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Activity 8 Holding the Nucleus Together

What Do You Think?
Nuclear bombs, nuclear radiation, and nuclear
medicine conjure up very different images than
chemical explosions, chemical reactions, and
chemical medicines.

• How are nuclear reactions different from chemical reactions?

Record your ideas about this question in your Active Physics
log. Be prepared to discuss your responses with your small
group and your class.

For You To Do
1. Many people can recite Einstein’s famous

equation:

E = mc2

where E represents energy in joules (J), and
m represents mass in kilograms (kg).

Write down the approximate mass of the following objects:

a) an eight-year-old child
b) a bowling ball
c) a box of spaghetti
d) a compact car

GOALS
In this activity you will:

• Explain the meaning 
of Einstein’s equation: 
E = mc2.

• Calculate the energy
equivalent of different
masses.

• Determine the binding
energy of protons and
neutrons in the nucleus.

• Compare the binding
energy of protons in the
nucleus with the binding
energy of electrons in the
atom.

Activity 8 Holding the Nucleus Together
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2. The c in the equation E = mc2 represents the speed of light,
which is equal to 3.0 � 108 m/s. Use the equation:

d = vt 

to calculate how long it takes light to travel from:

a) one side of a football field to the other (approximately 
100 m)

b) from Canada to Texas (approximately 1000 km or 106 m)
c) from the Moon to Earth (approximately 380,000 km or 

3.8 � 108 m)
d) from the Sun to Earth (approximately 150,000,000 km or

1.5 � 1011 m)

3. Consider the energy equivalent of a small mass. The mass of
a pea may be 1 g or 1 � 10–3 kg.

a) Calculate the energy equivalent in joules of this mass
using E = mc2. (Assume 100% conversion.)

4. There are many forms of energy that can be calculated.
Kinetic energy, associated with moving cars, people, planets,
and subatomic particles can be calculated using the equation:

KE = �
1
2

� mv2

where KE is kinetic energy in joules (J)
m is the mass in kilograms (kg), and 
v is the velocity in meters per second (m/s)

a) If a sprinter with a mass of 50 kg is running at 8 m/s,
calculate the kinetic energy in joules.

b) How fast would a sprinter have to be running to have the
energy equivalent of one pea?

5. Gravitational potential energy is energy associated with
position. It can be calculated using the equation:

GPE = mgh

where GPE is gravitational potential energy in joules (J)
m is the mass in kilograms (kg)
g is the acceleration due to gravity equal to about 9.8
m/s2, and 
h is the elevation in meters (m)

a) How high would a bowling ball (mass = 6 kg) have to be
elevated to have the same gravitational potential energy
as the energy equivalent of a pea?
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6. In Activity 3, you studied electrons in the atom. The binding
energy of an electron in hydrogen is the energy that holds
the electron to the nucleus. In the n = 1 (ground) state of
hydrogen, the binding energy was – 13.6 eV. The negative
sign reminded you that the electron is bound to the nucleus.
That electron requires +13.6 eV in order for it to be free of
the nucleus.

Neutrons and protons are also bound to the nucleus. A 
nitrogen-15 � N� nucleus has 7 protons and 8 neutrons. To 
free a nucleon (proton or neutron) requires an addition of
energy equal to the binding energy of the nucleon. You can
calculate that binding energy.

15
7

Example:

• Calculate the mass of all the protons and neutrons.
The “atomic mass unit” is used for masses of atoms. It is
defined in terms of the mass of carbon-12. Each atomic
mass unit (u) is approximately equal to 1.7 � 10–27 kg.
(You can see from this value why people prefer to use
atomic mass units instead of kilograms.)

Mass of 7 protons = 7 (1.007825 u) = 7.054775 u
Mass of 8 neutrons = 8 (1.008665 u) = 8.069320 u
Total nucleon mass (protons + neutrons) = 15.124095 u

• Compare this to the mass of the nitrogen-15 nucleus.
The mass of the nitrogen-15 nucleus (15.000108 u) can 
be found from a chart of the nuclides in a reference book.
The nitrogen-15 mass will be less than the total mass of 
the protons and neutrons. Energy must be supplied to
remove a neutron. That implies that energy was given 
off when the nitrogen nucleus was first formed.

Total nucleon mass = 15.124095 u
Mass of nucleus of N = 15.000108 u
Mass difference = 0.123987 u

15
7

➔
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• Calculate the total binding energy.
(1 u = 931.5 MeV) The explanation for 931.5 MeV is
given in the For You To Read section.
Total binding energy = 0.123987 � 931.5 MeV 

= 115.5 MeV

• Calculate the average binding energy per nucleon.
Total number of nucleons = 15 (7 protons and 8
neutrons)
Average binding energy = �115.5

15
MeV
� = 7.7 MeV

On average, it would require 7.7 MeV or 7.7 million eV to
remove a proton or neutron from the nucleus of N. (The 

removal of the first nucleon actually requires
more than this energy—this is an average.) Recall that
removing an electron from hydrogen required only 13.6 eV.

a) Calculate the average binding energy per nucleon for 
CL.

The mass of chlorine-37 is equal to 36.965898 u. Use the
masses of protons and neutrons given in the sample
problem.

b) A neutron can be removed from N to create N.

Compare the mass of N to the masses of N + 1 
neutron to determine the actual energy required to free
the neutron. The mass of nitrogen-14 equals 14.003074 u.
The other values are given above.

c) Compare this binding energy to remove the neutron with
the average binding energy calculated in the sample
problem.

d) N and N are isotopes. What defines two elements as 
isotopes?

