleus and Y the daughter nucleus. As a general rule 
in any decay expression such as this one, (1) the sum of the mass numbers A must 
be the same on both sides of the decay and (2) the sum of the atomic numbers Z 
must be the same on both sides of the decay. As examples, 238U and 226Ra are both 
alpha emitters and decay according to the schemes

 238
92U S 234

90Th 1 42He (44.11)

 226
88Ra S 222

86Rn 1 42He (44.12)

The decay of 226Ra is shown in Figure 44.12.
 When the nucleus of one element changes into the nucleus of another as hap-
pens in alpha decay, the process is called spontaneous decay. In any spontane-
ous decay, relativistic energy and momentum of the parent nucleus as an isolated 
system must be conserved. The final components of the system are the daughter 
nucleus and the alpha particle. If we call MX the mass of the parent nucleus, MY the 
mass of the daughter nucleus, and Ma the mass of the alpha particle, we can define 
the disintegration energy Q of the system as

 Q 5 (MX 2 MY 2 Ma)c 2 (44.13)

The energy Q is in joules when the masses are in kilograms and c is the speed of 
light, 3.00 3 108 m/s. When the masses are expressed in atomic mass units u, how-
ever, Q can be calculated in MeV using the expression

 Q 5 (MX 2 MY 2 Ma) 3 931.494 MeV/u (44.14)

Table 44.2 (page 1396) contains information on selected isotopes, including masses 
of neutral atoms that can be used in Equation 44.14 and similar equations.
 The disintegration energy Q is the amount of rest energy transformed and 
appears in the form of kinetic energy in the daughter nucleus and the alpha par-
ticle and is sometimes referred to as the Q value of the nuclear decay. Consider the 
case of the 226Ra decay described in Figure 44.12. If the parent nucleus is at rest 
before the decay, the total kinetic energy of the products is 4.87 MeV. (See Example 
44.7.) Most of this kinetic energy is associated with the alpha particle because this 
particle is much less massive than the daughter nucleus 222Rn. That is, because the 
system is also isolated in terms of momentum, the lighter alpha particle recoils with 
a much higher speed than does the daughter nucleus. Generally, less massive par-
ticles carry off most of the energy in nuclear decays.
 Experimental observations of alpha-particle energies show a number of discrete 
energies rather than a single energy because the daughter nucleus may be left in an 
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Figure 44.11 A close-up view of 
the line of stability in Figure 44.4 
from Z 5 65 to Z 5 80. The black 
dots represent stable nuclei as in 
Figure 44.4. The other colored 
dots represent unstable isotopes 
above and below the line of stabil-
ity, with the color of the dot indi-
cating the primary means of decay.

Pitfall Prevention 44.6
Another Q We have seen the 
symbol Q before, but this use is a 
brand-new meaning for this sym-
bol: the disintegration energy. In 
this context, it is not heat, charge, 
or quality factor for a resonance, 
for which we have used Q before.

222Rn 
86

After decay

KRn
!

Rn

Before decay

226Ra 
88

KRa ! 0

Ra ! 0

K!

!pS

pS

pS

Figure 44.12 The alpha decay of 
radium-226. The radium nucleus is 
initially at rest. After the decay, the 
radon nucleus has kinetic energy 
KRn and momentum pSRn and the 
alpha particle has kinetic energy 
Ka and momentum pSa.
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The decay processes: alpha decay

How	about	nega\ve	value	of	Q:
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The decay processes: beta decay
beta	decay	(β-decay)	is	a	type	of	radioac)ve	decay	in	which	a	beta	par)cle	(fast	
energe)c	electron	or	positron)	is	emiOed	from	an	atomic	nucleus,	transforming	the	
original	nuclide	to	an	isobar	of	that	nuclide.

