
Nuclear Chemistry
Unit 13



Unit Objectives - Nuclear Chemistry

•Review & Atomic Nuclei 

•Rutherford’s Gold Foil Experiment - Nucleons 
•Nuclide Representation 

•Nuclear Change 

•Radioactive Decay 
•Natural/Artificial Transmutation 
•Nuclear Fission & Fusion 
•Half-Life 
•Nuclear Energy & Waste 

•Uses of Nuclear Chemistry 

•Medical, Dating, Power 

•Radioactive Decay Activity



Topic 1 – Review & Atomic Nuclei

Rutherford’s Gold Foil Experiment 

•  What do you remember about Rutherford's experiments? 
•Observations 

•Conclusions



Topic 2 - Risks/Benefits
Concerned with chemistry taking place in the nuclei of atoms (stability)



Nuclide Representation
• Nuclei can be represented in two ways:

70 neutrons 
52 protons

72 neutrons 
52 protons

76 neutrons 
52 protons

1. The symbol (X) is shown with two numbers on the top and bottom left of it. 
A = Mass number (total # of protons and neutrons) 
Z = Atomic number (# of protons)

642 Chapter 18

KEY TERMS

• nucleons

• nuclide

• strong force

• mass defect

A

ZX
Mass number

Atomic number

Figure 1
In this figure, X represents
the element, Z represents
the atom’s atomic number,
and A represents the 
element’s mass number.

Topic LinkTopic Link
Refer to the “Atoms and Moles”

chapter for a discussion of
Rutherford’s experiment.

OBJECTIVES

Describe how the strong force attracts nucleons.

Relate binding energy and mass defect.

Predict the stability of a nucleus by considering factors such as nuclear
size, binding energy, and the ratio of neutrons to protons in the nucleus.

Nuclear Forces
In 1911, Ernest Rutherford’s famous gold-foil experiment determined the
distribution of charge and mass in an atom. Rutherford’s results showed
that all of an atom’s positive charge and almost all of its mass are con-
tained in an extremely small nucleus.

Other scientists later determined more details about the nuclei of
atoms. Atomic nuclei are composed of protons. The nuclei of all atoms
except hydrogen also are composed of neutrons. The number of protons
is the atomic number, Z, and the total number of protons and neutrons is
the mass number, A.The general symbol for the nucleus of an atom of ele-
ment X is shown in Figure 1.

The protons and neutrons of a nucleus are called A 
is a general term applied to a specific nucleus with a given number of pro-
tons and neutrons. Nuclides can be represented in two ways. One way,
shown in Figure 1, shows an element’s symbol with its atomic number and
mass number. A second way is to represent the nuclide by writing the 
element’s name followed by its mass number, such as radium-228 or 
einsteinium-253. It is not essential to include the atomic number when
showing a nuclide because all nuclides of an element have the same
atomic number.

Recall that isotopes are atoms that have the same atomic number but
different mass numbers. So, isotopes are nuclides that have the same num-
ber of protons but different numbers of neutrons. The following symbols
represent nuclei of isotopes of tellurium.

122
52Te 124

52Te 128
52Te

These three isotopes of tellurium are stable. So, their nuclei do not break
down spontaneously. Yet, each of these nuclei are composed of 52 pro-
tons. How can these positive charges exist so close together? Protons 
repel each other because of their like charges. So, why don’t nuclei fall
apart? There must be some attraction in the nucleus that is stronger than
the repulsion due to the positive charges on protons.

nuclidenucleons.

1

2

3

Atomic Nuclei 
and Nuclear Stability1

S E C T I O N

nucleon

a proton or a neutron

nuclide

an atom that is identified by the
number of protons and neutrons
in its nucleus
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2. The element name is given followed by the 
Mass Number 

Radium-228 or Ra-228



Nuclear Stability
• Nuclei that have mass numbers  >209 and atomic numbers > 83 are never 

stable.



Topic 3 – Nuclear Change & Decay

Radioactive Decay - Only a few types of nuclear changes occur.

Name General Examples
Formula Name Structural Formula

alkanes CnH2n+2 ethane

alkenes CnH2n ethene

alkynes CnH2n–2 ethyne

6 Reference Tables for Physical Setting/CHEMISTRY

Table O
Symbols Used in Nuclear Chemistry

Table P
Organic Prefixes

Table Q
Homologous Series of Hydrocarbons

Name Notation Symbol

alpha particle 4
2He  or  42! !

beta particle (electron) 0
–1e  or  0–1" "–

gamma radiation 0
0# #

neutron 1
0n n

proton 1
1H  or  11p p

positron 0
+1e  or  0+1" "+

Prefix Number of 
Carbon Atoms

meth- 1
eth- 2

prop- 3
but- 4
pent- 5
hex- 6
hept- 7
oct- 8
non- 9
dec- 10

H

H H

H

H H

C C

C C HH

H

C C
HH

H

n = number of carbon atoms

• Radioactivity - emission of particles and energy (electromagnetic) to make a more stable nucleus. 

• Changing MASS into ENERGY!! (And lots of it)



Beta Decay Converting Neutrons into Protons

If an isotope has too many neutrons, the nucleus will decay and emit a high-
energy electron, called a beta particle.

Stabilizing Nuclei by Converting Neutrons into Protons
Recall that the stability of a nucleus depends on the ratio of neutrons
to protons, or the N/Z number. If a particular isotope has a large N/Z
number or too many neutrons, the nucleus will decay and emit radiation.

A neutron in an unstable nucleus may emit a high-energy electron,
called a (! particle), and change to a proton. This process is
called beta decay. This process often occurs in unstable nuclei that have
large N/Z numbers.

1
0n +1

1p + −1
0e

Because this process changes a neutron into a proton, the atomic
number of the nucleus increases by one, as you can see in Figure 7. As a
result of beta decay, carbon becomes a different element, nitrogen.
However, the mass number does not change because the total number of
nucleons does not change as shown by the following equation.

6
14C → 7

14N + −1
0e

Stabilizing Nuclei by Converting Protons into Neutrons
One way that a nucleus that has too many protons can become more sta-
ble is by a process called electron capture. In this process, the nucleus
merely absorbs one of the atom’s electrons, usually from the 1s orbital.
This process changes a proton into a neutron and decreases the atomic
number by one. The mass number stays the same.

+1
1p + −1

0e 1
0n

A typical nucleus that decays by this process is chromium-51.

51
24Cr + −1

0e 51
23V + "

The final symbol in the equation, ", indicates the release of
Many nuclear changes leave a nucleus in an energetic or excited state.
When the nucleus stabilizes, it releases energy in the form of gamma
rays. Figure 8 shows a thunderstorm during which gamma rays may also
be produced.

gamma rays.

electron capture→

electron capture→

beta decay→

beta particle

Nuclear Chemistry 649

14
6 C                      14

7 N beta particle    + 0
−1e

beta decay
+

–

→

beta particle

a charged electron emitted 
during a certain type of 
radioactive decay, such as 
beta decay

Figure 7 
When the unstable 
carbon-14 nucleus emits
a beta particle, the
carbon-14 nucleus
changes into a 
nitrogen-14 nucleus.

Figure 8
Thunderstorms may produce
terrestrial gamma-ray
flashes (TGFs).

gamma ray

the high-energy photon emitted
by a nucleus during fisson and
radioactive decay
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Changes a neutron into a proton = atomic number increases by one.
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Electron Capture - Gamma Radiation

• If a nucleus has too many protons, it may capture an electron from the atom. 

• Decreases the atomic number by one. The mass number stays the same.

ϒ = gamma rays

When the nucleus stabilizes, it releases energy in the form of gamma rays.
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+ 

Converting Protons into Neutrons

ϒ



Positron Emission
Some nuclei that have too many protons an become stable by emitting 
positrons = the antiparticles of electrons.

650 Chapter 18

Gamma Rays Are Also Emitted in Positron Emission
Some nuclei that have too many protons can become stable by emitting
positrons, which are the antiparticles of electrons.The process is similar to
electron capture in that a proton is changed into a neutron. However, in
positron emission, a proton emits a positron.

+1
1p 1

0n + +1
0e

Notice that when a proton changes into a neutron by emitting a positron,
the mass number stays the same, but the atomic number decreases by one.
The isotope chromium-49 decays by this process, as shown by the model
in Figure 9.

49
24Cr → 49

23V + +1
0e

Another example of an unstable nucleus that emits a positron is potas-
sium-38, which changes into argon-38.

38
19K → 38

18Ar + +1
0e

The positron is the opposite of an electron. Unlike a beta particle, a
positron seldom makes it into the surroundings. Instead, the positron usu-
ally collides with an electron, its antiparticle. Any time a particle collides
with its antiparticle, all of the masses of the two particles are converted
entirely into electromagnetic energy or gamma rays. This process is called
annihilation of matter, which is illustrated in Figure 9.

−1
0e + +1

0e 2!

The gamma rays from electron-positron annihilation have a characteristic
wavelength; therefore, these rays can be used to identify nuclei that decay
by positron emission. Such gamma rays have been detected coming from
the center of the Milky Way galaxy.

annihilation→

positron emission→

Figure 9 
Nuclei can release positrons
to form new nuclei. Matter is
then converted into energy
when positrons and electrons
collide and are converted
into gamma rays.

Topic LinkTopic Link
Refer to the “Atoms and Moles”

chapter for a discussion of
electromagnetic waves.

electron

2

energy in
the form of
gamma rays

+

+

positron
0

+1e 0
−1e

positron
0

+1e49
24Cr 49

23 V

!

