CHAPTER 21

Nuclear
Chemistry
BIG IDEA
When an atomic nucleus
becomes unstable, it emits
radiation in the form of
particles and energy to
regain stability. Nuclei often
change identity during
radioactive decay.
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SECTION 1

The Nucleus

Main Ideas
An atom’s mass is less than the
masses of its parts.

Key Terms
nucleon
nuclide
mass defect

nuclear binding energy
nuclear shell model
magic number

nuclear reaction
transmutation

Atomic nuclei are made of protons and neutrons, which are collectively called
nucleons. In nuclear chemistry, an atom is referred to as a nuclide and is
identified by the number of protons and neutrons in its nucleus. We identify

Stable nuclides cluster over a
range of neutron-proton ratios
known as the band of stability.
Nuclear reactions affect the
nucleus of an atom.

nuclides in two ways. When a symbol such as 228
88 Ra is used, the superscript is the
mass number, and the subscript is the atomic number. The same nuclide can also be
written as radium-228, where the mass number is written following the element name.
MAIN IDEA

An atom’s mass is less than the masses of its parts.
The mass of an atom is not equal to the total mass of an equal number of
isolated parts. Consider a 42 He atom. The combined mass of two protons,
two neutrons, and two electrons is calculated below.
2 protons:
(2 × 1.007 276 u) = 2.014 552 u
2 neutrons: (2 × 1.008 665 u) = 2.017 330 u
2 electrons: (2 × 0.000 548 6 u) = 0.001 097 u
total combined mass: 4.032 979 u
However, the atomic mass of a 42 He atom has been measured to be
4.002 602 u. The measured mass, 4.002 602 u, is 0.030 377 u less than the
combined mass, 4.032 979 u, calculated above. This difference between the
mass of an atom and the sum of the masses of its particles is the mass defect.

Nuclear Binding Energy
What causes the loss in mass? According to Albert Einstein’s equation
E = mc 2, mass can be converted to energy, and energy to mass. The mass
defect is caused by the conversion of mass to energy upon formation
of the nucleus. The mass units of the mass defect can be converted to
energy units by using Einstein’s equation. First, convert 0.030 377 u
to kilograms to match the mass units for energy, kg • m2/s2.
1.6605 × 10-27 kg
0.030 377 u × __ = 5.0441 × 10-29 kg
1u
The energy equivalent can now be calculated.
E = mc 2
E = (5.0441 × 10-29 kg)(3.00 × 108 m/s)2
= 4.54 × 10-12 kg • m2/s2 = 4.54 × 10-12 J
This is the nuclear binding energy, the energy released when a nucleus
is formed from nucleons. Think of it as the amount of energy needed to

break apart the nucleus, or as a measure of the stability of a nucleus.
Nuclear Chemistry
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FIGURE 1.1

shows the relationship between
binding energy per nucleon and mass
number. The binding energy per
nucleon is a measure of the stability
of a nucleus.
CRITICAL THINKING
Interpret Which nucleon has the
greater binding energy, Fe or U?
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Quarks
Many subatomic particles have been
identified. Leptons and quarks are
the elementary particles of matter.
The electron is a lepton. Protons and
neutrons are made of quarks. There
are six types of quarks that differ in
mass and charge. They are named
up, down, strange, charm, bottom,
and top. Protons consist of two up
quarks and one down quark, and
neutrons consist of two down quarks
and one up quark. Although individual
quarks have not been isolated, their
existence explains the patterns of
nuclear binding and decay.
The Standard Model for particle
physics predicted the interactions of
quarks with another predicted particle,
named the Higgs boson, which
gives quarks and other fundamental
particles their mass. The 2013 Nobel
Prize for Physics recognized work
confirming the discovery of this
predicted particle.

The binding energy per nucleon is used to compare the stability of
different nuclides, as shown in Figure 1.1. The binding energy per nucleon
is the binding energy of the nucleus divided by its number of nucleons.
The higher the binding energy per nucleon, the more tightly the nucleons
are held together. Elements with intermediate atomic masses have the
greatest binding energies per nucleon and are therefore the most stable.
MAIN IDEA

Stable nuclides cluster over a range of neutron-proton
ratios known as the band of stability.
Stable nuclides have certain characteristics. When the number of protons
in stable nuclei is plotted against the number of neutrons, as shown in
Figure 1.2, a belt-like graph is obtained. This stable nuclei cluster over a
range of neutron-proton ratios is referred to as the band of stability.
Among atoms having low atomic numbers, the most stable nuclei are
those with a neutron-proton ratio of approximately 1:1. For example, 42 He,
a stable isotope of helium with two neutrons and two protons, has a
neutron-proton ratio of 1:1. As the atomic number increases, the stable
neutron-proton ratio increases to about 1.5:1. For example, 206
82 Pb, with
124 neutrons and 82 protons, has a neutron-proton ratio of 1.51:1.
This trend can be explained by the relationship between the nuclear
force and the electrostatic forces between protons. Protons in a nucleus
repel all other protons through electrostatic repulsion, but the short range
of the nuclear force allows them to attract only protons very close to
them, as shown in Figure 1.3.
As the number of protons in a nucleus increases, the repulsive electrostatic force between protons increases faster than the nuclear force. More
neutrons are required to increase the nuclear force and stabilize the
nucleus. At atomic number 83, bismuth, and beyond, the repulsive force
of the protons is so great that no stable nuclides exist, because the nuclear
force cannot overcome the repulsive force between protons.
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FIGURE 1.2

Band of Stability The neutron-proton ratios

The Band of Stability

of stable nuclides cluster together in a region
known as the band of stability. As the number of
protons increases, the ratio increases from 1:1 to
about 1.5:1.
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Stable nuclei tend to have even numbers of nucleons. Of the stable
nuclides, more than half have even numbers of both protons and neutrons.
Only five nuclides have odd numbers of both. This indicates that stability of
a nucleus is greatest when the nucleons—like electrons—are paired.
The most stable nuclides are those having 2, 8, 20, 28, 50, 82, or 126
protons, neutrons, or total nucleons. This extra stability at certain numbers supports a theory that nucleons—like electrons—exist at certain
energy levels. According to the nuclear shell model, nucleons exist in different
energy levels, or shells, in the nucleus. The numbers of nucleons that represent
completed nuclear energy levels—2, 8, 20, 28, 50, 82, and 126—are called
magic numbers.

The nuclear shell model suggests that there might be an “island of
stability” for elements that lie beyond uranium in the periodic table. The
explanation is that although smaller nuclides may be quite unstable
individually, once enough are assembled to fill an entire shell, those
nuclides may be stable enough to stay together for minutes or even hours.
Minutes and hours are a long time in the usually nanosecond lifetimes of
the larger, laboratory-synthesized elements.
Nuclear Chemistry
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MAIN IDEA

Nuclear reactions affect the nucleus of an atom.
Unstable nuclei undergo spontaneous changes that change their numbers
of protons and neutrons. In this process, they give off large amounts of
energy and increase their stability. These changes are a type of nuclear
reaction. A nuclear reaction is a reaction that affects the nucleus of an atom.
In equations representing nuclear reactions, the total of the atomic
numbers and the total of the mass numbers must be equal on both sides
of the equation. An example is shown below.

CHECK FOR UNDERSTANDING

Compare How does a nuclear
reaction compare to a chemical
reaction?

