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CHAPTER

Energy and Power
and the Physics of Explosions
At the end of the Cretaceous period, the golden age of dinosaurs, an asteroid
or comet about 10 miles in diameter headed directly towards the Earth
with a velocity of about 20 miles per second, over ten times faster than our
speediest bullets. Many such large objects may have come close to the Earth,
but this was the one that ﬁnally hit. It hardly noticed the air as it plunged
through the atmosphere in a fraction of a second, momentarily leaving a
trail of vacuum behind it. It hit the Earth with such force that it and the
rock near it were suddenly heated to a temperature of over a million degrees
Centigrade, several hundred times hotter than the surface of the sun.
Asteroid, rock, and water (if it hit in the ocean) were instantly vaporized. The
energy released in the explosion was greater than that of a hundred million
megatons of TNT, 100 teratons, more than ten thousand times greater than
the total U.S. and Soviet nuclear arsenals. . . . Before a minute had passed, the
expanding crater was 60 miles across and 20 miles deep. It would soon grow
even larger. Hot vaporized material from the impact had already blasted its
way out through most of the atmosphere to an altitude of 15 miles. Material
that a moment earlier had been glowing plasma was beginning to cool and
condense into dust and rock that would be spread worldwide.
—from Richard A. Muller, Nemesis

F

ew people are surprised by the fact that an asteroid the size of Mount
Everest could do a lot of damage when it hits the Earth. And it is not really surprising that such bodies are out there (figure 1.1). The danger has
been the subject of many movies, including Deep Impact, Meteor, and
Armageddon. Asteroids and comets frequently come close to the Earth. Every
few years, we see a newspaper headline about a “near miss” in which an object
misses the Earth by “only a few million miles.” That is hardly a near miss. The
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Figure 1.1 Comet Shoemaker-Levy
crashes into Jupiter. This explosion is
much smaller than the one that
occurred when an asteroid or a comet
crashed into the Earth 65 million years
ago. (Image taken by Peter McGregor
at the ANU 2.3m telescope at Siding
Spring, Research School of Astronomy
and Astrophysics. Copyright Australian National University. Used with
permission.)

radius of the Earth is about 4000 miles. So a miss by, say, four million miles
would be a miss by a thousand Earth radii. Hitting the Earth is comparable to
hitting an ant on a dartboard.
Although the probability of an asteroid impact during your lifetime is small,
the consequences could be huge, with millions or maybe even billions of people killed. For this reason, the U.S. government continues to sponsor both asteroid searches, to identify potential impactors, and research into ways to deflect
or destroy such bodies.
But why should an asteroid impact cause an explosion? The asteroid was
made of rock, not dynamite. And why would it cause such a big explosion? But
then what is an explosion, after all?

Explosions and Energy
An explosion occurs when a great deal of stored energy is suddenly converted
to heat in a confined space. This is true for a grenade, an atomic bomb, or an
asteroid hitting the Earth. The heat is enough to vaporize the matter, turning it
into an extremely hot gas. Such a gas has enormous pressure—that is, it puts a
great force on everything that surrounds it. Nothing is strong enough to resist
this pressure, so the gas expands rapidly and pushes anything near it out of the
way. The flying debris is what does the damage in an explosion. It doesn’t matter what the original form of the energy is—it could be kinetic energy (the
result of motion), like the energy of the asteroid, or chemical energy, like the
energy in the explosive trinitrotoluene (TNT). It is the rapid conversion of this
energy to heat that is at the heart of most explosions.
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You may have noticed that I used a lot of common terms in the preceding
paragraph that I didn’t explain. Words such as energy and heat have everyday meanings, but they also have precise meanings when used in physics.
Physics can be derived in a deductive way, just like geometry, but it is hard
to learn in that manner. So our approach will be to start with intuitive definitions and then make them more precise as we delve deeper into the physics. Here are some beginning definitions that you may find helpful. The
precise meanings of these definitions will become clearer over the next three
chapters.