+

+

→

→
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Alpha Particle Emission

• Unstable nuclei can decay by emitting an alpha (α) particle

648 Chapter 18

KEY TERMS

• radioactivity

• beta particle

• gamma ray

• nuclear fission

• chain reaction

• critical mass

• nuclear fusion

OBJECTIVES

Predict the particles and electromagnetic waves produced by 
different types of radioactive decay, and write equations for 
nuclear decays.

Identify examples of nuclear fission, and describe potential benefits
and hazards of its use.

Describe nuclear fusion and its potential as an energy source.

Radioactive Decay
Nuclear changes can be easier to understand than chemical changes
because only a few types of nuclear changes occur. One type is the spon-
taneous change of an unstable nucleus to form a more stable one. This
change involves the release of particles, electromagnetic waves, or both
and is generally called or radioactive decay. Specifically,
radioactivity is the spontaneous breakdown of unstable nuclei to produce
particles or energy. Table 1 summarizes the properties of both the particles
and the energy released by radioactive decay.

radioactivity

1

2

3

Nuclear Change2
S E C T I O N

Particle Mass (amu) Charge Symbol Stopped by

Proton 1.007 276 47 +1 p, p+, +
1
1p, 1

1H a few sheets 
of paper

Neutron 1.008 664 90 0 n, n0, 0
1n a few centi-

meters of lead

! particle 0.000 548 580 −1 !, !−, −1
0e* a few sheets of

(electron) aluminum foil

Positron† 0.000 548 580 +1 !+, +1
0e* same as electron

" particle 4.001 474 92 +2 ", "2+, 2
4He skin or one 

(He-4 nucleus) sheet of paper

Gamma ray 0 0 # several centi-
meters of lead

*The superscript zero in the symbols for electron and positron does not mean
that they have zero mass. It means their mass number is zero.

†The positron is the antiparticle of the electron. Each particle has an antiparticle,
but only the positron is frequently involved in nuclear changes.

radioactivity

the process by which an unstable
nucleus emits one or more parti-
cles or energy in the form of
electromagnetic radiation

www.scilinks.org
Topic: Radioactive Emissions
SciLinks code: HW4107

www.scilinks.org
Topic: Radioactive Decay
SciLinks code: HW4106

Table 1 Characteristics of Nuclear Particles and Rays
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• Atomic number decreases by two and mass number decreases by 4.

Atomic number

M
as

s 
nu

m
be

r

242

238

234

230

226

222

218

214

210

206

202
80 81 82 83 84 85 86 87 88 89 90 91 92 93

 s  =  seconds
 min  =  minutes
 d  =  days
 y  =  years
  =  alpha decay
  =  beta decay

206
81 Tl

4.2 min

210
81 Tl

1.3 min

234
90 Th

24.1 d

234
91Pa

1.2 min

226
88Ra

1599 y

230
90 Th

7.5 X 104 y

234
92U

2.5 X 105 y

222
86Rn
3.8 d

210
84Po

138.4 d

206
82Pb

stable

210
83Bi

5.01 d

214
82Pb

27. min

214
83Bi

19.9 min

218
85 At
1.6 s

218
84 Po

3.0 min

214
84Po

163.7 µs

210
82Pb

22.6 y

238
92U

4.5 X 109 y

Uranium-238 Decay Series

Stabilizing Nuclei by Losing Alpha Particles
An unstable nucleus that has an N/Z number that is much larger than 1
can decay by emitting an alpha particle. In addition, none of the elements
that have atomic numbers greater than 83 and mass numbers greater than
209 have stable isotopes. So, many of these unstable isotopes decay by
emitting alpha particles, as well as by electron capture or beta decay.
Uranium-238 is one example.

92
238U 90

234Th + 42He

Notice that the atomic number in the equation decreases by two while the
mass number decreases by four. Alpha particles have very low penetrat-
ing ability because they are large and soon collide with other matter.
Exposure to external sources of alpha radiation is usually harmless.
However, if substances that undergo alpha decay are ingested or inhaled,
the radiation can be quite damaging to the body’s internal organs.

Many heavy nuclei go through a series of reactions called a decay
series before they reach a stable state.The decay series for uranium-238  is
shown in Figure 10. After the 92

238U nucleus decays to 90
234Th, the nucleus is

still unstable because it has a large N/Z number. This nucleus undergoes
beta decay to produce 91

234Pa. By another beta decay, 91
234Pa changes 

to 92
234U. After a number of other decays (taking millions of years), the

nucleus finally becomes a stable isotope, 82
206Pb.

alpha decay→

Nuclear Chemistry 651

Topic LinkTopic Link
Refer to the “Atoms and

Moles” chapter for a
discussion of alpha particles.

Figure 10 
Uranium-238 decays to 
lead-206 through a decay
series.
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• Many heavy metals (like Uranium-238) go through a series of reactions called a decay series.



Decay Series
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still unstable because it has a large N/Z number. This nucleus undergoes
beta decay to produce 91

234Pa. By another beta decay, 91
234Pa changes 

to 92
234U. After a number of other decays (taking millions of years), the

nucleus finally becomes a stable isotope, 82
206Pb.

alpha decay→

Nuclear Chemistry 651

Topic LinkTopic Link
Refer to the “Atoms and

Moles” chapter for a
discussion of alpha particles.

Figure 10 
Uranium-238 decays to 
lead-206 through a decay
series.
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Stability Curve

• A neutron:proton ratio 
between 1.5 and 1.0 
exists for stable nuclei. 

• Decay will occur in such 
a way as to return a 
nucleus to the band 
(line) of stability. 

• If Z > 83, the nuclide is 
radioactive.



Section Review

PART A
For each item, write on a separate piece of paper the number of the word, expression, or
statement that best answers the item.

1. In Rutherford’s gold foil experiment some
of the positively charged alpha particles
were deflected back from the gold foil. As a
result of this experiment, he concluded that
the nucleus of an atom occupied a 
(1) large part of an atom and had a positive

charge.
(2) small part of an atom and had a positive

charge.
(3) large part of an atom and had a negative

charge.
(4) small part of an atom and had a negative

charge.

2. Which particles are classified as nucleons? 
(1) protons and electrons
(2) neutrons and electrons
(3) protons and neutrons
(4) protons, neutrons, and electrons

3. Which symbol represents a nuclide with 16
protons and 18 neutrons?

(1) 34
16Se (3) 34

16S

(2) 16
18Se (4) 18

16S 

4. Protons and neutrons are made up of 
(1) electrons. (3) nucleons.
(2) positrons. (4) quarks.

5. Samples of elements that are radioactive
must contain atoms with
(1) stable nuclei.
(2) unstable nuclei.
(3) an even number of nucleons per nucleus.
(4) an even mass number.

6. Which ratio is used to predict the stability 
of an isotope? 
(1) protons to electrons
(2) neutrons to protons
(3) neutrons to electrons
(4) neutrons to nucleons

7. What is the neutron to proton ratio for 
an atom of lead-205?
(1) 1:2
(2) 2:1
(3) 1:1.5
(4) 1.5:1

8. In small, stable atoms the nucleus usually
contains
(1) neutrons to protons in a 1 to 1 ratio.
(2) protons to neutrons in a 1.5 to 1 ratio.
(3) neutrons to protons in a 1.5 to 1 ratio.
(4) neutrons to protons in a greater than 1.5

to 1 ratio.

9. Which combination of proton number and
neutron number yields a nucleus that is least
stable?
(1) even/even
(2) even/odd
(3) odd/even
(4) odd/odd

Keeping a positive attitude during any test will
help you focus on the test and likely improve
your score.
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17. Which describes a positron? 
(1) same mass and charge as an electron
(2) mass of a proton and a +1 charge
(3) mass of an electron and a +1 charge
(4) heaviest subatomic particle

18. Which isotope is most likely to be used as a
fuel for a fission reaction?
(1) oxygen-18
(2) hydrogen-3
(3) calcium-41
(4) uranium-235

19. What is the major obstacle to fusing two
nuclei to form a single nucleus?
(1) small size of the nuclei
(2) small mass of the nuclei
(3) repulsion of the nuclei
(4) number of neutrons in the nuclei

20. What are two properties that a radioactive
isotope that is used in medical diagnoses
must have?
(1) short half-life and be quickly eliminated

from the body.
(2) long half-life and be quickly eliminated

from the body.
(3) short half-life and be slowly eliminated

from the body.
(4) long half-life and be slowly eliminated

from the body.

21. An artifact has one-sixteenth of the ratio of
carbon-14 to carbon-12 that is found in a
modern-day object. How many half-lives
have elapsed?
(1) one
(2) two
(3) three
(4) four

22. Every radioactive isotope
(1) emits an alpha particle.
(2) has a characteristic half-life.
(3) has the same atomic mass.
(4) has an atomic number greater than 92.

10. A nucleus of helium-4 weighs 0.0304 amu
less than the sum of the masses of its pro-
tons and neutrons. This mass defect can best
be explained by
(1) the conversion of mass to nuclear bind-

ing energy.
(2) a contradiction to the law of conserva-

tion of mass.
(3) miscalculation of the mass of a proton.
(4) miscalculation of the mass of a neutron.

11. Which Group 16 element has no stable 
isotope?
(1) O (3) Te
(2) S (4) Po

12. Which radioactive emission has a charge of
+2 and a mass of 4 amu?
(1) alpha particle (3) positron
(2) beta particle (4) gamma ray

13. Which radioactive emission is deflected
toward the negative electrode in a magnetic
field?
(1) positron
(2) beta particle
(3) electron
(4) gamma ray

14. The changing of a nucleus by bombardment
with high energy particles is a(n)
(1) artificial transmutation.
(2) natural radioactive decay.
(3) decomposition reaction.
(4) example of an alpha emission.

