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Nuclear Chemistry

PET scan—brain

MRI—spine

X Ray—knee

BIG Idea  Nuclear chemistry 
has a vast range of applications, 
from the production of electricity 
to the diagnosis and treatment of 
diseases.

24.1 Nuclear Radiation
MAIN Idea  Under certain 
conditions, some nuclei can emit 
alpha, beta, or gamma radiation.

24.2 Radioactive Decay
MAIN Idea  Unstable nuclei can 
break apart spontaneously, changing 
the identity of atoms. 

24.3 Nuclear Reactions
MAIN Idea  Fission—the splitting 
of nuclei—and fusion—the 
combining of nuclei—release 
tremendous amounts of energy.

24.4 Applications and Effects 
of Nuclear Reactions
MAIN Idea  Nuclear reactions have 
many useful applications, but they 
also have harmful biological effects.

ChemFacts

• You receive three times more radiation 
from a coal power plant and 4000 
times more from a medical exam 
than from a nuclear power plant.

• Twenty-five percent of hospital 
admissions in the United States are 
related to diagnoses made using 
radioactive elements.

• Magnetic Resonance Imaging (MRI) 
is also used to study the permeability 
of rocks to hydrocarbons.

• Positron emission tomography (PET) 
scans measure blood flow in the brain, 
which correlates to brain activity. 
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Start-Up ActivitiesStart-Up Activities

LLAAUUNCH NCH LabLab
How do chain reactions occur?
When the products of one nuclear reaction cause addi-
tional nuclear reactions to occur, the resulting chain 
reaction can release large amounts of energy in a short 
period of time. Explore chain reactions by modeling them 
with dominoes.

Procedure 
1. Read and complete the lab safety form.
2. Obtain a set of domino tiles.
3. Stand the individual dominoes on end, and arrange 

them so that when the first domino falls, it causes the 
other dominoes to fall in series.

4. Practice using different arrangements. Using a stop-
watch, determine how to cause the most dominoes to 
fall in the shortest amount of time.

5. Compare the time of your most efficient arrangement 
with those of your classmates.

Analysis
1. Discuss  which arrangement caused the most domi-

noes to fall in the shortest amount of time. 
2. Discuss  whether the dominoes fell at a steady rate or 

an escalating rate.
3. Explain  what happens to the domino chain reaction if 

a tile does not contact the next tile in the sequence.

Inquiry What happens if you place an obstacle 
between two of the dominoes? How can you relate your 
observation to nuclear chain reactions?

Types of Radiation Make the 
following Foldable to help you 
organize information about the 
different types of radiation.

 STEP 1 Collect two 
sheets of paper, and layer 
them about 2 cm apart 
vertically. 

 STEP 2 Fold up the 
bottom edges of the sheets 
to form three equal tabs. 
Crease the fold to hold the 
tabs in place.

 STEP 3 Staple along 
the fold. Label as follows: 
Types of Radiation, Gamma, 
Beta, and Alpha.

 Use this Foldable with Section 24.1.  
As you read, write about what happens to the identity of 
the nucleus and the changes in mass and charge. Include 
examples or sample equations where appropriate.

Visit glencoe.com to: 
▶ ▶ study the entire chapter online

▶ ▶ explore 

▶  ▶  take Self-Check Quizzes

▶  ▶  use the Personal Tutor to work Example 
Problems step-by-step

▶  ▶  access Web Links for more information, 
projects, and activities

▶  ▶  find the Try at Home Lab, Modeling 
Radiation Penetration
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Table 24.1 Comparison of Chemical and Nuclear Reactions

Chemical Reactions Nuclear Reactions

• Occur when bonds are broken 
and formed

• Involve only valence electrons
• Associated with small energy 

changes
• Atoms keep the same identity 

although they might gain, 
lose, or share electrons, and 
form new substances

• Temperature, pressure, 
concentration, and catalysts 
affect reaction rates 

• Occur when nuclei combine, 
split, and emit radiation

• Can involve protons, 
neutrons, and electrons

• Associated with large energy 
changes 

• Atoms of one element are 
often converted into atoms 
of another element

• Temperature, pressure, and 
catalysts do not normally 
affect reaction rates

Section 24.124.1

Objectives

◗ ◗  Summarize the events that led to 
understanding radiation.

◗ ◗  Identify  alpha, beta, and gamma 
radiations in terms of composition 
and key properties.

Review Vocabulary
nucleus:  the extremely small, 
positively charged, dense center of an 
atom that contains positively charged 
protons, neutral neutrons, and is 
surrounded by empty space through 
which one or more negatively charged 
electrons move

New Vocabulary
radioisotope
X ray
penetrating power

Nuclear Radiation
Under certain conditions, some nuclei can emit alpha, 

beta, or gamma radiation.

Real-World Reading Link If you wake up while it is still dark, the glowing 
numbers on your clock let you know what time it is. Many clocks use a type of 
radiation to make the numbers glow. The word radiation might cause you to 
think about nuclear power plants or dangerous, highly radioactive substances. 
However, less dangerous forms of radiation are often used in everyday objects, 
such as clocks. 

The Discovery of Radioactivity
You have studied various forms of chemical reactions. Atoms can gain, 
lose, or share valence electrons, but the identity of the atoms does not 
change. Nuclear reactions, which you will study in this chapter, are dif-
ferent. Nuclear chemistry is concerned with the structure of atomic 
nuclei and the changes they undergo. Whereas chemical reactions 
involve only small energy changes, nuclear reactions involve much larg-
er energy changes. Table 24.1 offers a comparison of chemical reactions 
and nuclear reactions.

In 1895, German physicist Wilhelm Roentgen (1845–1923) found 
that invisible rays were emitted when electrons bombarded the surface 
of certain materials. These invisible rays caused photographic plates to 
darken, and Roentgen named these high-energy emissions X rays. At 
that time, French physicist Henri Becquerel (1852–1908) was studying 
minerals that emit light after being exposed to sunlight, a phenomenon 
called phosphorescence. Building on Roentgen’s work, Becquerel want-
ed to determine whether phosphorescent minerals also emitted X rays.

(l)©alwaysstock, LLC/Alamy, (r)©Lee C. Coombs/Phototake
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■ Figure 24.1 Radium salts are placed 
on a special emulsion on a photographic 
plate. After the plate is developed, the 
emulsion shows the dark tracks left by 
radiation emitted by the radium salts.   

Table 24.2 Properties of Alpha, Beta, 
and Gamma Radiation

Property Alpha Radiation Beta Radiation Gamma Radiation

Symbol α β γ

Composition alpha particles beta particles high-energy electromagnetic radiation

Description of radiation helium nuclei,    2  
4 He electrons photons

Charge 2+ 1- 0

Mass 6.64 × 1 0  -27  kg 9.11 × 1 0  -31  kg 0

Approximate Energy 5 MeV 0.05 to 1 MeV 1 MeV

Relative penetrating power blocked by paper blocked by metal foil not completely blocked by lead or concrete

Becquerel discovered by chance that phosphorescent uranium salts 
produced spontaneous emissions that darkened photographic plates. He 
observed this phenomenon even when the uranium salts were not 
exposed to light. Chemist Marie Curie (1867–1934) and her husband 
Pierre Curie (1859–1906) took Becquerel’s mineral sample, called pitch-
blende, and isolated the components emitting the rays. They concluded 
that the darkening of the photographic plates was due to rays emitted 
from the uranium atoms present in the mineral sample. Marie Curie 
named the process by which materials give off such rays radioactivity; 
the rays and particles emitted by a radioactive source are called radia-
tion. Figure 24.1 shows the darkening of photographic film that is 
exposed to radiation emitted by radium salts.  

The work of Marie and Pierre Curie was extremely important in 
establishing the origin of radioactivity and developing the field of 
nuclear chemistry. In 1898, the Curies identified two new elements, 
polonium and radium, on the basis of their radioactivity. Henri 
Becquerel and the Curies shared the 1903 Nobel Prize in Physics for 
their work. Marie Curie also received the 1911 Nobel Prize in 
Chemistry for her work with polonium and radium.

Reading Check Explain  what Marie and Pierre Curie concluded about 
the darkening of the photographic plates.

Types of Radiation
After reading about the discovery of radioactivity, you might wonder 
what types of radiation are emitted by radioactive nuclei or which nuclei 
are radioactive. 

Recall that isotopes are atoms of the same element that have different 
numbers of neutrons. Isotopes of atoms with unstable nuclei are called 
radioisotopes. These unstable nuclei emit radiation to attain more sta-
ble atomic configurations in a process called radioactive decay. During 
radioactive decay, unstable atoms lose energy by emitting radiation. 
The three most common types of radiation are alpha (α), beta (β), and 
gamma (γ). Table 24.2 summarizes some of their important properties. 
Later in this chapter, you will learn about other types of radiation that 
can be emitted in a nuclear reaction.

©C. Powell, P. Fowler & D. Perkins/Photo Researchers, Inc.
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Radium-226 Radon-222 Alpha particle

226
88Ra

222
86 Rn 4

2He

+

■ Figure 24.3 A radium-226 nucleus 
undergoes alpha decay to form radon-222 
and an alpha particle 
Evaluate What is the number of 
protons and neutrons in radium-226 and 
radon-222?

α

γ

β

+

-

Positive plate

SlotLead block

Radioactive
source

Gamma rays
(no charge)

Zinc-sulfide-
coated screen

Beta
particles
(1- charge)

Alpha
particles
(2+ charge)

Negative plate

■ Figure 24.2 The effect of an electric field depends on the charge and mass of the radi-
ation. Positively charged alpha particles deflect toward the negative plate. Negatively 
charged beta particles deflect toward the positive plate. The lighter alpha particles undergo 
the larger deflection. Gamma rays have no charge and are not affected by an electric field.

Incorporate information 
from this section into 

your Foldable.

Ernest Rutherford (1871–1937), who performed the famous gold foil 
experiment that helped define modern atomic structure, identified 
alpha, beta, and gamma radiation when studying the effects of an elec-
tric field on the emissions from a radioactive source. As you can see in 
Figure 24.2, gamma rays carry no charge and are not affected by the 
electric field. Alpha particles carry a 2+ charge and are deflected toward 
the negatively charged plate. Beta particles carry a 1- charge and are 
deflected toward the positively charged plate. Because beta particles are 
less massive than alpha particles, they undergo a larger deflection.

Reading Check Explain  how Rutherford determined the charge of the 
three types of radiation. 

Alpha particles An alpha particle (α) has the same composition as 
a helium nucleus—two protons and two neutrons—and is therefore 
given the symbol    2  4 He. The charge of an alpha particle is 2+ due to the 
presence of the two protons. Alpha radiation consists of a stream of 
alpha particles. Because of their mass and charge, alpha particles are 
relatively slow-moving compared with other types of radiation. Thus, 
alpha particles are not very penetrating—a single sheet of paper stops 
alpha particles. As you can see in Figure 24.3, radium-226, an atom 
whose nucleus contains 88 protons and 138 neutrons, undergoes alpha 
decay by emitting an alpha particle. 
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VOCABULARY
WORD ORIGIN
Radiation

comes from the Latin word radiare 

which means to radiate

+

Iodine-131 Xenon-131 Beta particle

131
53 I 131

54 Xe β

■ Figure 24.4 An iodine-131 nucleus 
undergoes beta decay to form xenon-131 
and a beta particle.
Explain How does beta decay affect 
the mass number of the decaying 
nucleus?

In examining Figure 24.3, note that the reaction is balanced. That 
is, the sum of the mass numbers (superscripts) and the sum of the 
atomic numbers (subscripts) on each side of the arrow are equal. Also 
note that when a radioactive nucleus emits an alpha particle, the prod-
uct nucleus has an atomic number that is lower by 2 and a mass number 
that is lower by 4. 

Beta particles A beta particle is a very fast-moving electron that is 
emitted when a neutron in an unstable nucleus converts into a proton. 
Beta particles are represented by the symbol β or e-. They have a 1- 
charge. Their mass is so small compared with the mass of nuclei 
involved in nuclear reactions that it can be approximated to zero. Beta 
radiation consists of a stream of fast-moving electrons. An example of 
the beta decay process is the decay of iodine-131 into xenon-131 by 
beta-particle emission, as shown in Figure 24.4. Note that the mass 
number of the product nucleus is the same as that of the original nucle-
us (they are both 131), but its atomic number has increased by 1 (54 
instead of 53). This change in atomic number occurs because a neutron 
is converted into a proton, as shown by the following equation.

 n → p + β

As you might recall from Chapter 4, the number of protons in an atom 
determines its identity. Thus, the formation of an additional proton 
results in the transformation from iodine-131 to xenon-131. Also, note 
that the electric charge in the equation above is conserved. The neutron 
is neutral. The proton has a 1+ charge and the beta particle has a 1- 

charge. Because beta particles are both lightweight and fast-moving, 
they have greater penetrating power than alpha particles. A thin sheet of 
metal foil is required to stop beta particles.

Gamma rays Gamma rays are photons, which are high-energy 
(short wavelength) electromagnetic radiation. They are denoted by the 
symbol  γ. Because photons have no mass and no charge, the emission of 
gamma rays does not change the atomic number or mass number of a 
nucleus. Gamma rays almost always accompany alpha and beta radia-
tion, as they account for most of the energy loss that occurs as a nucleus 
decays. For example, gamma rays accompany the alpha-decay reaction 
of uranium-238.

