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Nuclear Chemistry
Marie Curie was the first woman to be awarded the Nobel Prize. She was awarded this honor
for her discoveries and studies of the element’s radium and polonium. She later died of aplastic
anemia, a blood disease that often results from exposure to large amounts of radiation. It was the
exposure to large amounts of radiation that caused Marie Curie’s death, but what is radiation and
why do certain elements produce it? Radiation is a form of energy and different types of radiation
have different amounts of energy and different dangers. We have already talked about isotopes, like
C-14 and C-12. The difference between these 2 isotopes is the number of neutrons they have in the
nucleus. C-12 has 6 neutrons and C-14 has 8 neutrons. The more neutrons in the nucleus of an atom,
the more unstable the element is. All of the elements that have an atomic number higher than 83 are
radioactive. The most stable elements have a ratio of 1 neutron to 1 proton (like C-12). As the ratio
increases, like 1.3:1 in C-14, the atom becomes more unstable and will undergo nuclear decay, which
is when the nucleus releases a nuclear particle in order to become more stable. These unstable
isotopes which undergo radioactive decay are called radioisotopes.
1. What is radiation?

2. How are radiation and isotopes linked?

3. What types of isotopes decay?

4. What is released from nuclear decay?
Elements exist in various isotopes in nature, many of which are radioactive in nature, such as
carbon-14. C-14 is a radioisotope used to measure the age of fossils and relics (carbon dating).
Carbon dating works through the process of C-14 decaying into another element over time. All
organisms have some quantity of C-14 as part of their chemical composition. Once an organism dies,
the amount of C-14 stops renewing and any existing C-14 begins to decay into N-14. This is nuclear
chemistry because it involves a changing nucleus. While the nuclei of all elements can never
decompose chemically, they can undergo a nuclear decay. Nuclear decay causes changes in the
number of neutrons or protons in the nucleus. Some elements, like uranium, will break down
naturally because of the atomic instability. This is called a natural transmutation – it is natural
because it happens spontaneously. All radioisotopes decay until their nuclei are stable and no longer
radioactive.
5. How does C-14 become N-14?

6. Describe natural transmutation.
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When radioisotopes undergo nuclear decay, they can release large quantities of energy and
always release smaller particles. The particles generated by a decaying nucleus each have a different
amount of energy and penetrating power (ability to pass through materials). The following types of
radiation are the most common: alpha particles, beta particles and gamma rays. Information on these
particles can be found in reference Table O. Alpha particles (42α OR 42He) are essentially a helium
nuclei composed of 2 neutrons and 2 protons. They are positively charged, the largest radiation
particle and slow moving. They can be blocked by only a piece of paper. Beta particles (0-1β OR 0-1e)
are electrons that are created during decay and are emitted from the nucleus. They are negatively
charged and have no mass. They are blocked by thin layers of lead. When a Beta particle is released,
one of the neutrons in the nucleus mutates and becomes a proton which is reabsorbed. Gamma
radiation (00γ) is pure energy produced when a nucleus decays. It has no mass, no charge, is the
smallest radiation particle and has extremely high energy. For this reason, it is able to pass through
several centimeters of lead or several meters of concrete. This is the most dangerous form of
radiation. Occasionally, nuclear decay can result in the release of a neutron. The neutron (10n) has no
charge, but has a mass of 1 and needs to be shielded by several feet of concrete.
7. What is released when isotopes decay?
8. Fill in the following chart with the information in the reading
Name of particle
Symbol
Charge
Mass
Alpha

Penetrating Power

Beta
Gamma
Neutron

xxxxxxxxxxxxxxxxxxxx

When an elements nucleus decays and undergoes natural transmutation to become a new
element, the strong nuclear forces that holds the particles together is released. But the total mass
and total charges of the starting elements and the decay products after transmutation must be equal.
For example:
I-131 undergoes β decay as a natural transmutation.
131 I
53

→

0 e
-1

+

131 Xe
54

***Notice the total mass and charge on
both sides of the equation are equal***

Uranium undergoes alpha decay
238 U
92

→

4 He
2

+

234

90Th

Calculate the missing particles:
a)