15. Which radioactive emission has the same
mass and charge as an electron?
(1) positron 
(2) beta particle
(3) alpha particle
(4) gamma ray

16. The energy released during a fission reac-
tion is the result of the conversion of
(1) protons into alpha particles.
(2) neutrons into nucleons.
(3) energy into mass.
(4) mass into energy.
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30. Identify a product of the radioactive decay
of cesium-137.
(1) positron
(2) cesium-136
(3) beta particle
(4) alpha particle

31. Examine the following nuclear equation.

53
131I → 54

131Xe + A 

What particle is represented by A?
(1) proton (3) alpha particle 
(2) neutron (4) beta particle

32. What does X represent in the following
nuclear equation?

X → 198
80Hg +  −1

0e

(1) 198
81Tl (3) 198

79Hg

(2) 198
79Au (4) 198

81Hg

33. Which equation represents alpha decay?

(1) 2
1H + 21H → 4

2He + energy

(2) 3
1H → 3

2He + −1
0e

(3) 226
88Ra → 222

86Rn + 42He

(4) 14
7N + 42He → 16

8O + +1
0n

34. What does X represent in the following
nuclear equation?

X → 222
86Rn + 42He

(1) 226
88Rn (3) 222

88Ra

(2) 218
84Po (4) 222

86Rn

35. What type of nuclear reaction is repre-
sented by the following equation?

235
92U + 1

0n → 139
56Ba + 94

36Kr + 31
0n + energy

(1) nuclear fusion
(2) natural radioactive decay
(3) decomposition
(4) nuclear fission

23. The nucleus of the nuclide protactinium-231
contains
(1) 91 protons and 140 neutrons.
(2) 91 protons and 140 electrons.
(3) 91 neutrons and 140 protons.
(4) 91 neutrons and 140 electrons.

24. How many nucleons are present in an atom
of thorium-232? 
(1) 323 (3) 232
(2) 90 (4) 142

25. Compared to a carbon-12 nucleus, a 
carbon-14 nucleus has two 
(1) fewer protons. (3) more neutrons.
(2) more protons. (4) fewer neutrons.

26. When an atom emits an alpha particle, its
mass number
(1) decreases by 2. (3) decreases by 4.
(2) increases by 2. (4) increases by 4.

27. Which radioactive isotope emits an alpha
particle?
(1) iron-53
(2) phosphorus-32
(3) technetium-99
(4) radium-226

28. A nuclei that has too many protons can
become more stable as a result of
(1) electron capture.
(2) nuclear fusion.
(3) beta decay.
(4) gamma release.

29. Examine the following nuclear equation.
14

6C → 14
7N + −1

0e

This radioactive decay is an example of
(1) positron emission.
(2) beta decay.
(3) electron capture.
(4) alpha decay.

Nuclear Chemistry 671

PART B–1
For each item, write on a separate piece of paper the number of the word, expression, or
statement that best answers the item.
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30. Identify a product of the radioactive decay
of cesium-137.
(1) positron
(2) cesium-136
(3) beta particle
(4) alpha particle

31. Examine the following nuclear equation.

53
131I → 54

131Xe + A 

What particle is represented by A?
(1) proton (3) alpha particle 
(2) neutron (4) beta particle

32. What does X represent in the following
nuclear equation?

X → 198
80Hg +  −1

0e

(1) 198
81Tl (3) 198

79Hg

(2) 198
79Au (4) 198

81Hg

33. Which equation represents alpha decay?

(1) 2
1H + 21H → 4

2He + energy

(2) 3
1H → 3

2He + −1
0e

(3) 226
88Ra → 222

86Rn + 42He

(4) 14
7N + 42He → 16

8O + +1
0n

34. What does X represent in the following
nuclear equation?

X → 222
86Rn + 42He

(1) 226
88Rn (3) 222

88Ra

(2) 218
84Po (4) 222

86Rn

35. What type of nuclear reaction is repre-
sented by the following equation?

235
92U + 1

0n → 139
56Ba + 94

36Kr + 31
0n + energy

(1) nuclear fusion
(2) natural radioactive decay
(3) decomposition
(4) nuclear fission

23. The nucleus of the nuclide protactinium-231
contains
(1) 91 protons and 140 neutrons.
(2) 91 protons and 140 electrons.
(3) 91 neutrons and 140 protons.
(4) 91 neutrons and 140 electrons.

24. How many nucleons are present in an atom
of thorium-232? 
(1) 323 (3) 232
(2) 90 (4) 142

25. Compared to a carbon-12 nucleus, a 
carbon-14 nucleus has two 
(1) fewer protons. (3) more neutrons.
(2) more protons. (4) fewer neutrons.

26. When an atom emits an alpha particle, its
mass number
(1) decreases by 2. (3) decreases by 4.
(2) increases by 2. (4) increases by 4.

27. Which radioactive isotope emits an alpha
particle?
(1) iron-53
(2) phosphorus-32
(3) technetium-99
(4) radium-226

28. A nuclei that has too many protons can
become more stable as a result of
(1) electron capture.
(2) nuclear fusion.
(3) beta decay.
(4) gamma release.

29. Examine the following nuclear equation.
14

6C → 14
7N + −1

0e

This radioactive decay is an example of
(1) positron emission.
(2) beta decay.
(3) electron capture.
(4) alpha decay.
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PART B–1
For each item, write on a separate piece of paper the number of the word, expression, or
statement that best answers the item.
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17. Which describes a positron? 
(1) same mass and charge as an electron
(2) mass of a proton and a +1 charge
(3) mass of an electron and a +1 charge
(4) heaviest subatomic particle

18. Which isotope is most likely to be used as a
fuel for a fission reaction?
(1) oxygen-18
(2) hydrogen-3
(3) calcium-41
(4) uranium-235

19. What is the major obstacle to fusing two
nuclei to form a single nucleus?
(1) small size of the nuclei
(2) small mass of the nuclei
(3) repulsion of the nuclei
(4) number of neutrons in the nuclei

20. What are two properties that a radioactive
isotope that is used in medical diagnoses
must have?
(1) short half-life and be quickly eliminated

from the body.
(2) long half-life and be quickly eliminated

from the body.
(3) short half-life and be slowly eliminated

from the body.
(4) long half-life and be slowly eliminated

from the body.

21. An artifact has one-sixteenth of the ratio of
carbon-14 to carbon-12 that is found in a
modern-day object. How many half-lives
have elapsed?
(1) one
(2) two
(3) three
(4) four

22. Every radioactive isotope
(1) emits an alpha particle.
(2) has a characteristic half-life.
(3) has the same atomic mass.
(4) has an atomic number greater than 92.

10. A nucleus of helium-4 weighs 0.0304 amu
less than the sum of the masses of its pro-
tons and neutrons. This mass defect can best
be explained by
(1) the conversion of mass to nuclear bind-

ing energy.
(2) a contradiction to the law of conserva-

tion of mass.
(3) miscalculation of the mass of a proton.
(4) miscalculation of the mass of a neutron.

11. Which Group 16 element has no stable 
isotope?
(1) O (3) Te
(2) S (4) Po

12. Which radioactive emission has a charge of
+2 and a mass of 4 amu?
(1) alpha particle (3) positron
(2) beta particle (4) gamma ray

13. Which radioactive emission is deflected
toward the negative electrode in a magnetic
field?
(1) positron
(2) beta particle
(3) electron
(4) gamma ray

14. The changing of a nucleus by bombardment
with high energy particles is a(n)
(1) artificial transmutation.
(2) natural radioactive decay.
(3) decomposition reaction.
(4) example of an alpha emission.

15. Which radioactive emission has the same
mass and charge as an electron?
(1) positron 
(2) beta particle
(3) alpha particle
(4) gamma ray

16. The energy released during a fission reac-
tion is the result of the conversion of
(1) protons into alpha particles.
(2) neutrons into nucleons.
(3) energy into mass.
(4) mass into energy.
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Section Review
What kind of nuclear reaction is shown below?

(1) alpha-decay 
(2) beta-decay 
(3) positron emission 
(4) electron capture 

Stabilizing Nuclei by Converting Neutrons into Protons
Recall that the stability of a nucleus depends on the ratio of neutrons
to protons, or the N/Z number. If a particular isotope has a large N/Z
number or too many neutrons, the nucleus will decay and emit radiation.

A neutron in an unstable nucleus may emit a high-energy electron,
called a (! particle), and change to a proton. This process is
called beta decay. This process often occurs in unstable nuclei that have
large N/Z numbers.

1
0n +1

1p + −1
0e

Because this process changes a neutron into a proton, the atomic
number of the nucleus increases by one, as you can see in Figure 7. As a
result of beta decay, carbon becomes a different element, nitrogen.
However, the mass number does not change because the total number of
nucleons does not change as shown by the following equation.

6
14C → 7

14N + −1
0e

Stabilizing Nuclei by Converting Protons into Neutrons
One way that a nucleus that has too many protons can become more sta-
ble is by a process called electron capture. In this process, the nucleus
merely absorbs one of the atom’s electrons, usually from the 1s orbital.
This process changes a proton into a neutron and decreases the atomic
number by one. The mass number stays the same.

+1
1p + −1

0e 1
0n

A typical nucleus that decays by this process is chromium-51.

51
24Cr + −1

0e 51
23V + "

The final symbol in the equation, ", indicates the release of
Many nuclear changes leave a nucleus in an energetic or excited state.
When the nucleus stabilizes, it releases energy in the form of gamma
rays. Figure 8 shows a thunderstorm during which gamma rays may also
be produced.

gamma rays.

electron capture→

electron capture→

beta decay→

beta particle

Nuclear Chemistry 649

14
6 C                      14

7 N beta particle    + 0
−1e

beta decay
+

–

→

beta particle

a charged electron emitted 
during a certain type of 
radioactive decay, such as 
beta decay

Figure 7 
When the unstable 
carbon-14 nucleus emits
a beta particle, the
carbon-14 nucleus
changes into a 
nitrogen-14 nucleus.