    92
  238
  U →    90

  234
  Th +    2  4 He + 2 γ

The 2 in front of the γ symbol indicates that two gamma rays of 
different frequencies are emitted. Because gamma rays have no effect 
on mass number or atomic number, it is customary to omit them from 
nuclear equations.
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Section Summary
◗ ◗ Wilhelm Roentgen discovered X rays 

in 1895. 

◗ ◗ Henri Becquerel, Marie Curie, and 
Pierre Curie pioneered the fields of 
radioactivity and nuclear chemistry.

◗ ◗ Radioisotopes emit radiation 
to attain more stable atomic 
configurations.

 1. List  the different types of radiation and their charges. 

 2. Compare  the subatomic particles involved in nuclear and chemical reactions.

 3. Explain  how you know whether the reaction is chemical or nuclear when an 
atom undergoes a reaction and attains a more-stable form. 

 4. Calculate  Table 24.2 gives approximate energy values in units of MeV. Convert 
each value into joules using the following conversion factor: 
1MeV = 1.6 × 1   0  -13   J.

 5. Summarize   Make a time line that summarizes the major events that led to the 
understanding of alpha, beta, and gamma radiation.

■ Figure 24.5 The Chandra 
Observatory, launched in July 1999, 
photographed X rays emitted from a 
cool gas cloud surrounding the 
black hole at the center of a neigh-
boring galaxy. 

As you have learned, the discovery of X rays helped set the stage for 
the discovery of radioactivity. X rays, like gamma rays, are a form of 
high-energy electromagnetic radiation. However, X rays are not pro-
duced by radioactive sources and their energy is lower than that of 
gamma rays. They are emitted when inner electrons are knocked out 
and electrons from higher energy levels drop down to fill the vacancy. 
Figure 24.5 shows an X-ray image taken in space. It allows astronomers 
to observe objects not visible in optical images. The presence of X rays 
indicates phenomena such as exploding stars or black holes. Hospitals 
and dentists have machines that produce X rays when a beam of elec-
trons strikes a metal target. The familiar X-ray images are produced as 
the beam of X rays passes easily through soft tissue but is partly blocked 
by hard tissue, such as bone.

Reading Check Compare and contrast  X rays and gamma rays.

Penetrating power The ability of radiation to pass through matter 
is called penetrating power. Alpha particles have a low penetrating 
power because they move slowly due to their large mass, and their 
2+ charge causes them to lose energy quickly through interactions with 
other particles. The penetrating power of beta particles is higher 
because they are smaller and faster than alpha particles. However, they 
can still interact with particles and can be stopped by thin shielding. 
Gamma rays are highly penetrating. Because they have no charge and 
no mass, the probability of matter stopping them is low.

©Reuters/CORBIS

http://glencoe.com


Section 24.2 • Radioactive Decay 865

Objectives

◗ ◗  Explain  why certain nuclei are 
radioactive.

◗ ◗  Apply  your knowledge of 
radioactive decay to write balanced 
nuclear equations.

◗ ◗  Solve  problems involving 
radioactive decay rates.  

Review Vocabulary
radioactivity:  the process by which 
some substances spontaneously emit 
radiation 

New Vocabulary
transmutation
nucleon
strong nuclear force
band of stability
positron emission
positron
electron capture
radioactive decay series
half-life
radiochemical dating

Radioactive Decay
Unstable nuclei can break apart spontaneously, 

changing the identity of atoms. 

Real-World Reading Link To make sure that containers have the correct 
amount of fluid, some manufacturing processes use radioactivity. Particles 
produced by radioactive decay are detected after they pass through the containers. 
For instance, a half-full bottle of juice would allow too much radiation to pass 
through and would not pass inspection.

Nuclear Stability
Except for the emission of gamma radiation, radioactive decay involves 
the conversion of an element into another element. Such a reaction, in 
which an atom’s atomic number is altered, is called transmutation. 
Whether an atom spontaneously decays and what type of radiation it 
emits depends on its neutron-to-proton ratio.

An atom’s nucleus contains positively charged protons and neutral 
neutrons. Protons and neutrons are referred to as nucleons. Despite the 
strong electrostatic repulsion forces among protons, all nucleons remain 
bound in the dense nucleus because of the strong nuclear force. The 
strong nuclear force acts on subatomic particles that are extremely 
close together and overcomes the electrostatic repulsion among protons.

The fact that the strong nuclear force acts on both protons and neu-
trons is important. Two protons repel each other, but because neutrons 
are neutral, a neutron that is adjacent to a positively charged proton cre-
ates no repulsive electrostatic force. Yet these two adjacent particles are 
held together by the strong nuclear force. Likewise, two adjacent neu-
trons create no electrostatic force, but they, too, are held together by the 
strong nuclear force. Thus, the presence of neutrons adds an attractive 
force within the nucleus, as illustrated in Figure 24.6. The number of 
neutrons in a nucleus is important because nuclear stability is related to 
the balance between electrostatic and strong nuclear forces.

Section 24.224.2

Proton Proton

Neutron Neutron

NeutronProton

■ Figure 24.6 The electrostatic force, 
represented by the purple arrows, acts 
between two charged particles. It is 
repulsive between two protons. The 
strong nuclear force, represented by the 
green arrows, acts between any two or 
more nucleons and is always attractive.
Infer What is the effect of the 
electrostatic force between two 
neutrons? Between a proton and 
an electron?
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■ Figure 24.7 The band of stability is the region where all 
stable nuclei fall when plotting the number of neutrons versus 
the number of protons. As the atomic number increases, the 
neutron-to-proton ratio (n/p) increases from 1:1 to 1.5:1.

Neutron-to-proton ratio To a certain degree, the 
stability of a nucleus can be correlated to its neutron-to-
proton (n/p) ratio. For atoms with low atomic numbers 
(<20), the most stable nuclei are those with neutron-to-
proton ratios of 1:1. For example, helium (     2    4   He) has two 
neutrons and two protons, and a neutron-to-proton 
ratio of 1:1. As atomic number increases, more and 
more neutrons are needed to produce a strong nuclear 
force that is sufficient to balance the electrostatic repul-
sion force between protons. Therefore, the neutron-to-
proton ratio for stable atoms gradually increases, 
reaching a maximum of approximately 1.5:1 for the 
largest atoms. An example of this is lead (     82

    206
  Pb). With 

124 neutrons and 82 protons, lead has a neutron-to-
proton ratio of 1.51:1.

Reading Check Explain  why the neutron-to-proton 
ratio of stable nuclei increases as the atomic number 
increases.

The band of stability Examine the plot of the 
number of neutrons versus the number of protons for 
all known stable nuclei shown in Figure 24.7. Notice 
that the slope of the plot indicates that the number of 
neutrons required for a nucleus to be stable increases as 
the number of protons increases. This correlates with 
the increase in the neutron-to-proton ratio of stable 
nuclei with increasing atomic number. The area on the 
graph within which all stable nuclei are found is known 
as the band of stability. As shown in Figure 24.7,      2  4 He 
and      82

  206
  Pb are both positioned within the band of stabil-

ity although they have a different neutron-to-proton 
ratios. All nuclei outside the band of stability—either 
above or below—are radioactive and undergo decay in 
order to gain stability. After decay, the new atom is posi-
tioned more closely to, if not within, the band of stabili-
ty. The band of stability ends at lead-208; all elements 
with atomic numbers greater than 82 are radioactive.

Reading Check Define  the band of stability and 
relate it to the value of the neutron-to-proton ratio.

Types of Radioactive Decay
The type of radioactive decay a particular radioisotope 
undergoes depends to a large degree on the underlying 
causes for its instability. Atoms lying above the band of 
stability generally have too many neutrons to be stable, 
whereas atoms lying below the band of stability tend to 
have too many protons to be stable. Depending on the 
relative number of neutrons and protons, atoms can 
undergo different types of decay—beta decay, alpha 
decay, positron emission, or electron capture—to gain 
stability.

Graph Check
Find  the number of protons above which the neutron-to-
proton ratio starts to differ from 1:1.
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Beta decay A radioisotope that lies above the band of stability is 
unstable because it has too many neutrons relative to its number of pro-
tons. For example, unstable    6

    14
  C has a neutron-to-proton ratio of 1.33:1, 

whereas stable elements of similar mass, such as      6
    12
  C and      7

    14
  N, have neu-

tron-to-proton ratios of approximately 1:1. It is not surprising, then, 
that      6 

    14
  C undergoes beta decay, as this type of decay decreases the num-

ber of neutrons in the nucleus.

      6 
  14
  C →    7

  14
  N + β

Figure 24.8a shows the beta decay of carbon-14 into nitrogen-14. Note 
that the atomic number of the product nucleus,      7

  14
  N, has increased by 

one. The nitrogen-14 atom now has a stable neutron-to-proton ratio of 
1:1. Thus, beta emission has the effect of increasing the stability of a 
neutron-rich atom by increasing its atomic number, that is by lowering 
its neutron-to-proton ratio. The resulting atom is closer to, if not within, 
the band of stability.

Reading Check Explain  why radioisotopes above the band of stability 
are unstable.

Alpha decay All nuclei with more than 82 protons are radioactive 
and decay spontaneously. Both the number of neutrons and the number 
of protons must be reduced in order to make these radioisotopes stable. 
These very heavy nuclei often decay by emitting alpha particles. For 
example, polonium-210 spontaneously decays into lead-206 by emitting 
an alpha particle.

      84
    210
  Po →      82

    206
  Pb +      2    4   He

Figure 24.8b shows the alpha decay of polonium-210 into lead-206. 
The atomic number of      84

  210
  Po decreases by 2 and the mass number 

decreases by 4 as the nucleus decays into    82
  206
  Pb.

Reading Check Calculate  how the neutron-to-proton ratio changes 
when polonium-210 decays into lead-206.

VOCABULARY
SCIENCE USAGE V. COMMON USAGE
Unstable

Science usage:  spontaneously 

radioactive

Unstable atoms decay to reach a more 

stable state.

Common usage:  not firm or fixed in 

one place

The chair is unstable because one of its 

legs is shorter than the other.

Carbon-14

Nitrogen-14

Beta particle
β

C14
6

N14
7

Beta decay

■ Figure 24.8 Depending on where nuclei lie on the band of stability, they can emit 
a beta particle or an alpha particle.
Compare and contrast  beta decay and alpha decay in terms of the atomic 
number of the nuclei involved in the reaction. 

Polonium-210

Lead-206

Alpha particle

Pb206
82

He4
2

Po210
84

Alpha decay

ba
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X-ray
photon

Electron capture

Krypton-81

Rubidium-81

Electron 81
37Rb

β

+

Kr81
36

■ Figure 24.9 When a nucleus under-
goes positron emission or captures an 
electron, the number of protons decreases 
by one. 
Compare and contrast how 
the number of protons and neutrons 
change during positron emission and 
electron capture.

Carbon-11

Boron-11

Positron

Positron emission

β

11
5 B

11
6 C

a

b

Positron emission and electron capture For nuclei with low 
neutron-to-proton ratios, two common radioactive decay processes 
occur: positron emission and electron capture. These two processes 
tend to increase the neutron-to-proton ratio of the neutron-poor atom, 
bringing the atom closer to, if not within, the band of stability.

Positron emission is a radioactive decay process that involves the 
emission of a positron from a nucleus. A positron is a particle with the 
same mass as an electron but opposite charge; thus, it is represented by 
the symbol β or    e  + . During positron emission, a proton in the nucleus is 
converted into a neutron and a positron, and then the positron is emitted.

 p → n +  e  + 

Figure 24.9 shows the positron emission of a carbon-11 nucleus. 
Carbon-11 lies below the band of stability and has a low neutron-to-
proton ratio of approximately 0.8:1. Carbon-11 undergoes positron 
emission to form boron-11. Positron emission decreases the number of 
protons from six to five, and increases the number of neutrons from five 
to six. The resulting atom,    5

    11
  B, has a neutron-to-proton ratio of 1.2:1, 

which is within the band of stability.
Electron capture is the other common radioactive-decay process that 

decreases the number of protons in unstable nuclei lying below the band 
of stability. Electron capture occurs when the nucleus of an atom draws 
in a surrounding electron, usually one from the lowest energy level. This 
captured electron combines with a proton to form a neutron.

 p +    e  -    → n

The atomic number of the nucleus decreases by 1 as a consequence of 
electron capture. The formation of the neutron also results in an X-ray 
photon being emitted. These two characteristics of electron capture are 
shown in the electron capture of rubidium-81 in Figure 24.9. The bal-
anced nuclear equation for the reaction is shown below.

    e  -  +      37
    81   Rb →    36

    81   Kr + X-ray photon

The five types of radioactive decay you have read about in this 
chapter are summarized in Table 24.3.

Reading Check List  the decay processes that result in an increased 
neutron-to-proton ratio and a decreased neutron-to-proton ratio.