9
4
12
1
4 Be + 2 He → 6 C + 0 n

Notice that when the atomic number changes, the identity of the element
changes. A transmutation is a change in the identity of a nucleus as a result of
a change in the number of its protons.
GO ONLINE

Solve It! Cards

Balancing Nuclear Reactions

HMHScience.com

Sample Problem A Identify the product that balances the following
212
4
?
84 Po → 2 He + ___

nuclear reaction:

The total mass number and atomic number must be equal on both sides of the
equation.
212
4
?
84Po → 2 He + ___

ANALYZE

mass number: 212 - 4 = 208

atomic number: 84 - 2 = 82

The nuclide has a mass number of 208 and an atomic number of 82, 208
82Pb.

SOLVE

212
4
208
84 Po → 2 He + 82 Pb

The balanced nuclear equation is
Answers in Appendix E

Using 10 n to represent a neutron and -10 e to represent an electron,
complete the following nuclear equations:
1.

253
4
1
?
99 Es + 2 He → 0 n + ___

2.

142
? → 142
61 Pm + ___
60 Nd

SECTION 1 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. Define mass defect.
2. How is nuclear stability related to the neutronproton ratio?
3. Complete and balance the following nuclear
equations:
a.
652

187
?
75 Re + ___
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1
→ 188
75 Re + 1 H

? + 10 n
b. 94 Be + 42 He → ___
c.

22
11 Na +

___
? →

22
10 Ne

Critical Thinking
4. INTERPRETING GRAPHICS Examine
9
Figure 1.2, and predict whether 3 Li is a stable
isotope of lithium. Explain your answer.

Radioactive Decay
Key Terms
radioactive decay
nuclear radiation
radioactive nuclide
alpha particle
beta particle
positron
electron capture

gamma ray
half-life
decay series
parent nuclide
daughter nuclide
artificial transmutation
transuranium element

SECTION 2
Main Ideas
Radioactive decay leads to
more-stable nucleons.
Half-life is the time needed for
one-half of an amount of
radioactive nuclei to decay.
Radioactive nuclides become
stable nuclides through a series
of decays.

In 1896, Henri Becquerel was studying the possible connection between light
emission of some uranium compounds after exposure to sunlight and x-ray
emission. He wrapped a photographic plate in a lightproof covering and placed a
uranium compound on top of it. He then placed them in sunlight. The photographic
plate was exposed even though it was protected from visible light, suggesting that
it had been exposed by x-rays. When he tried to repeat his experiment, cloudy
weather prevented him from placing the experiment in sunlight. To his surprise,
the plate was still exposed. This meant that sunlight was not needed to produce
the rays that exposed the plate. The rays were produced by radioactive decay.

Nuclides can become
radioactive artificially.

Radioactive decay is the spontaneous disintegration of a nucleus into a slightly
lighter nucleus, accompanied by emission of particles, electromagnetic radiation,
or both. The radiation that exposed the plate was nuclear radiation, particles or
electromagnetic radiation emitted from the nucleus during radioactive decay.
Uranium is a radioactive nuclide, an unstable nucleus that undergoes
radioactive decay. Studies by Marie Curie and Pierre Curie found that of the

elements known in 1896, only uranium and thorium were radioactive. In 1898, the
Curies discovered two new radioactive metallic elements, polonium and radium.
Since that time, many other radioactive nuclides have been identified. In fact, all of
the nuclides beyond atomic number 83 are unstable and thus radioactive.
MAIN IDEA

Radioactive decay leads to more-stable nucleons.
A nuclide’s type and rate of decay depend on the nucleon content and
energy level of the nucleus. Some common types of radioactive nuclide
emissions are summarized in Figure 2.1.

GO ONLINE

Chemistry
HMHScience.com

Types of Radioactive Decay

FIGURE 2.1

RADIOACTIVE NUCLIDE EMISSIONS
Type

Symbol

Charge

Mass (u)

Alpha particle

4
2 He

2+

4.001 5062

Beta particle

0
-1β

1-

0.000 5486

Positron

0
+1β

1+

0.000 5486

Gamma ray

γ

0

0
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FIGURE 2.2

Alpha Emission An alpha
particle, identical to a helium
nucleus, is emitted during the
radioactive decay of some very
heavy nuclei.

4
2 He

210
84 Po

206
82 Pb

Alpha Emission
CHECK FOR UNDERSTANDING

Infer Why would alpha emission
occur in only more-massive nuclei?

FIGURE 2.3

An alpha particle (α) is two protons and two neutrons bound together and
is emitted from the nucleus during some kinds of radioactive decay. Alpha

particles are helium nuclei and have a charge of 2+. They are often
represented with the symbol 42 He. Alpha emission is restricted almost
entirely to very heavy nuclei. In these nuclei, both the number of neutrons and the number of protons need to be reduced in order to increase
the stability of the nucleus. An example of alpha emission is the decay
206
of 210
84 Po into 82 Pb, shown in Figure 2.2. The atomic number decreases by
two, and the mass number decreases by four.
210
206
4
84 Po  82 Pb + 2 He

Beta Emission Beta emission

causes the transmutation of 146 C
into 147 N. Beta emission is a type of
radioactive decay in which a neutron
is converted to a proton with the
emission of a beta particle.

Beta Emission
Nuclides above the band of stability are unstable because their neutronproton ratio is too large. To decrease the number of neutrons, a neutron
can be converted into a proton and an electron. The electron is emitted
from the nucleus as a beta particle. A beta particle ( β ) is an electron emitted
from the nucleus during some kinds of radioactive decay.
1
1
0
0 n  1 p + -1 β

14 C
6
0
-1 β

An example of beta emission, shown in Figure 2.3, is the decay of 146 C
into 147 N. Notice that the atomic number increases by one and the mass
number stays the same and neutron to proton ratio decreases.
14
14
0
6 C  7 N + -1 β

Positron Emission
Nuclides below the band of stability are unstable because their neutronproton ratio is too small. To decrease the number of protons, a proton can
be converted into a neutron by emitting a positron. A positron is a particle
14 N
7
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that has the same mass as an electron but has a positive charge and is
emitted from the nucleus during some kinds of radioactive decay.
1
1
0
1 p  0 n + +1 β

38
An example of positron emission is the decay of 38
19K into 18Ar. Notice that
the atomic number decreases by one but the mass number stays the same
and neutron to proton ratio increases.
38
38
0
19K  18Ar + +1 β

Electron Capture
Another type of decay for nuclides that have a neutron-proton ratio that is
too small is electron capture. In electron capture, an inner orbital electron is
captured by the nucleus of its own atom. The inner orbital electron combines with a proton, and a neutron is formed.
0
1
1
-1 e + 1 p  0 n

An example of electron capture is the radioactive decay of 106
47 Ag into
106
Pd.
Just
as
in
positron
emission,
the
atomic
number
decreases
by one,
46
but the mass number stays the same and neutron to proton ratio
increases.
106
0
106
47 Ag + -1 e  46 Pd

Gamma Emission
Gamma rays (γ ) are high-energy electromagnetic waves emitted from a
nucleus as it changes from an excited state to a ground energy state.
Figure 2.4 shows the position of gamma rays in the electromagnetic
spectrum. The emission of gamma rays supports the nuclear shell model.
In this model, gamma rays are produced when nuclear particles undergo
transitions in nuclear-energy levels. This is similar to the emission of
photons (light or x-rays) when an electron drops to a lower energy level.
Gamma emission usually occurs immediately following other types of
decay, when other types of decay leave the nucleus in an excited state.

FIGURE 2.4

Gamma Rays in the EM Spectrum Gamma rays, like
visible light, are a form of electromagnetic radiation. They have a
shorter wavelength and are higher in energy than visible light.
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FIGURE 2.5

Rate of Decay

Half-Life The half-life of radium-226

20

is 1599 years. Half of the remaining
radium-226 decays by the end of each
additional half-life.

