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Dear Teacher,
Exactly 100 years ago, Albert Einstein came to a revolutionary idea: Mass
and energy are not distinct, but are two forms of the same thing—related
by the formula E = mc2. While most of us can recite this famous equation,
what does it actually mean? On October 11, NOVA’s “Einstein’s Big Idea”
illuminates this deceptively simple formula by unraveling the story of how
it came to be.
Based on David Bodanis’s bestselling book E = mc2: A Biography of the
World’s Most Famous Equation, the program explores the lives of the
men and women who helped develop the concepts behind each part
of the equation: E for energy; m for mass; c for the speed of light; and
2 for “squared.” The drama spans four centuries of passionate thinkers
—including many women and other scientiﬁc “outsiders”—who worked
relentlessly to ﬁnd answers and gain acceptance for their ideas.
With generous support from the Department of Energy, we’ve developed
this guide to help your students gain a better understanding of E = mc2.
Inside you’ll ﬁnd activities that will help them learn more about the
women and men whose discoveries laid the foundation for Einstein’s
insight, explore scientiﬁc concepts behind each term of the equation,
and investigate the meaning of the equation itself.

Paula S. Apsell
NOVA Executive Producer

Einstein’s Big Idea Teacher’s Guide
Albert Einstein’s famous equation, E = mc2 , is known to many people
but understood by few. This guide—which includes five lesson plans
and a time line—is designed to help you and your students learn more
about the stories and science behind this renowned formula. Intended
for middle and high school students, the lessons look into the lives of
the innovative thinkers who contributed to the equation, investigate the
science behind each part of the equation, and explore what the equation
really means.

Contents

TUNE IN
“Einstein’s Big Idea” airs October 11,
2005, at 8 pm. (Check local listings
as dates and times may vary.) The
two-hour program can be taped
off-air and used for up to one year
from the broadcast date. Educators
can purchase the video or DVD
for $19.95 from WGBH Boston Video
at (800) 949-8670 or online at
www.pbs.org/nova/novastore.html
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Einstein’s Big Idea
PROGRAM OVERVIEW
NOVA explores the stories behind E = mc2 and relates how
Einstein came to his startling conclusion that mass and energy
are two forms of the same thing.
The program:
• conveys the discoveries that various scientists made, the
challenges they faced, and the determination with which
they championed their ideas.
• chronicles Michael Faraday’s journey from bookbinder’s
apprentice to lab assistant and follows Faraday’s quest to
understand the interaction of electricity and magnetism.
• introduces a young Albert Einstein, who was growing up
at a time when new ideas about energy were being formed.
• follows the life of Antoine-Laurent Lavoisier as he investigates the nature of matter and devises experiments that
show that matter is always conserved in a chemical reaction.
• shows the central role that Lavoisier’s wife, Marie Anne,
played in helping him run his lab, illustrate his experiments,
and translate other scientists’ work.
• describes how James Clerk Maxwell was able to mathematically
show that light is a form of electromagnetism, supporting
Faraday’s belief that light was an electromagnetic wave.
• recounts Einstein’s reﬂections on light and how he came to
understand its nature.
• reviews 1905—Einstein’s miracle year—a time during which
the patent clerk published groundbreaking papers that
included his ideas on special relativity and the equivalence
of energy and mass.
• notes that Einstein spent four years answering queries
about his ideas before his brilliance was fully recognized and
he was appointed professor of physics at Zurich University.
• relates the ﬁrst conﬁrmation of Einstein’s equation in 1938
by Otto Hahn and Fritz Strassmann who, without knowing it,
split the atom—an accomplishment that was realized by
Lise Meitner and Otto Robert Frisch.
• notes how the splitting of the atom was applied to the
creation of the atomic bomb.
• concludes with ways E = mc2 is being applied by physicists today.
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Einstein was only 26 years old when he
forever changed the world’s ideas about
space, time, matter, and energy.

Viewing Ideas
AFTER WATCHING

BEFORE WATCHING
1 Ask students to deﬁne the word
energy. What kinds of energy
have students used today from
the time they woke up to the
present moment in class?
Guide the class to backtrack
from their initial answers (light,
electricity, heat, and kinetic
energy) to the primary sources
of energy (sun, oil, natural gas,
gasoline, wind, hydroelectric,
nuclear, coal, wood, and food).
Point out that these are mostly
types of stored energy (gravitational, electrical, nuclear, and
chemical potential energies) that
are converted to other useful
forms of energy utilized in
everyday life (light; heat; electricity; and mechanical action
of muscles, heart, and brain).
2 Help students understand that
matter has mass. First develop
a deﬁnition of matter with
them. Write the following list
on the board: air, water, living
organisms, the sun, jewelry. Are
these made of matter? Provide
each student with a copy of the
periodic table of elements.
Have students identify the primary elements in air (nitrogen,
oxygen), water (hydrogen, oxygen), living organisms (carbon,
nitrogen, oxygen, hydrogen),
the sun (hydrogen, helium),
and jewelry (nickel, silver, gold).
Do these elements have mass?
(Yes. The periodic table provides
the relative mass of each element
in atomic mass units.) Clarify
with students the difference

between weight and mass.
(Weight is a force of attraction
between Earth and an object,
while mass is a fundamental
measure of the amount of matter in an object.) Have students
identify objects in their world
that they would like to know
the makeup of. Write a list on
the board and form teams to
research and report on the
primary elements that make
up their assigned objects.
3 Science is a human endeavor
undertaken by many different
individuals of various social and
ethnic backgrounds who carry
out their science in the society
in which they live. Organize students into seven groups. As
they watch the program, have
each group take notes on one
of the following scientists or
science teams:
• Michael Faraday
• Antoine-Laurent and
Marie Anne Lavoisier
• James Clerk Maxwell
• Emilie du Châtelet
• Albert Einstein
• Otto Hahn and
Fritz Strassman
• Lise Meitner and
Otto Robert Frisch
Students should record each
scientist’s nationality, whether
the scientist worked alone or
with others, and the society
and times in which each
scientist lived.

1 Discuss with students the
scientists they took notes on
while watching the program.
Have each group present information about its scientist(s).
In what social context did each
scientist work? How was
science viewed by the society
in which each scientist lived?
What tools and techniques
were available to the different
scientists? How did scientists
collaborate and share information in each time period?
2 Einstein died in 1955. If he were
alive today, what do students
think would surprise, delight, or
horrify him about the technologies and modern developments
that stem from his equation?
3 When Einstein wrote his paper
revealing his supposition that
mass and energy were simply
different forms of the same
thing, it was a hypothesis based
on mathematical and philosophical ideas. What evidence
accumulated between 1905 and
the present day about energy
and mass that turned his
hypothesis into scientiﬁc truth?
(Some examples include the
splitting of the atom, the development of ﬁssion reactors and
experimental fusion reactors, the
understanding about production
of energy inside the sun, identiﬁcation of elementary particles,
and the discovery of black holes.)
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ACTIVITY 1

The Building of Ideas
Activity Summary
Students create a time line of scientists involved with E = mc2 .

Materials for each team
• copy of “The Building of Ideas” student handout
• four 4 x 6 ﬁle cards
• small binder clip
• tape

Background
For centuries prior to Albert Einstein’s development of E = mc2 , men
and women the world over dedicated their lives to understanding the
concepts that underlie each part of the equation. Their investigations
into the nature of energy, mass, light, and velocity provided Einstein
with the foundation he needed to draw his astonishing conclusions
about the equivalence of mass and energy. Scientists have conﬁrmed
Einstein’s equation countless times since its creation and continue
researching its implications today.
In this activity, students will learn more about the lives and work
of some of the men and women involved with E = mc2.

Procedure
1 Organize students into six teams to take notes on one of the
following categories: energy, mass, light, velocity (speed of light
squared), the development of the equation, and the conﬁrmation
of the equation. Within their category, students should take notes
on the following: name of scientist(s), nationality, concept, experiment, time period, and challenges faced.
2 Distribute the materials and watch the two-hour program with students. After students watch, have them record their assigned category
and a summary of the information noted above on the ﬁle cards.
3 Place a 3-meter string across a classroom wall. Create a time line
ranging from 1700 to 1950. Have a representative from each team
clip the team’s time-line cards to the appropriate place on the string.
4 Discuss the people in the program who contributed to the equation.
Encourage students to see how the equation was an outcome of the
work of many scientists. Have students elaborate how each scientist
approached his or her concept. What did the scientists do or see that
allowed them to make their breakthroughs in thinking?
5 As an extension, have each student adopt the identity of a scientist,
research his or her work, and create a class presentation to illustrate
the scientiﬁc breakthrough or contribution the scientist made.
4

LEARNING OBJECTIVES
Students will be able to:
ß identify key scientists who
contributed to the concepts
in and conﬁrmation of E = mc2.
ß describe experiments that led to
an understanding of energy, mass,
the speed of light squared, and the
equivalence of mass and energy.
ß relate challenges scientists
have faced as they pursued
their research.
ß place in sequential order discoveries of the past two centuries.

S TA N D A R D S
CONNECTION
“The Building of Ideas” activity
aligns with the following National
Science Education Standards
(see books.nap.edu/html/nses).
GRADES 5–8
Science Standard
History and Nature of Science
ß Science as a human endeavor
ß Nature of science
ß History of science
GRADES 9–12
Science Standard
History and Nature of Science
ß Science as a human endeavor
ß Nature of scientiﬁc knowledge
ß Historical perspectives

FIND OUT MORE
For more on the scientists, see the
“Who Did What When? A Time Line
of E = mc2” at the end of this guide and
“Ancestors of E = mc2” online at www.
pbs.org/nova/einstein/ancestors.html

LINKS AND BOOKS

ACTIVITY ANSWER
Energy

Velocity (Speed of Light Squared)

Scientist: Michael Faraday
Nationality: English
Concept: Invisible lines of force ﬂow
around electricity and magnets; electricity
and magnetism are linked.
Experiment: Faraday placed a magnet
beside a copper wire suspended in
mercury and passed an electric current
through the wire. The wire spun in a circle
around the magnet, thus demonstrating
the interaction of lines of electric and
magnetic force.
Time Period: Early 1800s
Challenges Faced: Accused of plagiarism
by Sir Humphry Davy; refuted claim and
was later elected to the Royal Society.

Scientists: Gottfried von Leibniz
and Emilie du Châtelet
Nationality: German (Leibniz) and
French (du Châtelet)
Concept: The energy of an object is
a function of the square of its speed.
Experiment: Du Châtelet analyzed
experiments in which brass balls were
dropped into clay; measuring their
impacts demonstrated that an object’s
energy is a function of its velocity
squared. She clariﬁed Leibniz’s original
ideas about velocity.
Time Period: Early to mid-1700s
Challenges Faced: Scientists discounted
Leibniz’ ideas; du Châtelet died during
childbirth when she was 43.