Figure 8
Thunderstorms may produce
terrestrial gamma-ray
flashes (TGFs).

gamma ray

the high-energy photon emitted
by a nucleus during fisson and
radioactive decay
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Below is an example of:

650 Chapter 18

Gamma Rays Are Also Emitted in Positron Emission
Some nuclei that have too many protons can become stable by emitting
positrons, which are the antiparticles of electrons.The process is similar to
electron capture in that a proton is changed into a neutron. However, in
positron emission, a proton emits a positron.

+1
1p 1

0n + +1
0e

Notice that when a proton changes into a neutron by emitting a positron,
the mass number stays the same, but the atomic number decreases by one.
The isotope chromium-49 decays by this process, as shown by the model
in Figure 9.

49
24Cr → 49

23V + +1
0e

Another example of an unstable nucleus that emits a positron is potas-
sium-38, which changes into argon-38.

38
19K → 38

18Ar + +1
0e

The positron is the opposite of an electron. Unlike a beta particle, a
positron seldom makes it into the surroundings. Instead, the positron usu-
ally collides with an electron, its antiparticle. Any time a particle collides
with its antiparticle, all of the masses of the two particles are converted
entirely into electromagnetic energy or gamma rays. This process is called
annihilation of matter, which is illustrated in Figure 9.

−1
0e + +1

0e 2!

The gamma rays from electron-positron annihilation have a characteristic
wavelength; therefore, these rays can be used to identify nuclei that decay
by positron emission. Such gamma rays have been detected coming from
the center of the Milky Way galaxy.

annihilation→

positron emission→

Figure 9 
Nuclei can release positrons
to form new nuclei. Matter is
then converted into energy
when positrons and electrons
collide and are converted
into gamma rays.

Topic LinkTopic Link
Refer to the “Atoms and Moles”

chapter for a discussion of
electromagnetic waves.

electron

2

energy in
the form of
gamma rays

+

+

positron
0

+1e 0
−1e

positron
0

+1e49
24Cr 49

23 V

!

+

+

→

→
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(1) alpha-decay 
(2) beta-decay 
(3) positron emission 
(4) electron capture 



Radioactive Decay Summary

Beta Decay - neutrons to protons

Positron Emission - protons to neutrons

Electron Capture - protons to neutrons

Alpha Particle Emission - loss of a Helium nucleus

Atomic number

M
as

s 
nu

m
be

r

242

238

234

230

226

222

218

214

210

206

202
80 81 82 83 84 85 86 87 88 89 90 91 92 93

 s  =  seconds
 min  =  minutes
 d  =  days
 y  =  years
  =  alpha decay
  =  beta decay

206
81 Tl

4.2 min

210
81 Tl

1.3 min

234
90 Th

24.1 d

234
91Pa

1.2 min

226
88Ra

1599 y

230
90 Th

7.5 X 104 y

234
92U

2.5 X 105 y

222
86Rn
3.8 d

210
84Po

138.4 d

206
82Pb

stable

210
83Bi

5.01 d

214
82Pb

27. min

214
83Bi

19.9 min

218
85 At
1.6 s

218
84 Po

3.0 min

214
84Po

163.7 µs

210
82Pb

22.6 y

238
92U

4.5 X 109 y

Uranium-238 Decay Series

Stabilizing Nuclei by Losing Alpha Particles
An unstable nucleus that has an N/Z number that is much larger than 1
can decay by emitting an alpha particle. In addition, none of the elements
that have atomic numbers greater than 83 and mass numbers greater than
209 have stable isotopes. So, many of these unstable isotopes decay by
emitting alpha particles, as well as by electron capture or beta decay.
Uranium-238 is one example.

92
238U 90

234Th + 42He

Notice that the atomic number in the equation decreases by two while the
mass number decreases by four. Alpha particles have very low penetrat-
ing ability because they are large and soon collide with other matter.
Exposure to external sources of alpha radiation is usually harmless.
However, if substances that undergo alpha decay are ingested or inhaled,
the radiation can be quite damaging to the body’s internal organs.

Many heavy nuclei go through a series of reactions called a decay
series before they reach a stable state.The decay series for uranium-238  is
shown in Figure 10. After the 92

238U nucleus decays to 90
234Th, the nucleus is

still unstable because it has a large N/Z number. This nucleus undergoes
beta decay to produce 91

234Pa. By another beta decay, 91
234Pa changes 

to 92
234U. After a number of other decays (taking millions of years), the

nucleus finally becomes a stable isotope, 82
206Pb.

alpha decay→

Nuclear Chemistry 651

Topic LinkTopic Link
Refer to the “Atoms and

Moles” chapter for a
discussion of alpha particles.

Figure 10 
Uranium-238 decays to 
lead-206 through a decay
series.
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Gamma Rays Are Also Emitted in Positron Emission
Some nuclei that have too many protons can become stable by emitting
positrons, which are the antiparticles of electrons.The process is similar to
electron capture in that a proton is changed into a neutron. However, in
positron emission, a proton emits a positron.

+1
1p 1

0n + +1
0e

Notice that when a proton changes into a neutron by emitting a positron,
the mass number stays the same, but the atomic number decreases by one.
The isotope chromium-49 decays by this process, as shown by the model
in Figure 9.

49
24Cr → 49

23V + +1
0e

Another example of an unstable nucleus that emits a positron is potas-
sium-38, which changes into argon-38.

38
19K → 38

18Ar + +1
0e

The positron is the opposite of an electron. Unlike a beta particle, a
positron seldom makes it into the surroundings. Instead, the positron usu-
ally collides with an electron, its antiparticle. Any time a particle collides
with its antiparticle, all of the masses of the two particles are converted
entirely into electromagnetic energy or gamma rays. This process is called
annihilation of matter, which is illustrated in Figure 9.

−1
0e + +1

0e 2!

The gamma rays from electron-positron annihilation have a characteristic
wavelength; therefore, these rays can be used to identify nuclei that decay
by positron emission. Such gamma rays have been detected coming from
the center of the Milky Way galaxy.

annihilation→

positron emission→

Figure 9 
Nuclei can release positrons
to form new nuclei. Matter is
then converted into energy
when positrons and electrons
collide and are converted
into gamma rays.
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Stabilizing Nuclei by Converting Neutrons into Protons
Recall that the stability of a nucleus depends on the ratio of neutrons
to protons, or the N/Z number. If a particular isotope has a large N/Z
number or too many neutrons, the nucleus will decay and emit radiation.

A neutron in an unstable nucleus may emit a high-energy electron,
called a (! particle), and change to a proton. This process is
called beta decay. This process often occurs in unstable nuclei that have
large N/Z numbers.

1
0n +1

1p + −1
0e

Because this process changes a neutron into a proton, the atomic
number of the nucleus increases by one, as you can see in Figure 7. As a
result of beta decay, carbon becomes a different element, nitrogen.
However, the mass number does not change because the total number of
nucleons does not change as shown by the following equation.

6
14C → 7

14N + −1
0e

Stabilizing Nuclei by Converting Protons into Neutrons
One way that a nucleus that has too many protons can become more sta-
ble is by a process called electron capture. In this process, the nucleus
merely absorbs one of the atom’s electrons, usually from the 1s orbital.
This process changes a proton into a neutron and decreases the atomic
number by one. The mass number stays the same.

+1
1p + −1

0e 1
0n

A typical nucleus that decays by this process is chromium-51.

51
24Cr + −1

0e 51
23V + "

The final symbol in the equation, ", indicates the release of
Many nuclear changes leave a nucleus in an energetic or excited state.
When the nucleus stabilizes, it releases energy in the form of gamma
rays. Figure 8 shows a thunderstorm during which gamma rays may also
be produced.

gamma rays.

electron capture→

electron capture→

beta decay→

beta particle
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14
6 C                      14

7 N beta particle    + 0
−1e

beta decay
+

–

→

beta particle

a charged electron emitted 
during a certain type of 
radioactive decay, such as 
beta decay

Figure 7 
When the unstable 
carbon-14 nucleus emits
a beta particle, the
carbon-14 nucleus
changes into a 
nitrogen-14 nucleus.

Figure 8
Thunderstorms may produce
terrestrial gamma-ray
flashes (TGFs).

gamma ray

the high-energy photon emitted
by a nucleus during fisson and
radioactive decay
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Stabilizing Nuclei by Converting Neutrons into Protons
Recall that the stability of a nucleus depends on the ratio of neutrons
to protons, or the N/Z number. If a particular isotope has a large N/Z
number or too many neutrons, the nucleus will decay and emit radiation.

A neutron in an unstable nucleus may emit a high-energy electron,
called a (! particle), and change to a proton. This process is
called beta decay. This process often occurs in unstable nuclei that have
large N/Z numbers.

1
0n +1

1p + −1
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Because this process changes a neutron into a proton, the atomic
number of the nucleus increases by one, as you can see in Figure 7. As a
result of beta decay, carbon becomes a different element, nitrogen.
However, the mass number does not change because the total number of
nucleons does not change as shown by the following equation.

6
14C → 7

14N + −1
0e

Stabilizing Nuclei by Converting Protons into Neutrons
One way that a nucleus that has too many protons can become more sta-
ble is by a process called electron capture. In this process, the nucleus
merely absorbs one of the atom’s electrons, usually from the 1s orbital.
This process changes a proton into a neutron and decreases the atomic
number by one. The mass number stays the same.