18

Amount of radium-226 (mg)

CRITICAL THINKING
Model Describe half-life using a bag of
oranges, assuming each orange to be an
individual atom.

16
14
12
10
8
6
4
2
0

1599

3198

4797

6396

Time (years)

MAIN IDEA

Half-life is the time needed for one-half of an amount
of radioactive nuclei to decay.
No two radioactive isotopes decay at the same rate. Half-life, t1/2, is the time
required for half the atoms of a radioactive nuclide to decay. Look at the graph
of the decay of radium-226 in Figure 2.5. Radium-226 has a half-life of
1599 years. Half of a given amount of radium-226 decays in 1599 years. In
another 1599 years, half of the remaining radium-226 decays. This process
continues until there is a negligible amount of radium-226. Each radioactive nuclide has its own half-life. More-stable nuclides decay slowly and
have longer half-lives. Less-stable nuclides decay very quickly and have
shorter half-lives, sometimes just a fraction of a second. Some representative radioactive nuclides, along with their half-lives, are given in Figure 2.6.
FIGURE 2.6

REPRESENTATIVE RADIOACTIVE NUCLIDES AND THEIR HALF-LIVES
Nuclide
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Half-life

Nuclide

Half-life

3
1H

12.32 years

214
84 Po

163.7 µs

14
6C

5715 years

218
84 Po

3.0 min

32
15 P

14.28 days

218
85 At

1.6 s

40
19 K

1.3 × 109 years

238
92 U

4.46 × 109 years

60
27 Co

5.27 years

239
94 Pu

2.41 × 104 years

GO ONLINE

Learn It! Video

Calculating with Half-Life

HMHScience.com

Sample Problem B Phosphorus-32 has a half-life of 14.3 days. How
many milligrams of phosphorus-32 remain after 57.2 days if you start with
4.0 mg of the isotope?

ANALYZE

Given:

original mass of phosphorus-32 = 4.0 mg
half-life of phosphorus-32 = 14.3 days
time elapsed = 57.2 days

Unknown:

amount of phosphorus-32 remaining

Solve It! Cards
HMHScience.com

To determine the number of milligrams of phosphorus-32 remaining, we must
first find the number of half-lives that have passed in the time elapsed. Then
the amount of phosphorus-32 is determined by reducing the original amount
by half for every half-life that has passed.
1 half-life
number of half-lives = time elapsed (days) × _
14.3 days
amount of phosphorus-32 remaining =
1 for each half-life
original amount of phosphorus-32 × _
2

PLAN

1 half-life = 4 half-lives
number of half-lives = 57.2 days × _
14.3 days
1 ×_
1 ×_
1 ×_
1 = 0.25 mg
amount of phosphorus-32 remaining = 4.0 mg × _
2 2 2 2

SOLVE

CHECK YOUR
WORK

A period of 57.2 days is four half-lives for phosphorus-32. At the end of one
half-life, 2.0 mg of phosphorus-32 remains; 1.0 mg remains at the end of two
half-lives; 0.50 mg remains at the end of three half-lives; and 0.25 mg remains
at the end of four half-lives.

Answers in Appendix E

1. The half-life of polonium-210 is 138.4 days. How many milligrams of polonium-210 remain
after 415.2 days if you start with 2.0 mg of the isotope?
15 of a
2. Assuming a half-life of 1599 years, how many years will be needed for the decay of _
16
given amount of radium-226?
3. The half-life of radon-222 is 3.824 days. After what time will one-fourth of a given amount
of radon remain?
4. The half-life of cobalt-60 is 5.27 years. How many milligrams of cobalt-60 remain after
52.7 years if you start with 10.0 mg?
5. A sample contains 4.0 mg of uranium-238. After 4.46 × 109 years, the sample will contain
2.0 mg of uranium-238. What is the half-life of uranium-238?

Nuclear Chemistry
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MAIN IDEA

Radioactive nuclides become stable nuclides through
a series of decays.
One nuclear reaction is not always enough to produce a stable nuclide.
A decay series is a series of radioactive nuclides produced by successive radioactive decay until a stable nuclide is formed. The heaviest
nuclide of each decay series is called the parent nuclide. The nuclides
produced by the decay of the parent nuclides are called daughter nuclides.

All naturally occurring nuclides with atomic numbers greater than
83 are radioactive and belong to one of three natural decay series.
The parent nuclides are uranium-238, uranium-235, and thorium-232.
The transmutations of the uranium-238 decay series are charted in
Figure 2.7. Locate the parent nuclide, uranium-238, on the chart. As the
nucleus of uranium-238 decays, it emits an alpha particle. The mass
number of the nuclide, and thus the vertical position on the graph,
decreases by four. The atomic number, and thus the horizontal position,
decreases by two. The daughter nuclide is an isotope of thorium.
238
234
4
92 U → 90 Th + 2 He

FIGURE 2.7

Uranium-238 Decay Series This chart shows the transmutations that occur as
238
92 U

decays to the final, stable nuclide, 206
82 Pb. Decay usually follows the solid arrows.
The dotted arrows
represent
alternative
routes
of decay.
Uranium-238 Decay Series
242
238
92

238

U
9

4.5x10 y

234
90 Th

234

24.1 d

234
91Pa
1.2 min

234
92

U
5

2.5x10 y

230
90 Th

230

4

Mass number

7.5x10 y

226
88 Ra
1599 y

226
222
86 Rn
3.8 d

222
218
84Po
3.0 min

218

214

214
214
83 Bi
82 Pb
19.9 min
27 min

214
84Po
163.7µs

210
83 Bi
5.01 d

210
84 Po
138.4 d

83

84

210

210
81 Tl
1.3 min

210
82 Pb
22.6 y

206

206
81 Tl
4.2 min

206
82 Pb
Stable

202

79

80

81

82

218
85 At
1.6 s

s
min
d
y

85

86

Atomic number
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87

88

89

=
=
=
=
=
=

90

seconds
minutes
days
years
alpha emission
beta emission
91

92

93

The half-life of 234
90 Th, about 24 days, is indicated on the chart.
It decays by giving off beta particles. This increases its atomic number,
and thus its horizontal position, by one. The mass number, and thus its
vertical position, remains the same.
234
234
0
90 Th → 91Pa + -1β

The remaining atomic number and mass number changes shown on the
decay chart are also explained in terms of the particles given off. In the
206
final step, 210
84 Po loses an alpha particle to form 82 Pb. This is a stable,
206
nonradioactive isotope of lead. Notice that 82 Pb contains 82 protons, a
magic number. It contains the extra-stable nuclear configuration of a
completed nuclear shell.
MAIN IDEA

Nuclides can become radioactive artificially.
Artificial radioactive nuclides are radioactive nuclides not found naturally
on Earth. They are made by artificial transmutations, bombardment of nuclei
with charged and uncharged particles. Because neutrons have no charge,
they can easily penetrate the nucleus of an atom. However, positively
charged alpha particles, protons, and other ions are repelled by the
nucleus. Because of this repulsion, great quantities of energy are required
to bombard nuclei with these particles. The necessary energy may be
supplied by accelerating these particles in the magnetic or electrical field
of a particle accelerator. Figure 2.8 shows an example of an accelerator.

CHECK FOR UNDERSTANDING

Hypothesize The neutrons
released by atoms are moving
incredibly fast. Why do you think
scientists found they needed to slow
down these neutrons for them to
produce artificial transmutations?