222 Ra
88

→ 21886Rn + _____

b) 21483Bi → 21081Tl + ____
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Most elements have isotopes. For stable isotopes, an interesting plot arises when
the number of neutrons is plotted versus the number of protons. Because the plot
shows only the stable isotopes, this graph is often called the Nuclear Belt of
Stability. The plot indicates that lighter nuclides (isotopes) are most stable when
the neutron/proton ratio is 1/1. This is the case with any nucleus that has up to
20 protons. As the atomic number increases beyond 20, a different trend becomes
apparent. In this range, it appears that a stable nucleus is able to accommodate
more neutrons. Stable isotopes have a higher neutron to proton ratio, rising to
1.5/1 for elements having atomic numbers between 20 and 83.
http://www.algebralab.org/practice/practice.aspx?file=reading_thebandofstability.xml
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Radiation
Identify the charge of each beam, and provide evidence from the diagram for your choice. Then using
Table O and the charge of each particle, determine if each type of radiation is alpha, beta or gamma.

Beam
Number
1

Charge

Reason

2

3

5

Type of Radiation

Name:_____________________________________ Date:___________Period:_____
Nuclear Chemistry
PART A:
Go to: http://www.youtube.com/watch?v=KWAsz59F8gA (Nuclear Chemistry: Crash Course #38)
1. What is nuclear chemistry? _________________________________________________
__________________________________________________________________________
2.

What is transmutation? ____________________________________________________
___________________________________________________________________________

3.

Why do atoms transmutate? ________________________________________________
____________________________________________________________________________
____________________________________________________________________________

4.

What is half life? What is ionizing radiation?______________________________________
_____________________________________________________________________________
_____________________________________________________________________________

5.

Where on the reference tables would you find information about half life? _____________
__________________________________________________________________________

6.

All radioactive elements continue to decay until ___________________________________

__________________________________________________________________________
7.
What are three types of radioactive decay- order them in terms of energy and penetrating
power- use symbols and names. Where do you find information on the table about these decay modes?
Table:_______
a. ___________________________________
b. ___________________________________
c. ___________________________________
8.

Why do we omit the charges when we write nuclear equations? _____________________
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PART B: Take out your reference tables.
Go to: http://www.youtube.com/watch?v=Me7NHoPt5rE (Chemistry Tutorial 3.02c Writing Natural
Decay Equations)
9.

32

10.

What are the possible particles emitted in the decay process?

11.

Write all of the example reactions given in the video

12.

What is the rule for the mass numbers on each side of the yields sign?

13.

What is the rule for the atomic numbers on each side of the yields sign?

14.

Why is the “yields” sign used in a chemical equation like an “equals” sign?

15.

How do you identify the new element?

16.

Do you have any questions about writing nuclear reactions?

15P

What does each number represent?
32 means:
15 means:

Refer to the following links for more information:
http://www.youtube.com/watch?v=J8p7OIdyt54
http://www.youtube.com/watch?v=dWAVtTC1Llc

7

Balancing Nuclear Reaction Equations
Why?
Nuclear reactions are going on all around us. Using correctly balanced
equations is important when trying to understand nuclear reactions. All equations
need to be balanced to conform to two conservation laws: the mass number is
conserved, and the electrical charge is conserved.

Success Criteria
•
•

Use the conservation laws to find an unknown in a nuclear reaction equation.
Write a balanced nuclear equation for a natural transmutation.

Prerequisites
•

atomic symbols including mass number, atomic number, and charge

Information
4
2

He

e

0
−1

= a helium nucleus, also known as an alpha particle

= an electron, also known as a beta particle when emitted by a nucleus

Model
The following are two nuclear reaction equations:
220
87

Fr →

16
7

4
2

He +

N → −10e +

216
85

At

O

16
8

Key Questions
1. What are the products of francium-220 decay? Write the names of the products.