Mass
Scientists: Antoine-Laurent and Marie
Anne Lavoisier
Nationality: French
Concept: Matter is always conserved
in a chemical reaction regardless of
how it is transformed.
Experiment: Lavoisier transformed
a number of different substances.
He carefully measured all the products
of the reactions to show that matter is
conserved.
Time Period: Late 1700s
Challenges Faced: The French Revolution;
Antoine-Laurent Lavoisier was captured
and executed by guillotine.

Light
Scientists: Michael Faraday and James
Clerk Maxwell
Nationality: English (Faraday) and
Scottish (Maxwell)
Concept: Electromagnetism can be
described mathematically; Maxwell’s
equations supported Faraday’s
long-held claims that light was just
one form of electromagnetism.
Experiment: Maxwell’s ideas were
theoretical.
Time Period: Mid-1800s
Challenges Faced: Scientists did not
agree with Faraday’s belief that light
was an electromagnetic wave.

Development of E = mc2
Scientist: Albert Einstein
Nationality: German, Swiss,
and American
Concept: Mass and energy are the same
and can be converted one to the other
using the speed of light squared.
Experiment: Einstein’s ideas were
theoretical.
Time Period: Early 1900s
Challenges Faced: At ﬁrst no one
responded to Einstein’s ideas; he
patiently answered letters for four years.
His genius began to be recognized when
his work gained the endorsement
of German physicist Max Planck.

Confirmation of E = mc2
Scientists: Otto Hahn, Fritz Strassmann,
Lise Meitner, and Otto Robert Frisch
Nationality: German (Hahn, Strassmann)
and Austrian (Meitner, Frisch)
Concept: The conﬁrmation of E = mc2.
Experiment: Hahn and Strassmann
bombarded uranium with neutrons
and discovered barium in the resulting
products; Meitner and Frisch realized
the results indicated that Hahn and
Strassmann had split the uranium
nucleus.
Time Period: Mid-1900s
Challenges Faced: Because she was
Jewish, Meitner was forced to ﬂee
Germany and compelled to collaborate
by mail with Hahn and Strassmann; Hahn
never acknowledged Meitner’s work.

Links
NOVA—Einstein’s Big Idea
www.pbs.org/nova/einstein

Hear top physicists explain E = mc2,
discover the legacy of the equation,
see how much energy matter contains,
learn how today’s physicists are working
with the equation, read quotes from
Einstein, and more on this companion
Web site.
American Institute of Physics
Historical Information
www.aip.org/history/exhibits.html

Detailed online exhibits of Einstein
and other famous physicists, plus
a history of the discovery of ﬁssion.
Contributions of Twentieth-Century
Women to Physics
cwp.library.ucla.edu

Proﬁles pioneering women in physics.
Books
Lise Meitner: A Life in Physics
by Ruth Lewin Sime.
University of California Press, 1997.
Investigates Meitner’s life and work,
including her vital role in the discovery
of nuclear ﬁssion.
The Man Who Changed Everything:
The Life of James Clerk Maxwell
by Basil Mahon.
John Wiley & Son, 2003.
Relates the story of the Scotsman whose
brilliant mathematics helped to deﬁne
the nature of light.
Michael Faraday and the Discovery
of Electromagnetism
by Susan Zannos.
Mitchell Lane Publishers, 2004.
Proﬁles Faraday and explains, in simple
terms, his concept of electromagnetism.
Science: 100 Scientists Who
Changed the World
by Jon Balchin.
Enchanted Lion Books, 2003.
Provides two-page proﬁles of 100
scientists from around the world from
ancient times to the present-day,
including Lavoisier, Faraday, Maxwell,
and Einstein.
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Einstein’s Big Idea

Student Handout

The Building of Ideas
Albert Einstein was able to make his leap of understanding about mass
and energy because of the many scientists before him who had
worked hard, seen problems in a new light, and fought to make
their ideas heard. Today’s scientists continue to build on Einstein’s
work and the work of others to reveal new understanding about the
world. In this activity, you will learn about some of the people who
contributed to the concepts in and conﬁrmation of E = mc2.

Procedure

Michael Faraday

Antoine-Laurent Lavoisier

Albert Einstein

Emilie du Châtelet

© 2005 WGBH Educational Foundation

1 Your team will be assigned to take notes on one of the following
categories: energy, mass, light, velocity (speed of light squared), the
development of the equation, and the conﬁrmation of the equation.
2 Once you have received your assignment, you will watch the program
and take notes on the areas listed below. Work out among your team
members who will be responsible for each of the following areas:
• Name of Scientist(s)
• Nationality
• Concept
• Experiment
• Time Period
• Challenges Faced
3 After watching the program, summarize and record your
notes onto time-line cards. When you have ﬁnished, tape
your team’s cards together.
4 When your cards are complete, clip them to the appropriate
place on the time-line string.

ACTIVITY 2

Energy’s Invisible World

LEARNING OBJECTIVES
Students will be able to:

Activity Summary

ß explain what the E in E = mc2
represents.

Students explore the meaning of E in E = mc2 by investigating the
nature of fields and forces at different stations in the classroom.

ß name different kinds of energy.

Materials for each station
Station 1
(electric ﬁeld)
• several plastic spoons
• 10 cm x 10 cm piece of
wool or rabbit fur
• pieces of plastic foam cup,
crumbled into bits
• pieces of paper, about
0.5 cm by 1 cm each
Station 2
(magnetic field)
• bar or horseshoe magnet
• small shallow cardboard box
• piece of white paper
(cut to ﬁt box)
• iron ﬁlings in small jar
or beaker
Station 3
(electromagnet)
• 40 cm of well-insulated
copper wire
• 6V lantern battery
• 2 large nails
• small paper clips
Station 4
(mechanical to heat energy)
• 8 oz bottle of glycerin
• two 8 or 10 oz plastic
foam cups
• 2 metal spoons
• 2 alcohol thermometers
• clear tape
• magnifying glass
• paper towels

Station 5
(electrical to heat energy)
• 2 pieces of insulated wire,
each 20 cm long
• one 1.5V battery
• small light-bulb socket
and 4W bulb
Station 6
(potential to kinetic
to mechanical energy)
• 2 metal pendulum bobs
• 60 cm string, cut in half
• ring stand, ruler, or meter stick
Station 7
(chemical to heat energy)
• 2 wood splints of same weight
• two 500 ml beakers
• pan or triple-beam balance
• long wooden matches and
goggles (for teacher only)

Materials for each team
• copy of “Energy’s Invisible
World” student handout
• copy of “Station 1–3
Instructions” student handout
• copy of “Station 4–7
Instructions” student handout

ß show examples of how one kind
of energy can be converted into
another kind of energy.
ß describe how a ﬁeld can exert a
force and cause an object to move.

KEY TERMS
conservation of energy: A law stating
that the total amount of energy
in a closed system stays constant.
electric field: A region of space
characterized by the presence of a
force generated by an electric charge.
electromagnet: A magnet created
when an electric current ﬂows
through a coil of wire; magnetism
does not occur when the current
is off.
field: A region of space characterized by the existence of a force.
kinetic energy: The energy due
to the motion of an object.
magnetic field: A region of space
characterized by the presence of
a force generated by a magnet.
A magnetic ﬁeld is also produced
by a ﬂowing electric current.
potential energy: The energy
an object has due to its position
or condition rather than its motion.
work: The amount of energy
involved in exerting a force
on an object as it moves.
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Background
E = mc2 sprang from the work of men and women dedicated to revealing
the secrets of nature. One of the scientists integral to the equation’s
E was a young bookbinder named Michael Faraday. A self-taught scientist,
Faraday helped reshape the idea of energy. In the early 19th century,
scientists saw nature in terms of individual powers and forces, like wind
or lightning. Scientists were puzzled when they placed a compass next
to a charged wire and its needle was deflected at right angles. Faraday
visualized an answer no one could believe—that the compass was being
affected by invisible lines of force flowing around the wire. Through a
groundbreaking experiment involving electricity and a magnet, Faraday
demonstrated the existence of these lines of force. His work served as
the basis for the electric engine. It was Faraday’s ability to see a problem
in a new way that led to this breakthrough.
In this activity, students explore different aspects of energy, energy fields,
the forces that fields exert on other objects, and how energy is transferred
from one form to another. Students move through a series of stations
where they do mini-activities and make observations.
Energy can be a difficult concept to define for younger students. Usually
defined as the ability to do work, the definition can be made clearer
when students examine what energy does in a physical sense. Work is
done when an object has a force exerted on it and the object moves a
distance. So, in the simplest possible terms, energy is expended when
work is done, and energy is often transferred and appears in a different
form (i.e., electric potential heats up a light bulb filament; heating the
filament produces light and heat energy).
A field is a region of space characterized by the existence of a force.
The easiest field for students to understand is Earth’s gravitational field,
which is responsible for objects falling. When a ball is dropped, the field
exerts a force that accelerates the ball, and moves it toward Earth in the
same way that the north pole of a magnet exerts a force on the south pole
of another magnet. The work that the field does is converted to energy
of motion of the ball, and then to heat when the ball hits the ground.
At several stations in this activity, students will examine what fields can
do in terms of exerting forces and doing work. Conservation of energy is
also explored.
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S TA N D A R D S
CONNECTION
The “Energy’s Invisible World” activity
aligns with the following National
Science Education Standards
(see books.nap.edu/html/nses).
GRADES 5–8
Science Standard
Physical Science
ß Transfer of energy
GRADES 9–12
Science Standard
Physical Science
ß Motions and forces
ß Conservation of energy and
the increase in disorder

Procedure
1 Set up the stations in advance of the activity according to the Station
Setup Instructions in the sidebar to the right. Place station labels
(with station numbers only) at each location.
2 Organize students into teams and distribute the student handouts.
3 Brainstorm with students about different types of energy. Ask them
how many energy sources they use each day. Review each kind of
energy (and any associated ﬁelds) with students. Write the equation
E = mc2 on the board and ask students what kind of energy they think
Einstein was referring to in the E in his famous equation.
4 Review safety protocols for Stations 3 and 5. Caution students not
to leave wires connected to the battery for more than 30 seconds.
The battery, the electromagnetic nail, and the wire in Station 3 will
get fairly hot, as will the battery and light bulb in Station 5. Supervise
students as they complete these stations.
5 Have student teams rotate through all the stations, and facilitate
if needed. After completing all the stations, have students individually
answer the questions on the “Energy’s Invisible World” handout. Then
have students discuss their answers as a team. Once all teams are
done, go through each station, discuss what kinds of forces and energy
transfers occurred, and reconcile any differences in student answers.
(See Activity Answer on page 10 for more information.) If students are
having trouble with the idea of conservation of energy, help them
understand what parts are contained in each system they studied and
clarify the differences between open and closed systems. Conclude by
revisiting the E = mc2 equation and asking students again what the E in
the equation stands for. (Any manifestation of energy in a system.)
6 As an extension, have students further explore electromagnets.
Announce a contest—a prize to whoever can pick up the most paper
clips. Leave a pile of batteries, nails, and wire on the table and let
students design their own electromagnets. The ones that catch on
will use multiple nails as a core and place more coils of wire around
their nails to strengthen their electromagnets.