1400 Chapter 44 Nuclear Structure

where, as mentioned in Section 44.4, e2 designates an electron and e1 designates a 
positron, with beta particle being the general term referring to either. Beta decay is not 
described completely by these expressions. We shall give reasons for this statement shortly.
 As with alpha decay, the nucleon number and total charge are both conserved in 
beta decays. Because A does not change but Z does, we conclude that in beta decay, 
either a neutron changes to a proton (Eq. 44.15) or a proton changes to a neutron 
(Eq. 44.16). Note that the electron or positron emitted in these decays is not pres-
ent beforehand in the nucleus; it is created in the process of the decay from the rest 
energy of the decaying nucleus. Two typical beta-decay processes are

   14
6C   S   14

7N 1 e2 (incomplete expression) (44.17)

 12
7N   S   12

6C 1 e1    (incomplete expression) (44.18)

 Let’s consider the energy of the system undergoing beta decay before and after 
the decay. As with alpha decay, energy of the isolated system must be conserved. 
Experimentally, it is found that beta particles from a single type of nucleus are 
emitted over a continuous range of energies (Fig. 44.15a), as opposed to alpha 
decay, in which the alpha particles are emitted with discrete energies (Fig. 44.15b). 
The kinetic energy of the system after the decay is equal to the decrease in rest 
energy of the system, that is, the Q value. Because all decaying nuclei in the sample 
have the same initial mass, however, the Q value must be the same for each decay. So, 
why do the emitted particles have the range of kinetic energies shown in Figure 
44.15a? The isolated system model and the law of conservation of energy seem to 
be violated! It becomes worse: further analysis of the decay processes described by 
Equations 44.15 and 44.16 shows that the laws of conservation of angular momen-
tum (spin) and linear momentum are also violated!
 After a great deal of experimental and theoretical study, Pauli in 1930 proposed 
that a third particle must be present in the decay products to carry away the “miss-
ing” energy and momentum. Fermi later named this particle the neutrino (little 
neutral one) because it had to be electrically neutral and have little or no mass. 
Although it eluded detection for many years, the neutrino (symbol n, Greek nu) 
was finally detected experimentally in 1956 by Frederick Reines (1918–1998), who 
received the Nobel Prize in Physics for this work in 1995. The neutrino has the fol-
lowing properties:

r� It has zero electric charge.
r� Its mass is either zero (in which case it travels at the speed of light) or very 

small; much recent persuasive experimental evidence suggests that the neu-
trino mass is not zero. Current experiments place the upper bound of the 
mass of the neutrino at approximately 7 eV/c 2.

r� It has a spin of 12, which allows the law of conservation of angular momentum 
to be satisfied in beta decay.

r� It interacts very weakly with matter and is therefore very difficult to detect.

 We can now write the beta-decay processes (Eqs. 44.15 and 44.16) in their cor-
rect and complete form:

 A
Z X   S   Z11

A Y 1 e2 1 n (complete expression) (44.19)

 A
Z X   S   Z21

A Y 1 e1 1 n (complete expression) (44.20)

as well as those for carbon-14 and nitrogen-12 (Eqs. 44.17 and 44.18):

 14
6C    S   14

7N 1 e2 1 n (complete expression) (44.21)

 12
7N   S   12

6C 1 e1 1 n (complete expression) (44.22)

where the symbol n represents the antineutrino, the antiparticle to the neutrino. 
We shall discuss antiparticles further in Chapter 46. For now, it suffices to say that 
a neutrino is emitted in positron decay and an antineutrino is emitted in electron 
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Kine)c	energy	of	alpha	and	beta	decays:
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The decay processes: beta decay
Neutrino:	Pauli	in	1930	proposed	that	a	third	par)cle	must	be	present	in	the	decay	
products	to	carry	away	the	“missing”	energy	and	momentum.	Fermi	later	named	this	
par)cle	the	neutrino	(liOle	neutral	one)	because	it	had	to	be	electrically	neutral	and	
have	liOle	or	no	mass.	

Neutrino	proper\es	
• It	has	zero	electric	charge.	
• Its	mass	is	either	zero	(in	which	case	it	travels	at	the	speed	of	light)	or	very	small;	
much	recent	persuasive	experimental	evidence	suggests	that	the	neutrino	mass	is	
not	zero.	

• It	has	a	spin	of	1/2,	which	allows	the	law	of	conserva)on	of	angular	momentum	to	be	
sa)sfied	in	beta	decay.		