+1
1p + −1

0e 1
0n

A typical nucleus that decays by this process is chromium-51.

51
24Cr + −1

0e 51
23V + "

The final symbol in the equation, ", indicates the release of
Many nuclear changes leave a nucleus in an energetic or excited state.
When the nucleus stabilizes, it releases energy in the form of gamma
rays. Figure 8 shows a thunderstorm during which gamma rays may also
be produced.

gamma rays.

electron capture→

electron capture→

beta decay→

beta particle
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−1e

beta decay
+

–

→

beta particle

a charged electron emitted 
during a certain type of 
radioactive decay, such as 
beta decay

Figure 7 
When the unstable 
carbon-14 nucleus emits
a beta particle, the
carbon-14 nucleus
changes into a 
nitrogen-14 nucleus.

Figure 8
Thunderstorms may produce
terrestrial gamma-ray
flashes (TGFs).

gamma ray

the high-energy photon emitted
by a nucleus during fisson and
radioactive decay
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KEY TERMS

• radioactivity

• beta particle

• gamma ray

• nuclear fission

• chain reaction

• critical mass

• nuclear fusion

OBJECTIVES

Predict the particles and electromagnetic waves produced by 
different types of radioactive decay, and write equations for 
nuclear decays.

Identify examples of nuclear fission, and describe potential benefits
and hazards of its use.

Describe nuclear fusion and its potential as an energy source.

Radioactive Decay
Nuclear changes can be easier to understand than chemical changes
because only a few types of nuclear changes occur. One type is the spon-
taneous change of an unstable nucleus to form a more stable one. This
change involves the release of particles, electromagnetic waves, or both
and is generally called or radioactive decay. Specifically,
radioactivity is the spontaneous breakdown of unstable nuclei to produce
particles or energy. Table 1 summarizes the properties of both the particles
and the energy released by radioactive decay.

radioactivity

1

2

3

Nuclear Change2
S E C T I O N

Particle Mass (amu) Charge Symbol Stopped by

Proton 1.007 276 47 +1 p, p+, +
1
1p, 1

1H a few sheets 
of paper

Neutron 1.008 664 90 0 n, n0, 0
1n a few centi-

meters of lead

! particle 0.000 548 580 −1 !, !−, −1
0e* a few sheets of

(electron) aluminum foil

Positron† 0.000 548 580 +1 !+, +1
0e* same as electron

" particle 4.001 474 92 +2 ", "2+, 2
4He skin or one 

(He-4 nucleus) sheet of paper

Gamma ray 0 0 # several centi-
meters of lead

*The superscript zero in the symbols for electron and positron does not mean
that they have zero mass. It means their mass number is zero.

†The positron is the antiparticle of the electron. Each particle has an antiparticle,
but only the positron is frequently involved in nuclear changes.

radioactivity

the process by which an unstable
nucleus emits one or more parti-
cles or energy in the form of
electromagnetic radiation

www.scilinks.org
Topic: Radioactive Emissions
SciLinks code: HW4107

www.scilinks.org
Topic: Radioactive Decay
SciLinks code: HW4106

Table 1 Characteristics of Nuclear Particles and Rays
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Reference Tables for Physical Setting/CHEMISTRY 5

Table K
Common Acids

Table L
Common Bases

Table N
Selected Radioisotopes

Table M
Common Acid–Base Indicators

Formula Name

HCl(aq) hydrochloric acid

HNO3(aq) nitric acid

H2SO4(aq) sulfuric acid

H3PO4(aq) phosphoric acid

H2CO3(aq) 
or carbonic acid

CO2(aq)

CH3COOH(aq) ethanoic acid 
or 

HC2H3O2(aq) (acetic acid)

Formula Name

NaOH(aq) sodium hydroxide

KOH(aq) potassium hydroxide

Ca(OH)2(aq) calcium hydroxide

NH3(aq) aqueous ammonia

Approximate 
Indicator pH Range Color

for Color Change
Change

methyl orange 3.2–4.4 red to yellow

bromthymol blue 6.0–7.6 yellow to blue

phenolphthalein 8.2–10 colorless to pink

litmus 5.5–8.2 red to blue

bromcresol green 3.8–5.4 yellow to blue

thymol blue 8.0–9.6 yellow to blue

Nuclide Half-Life Decay Nuclide 
Mode Name

198Au 2.69 d !– gold-198
14C 5730 y !– carbon-14
37Ca 175 ms !+ calcium-37
60Co 5.26 y !– cobalt-60

137Cs 30.23 y !– cesium-137
53Fe 8.51 min !+ iron-53

220Fr 27.5 s " francium-220
3H 12.26 y !– hydrogen-3

131I 8.07 d !– iodine-131
37K 1.23 s !+ potassium-37
42K 12.4 h !– potassium-42
85Kr 10.76 y !– krypton-85
16N 7.2 s !– nitrogen-16
19Ne 17.2 s !+ neon-19
32P 14.3 d !– phosphorus-32

239Pu 2.44 × 104 y " plutonium-239
226Ra 1600 y " radium-226
222Rn 3.82 d " radon-222

90Sr 28.1 y !– strontium-90
99Tc 2.13 × 105 y !– technetium-99

232Th 1.4 × 1010 y " thorium-232
233U 1.62 × 105 y " uranium-233
235U 7.1 × 108 y " uranium-235
238U 4.51 × 109 y " uranium-238

ms = milliseconds; s = seconds; min = minutes;
h = hours; d = days; y = years

Spontaneous/Natural Transmutation

***do not require an outside energy source 
• One atom on the left hand side of the reaction 
• Forms multiple particles

Artificial Transmutation

***need an external energy source to proceed 
• Multiple atom/particle on the left hand side of the 

reaction 
• Forms multiple particles or a single product

Topic 4 - Nuclear Equations



Transmutations
In the Middle Ages, many early chemists (Alchemists )tried to change, or transmute, 
ordinary metals into gold. Although not successful, they did make many other 
important discoveries. 

Transmutation: where one element changes into another is a nuclear reaction!  
It changes the nucleus of an atom and therefore cannot be achieved by ordinary 
chemical reactions.

19) The chart below shows the spontaneous nuclear decay of U-238 to Th-234 to Pa-234 to U-234.

What is the correct order of nuclear decay modes for the change from U-238 to U-234?

1) a decay, b- decay, b- decay

2) b- decay, c decay, b- decay

3) b- decay, b- decay, a decay

4) a decay, a decay, b- decay

20) Which statement best describes gamma radiation?

1) It has a mass of 4 and a charge of +2.

2) It has a mass of 1 and a charge of 1.

3) It has a mass of 0 and a charge of 0.

4) It has a mass of 0 and a charge of -1.

21) In a nuclear fusion reaction, the mass of the products is

1) less than the mass of the reactants because some of the mass has been converted to energy

2) less than the mass of the reactants because some of the energy has been converted to mass

3) more than the mass of the reactants because some of the energy has been converted to mass

4) more than the mass of the reactants because some of the mass has been converted to energy

22) Given the nuclear equation:

The particle represented by X is

1) 2) 3) 4)

23) Which reaction represents natural nuclear decay?

1)

2)

3)

4)

24) Which radioisotope undergoes beta decay and has a half-life of less than 1 minute?

1) P-32 2) K-42 3) N-16 4) Fr-220

25) Given the nuclear equation:

Which particle is represented by X?

1) positron 2) beta 3) neutron 4) alpha

1654 - 1 - Page 3

Uranium-235 changes into Thorium-231 by an alpha decay.

Natural Transmutation

19) The chart below shows the spontaneous nuclear decay of U-238 to Th-234 to Pa-234 to U-234.

What is the correct order of nuclear decay modes for the change from U-238 to U-234?

1) a decay, b- decay, b- decay

2) b- decay, c decay, b- decay

3) b- decay, b- decay, a decay

4) a decay, a decay, b- decay

20) Which statement best describes gamma radiation?

1) It has a mass of 4 and a charge of +2.

2) It has a mass of 1 and a charge of 1.

3) It has a mass of 0 and a charge of 0.

4) It has a mass of 0 and a charge of -1.

21) In a nuclear fusion reaction, the mass of the products is

1) less than the mass of the reactants because some of the mass has been converted to energy

2) less than the mass of the reactants because some of the energy has been converted to mass

3) more than the mass of the reactants because some of the energy has been converted to mass

4) more than the mass of the reactants because some of the mass has been converted to energy

22) Given the nuclear equation:

The particle represented by X is

1) 2) 3) 4)

23) Which reaction represents natural nuclear decay?

1)

2)

3)

4)

24) Which radioisotope undergoes beta decay and has a half-life of less than 1 minute?

1) P-32 2) K-42 3) N-16 4) Fr-220

25) Given the nuclear equation:

Which particle is represented by X?

1) positron 2) beta 3) neutron 4) alpha
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Artificial Transmutation

Nitrogen-14 changes into Oxygen-17 by neutron bombardment.



Balancing Nuclear Equations

Notice: MASS AND CHARGE MUST ALWAYS BALANCE

652 Chapter 18

Nuclear Equations Must Be Balanced
Look back at all of the nuclear equations that have appeared so far in this
chapter. Notice that the sum of the mass numbers (superscripts) on one
side of the equation always equals the sum of the mass numbers on the
other side of the equation. Likewise, the sums of the atomic numbers
(subscripts) on each side of the equation are equal. Look at the following
nuclear equations, and notice that they balance in terms of both mass and
nuclear charge.