2. What are the products of nitrogen-16 decay? Write the names of the products.

© POGIL – 2005
Authored by Josephine Parlagreco and Scott Wallace; Assessed by Robert Dayton
Edited by Linda Padwa and David Hanson, Stony Brook University
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Balancing Nuclear Reaction Equations

3. (a) Is the alpha particle gained or released by the Fr-220?
(b) Is the beta particle gained or released by the N-16?
4. (a) What is the mass number of an alpha particle?
(b) What is the charge of an alpha particle?
5. (a) What is the mass number of a beta particle?
(b) What is the charge of a beta particle?
6. By examining the equations in the model, what is the mathematical relationship
between the total mass number of the reactants and the total mass number of
the products? Show your work.

7. By examining the equations in the model, what is the mathematical relationship
between the total charge in the nuclei of the reactants and the total charge of the
nuclei in the products? Show your work. [Note: you are looking for the charge of
the nuclei not the ionic charge on particles.]

8. How do your answers to Key Questions 6 and 7 support the laws of conservation
of mass number and charge?

© POGIL – 2005
Authored by Josephine Parlagreco and Scott Wallace; Assessed by Robert Dayton
Edited by Linda Padwa and David Hanson, Stony Brook University
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Exercises
1. Look at the equations in the model and explain what happens to the nucleus of
each of the starting elements during the reaction.

2. Given the equation:

27
13

Al + 4 He →
2

30
15

P +

1
0

n

(a) How is this equation similar to the equations in the model?

(b) How is this equation different from the equations in the model?

3. Use the laws of conservation of mass number and charge to determine the
identity of X in equations below. Refer to a periodic table as needed.
222
86

14
6

4

Rn Æ

C Æ

X Æ

2

0
−1

0
+1

He + X

e+ X

e+

19
9

F

4. Write the balanced equation for the beta decay of Sr-90.

© POGIL – 2005
Authored by Josephine Parlagreco and Scott Wallace; Assessed by Robert Dayton
Edited by Linda Padwa and David Hanson, Stony Brook University
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5. Below is a graph showing the number of neutrons versus the number of protons
for all stable naturally occurring nuclei. (The solid line represents a neutron to
proton ratio of 1:1.)
The Band of Stability

http://www.algebralab.org/practice/practice.aspx?file=Reading_TheBandOfStability.xml

(a) Find the reactants from Exercises 3 and 4 on the graph. Where are they located
on the graph in relation to the belt of stability?

(b) Are these reactants stable or do they decay spontaneously? Explain your
answer.

© POGIL – 2005
Authored by Josephine Parlagreco and Scott Wallace; Assessed by Robert Dayton
Edited by Linda Padwa and David Hanson, Stony Brook University
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Balancing Nuclear Decay Equations Practice
Please write each of the following decay equations:
1. Pu-239

2. Iodine-131

3. Cobalt-60

4. Calcium-37

5. Uranium-235

Please complete each of the following nuclear decay equations by identifying the missing
component and indicate if the equation is artificial or natural transmutation.
Nuclear Equation
6.

240
94Pu

7.

27
13Al

8.

210
84Po

9.

2
1H

Natural or Artificial Transmutation

→ ______ + 42He

+ ______ →
→ ______ +

_______________________________

27
14Si

_______________________________

210
85At

_______________________________

+ 21H → _____

____________________________

1
10. 209
83Bi → 1p + _____

____________________________
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Balancing Nuclear Decay Equations Practice
11. 239Pu → 42He + _______

_______________________________

12. 235U + ______ +

_______________________________

13. 27Al →

27

14. 37K →

0
−1e

231

Th

Na + _______

_______________________________

+ ______

15. 188Re + _____ →

____________________________

189

____________________________

Re
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15
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Nuclear Fission and Fusion
Learning Objectives
• Compare and contrast nuclear fission and nuclear fusion.
• Understand the conservation laws that apply to nuclear reactions.
Vocabulary
• Fission, fusion, transmutation and nuclide.