Deﬁnitions (Don’t Memorize)
• Energy is the ability to do work. (Work is deﬁned numerically as the
magnitude of a force multiplied by the distance that the force moves
in the direction of the force.) Alternative deﬁnition for energy:
anything that can be turned into heat. 1
• Heat is something that raises the temperature of a material, as
measured by a thermometer. (It will turn out that heat is actually the
microscopic energy of motion of vibrating molecules.)

These definitions sound great to the professional physicist, but they might be
somewhat mysterious to you. They don’t really help much since they involve
other concepts (work, force, energy of motion) that you may not precisely understand. I’ll talk more about all these concepts in the coming pages. In fact, it is
very difficult to understand the concept of energy just from the definitions alone.
Trying to do so is like trying to learn a foreign language by memorizing a dictionary. So be patient. I’ll give lots of examples, and those will help you to feel
your way into this subject. Rather than read this chapter slowly, I recommend
that you read it quickly, and more than once. You learn physics by iteration—
that is, by going over the same material many times. Each time you do that, the
material makes a little more sense. That’s also the best way to learn a foreign
language: total immersion. So don’t worry about understanding things just yet.
Just keep on reading.

Amount of Energy
Guess: How much energy is there in a pound of an explosive, such as
dynamite or TNT, compared to, say, a pound of chocolate chip cookies?
Don’t read any more until you’ve made your guess.

Here’s the answer: The chocolate chip cookies have the greater energy. Not
only that, but the energy is much greater—eight times greater in the cookies
than in TNT! That fact surprises nearly everybody, including many physics
professors. Try it out on some of your friends who are physics majors.
1
It is likely, as the Universe evolves, that virtually all energy will be converted to heat. This idea
has spawned numerous essays by philosophers and theologians. It is sometimes called the “heat
death” of the Universe, since heat energy cannot always be converted back to other forms.
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How can it be? Isn’t TNT famous for the energy it releases? We’ll resolve
this paradox in a moment. First, let’s list the energies in various different
things. There are a lot more surprises coming, and if you are investing in a
company, or running the U.S. government, it is important that you know many
of these facts.
To make the comparisons, let’s consider the amount of energy in 1 gram of
various materials. (A gram is the weight of a cubic centimeter of water; a
penny weighs 3 grams, and there are 454 grams in a pound.) I’ll give the
energy in several units: the Calorie, the calorie, the watt-hour, and the
kilowatt-hour.
CALORIE
The unit you might feel most familiar with is the Calorie. That’s the famous
“food calorie” used in dieting. It is the one that appears on the labels of food
packages. A chocolate chip ( just the chip, not the whole cookie) contains about
3 Calories. A 12-ounce can of Coca Cola has about 150 Calories.
Beware: If you studied chemistry or physics, you may have learned about
the unit called the calorie. That is different from the Calorie! A food Calorie
(usually capitalized) is 1000 little physics calories. That is a terrible convention, but it is not my fault. Physicists like to refer to food Calories as
kilocalories. Food labels in Europe and Asia frequently list kilocalories, but
not in the United States. So 1 Cal = 1000 cal = 1 kilocalorie.2

KILOWATT-HOUR
Another famous unit of energy is the kilowatt-hour, abbreviated kWh. (The
W is capitalized, some say, because it stands for the last name of James Watt,
but that doesn’t explain why we don’t capitalize it in the middle of the word
kilowatt.) What makes this unit so well known is that we buy electricity from
the power company in kWh. That’s what the meter outside the house measures. One kWh costs between 5 and 25 cents, depending on where you live.
(Electric prices vary much more than gasoline prices.) We’ll assume an average
price of 10 cents per kWh in this text.
It probably will not surprise you that there is a smaller unit called the
watt-hour, abbreviated Wh. A kilowatt-hour consists of a thousand watthours. This unit isn’t used much, since it is so small; however, my computer
battery has its capacity marked on the back as 60 Wh. Its main value is that
a Wh is approximately 1 Calorie.3 So for our purposes, it will be useful to
know that:
Wh = 1 Calorie (approximately)
1 kWh = 1000 Calories