• It	interacts	very	weakly	with	maOer	and	is	therefore	very	difficult	to	detect.	
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The decay processes: beta decay
 44.5 The Decay Processes 1401

decay. As with alpha decay, the decays listed above are analyzed by applying con-
servation laws, but relativistic expressions must be used for beta particles because 
their kinetic energy is large (typically 1 MeV) compared with their rest energy of  
0.511 MeV. Figure 44.16 shows a pictorial representation of the decays described by 
Equations 44.21 and 44.22.
 In Equation 44.19, the number of protons has increased by one and the number 
of neutrons has decreased by one. We can write the fundamental process of e2 
decay in terms of a neutron changing into a proton as follows:

 n   S   p 1 e2 1 n (44.23)

The electron and the antineutrino are ejected from the nucleus, with the net result 
that there is one more proton and one fewer neutron, consistent with the changes 
in Z and A 2 Z. A similar process occurs in e1 decay, with a proton changing into a 
neutron, a positron, and a neutrino. This latter process can only occur within the 
nucleus, with the result that the nuclear mass decreases. It cannot occur for an iso-
lated proton because its mass is less than that of the neutron.
 A process that competes with e1 decay is electron capture, which occurs when a 
parent nucleus captures one of its own orbital electrons and emits a neutrino. The 
final product after decay is a nucleus whose charge is Z 2 1:

 A
Z X 1 20

1e   S   Z21
A Y 1 n (44.24)

In most cases, it is a K-shell electron that is captured and the process is therefore 
referred to as K capture. One example is the capture of an electron by 74Be:

7
4Be 1 21

0e   S   73Li 1 n

Because the neutrino is very difficult to detect, electron capture is usually observed 
by the x-rays given off as higher-shell electrons cascade downward to fill the vacancy 
created in the K shell.
 Finally, we specify Q values for the beta-decay processes. The Q values for e2 
decay and electron capture are given by Q 5 (M X 2 M Y)c 2, where M X and M Y 
are the masses of neutral atoms. In e2 decay, the parent nucleus experiences an 
increase in atomic number and, for the atom to become neutral, an electron must 
be absorbed by the atom. If the neutral parent atom and an electron (which will 
eventually combine with the daughter to form a neutral atom) is the initial system 
and the final system is the neutral daughter atom and the beta-ejected electron, 
the system contains a free electron both before and after the decay. Therefore, in 
subtracting the initial and final masses of the system, this electron mass cancels.
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The final products of the beta 
decay of the carbon-14 nucleus 
are a nitrogen-14 nucleus, an 
electron, and an antineutrino.

The final products of the beta 
decay of the nitrogen-12 nucleus 
are a carbon-12 nucleus, a positron, 
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Figure 44.16 (a) The beta 
decay of carbon-14. (b)!The beta 
decay of nitrogen-12.

Pitfall Prevention 44.7
Mass Number of the Electron An 
alternative notation for an elec-
tron, as we see in Equation 44.24, 
is the symbol 21

0e, which does not 
imply that the electron has zero 
rest energy. The mass of the elec-
tron is so much smaller than that 
of the lightest nucleon, however, 
that we approximate it as zero in 
the context of nuclear decays and 
reactions.
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decay. As with alpha decay, the decays listed above are analyzed by applying con-
servation laws, but relativistic expressions must be used for beta particles because 
their kinetic energy is large (typically 1 MeV) compared with their rest energy of  
0.511 MeV. Figure 44.16 shows a pictorial representation of the decays described by 
Equations 44.21 and 44.22.
 In Equation 44.19, the number of protons has increased by one and the number 
of neutrons has decreased by one. We can write the fundamental process of e2 
decay in terms of a neutron changing into a proton as follows:

 n   S   p 1 e2 1 n (44.23)