92
238U → 90

234Th + 42He [92 = 90 + 2 charge balance]
[238 = 234 + 4 mass balance]

90
234Th → 91

234Pa + −1
0e [234 = 234 + 0 mass balance]

[90 = 91 + (−1) charge balance]

Remember that whenever the atomic number changes, the identity of the
element changes. In the above examples, uranium changes into thorium,
and thorium changes into protactinium.

SKILLSSKILLS11

www.scilinks.org
Topic: Nuclear Reactions
SciLinks code: HW4088

Balancing Nuclear Equations
The following rules are helpful for balancing a nuclear equation and
for identifying a reactant or a product in a nuclear reaction.

1. Check mass and atomic numbers.
• The total of the mass numbers must be the same on both sides

of the equation.
• The total of the atomic numbers must be the same on both 

sides of the equation. In other words, the nuclear charges 
must balance.

• If the atomic number of an element changes, the identity of the
element also changes.

2. Determine how nuclear reactions change mass and 
atomic numbers.
• If a beta particle, −1

0e, is released, the mass number does not
change but the atomic number increases by one.

• If a positron, +1
0e is released, the mass number does not change

but the atomic number decreases by one.
• If a neutron, 1

0n, is released, the mass number decreases by one
and the atomic number does not change.

• Electron capture does not change the mass number but
decreases the atomic number by one.

• Emission of an alpha particle, 4
2He, decreases the mass 

number by four and decreases the atomic number by two.
• When a positron and an electron collide, energy in the form of

gamma rays is generated.
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Balancing Nuclear Equation Practice
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SAM PLE PROBLE M ASAM PLE PROBLE M A

Unlike a chemical
equation, the elements
are usually different on
each side of a balanced
nuclear equation.

PRACTIC E

PRACTICE HINT

Write balanced equations for the following nuclear equations.

1 84
218Po → 4

2He + ?

2 61
142Pm + ? → 60

142Nd

3 99
253Es + 4

2He → 1
0n + ?

4 Write the balanced nuclear equation that shows how sodium-22 
changes into neon-22.

PRACTICE HINT

PROBLEM

SOLVING

 SKILL
PROBLEM

SOLVING

 SKILL

Balancing a Nuclear Equation
Identify the product formed when polonium-212 emits an alpha particle.

1 Gather information.
• Check the periodic table to write the symbol for polonium-212: 84

212Po.
• Write the symbol for an alpha particle: 4

2He.

2 Plan your work.
• Set up the nuclear equation.

84
212Po → 4

2He + ?

3 Calculate.
• The sums of the mass numbers must be the same on both sides of the

equation: 212 = 4 + A; A = 212 − 4 = 208

84
212Po → 4

2He + 208?

• The sums of the atomic numbers must be the same on both sides of 
the equation: 84 = 2 + Z; Z = 84 − 2 = 82

84
212Po → 4

2He + 82
208?

• Check the periodic table to identify the element that has an atomic
number of 82, and complete the nuclear equation.

84
212Po → 4

2He + 82
208Pb

4 Verify your results.
• Emission of an alpha particle does decrease the atomic number by 

two (from 84 to 82) and does decrease the mass number by four 
(from 212 to 208).
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Topic 5 – Half Life / Uses

Half-Life:  the time required for half of a sample of a radioactive substance to 
disintegrate by radioactive decay or natural processes.

• The half-life of a radioactive isotope is a constant value and is not 
influenced by any external conditions.

• Geologic dating 
• Smoke detectors 
• Art Forgeries 
• Medicine



Some Isotopes Are Used for Geologic Dating
By analyzing organic materials in the paints, scientists used carbon-14 to
date the cave painting shown in Figure 16. Two factors limit dating with
carbon-14. The first limitation is that C-14 cannot be used to date objects
that are completely composed of materials that were never alive, such as
rocks or clay.The second limitation is that after four half-lives, the amount
of radioactive C-14 remaining in an object is often too small to give reli-
able data. Consequently, C-14 is not useful for dating specimens that are
more than about 50 000 years old. Anything older must be dated on the
basis of a radioactive isotope that has a half-life longer than that of car-
bon-14. One such isotope is potassium-40.

Potassium-40, which has a half-life of 1.28 billion years, represents
only about 0.012% of the potassium present in Earth today. Potassium-40
is useful for dating ancient rocks and minerals. Potassium-40 produces
two different isotopes in its radioactive decay. About 11% of the potas-
sium-40 in a mineral decays to argon-40 by emitting a positron.

40
19K → 40

18Ar + +1
0e

The argon-40 may remain in the sample. The remaining 89% of the potas-
sium-40 decays to calcium-40 by emitting a beta particle.

40
19K → 40

20Ca + −1
0e

The calcium-40 is not useful for radioactive dating because it cannot be
distinguished from other calcium in the rock. The argon-40, however, can
be measured. Figure 17 shows the decay of potassium-40 through four
half-lives.

Nuclear Chemistry 661

Figure 16
Scientists determined that
this cave painting at Lascaux,
called Chinese Horse, was
created approximately 
13 000 BCE.
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Figure 17
Potassium-40 decays to 
argon-40 and calcium-40,
but scientists monitor only 
the ratio of potassium-40 to 
argon-40 to determine the 
age of the object.
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distinguished from other calcium in the rock. The argon-40, however, can
be measured. Figure 17 shows the decay of potassium-40 through four
half-lives.
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Figure 16
Scientists determined that
this cave painting at Lascaux,
called Chinese Horse, was
created approximately 
13 000 BCE.
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but scientists monitor only 
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argon-40 to determine the 
age of the object.
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Some Isotopes Are Used for Geologic Dating
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carbon-14. The first limitation is that C-14 cannot be used to date objects
that are completely composed of materials that were never alive, such as
rocks or clay.The second limitation is that after four half-lives, the amount
of radioactive C-14 remaining in an object is often too small to give reli-
able data. Consequently, C-14 is not useful for dating specimens that are
more than about 50 000 years old. Anything older must be dated on the
basis of a radioactive isotope that has a half-life longer than that of car-
bon-14. One such isotope is potassium-40.

Potassium-40, which has a half-life of 1.28 billion years, represents
only about 0.012% of the potassium present in Earth today. Potassium-40
is useful for dating ancient rocks and minerals. Potassium-40 produces
two different isotopes in its radioactive decay. About 11% of the potas-
sium-40 in a mineral decays to argon-40 by emitting a positron.
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Potassium-40 decays to 
argon-40 and calcium-40,
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the ratio of potassium-40 to 
argon-40 to determine the 
age of the object.
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K-40 has a 1/2-life of 1.2 billion years

Used to tell the age of ancient rocks 
and minerals.



Carbon-14:  How it works

Nearly all of the carbon on Earth is present as the stable isotope carbon-12. A 
very small percentage of the carbon in Earth’s crust is carbon-14. ONLY 
WORKS FOR LIVING THINGS OR THINGS THAT WERE ALIVE.

If we start with 100 grams of C-14, how much will we have in: 

1 half-life? 

3 half-lives? 

5 half-lives?

5715 years:  50 grams

17,145 years:  12.5 grams

28,575 years:  3.12 grams

C-14 half-life is 5715 years

Stabilizing Nuclei by Converting Neutrons into Protons
Recall that the stability of a nucleus depends on the ratio of neutrons
to protons, or the N/Z number. If a particular isotope has a large N/Z
number or too many neutrons, the nucleus will decay and emit radiation.

A neutron in an unstable nucleus may emit a high-energy electron,
called a (! particle), and change to a proton. This process is
called beta decay. This process often occurs in unstable nuclei that have
large N/Z numbers.

1
0n +1

1p + −1
0e

Because this process changes a neutron into a proton, the atomic
number of the nucleus increases by one, as you can see in Figure 7. As a
result of beta decay, carbon becomes a different element, nitrogen.
However, the mass number does not change because the total number of
nucleons does not change as shown by the following equation.

6
14C → 7

14N + −1
0e

Stabilizing Nuclei by Converting Protons into Neutrons
One way that a nucleus that has too many protons can become more sta-
ble is by a process called electron capture. In this process, the nucleus
merely absorbs one of the atom’s electrons, usually from the 1s orbital.
This process changes a proton into a neutron and decreases the atomic
number by one. The mass number stays the same.

+1
1p + −1

0e 1
0n

A typical nucleus that decays by this process is chromium-51.

51
24Cr + −1

0e 51
23V + "

The final symbol in the equation, ", indicates the release of
Many nuclear changes leave a nucleus in an energetic or excited state.
When the nucleus stabilizes, it releases energy in the form of gamma
rays. Figure 8 shows a thunderstorm during which gamma rays may also
be produced.

gamma rays.

electron capture→

electron capture→

beta decay→

beta particle
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14
6 C                      14

7 N beta particle    + 0
−1e

beta decay
+

–

→

beta particle

a charged electron emitted 
during a certain type of 
radioactive decay, such as 
beta decay

Figure 7 
When the unstable 
carbon-14 nucleus emits
a beta particle, the
carbon-14 nucleus
changes into a 
nitrogen-14 nucleus.

Figure 8
Thunderstorms may produce
terrestrial gamma-ray
flashes (TGFs).

gamma ray

the high-energy photon emitted
by a nucleus during fisson and
radioactive decay
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1/2 x 100 = 50

1/2 x 1/2 x 1/2 = 1/8 x 100

1/2 x 1/2 x 1/2 x 1/2 x 1/2 = 1/32 x 100



The more unstable the nuclide is, the shorter its half-life is and 
the faster it decays (General Rule).
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Figure 15
The radioactive isotope 53

131I
has a half-life of 8.02 days.
In each successive 8.02-day
period, half the atoms of 53

131I
in the original sample decay
to 54

131Xe.