2
I got into trouble in a cake recipe once because I didn’t know the difference between a Tsp and
a tsp of baking powder. In fact, 1 Tsp = 3 tsp. Ask a cook! (1 Tsp is the standard abbreviation for
a tablespoon; 1 tsp is the abbreviation for a teaspoon.)
3
To an accuracy of 16%.
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JOULE
Physicists like to the use energy unit called the joule (named after James Joule)
because it makes their equations look simpler. There are about 4200 joules in
a Calorie, 3600 in a Wh, 3.6 million in a kWh.
Table 1.1 shows the approximate energies in various substances. I think
you’ll find that this table is one of the most interesting ones in this entire textbook. It is full of surprises. The most interesting column is the rightmost one.

Table 1.1

Energy per Gram
Calories

Object

(or watt-hours)

Compared
Joules

to TNT

Bullet (at sound speed, 1000 ft/s)

0.01

40

0.015

Battery (auto)

0.03

125

0.05

Battery (rechargeable computer)

0.1

400

0.15

Flywheel (at 1 km/s)

0.125

500

0.2

Battery (alkaline ﬂashlight)

0.15

600

0.23

TNT (the explosive trinitrotoluene)

0.65

2700

1

Modern high explosive (PETN)

1

4200

1.6

Chocolate chip cookies

5

21,000

8

Coal

6

27,000

10

Butter

7

29,000

11

Alcohol (ethanol)

6

27,000

10

Gasoline

10

42,000

15

Natural gas (methane, CH4)

13

54,000

20

Hydrogen gas or liquid (H2)

26

110,000

40

Asteroid or meteor (30 km/s)

100

450,000

165

Uranium-235

20 million

82 billion

30 million

Note: Many numbers in this table have been rounded off.

Stop reading now, and ponder this energy table. Concentrate on the rightmost
column. Look for the numbers that are surprising. How many can you find?
Circle them. I think all of the following are surprises:
•
•
•
•

The very large amount of energy in chocolate chip cookies
The very small amount of energy in a battery (compared to gasoline!)
The high energy in a meteor, compared to a bullet or to TNT
The enormous energy available in uranium (compared to anything
else in the table)

Try some of these facts on your friends. Even most physics majors will be
surprised. These surprises and some other features of the table are worthy of
much further discussion. They will play an important role in our energy future.
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Discussion of the Energy Table
Let’s pick out some of the more important and surprising facts shown in the energy table and discuss them in more detail.
TNT VERSUS CHOCOLATE CHIP COOKIES
Both TNT and chocolate chip cookies store energy in the forces between their
atoms. That’s like the energy stored in compressed springs—we’ll discuss atoms
in more detail soon. Some people like to refer to such energy as chemical energy, although this distinction isn’t really important. When TNT is exploded,
the forces push the atoms apart at very high speeds. That’s like releasing the
springs so that they can suddenly expand.
One of the biggest surprises in the energy table is that chocolate chip cookies (CCCs) have eight times the energy as the same weight of TNT. How can
that be true? Why can’t we blow up a building with CCCs instead of TNT?
Almost everyone who hasn’t studied the subject assumes (incorrectly) that
TNT releases a great deal more energy than cookies. That includes most physics majors.
What makes TNT so useful for destructive purposes is that it can release
its energy (transfer its energy into heat) very, very quickly. The heat is so great
that the TNT becomes a gas that expands so suddenly that it pushes and shatters surrounding objects. (We’ll talk more about the important concepts of
force and pressure in the next chapter.) A typical time for 1 gram of TNT to
release all of its energy is about one millionth of a second. Such a sudden release
of energy can break strong material.4 Power is the rate of energy release. CCCs
have high energy, but the TNT explosion has high power. We’ll discuss power
in greater detail later in this chapter.
Even though chocolate chip cookies contain more energy than a similar weight
of TNT, the energy is normally released more slowly, through a series of chemical processes that we call metabolism. This requires several chemical changes
that occur during digestion, such as the mixing of food with acid in the stomach
and with enzymes in the intestines. Last, the digested food reacts with oxygen
taken in by the lungs and stored in red blood cells. In contrast, TNT contains all
the molecules it needs to explode; it needs no mixing, and as soon as part of it
starts to explode, that triggers the rest. If you want to destroy a building, you can
do it with TNT. Or you could hire a group of teenagers, give them sledgehammers, and feed them cookies. Since the energy in chocolate chip cookies exceeds
that in an equal weight of TNT, each gram of chocolate chip cookies will ultimately do more destruction than would each gram of TNT.
Note that we have cheated a little bit. When we say there are 5 Calories per
gram in CCCs, we are ignoring the weight of the air that combines with the
CCCs. In contrast, TNT contains all the chemicals needed for an explosion,
whereas CCCs need to combine with air. Although air is “free” (you don’t have
4