FIGURE 2.8

Particle Accelerator This is an aerial view of the Fermi National Accelerator

©Fermilab National Accelerator Laboratory

Laboratory (Fermilab), in Illinois. The particle accelerators are underground. The Tevatron
ring, the larger particle accelerator, has a circumference of 4 mi. The smaller ring (top left)
is a new accelerator, the Main Injector.
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FIGURE 2.9

REACTIONS FOR THE FIRST PREPARATION OF SEVERAL TRANSURANIUM ELEMENTS
Atomic number

Name

Symbol

93

neptunium

Np

238
1
239
92 U + 0 n → 92 U
239
239
0
92U → 93 Np + -1β

94

plutonium

Pu

238
93 Np

→

95

americium

Am

239
94 Pu

+ 2 10 n →

241
95 Am

+ -10 β

96

curium

Cm

239
94 Pu

+ 42 He →

242
96 Cm

+ 10 n

97

berkelium

Bk

241
95 Am

+ 42 He →

243
97 Bk

+ 2 10 n

98

californium

Cf

242
96 Cm

+ 42 He →

245
98 Cf

+ 10 n

99

einsteinium

Es

238
92 U

+ 15 10 n →

253
99 Es

100

fermium

Fm

238
92 U

+ 17 10 n →

255
100 Fm

+ 8 -10 β

101

mendelevium

Md

253
99 Es

256
101Md

+ 10 n

102

nobelium

No

246
96 Cm

254
102 No

+ 4 01 n

103

lawrencium

Lr

252
98 Cf

FIGURE 2.10

Manufactured Elements Artificial transmutations
filled the gaps in the periodic table, shown in red, and
extended the periodic table with the transuranium elements,
shown in blue. The production of elements that would occupy
the lighter blue boxes in the table have yet to be confirmed.

Nuclear reaction

238
94 Pu

+ 42 He →
+ 126 C →

+

10
5B

→

+ -10 β

258
103 Lr

+ 7 -10 β

+ 4 10 n

Artificial Radioactive Nuclides
Radioactive isotopes of all the natural elements have been
produced by artificial transmutation. In addition, production
of technetium and promethium by artificial transmutation
has filled gaps in the periodic table. Their positions are shown
in red in Figure 2.10.
Artificial transmutations are also used to produce the transuranium elements. Transuranium elements are elements with
more than 92 protons in their nuclei. All of these elements are
radioactive. The nuclear reactions for the synthesis of several
transuranium elements are shown in Figure 2.9. Currently,
22 artificially prepared transuranium elements have been
named. Others have been reported but not confirmed. Their
positions in the periodic table are shown in blue in Figure 2.10.

SECTION 2 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. Define radioactive decay.
2. a. What are the different types of common
radioactive decay?
b. List the types of radioactive decay that convert
one nuclide into another.
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3. What fraction of a given sample of a radioactive
nuclide remains after four half-lives?
4. When does a decay series end?

Critical Thinking
5. INTERPRETING CONCEPTS Distinguish
between natural and artificial radioactive
nuclides.

SECTION 3

Nuclear Radiation

Main Ideas
Ionizing radiation can harm
living tissues.

Key Terms
roentgen
rem
film badge

Geiger-Müller counter
scintillation counter
radioactive dating

Film and electronic methods
can detect radiation.

radioactive tracer
nuclear waste

Radioactivity has important
applications.

In Becquerel’s experiment, nuclear radiation from the uranium compound
penetrated the lightproof covering and exposed the film. Different types of nuclear
radiation have different penetrating abilities. Nuclear radiation includes alpha
particles, beta particles, and gamma rays.
Alpha particles can travel only a few centimeters in air and have a low penetrating
ability due to their large mass and charge. They cannot penetrate skin. However,
they can cause damage if ingested or inhaled. Beta particles, which are emitted
electrons, travel at speeds close to the speed of light and have a penetrating ability
about 100 times greater than that of alpha particles. Beta particles can travel a few
meters in air. Gamma rays have the greatest penetrating ability. Figure 3.1 gives the
penetrating abilities and shielding requirements of some types of nuclear radiation.

Storage and disposal of nuclear
waste pose important concerns.

MAIN IDEA

Ionizing radiation can harm living tissues.
Nuclear radiation can transfer the energy from nuclear decay to the
electrons of atoms or molecules and cause ionization. The roentgen (R) is a
unit used to measure nuclear radiation exposure; it is equal to the amount of
gamma and x-ray radiation that produces 2 × 109 ion pairs when it passes
through 1 cm3 of dry air. Ionization can damage living tissue. Radiation

damage to human tissue is measured in rems (roentgen equivalent in
man). A rem is a unit used to measure the dose of any type of ionizing radiation
that factors in the effect that the radiation has on human tissue. Long-term
exposure to radiation can cause DNA mutations that result in cancer and
other genetic defects. DNA can be mutated directly by interaction with
radiation or indirectly by interaction with previously ionized molecules.
FIGURE 3.1

Radiation Energy The

Alpha
Beta

ma

Gam

Lead
or glass
Paper

Lead
and/or
concrete

different penetrating abilities of
alpha particles, beta particles, and
gamma rays require different levels
of shielding. Alpha particles can be
shielded with just a sheet of paper.
Lead or glass is often used to shield
beta particles. Gamma rays are
the most penetrating and require
shielding with thick layers of lead or
concrete, or both.
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Everyone is exposed to background radiation. The estimated average
exposure for people living in the United States is thought to be about
0.1 rem per year. However, actual exposure varies. The maximum permissible dose of radiation exposure for a person in the general population is
0.5 rem per year. Airline crews and those who live at high altitudes have
increased exposure levels because of increased cosmic-ray levels at high
altitudes. Radon-222 trapped inside homes also causes increased exposure. Because it is a gas, radon released from certain rocks can move up
through the soil into homes through holes in the foundation. Radon
trapped in homes increases the risk of lung cancer, especially among
smokers.
MAIN IDEA

Film and electronic methods can detect radiation.
Film badges, Geiger-Müller counters, and scintillation counters are three
devices commonly used to detect and measure nuclear radiation. A film
badge and a Geiger-Müller counter are shown in Figure 3.2. As previously
mentioned, nuclear radiation exposes film just as visible light does. This
property is used in film badges. Film badges use exposure of film to
measure the approximate radiation exposure of people working with
radiation. Geiger-Müller counters are instruments that detect radiation by
counting electric pulses carried by gas ionized by radiation. Geiger-Müller

counters are typically used to detect beta-particles, x-rays, and gamma
radiation. Radiation can also be detected when it transfers its energy to
substances that scintillate, or absorb ionizing radiation and emit visible
light. Scintillation counters are instruments that convert scintillating light to
an electric signal for detecting radiation.
FIGURE 3.2

Radiation Detectors Film badges and Geiger-Müller
counters are two methods used to detect nuclear radiation.

(a) Film Badge
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(b) Geiger-Müller Counter

MAIN IDEA

Radioactivity has important applications.
Many applications use the fact that the physical and chemical properties
of stable isotopes are similar to those of radioactive isotopes of the same
element. A few uses of radioactive nuclides are discussed below.

Radioactive Dating
Radioactive dating is the process by which the approximate age of an object is
determined based on the amount of certain radioactive nuclides present. Such

an estimate is based on the fact that radioactive substances decay with
known half-lives. Age is estimated by measuring either the accumulation
of a daughter nuclide or the disappearance of the parent nuclide.
Carbon-14 is radioactive and has a half-life of approximately 5715
years. It can be used to estimate the age of organic material up to about
50 000 years old. Nuclides with longer half-lives are used to estimate the
age of older objects; methods using nuclides with long half-lives have
been used to date minerals and lunar rocks more than 4 billion years old.