Table 24.3 Summary of Radioactive 
Decay Processes

Type of Radioactive Decay Particle Emitted Change in Mass Number Change in Atomic Number

Alpha decay    2  
4 He decreases by 4 decreases by 2

Beta decay β or  e  - no change increases by 1

Positron emission β or  e  + no change decreases by 1

Electron capture X-ray photon no change decreases by 1

Gamma emission γ no change no change

Interactive Table Explore 
radioactive decay processes at 
glencoe.com.

http://glencoe.com
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Writing and Balancing Nuclear Equations
The radioactive decay processes you have just read about are all exam-
ples of nuclear reactions. Nuclear reactions are expressed by balanced 
nuclear equations just as chemical reactions are expressed by balanced 
chemical equations. However, in balanced chemical equations, numbers 
and types of atoms are conserved; in balanced nuclear equations, mass 
numbers and charges are conserved.

EXAMPLE Problem 24.1

Balancing a Nuclear Equation NASA uses the alpha decay of plutonium-238 
(   94  

238   Pu)  as a heat source on spacecraft. Write a balanced equation for this decay.

1  Analyze the Problem
You are given that a plutonium atom undergoes alpha decay and forms an unknown 
product. Plutonium-238 is the initial reactant, while the alpha particle is one of the 
products of the reaction. The reaction is summarized below. 

 
94

   238Pu→  Z   AX +  2   
4He

You must determine the unknown product of the reaction, X. 

Known Unknown
reactant: plutonium-238 (   94

238   Pu) mass number of the product A = ?
decay type: alpha particle emission (   2

4   He) atomic number of the product  Z = ?
 reaction product X = ?

2  Solve for the Unknown
238 = A + 4 Apply the conservation of mass number.

A = 238 - 4 = 234 Solve for A.

Thus, the mass number of X is 234.

94 = Z + 2 Apply the conservation of charges.

Z = 94 - 2 = 92 Solve for Z.

Thus, the atomic number of X is 92.

The periodic table identifies the element as uranium (U).

94
238 Pu → 92

234U + 2
4 He Write the balanced nuclear equation.

3  Evaluate the Answer
The correct formula for an alpha particle is used. The sums of the superscripts and 
subscripts on each side of the equation are equal. Therefore, the charge and the 
mass number are conserved. The nuclear equation is balanced.

PRACTICE Problems Extra Practice Page 991 and glencoe.com

 6. Write a balanced nuclear equation for the reaction in which oxygen-15 
undergoes positron emission.

 7. Thorium-229 is used to increase the lifetime of fluorescent bulbs. What 
type of decay occurs when thorium-229 decays to form radium-225?

 8. Challenge The figure at right shows one way that bismuth-212 can decay, 
producing isotopes A and B.

 a. Write a balanced nuclear equation for this decay.

 b. Identify the isotopes A and B that are produced.

Solving Algebraic 
Equations

pages 954–955

Math Handbook
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■ Figure 24.10 Uranium-238 
undergoes 14 different radioactive 
decay steps before forming stable 
lead-206.

Radioactive Series
A radioactive decay series  is a series of nuclear reactions that begins 
with an unstable nucleus and results in the formation of a stable nucleus. 
As Figure 24.10 shows, uranium-238 first decays to thorium-234, which 
in turn decays to protactinium-234. Decay reactions continue until a 
stable nucleus, lead-206, is formed.

Graph Check List  each step in the decay of uranium-238. Include the 
type of decay and the resulting product.

Radioactive Decay Rates
You might wonder how there could be any naturally occurring radioiso-
topes found on Earth. After all, if radioisotopes undergo continuous 
radioactive decay, won’t they eventually disappear? Furthermore, radio-
isotopes have been decaying for about 4.6 billion years—the span of 
Earth’s existence. Yet, naturally occurring radioisotopes are not uncom-
mon on Earth. Some radioisotopes, such as carbon-14, are continuously 
formed in the upper atmosphere of Earth. Others are formed in the uni-
verse, during stellar nucleosynthesis for instance. Radioisotopes can also 
be synthesized in laboratories. The differing decay rates of isotopes also 
contribute to their presence on Earth.

Radioactive decay rates are measured in half-lives. A half-life is the 
time required for one-half of a radioisotope’s nuclei to decay into its 
products. For example, the half-life of the radioisotope strontium-90 is 
29 years. If you had 10.0 g of strontium-90 today, 29 years from now 
you would have 5.0 g left. Table 24.4 shows how this decay continues 
through four half-lives of strontium-90. Figure 24.11 presents the data 
from the table in terms of the percent of strontium-90 remaining after 
each half-life. The decay continues until a negligible amount of stron-
tium-90 remains.

Reading Check Define  the term half-life.
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Table 24.4 The Decay of Strontium-90

Number of 
Half-Lives

Elapsed 
Time

Amount of Strontium-90 Present

0 0 y 10.0g

1 29 y 10.0 g ×  (  
1 _ 
2
  )  = 5.00 g

2 58 y 10.0 g ×  (1_
2)(1_

2) = 2.50 g

3 87 y 10.0 g ×  (  
1 _ 
2
  )  (  

1 _ 
2
  )  (  

1 _ 
2
  )  = 1.25 g

4 116 y 10.0 g × (1_
2)(1_

2)(1_
2)(1_

2) = 0.625 g

The data in Table 24.4 can be summarized in a simple equation repre-
senting the decay of any radioactive element.

Remaining Amount of Radioactive Element

N =  N  0   (  
1

 _ 
2

  )   
n

  
N is the remaining amount.
N  0  is the inital amount.
n is the number of half-lives that have passed.

The amount remaining is equal to the initial amount times one-half raised the number 
of half-lives that have passed. 

The exponent n can also be replaced with the equivalent quantity t/T, 
where t is the elapsed time and T is the duration of the half-life. Note 
that t and T must have the same units of time.

 N =    N  0(1_
2)

t/T

This type of expression is known as an exponential decay function. 
Figure 24.11 shows the graph of a typical exponential decay function—
in this case, the decay curve for strontium-90. 

Graph Check Infer  how much strontium remains after 1.5 half-lives.

Each radioisotope has its own characteristic half-life. Half-lives for 
several radioisotopes are given in Table 24.5. Notice the large range of 
values for half-lives, from millionths of a second to billions of years! 
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■ Figure 24.11 The graph shows 
how the amount of strontium in a sample 
changes as a function of the number of 
half-lives. 

Personal Tutor For an online 
tutorial on exponential graphing, 
visit glencoe.com.

Table 24.5 Half-Lives of Several 
Radioisotopes

Radioisotope Symbol Half-Life

Polonium-214    84  
214

  Po 163.7 µs

Cobalt-60    27  
60 Co 5.272 y

Radon-222    86  
222

  Ra 3.8 d

Phosphorus-32    15  
32 P 14.28 d

Carbon-14    6  
14

  C 5730 y

Uranium-238     92  
238

  U 4.46 × 1 0  9  y

http://glencoe.com
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EXAMPLE Problem 24.2

Calculating the Amount of Remaining Isotope Krypton-85 is used in 
indicator lights of appliances. The half-life of krypton-85 is 11 y. How much of 
a 2.000-mg sample remains after 33 y?

1  Analyze the Problem
You are given a known mass of a radioisotope with a known half-life. You must first 
determine the number of half-lives that passed during the 33-year period. Then, use 
the exponential decay equation to calculate the amount of the sample remaining.

Known Unknown
Initial amount = 2.000 mg Amount remaining = ? mg
Elapsed time (t) = 33 y
Half-life (T) = 11 y

2  Solve for the Unknown

Number of half-lives (n) =
elapsed time(t)__

half-life(T)
Determine the number of half-lives 
passed during the 33 y.

n =
33 y_
11 y = 3.00 half-lives Substitute t = 33 y and T = 11 y. 

Amount remaining = (initial amount)     (1_
2)

n
Write the exponential decay equation.

Amount remaining = (2.000 mg)     (1_
2)

3.00 Substitute initial amount = 2.000 mg 
and n = 3.

Amount remaining = (2.000 mg)    (1_
8) = 0.25 mg

3  Evaluate the Answer

Three half-lives are equivalent to    (1_
2)(1_

2)(1_
2) , or    (1_

8) . The answer (0.25 mg) is equal to

(1_
8)  of the initial amount. The answer has two significant figures because the number of 

years has two significant figures. n does not affect the number of significant figures.

PRACTICE Problems Extra Practice Page 991 and glencoe.com

 9. Bandages can be sterilized by exposure to gamma radiation from cobalt-60, which has a 
half-life of 5.27 y. How much of a 10.0-mg sample of cobalt-60 is left after one half-life? 
Two half-lives? Three half-lives?

 10. If the passing of five half-lives leaves 25.0 mg of a strontium-90 sample, how much was 
present in the beginning?

 11. Challenge The table shows the amounts of radioisotopes in three different samples. 
To the nearest gram, how much will be in Sample B and Sample C when Sample A 
has 16.2 g remaining?

Sample Radioisotope Half-life Amount (g)

A cobalt-60   5.27 y 64.8

B tritium 12.32 y 58.4

C strontium-90 28.79 y 37.6

Operations Involving 
Fractions
page 965

Math Handbook

http://glencoe.com


Section 24.2 • Radioactive Decay 873

Model Radioactive Decay
How do radioactive isotopes decay?

Procedure 

1. Read and complete the lab safety form.
2. Place 100 pennies in a plastic cup.
3. Place your hand over the top of the cup and 

shake the cup several times.
4. Pour the pennies into a shoebox. Remove all 

the pennies that land heads-up. These pennies 
represent atoms of the radioisotope that have 
undergone radioactive decay.

5. Prepare a data table to record the number of 
remaining pennies (tails-up pennies).

6. Count the number of pennies that remain, and 
record this number in your data table.

7. Place all of the tails-up pennies back in the plas-
tic cup.

8. Repeat Steps 2 through 7 as many times as 
needed until no pennies remain.

Analysis
1. Construct a graph of Trial Number versus 

Number of Pennies Remaining from your data 
table. Draw a curve through the plotted points.

2. Calculate how many trials it took for 50%, 
75%, and 90% of the sample to decay.

3. Evaluate the half-life of the radiosotope if the 
time between each trial is 1 min.

4. Determine how the results would change if you 
used 100 dice instead of pennies. In this case, 
you would assume that any dice that lands with 
the six side facing up represents a decayed atom 
and is removed. 

Radiochemical dating Chemical reaction rates are greatly affected 
by changes in temperature, pressure, and concentration, and by the 
presence of a catalyst. In contrast, nuclear reaction rates remain con-
stant regardless of such changes. In fact, the half-life of any particular 
radioisotope is constant. Because of this, radioisotopes can be used to 
determine the age of an object. The process of determining the age of an 
object by measuring the amount of a certain radioisotope remaining in 
that object is called radiochemical dating.

Connection Biology A type of radiochemical dating known as car-
bon dating is used to measure the age of artifacts that were once part of 
a living organism. Carbon dating makes use of the radioactive decay of 
carbon-14, which is formed by cosmic rays in the upper atmosphere at a 
fairly constant rate. These carbon-14 atoms become evenly spread 
throughout Earth’s biosphere, where they mix with stable carbon-12 and 
carbon-13 atoms. Plants use carbon dioxide from the environment, 
which contains all carbon isotopes, to build more complex molecules 
through the process of photosynthesis. When animals eat plants, the 
carbon-14 atoms that were part of the plant become part of the animal. 
Because organisms are constantly taking in carbon compounds, they 
contain the same ratio of carbon-14 to carbon-12 and carbon-13 found 
in the atmosphere. However, after they die, organisms no longer ingest 
new carbon compounds, and the carbon-14 they already contain con-
tinues to decay. The carbon-14 undergoes beta decay to form 
nitrogen-14.

      6
    14
  C →      7

    14
  N + β

Carbon-14 has a half-life of 5730 years. Because the amount of stable 
carbon in the dead organism remains constant while the carbon-14 con-
tinues to decay, the ratio of unstable carbon-14 to stable carbon-12 and 
carbon-13 decreases.
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■ Figure 24.12 Using the radiocarbon dat-
ing method on organic materials, such as ash 
and charcoal found at the Great Pyramid of 
Giza, scientists estimate the pyramid to be more 
than 4000 years old.

By measuring this ratio and comparing it to the nearly constant 
ratio present in the atmosphere, the age of an object can be estimated. 
For example, if an object’s C-14 to (C-12 + C-13) ratio is one-quarter of 
the ratio measured in the atmosphere, the object is approximately two 
half-lives, or 11,460 years old. Carbon-14 dating is limited to accurately 
dating objects up to approximately 45,000 years of age. This method was 
used to date the Great Pyramid of Giza, shown in Figure 24.12.

Connection Earth Scienceto  The decay process of a different radio-
isotope, uranium-238 to lead-206, is commonly used to date objects 
such as rocks. Because the half-life of uranium-238 is 4.5 × 1   0  9    years, it 
can be used to estimate the age of objects that are too old to be dated 
using carbon-14. By radiochemical dating of meteorites, the age of the 
solar system has been estimated at 4.6 × 1 0  9  years.

Section Summary
◗ ◗ The conversion of an atom of one ele-

ment to an atom of another by radio-
active decay processes is called 
transmutation.

◗ ◗ Atomic number and mass number are 
conserved in nuclear reactions.