Why?
Fission and fusion are two processes that alter the nucleus of an atom. Nuclear fission provides the
energy in nuclear power plants and fusion is the source of the sun’s energy. The use of fission in power
plants can help conserve fossil fuels. Without the energy produced by eh fusion of the hydrogen in the sun,
the Earth would quickly change into a cold planet that could not support life as we know it.
Information
Transmutation is the transformation of the nucleus of an atom so that the atom is changed from one
element into a different element. This can be accomplished through many types of reactions, including
fission and fusion.
Nuclear transformations always obey two fundamental conservation laws: (1) mass number is
conserved and (2) electrical charge is conserved. Energy and mass are not served, but can be interconverted according to Einstein’s equation, E=mc2. The amount of binding energy released from the
nucleus of an atom during fission and fusion is so tremendous that a small fraction of mass is converted to
energy; this is referred to as the mass defect.
Model
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Key Questions
1. What is fission?

2. What is fusion?

3. What is the difference between the nuclei, deuterium, 21𝐻 and tritium, 31𝐻 ?

4. What two quantities are conserved in all nuclear transmutations?

5. The fusion equations show the production of atoms of several different elements through the
combination of hydrogen nuclei. These reactions require tremendous amounts of energy and pressure
in order to be successful.
• Why is it so difficult to get two nuclei of elements to come together? (Hint: Think about the
particles contained in the nuclei of all atoms)

6. The nuclei of atoms will repel because of the like charges. Explain, in terms of nuclear charge, why
fusion is only possible for the nuclei of small elements such as hydrogen and is impossible for the
nuclei of large elements, such as uranium.

22

Exercises
1. An equation in the model shows the fusion of two deuterium nuclei to form a nucleus of
tritium. Suggest another product that might form in this reaction.

2
1𝐻

+ 21𝐻 → ___________

2. Describe how to find the identity of the species X in the equation.

235
92𝑈

1
+ 10𝑛 → 152
60𝑁𝑑 + X + 3 0𝑛

3. What is missing in the following reaction?

235
92𝑈

90
+ 10𝑛 → ____________ + 37
𝑅𝑏 + 2 10𝑛

4. An atom of U-235 absorbs a neutron and produces an atom of Sb-123, four neutrons and an
unknown nuclide, X. Write the decay equation to represent this reaction and identify the other
nuclide, X, formed in this reaction.

5. Classifying the following equations as fission or fusion.
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Fission, Fusion and Artificial Transmutation

Nuclear fusion and nuclear fission are different
types of reactions that release the energy of a
nucleus due to the presence of highpowered bonds (binding energy) between
particles found within a nucleus. In fission, a large
atom’s nucleus is split into two or more smaller,
lighter atoms. Fusion, in contrast, occurs when
two or more smaller atoms fuse together, creating
a larger, heavier nucleus.
Fission
Fusion
Fission reaction does not
Fusion occurs in stars, such as the
normally occur in nature, it
sun but on earth it only occurs as
is artificial transmutation.
artificial transmutation.
Byproducts of the reaction
Fission produces many
Few radioactive particles are
highly radioactive particles.
produced by fusion reaction, but
if a fission "trigger" is used,
radioactive particles will result
from that.
Conditions
Critical mass of the
High density, high temperature
substance and high-speed
environment is required to
neutrons are required.
overcome the intense repulsion of
two positively charge nuclei.
Energy Requirement
Takes little energy to split
Extremely high energy is required
two atoms in a fission
to bring two or more protons
reaction.
close enough that nuclear forces
overcome their electrostatic
repulsion.
Energy Released
The energy released by
The energy released by fusion is
fission is a million times
three to four times greater than
greater than that released in
the energy released by fission.
chemical reactions, but
lower than the energy
released by nuclear fusion.
Nuclear weapon
One class of nuclear weapon One class of nuclear weapon is
is a fission bomb, also
the hydrogen bomb, which uses a
known as an atomic bomb or fission reaction to "trigger" a
atom bomb.
fusion reaction.
Energy production
Fission is used in nuclear
Fusion is an experimental
power plants.
technology for producing power.
Fuel
Uranium-235 and
Hydrogen isotopes (Deuterium
Plutonium-239 is primarily
and Tritium) are the primary fuel
used in fission.
used in experimental fusion.
These are the smallest nuclei with
the smallest positive charges.