S TAT I O N S E T U P
INSTRUCTIONS
Station 1 (electric ﬁeld): Supply
plastic spoons, wool or rabbit fur,
bits of plastic foam cup, and paper.
Station 2 (magnetic ﬁeld): Place the
piece of paper in the box and the
box on top of the magnet. Situate
the container of iron ﬁlings nearby.
Station 3 (electromagnet): Using
the center of the wire, tightly coil
the insulated wire around one nail,
leaving about the same amount
of wire on either side, and place the
battery nearby. (The strength of the
nail’s magnetic ﬁeld is proportional
to both the battery current and the
number of coils of wire around the
nail.) Place the second nail and the
paper clips at the station.
Station 4 (mechanical to heat energy):
Place 100 milliliters of glycerin in
each plastic foam cup. Place metal
spoons, alcohol thermometers, tape,
magnifying glass, and paper towels
at the station. Have student teams
alternate cups of glycerin (each with
its own spoon and thermometer) so
that one cup will have time to cool
while the other is being used.
Station 5 (electrical to heat energy):
Set up a circuit similar to Station 3,
but place a small socket and light
bulb in place of the electromagnet.
Station 6 (potential to kinetic to
mechanical energy): Set up two pendulums of exactly the same length. Tie
them from the same point on a ring
stand or from a ruler or meter stick
that can project over the desk edge.
Station 7 (chemical to heat energy):
Do as a demonstration before students visit stations. Put goggles on.
Choose two splints of the same
weight. Burn one in a beaker by lighting it at its center (relight if needed
until the splint is completely burned).
Ask students to share their ideas
about any energy changes that took
place. Place the unburned splint in
a second beaker. Set up the balance
so students can weigh each beaker.
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ACTIVITY ANSWER
The following is a description of
what is occurring at each station.
Station 1: Students are examining
the effects of an electric field
produced by rubbing a plastic
spoon on fur. Once the spoon is
charged (negatively), it will attract
an uncharged object like a piece
of paper through electrostatic
induction. The large negative
charge on the spoon repels the
electrons in the piece of paper
and leaves the side of the paper
near the spoon slightly positive.
(Positive charges—in the nucleus
of each atom within the paper—
hardly move at all.) Then, the
negative spoon attracts the now
positive side of the paper. If
students are careful in their
approach to the paper, they
should be able to make it “dance.”
Plastic foam becomes instantly
negatively charged when in
contact with another negatively
charged object. The bits of plastic
foam acquire a negative charge
when they touch the spoon and
are repelled immediately. It is
impossible to catch a piece of
plastic foam, no matter how
close to the spoon it is held.
If students claim they can, have
them recharge their spoons
(the charge leaks away quickly
on humid days).
Station 2: Students should realize
that the field from the magnet
is exerting a force on the iron
particles. Student diagrams
should show the filings aligning
to the north and south field lines.
Students may need to be
generous with the iron filings
10

to observe any patterns. If the
magnet is weak, have students
place it under the paper in the
box rather than under the box.
Station 3: The point of this
station is that the magnetic field
can do work. It can lift objects
as the energy of the field is
transferred to the paper clips.
The electromagnet at this
station can be the catalyst for
a discussion of how electricity
and magnetism are linked.
Station 4: This station shows how
mechanical energy (stirring of the
glycerin) can be turned into heat
energy. (Students’ muscles also
generate heat as they work to
stir the glycerin.) Students need
to read the thermometer very
carefully. Temperature changes
of only a few tenths to one
degree are expected.
Station 5: The light bulb demonstrates how electrical energy can
be converted to light and heat
energy. Most of the light bulb’s
energy is given off as heat. If
you have time, you may want
to discuss how a battery works—
that it hosts a chemical reaction
and that the energy of that reaction supplies the electrical energy
when a battery is connected to
something.
Station 6: The pendulum presents
an example of multiple energy
transfers. The work students do
when they lift the pendulum up is
stored as potential energy. When
released, the potential energy is
converted throughout the arc to
kinetic energy. At the bottom of

the arc, the pendulum now has
converted all its potential to kinetic energy. The kinetic energy is
then converted into mechanical
energy (plus a bit of heat and
sound energy—the “click” heard
on impact) when the moving bob
hits the stationary one. The
motionless bob, when struck,
then transfers the mechanical
energy to kinetic and moves in
an arc until the kinetic is converted to potential energy and the
bob stops and swings back down
again. With each swing, the pendulum bobs swing lower and
lower. This is due to friction at
the pivot point, in which small
amounts of energy are being
converted to heat, and to air resistance (which also creates friction).
If there were no friction, the
pendulum would swing forever.
(Students may miss the fact
that, initially, it is the food they
eat that gives them the energy
to use their muscles to exert the
force and supply the energy to lift
the pendulum bob. Even earlier
in the process, it is the sun—an
example of E = mc2 —that provided
the energy that made their food
possible.)
Station 7: This demonstration is
the most complex of the energy
change scenarios in this activity.
If students have had a limited
exposure to chemical reaction,
such as the combustion of wood,
this would be a good time to
review students’ observations in
detail. Discuss what the reactants
of this combustion reaction are
(wood and O2), and what the
products of the reactions are
(carbon, CO2, and water).

ACTIVITY ANSWER (CONT.)

LINKS AND BOOKS

Student Handout Questions
1 At which station(s) did you observe the following ﬁeld effects?
a) a magnetic ﬁeld exerted a force on an object (Stations 2, 3)
b) an electric ﬁeld applied an attractive force on an object (Station 1)
c) an electric ﬁeld applied a repulsive force on an object (Station 1)
d) an electric ﬁeld caused the formation of a magnetic ﬁeld (Station 3)

Links
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2 At which station(s) did you observe the following energy transfers?
a) mechanical energy to heat energy (Station 4) b) electrical energy
to heat energy (Stations 3, 5) c) potential energy to kinetic energy
(Station 6) d) mechanical energy to kinetic energy (Station 6)
e) kinetic energy to mechanical energy (Stations 4*, 6) f) chemical
energy to heat energy (Station 7) g) kinetic energy to sound energy
(Station 6) h) electrical energy to light energy (Station 5)
*This one is a bit tricky. Students may not consider moving a spoon in glycerin to be
energy but of course it is. At Station 4, mechanical energy (hand moving) is converted
to kinetic energy (motion of the spoon) and then to mechanical energy (spoon
moving through glycerin) and ﬁnally, to heat energy. Stepping back further, students
eat food (chemical potential energy) that enabled their muscles to move the spoon.

3 At which of the stations did you observe one kind of energy being
converted to more than one other kind of energy? Draw a simple
diagram to show the steps in the conversion of energy at each of
these stations.
Possible answers:
Station 5: electrical energy heat and light energy
Station 6: mechanical energy (picking up the pendulum bob)
potential energy kinetic energy sound and mechanical energy
(hitting the second bob) kinetic energy potential energy
Station 7: mechanical energy (to light the lighter) chemical energy
(burning gas) light and heat energy chemical energy (burning
splint) light and heat energy
4 The law of conservation of energy says that energy cannot be created
or destroyed; the total energy in a closed system remains constant
(a system is a group of interrelated parts that function together as
a whole). Design a procedure showing how you would test this law
by modifying the open-system setups at Station 5, 6, or 7.
Students may arrive at different ways to make these open systems
closed. At Station 5, an experiment would need to be designed to
capture and measure the heat escaping from the light bulb. At Station
6, friction must somehow be accounted for, both friction from the air
and friction at the pivot. At Station 7, an experiment must be designed
to capture and measure the energy given off by the burning splint.

www.pbs.org/nova/einstein

Hear top physicists explain E = mc2,
discover the legacy of the equation,
see how much energy matter contains,
learn how today’s physicists are working
with the equation, read quotes from
Einstein, and more on this companion
Web site.
All About Energy Quest
www.energyquest.ca.gov

Presents how energy is a part of
daily life.
Energy Kid’s Page
www.eia.doe.gov/kids

Features various sections about energy,
including what it is and the forms it
takes. Includes time lines, facts, and
a quiz about energy.
Books
Energy Projects for Young Scientists
by Richard C. Adams and
Robert Gardner.
Franklin Watts, 2002.
Offers instructions for a variety of
projects and experiments related to
solar, thermal, electrical, kinetic,
and potential energy.
The Hidden World of Forces
by Jack R. White.
Putnam, 1987.
Discusses some of the forces at work
in the universe, such as electromagnetism, gravitation, surface tension,
and friction.
Kinetic and Potential Energy:
Understanding Changes Within
Physical Systems
by Jennifer Viegas.
Rosen Publishing Group, 2005.
Uses everyday examples to explain
the concepts behind kinetic and
potential energy.
Stop Faking It!: Energy
by William C. Robertson.
NSTA Press, 2002.
Provides information and activities to
help teachers and students understand
concepts related to energy.
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Student Handout

Energy’s Invisible World

Procedure

Questions

1 In this activity, you will move around the room
in teams to different stations where you will
make observations about energy and its transfer.
2 Choose one team member to record your team’s
observations.
3 Start at the station designated by your teacher and
follow the directions on your “Station Instructions”
handouts for each station.
4 When you have completed all the stations, answer
the questions on this handout individually. Then
discuss your answers as a team.

Write your answers on a separate sheet of paper.
1 At which station(s) did you observe the following
ﬁeld effects?
a) a magnetic ﬁeld exerted a force on an object
b) an electric ﬁeld applied an attractive force
on an object
c) an electric ﬁeld applied a repulsive force
on an object
d) an electric ﬁeld caused the formation
of a magnetic ﬁeld
2 At which station(s) did you observe the following
energy transfers?
a) mechanical energy to heat energy
b) electrical energy to heat energy
c) potential energy to kinetic energy
d) mechanical energy to kinetic energy
e) kinetic energy to mechanical energy
f) chemical energy to heat energy
g) kinetic energy to sound energy
h) electrical energy to light energy
3 At which of the stations did you observe one kind of
energy being converted to more than one other kind
of energy? Draw a simple diagram to show the steps
in the conversion of energy at each of these stations.
4 The law of conservation of energy says that energy
cannot be created or destroyed; the total energy in
a closed system remains constant (a system is a
group of interrelated parts that function together
as a whole). Design a procedure showing how you
would test this law by modifying the open-system
setups at Station 5, 6, or 7.
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You are probably familiar with the word energy. Besides
the everyday use of the word to describe what you eat
(energy foods, energy drinks) and how you feel (I had
lots of energy, I completely ran out of energy), there
are many other types of energy in the world around
you. In this activity, you will examine different types
of energy and how one type can be transferred into
another. You will also observe how we know energy
exists even though we cannot see it.