As you’ll see in chapter 3, to calculate the force, you can take the energy of a substance such
as TNT and divide it by the distance over which it is released (from chemical to kinetic energy).
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to buy it when you buy the CCCs), part of the reason that CCCs contain so
much energy per gram is that the weight of the air was not counted. If we were
to include the weight of the air, the energy per gram would be lower, about 2.5
Calories per gram. That’s still almost four times as much as for TNT.
THE SURPRISINGLY HIGH ENERGY OF GASOLINE
As table 1.1 shows, gasoline contains significantly more energy per gram than
cookies, butter, alcohol, or coal. That’s why it is so valuable as fuel. This fact
will be important when we consider alternatives to gasoline for automobiles.
Gasoline releases its energy (turns it into heat) by combining with oxygen,
so it must be well mixed with air to explode. In an automobile, this is done
by a special device known as a fuel injector; older cars use something called a
carburetor. The explosion takes place in a cylindrical cavity known, appropriately, as the cylinder. The energy released from the explosion pushes a piston
down the axis of the cylinder, and that is what drives the wheels of the car.
An internal “combustion” engine can be thought of as an internal “explosion”
engine.5 The muffler on a car has the job of making sure that the sound from the
explosion is muffled and not too bothersome. Some people like to remove the
muffler—especially some motorcyclists—so that the full explosion is heard; this
can give the illusion of much greater power. Removing the muffler also lowers
the pressure just outside the engine, so the power to the wheels is actually increased, although not by very much. We’ll talk more about the gasoline engine
in the next chapter.
The high energy per gram in gasoline is the fundamental physics reason why
gasoline is so popular. Another reason is that when it burns, all the residues are
gas (mostly carbon dioxide and water vapor), so there is no residue to remove.
In contrast, for example, most coal leaves a residue of ash.
THE SURPRISINGLY LOW ENERGY IN BATTERIES
A battery also stores its energy in chemical form. It can use its energy to release
electrons from atoms (we’ll discuss this more in chapters 2 and 6). Electrons can
carry their energy along metal wires and deliver their energy at another place;
think of wires as pipes for electrons. The chief advantage of electric energy is
that it can be easily transported along wires and converted to motion with an
electric motor.
A car battery contains 340 times less energy than an equal weight of gasoline!
Even an expensive computer battery is about 100 times worse than gasoline.
Those are the physics reasons why most automobiles use gasoline instead of
batteries as their source of energy. Batteries are used to start the engine because
they are reliable and fast.
5