The electron and the antineutrino are ejected from the nucleus, with the net result 
that there is one more proton and one fewer neutron, consistent with the changes 
in Z and A 2 Z. A similar process occurs in e1 decay, with a proton changing into a 
neutron, a positron, and a neutrino. This latter process can only occur within the 
nucleus, with the result that the nuclear mass decreases. It cannot occur for an iso-
lated proton because its mass is less than that of the neutron.
 A process that competes with e1 decay is electron capture, which occurs when a 
parent nucleus captures one of its own orbital electrons and emits a neutrino. The 
final product after decay is a nucleus whose charge is Z 2 1:

 A
Z X 1 20

1e   S   Z21
A Y 1 n (44.24)

In most cases, it is a K-shell electron that is captured and the process is therefore 
referred to as K capture. One example is the capture of an electron by 74Be:
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4Be 1 21
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Because the neutrino is very difficult to detect, electron capture is usually observed 
by the x-rays given off as higher-shell electrons cascade downward to fill the vacancy 
created in the K shell.
 Finally, we specify Q values for the beta-decay processes. The Q values for e2 
decay and electron capture are given by Q 5 (M X 2 M Y)c 2, where M X and M Y 
are the masses of neutral atoms. In e2 decay, the parent nucleus experiences an 
increase in atomic number and, for the atom to become neutral, an electron must 
be absorbed by the atom. If the neutral parent atom and an electron (which will 
eventually combine with the daughter to form a neutral atom) is the initial system 
and the final system is the neutral daughter atom and the beta-ejected electron, 
the system contains a free electron both before and after the decay. Therefore, in 
subtracting the initial and final masses of the system, this electron mass cancels.
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Figure 44.16 (a) The beta 
decay of carbon-14. (b)!The beta 
decay of nitrogen-12.
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tron, as we see in Equation 44.24, 
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0e, which does not 
imply that the electron has zero 
rest energy. The mass of the elec-
tron is so much smaller than that 
of the lightest nucleon, however, 
that we approximate it as zero in 
the context of nuclear decays and 
reactions.
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The decay processes: beta decay (carbon dating)
The	ra)o	of	 	to	 	in	the	carbon	
dioxide	molecules	of	our	atmosphere	
has	a	constant	value	of	approximately	

.		

The	carbon	atoms	in	all	living	
organisms	have	this	same	 / 	
ra)o	 	because	the	organisms		
con)nuously	exchange	carbon	dioxide	
with	their	surroundings.	

When	an	organism	dies?

14C 12C

r0 = 1.3 × 10−12

14C 12C
r0
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The decay processes: gamma decay
Gamma	decay	is	a	type	of	radioac)vity	in	which	some	unstable	atomic	
nuclei	dissipate	excess	energy	by	a	spontaneous	electromagne)c	process.	In	the	most	
common	form	of	gamma	decay,	known	as	gamma	emission,	gamma	rays	(photons,	or	
packets	of	electromagne)c	energy,	of	extremely	short	wavelength)	are	radiated.	
1404 Chapter 44 Nuclear Structure

between the two electronic states involved in the transition. Similarly, a gamma-ray 
photon has an energy hf that equals the energy difference DE between two nuclear 
energy levels. When a nucleus decays by emitting a gamma ray, the only change in 
the nucleus is that it ends up in a lower-energy state. There are no changes in Z, N, 
or A.
 A nucleus may reach an excited state as the result of a violent collision with 
another particle. More common, however, is for a nucleus to be in an excited state 
after it has undergone alpha or beta decay. The following sequence of events repre-
sents a typical situation in which gamma decay occurs:

  12
5B   S   12

6C* 1 e2 1 n  (44.26)

 12
6C*   S   12

6C 1 g (44.27)

Figure 44.17 shows the decay scheme for 12B, which undergoes beta decay to either 
of two levels of 12C. It can either (1) decay directly to the ground state of 12C by 
emitting a 13.4-MeV electron or (2) undergo beta decay to an excited state of 12C* 
followed by gamma decay to the ground state. The latter process results in the emis-
sion of a 9.0-MeV electron and a 4.4-MeV photon.
 The various pathways by which a radioactive nucleus can undergo decay are 
summarized in Table 44.3.