◗ ◗ A half-life is the time required for half 
of the atoms in a radioactive sample 
to decay. 

◗ ◗ Radiochemical dating is a technique 
for determining the age of an object 
by measuring the amount of certain 
radioisotopes remaining in the object.

 12. Describe  what happens to unstable nuclei.

 13. Explain  how you can predict whether or not an isotope is likely to be stable if 
you know its number of neutrons and protons.

 14. Describe  the forces acting on the particles within a nucleus and explain why 
neutrons are the glue holding the nucleus together.

 15. Predict  the nuclear equation for the alpha decay of radium-226 used on the tips 
of older lightning rods.

 16. Calculate  how much of a 10.0-g sample of americium-241 remains after four 
half-lives. Americium-241 is a radioisotope commonly used in smoke detectors 
and has a half-life of 430 y.

 17. Calculate After 2.00 y, 1.986 g of a radioisotope remains from a sample that 
had an original mass of 2.000 g. 

 a. Calculate the half-life.
 b. How much of the radioisotope remains after 10.00 y?

 18. Graph  A sample of polonium-214 originally has a mass of 1.0 g. Express 
the mass remaining as a percent of the original sample after a period of one, 
two, and three half-lives. Graph the percent remaining versus the number of 
half-lives. Approximately how much time has elapsed when 20% of the original 
sample remains?

©Pixtal/SuperStock
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Section 24.324.3

Nuclear Reactions
Fission, the splitting of nuclei, and fusion, the 

combining of nuclei, release tremendous amounts of energy.

Real-World Reading Link On a hot summer day, you step outside and feel the 
intense heat of the Sun. Nuclear reactions within the Sun release enough energy 
to warm Earth and other planets in the solar system for billions of years. It is no 
surprise, then, that scientists are trying to use this same type of nuclear reaction 
to produce electricity. 

Induced Transmutation
All nuclear reactions, or transmutations, that have been described thus 
far are examples of radioactive decay, where one element is converted 
into another element by the spontaneous emission of radiation. However, 
transmutations can also be forced, or induced, by bombarding a stable 
nucleus with a neutron or with high-energy alpha, beta, or gamma radi-
ation. In 1919, Ernest Rutherford performed the first laboratory conver-
sion of one element into another element. By bombarding nitrogen-14 
with high-speed alpha particles, oxygen-17 and hydrogen-1 were 
formed. This transmutation reaction is illustrated in Figure 24.13 and 
the reaction is shown below.

      7
    14
  N +      2    4   He →      8

    17
  O +      1    1   H

As Rutherford demonstrated, nuclear reactions can be induced, in 
other words, produced artificially. The process, which involves striking 
nuclei with high-velocity particles, is called induced transmutation. In 
the case of charged particles, such as the alpha particles used by 
Rutherford, the incident particles must be moving at extremely high 
speeds to overcome the electrostatic repulsion between themselves and 
the target nucleus. Because of this, scientists have developed methods to 
accelerate charged particles to extreme speeds by using very strong elec-
trostatic fields and magnetic fields. Particle accelerators are machines 
built to produce the high-speed particles needed to induce transmuta-
tion. Since Rutherford’s first experiments involving induced transmuta-
tion, scientists have used the technique to synthesize hundreds of new 
isotopes in the laboratory.  

Objectives

◗ Understand  that mass and energy 
are related.

◗ Compare and contrast  nuclear 
fission and nuclear fusion.

◗ Explain  the process by which 
nuclear reactors generate electricity.

Review Vocabulary
mass number:  the number after an 
element’s name, representing the sum 
of its protons and neutrons 

New Vocabulary
induced transmutation
transuranium element
mass defect
nuclear fission
critical mass
breeder reactor
nuclear fusion
thermonuclear reaction

■ Figure 24.13 When an alpha particle bombards a nitrogen-14 atom, an atom 
of oxygen-17 and an atom of hydrogen-1 are produced.

Bombarding
alpha particle

Target
nitrogen atom

Oxygen
atom

Hydrogen
atom

4
2 He 1

1 H14
7N 17

8O

++
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Transuranium elements The elements immediately following 
uranium in the periodic table—elements with atomic numbers 93 and 
greater—are known as the transuranium elements. All transuranium 
elements have been produced in the laboratory by induced transmuta-
tion and are radioactive. Many transuranium elements have been 
named in honor of their discoverers or the laboratories at which they 
were created. Scientists continue their ongoing efforts to synthesize 
new transuranium elements and study their properties.

EXAMPLE Problems 24.3

Induced Transmutation Reaction Equations Write a balanced nuclear 
equation for the induced transmutation of oxygen-16 into nitrogen-13 by proton 
bombardment. An alpha particle is emitted from the nitrogen atom in the reaction.

1  Analyze the Problem
You are given all of the particles involved in an induced transmutation reaction. Because 
the proton bombards the oxygen atom, they are reactants and must appear on the 
reactant side of the reaction arrow.

Known Unknown
reactants: oxygen-16 and a proton nuclear equation for the reactant = ?
products: nitrogen-13 and an α-particle

2  Solve for the Unknown
Nuclear formula for oxygen-16:  8

16   O Use the periodic table to obtain the atomic 
number of oxygen.

Nuclear formula for nitrogen-13:    7
13   N Use the periodic table to obtain the atomic 

number of nitrogen.
Nuclear formula for proton: p
Nuclear formula for alpha particle:  2

4   He

8
16O + p→ 7

13N + 2
4He Write the balanced nuclear equation.

3  Evaluate the Answer
The sums of the superscripts on each side of the equation are equal. Therefore, the the 
mass number is conserved. The charge is conserved as well. The formula for each 
participant in the reaction is also correct. The nuclear equation is written correctly.

PRACTICE Problems 

 19. Write the balanced nuclear equation for the induced transmutation of 
aluminum-27 into sodium-24 by neutron bombardment. An alpha particle 
is released in the reaction.

 20. Write the balanced nuclear equation for the alpha-particle bombardment 
of      94    

239
  Pu. One of the reaction products is a neutron.

 21. Challenge Archeologists sometimes use a procedure called neutron 
activation analysis to identify elements in artifacts. The figure at right 
shows one type of reaction that can occur when an artifact is bombarded 
with neutrons. If the product of the process is cadmium-110, what was 
the target and unstable isotope? Write balanced nuclear equations 
for the process to support your answer. Product

Target Unstable
isotope

Neutron β

γ γ
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■ Figure 24.14 The binding energy per 
nucleon is a function of the mass number. 
Light nuclei gain stability by undergoing 
nuclear fusion. Heavy nuclei gain stability by 
undergoing nuclear fission. 

Nuclear Reactions and Energy
In your study of chemical reactions, you read that mass is conserved. 
For most practical situations this is true—but, it is not accurate. 

Einstein’s equation Albert Einstein’s equation relates mass and 
energy. It states that any reaction produces or consumes energy due to a 
loss or gain in mass. Energy and mass are equivalent. Note that because    

c  2    is large, a small change in mass results in a large change in energy. 

Energy Equivalent of Mass

∆E = ∆m c  2  ∆E is the change in energy, in Joules. ∆m is the 
change in mass, in kg. c is the speed of light.

The change in energy is equal to the change in mass times the square of the speed of light.

Mass defect and binding energy Scientists have determined 
that the mass of the nucleus is always less than the sum of the masses 
of the individual protons and neutrons that comprise it. This difference 
in mass between a nucleus and its component nucleons is called the 
mass defect.

When nucleons combine together to form an atom, the energy cor-
responding to the mass defect is released. Conversely, energy is needed 
to break apart a nucleus into its nucleons. The nuclear binding energy 
can be defined as the amount of energy needed to break one mole of 
nuclei into individual nucleons. The larger the binding energy per 
nucleon, the more strongly the nucleons are held together, and the more 
stable the nucleus is. Less-stable atoms have lower binding energies per 
nucleon. In other words, it is harder to break apart a nucleus with a high 
binding energy than a nucleus with a low binding energy. 

Figure 24.14 shows the average binding energy per nucleon versus 
the mass number. Note that the binding energy per nucleon reaches a 
maximum around a mass number of 60. Elements with a mass number 
near 60 are the most stable. 

Graph Check
Describe  how the binding energy 
varies as a function of the mass 
number.
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VOCABULARY
ACADEMIC VOCABULARY
Generate

to bring into existence, to originate 

by a physical or chemical process

Fire generates a lot of heat.

In typical chemical reactions, the energy produced or consumed is 
so small that the accompanying changes in mass are negligible. In con-
trast, the mass changes and associated energy changes in nuclear reac-
tions are significant. For example, the energy released from the nuclear 
reaction of 1 kg of uranium is equivalent to the energy released during 
the chemical combustion of about four billion kilograms of coal.

Nuclear Fission
Binding energies in Figure 24.14 indicate that heavy nuclei tend to be 
unstable. To gain stability, they can fragment into several smaller nuclei. 
Because atoms with mass numbers around 60 are the most stable, heavy 
atoms (those with mass numbers greater than 60) tend to fragment into 
smaller atoms in order to increase their stability. The splitting of a 
nucleus into fragments is known as nuclear fission. The fission of a 
nucleus is accompanied by a very large release of energy. 

Nuclear power plants use nuclear fission to generate power. The 
first nuclear fission reaction discovered involved uranium-235. As you 
can see in Figure 24.15, when a neutron strikes a uranium-235 nucleus, 
it undergoes fission. Barium-141 and krypton-92 are just two of the 
many possible products of this fission reaction. In fact, scientists have 
identified more than 200 different product isotopes from the 
fission of a uranium-235 nucleus.

Reading Check Explain  why heavy atoms undergo nuclear fission.

Problem-Solving Strategy
Calculating Mass Defect
You can calculate the mass defect of an isotope if you know the 
mass of the isotope and the number and masses of its components. 
Applying the equation ∆E = ∆m   c  2   , you can then derive the 
equivalent binding energy. 

Mass defect =    m  nucleus    -[   N  p    m  p    +    N  n    m  n   ]

where    m  nucleus  is the mass of the nucleus,    m  p    is the mass of a proton, 
   m  n    is the mass of a neutron,    N  p    is the number of protons, and    N  n    is 
the number of neutrons.

If you start with the mass of the atom, you have to take into 
account the mass of the electrons. To do so, the mass of a hydrogen 
atom, which is composed of a proton and an electron, is used 
instead of the mass of a proton. The equation is then:

Mass defect =    m  isotope    - [   N  p    m  H    -    N  n    m  n   ]

Use the following values for the calculations:    m  H    = 1.007825 amu 
and  m  n    = 1.008665 amu. The accepted value for c is 3.00 × 1  0  8   m/s.

To calculate the energy in Joules, you can convert the masses into 
kilograms using 1amu = 1.660540 × 1   0  -27    kg.

Apply the Strategy
Calculate the mass defect and binding energy of lithium-7. The 
mass of lithium-7 is 7.016003 amu.
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Chain reactions Each fission of uranium-235 releases additional 
neutrons, as shown in Figure 24.15. If one fission reaction produces 
two neutrons, these two neutrons can cause two additional fissions. If 
those two fissions release four neutrons, those four neutrons could then 
produce four more fissions, and so on, as shown in Figure 24.16. This 
self-sustaining process in which one reaction initiates the next is called 
a chain reaction. As you might imagine, the number of fissions and the 
amount of energy released can increase rapidly. The explosion from an 
atomic bomb is an example of an uncontrolled chain reaction.

■ Figure 24.15 When bombarded with 
a neutron, uranium-235 forms unstable ura-
nium-236, which then splits into two lighter 
nuclei and additional neutrons. The fission 
of uranium-235 is accompanied by a large 
release of energy.
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+ Energy
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92 Un

n

n

n
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92 U

+

n (neutron)

235
92U nucleusFission

fragment

■ Figure 24.16 When uranium nuclei undergo fission, they release 
neutrons, which trigger more fission reactions. The ongoing reactions are 
characteristics of a nuclear chain reaction.

Interactive Figure To see an animation 
of chain reactions, visit glencoe.com.

http://glencoe.com
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■ Figure 24.18 The main parts of a 
nuclear power plant are the reactor under 
the dome and the cooling tower.

A sample of fissionable material must have sufficient mass in order 
for a chain reaction to occur. If it does not, neutrons escape from the 
sample before they can start the chain reaction by striking other nuclei. 
A sample that is not massive enough to sustain a chain reaction is said 
to have subcritical mass. A sample that is massive enough to sustain a 
chain reaction has critical mass. When a critical mass is present, the 
neutrons released in one fission cause other fissions to occur. If much 
more mass than the critical mass is present, the chain reaction rapidly 
escalates. This can lead to a violent nuclear explosion. A sample of fis-
sionable material with a mass greater than the critical mass is said to 
have supercritical mass. Figure 24.17 shows the effect of mass on the 
initiation and progression of a fission reaction.

Reading Check Compare  subcritical mass and critical mass.