FIGURE 3.3

Radioactive Tracers
Radioactive nuclides, such as
technetium-99, can be used to
detect bone cancer. In this procedure,
technetium-99 accumulates in
areas of abnormal bone metabolism.
Detection of the nuclear radiation then
shows the location of bone cancer.
CRITICAL THINKING

Recall What would be the
dangers of using radioactivity in
medicine? In agriculture?

Radioactive Nuclides in Medicine
In medicine, radioactive nuclides, such as the artificial radioactive
nuclide cobalt-60, are used to destroy certain types of cancer cells. Many
radioactive nuclides are also used as radioactive tracers, which are radioactive
atoms that are incorporated into substances so that movement of the substances can be followed by radiation detectors. Detection of radiation from

radioactive tracers can be used to diagnose cancer and other diseases.
See Figure 3.3.

Radioactive Nuclides in Agriculture
In agriculture, radioactive tracers in fertilizers are used to determine the
effectiveness of the fertilizer. The amount of radioactive tracer absorbed by
a plant indicates the amount of fertilizer absorbed. Nuclear radiation is
also used to prolong the shelf life of food. For example, gamma rays from
cobalt-60 can be used to kill bacteria and insects that spoil and infest food.

©Peter Berndt, M.D., P.A./Custom Medical Stock Photo

MAIN IDEA

Storage and disposal of nuclear waste pose
important concerns.
In nuclear fission, the nucleus of a very heavy atom, such as uranium, is
split into two or more lighter nuclei. The products include the nuclei as
well as the nucleons formed from the fragments’ radioactive decay.
Fission is the process that powers nuclear reactors, including those on
nuclear-powered submarines and aircraft carriers.
Fusion is the opposite process. In fusion, very high temperatures and
pressures combine light atoms, such as hydrogen, to make heavier atoms,
such as helium. Fusion is the primary process that fuels the sun and the
stars. Creating and maintaining a fusion reaction is very complex.
Nuclear Chemistry
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Both fission and fusion release enormous amounts of energy that can
be converted into energy as heat and electrical energy. Energy-producing
nuclear processes, however, also produce nuclear waste, or unusable end
materials that contain radioisotopes. Fission produces more waste than

fusion. As new processes are developed to use energy from fission and
fusion, a more vexing question arises: how to contain, store, and dispose
of nuclear waste.

Containment and Storage of Nuclear Waste
Every radioactive substance has a half-life, which is the amount of time
needed for half of a given material to decay. Radioactive waste from
medical research, for example, usually has a half-life that is a few months
or less. Some of the waste that is produced in a nuclear reactor will take
hundreds of thousands of years to decay, and it needs to be contained so
that living organisms can be shielded from radioactivity. There are two
main types of containment: on-site storage and off-site disposal.
The most common form of nuclear waste is spent fuel rods from
nuclear power plants. These fuel rods can be contained above the ground
by placing them in water pools or in dry casks. Each nuclear reactor in the
United States has large pools of water where spent rods can be stored,
and some of the radioactive materials will decay. When these pools are
full, the rods are moved to dry casks, which are usually made of concrete
and steel. Both storage pools and casks are meant for only temporary
storage before moving the waste to permanent underground facilities.

Disposal of Nuclear Waste
Disposal of nuclear waste is done with the intention of never retrieving
the materials. Because of this, building disposal sites takes careful
planning. Currently, there are 131 disposal sites in 39 states around the
United States. Plans to find a permanent disposal site for all the nation’s
nuclear waste are still not fully realized. Any proposed site has to contend
with the concerns of nearby residents regarding the potential environmental and human impacts. Some have suggested either blowing up the
waste or sending it into space, but such solutions are still speculative.

SECTION 3 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. What is required to shield alpha particles? Why
are these materials effective?
2. a. What is the average exposure of people living
in the United States to environmental background radiation?
b. How does this relate to the maximum permissible dose?
3. What device is used to measure the radiation
exposure of people working with radiation?
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4. Explain why nuclear radiation can be used to
preserve food.

Critical Thinking
5. INFERRING CONCLUSIONS Explain how
nuclear waste is contained, stored, and disposed
of and how each method affects the environment.

Nuclear Fission and
Nuclear Fusion
Key Terms
nuclear fission
chain reaction
critical mass

nuclear reactor
nuclear power plant
shielding

SECTION 4
Main Ideas
In fission, atoms split into nearly
equal parts.
Nuclei combine in nuclear
fusion.

control rod
moderator
nuclear fusion

MAIN IDEA

In fission, atoms split into nearly equal parts.
Recall that nuclei of intermediate mass are the most stable. In
nuclear fission, a very heavy nucleus splits into more-stable nuclei of
intermediate mass. This process releases enormous amounts of energy.

Nuclear fission may occur spontaneously or when nuclei are bombarded
by particles. When uranium-235 is bombarded with slow neutrons, a
uranium nucleus can capture one of the neutrons, making it very unstable. The nucleus splits into medium-mass nuclei with the emission of
more neutrons. The mass of the products is less than the mass of the
reactants. The missing mass is converted to energy.
1n
0

Nuclear Chain Reaction

1n
0

When fission of an atom bombarded by neutrons produces
more neutrons, a chain reaction can occur. A chain reaction is
a reaction in which the material that starts the reaction is also
one of the products and can start another reaction. As shown

87 Br
35

in Figure 4.1, two or three neutrons can be given off when
uranium-235 fission occurs. These neutrons can cause the
fission of other uranium-235 nuclei.
Again, neutrons are emitted, which
can cause the fission of still
1n
0
other uranium-235
nuclei.

1n
0

1n
0

93 Kr
36
235 U
92

235 U
92
140 Ba
56

1n
0

140 Ba
56

FIGURE 4.1

1n
0

235 U
92

Nuclear Chain Reactions Fission
induction of uranium-235 by bombardment with
neutrons can lead to a chain reaction when a
critical mass of uranium-235 is present.

235 U
92

1n
0

235 U
92

1n
0
235 U
92

235 U
92

146 La
57

93 Kr
36
1n
0

235 U
92

90 Rb
37
1n
0

235 U
92
144 Cs
55

1n
0

235 U
92

Nuclear Chemistry

665

A chain reaction continues until all of the uranium-235 atoms have split
or until the neutrons fail to strike other uranium-235 nuclei. If the mass of
the uranium-235 sample is below a certain minimum, too many neutrons
escape without striking other nuclei, and the chain reaction stops. The
minimum amount of nuclide that provides the number of neutrons needed to
sustain a chain reaction is called the critical mass. Uncontrolled chain
reactions give the explosive energy to atomic bombs. Nuclear reactors use
controlled-fission chain reactions to produce energy and radioactive nuclides.

Nuclear Power Plants
FIGURE 4.2

Nuclear Power Plant In this model
of a nuclear power plant, pressurized
water is heated by fission of uranium-235.
This water is circulated to a steam
generator. The steam drives a turbine
to produce electricity. Cool water from a
lake or river is then used to condense the
steam into water. The warm water from
the condenser may be cooled in cooling
towers before being reused or returned to
the lake or river.
CRITICAL THINKING
Defend How is a nuclear power plant
similar to a fossil fuel plant? Which
do you believe has more dangerous
wastes? Support your opinion with at
least three facts.

Nuclear power plants use energy as heat from nuclear reactors to produce
electrical energy. They have five main components: shielding, fuel, control

rods, moderator, and coolant. The components, shown in Figure 4.2, are
surrounded by shielding. Shielding is radiation-absorbing material that is
used to decrease exposure to radiation, especially gamma rays, from nuclear
reactors. Uranium-235 is typically used as the fissile fuel to produce
energy as heat, which is absorbed by the coolant. Control rods are
neutron-absorbing rods that help control the reaction by limiting the number
of free neutrons. Because fission of uranium-235 is more efficiently
induced by slow neutrons, a moderator is used to slow down the fast neutrons
produced by fission. Nuclear power plants can provide competitively

priced electricity without emitting greenhouse gases or particulates.
Concerns about nuclear power include storage and disposal of spent
radioactive fuel, as well as public perception.