TABLE 2 Half-Lives of Some Radioactive Isotopes

Isotope Half-life Radiation emitted Isotope formed

Carbon-14 5.715 × 103 y !−, " nitrogen-14

Iodine-131 8.02 days !−, " xenon-131

Potassium-40 1.28 × 109 y !+, " argon-40

Radon-222 3.82 days #, " polonium-218

Radium-226 1.60 × 103 y #, " radon-222

Thorium-230 7.54 × 104 y #, " radium-226

Thorium-234 24.10 days !−, " protactinium-234

Uranium-235 7.04 × 108 y #, " thorium-231

Uranium-238 4.47 × 109 y #, " thorium-234

Plutonium-239 2.41 × 104 y #, " uranium-235
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Table 2 shows that the half-life of carbon-14 is 5715 years. After that
interval, only half of the original amount of carbon-14 will remain. In
another 5715 years, half of the remaining carbon-14 atoms will have
decayed and leave one-fourth of the original amount.

Once amounts of carbon-12 and carbon-14 are measured in an object,
the ratio of carbon-14 to carbon-12 is compared with the ratio of these
isotopes in a sample of similar material whose age is known. Using radioac-
tive dating, with carbon-14, scientists can estimate the age of the object.

A frozen body that was found in 1991 in the Alps between Austria and
Italy was dated using C-14.The body is known as the Iceman.A small cop-
per ax was found with the Iceman’s body, which shows that the Iceman
lived during the Age of copper (4000 to 2200 BCE). Radioactive dating
with C-14 revealed that the Iceman lived between 3500 and 3000 BCE and
is the oldest prehistoric human found in Europe.

Generally, the more unstable a nuclide is, the shorter its half-life is and
the faster it decays. Figure 15 shows the radioactive decay of iodine-131,
which is a very unstable isotope that has a short half-life.

0.00 days 8.02 days 16.04 days 24.06 days
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Half-Life Review Questions

After 4797 years, how much of an original 0.250 g sample of 
radium-226 remains? Its half-life is 1599 years.

number of half-life periods = t/T = 4797/1599 = 3

1/2  x 1/2 x 1/2 = 1/8 * 0.250 = 0.0313 g



37. What mass of radioactive isotope will
remain unchanged from a 200-gram sample
of iodine-131 after 40.4 days?
(1) 25 grams (3) 6.25 grams
(2) 12.5 grams (4) 3.125 grams

36. How many years must elapse for strontium-
90 to undergo three half-lives?
(1) 84.3 years (3) 28.1 years 
(2) 14.05 years (4) 7.03 years
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PART B–2
Answer the following items.

38. Predict the nuclear stability of the following nuclei based on their neutron-
proton ratios.

a. 16
8O c. 156

60Nd

b. 56
26Fe

39. Calculate the binding energy per nucleon of 238
92U in joules. The atomic

mass of a 238
92U nucleus is 238.050 784 amu.

40. The mass of a 73Li atom is 7.016 00 amu. Calculate its mass defect.

41. Write the nuclear equation for the radioactive decay of a radium-266
atom.

42. Write the nuclear equation for the electron capture by an atom of silver-106.

43. Write the nuclear equation for the positron emission by an atom 
of potassium-38.

44. Write the nuclear equation for a polonium-210 atom that emits an alpha particle.

45. The parent nuclide of the thorium decay series is 232
90Th. The first four

decays are as follows: alpha emission, beta emission, beta emission, and
alpha emission. Write the nuclear equations for this series of emissions.

46. Complete and balance the following nuclear equations.

a. 187
75Re + ? → 185

75Re + 1
1H

b. 9
4Be + 4

2He → ? + 1
0n

c. 32
15P + ? → 33

15P

47. The plutonium isotope 239
94Pu is sometimes detected in nuclear reactors.

Consider that nuclear fuel contains a large portion of the common uranium
isotope 238

92U in addition to fissionable 235
92U. Describe a process by which

239
94Pu might form in a nuclear reactor.

48. After 120 days, 50 grams of a radioactive isotope remain from a sample
that originally had 200 grams of the isotope. What is the half-life of this
isotope?
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17. Which describes a positron? 
(1) same mass and charge as an electron
(2) mass of a proton and a +1 charge
(3) mass of an electron and a +1 charge
(4) heaviest subatomic particle

18. Which isotope is most likely to be used as a
fuel for a fission reaction?
(1) oxygen-18
(2) hydrogen-3
(3) calcium-41
(4) uranium-235

19. What is the major obstacle to fusing two
nuclei to form a single nucleus?
(1) small size of the nuclei
(2) small mass of the nuclei
(3) repulsion of the nuclei
(4) number of neutrons in the nuclei

20. What are two properties that a radioactive
isotope that is used in medical diagnoses
must have?
(1) short half-life and be quickly eliminated

from the body.
(2) long half-life and be quickly eliminated

from the body.
(3) short half-life and be slowly eliminated

from the body.
(4) long half-life and be slowly eliminated

from the body.

21. An artifact has one-sixteenth of the ratio of
carbon-14 to carbon-12 that is found in a
modern-day object. How many half-lives
have elapsed?
(1) one
(2) two
(3) three
(4) four

22. Every radioactive isotope
(1) emits an alpha particle.
(2) has a characteristic half-life.
(3) has the same atomic mass.
(4) has an atomic number greater than 92.

10. A nucleus of helium-4 weighs 0.0304 amu
less than the sum of the masses of its pro-
tons and neutrons. This mass defect can best
be explained by
(1) the conversion of mass to nuclear bind-

ing energy.
(2) a contradiction to the law of conserva-

tion of mass.
(3) miscalculation of the mass of a proton.
(4) miscalculation of the mass of a neutron.

11. Which Group 16 element has no stable 
isotope?
(1) O (3) Te
(2) S (4) Po

12. Which radioactive emission has a charge of
+2 and a mass of 4 amu?
(1) alpha particle (3) positron
(2) beta particle (4) gamma ray

13. Which radioactive emission is deflected
toward the negative electrode in a magnetic
field?
(1) positron
(2) beta particle
(3) electron
(4) gamma ray

14. The changing of a nucleus by bombardment
with high energy particles is a(n)
(1) artificial transmutation.
(2) natural radioactive decay.
(3) decomposition reaction.
(4) example of an alpha emission.

15. Which radioactive emission has the same
mass and charge as an electron?
(1) positron 
(2) beta particle
(3) alpha particle
(4) gamma ray

16. The energy released during a fission reac-
tion is the result of the conversion of
(1) protons into alpha particles.
(2) neutrons into nucleons.
(3) energy into mass.
(4) mass into energy.
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10) Which equation represents the radioactive decay of ?

1)

2)

3)

4)

11) Given the nuclear reaction:

This reaction is an example of

1) natural transmutation

2) artificial transmutation

3) fission

4) fusion

12) For most atoms with an atomic number less than 20, nuclear stability occurs when the ratio of

neutrons to protons is 1:1. Which of the following atoms would be most likely to have an unstable

nucleus?

1) 2) 3) 4)

13) Alpha particles are emitted during the radioactive decay of

1) neon-19 2) calcium-37 3) carbon-14 4) radon-222

14) Approximately what fraction of an original Co-60 sample remains after 21 years?

1) 2) 3) 4)

15) As a sample of the radioactive isotope 131I decays, its half-life

1) increases 2) decreases 3) remains the same

16) Which nuclear emission has the greatest mass?

1) a 2) c 3) b+ 4) b-

17) Which of the following equations represents positron decay?

1)

2)

3)

4)

18) Based on the Selected Radioisotopes chemistry reference table, what fraction of a radioactive

90Sr sample would remain unchanged after 56.2 years?

1) 2) 3) 4)
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26) After 32 days, 5 milligrams of an 80-milligram sample of a radioactive isotope remains

unchanged. What is the half-life of this element?

1) 4 days 2) 8 days 3) 16 days 4) 2 days

27) According to the Selected Radioisotopes chemistry reference table, which pair of isotopes

spontaneously decays?

1) C-12 and N-14

2) C-14 and N-16

3) C-14 and N-14

4) C-12 and N-16

28) Alpha particles and beta particles differ in

1) charge, only

2) neither mass nor charge

3) mass, only

4) both mass and charge

29) Which type of radioactive emission has a positive charge and weak penetrating power?

1) neutron

2) beta particle

3) alpha particle

4) gamma ray

Questions 30 through 32 refer to the following:

The radioisotopes carbon-14 and nitrogen-16 are present in a living organism. Carbon-14 is commonly

used to date a once-living organism.

30) Complete the nuclear equation  for the decay of C-14. Include both the atomic

number and the mass number of the missing particle.

31) Explain why N-16 is a poor choice for radioactive dating of a bone.

32) A sample of wood is found to contain  as much C-14 as is present in the wood of a living tree.

What is the approximate age, in years, of this sample of wood?

33) What is the half-life and decay mode of Rn-222?

1) 1.91 days and alpha decay

2) 3.82 days and beta decay

3) 3.82 days and alpha decay

4) 1.91 days and beta decay

34) Which of the following particles has the greatest mass?

1) positron 2) neutron 3) beta 4) alpha

35) Which type of reaction converts one element to another element?

1) substitution

2) polymerization

3) transmutation

4) neutralization

36) Which of the following equations represents a transmutation reaction?

1)

2)

3)

4)

37) Which radioisotope is a beta emitter?

1) 238U 2) 220Fr 3) 90Sr 4) 37K
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Topic 6 - Fission & Fusion Reactions

FISSION:  the splitting of the nucleus of a large atom into two or more fragments.