Nuclear Reactors
Nuclear fission produces the energy generated by nuclear reactors. This 
energy is primarily used to generate electricity at nuclear power plants, 
such as the one shown in Figure 24.18. A common fuel is fissionable 
uranium (IV) oxide (U   O  2   ) encased in corrosion-resistant rods. U-238 is 
the most abundant isotope (99%) of uranium. U-235, which makes up 
0.7% of the natural uranium, has the rare property of being able to 
undergo induced fission; U-235 atoms undergo fission when hit by a 
neutron. The fuel used in nuclear power plants is enriched to contain 
3% uranium-235, the amount required to sustain a chain reaction, and 
is called enriched uranium. Additional rods, often made of cadmium or 
boron, control the fission process inside the reactor by absorbing neu-
trons released during the reaction.

Keeping the chain reaction going while preventing it from racing out 
of control requires precise monitoring and continual adjusting of the 
control rods. Much of the concern about nuclear power plants focuses 
on the risk of losing control of the nuclear reactor, possibly resulting in 
the accidental release of harmful levels of radiation. The Three Mile 
Island accident in the United States in 1979 and the Chernobyl accident 
in Ukraine in 1986 provide examples of why controlling the reactor is 
critical. Figure 24.19 shows the city of Pripyat, located 3 km from 
Chernobyl. The city was completely abandoned after the accident.

Subcritical mass Supercritical mass

Neutron Nucleus
■ Figure 24.17 Whether a nuclear reac-
tion can be sustained depends on the 
amount of matter present. In a subcritical 
mass, the chain reaction does not start 
because neutrons escape before causing 
enough fission to sustain the chain reaction. 
In a supercritical mass, neutrons cause more 
and more fissions and the chain reaction 
accelerates.  

Interactive Figure To see an animation 
of critical mass, visit glencoe.com.

©vario images GmbH & Co.KG/Alamy
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■ Figure 24.20 A nuclear reactor produces heat that drives the formation of 
steam. The energy from the steam spins a turbine which produces electricity. The 
steam is eventually cooled and recycled. The water used to cool the steam enters 
the cooling tower where steam is released to the atmosphere. 

■ Figure 24.19 The city of 
Pripyat was deserted after the 
accident at the Chernobyl 
power plant.

The fission within a nuclear reactor is started by a neutron-emitting 
source and is stopped by positioning the control rods to absorb all of the 
neutrons produced in the reaction. The reactor core contains a reflector 
that acts to reflect neutrons back into the core, where they will react 
with the fuel elements, also called fuel rods. A coolant, usually water, 
circulates through the reactor core, to carry off the heat generated by 
the nuclear fission reactions. The hot coolant heats water that is used to 
power steam-driven turbines, which produce electric power.

Nuclear power plants and fossil-fuel burning power plants are simi-
lar; heat from a reaction—nuclear fission or chemical combustion of 
coal—is used to generate steam. The steam then drives turbines that 
produce electricity, as shown in the nuclear power plant illustrated in 
Figure 24.20. The other major components of a nuclear power plant are 
also illustrated in Figure 24.20.

Interactive Figure To see an animation of 
a nuclear power plant, visit glencoe.com.

not to scale

©Savintsev Fyodor/ITAR-TASS/Corbis
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■ Figure 24.21 The interior of a reac-
tor is filled with water. A crane is used to 
extract and replace fuel rods.

Because of the hazardous radioactive fuels and fission products pres-
ent at nuclear power plants, a dense concrete structure is usually built 
to enclose the reactor. The main purpose of the containment structure 
is to shield personnel and nearby residents from harmful radiation. 

As the reactor operates, the fuel rods are gradually depleted and 
products from the fission reactions accumulate. Because of this, the 
reactor must be serviced periodically. Spent fuel rods are extracted from 
the reactor, as shown in Figure 24.21, and can be reprocessed and 
repackaged to make new fuel rods. Some fission products, however, are 
extremely radioactive and cannot be used again. These products must 
be stored as nuclear waste.

Risks of accidents, such as the ones mentioned in Figure 24.22, have 
to be taken into account when operating nuclear power plants. However, 
the storage of highly radioactive nuclear waste is still one of the major 
issues surrounding the debate over the use of nuclear power. Approxi-
mately 20 half-lives are required for the radioactivity of nuclear waste 
materials to reach levels acceptable for biological exposure. For some 
types of nuclear fuels, the wastes remain substantially radioactive for 
thousands of years. A considerable amount of scientific research is 
devoted to the disposal of radioactive wastes. Highly radioactive materi-
als from the reactor core are first treated with advanced technologies 
that ensure the materials will not deteriorate over a very long period of 
time. Treated wastes are then stored in sealed containers that are buried 
deep underground.

Another issue is the limited supply of the uranium-235 used in the 
fuel rods. One option is to build reactors that produce new quantities of 
fissionable fuels. Reactors able to produce more fuel than they use are 
called breeder reactors. Although the design of breeder reactors poses 
many difficult technical problems, they are currently in operation in 
several countries.

Reading Check Infer  how the storage of nuclear wastes affects the 
environment. 

■ Figure 24.22
The Nuclear Age
The discovery of X rays in 1895 initiated a 
series of breakthroughs in understanding 
atomic nuclei. Today, nuclear chemistry appli-
cations involving medicine, weaponry, and 
energy affect the lives of people worldwide.

▼

1898 Marie and Pierre Curie 
discover the radioactive 
elements polonium and 
radium. Their work establishes 
the early framework for the 
study of nuclear chemistry.

1919 The first artificially 
induced nuclear reaction 
causes the transmutation 
of nitrogen into an iso-
tope of oxygen by bom-
barding nitrogen gas 
with alpha particles.

1934 Enrico Fermi’s 
experiments result in 
the world’s first nuclear 
fission reaction. Fermi’s 
subsequent research 
will pioneer nuclear 
power generation. 

1941–45 Manhattan 
Project scientists develop 
uranium and plutonium 
bombs, which were 
dropped on Hiroshima and 
Nagasaki, Japan, in 1945 
and ended World War II. 

▼

1895 The first 
X-ray photographs 
fuel intense inter-
est among the sci-
entific community.

(t)©CATHERINE POUEDRAS/SCIENCE PHOTO LIBRARY/Photo Researchers, Inc., (bl)©Bettmann/CORBIS, (br)©John Hopkins Medical Institute/AIP/Photo Researchers, Inc.
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Nuclear Fusion
Recall from the binding energy diagram in Figure 24.14 that a mass 
number of about 60 has the most stable atomic configuration. Thus, it is 
possible to bind together two or more light (mass number less than 60) 
and less-stable nuclei to form a single more-stable nucleus. The combin-
ing of atomic nuclei is called nuclear fusion. Nuclear fusion reactions, 
which are responsible for the production of the heaviest elements, are 
capable of releasing very large amounts of energy. You already have 
some everyday knowledge of this fact—the Sun is powered by a series 
of fusion reactions as hydrogen atoms fuse to form helium atoms.

    4  1    1   H → 2β +      2    4   He + energy

Scientists have spent several decades researching nuclear fusion. It is 
a promising source of energy and has several advantages compared to 
nuclear fission. Lightweight isotopes used to fuel the reactions, such as 
hydrogen, are abundant. Fusion reaction products are not generally 
radioactive. Nuclear fusion produces large amounts of energy. Fusion 
reactions produce more energy per unit of mass of fuel than fission 
reactions. This could solve the problem of the increasing needs for elec-
tricity in the world’s societies. 

Unfortunately, there are major problems that must be overcome on a 
commercially viable scale. One such problem is that fusion requires 
extremely high energies to initiate and sustain a reaction. The required 
energy, which is achieved only at extremely high temperatures, is need-
ed to overcome the electrostatic repulsion between the nuclei in the 
reaction. Because of the energy requirements, fusion reactions are also 
known as thermonuclear reactions. A temperature of 5,000,000 K is 
required to fuse hydrogen atoms. This temperature—and even higher 
temperatures—have been achieved using an atomic explosion to initiate 
the fusion process, but this approach is not practical for controlled elec-
tric power generation.

Real-World Chemistry 
Nuclear Fusion

Solar fusion Nuclear fusion 
reactions are responsible for the 
glow and heat from stars such as 
the Sun. The temperature of the 
Sun’s core is about 15,000,000 K. It 
is so hot and dense that hydrogen 
nuclei fuse to produce helium. After 
billions of years, the Sun’s hydrogen 
will be mostly depleted. Its 
temperature will rise to about 
100,000,000 K, and the fusion 
process will then change helium 
into carbon.

1949 Radiocarbon dat-
ing allows scientists to 
determine the age of 
artifacts made from 
plant-based materials 
as old as 45,000 years.

1960S Scientists research 
using high-energy radiation 
to treat cancer. Clinical trials 
bring dramatic improvement 
in the treatment and cure of 
malignant tumors.

1979, 1986 Nuclear power plant 
accidents at Three Mile Island, 
Pennsylvania, and Chernobyl, 
Ukraine, focus world attention 
on the dangers associated with 
nuclear power.

Interactive Time Line To learn more 
about these discoveries and others, 
visit glencoe.com.

▼

2006 The Cassini spacecraft 
explores the Saturn system. Cassini 
is powered by technology that 
converts heat from the radioactive 
decay of plutonium into electricity.

(t)©epa/Corbis, (b)©D. Ducros/Photo Researchers, Inc.
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■ Figure 24.23 A tokamak reactor, a ring-shaped reactor, uses strong magnetic 
fields to contain the intensly hot fusion reaction and keep it from direct contact with 
the reactor interior walls. The poloidal magnets follow the shape of the reactor and 
the toroidal magnets wrap around the reactor.

Vacuum
chamber

Toroidal field
magnet

Poloidal field
magnet

Plasma

Obviously, many problems must be resolved before fusion becomes a 
practical energy source. Another significant problem is confinement of 
the reaction. There are currently no materials capable of withstanding 
the tremendous temperatures that are required by a fusion reaction. 
Much of the current research centers around an apparatus called a toka-
mak reactor. The name tokamak comes from Russian and means toroi-
dal chamber with an axial magnetic field. A tokamak reactor, shown in 
Figure 24.23, is a donut-shaped device that uses strong magnetic fields 
to contain the fusion reaction. While significant progress has been 
made in the field of fusion, temperatures high enough for continuous 
fusion have not yet been sustained for long periods of time.

Section Summary
◗ ◗ Induced transmutation is the bom-

bardment of nuclei with particles in 
order to create new elements.

◗ ◗ In a chain reaction, one reaction 
induces others to occur. A sufficient 
mass of fissionable material is neces-
sary to initiate the chain reaction.

◗ ◗ Fission and fusion reactions release 
large amounts of energy. 

 22. MAIN Idea Compare and contrast  nuclear fission and nuclear fusion 
reactions. Describe the particles that are involved in each type of reaction and the 
changes they undergo.

 23. Describe  the process that occurs during a nuclear chain reaction and explain 
how to monitor a chain reaction in a nuclear reactor.

 24. Explain  how nuclear fission can be used to generate electric power. 

 25. Formulate an argument supporting or opposing nuclear power as your state’s 
primary power source. Assume the primary source of power currently is the burn-
ing of fossil fuels. 

 26. Calculate What is the energy change (∆E) associated with a change in mass 
(∆m) of 1.00 mg?

27. Interpret Graphs Use the graph in Figure 24.14 on page 877 to answer 
the following questions.

 a. Why is the isotope  26
56   Fe highest on the curve?

 b. Are more stable isotopes located higher or lower on the curve?
 c. Compare the stability of Li-6 and He-4.

(t)©EFDA-JET/Photo Researchers, Inc.
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Section 24.424.4

Applications and Effects 
of Nuclear Reactions

Nuclear reactions have many useful applications, but 
they also have harmful biological effects.

Real-World Reading Link Almost everyone gets cuts or scrapes from time 
to time. Usually, the first thing you do is clean the injury and cover it with a 
bandage to keep out germs. One of the many uses of radiation is to sterilize 
medical bandages. 

Detecting Radioactivity
You read earlier that Becquerel discovered radioactivity because of the 
effect of radiation on photographic plates. Since this discovery, several 
other methods have been devised to detect radiation. People who work 
near radioactive sources, for example, might be required to wear a 
thermoluminescent dosimeter (TLD) badge, which contains a tiny 
crystal. Radiation excites electrons within the crystal. To determine the 
radiation dose, the crystal is heated, and the electrons return to their 
ground states, emitting light. Radioactivity readers detect this light as a 
measure of the radiation dose to which a worker has been exposed. 
Monitoring the radiation dose received by people who work near radio-
active sources is important to ensure their safety. 

Radiation energetic enough to ionize matter with which it collides is 
called ionizing radiation. The Geiger counter is an ionizing radiation 
detection device. As shown in Figure 24.24, a Geiger counter consists 
of a metal tube filled with a gas. In the center of the tube is a wire that is 
connected to a power supply. When ionizing radiation penetrates the 
end of the tube, the gas inside the tube absorbs the radiation and forms 
ions and free electrons. The free electrons are attracted to the wire, caus-
ing an electric current. A meter built into the Geiger counter measures 
the current flow through the ionized gas. This current measurement is 
used to determine the amount of ionizing radiation present.

Objectives

◗ ◗  Describe  several methods used to 
detect and measure radiation.

◗ ◗  Explain  an application of radiation 
used in the treatment of disease.

◗ ◗  Describe  some of the damaging 
effects of radiation on biological 
systems.