Einstein’s Big Idea

Student Handout

Station 1–3 Instructions
Station 1
1. Rub a plastic spoon with a piece
of wool, some fur, or your hair. Place
the spoon next to a small piece of paper.
Can you make the piece of paper stand
on edge and move back and forth? Try
to pick up several pieces of paper at the
same time by touching the spoon to one
edge of each.
2. Recharge the spoon by rubbing it again.
Have a team member try to drop a small
bit of plastic foam into the spoon from
different heights above it.
3. Record your observations.

Station 2
1. Make sure the magnet is centered under
the box. Sprinkle some iron ﬁlings on the
center of the box. Tap on the edge of the
box to distribute the ﬁlings evenly.
2. Draw a diagram of what you see.
3. Return the ﬁlings to their container.

1. Pick up the loose nail and use it to try
to pick up some of the paper clips.
What happens?
2. Connect the wires to the battery. You
have created an electromagnet. How
many paper clips can you pick up with
your electromagnet (nail)?
3. Record your data.
4. Carefully touch the head of the nail after the
circuit has been connected for 30 seconds.
What do you feel?
5. Disconnect the circuit and record your
observations.
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Station 3
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Student Handout

Station 4–7 Instructions
Station 4

Station 5
1. Connect the circuit that is set up at the station.
Feel the light bulb for the ﬁrst 15 seconds the
circuit is closed.
2. Disconnect the circuit.
3. Record your observations.

Station 6
1. If the pendulums are on a ruler
or meter stick, have one team
member brace the stick so that
the pendulums are hanging over
the side of the table. The
pendulums should be touching
one another.
2. Pull one of the pendulums back
until it makes a 45-degree angle with the other
pendulum. Release it. What happens to the
other pendulum? Record your observations.
3. Now pull back one pendulum so that it is 90
degrees from the other (parallel to the table).
Release it. Record your observations.

Station 7
1. Record your observations from the teacher
demonstration of burning one splint.
2. Separately weigh the beaker with the wooden
splint and the beaker with the remains of the
splint that your teacher burned.
3. Record the weight of each beaker.
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1. Designate a timer for the team.
Use the cup at the front of the table.
Insert the thermometer into the
glycerin so that the thermometer
tip is just above the bottom of the
cup. Tape the thermometer to the
side of the cup. After 1 minute record
the temperature. (If needed, use the
magnifying glass to read the scale;
estimate to the nearest tenth of a degree.)
2. Holding the cup by the rim, vigorously stir the
glycerin with the spoon the way you would beat
an egg with a fork, striking the bottom of the
cup. Do this for a total of 3 minutes.
3. Record the temperature of the glycerin as soon
as you have ﬁnished stirring.
4. Remove your thermometer from the glycerin
solution and place your cup, thermometer, and
spoon at the back of the table. Move the other
cup, thermometer, and spoon to the front for
the next team.

ACTIVITY 3

Messing With Mass
Activity Summary
Students conduct an inquiry into the meaning of m in E = mc2 by exploring
how objects of mass interact during a chemical reaction in a plastic bag,
and by measuring mass before and after chemicals are mixed together.

Materials for teacher demonstration
• 250 ml beaker with 100 g citric acid
• 250 ml beaker with 100 g baking soda

LEARNING OBJECTIVES
Students will be able to:
ß explain what the m in E = mc2
represents.
ß relate that mass in a chemical
reaction is always conserved.
ß convey that atoms rearrange
themselves in chemical reactions
to form different molecules and
compounds.

Materials for each team

KEY TERMS

• copy of the “Messing With Mass” student handout
• 1/4 tsp citric acid
• 1/4 tsp baking soda
• quart freezer bag
• plastic bowl (large enough to contain an expanded freezer bag)
• ﬁlm container, ﬁlled with 20 ml water
• lab balance accurate to a tenth of a gram
• goggles

chemical reaction: A process in
which one or more substances are
changed into other substances.

Background

exothermic: Chemical reactions that
give off heat to their surroundings.

Without the insights of scientists before him, Albert Einstein would
not have had the foundation from which to make his brilliant leap of
understanding about the equivalence of mass and energy. Two of
the people responsible for providing a critical understanding about
mass were Antoine-Laurent Lavoisier and his wife, Marie Anne. By
day, Lavoisier was a tax collector. But his true passion was chemistry.
A meticulous experimenter, Lavoisier was the ﬁrst to demonstrate that
matter is conserved in a chemical reaction. In the late 1700s, Lavoisier
showed that when water was turned to steam, nothing was lost—the
water was just transformed. His wife provided detailed drawings of his
experiments and translations of other scientists’ work.

conservation of mass: A law stating
that the products of a chemical
reaction always have the same total
mass as that of the reactants.
endothermic: Chemical reactions that
take in heat from their surroundings.

mass: The amount of matter an
object contains.
products: Substances resulting from
a chemical reaction.
reactants: Substances that take part
in a chemical reaction.
weight: The force of gravity acting
on matter.

In this activity, students examine the components of a chemical
reaction and make measurements to conﬁrm the conservation of
mass in a closed system (quart freezer bag). Students will gain an
understanding of the meaning of mass in a reaction. They will learn
how objects of mass can interact and change and that mass is always
conserved in a chemical reaction.
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The reaction in this activity is between two fairly harmless chemicals—
citric acid (H3C6H5O7) and baking soda (NaHCO3), both white powders.
The reaction can only occur in the presence of water. The reaction
produces a gas (CO2) and the compound sodium citrate (Na3C6H5O7).
The balanced reaction looks like this:
H3C6H5O7 + 3NaHCO3 Na3C6H5O7 + 3H2O + 3CO2
The reaction is endothermic so students will feel the plastic bag get colder
when the three ingredients are mixed. To further verify for students that
a chemical reaction is taking place, you may want to add an acid-base
indicator, such as phenol red, to reveal that a change (in pH) has occurred
after the reaction has taken place.

Procedure
1 Obtain the necessary chemicals from your chemistry lab, a science
supply house, or stores in your area. Baking soda is sold in grocery
stores and citric acid, which is used in canning and winemaking,
is sold in some drug stores.
2 Begin by pointing out the m in E = mc2 and asking what this letter
stands for. Students may say, “How much something weighs.” Pick
up an object such as a stapler and ask how much the stapler would
weigh independent of a gravitational ﬁeld. The answer is “nothing”
because weight is just a name for the force of gravitational attraction
that exists between two objects, in this case Earth and the stapler.
The fact that weight is simply a force of attraction, not a unit of
mass, can be a difﬁcult concept for some students. Try to help
students understand that mass is the amount of “stuff,” or atoms,
an object contains. Mass is deﬁned by units like grams and kilograms.
3 To help students start thinking about mass, conduct a demonstration
about how mass interacts. Have one 250 milliliter beaker ﬁlled with
100 grams of citric acid and another ﬁlled with 100 grams of baking
soda. Hold the two cups out in front of you and tell students the cups
contain two different chemicals of equal mass. Ask students to predict
what will happen if the two of them are mixed together. After students
answer, mix the substances. (Nothing will happen.) Ask students why
nothing occurred. What evidence did they have that led them to their
conclusion? (No noise, no smoke, no visual chemical changes seen, etc.)
4 Now that students understand that not all mass reacts, have them
conduct their activity in which a chemical reaction does occur.
Organize students into teams and give each team a copy of the
student handout and other materials.
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S TA N D A R D S
CONNECTION
The “Messing With Mass” activity
aligns with the following National
Science Education Standards
(see books.nap.edu/html/nses).
GRADES 5–8
Science Standard
Physical Science
ß Properties and changes
of properties in matter
ß Transfer of energy
GRADES 9–12
Science Standard
Physical Science
ß Chemical reactions

5 Review safety rules with students:
• Wear goggles.
• Do not allow the chemicals to touch bare skin. (If students
accidentally touch a substance, tell them to wash their hands
immediately. These chemicals are about as dangerous as lemon
juice, but precautions should be followed.)
• When chemicals are mixed in the plastic bag, make sure the
opening of the bag is well sealed and pointed away from students.
• Students may feel the bag while the reaction is proceeding, but they
should not squeeze it.
6 Circulate around the room as student teams do the experiment.
Help anyone having trouble using the balance.
7 When students are ﬁnished making their observations, collect the bags
in a bucket or container. Give students time to answer the questions on
their student handout. Then have a discussion about the nature of a
chemical reaction. Why was there a reaction in the student activity but
not one in the teacher demonstration? (The water in the student activity
served as a solvent that allowed the two solids to react.) How was mass
conserved in this reaction? (Although a chemical change occurred—two
dry, white granular solids when mixed with water became a gas and a
dissolved solid in a water medium—mass was conserved as evidenced by
the almost identical masses before and after the reaction.) Brainstorm
with students some possible reasons for any mass differences they saw.
(Small weight differences, on order of 0.1 to 0.3 percent, may be seen; see
Activity Answer on page 18 for more information.)
8 As an extension, turn the investigation into a quantitative one and
have students measure the temperature of the reaction as the reaction
proceeds (a thermometer should be placed on a desk, the bag set
down on the bulb end of the thermometer, and the temperature read
every minute or so). Then, have students change the quantities of one
of the chemicals and take more temperature data. Plot both sets of
data on a single set of axes. Ask students interpret their results.
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ACTIVITY ANSWER

LINKS AND BOOKS

It is important to stress that mass is always conserved in a chemical
reaction in a closed system. (An extremely small amount of mass—on
order of a few parts per trillion—is lost or gained when light and/or heat
is absorbed or released in a reaction. But for all practical purposes this
is too small to measure.)

Links
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The reaction in a quart bag is a good example of a closed system.
However, any measurement contains a degree of uncertainity. There
may be a slight difference in mass due to loss of gas or errors of
measurement. (Sample test results showed a 0.1 percent to 0.3 percent
weight difference.) In an experiment in an open system, such as weighing
a piece of wood, burning it, and weighing the ashes afterwards, it would
appear that mass is not conserved. But in fact it is. It is just that the
escape of invisible gases, both carbon dioxide and water, prevent the
measurement of the mass of all of the products.
The word mass is used deliberately in the student activity instead of
the more commonly used weight. If necessary, reinforce the difference
between the two terms when students use their balances to weigh
their bags.
Student Handout Questions
1 When a reaction gives off heat, it is called exothermic. When a reaction
absorbs heat, it is called endothermic. Is the reaction you observed
endothermic or exothermic? The reaction is endothermic. Students
should feel the bag getting colder as the reaction proceeds. Exothermic
reactions are much more familiar to students (striking a match,
burning a candle) than endothermic ones. Students may need help
in understanding that the chemicals in the bag cool because heat is
being used in the reaction to turn the reactants into products.
2 How did the mass of the reactants compare to the mass of the
products? Use this formula to calculate any percent difference
in the mass between the two:
absolute value of the difference between the two masses divided by mass
before reaction x 100 = percent difference

Students should arrive at the conclusion that the mass of
the products is extremely close to the mass of the reactants.
3 What might have caused any difference in mass that you found?
There may be a small difference in mass due to loss of gas from
the plastic bag or errors in measurement. Accept reasonable answers.
4 What evidence would you give to show that a chemical reaction did
indeed occur? There are two signs that a chemical reaction occurred:
a change in temperature and the formation of a gas.
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Student Handout

Messing With Mass
What is mass, and how can masses react with each
other? Is mass gained or lost during a chemical
reaction? These are the questions you will consider
during this activity.
You will be investigating the reaction of two common
chemicals—citric acid and baking soda. In a chemical
reaction, the substances that are mixed together
are called reactants, and the substances resulting
from the reaction are called products. You will be
asked to describe (to the best of your ability) what
is occurring inside the bag where the reaction is
happening. Use all your senses (except taste!)
to make your observations.