44.6 Natural Radioactivity
Radioactive nuclei are generally classified into two groups: (1) unstable nuclei 
found in nature, which give rise to natural radioactivity, and (2) unstable nuclei 
produced in the laboratory through nuclear reactions, which exhibit artificial 
radioactivity.
 As Table 44.4 shows, there are three series of naturally occurring radioactive 
nuclei. Each series starts with a specific long-lived radioactive isotope whose half-
life exceeds that of any of its unstable descendants. The three natural series begin 
with the isotopes 238U, 235U, and 232Th, and the corresponding stable end products 
are three isotopes of lead: 206Pb, 207Pb, and 208Pb. The fourth series in Table 44.4 
begins with 237Np and has as its stable end product 209Bi. The element 237Np is a 
transuranic element (one having an atomic number greater than that of uranium) 
not found in nature. This element has a half-life of “only” 2.14 3 106 years.
 Figure 44.18 shows the successive decays for the 232Th series. First, 232Th under-
goes alpha decay to 228Ra. Next, 228Ra undergoes two successive beta decays to 
228Th. The series continues and finally branches when it reaches 212Bi. At this point, 
there are two decay possibilities. The sequence shown in Figure 44.18 is character-
ized by a mass-number decrease of either 4 (for alpha decays) or 0 (for beta or 
gamma decays). The two uranium series are more complex than the 232Th series. In 
addition, several naturally occurring radioactive isotopes, such as 14C and 40K, are 
not part of any decay series.
 Because of these radioactive series, our environment is constantly replenished 
with radioactive elements that would otherwise have disappeared long ago. For 
example, because our solar system is approximately 5 3 109 years old, the supply of 
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12C*, and the beta decay is 
followed by a gamma decay. 
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Figure 44.17  An energy-level 
diagram showing the initial 
nuclear state of a 12B nucleus and 
two possible lower-energy states of 
the 12C nucleus.

Table 44.3 Various Decay Pathways
Alpha decay A

Z X S   AZ 2
2

4
2Y 1 42He

Beta decay (e2) A
Z X S   Z11

A Y 1 e2 1 n
Beta decay (e1) A

Z X S   Z21
A Y 1 e1 1 n

Electron capture A
Z X 1 e2   S   Z21

A Y 1 n
Gamma decay A

Z X* S   AZ X 1 g

Table 44.4 The Four Radioactive Series
 Starting Half-life Stable End
Series Isotope (years) Product

Uranium 238
92U 4.47 3 109 206

82Pb
Actinium  Natural 235

92U 7.04 3 108 207
82Pb

Thorium 232
90Th 1.41 3 1010 208

82Pb
Neptunium 237

93Np 2.14 3 106 209
83Bi

s

N

Z

140

135

130

125
80 85 90

216Po

220Rn

212Pb

208Tl

208Pb

212Po
212Bi

224Ra

228Ra

232Th

228Ac
228Th

Decays with violet arrows toward 
the lower left are alpha decays, 
in which A changes by 4.

Decays with blue arrows toward 
the lower right are beta decays, 
in which A does not change.

Figure 44.18  Successive decays 
for the 232Th series.
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Nuclear reactions
It	is	also	possible	to	s)mulate	changes	in	the	structure	of	nuclei	by	bombarding	them	
with	energe)c	par)cles.	Such	collisions,	which	change	the	iden)ty	of	the	target	nuclei,	
are	called	nuclear	reac\ons.	

Reac\ons	energy	 	is	the	difference	between	the	ini)al	and	final	rest	energies	
resul)ng	from	the	reac)on.	

•Exothermic:	

•Endothermic:

Q
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Nuclear fission and fusion: key concept

1386 Chapter 44 Nuclear Structure

44.2 Nuclear Binding Energy
As mentioned in the discussion of 12C in Section 44.1, the total mass of a nucleus 
is less than the sum of the masses of its individual nucleons. Therefore, the rest 
energy of the bound system (the nucleus) is less than the combined rest energy of 
the separated nucleons. This difference in energy is called the binding energy of 
the nucleus and can be interpreted as the energy that must be added to a nucleus 
to break it apart into its components. Therefore, to separate a nucleus into protons 
and neutrons, energy must be delivered to the system.
 Conservation of energy and the Einstein mass–energy equivalence relationship 
show that the binding energy Eb in MeV of any nucleus is