Questions
1. When a uranium nucleus breaks up into fragments, which type
of nuclear reaction occurs?
1) Fusion
2) fission
3) replacement 4) redox
2. Given the nuclear reaction:
138
235
1
95
1
92U + 0n → 56Ba + 36Kr + 3 0n + energy
This equation can be described as
1) Fission
2) natural decay 3) endothermic 4) fusion
3. When a nucleus with a high mass undergoes fission, the
resulting nuclei are more stable than the original nucleus
because they have a:
1) Higher binding energy per nucleon
2) Lower binding energy per nucleon
3) Higher number of electrons
4) Lower number of electrons
4. What is the primary result of a fission reaction?
1) Conversion of mass to energy
2) Binding together of two heavy nuclei
3) Conversion of energy to mass
4) Binding together of two light nuclei
5. An uncontrolled chain reaction takes place during the:
1) Operation of a fission nuclear reactor
2) Production of energy by the Earth’s Sun
3) Explosion of an atomic bomb
4) Fusion of light nuclei into heavier nuclei

Information found at: http://www.diffen.com/difference/Nuclear_Fission_vs_Nuclear_Fusion
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Three Mile Island Disaster
In March of 1979, an accident at the Three Mile Island Nuclear Power Plant near Harrisburg,
Pennsylvania touched off a wave of fear and distrust that swept the country. What began as a
simple equipment malfunction was followed by other malfunctions and several layers of human
error, quickly turning the situation into the worst nuclear accident in U.S. history. Although a
complete meltdown of the reactor core was averted, for many the dream of cheap, clean, safe
power was permanently damaged.
Nuclear power plants have at least five basic requirements. They need radioactive fuel, such as
uranium, to provide the energy for the plant; control rods to control the speed of the nuclear
reaction in the fuel; a coolant, usually water, to remove heat from the reactor and carry it to
where it can be used to make steam, thus preventing the reactor from overheating; a turbine,
driven by steam, to drive an electrical generator; and, a containment structure to prevent the
escape of radioactive materials during normal operation or when an accident occurs.
In addition, nuclear power plants, including the Three Mile Island facility, rely on a complex
system of automated pumps, valves, and gauges, and on the expertise of plant operators to
interpret and manage the functioning of the various parts of the system. At the time it was built,
Three Mile Island was considered a state-of-the-art facility. As one plant operator described it,
even backup systems had backups. Unfortunately, as the events of March 28, 1979 proved,
seemingly fail-safe systems sometimes fail, and without sufficient preparation, workers may be
unable to appropriately respond to such events.
In the aftermath of the Three Mile Island accident, government agencies, including the Nuclear
Regulatory Commission, took steps to avoid similar incidents in the future. These steps included
more rigorous training for plant workers and stricter requirements for equipment and safety
features.
Discussion Questions
1. What caused the Three Mile Island nuclear core to overheat? What was the role of
human error in the accident?

2. What is meant by “meltdown”? Once the reactor began to cool, what danger remained?

3. Did anything good result from this accident? If so, do you think the benefits were worth
the cost?

4. Why was the outcome so different from what happened at Chernobyl?

5. What kinds of risks are associated with Nuclear Power? Are there risks in other forms of
energy?
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Half-Life Calculations: In Class Practice Examples
1) A 62 gram sample of Fe-53 decays for 34.04 minutes. What mass of iron
remains?

2) Iodine-131 is used in thyroid scans. What fraction of the sample remains
after 24.063 days?

3) A radioisotope has a half-life of 8.5 minutes. After 25.5 minutes, 10 grams
remain. What was the initial amount?