Engineers like to make a distinction between an explosion, in which an abrupt front called a
shock wave is generated that passes through the rest of the material and ignites it, and a deflagration, in which there is no shock wave. There is no shock wave in the detonation of gasoline in an
automobile, so by this definition, there is no explosion in an automobile engine. Newspapers and
the general public do not make this fine distinction, and in this book, neither will I.
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Battery-powered cars
A typical automobile battery is also called a lead–acid battery, because it uses
the chemical reaction between lead and sulfuric acid to generate electricity.
Table 1.1 shows that such batteries deliver 340 times less energy than gasoline.
However, the electric energy from a battery is very convenient. It can be converted to wheel energy with 85% efficiency—put another way, only 15% is lost
in running the electric motor. A gasoline engine is much worse: only 20% of
the energy of gasoline makes it to the wheels; the remaining 80% is lost as
heat. When you put in those factors, the advantage of gasoline is reduced from
340 down to a factor of 80. So for automobiles, batteries are only 80 times
worse that gasoline. That number is small enough to make battery-driven autos feasible. In fact, every so often you’ll read in the newspaper about someone
who has actually built one. A typical automobile fuel tank holds about 100
pounds of gasoline. (A gallon of gasoline weighs about 6 pounds.) To have batteries that carry the energy in 100 pounds of gasoline would take 80 times that
weight—that is, 8000 pounds of lead–acid batteries. But if you are willing to
halve the range of the car, from 300 miles to 150, then the weight is reduced
to 4000 pounds. If you need only 75 miles to commute, then the lead–acid battery weight is only 2000 pounds. (We’ll discuss lighter lithium–ion batteries in
a moment.)
Why would you trade a gasoline car for a car that could go only 75 miles?
The usual motivation is to save money. Electricity bought from the power company, used to charge the battery, costs only 10 cents per kWh. Gasoline costs
(as of this writing) about $2.50 per gallon. When you translate that into energy
delivered to the wheels, that works out to about 40 cents per kWh. So electricity is four times cheaper! Actually, it isn’t quite that good. When most people
work out those numbers, they ignore the fact that standard lead–acid car batteries have to be replaced after, typically, 700 charges. When you include the
battery expense, the cost per kWh is about 20 cents per kWh. It beats the cost
of gasoline by a factor of two. But because batteries take so much space, it’s not
an attractive option for people who value trunk space.
Batteries have additional advantages in some circumstances. In World War II,
when submarines had to submerge and could not obtain oxygen, their energy
source was a huge number of batteries stored beneath the decks. When on the
surface, or at “snorkeling depth,” the submarines ran on diesel fuel, a form of
gasoline. The diesel fuel also ran generators that recharged the batteries. So during World War II, most submarines spent most of their time on the surface, recharging their batteries. Watch an old World War II movie, and they don’t show
that; you get the misimpression that the subs were always below water. Modern
nuclear submarines don’t require oxygen, and they can remain submerged for
months. That greatly increases their security against detection.
Electric car hype
Suppose that we use better batteries, ones that hold more energy per gram.
Let’s look at the Tesla Roadster, a battery car that has received a lot of attention. It is powered by 1000 pounds of rechargeable lithium-ion batteries, similar to those found in laptop computers. The car range is 250 miles. Tesla
Motors claims that if you charge the batteries from your home power plug,
driving the car costs 1 to 2 cents per mile. Top speed: 130 miles per hour. Wow!
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Can’t wait to get one? The cars are built in a factory in England and are currently being sold for about $100,000.
The catch is in the cost of the batteries. Lead–acid batteries, the ones that we
considered for the electric car calculation earlier, have a retail cost of about a
dollar per pound of battery: $50 for 50 pounds. A good computer battery has a