 Eb 5 [ZM(H) 1 Nmn 2 M(A
Z X)] 3 931.494 MeV/u (44.2)

where M(H) is the atomic mass of the neutral hydrogen atom, mn is the mass of the 
neutron, M(A

Z X) represents the atomic mass of an atom of the isotope A
Z X, and the 

masses are all in atomic mass units. The mass of the Z electrons included in M(H) 
cancels with the mass of the Z electrons included in the term M(A

Z X) within a small 
difference associated with the atomic binding energy of the electrons. Because 
atomic binding energies are typically several electron volts and nuclear binding 
energies are several million electron volts, this difference is negligible.
 A plot of binding energy per nucleon Eb/A as a function of mass number A for 
various stable nuclei is shown in Figure 44.5. Notice that the binding energy in Fig-
ure 44.5 peaks in the vicinity of A 5 60. That is, nuclei having mass numbers either 
greater or less than 60 are not as strongly bound as those near the middle of the peri-
odic table. The decrease in binding energy per nucleon for A . 60 implies that energy 
is released when a heavy nucleus splits, or fissions, into two lighter nuclei. Energy is 
released in fission because the nucleons in each product nucleus are more tightly 
bound to one another than are the nucleons in the original nucleus. The impor-
tant process of fission and a second important process of fusion, in which energy is 
released as light nuclei combine, shall be considered in detail in Chapter 45.

Binding energy of a nucleus X

24022020018016014012010080604020

1

2

3

4

5

6

7

8

9

0
0

4He

12C
20Ne

62Ni

208Pb

6Li
9Be

11B

19F

23Na
56Fe

35Cl
72Ge

98Mo

107Ag

127I 159Tb 197Au

226Ra

238U

Mass number A 

B
in

di
ng

 e
ne

rg
y 

pe
r

nu
cl

eo
n 

(M
eV

)

2H

14N

The region of greatest 
binding energy per nucleon 
is shown by the tan band.

Nuclei to the right of 
208Pb are unstable.

Figure 44.5  Binding energy 
per nucleon versus mass number 
for nuclides that lie along the line 
of stability in Figure 44.4. Some 
representative nuclides appear as 
black dots with labels.

Pitfall Prevention 44.2
Binding Energy When separate 
nucleons are combined to form a 
nucleus, the energy of the system 
is reduced. Therefore, the change 
in energy is negative. The absolute 
value of this change is called the 
binding energy. This difference 
in sign may be confusing. For 
example, an increase in binding 
energy corresponds to a decrease in 
the energy of the system.
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Nuclear fission
If	a	massive	nucleus	like	uranium-235	breaks	apart	
(fissions),	then	there	will	be	a	net	yield	of	energy	because	
the	sum	of	the	masses	of	the	fragments	will	be	less	than	
the	mass	of	the	uranium	nucleus.	

1420 Chapter 45 Applications of Nuclear Physics

nearly equal fragments plus several neutrons. Such an occurrence was of consider-
able interest to physicists attempting to understand the nucleus, but it was to have 
even more far-reaching consequences. Measurements showed that approximately 
200 MeV of energy was released in each fission event, and this fact was to affect the 
course of history in World War II.
 The fission of 235U by thermal neutrons can be represented by the reaction

 1
0n 1 235

92U   S   236
92U* S X 1 Y 1 neutrons (45.2)

where 236U* is an intermediate excited state that lasts for approximately 10212 s 
before splitting into medium-mass nuclei X and Y, which are called fission frag-
ments. In any fission reaction, there are many combinations of X and Y that satisfy 
the requirements of conservation of energy and charge. In the case of uranium, for 
example, approximately 90 daughter nuclei can be formed.
 Fission also results in the production of several neutrons, typically two or three. 
On average, approximately 2.5 neutrons are released per event. A typical fission 
reaction for uranium is

 1
0n 1 235

92U   S   141
56Ba 1 92

36Kr 1 3(1
0n) (45.3)