Review Vocabulary
isotope:  an atom of the same element 
with the same number of protons but 
different number of neutrons

New Vocabulary
ionizing radiation
radiotracer

e –
e –

e –
e –

+

+

+

+

Ionizing
radiation

Counter and audio device

Nonionized
gas molecules

Electrode
(positively charged)

Metal tube
(negatively
charged)

Window

Gas molecules
are ionized by
the radiation

■ Figure 24.24 A Geiger 
counter is used to detect and 
measure radiation levels. 
Ionizing radiation produces an 
electric current in the counter. 
The current is displayed on a 
scaled meter, whereas a speaker 
produces audible sounds. 
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■ Figure 24.26 Gauges such as the 
one pictured use beta emission from kryp-
ton, promethium, or strontium. The radio-
active source is placed on one side of the 
paper, and a detector is on the other side. 
Most beta particles are absorbed by the 
paper, but the percentage that are able to 
travel through to the detector indicates 
the thickness of the paper.

Photodetector

Base material

Reflective
inner surface

Phosphors

Ionizing
radiation

■ Figure 24.25 Scintillation counters are used to detect the presence of ionizing radi-
ation. An ionizing radiation excites the electrons in the phosphors. As the electrons return 
to their ground states, they emit photons, which are then detected by the photodetector.

Another detection device is a scintillation counter. Scintillations are 
brief flashes of light produced when ionizing radiation excites the elec-
trons in certain types of atoms or molecules called phosphors. A scintil-
lation counter contains a base material—often a plastic, a crystal, or a 
liquid—containing phosphors, as shown in Figure 24.25. Ionizing radi-
ation that strikes the scintillation counter can transfer energy either 
directly to the phosphors or to the base material, which then transfers 
the energy to the phosphors. This energy excites electrons in the phos-
phors. As these electrons return to their ground states, they release 
energy in the form of light. This light is transmitted through the base 
material to a photodetector that convert the light to an electrical signal. 
The number and brightness of the scintillations give a measure of the 
amount of ionizing radiation.

Reading Check Summarize  how a scintillation detector works.

Uses of Radiation
With proper safety procedures, radiation can be useful in many scientif-
ic experiments and industrial applications. For instance, neutron activa-
tion analysis is used to detect trace amounts of elements present in a 
sample. Computer-chip manufacturers use this technique to analyze the 
composition of highly purified silicon wafers. In the process, the sample 
is bombarded with a beam of neutrons from a radioactive source, caus-
ing some of the atoms in the sample to become radioactive. The type 
and amount of radiation emitted by the sample is used to determine the 
types and quantities of elements present. Neutron activation analysis is a 
highly sensitive measurement technique capable of detecting quantities 
of less than 1 × 1   0  -9    atoms in a sample . Beta emission is another appli-
cation of radiation. It is used to measure paper thickness, as shown in 
Figure 24.26.

©MARTIN BOND/SCIENCE PHOTO LIBRARY/Photo Researchers, Inc.
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■ Figure 24.27 Radiation can be used to 
treat cancer. MRI images taken before treat-
ment and after 4 and 10 months of treatment 
show the decrease in the swelling of the brain.  

Using radioisotopes Radioisotopes can also be used to follow the 
course of an element through a chemical reaction. For example, C   O  2  
gas containing radioactive carbon-14 isotopes has been used to study 
glucose formation in photosynthesis.

 6C   O  2    + 6   H  2   O ����→    C  6    H  12    O  6    + 6   O  2 

Because the C   O  2  containing carbon-14 is used to trace the progress 
of carbon through the reaction, it is referred to as a radiotracer. A 
radiotracer is a radioisotope that emits non-ionizing radiation and is 
used to signal the presence of an element or specific substance. The 
fact that all of an element’s isotopes have the same chemical properties 
makes the use of radioisotopes possible. Thus, replacing a stable atom 
of an element in a reaction with one of its isotopes does not alter the 
reaction. Radiotracers are important in a number of areas of chemical 
research, particularly in analyzing the reaction mechanisms of complex, 
multistep reactions.

Radiotracers also have important uses in medicine. Iodine-131, for 
example, is commonly used to detect diseases associated with the thy-
roid gland. If a problem is suspected, the patient will drink a solution 
containing a small amount of iodine-131. After the iodine is absorbed, 
the amount of iodine taken up by the thyroid is measured and used 
to monitor the functioning of the thyroid gland.

Reading Check Define  radiotracer. 

Treating cancer Radiation can pose serious health problems for 
humans because it can damage or destroy healthy cells. However, radia-
tion can also destroy unhealthy cells, such as cancer cells. All cancers 
are characterized by the rapid growth of abnormal cells. This growth 
can produce masses of abnormal tissue, called malignant tumors. 
Radiation therapy is used to treat cancer by destroying the cancer cells. 
In fact, cancer cells are more susceptible to destruction by radiation 
than healthy ones. Figure 24.27 shows a brain baseline with metastatic 
disease. After radiation treatment, the baseline returns to normal. 
Unfortunately, in the process of destroying unhealthy cells, radiation 
also destroys some healthy cells. Despite this major drawback, radi ation 
therapy has become one of the most effective treatment options in the 
fight against cancer.

Careers In chemistry

Radiation Therapist Under the 
supervision of a physician, a radia-
tion therapist administers radiation 
treatment to patients. Radiation 
therapists work closely with patients 
and must be compassionate and 
supportive. Training programs pre-
pare radiation therapists to use par-
ticle accelerators and other forms of 
technology. Knowledge of radiation 
hazards is an important part of this 
job. For more information on chemis-
try careers, visit glencoe.com.

sunlight

©Custom Medical Stock Photo/cmsp.com
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■ Figure 24.28 Gamma rays emitted by 
the radiotracers absorbed by the patients are 
measured with this detector. The image on the 
right shows different areas of the brain emitting 
gamma rays. These images might help doctors 
locate a tumor or observe a brain function.

Using positron emission Another radiation-based medical diag-
nostic tool is called positron emission transaxial tomography (PET). In 
this procedure, a radiotracer that decays by positron emission is injected 
into the patient’s bloodstream. Positrons emitted by the radiotracer 
cause gamma-ray emissions that are then detected by an array of sen-
sors surrounding the patient, as shown in Figure 24.28. PET scans can 
be used to diagnose diseases or study the parts of the brain that are acti-
vated under given circumstances, also shown in Figure 24.28.

Biological Effects of Radiation
Although radiation has a number of medical and scientific applications, 
it can be very harmful. The damage produced from ionizing radiation 
absorbed by the body depends on several factors, such as the type of 
radiation, its energy, the type of tissue absorbing the radiation, the pen-
etrating power, and the distance from the source. Figure 24.29 shows 
an example of such damage.

Connection Biology High-energy ionizing radiation is dangerous 
because it can fragment and ionize molecules within biological tissue. A 
free radical is an atom or molecule that contains one or more unpaired 
electrons and is one example of the highly reactive products of ionizing 
radiation. In a biological system, free radicals can affect a large number 
of other molecules and ultimately disrupt the operation of normal cells. 
Ionizing radiation damage to living systems can be classified as either 
somatic or genetic. Somatic damage affects only nonreproductive body 
tissue. It includes burns and cancer caused by damage to the cell’s 
growth mechanism. Genetic damage can affect offspring by damaging 
reproductive tissue. Such damage is difficult to study because it might 
not become apparent for several generations.

■ Figure 24.29 Radiation can disrupt 
cell processes and damage skin. 
Infer Is the lecion pictured here 
somatic or genetic?

(tl)©ISM/Phototake, (tr)©WDCN/Univ. College London/Photo Researchers, Inc., (b)©Mediscan
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Dose of radiation A dose of radiation refers to the amount 
of radiation a body absorbs from a radioactive source. Two 
units, the rad and the rem, are commonly used to measure 
doses. The rad, which stands for radiation-absorbed dose, is a 
measure of the amount of radiation that results in the absorp-
tion of 0.01 J of energy per kilogram of tissue. The dose in rads, 
however, does not account for the energy of the radiation, the 
type of living tissue absorbing the radiation, or the time of the 
exposure. To account for these factors, the dose in rads is multi-
plied by a numerical factor that is related to the radiation’s effect 
on the tissue involved. The result of this multiplication is a unit 
called the rem. The rem, which stands for roentgen equivalent 
for man, is named after Wilhelm Roentgen, who discovered 
X rays in 1895. Table 24.6 summarizes the short-term effects of 
radiation on humans, depending on the dose.

A variety of sources constantly bombard your body with 
radiation. Your exposure to these sources results in an average 
annual radiation exposure of 100–300 millirems of high-energy 
radiation or 0.1–0.3 rems. Table 24.7 shows your annual expo-
sure to common radiation sources. 

Intensity and distance The intensity of radiation depends 
on the distance from the source as shown by the equation 
below. The farther away the source, the lower the intensity. The 
intensity of radiation is measured in amount of radiation per 
unit of time and/or surface, such as mrem/s∙   m  2 .

Radiation Intensity and Distance

I  1  d  1    2  =  I  2  d  2    2  d  1  and  d  2  are two distances from the source. 
I  1  is the intensity at  d  1 , and  I  2  is the intensity at   d  2 .

The intensity of a radiation at a distance  d  1  from the source multiplied by the 
square of the distance equals the intensity of the radiation at a distance  d  2  
multiplied by the square of the distance.

Table 24.7 Average Annual 
Radiation Exposure

Source Average Exposure (mrem/y)

Cosmic radiation 20–50

Radiation from the ground 25–175

Radiation from buildings 10–160

Radiation from air 20–260

Human body (internal) ~20

Medical and dental X rays 50–75

Nuclear weapon testing <1

Air travel 5

Total average 100–300

Table 
24.6

Effects of Short-
term Radiation 
Exposure

Dose (rem) Effects on Humans

0–25 no detectable effects

25–50
temporary decrease in white-
blood-cell population

100–200
nausea, substantial decrease in 
white-blood-cell population

500
50% chance of death within 
30 days of exposure
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Section Summary
◗ ◗ Different types of counters are used 

to detect and measure radiation.

◗ ◗ Radiotracers are used to diagnose 
disease and to analyze chemical 
reactions.

◗ ◗ Short-term and long-term radiation 
exposure can cause damage to living 
cells.

 28. MAIN Idea Explain  one way in which nuclear chemistry is used to diagnose or 
treat disease.

 29. Describe  several methods used to detect and measure radiation.

 30. Compare and contrast  somatic and genetic biological damage.

 31. Explain  why it is safe to use radioisotopes to diagnose medical problems.

 32. Calculate A lab worker receives an average radiation dose of 21 mrem each 
month. Her allowed dose is 5,000 mrem/y. On average, what fraction of her 
yearly dose does she receive?

 33. Interpret Data  Look at the data in Table 24.7. Suppose someone is exposed 
to the maximum values listed for average annual radiation from the ground, 
from buildings, and from the air. What fraction would the person receive of the 
minimum dose (25 rem) that causes a temporary decrease in white blood cell 
population?

Interpret Graphs
How does distance affect 
radiation exposure? 
When one of the reactors at the Chernobyl 
nuclear power plant exploded, the immediate 
vicinity of the power plant was highly contami-
nated and declared a dead zone. The radiation 
spread over thousands of kilometers. However, 
the intensity of the radiation decreased with the 
distance from the reactor. 

Analysis The graph to the right shows the 
intensity of a radioactive source versus the dis-
tance from the source. Note how the intensity 
of the radiation varies with the distance from 
the source. The unit of radiation intensity is 
millirems per second per square meter. This is 
the amount of radiation striking a square meter 
of area each second.

Think Critically
1. Evaluate  How does the radiation exposure 

change as the distance doubles from 0.1 m 
to 0.2 m? How does it change as the distance 
quadruples from 0.1 m to 0.4 m?

2. Formulate  in words the mathematical rela-
tionship described in your answer to 
Question 1.
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3. Interpret Graphs  Determine the distance 
from the source at which the radiation 
decreased to 0.69 mrem/ s·   m  2   . This intensity 
is the maximum radiation exposure intensity 
considered safe. (Hint: Use the equation 
I 1   /   I 2 = d 22   /    d 12   .)

http://glencoe.com
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In the Andes Mountains, more than 500 years 
ago, a young girl was sacrificed to appease the 
gods. As was the custom of the ancient Incas, 
pottery and other artifacts were buried with her. 
Neutron activation analysis performed on 
pottery such as the vessel in Figure 1 allowed 
archaeologists to determine the origin of the 
soil from which the pottery was made. 

Figure 1 Neutron activation analysis allowed comparison of 
soil and pottery to determine where this Incan vessel was made.

Detecting elements Neutron activation 
analysis is a method of detecting elements in 
a material. A small sample of the material is 
first exposed to a strong neutron source. 
Neutron bombardment produces radioisotopes 
in about three-fourth of the elements. When the 
radioisotopes decay, they emit gamma rays with 
energies that are characteristic of the element.
 A gamma detector is used to measure the 
sample’s radiation output. Gamma rays of 
different energies produce peaks at different 
places on graphs, such as the one in Figure 2. 
Each peak corresponds to a specific element. 
Some elements have more than one peak 
because they emit gamma rays of different 
energies. The height of the peak, or the area 
under the peak, indicates the concentration of 
the element in the sample.
 This method can be used to search for just 
one element or many elements in a sample. The 
process can detect extremely low concentrations 
of elements, as low as parts per billion.
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Figure 2 A gamma-ray spectrum indicates the concentration 
of different elements in a sample.