retail price of about $100 per pound—$100,000 for the 1000 pounds in the
Tesla Roadster. (When you buy batteries in bulk, the price is about half, so the
Roadster batteries cost only $50,000.) When we included replacement costs,
the lead–acid batteries cost 10 cents per kWh; a similar calculation shows that
computer batteries cost about $4 per kWh. That’s 10 times as much as the cost
of gasoline! So, when you consider the cost of replacing the batteries, electric
cars are far more expensive to operate than our standard gasoline cars. A great
deal of research is going into battery improvement, so it is likely that the cost of
batteries will come down and that in the future batteries will be made that last
longer before they have to be replaced.
There is a lot of hype about “who killed the electric car.” Some people say it
was the oil industry, because they didn’t want a cheaper alternative. But the electric car is not cheaper, unless you are willing to live with the very short range (and
heavy) version that uses lead–acid batteries.
HYBRID AUTOS
Despite the limitations of batteries, there is a fascinating technology called hybrid automobiles. In a hybrid, a small gasoline engine provides energy to charge
a battery; the car then gets its energy from the battery. This has more value than
you might guess: the gasoline engine can be run at a constant rate, under ideal
conditions, and as a result, it is two to three times as efficient as the engine in
ordinary cars. In addition, hybrid engines can convert some of the mechanical
motion of the automobile (e.g., its extra speed picked up when descending a hill)
back to stored chemical energy in the rechargeable battery. It does this instead
of using brakes—which only turn the energy of motion into heat. Hybrid engines are becoming very popular, and in a few years, they may be the most common type of automobile, particularly if gasoline costs go back up to the very
high prices of 2008. Hybrid autos can get about 50 miles per gallon (that’s what
I get with my Toyota Prius, if I drive with low accelerations), considerably better than the 30 miles per gallon that similar nonhybrid autos get.
Many people complain that their hybrids do not have the facility to charge up
from the wall plug. The first American version of the Prius got its energy only
from its own gasoline engine. In Japan, people can charge the battery from the
electric grid, and on the Internet you can find clubs that show you how to
change your older Prius to accomplish just that too. The people who do this
mistakenly think that they are saving money. They aren’t, for the same reason I
articulated when discussing all electric autos. It is likely that the batteries in the
hybrid can be charged only about 500 to 1000 times. After that, they will have
to be replaced, and that will make the average cost per mile much higher. In the
current Prius, the batteries are used only during moments when the gasoline engines would be inefficient, such as during rapid acceleration. With this limited
use, the batteries will last much longer. It is not clear how much longer that will
be, but it could conceivably affect older cars.
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HYDROGEN VERSUS GASOLINE—AND THE FUEL CELL
Notice in table 1.1 that hydrogen gas has 2.6 times more chemical energy per
gram than gasoline. Popular articles about the future “hydrogen economy” are
partially based on this fact. In 2003, President George W. Bush announced a
major program with the goal of making hydrogen into a more widely used fuel.
But within two years, most of the hydrogen economy programs were cancelled,
for the physics reasons we will discuss in a moment.
Another attractive feature of hydrogen is that the only waste product it produces is water, created when the hydrogen is chemically combined with oxygen
from the air to make H2O (water). Moreover, the conversion can be done with
high efficiency by using an advanced technology called a fuel cell to convert the
chemical energy directly to electricity.
A fuel cell looks very much like a battery, but it has a distinct advantage. In
a battery, once the chemical is used up, you have to recharge it with electricity
produced elsewhere or throw it away. In a fuel cell, all you have to do is provide more fuel (e.g., hydrogen and oxygen). Figure 1.2 shows a setup to demonstrate electrolysis, in which electricity is passed between two terminals through
water, and hydrogen and oxygen gas are produced at the terminals.