Procedure

Questions

1 Describe the two chemicals involved in the
chemical reaction (citric acid and baking soda)
on a separate sheet of paper. You may smell
the chemicals but DO NOT taste them.
2 Add 1/4 teaspoon of citric acid to a 1-quart
plastic bag.
3 Add 1/4 teaspoon of baking soda to the bag.
4 Place the open container of water inside the bag.
Be careful not to spill the water inside the bag.
Place the bag in the bowl, then center the bowl
on the balance. Record the total mass of the bag
and its contents to the nearest tenth of a gram:
g
5 Carefully take the bag out of the bowl (without
spilling the water) and seal it well. Mix the contents
of the bag together. Then hold the bag in your
hands without squeezing or manipulating it in
any way.
6 On a separate sheet of paper, write down as many
observations of the chemical reaction as you can.
7 Place the closed bag in the bowl on the balance
and ﬁnd its mass again after the reaction has
occurred. Record the mass to the nearest tenth
of a gram:
g

Write your answers on a separate sheet of paper.
1 When a reaction gives off heat, it is called
exothermic. When a reaction absorbs heat,
it is called endothermic. Is the reaction you
observed endothermic or exothermic?
2 How did the mass of the reactants compare
to the mass of the products? Use this formula
to calculate any percent difference in the mass
between the two:
absolute value of the difference between the two masses
divided by mass before reaction x 100 = percent difference

© 2005 WGBH Educational Foundation

3 What might have caused any difference in mass
that you found?
4 What evidence would you give to show that
a chemical reaction did indeed occur?

ACTIVITY 4

Squaring Off With Velocity
Activity Summary
Students investigate the meaning of c2 in E = mc2 by measuring the
energy delivered by an object falling at different velocities. Graphing
data leads students to understand that E is proportional to velocity
squared, not simply velocity.

Materials for each team
• copy of “Squaring Off With Velocity” student handout
• copy of “Data Sheet” student handout
• 1 lb flour in a plastic bag
• plastic pan (about shoebox size)
• two 8-oz plastic cups
• four standard-sized (about 1 cm) glass marbles
• plastic ruler
• meter stick
• plastic spoon
• wood dowel or wood barbecue skewer
• felt-tip pen
• graph paper
• newspaper

Background
Light has fascinated scientists for centuries. Galileo Galilei was the first
to consider measuring its speed. In 1676, astronomer Ole Roemer made
observations of the eclipses of Jupiter’s moons to demonstrate that light
moved at a very fast—but not infinite—speed. James Clerk Maxwell
provided the mathematical backbone for electromagnetism and demonstrated that light was an electromagnetic wave. The squared part of Albert
Einstein’s equation heralds back to natural philosopher Gottfried Leibniz,
who proposed that an object’s energy is the product of its mass times
its velocity squared, not just its velocity. Emilie du Châtelet further championed his ideas. While many of these scientists were innovative thinkers,
determination also played a large part in their achievements. They were
willing to challenge widely held beliefs of their day. Their courage and
perseverance helped lay the groundwork for Einstein’s eventual connection of mass, energy, and the speed of light squared.
In this activity, students use a simple model to investigate the relationship
between velocity and energy. Their investigation leads them to conclude
that the energy delivered to a system depends on the velocity squared of
the impacting body, not simply on the velocity. Students then relate this
fact to E = mc2.
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LEARNING OBJECTIVES
Students will be able to:
ß explain what the c2 in E = mc2
represents.
ß state that kinetic energy is the
energy of an object in motion.
ß illustrate how kinetic energy
can be transferred to other objects.
ß understand that the energy
delivered by an object in motion
is proportional to v2, not v.

KEY TERMS
kinetic energy: Energy of a moving
object.
speed: The rate at which an object
moves.
velocity: The speed and direction
of a moving object.

The model uses a glass marble as a falling object that impacts a cup of
flour. The impact velocity of the marble is a function of the height from
which the marble is dropped. The energy released by the falling marble
(its potential energy now turned into kinetic energy) is equal to the work
done on the flour. The work done on the flour, in turn, is equal to the
force (mass x deceleration) it takes to slow the marble down to zero
velocity over the distance it penetrates the flour.
Four heights are used—10, 25, 50, and 100 centimeters. Students graph
the velocity the marble attains when dropped from these heights against
the depth to which the marble penetrates the flour. The depth, in turn,
is a measure of the energy that the marble delivers. Students can calculate
the impact velocity at these four heights by using the equation:
v = 2gd
2gd, where g = the acceleration due to gravity (9.8 m/sec2),
and d = the distance the marble falls (in meters)

Procedure
1 Assemble all the materials needed for the activity.
2 Write E = mc2 on the board and ask students what the three letters
in the equation represent. Emphasize that c stands for a particular
constant speed or velocity, that of light in a vacuum.
3 Demonstrate the parts of the apparatus students will use to ﬁnd
the relationship between E and v (a replacement in the model for c).
Marbles must be dropped from rest, and the depth to which the marbles penetrate must be measured with a dowel or skewer marked off
in centimeters. The depth should be measured from the top of the
marble to the top of the ﬂour. The cup must be picked up, and the
skewer must be viewed from the side to measure depth accurately.
Student should add a half centimeter to their measurements in order
to measure to the marble’s center of mass.
4 Organize students into teams. Distribute the student handouts and
materials. Assign teams to one of the four heights from which to drop
marbles. To ensure data reliability, have several teams perform the
same measurements multiple times and average the results. As a
class data table is going to be made, the more data points the better.
5 Have students place newspaper on the ﬂoor, then place their cups
ﬁlled with ﬂour in the center of a plastic pan. If students run out of
clear area in which to drop the marble, have them scoop out the
marble(s) with the plastic spoon, use the spoon to reﬁll the cup, tap
the base of the cup three times to remove air pockets, and then use
the dowel to level the ﬂour to the cup’s rim. If students’ ﬁngers plunge
in to retrieve marbles, they will pack down the ﬂour and their next set
of data will be skewed with lower penetrating distances. Results will
also be skewed if they leave air pockets in the ﬂour.
6 Ask students how they might ﬁnd the velocity of the marble as it
hits the ﬂour. When they arrive at the correct mathematical strategy
(v = 2gd)
2gd), have students calculate the velocity values for the four
given heights. (Students will need to convert centimeter drop heights
to meters.) Students may notice that doubling the height from which

S TA N D A R D S
CONNECTION
The “Squaring Off With Velocity”
activity aligns with the following
National Science Education Standards
(see books.nap.edu/html/nses) and
Principles and Standards for School
Mathematics (see standards.nctm.org/
document/index.htm).
GRADES 5–8
Science Standard
Physical Science
ß Transfer of energy
Mathematics Standard
Measurement
GRADES 9–12
Science Standard
Physical Science
ß Conservation of energy and
the increase in disorder
Mathematics Standard
Measurement
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they drop the marble does not double the velocity. If the calculations
are too rigorous for students, provide them with the values for velocity
(see Activity Answer on page 23) and tell students to square them for
the v2 column of their table.
7 When student teams are ﬁnished, create a class data chart on the
board and have students ﬁll it in or have them enter their data into
a computer spreadsheet.
8 This is an ideal time to do some data analysis and statistics. Student
answers may vary quite a bit. For a given distance, ask students which
of the data points are “wrong” and which ones are “right.” Discuss the
best way to average the numbers so students can graph just one depth
for each distance dropped. Cross out the two highest and lowest points
(outliers) and average the rest. Have students average all teams’ depth
results to determine ﬁnal class averages for each depth. Have students
enter the results in the depth column in the “Velocity vs. Energy Data
Table” on their “Data Sheet” handout.
9 Discuss factors that may cause data to vary, i.e., non-uniform density
of the ﬂour, problems with measuring depth, variations in tick marks,
etc. Emphasize that while accuracy is important, measurements may
include a degree of error. The goal is to see the pattern in the data set
(that energy is proportional to velocity squared, not velocity).
10 Tell students they will make two graphs, the ﬁrst with the y-axis labeled
Velocity (meters/second) and the xx-axis labeled Energy (depth in
centimeters). The second graph will have the y-axis labeled Velocity2
(meters2/second2) and the xx-axis labeled Energy (depth in centimeters).
Meters are used on the velocity axes to simplify graphing. Note that
0,0 must be used as a data point when drawing the curve.
11 Have students plot the ﬁrst graph. When students have ﬁnished
plotting points, review how to interpolate and draw a curve through
a set of points instead of drawing “dot to dot,” as students will often
do. Discuss the fact that a curve shows that the two variables are not
directly proportional.
12 Now have students plot their second graph in which the velocity is
squared. After students ﬁnish their second graph, help them draw a
straight line through as many points as possible. They should try to
have roughly the same number of points on either side of their lines.
Then have student teams answer the questions on their “Data Sheet”
handout. Review answers as a class. What is the most noticeable
difference between the two graphs?
13 As an extension, have students use v = 2gd to calculate from what
heights marbles would need to be dropped to double the velocity
for each height (beginning with the 10-centimeter height). Have the
students repeat the experiment at this new set of heights (you may
need to use very wide-mouth cups in order for students to hit the
target ﬂour). Extend the heights above the ﬂour to 2 meters. Stop
taking data when the marble hits the bottom of the cup. Direct
students to plot this new set of data, compare it to their previous
graphs, and ﬁnd the slopes for each line. Are they the same? Have
students explain their results.
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THE NEED FOR C
c is necessary in Einstein’s equation
because whenever part of any piece
of matter is converted to pure energy,
the resulting energy is by deﬁnition
moving at the speed of light. Pure
energy is electromagnetic radiation—
whether light or X-rays or whatever—
and electromagnetic radiation travels
at a constant speed of about 300,000
kilometers per second.
The speed of light must be squared
because of the nature of energy.
When something is moving four
times as fast as something else, it
doesn’t have four times the energy
but rather 16 times the energy—in
other words, that ﬁgure is squared.
So the speed of light squared is the
conversion factor that determines
just how much energy lies within
any type of matter.