Advantages Most forms of chemical analysis 
require vaporization, dissolution, or alteration 
of the analyzed sample in some way. Neutron 
activation analysis is a nondestructive process 
that can be used to study liquid, solid, or 
gaseous samples. Sensitive items, such as forensic 
evidence, meteorites, or artifacts, can be 
analyzed without harm. 

Uses Analyzing the composition of artifacts 
such as pottery allowed scientists to establish 
the origin of the clay used to make the objects 
that were burried with the young sacrificed girl. 
Astonishingly, the clay did not come from local 
soil but from the Incan capital and other 
religious centers. Representatives from the Incan 
Empire traveled to remote places, bringing 
pottery and other artifacts with them, to 
perform rituals.

Career: Archaeologist
Neutron Activation Analysis

Chemistry

Analyze  Look at the graph in Figure 2. Write 

a paragraph explaining how a technician could 

use the graph to determine the elements pres-

ent in the irradiated sample. Is the height of the 

peaks important? Which element is found in the 

greatest concentration in the sample? What are 

the approximate energies of gamma rays emit-

ted by this element? Visit glencoe.com to learn 

more about neutron activation analysis.

©Johan Reinhard
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Probeware Alternate CBL instructions can 
be found at glencoe.com.

INVESTIGATE RADIATION DOSAGE

INQUIRY EXTENSION
Research Find references that list and quantify the 

exposure to radiation that we receive in everyday 

life. Calculate your average annual exposure, and 

describe methods that could reduce this dosage.

Background: Radiation is a term that causes fear-
ful responses in people. However, not all radiation 
is dangerous. We are surrounded by radiation from 
space and from natural radioactivity on Earth. 
Radiation can also be used in a safe and controlled 
way for medical purposes.

Question: What methods are effective in minimizing 
exposure to radiation?

Materials
alpha source

beta source

gamma source

Geiger counter

piece of cardboard

piece of plastic

meterstick

clock

Safety Precautions 
WARNING: Radioactive sources can be harmful. Wash 

hands and arms thoroughly before handling objects which 

go to the mouth, nose, or eyes. Do not eat or drink in labo-

ratories where radioactive sources are used. Do not handle 

radioactive sources if you have a break in the skin below 

the wrist. Do not use—and immediately report to your 

teacher—any sealed disc containing a radioactive source 

which is damaged.

Procedure
 1. Read and complete the lab safety form.

 2. Using what you know about types of radiation, write 

a hypothesis about how the materials listed above 

will affect the radiation dose.

 3. Create a table to record your data.

 4. Place the meterstick on the lab station with the 

Geiger counter at the zero-end.

 5. Place the alpha source at the 10-cm mark, and 

record the highest reading on the Geiger counter.

 6. Repeat the measurement with the source at 20 cm 

and 30 cm. 

 7. Repeat Steps 5 and 6 with the beta source and 

gamma source.

 8. Place the alpha source on the 10-cm mark, and place 

a heavy piece of cardboard between the source and 

the Geiger counter.

 9. Measure and record the highest reading.

 10. Place the source on the 30-cm mark and place the 

piece of cardboard on the 10-cm mark first. Measure 

and record the radiation.

 11. Place the piece of cardboard on the 20-cm mark and 

repeat the measurement.

 12. Place the piece of plastic between the source and 

counter and record the highest reading.

 13. Repeat Steps 8–12 with the beta source and the 

gamma source.

 12. Cleanup and Disposal Return all lab equipment 

and radiation sources to the designated location. 

Remember to wash your hands with soap and water 

after completing the lab.

Analyze and Conclude
 1. Summarize How does distance affect the amount 

of radiation from a source? 

 2. Compare and Contrast Does the experimental 

data support your hypothesis? 

 3. Explain Based on the data, explain why you were 

required to wear goggles and a lab apron in this lab.

 4. Recognize Cause and Effect Which radiation 

source was least affected by the cardboard and 

plastic shields? Explain why this source is different 

from the other two sources. 

 5. Infer Did the position of the piece of cardboard 

influence the results? Explain why or why not.

 6. Observe and Infer What can you say about the 

penetrating power of X rays based on the fact that 

you have to wear a lead shield at the dentist to pro-

tect your body from the radiation?

http://glencoe.com


Chapter 24 • Study Guide 893Vocabulary PuzzleMaker glencoe.com

Download quizzes, key 
terms, and flash cards 
from glencoe.com.

Section 24.1Section 24.1 Nuclear Radiation

MAIN Idea Under certain 
conditions, some nuclei can emit 
alpha, beta, or gamma radiation.

Vocabulary
penetrating power (p. 864)
radioisotope  (p. 861)
X ray (p. 864)

Key Concepts
• Wilhelm Roentgen discovered X rays in 1895. 

• Henri Becquerel, Marie Curie, and Pierre Curie pioneered the fields of 
radioactivity and nuclear chemistry.

• Radioisotopes emit radiation to attain more-stable atomic configurations.

Section 24.2Section 24.2 Radioactive Decay

MAIN Idea Unstable nuclei can 
break apart spontaneously, changing 
the identity of atoms. 

Vocabulary
band of stability (p. 866)
electron capture (p. 868)
half-life (p. 870)
nucleon (p. 865)
positron (p. 868)
positron emission (p. 868)
radioactive decay series (p. 870)
radiochemical dating (p. 873)
strong nuclear force (p. 865)
transmutation (p. 865)

Key Concepts
• The conversion of an atom of one element to an atom of another by radioactive 

decay processes is called transmutation.

• Atomic number and mass number are conserved in nuclear reactions.

• A half-life is the time required for half of the atoms in a radioactive sample to decay. 

N =  N  0   (  1 _ 
2

  )   
n

  or N =  N  0   (  1 _ 
2

  )   
t/T

 

• Radiochemical dating is a technique for determining the age of an object by 
measuring the amount of certain radioisotopes remaining in the object.

Section 24.3Section 24.3 Nuclear Reactions

MAIN Idea Fission, the splitting of 
nuclei, and fusion, the combining of 
nuclei, release tremendous amounts 
of energy.

Vocabulary
breeder reactor (p. 882)
critical mass (p. 880)
mass defect (p. 877)
nuclear fission (p. 878)
nuclear fusion (p. 883)
thermonuclear reaction (p. 883)
induced transmutation (p. 875)
transuranium element (p. 876)

Key Concepts
• Induced transmutation is the bombardment of nuclei with particles in order to 

create new elements.

• In a chain reaction, one reaction induces others to occur. A sufficient mass of 
fissionable material is necessary to initiate the chain reaction.

• Fission and fusion reactions release large amounts of energy.

E = m c  2 

Section 24.4Section 24.4 Applications and Effects of Nuclear Reactions

MAIN Idea Nuclear reactions have 
many useful applications, but they 
also have harmful biological effects.

Vocabulary
ionizing radiation (p. 885)
radiotracer (p. 887)

Key Concepts
• Different types of counters are used to detect and measure radiation.

• Radiotracers are used to diagnose disease and to analyze chemical reactions.

• Short-term and long-term radiation exposure can cause damage to living cells. 

 I  1  d  1  2  =  I  2  d  2  2 

BIG Idea Nuclear chemistry has a vast range of applications, from the production of electricity to 
the diagnosis and treatment of diseases.

http://glencoe.com
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Section 24.1
Mastering Concepts

 34. Compare and contrast chemical reactions and nuclear 

reactions in terms of energy changes and the particles 

involved. 

 35. Match each numbered choice on the right with the 

correct radiation type on the left. 

 a. alpha 1. high-speed electrons

 b. beta  2. 2+ charge, blocked easily

 c. gamma  3. no charge, electromagnetic radiation

+

-Radioactive
source Charged plates

a

b

c

■ Figure 24.30

 36. Figure 24.30 shows alpha particles, beta particles, and 

gamma rays passing through a screen and between two 

charged plates. What can you infer about the identity of 

a, b, and c? Explain your answer.

 37. What is the difference between X rays and gamma rays?

Mastering Problems 
 38. Dental crown Uranium-234 is used to make dental 

crowns appear brighter. The alpha decay of uranium-

234 produces what isotope?

 39. Detecting Material Flaws Flaws in welded metal parts 

of airplanes can be identified by placing the isotope irid-

ium-192 on one side of the weld and photographic film 

on the other side to detect gamma rays that pass 

through. How does the gamma ray emission affect the 

atomic number and mass number of the iridium?

 40. Colored Glass Thorium-230 can be used to provide 

coloring in glass objects. One method of producing 

thorium-230 is through the radioactive decay of 

actinium-230. Is this an example of alpha decay or beta 

decay? How do you know?

 41. Plastic Bags Thin sheets of plastic are used to make 

items such as grocery bags. The sheets move under a 

source of promethium-147, emitting beta particles. The 

radiation intensity, measured under the plastic sheets, is 

used to monitor the thickness of the plastic. During this 

process, promethium changes into which element?

Section 24.2
Mastering Concepts

 42. What is the strong nuclear force? On which particles 

does it act?

 43. Explain the difference between positron emission and 

electron capture. 

 44. Categorize each type of radioactive decay.

 a. Mass number and atomic number are unchanged.

 b. Mass number remains the same and atomic number 

decreases.

 45. What is the significance of the band of stability? 

 46. What is a radioactive decay series? When does it end? 

 47. Radioisotopes What are the factors that determine the 

amount of a given radioisotope in nature?
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D

Band of
Stability

■ Figure 24.31

 48. In which region(s) in Figure 24.31 are you likely to find

 a. stable nuclei?

 b. nuclei that undergo alpha decay?

 c. nuclei that undergo beta decay?

 d. nuclei that undergo positron emission?

 49. Carbon-14 Dating Carbon-14 dating makes use of a 

specific ratio of two different radioisotopes. Define the 

ratio used in carbon-14 dating. Why is this ratio con-

stant in living organisms?

Mastering Problems 
 50. Calculate the neutron-to-proton ratio for each atom.

 a. tin-134 c.  carbon-12

 b. silver-107 d. carbon-14

 51. Complete the following equations.

 a. 83
214 Bi → 2

4   He + ? b. 93
239 Np → 94

239 Pu + ?

 52. Write a balanced nuclear equation for the alpha decay of 

americium-241.

 53. Write  a balanced nuclear equation for the beta decay of 

cesium-137.

 54. Bone Formation The electron capture of strontium-85 

can be used by physicians to study bone formation. 

Write a balanced nuclear equation for this reaction.
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 55. Nuclear mishap The half-life of tritium (     1    3   H) is 12.3 y. 

If 48.0 mg of tritium is released from a nuclear power 

plant during the course of a mishap, what mass of the 

nuclide will remain after 49.2 y? After 98.4 y?

 56. Static Charge Static charge can interfere with the pro-

duction of plastic products by attracting dust and dirt. 

To reduce it, manufacturers expose the area to poloni-

um-210, which has a half-life of 138 days. How much of 

a 25.0-g sample will remain after one year (365 days)?

 57. The half-life of polonium-218 is 3.0 min. If you start 

with 20.0 g, how long will it be before only 1.0 g 

remains?

 58. An unknown radioisotope exhibits 8540 decays per sec-

ond. After 350.0 min, the number of decays has 

decreased to 1250 per second. What is the half-life?

Section 24.3
Mastering Concepts

 59. Define transmutation. Are all nuclear reactions also 

transmutation reactions? Explain. 

 60. Relate binding energy per nucleon to mass number. 

 61. Referring to Figure 24.7, would you expect    20
    39   Ca to be 

radioactive? Explain. 

 62. What is a chain reaction? Give an example of a nuclear 

chain reaction. 

 63. Explain the purpose of control rods in a nuclear reactor. 

 64. Why is the fuel of a nuclear reactor enriched?

Neutron

Nucleus

■ Figure 24.32

 65. Describe what is meant by the terms critical mass, 

subcritical mass, and supercritical mass. Which is 

shown in Figure 24.32? How can you tell?

 66. Explain how it is possible that fission, the splitting of 

nuclei, and fusion, the combining of nuclei, both release 

tremendous amounts of energy.

 67. Describe the current limitations of fusion as a power 

source.

 68. Why does nuclear fusion require so much heat? How is 

heat contained within a tokamak reactor?

Mastering Problems 
 69. Smoke Detectors Americium-241, a radioisotope used 

in smoke detectors, is produced by bombarding plutoni-

um-238 with neutrons to produce plutonium-240, which 

is bombarded with neutrons to produce plutonium-241. 

The plutonium-241 decays to americium-241. Write the 

balanced nuclear equations for each reaction.

 70. Exit signs Exit signs are coated with a paint containing 

phosphors. These phosphors are activated by the radio-

isotope tritium ( 1
3 H), produced by bombarding lithium-6 

with neutrons to produce lithium-7. The lithium-7 then 

undergoes alpha decay to produce the tritium. Write 

balanced nuclear equations for both steps.