Water heated by nuclear reactor
Water converted to steam
Water used to condense steam

Containment
structure

Control
rod

Steam turbine-generator

Electric
current

Nuclear
reactor
Steam
generator

Fuel
(uranium
fuel rod)

Moderator
and coolant
(liquid water
under high
pressure)
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Condenser

Pump

Pump

Cool
water

Warm
water

FIGURE 4.3

Nuclear Fusion Fusion of hydrogen nuclei into more-stable
helium nuclei provides the energy of our sun and other stars.

+

Nuclear fusion

Net Reaction:

4
2 He

1

4 1 H nuclei

nucleus

+ Energy

+ 2 +01 β particles + Energy

MAIN IDEA

Nuclei combine in nuclear fusion.
The high stability of nuclei with intermediate masses can also be used to
explain nuclear fusion. In nuclear fusion, low-mass nuclei combine to form a
heavier, more stable nucleus. Nuclear fusion releases even more energy per
gram of fuel than nuclear fission. In our sun and stars that are similar to
the sun, hydrogen nuclei combine at extremely high temperature and
pressure to form a helium nucleus with a loss of mass and release of
energy. The net reaction is illustrated in Figure 4.3.

CHECK FOR UNDERSTANDING

Compare How is nuclear fusion
different from nuclear fission?

If fusion reactions can be controlled, they could be used for energy
generation. Researchers are currently studying ways to contain the
reacting plasma that is required for fusion. A plasma is an extremely hot
mixture of positive nuclei and electrons. There is no known material that
can withstand the initial temperatures, about 108 K, required to induce
fusion. Scientists use strong magnetic fields to suspend the charged
plasma inside a container but away from the walls. Additionally, a large
amount of energy is needed to initiate fusion reactions. For fusion to be a
practical energy source, more energy needs to be generated by the
reaction than is needed to initiate it.

©NASA Johnson Space Center

SECTION 4 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. Distinguish between nuclear fission and nuclear
fusion.
2. Define chain reaction.

3. List the five main components of a nuclear
power plant.

Critical Thinking
4. RELATING IDEAS Explain how fusion is one
of our sources of energy.
Nuclear Chemistry
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Chemistry EXPLORERS
An Unexpected
Finding
Historical Perspective

T

This apparatus from Otto Hahn’s lab was
used to produce fission reactions.

Neutrons in Italy

Curiosity in Berlin

In 1934, the element with the most known protons was
uranium, with 92. But that year, Italian physicist Enrico Fermi
thought he had synthesized elements with higher atomic
numbers. After bombarding a sample of uranium with neutrons,
Fermi and his coworkers recorded measurements that seemed
to indicate that some uranium nuclei had absorbed neutrons
and then undergone beta decay:

Fermi’s experiments caught the attention of a physicist in
Berlin, Lise Meitner. Knowing that she could not perform the
difficult task of chemically separating radionuclides either,
Meitner persuaded a colleague, radiochemist Otto Hahn, to
help her explain Fermi’s results. Joined by expert chemical
analyst Fritz Strassmann, Meitner’s team began investigating
neutron-induced uranium decay at the end of 1934.

238
92U

+ 10n →
239
93?

239
92U

→

+ -10β

His report noted further subsequent beta decays, by which
he hypothesized the existence of a whole new series of
“transuranic” elements, now called transuranes:
238
92U
238
94??

→

239
93?

+ -10β →

+ -10β →

238
95???

+ -10β

Unfortunately, Fermi and his group of scientists could not verify
the existence of the transuranes because, according to Fermi,
“We did not know enough chemistry to separate the products
of uranium disintegration from one another.”
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From the onset, Meitner’s team, as well as all other scientists
at the time, operated under two false assumptions. The first
involved the makeup of the bombarded nuclei. In every nuclear
reaction that had been observed, the resulting nucleus had
never differed from the original by more than a few protons or
neutrons. Thus, scientists assumed that the products of
neutron bombardment were radioisotopes of elements that
were at most a few places in the periodic table before or
beyond the atoms being bombarded (as Fermi had presumed
in hypothesizing the transuranes).
The second assumption concerned the periodicity of the
transuranes. Because the elements Ac, Th, Pa, and U chemically resemble the transition elements in the third row of the
periodic table, La, Hf, Ta, and W, scientists thought that

©akg images

he discovery of the artificial transmutation
of uranium in 1934 triggered great
excitement in science. Chemists who were
preoccupied with identifying what they thought were
the final missing elements of the periodic table
suddenly had to consider the existence of elements
beyond atomic number 92. Physicists began to
probe the stability of the nucleus more deeply. By
1939, nuclear investigators in both fields had
collaborated to provide a stunning explanation for
the mysterious results of uranium’s forced
transformation.

elements beyond U would correspondingly resemble those
following W. Thus, the transuranes were thought to be
homologues of Re, Os, Ir, Pt, and the other transition elements
in the third row. This belief was generally unquestioned and
seemed to be confirmed. In fact, by 1937 Hahn was sure that
the chemical evidence of transuranes confirmed their location
in the periodic table.
Meitner’s Exile
By 1938, the political situation in Germany had become
dangerous for Meitner. Because she was of Jewish descent,
she was targeted by the Nazis and fled to Sweden to escape
persecution. Meanwhile in Berlin, Hahn and Strassmann, who
were critical of the Nazis, had to be careful.
Despite being censored by the Nazis, Meitner’s team
continued to communicate through letters. Meitner could not
formulate a satisfying physical explanation for the chemical
results of Hahn and Strassmann, and she insisted that her
partners reexamine their findings. Because of her colleagues’
great respect for her talent and expertise, they quickly
performed control experiments to test their results.

The politics of World War II prevented Lise
Meitner from receiving the Nobel Prize in
Physics for explaining nuclear fission.

A Shocking Discovery
Prompted by Meitner, Hahn and Strassmann realized they had
been looking in the wrong place to find the cause of their
results. In analyzing a fraction of a solution assay that they had
previously ignored, they found the critical evidence they had
been seeking.
The analysis indicated that barium appeared to be a result of
neutron bombardment of uranium. Suspecting the spectacular
truth but lacking confidence, Hahn wrote to Meitner for an
explanation. After consultation with her nephew, Otto Frisch,
Meitner proposed that the uranium nuclei had been broken
apart into elemental fragments, one of which was barium, Ba.
On January 3, 1939, she wrote to Hahn to congratulate him on
the groundbreaking result.

Questions
1. What type of element did Fermi expect to find when
uranium absorbed a neutron and then ejected a beta
particle?
2. What were the products of uranium disintegrations?

©Corbis

Thus, the “transuranes” turned out to be merely
radioisotopes of known elements—atomic fragments of
uranium atoms that had burst apart when struck by neutrons.

For the discovery of this unexpected phenomenon, which
Meitner named nuclear fission, the talented Hahn was awarded
the 1944 Nobel Prize in Chemistry. Because of wartime politics,
however, Lise Meitner did not receive the corresponding award
in physics. It was not until well after her death in 1968 that she
was properly recognized for her role in clarifying the process
that she first explained and named.
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Math Tutor

Calculating with Half-Life

The rate at which a sample of a radioactive nuclide decays is
expressed in terms of half-life. This quantity is the time
required for half of the atoms of a sample of a given nuclide
to decay. For example, it takes 37.2 min for half of the nuclei
of chlorine-38 to decay to argon-38. After 37.2 min, 0.50 g of
a 1.0 g sample of chlorine-38 will remain, and there will be
0.50 g of argon-38. After two half-lives (74.4 min), the fraction
of chlorine-38 that remains will be _12 of _12 , or __14 .