Figure 45.1 shows a pictorial representation of the fission event in Equation 45.3.
 Figure 45.2 is a graph of the distribution of fission products versus mass num-
ber A. The most probable products have mass numbers A < 95 and A < 140. Sup-
pose these products are 95

39Y (with 56 neutrons) and 140
53I (with 87 neutrons). If these 

nuclei are located on the graph of Figure 44.4, it is seen that both are well above the 
line of stability. Because these fragments are very unstable owing to their unusu-
ally high number of neutrons, they almost instantaneously release two or three 
neutrons.
 Let’s estimate the disintegration energy Q released in a typical fission process. 
From Figure 44.5, we see that the binding energy per nucleon is approximately 
7.2 MeV for heavy nuclei (A < 240) and approximately 8.2 MeV for nuclei of inter-
mediate mass. The amount of energy released is 8.2 MeV 2 7.2 MeV 5 1 MeV per 
nucleon. Because there are a total of 235 nucleons in 235

92U, the energy released 
per fission event is approximately 235 MeV, a large amount of energy relative to 
the amount released in chemical processes. For example, the energy released in 
the combustion of one molecule of octane used in gasoline engines is about one-
millionth of the energy released in a single fission event!

Q uick Quiz 45.1  When a nucleus undergoes fission, the two daughter nuclei are 
generally radioactive. By which process are they most likely to decay? (a)!alpha 
decay (b) beta decay (e2) (c) beta decay (e1)

Q uick Quiz 45.2  Which of the following are possible fission reactions?

 (a) 1
0n 1 235

92U   S   140
54Xe 1 94

38Sr 1 2(1
0n)

 (b) 1
0n 1 235

92U   S   132
50Sn 1 101

42Mo 1 3(1
0n)

 (c) 1
0n 1 239

94Pu   S   137
53I 1 97

41Nb 1 3(1
0n)

After fission

Before fission

235U

92Kr

141Ba

Before the event, a slow neutron
approaches a 235U nucleus.

After the event, there are two 
lighter nuclei and three neutrons.

Figure 45.1  A nuclear fission 
event.
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Figure 45.2  Distribution of fis-
sion products versus mass number 
for the fission of 235U bombarded 
with thermal neutrons. Notice that 
the vertical axis is logarithmic.

Example 45.1   The Energy Released in the Fission of 235U

Calculate the energy released when 1.00 kg of 235U fissions, taking the disintegration energy per event to be Q 5 
208!MeV.

Conceptualize  Imagine a nucleus of 235U absorbing a neutron and then splitting into two smaller nuclei and several 
neutrons as in Figure 45.1.

S O L U T I O N

Es)mate	the	disintegra)on	energy	 	released	in	fission	
process.

Q
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Nuclear reactor

 45.3 Nuclear Reactors 1421

45.3 Nuclear Reactors
In Section 45.2, we learned that when 235U fissions, one incoming neutron results 
in an average of 2.5 neutrons emitted per event. These neutrons can trigger other 
nuclei to fission. Because more neutrons are produced by the event than are 
absorbed, there is the possibility of an ever-building chain reaction (Fig. 45.3). 
Experience shows that if the chain reaction is not controlled (that is, if it does not 

Categorize  The problem statement tells us to categorize this example as one involving an energy analysis of nuclear 
fission.

Analyze  Because A 5 235 for uranium, one mole of this isotope has a mass of M 5 235 g.

Find the total energy released when all nuclei 
undergo fission:

E 5 NQ 5
m
M

 NAQ 5
1.00 3 103 g
235 g/mol

16.02 3 1023 mol21 2 1208 MeV 2
5 5.33 3 1026 MeV

Find the number of nuclei in our sample in 
terms of the number of moles n and Avogadro’s 
number, and then in terms of the sample mass 
m and the molar mass M of 235U:

N 5 nNA 5
m
M

 NA

Finalize  Convert this energy to kWh:

E 5 15.33 3 1026 MeV 2 a1.60 3 10213 J
1 MeV

b a 1 kWh
3.60 3 106 J

b 5 2.37 3 107 kWh

which, if released slowly, is enough energy to keep a 100-W lightbulb operating for 30 000 years! If the available fission 
energy in 1 kg of 235U were suddenly released, it would be equivalent to detonating about 20 000 tons of TNT.