4) A radioisotope, I-131 has decayed to 12 grams after 5 half-lives. How much
time has elapsed?
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Natural Transmutation/Selected Radioisotopes (Table N):
 Table N contains a list of some of the more common radioisotopes, their half lives,
their symbols, and their names.
 ________________ = an __________________ of a given element
1. Which of the following pairs of nuclides has
the same type of radioactive decay mode?
a. K-37 and K-42
b. Fr-220 and Th-232
c. Ne-19 and P-32
d. U-232 and U-235
2. Which of the following radioisotopes will
take the longest to decay from 100 g to 50
g?
a. Fe-53
b. Pu-239
c. Th-232
d. N-16
3. Which of the radioisotopes listed below
emits a decay product with a positive
charge?
a. Ra-226
b. Au-198
c. H-3
d. Sr-90
4. Which of the radioisotopes listed below
emits a decay product with the greatest
mass?
a. Co-60
b. C-14
c. Ca-37

d. Fr-220
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Half-Life Calculations: In Class Practice Examples
5) A radioisotope decayed to 1/16 its original amount in 25 hours. What is the
half-life of this radioisotope?

6) A scientist is working with a 100.0 g sample of Co-60. How many decays did it
go through after 26.36 years?
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Half Life Practice Problems
1. Which sample will decay least over a period of 30 days? [Refer to Reference Table N]
a) 10 g of Au-198
b) 10 g of I-131
c) 10 g of P-32
d) 10 g of Rn-222
2. An original sample of the radioisotope fluorine-21 had a mass of 80.0 milligrams. Only 20.0
milligrams of this original sample remain unchanged after 8.32 seconds. What is the half-life of
fluorine-21?
a) 1.04 s
b) 4.16 s
c) 2.08 s
d) 8.32 s

3. After decaying for 48 hours, l/16 of the original mass of a radioisotope sample remains unchanged.
What is the half-life of this radioisotope?
a) 3.0 h
b) 12 h
c) 9.6 h
d) 24 h

4. How long does it take a 100.00g sample of Au-198 to decay to 6.25g?

5. How many half-lives will pass by the time a 60.0g sample of Co-60 decays to 7.5g?

6. How long does it take a 180g sample of Au-198 to decay to 1/8 its original mass?

7. What fraction of a sample of N-16 remains undecayed after 42.78 seconds?
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Half Life Practice Problems
8. What is the half-life of a radioactive isotope if a 500.0 g sample decays to 62.5 g in 24.3 hours?

9. How old is a bone if it presently contains 0.3125g of C-14, but it was estimated to have originally
contained 80.00 g of C-14?

10. If you are injected with 1.00 mg of Tc-99, how long will it take for the sample to decay to 12.5% of
its original mass?

11. What is the half-live of a radioactive isotope if it takes 6.2 days for a 72g sample to decay to 18g?

12. Cs-137 is produced as a waste product in nuclear fission reactors. What fraction remains undecayed
after 241.60 years?

13. How many half-lives of K-37 will pass after 6.15 seconds?
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Half-life Practice Regents Questions
1. What is the total number of years that must pass
before only 25.00 grams of an original 100.0-gram
sample of C-14 remains unchanged?
A) 2858 y
C) 11 430 y

B) 5715 y
D) 17 145 y

2. Which radioisotope has the fastest rate of decay?
A)

14C

B)

37Ca

C)

53Fe

D)

42K

3. An original sample of the radioisotope fluorine-21
had a mass of 80.0 milligrams. Only 20.0 milligrams
of this original sample remain unchanged after 8.32
seconds. What is the half-life of fluorine-21?
A) 1.04s B) 2.08s C) 4.16s D) 8.3s

4. A radioactive isotope has a half-life of 2.5 years.
Which fraction of the original mass remains
unchanged after 7.5 years?
A) 1/2

B) 1/4

C) 1/8

D) 1/16
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5. According to Table N, which radioactive isotope is
best for determining the actual age of Earth?
A)

238U

B)

90Sr

C)

60Co

D)

14C

6. As a sample of the radioactive isotope
half-life
A) decreases
C) remains the same

131I

decays, its

B) increases

7. What was the original mass of a radioactive sample
that decayed to 25 grams in four half-life periods?
A) 50 g

B) 100 g C) 200 g D) 400 g

8. Base your answer to the following question on the information below.
The fossilized remains of a plant were found at a construction site. The fossilized remains contain
the amount of carbon-14 that is present in a living plant.
Determine the approximate age of these fossilized remains.
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