 71. Control Rods Bombarding uranium-235 with neutrons 

produces samarium-149, which is used in nuclear reac-

tor control rods. What other element is produced?

 72.  The Sun 1
1 H + 1

2 H → 2
3 He + γ is one of the fusion 

reactions in the Sun. The mass of  1
1 H is 1.007825 amu, 

the mass of  1
2 H is 2.014102 amu, and the mass of  2

3 He is 

3.016029 amu.

 a. What is the mass deffect of 2
3He?

 b. What energy is released by the process?

Section 24.4
Mastering Concepts

 73. What property of isotopes allows radiotracers to be 

useful in studying chemical reactions? 

 74. Which unit of radiation dose, rem or rad, is most useful 

for describing the effect of radiation on living tissue? 

 75. PET scans In PET scans, the radiotracer emits posi-

trons, which travel a few millimeters before interacting 

with electrons. How can the original radiotracer be 

detected?
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■ Figure 24.33

 76. Figure 24.33 shows a simplified graph of radiation 

intensity versus distance from the source. Explain this 

graph and what itimplies about a method of reducing 

the effects of radiation exposure. 
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Mastering Problems 

Source

2.5 m

a

b

■ Figure 24.34

 77. Figure 24.34 shows the position of two workers near a 

radioactive gamma source. The worker at Position A is 

standing 2.5 m from the source and receives an exposure 

of 0.98 mrem/s·   m  2   . The worker at Position B receives 

an exposure of 0.50 mrem/s·   m  2 . What is the distance 

of the worker at Position B from the source? 

 78. A worker stands near a machine that uses a cobalt-60 

gamma source to sterilize medical equipment. The 

worker’s dose 2.0 m from the source is 0.85 mrem/s·   m  2 . 

What is the worker’s dose at a distance of 3.5 m?

 79. Safe Exposure The intensity of a radioactive source is 

1.15 mrem/s· m  2  at a distance of 0.50 m. What is the 

minimum distance a person could be from the source to 

have a maximum exposure of 0.65 mrem/s· m  2  ?

Mixed Review
 80. Technetium-104 has a half-life of 18.0 min. How much of 

a 165.0 g sample remains after 90.0 minutes have passed?

 81. A bromine-80 nucleus can decay by gamma emission, 

positron emission, or electron capture. What is the 

product nucleus in each case?

 82. The half-life of plutonium-239 is 24,000 y. How much 

nuclear waste generated today will remain in 1000 years?

 83. Red blood cells A medical researcher is using a chro-

mium-51 source to study red blood cells. The gamma-

emission intensity at a distance of 1.0 m is 0.75 mrem/s· m  2 . 

At what distance would the intensity drop to 0.15 mrem/

s· m  2 ?

 84. The binding energy per nucleon reaches a maximum 

around what mass number? Explain how this number is 

related to the fission and fusion processes.

 85. You have an alpha source, a beta source, and a gamma 

source. Design a plan to use a Geiger counter, paper, and 

foil to determine the identity of each source.

 86. What is the half-life of radon-222 if a sample initially 

contains 150 mg and only 18.7 mg after 11.4 days?

 87. Sheet metal A company plans to monitor the thickness 

of sheet metal during production. What would you rec-

ommend the company do to determine a safe distance 

for workers from the gamma source?
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■ Figure 24.35

 88. Figure 24.35 shows part of the decay series of a radio-

isotope. For each segment on the graph, tell whether 

alpha decay or beta decay occurs, and identify the 

change in atomic number and mass number.

Think Critically

 89. Make and Use Graphs  Thorium-231 decays to lead-

207 by emitting the following particles in successive 

steps: β, α, α, β, α, α, α, β, β, α. Plot each step of the 

decay series on a graph of mass number versus atomic 

number. Label each plotted point with the symbol of the 

radioisotope. 

 90. Apply Chemical treatment is often used to destroy 

harmful chemicals. For example, bases neutralize acids. 

Why can’t chemical treatment be applied to destroy the 

fission products produced in a nuclear reactor?

 91. Compare A biological concern about working around 

some radioactive materials is the radioactive dust a per-

son might inhale. Compare the effect of alpha radiation 

outside the body and inside the body.

 92. Interpret Small radioactive sources are often used for 

laboratory experiments. The radioactive substance is 

enclosed in a metal container with a small window. A 

gamma source might be covered with a stainless steel 

window. What would you expect the window of an alpha 

source to be like? Why? 

 93. Analyze Some radioisotopes used for medical imaging 

have half-lives as short as several hours. Why is a short 

half-life beneficial? Why is it a problem?

 94. Infer The production of electricity at nuclear fission 

reactor facilities is controversial. Think about the bene-

fits and dangers of this technology. Explain your opinion 

about whether nuclear reactors should be used.
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Challenge ProblemChallenge Problem
 95. Use the information in Table 24.8 to calculate the mass 

defect and binding energy of deuterium (     1    2   H), a hydro-

gen isotope involved in fusion reactions in the Sun.

  

Table 24.8 Mass of Particles

Particle Mass (amu)

Hydrogen 1.007941

Deuterium 2.014102

Neutron 1.008665

 a. Find the mass of the nucleons.

 b. Find the mass defect by subtracting the mass of the 

nucleons from the mass of the deuterium.

 c. Find the binding energy using the conversion 

1 amu = 931.49 MeV.

Cumulative Review
 96. Identify each property as chemical or physical. 

(Chapter 3)

 a. The element mercury has a high density.

 b. Solid carbon dioxide sublimes at room temperature.

 c. Zinc oxidizes when exposed to air.

 d. Sucrose is a white crystalline solid.

 97. Why does the second period of the periodic table 

contain eight elements? (Chapter 6)

 98. Draw each molecule and show the locations of hydrogen 

bonds between the molecules. (Chapter 8)

 a. two water molecules

 b. two ammonia molecules

 c. one water molecule and one ammonia molecule

 99. What process takes place in each situation? (Chapter 12)

 a. a solid air-freshener cube getting smaller and smaller

 b. dewdrops forming on leaves in the morning

 c. steam rising from a hot spring

 d. a crust of ice forming on top of a pond

 100. If the volume of a sample of chlorine gas is 4.5 L at 0.65 atm 

and 321 K, what volume will the gas occupy at STP? 

(Chapter 13)

 101. The temperature of 756 g of water in a calorimeter 

increases from 23.2°C to 37.6°C. How much heat was 

given off by the reaction in the calorimeter? 

(Chapter 15)

 102. Explain what a buffer is and why buffers are found in 

body fluids. (Chapter 18)

 103. Explain how the structure of benzene can be used to 

explain its unusually high stability compared to other 

unsaturated cyclic hydrocarbons. (Chapter 21)

Chemistry

 104. Marie Curie and Irene Curie Joliot Research and 

report on the lives of Marie Curie and her daughter, 

Irene Curie Joliot. What kind of scientific training did 

each receive? What was it like to be a female chemist 

in their time? What discoveries did each make?

 105. Nuclear Waste Evaluate environmental issues 

associated with nuclear wastes. Research the Yucca 

Mountain nuclear waste disposal plan, the Hanford 

nuclear site, or a local nuclear facility. Prepare a 

poster or multimedia presentation on your findings.

 106. Radioactive Sources Students in your school might 

not realize how beneficial radioactive sources can be. 

Create a poster showing some common, beneficial 

uses of radioactive sources. Be sure to point out safe-

guards that are taken to ensure the sources are safe.

Document-Based Questions
Half-Lives The National Institute of Standards and 

Technology (NIST) maintains a database of radionuclide 

half-lives. In 1992, researchers at NIST measured the half-

lives shown in Table 24.9.

Data obtained from: Unterweger, M.P., Hoppes, D.D., and Schima, F.J. 1992. 
New and revised half-life measurements results, Nucl. Instrum. Meth. Phys. Res. 
A312:349-352.

Table 24.9 Half-Lives

Radionuclide Half-life

Fluorine-18     1.82951 h

Molybdenum-99 65.9239 h

Samarium-153 46.2853 h

 107. Fluorine-18 is used in medical imaging. If a lab has 

a sample containing 15 g of fluorine-18, how much 

fluorine-18 will remain in the sample after 8.0 h?

 108. Technetium-99 can be used for diagnostic tests of the 

heart and lungs. Because of technetium-99’s very 

short half-life, medical facilities produce it from 

molybdenum-99. If the facility has a 25-g sample of 

molybdenum-99, how much will it have one week 

(168 h) later?

 109. Samarium-153 is used in the production of a drug 

to treat pain from bone tumors. Radiation released 

by the samarium hinders the tumor growth, thereby 

reducing pain. How much of a 1.0 g sample of 

samarium-153 is left after 4 days (96 h)?
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 1. Geologists use the decay of potassium-40 in volcanic 

rocks to determine their ages. Potassium-40 has a 

half-life of 1.26 × 1   0  9    years, so it can be used to date 

very old rocks. If a sample of rock 3.15 × 1   0  8    years 

old contains 2.73 × 1   0  -7    g of potassium-40 today, 

how much potassium-40 was originally present in 

the rock?

A. 1.71 × 1   0  -8    g C. 3.25 × 1   0  -7    g

B. 2.30 × 1   0  -7    g  D. 4.37 × 1   0  -6    g

 2. In the early 1930s, van de Graaf generators were used 

to generate neutrons by bombarding stable beryllium 

atoms with deuterons (     1    2   H), the nuclei of deuterium 

atoms. A neutron is released in the reaction. Which 

is the balanced nuclear equation describing this 

induced transmutation?

A.      4    9   Be +      1  2 H →      5
    10
  B + n

B.      4    6   Be +      1    2   H →      5    8   B + n

C.      4  9 Be →    5
  10
  B +      1  2 H+ n

D.      4  9 Be +    1  2 H →    5
  11
   + n

Use the figure below to answer question 3.

A+B

C

Reaction coordinate

Po
te

nt
ia

l e
ne

rg
y 

(k
J)

Energy Diagram for the Reaction 
of Compounds A and B

 3. Which is NOT a correct description of this reaction?

A. This is a synthesis reaction.

B. This reaction releases energy.

C. This reaction is endothermic.

D. This reaction will occur spontaneously.

 4. Which statement is NOT true of alpha particles? 

A. They carry a charge of 2+.

B. They are represented by the symbol    2    4   He.

C. They are more penetrating than β particles.

D. They have the same composition as helium 

nuclei.

Use the graph below to answer questions 5 and 6.
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 5. Why will calcium-35 undergo positron emission?

A. It lies above the line of stability.

B. It lies below the line of stability.

C. It has a high neutron-to-proton ratio.

D. It has an overabundance of neutrons.

 6. Based on its position relative to the band of stability, 

which process will      30
    70   Zn undergo?

A. beta decay

B. electron capture

C. nuclear fusion

D. positron emission nuclear fusion

 7. A solution of 0.600M HCl is used to titrate 15.00 mL 

of KOH solution. The end point of the titration is 

reached after the addition of 27.13 mL of HCl. 

What is the concentration of the KOH solution?

A. 9.00M C. 0.332M

B. 1.09M D. 0.0163M
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Use the figure below to answer questions 8 to10.

e- flow

Zinc

Copper

 8. Identify the anode and cathode of this apparatus.

 9. Write the oxidation half-reaction.

 10. Explain the function of the salt bridge in this 

apparatus.

 11. Predict the products of this reaction.

  Al(N   O  3    )  3    + CaS   O  4    →

Extended Response

Use the figure below to answer Questions 12 and 13.

+

H3O
+ F-HF H2O

⇌ +

+ -

 12. Identify the acid and the base for the forward 

reaction. Explain how you can tell.

 13. Explain how you can identify the conjugate acid 

and conjugate base for the forward reaction. 

What are they?

  Use the figure below to answer Questions 14 and 15.

Change in Temperature
During Cooling

A
B C

D E

F

Time

Te
m
pe

ra
tu
re

 14. During which segments are particles changing 

states of matter?

A. AB, CD, EF D. BC, EF

B. AB, EF E. BC, DE

C. BC, CD, DE

 15. During which segments are particles losing 

kinetic energy?

A. BC, DE D. BC, DE, EF

B. AB, DE E. AB, CD, DE

C. AB, CD, EF

 16. In the first steps of its radioactive decay series, tho-

rium-232 decays to radium-228, which then decays 

to actinium-228. What are the balanced nuclear 

equations describing these first two decay steps?

A.  
90

   232Th→  
88

   228Ra + e–,     88
   228Ra→  

89
 228Ac + e+

B.      90
  232
  Th →    88

  228
  Ra +    2    4   He ,    88

  228
  Ra →    89

  228
  Ac + e–

C.  
90

 232Th→  
88

 228Ra + e+,    88
 228Ra→  

89
 228Ac + e–

D.      90
  232
  Th →    88

  228
  Ra +    2  4 He ,    88

  228
  Ra + e– →    89

  228
  Ac

E.  
90

 232Th + e–
→  

88
 228Ra,  

88
 228Ra→  

89
 228Ac + e–

NEED EXTRA HELP?

If You Missed 
Question . . . 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Review Section . . . 24.2 24.3 15.5 24.1 24.2 24.2 18.4 20.1 20.1 20.1 9.2 18.1 18.1 12.4 12.4 24.2
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