ACTIVITY ANSWER

LINKS AND BOOKS

Marbles dropped from different heights accelerate toward the surface
of the flour, increasing their velocity and kinetic energy as they fall. The
kinetic energy that the marble has gained is then transferred to the flour
as it plunges in. The depth that the marble reaches in the flour is a
measure of the kinetic energy that is transferred to the flour (the energy
deforms the flour and makes the marble crater).

Links
NOVA—Einstein’s Big Idea
www.pbs.org/nova/einstein

Hear top physicists explain E = mc2,
discover the legacy of the equation,
see how much energy matter contains,
learn how today’s physicists are working
with the equation, read quotes from
Einstein, and more on this companion
Web site.

Student results may vary due to differences in flour density and errors
in dropping the marble from prescribed heights. When reviewing the
table with students, it would be best to eliminate the two lowest and
highest values for each height and average the rest. The summary data
plotted should reveal that energy is proportional to velocity squared.

Answers from Scientists
www.skirball.org/exhibit/einstein_
answers_light.asp

Answers several questions related
to light and E = mc2.

Sample Results
Velocity vs. Energy Data Table
Distance (cm)
0
10
25
50
100

v (m/sec)
0
1.4
2.2
3.1
4.4

The Electromagnetic Spectrum

v2 (m2/sec2)
0
2.0
4.9
9.8
19.6

Depth (cm)
0
.5
1.3
2.4
4.1

imagers.gsfc.nasa.gov/ems/waves3.html

Describes the electromagnetic spectrum
and includes information on visible light.
The Ultimate Physics Resource Site
serendip.brynmawr.edu/local/IIT/projects/
Glasser.html

Includes physics links and activities.

The average error of the depth data was about +/- .5 cm
�

Books
Energy
by Jack Challoner.
Dorling Kindersley, 1993.
Surveys various sources of energy
and the ways in which they have
been harnessed.
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Student Handout Questions
1 What is the shape of your Velocity vs. Energy graph?
The shape of the graph is a curve.
2 What is the shape of your Velocity2 vs. Energy graph?
The shape of the graph should be close to a straight line.

�

�

Light
by David Burnie.
Dorling Kindersley, 1999.
Explains many aspects of visible light
and other forms of electromagnetic
energy.
Stop Faking It!: Light
by William C. Robertson.
NSTA Press, 2003.
Provides information and activities
to help teachers and students
understand light.

3 If a straight line on a graph indicates a direct relationship, is
energy (measured by depth) directly proportional to velocity
or velocity squared? The Velocity2 graph appears to show that
energy is proportional to velocity squared, not velocity.
4 Explain why Albert Einstein wrote E = mc2 instead of E = mc.
Students may forget that the c is simply the velocity of light.
Einstein wrote c2 because E is directly proportional to velocity
squared, not velocity.
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Squaring Off With Velocity
c is the velocity of light in a vacuum. Why is c2 part
of Albert Einstein’s equation and not just c? In this
activity, you will measure the energy delivered to
an object (flour) by another object (a marble) to
determine the relationship between energy and
velocity as expressed in E = mc2.

Procedure

Measuring Energy
Energy is usually measured in joules. In this experiment,
you will be measuring energy by the depth of the crater
the marble creates in the ﬂour. Then you will be graphing
depth (energy) against the velocity at which the marble
falls over a certain distance.

7 Repeat this procedure at the same height three
more times. If you run out of clear space in which
to drop your marble, use your spoon to retrieve
your marble(s) and reﬁll the cup with ﬂour. Tap
the cup three times after it has been reﬁlled and
use the wood dowel or skewer to level off the top.
8 Add your data to the class data table.
9 After your class determines the average depth at
each height, enter the depths in the table on your
“Data Sheet” handout. Follow the instructions on
that handout to create your graphs.
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1 Working over your pan, use the spoon to ﬁll
both of your cups a little above the rim with
ﬂour. Do not pack the ﬂour down.
2 Tap the base of the cup three times to remove
air pockets. Use your wood dowel or skewer to
even off the ﬂour with the top edge of the cup.
3 Use a felt-tip pen and plastic ruler to mark ten
1-centimeter tick marks on the wood dowel or
skewer. You will use this to measure the depth
of penetration by your marble.
4 Your class will be dropping the glass marbles into
the ﬂour from 10, 25, 50, and 100 centimeters.
Your teacher will tell you which part of the class
data your team will be responsible for gathering.
5 Use your meter stick to measure your assigned
height above the rim of the cup. Drop a marble
into the cup from that height (see illustration
on your “Data Sheet” handout). Make sure the
marble does not strike the side of the cup.
6 Pick up the cup and place it at eye level as you use
the wood dowel or skewer to measure the depth
of penetration from the top of the marble to the
top of the ﬂour. Record the depth of the hole made
by the marble to a tenth of a centimeter. Add half
the marble’s diameter (.5 centimeter for a standardsized marble) to your measurement in order to
measure to the marble’s center of the mass.

Einstein’s Big Idea

Student Handout

Data Sheet
Procedure
1 Calculate the velocity of the marble as it hits the
surface of the ﬂour. Enter your calculations in the
data table below.
2 Make a graph with Velocity (meters/second)
on the y-axis and Energy (depth in centimeters)
on the xx-axis. Plot the velocity and depth data
you have entered into the table below.
3 Draw a smooth curve or line through as many
points as possible. Be sure to start drawing
your line at the origin 0,0.
4 Square your velocity values and enter them in
your data table. Draw a new graph with Velocity2
(meters2/second2) on the y-axis and Energy
(depth in centimeters) on the xx-axis. Plot the
velocity2 and depth data from the table below.
5 Draw a smooth line through as many of the points as
possible, passing your line above or below points that
do not line up exactly. Start your line at the origin 0,0.
6 Answer the questions below.

Questions
Write your answers on a separate sheet of paper.
1 What is the shape of your Velocity vs. Energy graph?
2 What is the shape of your Velocity2 vs. Energy graph?
3 If a straight line on a graph indicates a direct
relationship, is energy (measured by depth)
directly proportional to velocity or velocity squared?
4 Explain why Albert Einstein wrote E = mc2 instead
of E = mc.
Velocity vs. Energy Data Table
v (m/sec)

v2 (m2/sec2)

Depth (cm)
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Distance (cm)
0
10
25
50
100

ACTIVITY 5

A Trip to Pluto
Activity Summary
Students consider the meaning of E = mc2 by examining how much of
different kinds of fuel would be required to make an imaginary trip to
Pluto. All energy sources are compared to a hypothetical mass-to-energy
propulsion system called a photon drive.

L E A R N I N G O B J EC T I V E S
Students will be able to:
ß explain the meaning of E = mc2.
ß state that, in nuclear reactions,
mass-energy is conserved.
ß show that nuclear ﬁssion and
fusion reactions provide many
millions of times more energy
than fossil fuel chemical reactions.

Materials for each team
• copy of “A Trip to Pluto” student handout
• copy of “Planning Your Trip” student handout
• copy of “Reaction Worksheet” student handout
• hand-held or computer calculator

Background
Albert Einstein’s genius was, in part, due to his ability to see the world
as no one else could. His ideas evolved from the belief that light’s speed
never changed and that nothing could exceed the speed of light. Taking
this as fact, he reshaped what he knew about the universe. He came to
realize that energy and matter were equivalent and that one could be
transformed into the other using the speed of light squared as the
conversion factor (see “The Legacy of E = mc2” at www.pbs.org/nova/
einstein/legacy.html for a brief explanation of the equation). Einstein’s
equation was theoretical when he ﬁrst thought of it, but since its proposal
in 1905 it has been conﬁrmed countless times. Scientists today continue
to explore its implications.
In this activity, students explore the meaning of E = mc2 by considering
its effect on the fuel requirements for a trip to Pluto. Given a series of
chemical reactions of fossil fuels and nuclear energy reactions, students
compute how much of each fuel they would need to travel from Earth to
Pluto and back. Students also consider a hypothetical energy source—
a photon drive—which would convert matter to vast amounts of energy.
This activity compares chemical reactions to nuclear reactions. Students
may know that mass is always conserved in chemical reactions. The same
number and kinds of atoms of each of the elements exist at the beginning
and end of the chemical reaction. (It is true that since light and/or heat is
often absorbed or released in a reaction, some mass must have been lost
or gained. But for all practical purposes this is too small to measure.)
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KEY TERMS
fossil fuel: A substance—such as
coal, oil, or natural gas—that comes
from the fossil remains of plants and
animals. It can be burned and used
as an energy source.
isotope: A form of an element that
has the same number of protons
but a different number of neutrons in
its nucleus. Isotopes of an element
have the same atomic number but
different atomic weights.
nuclear fission: The splitting of
a nucleus into two or more parts
resulting in a large release of energy.
nuclear fusion: The combining of
nuclei resulting in a large release
of energy.
radioactive decay: The spontaneous
disintegration of a nucleus to form a
different nucleus. A large amount of
energy is released during the decay.

In nuclear reactions, energy is exchanged for mass and mass for energy.
Nuclei of atoms are made of protons and neutrons. When you divide a
nucleus into parts, the sum of the masses of the parts is not equal to the
whole (the mass of a nucleus is less than the sum of the masses of the
individual protons and neutrons). This “missing” mass is accounted for by
the nuclear binding energy that holds the nucleus together. The change in
binding energy that is equivalent to the missing mass can be calculated
using E = mc2 (nuclear binding energy = mc2 ).
Every single nuclear reaction, regardless of type or complexity, conﬁrms
the truth of E = mc2. In fusion, the energy source that powers the sun and
stars, light nuclei of elements such as the isotopes of hydrogen combine
to form helium nuclei and release energy. This happens because the sum
of the mass of the helium nucleus is less than the mass of the hydrogen
nuclei fused to create it. In ﬁssion, the same is also true. The mass of
the products (ﬁssion fragments and the neutrons created) is less than
the mass of original reactants (uranium nucleus and neutron). Again,
E = mc2 predicts the energy released, which is huge. In nuclear reactions,
as in chemical reactions, the total energy and mass is conserved. Thanks
to Einstein, there is a way to balance the books.
The energetic fragments resulting from a nuclear fission reaction collide
with surrounding matter and generate heat. It is important to stress this.
Most students will simply refer to “heat” as the energy released, but that
is just the end product of the process.