H2

O2

Figure 1.2 Electrolysis. When
current is passed through water,
it decomposes water into oxygen
and hydrogen.

-

+

A fuel cell is very similar to an electrolysis apparatus, but it is run backward.
Hydrogen and oxygen gas are compressed at the electrodes, they combine to
form water, and that makes electricity flow through the wires that connect one
terminal to the other. So figure 1.2 can also represent a fuel cell.
The main technical difficulty of the hydrogen economy is that hydrogen is
not very dense. Even when liquefied, it has a density of only 0.071 grams per
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cubic centimeter (cc), a factor of 10 times less than gasoline. As you saw in table
1.1, per gram, hydrogen has 2.6 times more energy than gasoline. Put these together, and we find that liquid hydrogen stores only 0.071 × 2.6 = 0.18 times as
much energy per cubic centimeter (or per gallon) as gasoline. That is a factor of
5 times worse. However, many experts say that the factor is only 3 times worse,
since hydrogen can be used more efficiently than gasoline. It is useful to remember the following approximate numbers; you will find them valuable
when discussing the hydrogen economy with other people.
Remember: Compared to gasoline, liquid hydrogen has about
3 × more energy per gram (or per pound)
3 × less energy per gallon (or per liter)

Here’s another approximate rule that is easy to remember. In terms of energy
that can be delivered to a car:
1 kilogram of hydrogen ≈ 1 gallon of gasoline

Hydrogen liquid is dangerous to store since it expands by a factor of a thousand if warmed. If you protect against that with a thick-walled tank, you might
as well store the hydrogen as a high-pressure gas. At a pressure of 10,000
pounds per square inch (66 times atmospheric pressure), the gas is almost half as
dense as hydrogen liquid. But that factor of half makes it even harder to fit
hydrogen into a reasonable space.
Compared to gasoline, compressed gas hydrogen has
6 × less energy per gallon (or per liter).

And the tank to contain the hydrogen typically weighs 10 to 20 times as much
as the hydrogen itself. That takes away the weight advantage too.
Because hydrogen takes up so much space (even though it doesn’t weigh
much), it may be used for buses and trucks before it is used for automobiles. It
is also possible that hydrogen will be more valuable as a fuel for airplanes, since
for large airplanes the low weight of the hydrogen may be more important than
the fact that it takes more volume than gasoline. Fuel cells first achieved prominence in the space program as the energy storage method used by the astronauts
(figure 1.3). For the mission to the Moon, low weight was more important than
the space that could be saved in the capsule. Moreover, the water that was produced could be used by the astronauts, and there was no waste carbon dioxide
to eject.
A technical difficulty with liquid hydrogen is that it boils at a temperature
of minus 423 degrees Fahrenheit. This means that it must be transported in
special thermos bottles (technically known as dewars). Either that, or it can be
transported in a form in which it is chemically or physically combined with
other materials at room temperature, although that greatly increases the weight
per Calorie. A more practical alternative may be to transport it as compressed
gas, but then the weight of the pressure tank actually exceeds the weight of the
hydrogen carried.
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Figure 1.3 Fuel cell developed by
NASA. Hydrogen gas enters through
the inlet on the top. Air enters through
some of the circular openings, and
carbon dioxide leaves through the
others. The electric power comes from
the wires in the back. (Photo courtesy
of NASA.)

You can’t mine hydrogen! There is virtually no hydrogen gas (or liquid) in the
environment. There’s lots of hydrogen in water and in fossil fuels
(hydrocarbons)—but not “free” hydrogen, the molecule H2. That’s what we
want for the hydrogen economy. Where can the hydrogen we need come from?
The answer is that we have to “make” it—that is, release it from the compounds of water or hydrocarbons. Hydrogen gas must be obtained by electrolysis of water, by reacting fossil fuels (methane or coal) with water to produce
hydrogen gas and carbon monoxide. Doing any of these takes energy.
A typical hydrogen production plant of the future would start with a power
plant fueled by coal, gasoline, nuclear fuel, or solar energy. That power plant
might use this energy to convert ordinary water to hydrogen and oxygen
(through electrolysis, or through a series of chemical reactions known as “steam
reforming”). Then, for example, the hydrogen could be cooled until it is turned
into a liquid and then transported to the consumer. When hydrogen is obtained
in this manner, you get back out of the hydrogen only some of the energy that
you put in to make it. A reasonable estimate is that the fraction of the original
energy (used to create the hydrogen) that gets to the wheels of the car is about
20%. Thus:
Hydrogen is not a source of energy.
It is only a means for transporting energy.