After n half-lives, the fraction of a radioactive nuclide that
n
remains is _1 , or 2-n.

(2)

If you know the amount of nuclide that was present initially
and the amount of nuclide that remains, you can determine the
number of half-lives that have passed.

Problem-Solving TIPS
• Familiarize yourself with the values of some common powers of two (2n, n = 1, 2, 3, 4, 5, 6, etc).
This will allow you to determine the number of half-lives quickly.

Sample Problem
The half-life of polonium-218 is 3.04 min. A sample of polonium contains 0.00558 g of
What mass of 218
84 Po will remain after 18.24 min?
First, you must determine the number of half-lives that have passed in 18.24 min.
time elapsed 18.24 min
= 6.00 half-lives
number of half-lives = __ = _
3.04 min
half-life

218
84 Po.

Then, to determine the mass of polonium-218 remaining, apply the following relationship:
mass remaining = starting mass × fraction remaining
mass

1 = 8.72 × 10
( _21 ) = 0.00558 g × _
64

218
84 Po remaining = 0.00558 g ×

6

-5 g 218 Po
84

The half-life of potassium-40 is 1.3 × 109 years. A volcanic rock contains __18 of the amount of
potassium-40 found in newly formed rocks. When was the rock formed?
First, determine the number of half-lives that have passed.

() () ()

1= _
1 × _
1 × _
1
fraction remaining = _
8
2
2
2

Therefore, three half-lives have passed. The time since the rock was formed is
y
3 half-lives × 1.3 × 109 _ = 3.9 × 109 y.
half-life

(

)

1. A sample of chromium contains 8.9 × 10-5 g of the radioactive nuclide chromium-51,
which has a half-life of 28 days. What mass of chromium-51 will remain in the sample
after 168 days?
1 of the expected
2. The half-life of lead-202 is 53 000 years. A sample of lead contains only _
256
amount of lead-202. How old is the lead sample?
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CHAPTER 21
SECTION 1

Summary

The Nucleus

• The difference between the sum of the masses of the nucleons
and electrons in an atom and the actual mass of an atom is the
mass defect, or nuclear binding energy.
• Nuclear stability tends to be greatest when nucleons are paired,
when there are magic numbers of nucleons, and when there are
certain neutron-proton ratios.

BIG IDEA When an atomic nucleus becomes
unstable, it emits radiation in the form of
particles and energy to regain stability. Nuclei
often change identity during radioactive decay.
KEY TERMS

nucleon
nuclide
mass defect
nuclear binding
energy

nuclear shell
model
magic number
nuclear reaction
transmutation

• Nuclear reactions, which are represented by nuclear equations,
can involve the transmutation of nuclides.

SECTION 2

Radioactive Decay

• Radioactive nuclides decay to form more stable nuclides.
• Alpha, beta, positron, and gamma emissions are types of
radioactive decay. Electron capture is also a type of radioactive
decay. The type of decay is related to the nucleon content and
the energy level of the nucleus.
• The half-life of a radioactive nuclide is the length of time that it
takes for half of a given number of atoms of the nuclide to decay.
• Artificial transmutations are used to produce artificial radioactive
nuclides, which include the transuranium elements.

SECTION 3

Nuclear Radiation

• Alpha particles, beta particles, and gamma rays have different
penetrating abilities and shielding requirements.
• Film badges, Geiger-Müller counters, and scintillation detectors
are used to detect radiation.
• Everyone is exposed to environmental background radiation.
• Radioactive nuclides have many uses, including radioactive
dating, disease detection, and therapy.

KEY TERMS

radioactive
decay
nuclear
radiation
radioactive
nuclide
alpha particle
beta particle
positron
electron
capture

gamma ray
half-life
decay series
parent nuclide
daughter
nuclide
artificial
transmutation
transuranium
element

KEY TERMS

roentgen
rem
film badge
Geiger-Müller
counter
scintillation
counter

radioactive
dating
radioactive
tracer
nuclear waste

• Nuclear waste must be contained, stored, and disposed of in
a way that minimizes harm to people and the environment.

SECTION 4

Nuclear Fission and Nuclear
Fusion

• Nuclear fission and nuclear fusion are nuclear reactions in which
the splitting and fusing of nuclei produce more stable nuclei and
release enormous amounts of energy.
• Controlled fission reactions produce energy and radioactive
nuclides.
• Fusion reactions produce the sun’s energy in the form of heat and
light. If fusion reactions could be controlled, they would produce
more usable energy per gram of fuel than fission reactions.

KEY TERMS

nuclear fission
chain reaction
critical mass
nuclear reactor
nuclear power
plant

shielding
control rod
moderator
nuclear fusion

Chapter Summary
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Review

SECTION 1

The Nucleus
REVIEWING MAIN IDEAS
1. a. How does mass defect relate to nuclear binding
energy?
b. How does binding energy per nucleon vary with
mass number?
c. How does binding energy per nucleon affect the
stability of a nucleus?
2. Describe three ways in which the number of protons
and the number of neutrons in a nucleus affect the
stability of the nucleus.

PRACTICE PROBLEMS
3. The mass of a 20
10 Ne atom is 19.992 44 u. Calculate the
atom’s mass defect.
4. The mass of a 73 Li atom is 7.016 00 u. Calculate the
atom’s mass defect.
5. Calculate the nuclear binding energy of one lithium-6
atom. The measured atomic mass of lithium-6 is
6.015 u.
6. Calculate the binding energies of the following two
nuclei, and indicate which nucleus releases more
energy when formed. You will need information from
the periodic table and the text.
a. atomic mass 34.988011 u, 35
19 K
b. atomic mass 22.989767 u, 23
11 Na
7. a. What is the binding energy per nucleon for each
nucleus in the previous problem?
b. Which nucleus is more stable?
8. The mass of 73 Li is 7.016 00 u. Calculate the binding
energy per nucleon for 73 Li.
9. Calculate the neutron-proton ratios for the following
nuclides:
a. 12
c. 206
6C
82 Pb
3
134
b. 1 H
d. 50 Sn
10. a. Locate the nuclides in problem 9 on the graph
in Figure 1.2. Which ones lie within the band of
stability?
b. For the stable nuclides, determine whether their
neutron-proton ratio tends toward 1:1 or 1.5:1.
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11. Balance the following nuclear equations. (Hint: See
Sample Problem A.)
a.
b.
c.
d.

43
43
?
19 K → 20 Ca + ___
233
229
?
92 U → 90 Th + ___
11
11
? → 5 B
6 C + ___
13
1 +
?
7 N → + 0 β + ___

12. Write the nuclear equation for the release of an alpha
particle by 210
84 Po.
13. Write the nuclear equation for the release of a beta
particle by 210
82 Pb.
SECTION 2

Radioactive Decay
REVIEWING MAIN IDEAS
14. Beyond what point on the periodic table are all of the
naturally occuring elements radioactive?
15. What changes in atomic number and mass number
occur in each of the following types of radioactive
decay?
a. alpha emission
b. beta emission
c. positron emission
d. electron capture
16. Which types of radioactive decay cause the transmutation of a nuclide? (Hint: Review the definition of
transmutation.)
17. Explain how beta emission, positron emission, and
electron capture affect the neutron-proton ratio.
18. Write the nuclear reactions that show particle
conversion for the following types of radioactive
decay:
a. beta emission
b. positron emission
c. electron capture
19. Compare electrons, beta particles, and positrons.
20. a. What are gamma rays?
b. How do scientists think gamma rays are produced?
21. How does the half-life of a nuclide relate to the
stability of the nuclide?