S TA N D A R D S
CONNECTION
The “A Trip to Pluto” activity aligns
with the following National Science
Education Standards (see books.nap.
edu/html/nses) and Principles and
Standards for School Mathematics
(see standards.nctm.org/documents/
index.htm).
GRADES 5–8
Science Standard
Physical Science
ß Transfer of energy
Mathematics Standard
Number and Operations
GRADES 9–12
Science Standard
Physical Science
ß Structure of atoms
ß Chemical reactions
ß Conservation of energy and
the increase in disorder
Mathematics Standard
Number and Operations

Procedure
1 Ask students what kind of fuel they would use in their car if they
had to take a trip across the country. What if they had to take a
much longer trip—to Pluto, for example? What type of fuel would
be the best to use in a rocket ship? Discuss with students the
different types of fuel available.
2 Decide whether you wish to do this activity as a class exercise
or whether you want students to work in teams. Distribute student
handouts and make sure students have access to calculators. If
working as a class, place the table students will be working with
(from the “Planning Your Trip” handout) on the board or computer.
3 You may need to review scientiﬁc notation with students. If you do
this as a class exercise, you can do the calculations for students if
you prefer. You may also want to review eV (electron Volt), the unit
of energy used in this activity. One electron volt is equal to the
energy one electron acquires when traveling across an electric
potential difference of 1 volt.
4 Have students ﬁrst read the “A Trip to Pluto” handout, and then
“Planning Your Trip” and “Reaction Worksheet” handouts. After
students have read all the handouts, help them do the calculations
for each fuel source. Once students have completed their calculations,
have them answer the questions on their “Planning Your Trip” handout.
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5 To conclude the activity, examine the table with students and review
the answers to student handout questions. Ask students what
surprised them the most about their results. Students may ask why
all spacecraft don’t use ﬁssion or fusion engines. Mention that ﬁssion
reactors are very difﬁcult to scale up because reactors need moderating
rods, water to absorb energy, heavy shielding to absorb harmful
radiation, etc. Even though reactor-grade fuel is less than 2 percent
pure, it would take a lot of mass to shield the astronauts from
the radiation that is emitted. Fusion reactions require very high
temperatures and pressures to initiate the reaction and are currently
only in experimental stages of development.
6 To illustrate the differences between the ﬁnal results more clearly,
ask students how they might calculate how many gallons of gasoline
(instead of grams) are equivalent to the energy derived from 1.5 grams
of pure matter conversion—a little more than the mass of an average
ladybug. (Students just calculated that 2.3 x 109 grams of gasoline are
needed to supply the 8 x 1032 electron volts required for the trip to
Pluto.) To convert grams of gasoline to gallons, students need to ﬁnd
how many grams there are in a gallon of gasoline and then convert.
(A gallon of gasoline contains 2,720 grams.) The conversion is: 2.3 x 109
grams of gasoline x 1 gallon/2,720 grams = 8.5 x 105 gallons (850,000
gallons). That is a good indicator of what scientists mean when they
claim Einstein unlocked the power of the atom. Converting the other
fuel quantities from grams to pounds or tons may help students grasp
the vast differences in amounts of fuel needed. (For example, you
would need 21 million pounds of wood to complete the trip!)
7 As an extension, have students calculate the weight of other supplies
they would need for the trip (such as food and water). Students can
also calculate how big a spaceship would be required for fuel storage
and living quarters, and other necessities. The energy needed to lift
a kilogram of mass from Earth’s surface and escape the planet’s
gravitational ﬁeld is 6.3 x 107 J/kg or 3.9 x 1026 eV/kg.
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GETTING TO PLUTO
(AND BACK)
The ﬁgure used in this activity as
the energy needed to make a round
trip to Pluto—8 x 1032 eV—attempts
to consider the escape velocity,
deceleration, and acceleration
needed to make the trip. It does
not take into account other, more
complex aspects (such as variability
in speed and trajectory) that occur
during actual space travel. There
are many options for calculating
trip energy to Pluto and back. The
trip energy used for this activity is
based on needing an estimated
955 million joules per kilogram of
mass, or 6.0 x 1027 electron volts per
kilogram, to complete the journey.
Assuming a spacecraft with a mass
of 135,000 kilograms brings the total
energy for the trip to 8 x 1032 eV.

ACTIVITY ANSWER

LINKS AND BOOKS

The mass of each wood or fossil fuel molecule was obtained by finding
the mass of one mole in grams, then dividing by 6.02 x 1023 molecules
per mole. In nuclear reactions, the mass is calculated by summing the
number of protons and neutrons reacted (measured in atomic mass
units), then multiplying by 1.7 x 10 -24 grams per amu.

Links
NOVA—Einstein’s Big Idea

Fuel Type

Mass (g) per
Molecule

wood
coal
natural gas
gasoline

3.0 x 10 -22
2.0 x 10 -23
2.7 x 10 -23
1.9 x 10 -22

Fuel Process

Mass (g) per
Reaction

ﬁssion
4.0 x 10 -22
fusion
1.7 x 10 -23
photon drive 3.4 x 10 -24

Energy
Released per
Molecule (eV)

# Reactants
Needed for
Round Trip

Total Mass
(g) of Fuel
Required

25
2.5
9.2
66

3.2 x 1031
3.2 x 1032
8.7 x 1031
1.2 x 1031

9.6 x 109
6.4 x 109
2.3 x 109
2.3 x 109

Energy
Released per
Reaction (eV)

# Reactions
Needed for
Round Trip

Total Mass
(g) of Fuel
Required

230 x 106
20 x 106
1877 x 106

3.5 x 1024
4.0 x 1025
4.3 x 1023

1400
680
1.5

www.pbs.org/nova/einstein

Hear top physicists explain E = mc2,
discover the legacy of the equation,
see how much energy matter contains,
learn how today’s physicists are working
with the equation, read quotes from
Einstein, and more on this companion
Web site.
The ABCs of Nuclear Science
www.lbl.gov/abc

Features information about nuclear
science, including radioactivity, ﬁssion,
fusion, and the structure of the atomic
nucleus.
American Museum of Natural
History Einstein Exhibit
www.amnh.org/exhibitions/einstein

Provides an overview of Einstein’s life,
work, philosophy, and legacy.
Einstein Archives Online

Student Handout Questions
1 What do all the reactants of wood and fossil fuels have in common?
The reactants of wood and fossil fuels are all carbon-based. Also,
each reaction requires oxygen to begin burning.
2 Compare the products of wood and fossil fuel reactions with the
products of nuclear reactions. How are they the same? How are they
different? The products of wood and fossil fuel reactions are largely
the same—water, carbon dioxide, and soot (except for natural gas,
which burns cleaner than the others). Nuclear ﬁssion has radioactive
isotopes as a product (students cannot tell this from the equation)
and different isotopes can occur. Also, neutrons are often emitted
in both ﬁssion and fusion reactions.
3 Compared to pure uranium ﬁssion, how many times more wood
would you have to burn to make the trip to Pluto? How many times
more wood compared to a photon drive engine? Dividing the amount
of wood by the amount of uranium, you need 6.9 million times more
wood than uranium, and 6.4 billion times more wood than photon
drive fuel!
4 If Pluto is 5.9 x 109 kilometers from Earth, how long will it take you,
in years, to make the trip to Pluto and return home? (Assume a
straight line, a constant velocity with no deceleration or acceleration,
and a speed of 12.0 kilometers per second.) Calculation:

www.alberteinstein.info

Offers an archive of Einstein’s personal,
professional, and biographical papers.
Books
Albert Einstein and the Theory
of Relativity
by Robert Cwiklik.
Barron’s Educational Series, 1987.
Looks at Einstein’s novel ideas about
matter, time, space, gravity, and light.
E = mc2: A Biography of the World’s
Most Famous Equation
by David Bodanis.
Walker, 2000.
Chronicles the lives and work of the
innovative thinkers behind each part of
the equation, describes the equation’s
synthesis by Einstein, and explores the
equation’s impact on society.
It Must Be Beautiful: Great Equations
of Modern Science
by Graham Farmelo, ed.
Granta Books, 2002.
Presents the great equations of
modern science for the lay reader.

d = v x t, where d = distance, v = velocity, and t = time
t =

d
5.9 x 109 km x 2
=
= 31.2 years
v
12.0 km/sec x 3600 sec/hr x 24 hr/d x 365 d/yr
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A Trip to Pluto
When Albert Einstein wrote a three-page paper in 1905 outlining his
theory that E = mc2 , there were no references to anyone else’s work or
ideas. Einstein could reason in words and mathematics why energy and
mass are simply two forms of the same thing, but he could not confirm
it. Confirmation in science comes in the form of the verification and
validation of a testable statement—not just once but thousands of times
by different groups of scientists. E = mc2 was dramatically confirmed
following the 1938 generation of fission by German scientists Otto Hahn
and Fritz Strassmann, and the realization by Lise Meitner and Otto
Robert Frisch that mass was being converted to energy. Since then,
the fact that energy can be converted to mass, and that mass can be
converted to energy, has been shown countless times. In fact, every
single nuclear reaction is testimony to Einstein’s theory.
You may know that, in chemical reactions, mass is always conserved.
The atoms that make up the molecules on one side of a reaction
(the reactants) recombine to form different molecules on the other side
of a reaction (the products). The outermost electrons of atoms interact
to form these new molecules. Energy is absorbed or given off in a
chemical reaction.

Once energetic particles are produced in a nuclear reaction, they
interact with surrounding matter. As they zing along, their energy is
shared through collisions with many other atoms and heat is generated.
In a nuclear reactor, the rate of reaction is controlled. The energetic
fission fragments heat the surrounding water, which is used to create
steam and run electric generators. In a nuclear bomb, the energy
released is sudden and uncontrolled. Massive destruction is caused
by the tremendous heat and radiation released all at once.
In this activity, you will go on a hypothetical trip to the planet Pluto. Your
task is to examine the possible fuel sources for your rocket engine and
compute how much of each fuel you will need for the trip. You will compare wood and fossil fuels (chemical reactions) with fission and fusion
(nuclear reactions). You will also consider the fuel efficiency of a hypothetical photon drive. Use your “Planning Your Trip” handout to get started.
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In nuclear reactions, mass is never conserved—some mass is exchanged
for energy and energy for mass. Nuclear reactions take place in an atom’s
nucleus. In a spontaneous nuclear reaction, such as radioactive decay,
mass is “lost” and appears as energy in the form of particles or gamma
rays. However, the total mass and energy is always conserved. One
simple method of accounting used by nuclear scientists and elementary
particle physicists is to express all mass in energy units. The total energy
(mass and energy) is the same before and after any nuclear reaction.
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Planning Your Trip
Procedure

Sample calculation for wood
1 molecule of wood
25 eV
31
= 3.2 x 10 wood molecules (# of reactants needed for round trip)
8 x 1032 eV x

Fuel Type

Mass (g) per
Molecule

wood
coal
natural gas
gasoline

3.0 x 10 -22
2.0 x 10 -23
2.7 x 10 -23
1.9 x 10 -22

Fuel
Process

Mass (g) per
Reaction

ﬁssion
fusion
photon drive

4.0 x 10 -22
1.7 x 10 -23
3.4 x 10 -24

Energy Released
per Molecule (eV)

25 eV

Energy Released
per Reaction (eV)

4 To determine the total mass (g) of fuel required
to make the trip, multiply the number of reactants
(or reactions) needed for the round trip by the
mass in grams per molecule (or reaction) for each
fuel type/process listed. Record your results.
Sample calculation for wood
3.2 x 1031 wood molecules x

3.0 x 10 -22 grams
1 molecule

= 9.6 x 109 grams (total mass of fuel required)
(That’s almost 10 billion grams!)