1
0n

1
0n

1
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1
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1
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1
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87
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Nuclear Fission
So far, you have learned about one class of nuclear change in which a
nucleus decays by adding or losing particles. Another class of nuclear
change is called Nuclear fission occurs when a very heavy
nucleus splits into two smaller nuclei, each more stable than the original
nucleus. Some nuclei undergo fission without added energy. A very small
fraction of naturally occurring uranium nuclei is of the isotope 92

235U, which
undergoes spontaneous fission. However, most fission reactions happen
artificially by bombarding nuclei with neutrons.
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Again, more neutrons are emitted. These reactions continue one after
another as long as enough uranium-235 remains. This process is called a

One characteristic of a chain reaction is that the particle
that starts the reaction, in this case a neutron, is also produced from the
reaction. A minimum quantity of radioactive material, called 
is needed to keep a chain reaction going.

critical mass,

chain reaction.

nuclear fission→

nuclear fission.nuclear fission

the splitting of the nucleus of a
large atom into two or more 
fragments, a process that 
produces additional neutrons 
and a lot of energy

critical mass

the minimum mass of a
fissionable isotope that provides
the number of neutrons needed 
to sustain a chain reaction

Figure 11
A neutron strikes a uranium-235 nucleus,
which splits into a krypton nucleus and a
barium nucleus. Three neutrons are also
produced. Each neutron may cause
another fission reaction.

chain reaction

a reaction in which a change in 
a single molecule makes many
molecules change until a stable
compound forms

Copyright © by Holt, Rinehart and Winston.  All rights reserved.

• Most fission reactions happen artificially by bombarding nuclei with neutrons. 

• Chain reaction!



Chain Reactions
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Chain reactions will continue until there is no radioactive material 
capable of undergoing fission available.



Nuclear Reactors

Fission reactions can produce large amounts of energy. The 
chain reactions need to be controlled within the reactor.

Chain Reactions Occur in Nuclear Reactors
Fission reactions can produce a large amount of energy. For example, the
fission of 1 g of uranium-235 generates as much energy as the combustion
of 2700 kg of coal. Fission reactions are used to generate electrical energy
in nuclear power plants. Uranium-235 and plutonium-239 are the main
radioactive isotopes used in these reactors.

In a nuclear reactor, represented in Figure 12, the fuel rods are sur-
rounded by a moderator. The moderator is a substance that slows down
neutrons. Control rods are used to adjust the rate of the chain reactions.
These rods absorb some of the free neutrons produced by fission. Moving
these rods into and out of the reactor can control the number of neutrons
that are available to continue the chain reaction. Chain reactions that
occur in reactors can be very dangerous if they are not controlled. An
example of the danger that nuclear reactors can create is the accident that
happened at the Chernobyl reactor in the Ukraine in 1986. This accident
occurred when technicians briefly removed most of the reactor’s control
rods during a safety test. However, most nuclear reactors have mecha-
nisms that can prevent most accidents.

As shown in Figure 12, water is heated by the energy released from
the controlled fission of U-235 and changed into steam. The steam
drives a turbine to produce electrical energy. The steam then passes into
a condenser and is cooled by a river or lake’s water. Notice that water
heated by the reactor or changed into steam is isolated. Only water used
to condense the steam is gotten from and is returned to the environment.
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Figure 12
This model shows a 
pressurized, light-water
nuclear reactor, the type
most often used to generate
electrical energy in the
United States. Note that
each of the three water 
systems is isolated from the
others for safety reasons.
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Fusion Reactions

Fusion:  the combination of the nuclei of small atoms to form a larger 
nucleus, a process that releases energy.

656 Chapter 18

Nuclear Fusion
which is when small nuclei combine, or fuse, to form a

larger, more stable nucleus, is still another type of nuclear change. The
new nucleus has a higher binding energy per nucleon than each of the
smaller nuclei does, and energy is released as the new nucleus forms. In
fact, fusion releases greater amounts of energy than fission for the same
mass of starting material. Fusion is the process by which stars, including
our sun, generate energy.

In the sun, four hydrogen nuclei fuse to form a single 42He nucleus

41
1H → 4

2He + 2+
0
1e.

Very high temperatures are required to bring the nuclei together. The
temperature of the sun’s core, where some of the fusion reactions occur,
is about 1.5 × 107°C. When the hydrogen nuclei are fused, some mass is
converted to energy.

Fusion Reactions Are Hard to Maintain
Scientists are investigating ways to control fusion reactions so that they
may be used for both energy generation and research. One problem is
that starting a fusion reaction takes a lot of energy. So far, researchers
need just as much energy to start a fusion reaction as is released by the
reaction. As a result, fusion is not a practical source of energy.

Another challenge is finding a suitable place for a fusion reaction. In
fusion reactions, the reactants are in the form of a plasma, a random mixture
of positive nuclei and electrons. Because no form of solid matter can with-
stand the tremendous temperatures required for fusion to occur, this
plasma is hard to contain. Scientists currently use extremely strong magnetic
fields to suspend the charged plasma particles. In this way, the plasma can
be kept from contacting the container walls. Scientists have also experi-
mented with high-powered laser light to start the fusion process.

Nuclear fusion,nuclear fusion

the combination of the nuclei
of small atoms to form a
larger nucleus, a process that
releases energy

Topic LinkTopic Link
Refer to the “Periodic Table”

chapter for a discussion of
nuclear fusion.

Figure 13 
In the stars of this
galaxy, four hydrogen
nuclei fuse to form a
single 42He nucleus.
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• Fusion reactions release greater amounts of energy than fission reactions 
for the same mass of starting material.

• Very high temperatures are required to bring the nuclei together (1.5 x 107 ˚C).

• Currently, the only place that fusion reactions take place are in stars (like 
our Sun).



Need to Know These Radioisotopes

• 131I = thyroid ailments 

• 14C = carbon dating of once living artifacts 

• 238U - 206Pb = rock dating 

• 60Co = cancer treatment 

• 99Tc = tumor detection 

• P-31 = trace uptake of phosphorus by plants 

• U-235 = nuclear reactor fuel



Medical Uses for Nuclear Chemistry

The person is given an injection of thallium-201, which acts chemically like calcium 
and collects in the heart. As the thallium-201 decays, low-energy gamma rays are 
emitted and are detected by a special camera that produces images.
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Figure 19
This image reveals the size
of the heart, how well the
chambers are pumping, and
whether there is any scarring
of muscle from previous
heart attacks.

Scientists can then determine the exact proportions of the elements
present. This method gives scientists a “fingerprint” of the elements in the
sample. If the fingerprint matches materials that were not available when
the work was supposedly created, then the artwork is a fake.

Nuclear Reactions Are Used in Medicine
The use of nuclear reactions by doctors has grown to the point where a
whole field known as nuclear medicine has developed. Nuclear medicine
includes the use of nuclear reactions both to diagnose certain conditions
and to treat a variety of diseases, especially certain types of cancer.

For years, doctors have used a variety of devices, such as X-ray imag-
ing, to get a view inside a person’s body. Nuclear reactions have enabled
them to get a much more detailed view of the body. For example, doctors
can take a close look at a person’s heart by using a thallium stress test.
The person is given an intravenous injection of thallium-201, which acts
chemically like calcium and collects in the heart muscle. As the thallium-
201 decays, low-energy gamma rays are emitted and are detected by a
special camera that produces images, such as the one shown in Figure 19.

The radioactive isotope most widely used in nuclear medicine is tech-
netium-99, which has a short half-life and emits low-energy gamma rays.
This radioactive isotope is used in bone scans. Bone repairs occur when
there is a fracture, infection, arthritis, or an invading cancer. Bones that
are repairing themselves take in minerals and absorb the technetium at
the same time. If an area of bone has an unusual amount of repair, the
technetium will gather there. Cameras detect the gamma rays that result
from its decay.

Another medical procedure that uses nuclear reactions is called
positron emission tomography (PET), which is shown in Figure 20. PET
uses radioactive isotopes that have short half-lives. An unstable isotope
that contains too many protons is injected into the person.
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The person is given an intravenous injection of thallium-201, which acts
chemically like calcium and collects in the heart muscle. As the thallium-
201 decays, low-energy gamma rays are emitted and are detected by a
special camera that produces images, such as the one shown in Figure 19.

The radioactive isotope most widely used in nuclear medicine is tech-
netium-99, which has a short half-life and emits low-energy gamma rays.
This radioactive isotope is used in bone scans. Bone repairs occur when
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that contains too many protons is injected into the person.
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Radioactive compounds used in 
medicine typically have very 
short half-lives so that they do 
not persist in the body.



Radiation Exposure

As this isotope decays, positrons are emitted. Recall that when a
positron collides with an electron, both are annihilated, and two gamma
rays are produced.These gamma rays leave the body and are detected by a
scanner.A computer converts the images into a detailed three-dimensional
picture of the person’s organs.

Exposure to Radiation Must Be Checked
Table 3 shows how radiation can affect a person’s health using the unit
rem, which expresses the biological effect of an absorbed dose of radiation
in humans. People who work with radioactivity wear a film badge to mon-
itor the amount of radiation to which they are exposed. Radioactivity was
discovered when sealed photographic plates exposed to radiation became
fogged. A film badge works on the same principle. Any darkening of the
film indicates that the badge wearer was exposed to radiation, and the
degree of darkening indicates the total exposure.
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Figure 20
This person is undergoing a
PET scan. The scan will 
provide information about
how well oxygen is being
used by the person’s brain.

Table 3 Effect of Whole-Body Exposure to a Single Dose 
of Radiation

Dose (rem) Probable effect

0–25 no observable effect

25–50 slight decrease in white blood cell count

50–100 marked decrease in white blood cell count

100–200 nausea, loss of hair

200–500 ulcers, internal bleeding

> 500 death
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