CHAPTER REVIEW
22. List the three parent nuclides of the natural decay
series.
23. How are artificial radioactive isotopes produced?
24. Neutrons are more effective for bombarding atomic
nuclei than protons or alpha particles are. Why?
25. Why are all of the transuranium elements
radioactive? (Hint: See Section 1.)

PRACTICE PROBLEMS
26. The half-life of plutonium-239 is 24 110 years. Of an
original mass of 100. g, how much plutonium-239
remains after 96 440 years? (Hint: See Sample
Problem B.)
27. The half-life of thorium-227 is 18.72 days. How many
days are required for three-fourths of a given amount
of thorium-227 to decay?
1 of a given amount of protactinium-234
28. Exactly _
16
remains after 26.76 hours. What is the half-life of
protactinium-234?
29. How many milligrams of a 15.0 mg sample of
radium-226 remain after 6396 years? The half-life
of radium-226 is 1599 years.

SECTION 4

Nuclear Fission and Nuclear
Fusion
REVIEWING MAIN IDEAS
35. How is the fission of a uranium-235 nucleus induced?
36. How does the fission of uranium-235 produce a chain
reaction?
37. Describe the purposes of the five major components
of a nuclear power plant.
38. Describe the reaction that produces the sun’s energy.
39. What is one problem that must be overcome before
controlled fusion reactions that produce energy are
a reality?

Mixed Review
REVIEWING MAIN IDEAS
40. Balance the following nuclear reactions:
a.
b.
c.

SECTION 3

Nuclear Radiation
REVIEWING MAIN IDEAS
30. Why can a radioactive material affect photographic
film even though the film is completely wrapped in
black paper?
31. How does the penetrating ability of gamma rays
compare with that of alpha particles and beta
particles?
32. How does nuclear radiation damage biological
tissue?
33. Explain how film badges, Geiger-Müller counters,
and scintillation detectors are used to detect radiation and measure radiation exposure.
34. How is the age of an object that contains a radioactive
nuclide estimated?

d.

239
0
?
93 Np → -1 β + ___
9
4
?
4 Be + 2 He → ___
32
33
? → 15 P
15 P + ___
236
94
? + 3 10 n
92 U → 36 Kr + ___

41. After 4797 years, how much of the original 0.250 g of
radium-226 remains? The half-life of radium-226 is
1599 years.
42. The parent nuclide of the thorium decay series is
232
90 Th. The first four decays are as follows: alpha
emission, beta emission, beta emission, and alpha
emission. Write the nuclear equations for this series
of emissions.
43. The half-life of radium-224 is 3.66 days. What was the
original mass of radium-224 if 0.0500 g remains after
7.32 days?
44. Calculate the neutron-proton ratios for the following
nuclides, and determine where they lie in relation to
the band of stability.
a. 235
c. 56
92 U
26 Fe
16
b. 8 O
d. 156
60 Nd
45. Calculate the binding energy per nucleon of 238
92 U
in joules. The atomic mass of a 238
U
nucleus
is
92
238.050 784 u.
Chapter Review
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46. The energy released by the formation of a nucleus
-11 J. Use Einstein’s equation
of 56
26 Fe is 7.89 × 10
2
E = mc to determine how much mass (in kilograms)
is lost in this process.
47. Calculate the binding energy for one mole of deuterium
atoms. The measured mass of deuterium is 2.0140 u.

CRITICAL THINKING
48. Why do we compare binding energy per nuclear
particle of different nuclides instead of the total
binding energy per nucleus of different nuclides?
49. Why is the constant rate of decay of radioactive nuclei
so important in radioactive dating?
50. Which of the following nuclides of carbon is more
likely to be stable? State reasons for your answer.
a. 11
b. 126 C
6C
51. Which of the following nuclides of iron is more likely
to be stable? State reasons for your answer.
a. 56
b. 59
26 Fe
26 Fe
52. Use the data shown below to determine the
following:
a. the isotopes that would be best for dating ancient
rocks
b. the isotopes that could be used as tracers
State reasons for your answers.
Element
potassium-40
potassium-42
uranium-238
uranium-239
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Half-Life
1.28 × 109 y
12.36 h
4.468 × 109 y
23.47 min

RESEARCH AND WRITING
53. Investigate the history of the Manhattan Project.
54. Research the 2011 Fukashima reactor accident in
Japan. What factors combined to cause the accident?
55. Find out about the various fusion-energy research
projects that are being conducted in the United States
and other parts of the world. What obstacles in
finding an economical method of producing energy
must still be overcome?

ALTERNATIVE ASSESSMENT
56. Using the library, research the medical uses of
radioactive isotopes such as cobalt-60 and
technetium-99. Evaluate the benefits and risks of
using radioisotopes in the diagnosis and treatment of
medical conditions. Report your findings to the class.

TEST PREP

Standards-Based Assessment
Record your answers on a separate piece of paper.

MULTIPLE CHOICE
1 Complete the nuclear equation shown below:
0
? → 187
76 Os + -1β

A
B
C
D

187
77 Os
187
75 Os
187
77 Ir
187
75 Re

2 The mass of the nucleus is —
A greater than the mass of the protons and
neutrons that make up the nucleus
B equal to the mass of the protons and neutrons
that make up the nucleus
C less than the mass of the protons and neutrons
that make up the nucleus
D converted to energy
3 Which type of radiation has the most penetrating
ability?
A
B
C
D

an alpha particle
a beta particle
a gamma ray
a neutron

4 Which of the following nuclear equations is
correctly balanced?
A

37
0
37
18 Ar + -1e → 17 Cl

B

6
1
4
3
3 Li + 2 0 n → 2 He + 1 H

C

254
4
258
1
99 Es + 2 He → 101 Md + 2 0 n

D

14
4
17
2
7 N + 2 He → 8 O + 1 H

5 It takes 5.2 min for a 4.0 g sample of francium-210 to
decay until only 1.0 g is left. What is the half-life of
francium-210?
A
B
C
D

1.3 min
2.6 min
5.2 min
7.8 min

6 In the early 20th century, experiments by Max
Planck explained the photoelectric effect in terms
of light quanta called photons. In the 1920s, Niels
Bohr explained the emission spectra of atoms with
photons, and Erwin Schrödinger and Louis de
Broglie described electrons in terms of waves. The
concept that results from these experiments is that
light waves sometimes have particle properties and
sometimes have wave properties. This concept
illustrates that —
A even strong scientific theories can be open to
change
B a scientific theory, if posited, will never change
C scientists change theories with very little evidence if it helps them explain a phenomenon
D light will most likely never be better understood
than how it was understood 300 years ago
7 Between 1800 and 1935, the concept of the atom
changed by steps from the first evidence of indivisible particles to the structured atom with protons
and neutrons in a tiny, dense nucleus and electrons
orbiting it. The atomic theory changed over time
because —
A over time, scientists were able to use the same
tools with more success
B the development of new technologies, such as
cathode rays and scintillation counters, made
observations of subatomic particles possible
C about every 50 years, someone would discover a
new theory of atoms
D as more scientists worked on the question of
what an atom really is, change was inevitable

GRIDDED RESPONSE
8 The half-life of thorium-234 is 24 days. If you have a
42.0 g sample of thorium-234, how much, in grams,
will remain after 72 days?

10
9
8

11 12 1

7 6

5

Test Tip
2
3
4

Keeping a positive attitude during any
test will help you focus on the test and
likely improve your score.

Standards-Based Assessment
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