14
7

15
7

14
7

15
7

14
7

15
7

37
17

15
7
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PHYSICS TALK

Converting Mass Units to Energy Units

The conversion of atomic mass units (u) to energy units in
electron volts (eV) required the use of the equation E = mc2

to find the corresponding energy from the mass defect.

This would require certain conversions:
• The mass difference between the nucleus and constituent

parts is called the mass defect. It is given in atomic mass
units (u).

• The mass units would have to be converted to kilograms
(1 u = 1.7 � 10–27 kg).

• The energy would then be calculated in joules (E = mc2).

• The joules could then be converted to electron volts 
(1 eV = 1.6 � 10–19 J).

All of these steps can be combined into one step:
1 u = 931.5 MeV.

FOR YOU TO READ

Energy and Matter

The speed of light is the “speed limit”
of the universe. No material object can travel
faster than this speed. In this activity you
examined Einstein’s equation:

E = mc2

that equates energy and mass with the speed
of light.

Einstein’s equation can be interpreted in a
number of different ways:

• It provides the energy equivalent of a piece
of mass. (In the activity, you found the
equivalent energy of a pea.)

• It tells you that energy and mass are
equivalent entities but one is given in joules
and the other is given in kilograms.

• It tells you that the conversion factor
between energy and mass is the square of
the speed of light (c2).To change kilograms to
joules, you have to multiply by c2, equal to 
9 � 1016 m2/s2.

• It explains how an electron and a positron
(identical to the electron but with a positive
charge) can annihilate each other and create
light energy.This is called particle-antiparticle
annihilation.

In Activity 3, you investigated the binding
energy of electrons in an atom. In the n = 1
(ground) state of hydrogen, the binding energy
was –13.6 eV. The binding energy of the

Physics Words
atomic mass unit:
a standard unit of
atomic mass based 
on the mass of the
carbon atom, which 
is assigned the value 
of 12.

➔
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electron in the n = 2 state is – 3.4 eV.You
would have to give that electron +3.4 eV to
free it. Similarly, if the nucleus of hydrogen
captures an electron to make a hydrogen atom
and the electron drops into the n = 1 state,
13.6 eV is given off as a photon of light.

The conservation of energy requires that the
energy before must equal the energy after the
event.An electron absorbs a photon of light of
+13.6 eV bringing its total energy to 0 and it is
free. Or, a free electron of 0 energy becomes
bound to the proton nucleus with an energy of
–13.6 eV and gives off a light photon with
energy equal to +13.6 eV.

In this activity, you calculated the binding
energy on a nucleon.You found that to

remove a proton or neutron from the nucleus
of nitrogen-15 � N� requires 7.7 MeV or 

7.7 million eV. Compare that to the binding
energy of an electron in hydrogen, which is
13.6 eV, and you can begin to appreciate the
difference between chemical and nuclear
reactions. Chemical processes have to do with
the exchange of electrons. Nuclear processes
have to do with the exchange of nucleons.You
can get a sense of the strength of these
processes by comparing the binding energies.
The nuclear binding energies are millions of
times larger than the electron’s binding
energies.This is one reason why nuclear bombs
are so much more devastating than dynamite.

15
7

Reflecting on the Activity and the Challenge
The nucleons (neutrons and protons) are held tightly in the
nucleus by the strong nuclear force. You are now able to use 
the equation E = mc2 to calculate the energy required to free 
a nucleon. The energy is of the order of a million electron volts
while removing an electron requires only a few electron volts 
of energy. You might try to find a way to add numerical
calculations to your atomic structure museum exhibit. You may
want to compare the binding energy of electrons to the binding
energy of nucleons. The nucleus is a wonderful place to
introduce Einstein’s famous E = mc2 equation and its multiple
interpretations.

Physics To Go
1. a) Calculate the energy equivalent of the following objects:

i) an electron
ii) a pea
iii) a 50-kg student

Physics Words
nucleon: the building
block of the nucleus of an
atom; either a neutron or
a proton.
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b) Lifting a 4-kg shovel full of snow 1 m requires 40 J of
energy. How many shovels full of snow could be lifted with
the energies calculated on the preceding page?

2. a) A direct observation of the equivalence of mass and energy
occurs when an electron and a positron (same mass as an
electron, but opposite charge) annihilate each other and
create light. Calculate the total energy of the light
produced. (The mass of an electron is 9.1� 10�31 kg.)

b) Calculate the total energy of the light produced when a
proton and an antiproton (same mass as a proton, but
opposite charge) annihilate each other.

3. Lots of quantities can be measured using different units. Length
can be measured in meters, centimeters, and miles. Volume can
be measured in liters, milliliters, gallons, meters cubed, and
cubic feet. In a similar way, mass and energy are related where
mass is measured in kilograms and energy is measured in
joules. How could this be depicted in a museum exhibit to make
clear the notion that energy and mass are identical?

4. a) Calculate the total binding energy of phosphorus–31 with
an atomic number of 15. The atomic mass is 30.973765 u.

b) Calculate the binding energy per nucleon.

5. a) Describe binding energy in a way that a child visiting a
science museum may understand. Is there some way that
you can make the explanation visually appealing?

b) Compare and contrast the binding energy of an electron 
to a nucleus with the binding energy of a proton with the
nucleus.

6. In Star Trek, the matter-antimatter energy source provides
all the energy the spaceship needs to operate. How might 
a matter-antimatter energy source work?

7. Two energy units are commonly used, the joule (J) and the
electron-volt (eV). 1 eV is equivalent to 1.6 � 10–19 J. If both
of these units are energy, why are two different units useful?

8. Sketch a graph showing the relationship between energy and
mass. What would be the slope of the graph?

9. The mass difference between the nucleus and its constituent
part (also called the mass defect) is greater for nucleus A
than nucleus B. Compare their binding energies.
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