Questions
Write your answers on a separate sheet of paper.
1 What do all the reactants of wood and fossil
fuels have in common?
2 Compare the products of wood and fossil fuel
reactions with the products of nuclear reactions.
How are they the same? How are they different?
3 Compared to pure uranium ﬁssion, how many
times more wood would you have to burn to make
the trip to Pluto? How many times more wood
compared to a photon drive engine?
4 If Pluto is 5.9 x 109 kilometers from Earth, how
long will it take you, in years, to make the trip to
Pluto and return home? (Assume a straight line,
a constant velocity with no deceleration or
acceleration, and a speed of 12.0 kilometers
per second.)

# Reactants Needed
for Round Trip

3.2 x 1031

# Reactions Needed
for Round Trip

Total Mass (g)
of Fuel Required

9.6 x 109

Total Mass (g)
of Fuel Required
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1 Read your “Reaction Worksheet” handout carefully.
2 For your trip to Pluto, you will be riding in a
spacecraft that has a mass of 135,000 kilograms.
Most of the mass is in the rocket boosters,
which are needed for taking off and escaping
Earth’s gravitational ﬁeld. Your task is to travel
to Pluto, land on its surface, take samples of the
surface ice and rocks, and then return to Earth.
To accomplish this trip, you will require a lot of
energy—a total of 8 x 1032 electron Volts (eV)!
Your cruising velocity will be 12.0 kilometers
per second (a speedy 27,000 miles per hour!).
3 Refer to the equations on your “Reaction
Worksheet” handout to obtain the amount of
energy released per molecule burned (or reaction
occurred) for each of your fuels. Write these in the
tables below. To ﬁnd the number of reactants (or
reactions) you need for your round trip, divide
your total round trip energy by the energy released
per molecule (or reaction) for each fuel type/
process listed. Record your results.
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Reaction Worksheet
Wood and Fossil Fuel Reactions

Photon Drive Reaction

Wood and fossil fuel reactions require oxygen for
combustion to unleash the chemical energy stored
in the fuel. The energy given off by these reactions,
which is expressed in electron volts, is the energy
released per molecule of fuel burned. An electron volt
is an exceedingly small unit equal to 1.6 x 10 -19 joule.
(One joule is the amount of energy gained by a golf
ball if it falls 2.2 meters.) The subscripts refer to the
number of atoms of each element in the compounds.
These equations are not balanced.
Wood (cellulose)
[C6H10O5]n CO2 + H2O + soot + E (25 eV)
Coal
C + some S + O2 SO2 + CO2 + soot + E (2.5 eV)
Natural Gas (methane)
CH4 + O2 CO2 + H2O + E (9.2 eV)
Gasoline (octane)
C8H18 + O2 CO2 + H2O + soot + E (66 eV)

Some scientists have considered the possibility
that a photon drive, which would operate according
to the principles of E = mc2 , could someday power
spaceships. In particle accelerators on Earth,
electrons have been observed colliding with antielectrons (called positrons). When they collide,
the particles disappear and energy in the form of
gamma rays appears with energy equal to the mass
of both particles, as predicted by E = mc2. In a
hypothetical photon drive, protons and anti-protons
would be used (being almost 2,000 times more
massive than electrons, they would provide more
energy). If a stream of protons could be made to
collide with a stream of anti-protons, tremendous
amounts of energy would be emitted, and gamma
rays would shoot out the back of the rocket. The
reaction would look like:
1
p + 11p gamma rays with total E† (1877 x 106 eV)
1

Nuclear Fuel Reactions

Nuclear Fission
2 35
U + o1n 92
Kr + 14561 Ba + 3 o1 n
92
36
†
with total E (230 x 106 eV)
Nuclear Fusion
2
H + 13H 42He + o1n
1
with total E† (20 x 106 eV)

Fission

Key
n = neutron

1
o
1
1

p = proton

1
1

p = anti-proton

Fusion

soot = ﬁne black carbon particles produced due to incomplete combustion
† = much energy produced in nuclear
reactions is carried away as kinetic
energy by the product particles
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Nuclear reactions require mechanisms other than
combustion with oxygen to unlock their energy. For
fission reactions, an unstable nucleus must capture
a neutron before it splits into pieces and releases
its energy. In nuclear fusion, particles need to be
squeezed very tightly together with high temperature
and pressure. Fusion occurs naturally in the core
of the sun because the temperature there is
10 million degrees F and the pressure is incredibly
high! In all nuclear reactions, it is the nucleus that
changes in some way, one atom at a time. The
numbers you see represent the total number of
protons and neutrons in each nucleus or particle.

1600s

Leibniz, a German philosopher, was a polymath—he was
equally at home in abstract studies of logic as he was with
mathematics, physics, and philosophy. He invented calculus
independently of Newton, and also suggested that an object’s
ability to do work was proportional to the square of its speed,
rather than its speed alone. Squaring an object’s speed would
become crucial to Einstein’s own ideas about E = mc2.

GOTTFRIED WILHELM VON LEIBNIZ 1646–1716

A prodigy in mathematics and physics, Newton began many
revolutionary advances about matter, motion, and light while he
was a university student. These are the foundation for much of
today’s science. He developed calculus and proposed the laws of
motion as well as the law of universal gravitation. He also studied
the nature of light. His laws were the starting point for Einstein’s
own investigations of matter, motion, and energy.

SIR ISAAC NEWTON 1642–1727

Facing the Inquisition for his scientiﬁc beliefs, Galileo
developed many important ideas about the science of
motion, such as inertia. Isaac Newton built on many of
Galileo’s insights when developing his laws of motion.
These ideas would later play a critical role in Einstein’s
thinking about energy, mass, light, and motion.

GALILEO GALILEI 1564–1642

Gottfried Wilhelm
von Leibniz

Galileo Galilei

Maxwell learned all the latest mathematics while a
university student, and quickly brought his new skills
to bear on many of Faraday’s conceptual ideas.
Maxwell provided the mathematical backbone for
electromagnetism—a single physical force that
could sometimes appear as electricity and sometimes
as magnetism, but which was at root a deep interconection of the two. He also demonstrated that light was
nothing other than a wave of electric and magnetic ﬁelds.

JAMES CLERK MAXWELL 1831–1879

James Clerk
Maxwell

Faraday grew up the poor apprentice to a bookbinder,
but his excitement about science soon brought him
to the very forefront of his ﬁeld. He hypothesized
that invisible ﬁelds of electricity and magnetism
carried these forces through space, and that these
“lines of force” need not always move in straight lines
as Newton would have predicted. He further showed
Michael Faraday
that electricity could create magnetism, and that magnetism could generate electricity. His ideas laid the
groundwork for the modern scientiﬁc concept of energy
that would be crucial to Einstein’s later work.

MICHAEL FARADAY 1791–1867

Science is a human endeavor that builds on the contributions
and efforts of many people. The following are a few of the key
scientists who helped lay the groundwork for Albert Einstein’s
incredible insight into the equivalence of energy and mass.

A TIME LINE OF E = mc 2

Who Did What When?

1800s

1700s

Time Line Author
Written by David Kaiser, an associate
professor in the MIT Program in
Science, Technology, and Society, and a
lecturer in the MIT physics department.
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This husband-and-wife team helped usher in a new era for
the science of chemistry. Antoine-Laurent demonstrated that
the total amount of matter is conserved in any chemical reaction—some of it might change form from solid, liquid,
or gas, but the total amount remains the same before and
after the reaction takes place. Working at her husband’s side,
Marie Anne made detailed drawings and engravings of laboratory apparatus and experiments, and translated the works
of other scientists.

ANTOINE-LAURENT LAVOISIER 1743–1794
MARIE ANNE PAULZE LAVOISIER 1758–1836

This talented woman mastered the mathematics and physics
of her day. She was the ﬁrst person to translate Newton’s
great works into French. She also clariﬁed Leibniz’s ideas
about objects in motion. In particular, by analyzing Dutch
researcher Willem ’sGravesande’s experiment of dropping
balls into soft clay, du Châtelet helped champion the idea
that squaring an object’s speed determined how much work
it could do. She thus helped put in place a crucial piece of
Einstein’s E = mc2.

EMILIE DU CHÂTELET 1706–1749

1900s
Otto Hahn

Meitner, a physicist, worked for years with chemists
Otto Hahn and Fritz Strassmann to study the behavior
of nuclei. She was forced to ﬂee Nazi Germany because
of her Jewish ancestry. Soon after leaving Berlin, she
received some reports from Hahn about the latest experimental data. With her nephew, physicist Otto Robert
Lise Meitner
Frisch, Meitner was the ﬁrst to understand that
uranium nuclei could be split when bombarded by neutrons.
Meitner and Frisch calculated how much energy would be
released each time a uranium nucleus underwent ﬁssion,
a dramatic example of E = mc2 at work.

LISE MEITNER 1878–1968
OTTO ROBERT FRISCH 1904–1979

These two chemists had worked closely with physicist
Lise Meitner in Berlin, until Meitner was forced to ﬂee
Nazi Germany. They experimented by bombarding
uranium’s heavy nuclei with neutrons. Expecting the
nuclei to simply absorb the incoming neutrons, they
could not explain their subsequent results—lighter
elements, such as barium, were produced. Hahn wrote
to Meitner for help explaining the puzzling results; she
realized that Hahn and Strassmann had generated nuclear
ﬁssion, early evidence that conﬁrmed Einstein’s E = mc2.

OTTO HAHN 1879–1968
FRITZ STRASSMANN 1902–1980

A stubborn visionary, Einstein developed some of the
most revolutionary ideas in the history of science. While
working as a patent clerk, he introduced a fundamentally new basis for understanding the most basic ideas
of physics—space, time, matter, and energy. Among his
major insights: energy and mass are two forms of the
same thing. Each can be transformed into the other, with
Albert Einstein
c2 as the conversion factor—a number so huge that a tiny
amount of mass is equal to an enormous amount of energy.

ALBERT EINSTEIN 1879–1955

This husband-and-wife team helped to reinvent modern physics,
much as the Lavoisiers had done for chemistry many years earlier.
Pierre and Marie Curie studied radioactivity and discovered new
radioactive elements, such as radium and polonium. Their work
led to a new understanding of radioactivity—a process in which
matter decays and releases energy—made possible by E = mc2.

PIERRE CURIE 1859–1906
MARIE SKLODOWSKA CURIE 1867–1934
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