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Overview

• strong nuclear force

• binding energy and mass defect

• types of nuclear decay

• nuclear fission



Atomic Structure

Atoms have a compact nucleus composed of protons and
neutrons.

The nucleus therefore has an overall positive charge.

A cloud of electrons surrounds the nucleus, attracted by the
electrostatic force.

1Figure from Wikipedia.



The Nucleus

Why is there an atomic nucleus? Why does it stick together?

(Positive charges should repel each other.)

Nuclear researchers suggested there should be a “strong force”
(stronger than electric repulsion) that would hold the nuclear
particles together.
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The Fundamental Forces

Force ∼ Rel. strength Range (m)

Gravitational 10−38 ∞
Electromagnetic 10−2 ∞
Weak Nuclear 10−13 < 10−18

Strong Nuclear 1 < 10−15

The strong nuclear force holds the nucleons together, overcoming
the electrical repulsion.

It is sometimes called the residual strong force because the
fundamental strong interaction actually holds quarks together to
make up protons and neutrons.



Neutrons and Protons

Proton Neutron

The fundamental strong interaction holds quarks together to make
up protons and neutrons.

1Figures by Arpad Horvath, Wikipedia.



Binding Energy

The binding energy is the amount of energy needed to separate
bound particles into individual free particles.



Mass Defect

“Does the inertia of a body depend upon its energy content?”
(Einstein – 1905)

→ Yes.

E = mc2

Bound systems have less inertia (relativistic mass) than the sum of
the masses of their parts.

Ebind = (∆m)c2

∆m is the mass defect.
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Mass Defect

The atomic mass unit (u) is 1/12 of the mass of a carbon-12 atom.



Binding Energy

H Atom:
∆m = 2.45× 10−35 kg
(negligible)

He Nucleus:
∆m = 5.09× 10−29 kg



Binding Energy Per Nucleon

1Figure from Wikipedia, user Bdushaw.



Nuclear Stability and Decay Modes

1Figure from Wikipedia, user Bdushaw.



Types of Radioactive Decay: α decay

A nucleus loses 2 protons and 2 neutrons, forming a new lighter
element and ejecting and α particle (He nucleus).

Example, Radium transmutes to Radon:

226
88Ra→222

86 Rn + 4
2He

 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.
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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.

Alpha-emitters are used in smoke detectors.



Types of Radioactive Decay: β decay

Neutrons are a little unstable.

A neutron decays to a proton and an electron (β particle) within a
nucleus. The resulting nucleus has increased its atomic number by
one.

Example, Carbon-14 transmutes to Nitrogen:

14
6C → 14

7N + e− + ν̄

 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, 
and a neutrino.
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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.

Used for carbon dating of organic samples.



Types of Radioactive Decay: γ decay

Immediately after another radioactive process, for example alpha or
beta decay, a nucleus can be left in an excited (high energy) state.

When that nucleus decays to a low energy state, it emits a high
energy photon: a gamma ray.

12
6C∗ →12

6 C + γ

Used for medical imaging. Also to kill bacteria on food or medical
equipment.



Nuclear Fission
An large nucleus captures a free neutron. It splits into two more
stable nuclei releasing a lot of energy.

Typical example:

1
0n +235

92 U→ 141
56Ba + 92

36Kr + 3
(
1
0n
)



Fission Chain Reaction

92U235

92U235

38Sr95

36Kr92

54Xe138

56Ba141

51Sb135

39Y95

41Nb98
53I138

fission in additional 

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.



Fission Chain Reaction

1Photo, TVA Watts Bar Nuclear Power Plant,
https://energy.gov/ne/nuclear-reactor-technologies

2http://www.atomicarchive.com/Effects/effects9.shtml



Summary

• strong nuclear force

• binding energy and mass defect

• types of nuclear decay

• nuclear fission

Final Thursday, Aug 10.