92U235

92U235

38Sr95

36Kr92

54Xe138

56Ba141

51Sb135

39Y95

41Nb98
53I138

One incoming neutron 
causes a fission event in 
a 235U nucleus.

Several neutrons 
from the initial 
fission event cause 
fission in additional 
235U nuclei.

The number of neutrons 
and the number of fission 
events grow rapidly.

Figure 45.3 A nuclear chain 
reaction initiated by the capture 
of a neutron. Uranium nuclei are 
shown in tan, neutrons in gray, 
and daughter nuclei in orange.
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reactor plant by electrical transmission. The most common reactor in use in the 
United States is the pressurized-water reactor (Fig. 45.5). We shall examine this 
type because its main parts are common to all reactor designs. Fission events in 
the uranium fuel elements in the reactor core raise the temperature of the water 
contained in the primary loop, which is maintained at high pressure to keep the 
water from boiling. (This water also serves as the moderator to slow down the neu-
trons released in the fission events with energy of approximately 2 MeV.) The hot 
water is pumped through a heat exchanger, where the internal energy of the water 
is transferred by conduction to the water contained in the secondary loop. The 
hot water in the secondary loop is converted to steam, which does work to drive 
a turbine–generator system to create electric power. The water in the secondary 
loop is isolated from the water in the primary loop to avoid contamination of the 
secondary water and the steam by radioactive nuclei from the reactor core.
 In any reactor, a fraction of the neutrons produced in fission leak out of the 
uranium fuel elements before inducing other fission events. If the fraction leaking 
out is too large, the reactor will not operate. The percentage lost is large if the fuel 
elements are very small because leakage is a function of the ratio of surface area 
to volume. Therefore, a critical feature of the reactor design is an optimal surface 
area–to–volume ratio of the fuel elements.

Control of Power Level
Safety is of critical importance in the operation of a nuclear reactor. The repro-
duction constant K must not be allowed to rise above 1, lest a runaway reaction 
occur. Consequently, reactor design must include a means of controlling the value 
of K.
 The basic design of a nuclear reactor core is shown in Figure 45.6. The fuel ele-
ments consist of uranium that has been enriched in the 235U isotope. To control the 
power level, control rods are inserted into the reactor core. These rods are made of 
materials such as cadmium that are very efficient in absorbing neutrons. By adjust-
ing the number and position of the control rods in the reactor core, the K value 

Control rod

Uranium
fuel rod

Nuclear
reactor

Pump

Cold water Warm water
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Steam

Primary
loop

Secondary
loop

Liquid water
under high
pressure carries
energy to the
heat exchanger.

Steam drives the blades of a
turbine connected to an
electrical generator.

Steam from the turbine is
condensed by cold water in
the condensor coil.

Energy from the heat
exchanger boils water
into steam.

Figure 45.5  Main components 
of a pressurized-water nuclear 
reactor.
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Figure 45.6  Cross section of a 
reactor core showing the control 
rods, fuel elements containing 
enriched fuel, and moderating 
material, all surrounded by a 
radiation shield.
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Nuclear fusion
When	two	light	nuclei	combine	to	form	a	
heavier	nucleus,	the	process	is	called	nuclear	
fusion.	Because	the	mass	of	the	final	nucleus	
is	less	than	the	combined	masses	of	the	
original	nuclei,	there	is	a	loss	of	mass	
accompanied	by	a	release	of	energy.	

Examples	of	fusion	process:	

These	fusion	reac)ons	are	the	basic	
reac)ons	in	the	proton–proton	cycle,	
believed	to	be	one	of	the	basic	cycles	by	
which	energy	is	generated	in	the	Sun	and	
other	stars	that	contain	an	abundance	of	
hydrogen.
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Nuclear fusion
Find	the	total	energy	released	in	the	fusion	
reac)ons	in	the	proton–proton	cycle.