Many people who favor the hydrogen economy believe that the source of
hydrogen will be methane gas. Methane molecules consist of one carbon atom
and four hydrogens. That’s why the chemical formula is CH4. When methane is
heated with water to high temperatures, the hydrogen in the methane is released, along with carbon dioxide. Since carbon dioxide is considered an air
pollutant (see chapter 11), this method of production may not be optimum, but
it is probably the cheapest way to make hydrogen.
Although the fuel cell produces no pollution (only water), it is not quite
right to say that a hydrogen-based economy is pollution-free unless the plant
that used energy to produce the hydrogen is also pollution-free. Nevertheless,
the use of hydrogen as a fuel is expected to be environmentally less harmful
than gasoline for two reasons: a power plant can, in principle, be made more
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efficient than an automobile (so less carbon dioxide is released); and the
power plant can have more elaborate pollution-control devices than an automobile. If we use solar or nuclear power to produce the hydrogen, then no
carbon dioxide, the most problematic global warming gas, is released.
Hydrogen can also be produced as a by-product of “clean coal” conversion. In
some modern coal plants, coal is reacted with water to make carbon monoxide
and hydrogen. These are then burned. In such a plant, the hydrogen could be
transported to serve as fuel elsewhere, but the energy stored in it originated from
the coal.
Other people like the idea of hydrogen as fuel because it moves the sources
of pollution away from the cities, where a high concentration of pollutants can
be more dangerous to human health. Of course, it is hard to predict all environmental effects. Some environmentalists argue that significant hydrogen gas
could leak into the atmosphere and drift to high altitudes. There it could combine with oxygen to make water vapor, and that could affect both the Earth’s
temperature and delicate atmospheric structure such as the ozone layer (see
chapter 9).
The United States has enormous coal reserves. About 2 trillion tons of coal
are “known” reserves, but with more extensive searching, geologists expect
that about twice as much is likely to be present. Coal could be used to produce
all the energy that we would need (at current consumption rates) for hundreds
of years. Of course, the environmental consequences from strip mining and
carbon dioxide production could be very large. Coal can be converted to liquid
fuel for easy pumping and use in automobiles by a technology known as the
Fisher-Tropsch process; we’ll discuss that more in chapter 11.
GASOLINE VERSUS TNT
In most movies, when a car crashes, it explodes. Does this happen in real life?
Have you ever witnessed the scene of a car crash? Did an explosion taken place?
The answer is: usually not. Cars explode in movies only because they have been
loaded with TNT or other explosives for dramatic visual effects. Unless mixed
with air in just the right ratio (done in the automobile by the fuel injector or
carburetor), gasoline burns but doesn’t explode.
In the Spanish revolution, the rebels invented a device that later became
known as a “Molotov cocktail.” It was a bottle filled with gasoline, with a rag
stuck in the neck. The rag was soaked with gasoline and ignited, and then the
bottle was thrown at the enemy. It broke upon impact. It usually didn’t explode,
but it spread burning gasoline, and that was pretty awful to the people who
were the targets. This weapon quickly achieved a strong reputation as an ideal
weapon for revolutionaries.
I hesitate to give examples from the unpleasant subject of war, but it is important to future presidents and citizens to know of these. On 6 November
2002, the United States started dropping “fuel–air explosives” on Taliban soldiers in Afghanistan. You can probably guess that this was a liquid fuel similar
to gasoline. Fifteen thousand pounds of fuel is dropped from an airplane in a
large container (like a bomb) that descends slowly on a parachute. As it nears the
ground, a small charge of high explosive (probably only a few pounds worth) explodes in the center, destroying the container and dispersing the fuel and mixing
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it with air—but not igniting it. Once the fuel is spread out and well-mixed with
air, it is ignited by a second explosion. The explosion is spread out over a large
area, so it doesn’t exert the same kind of intense force that it takes to break
through a concrete wall, but it has enough energy released to kill people and
other “soft” targets. What makes it so devastating is the fact that 15,000 pounds
of fuel, like gasoline, contains the energy equivalent of 225,000 pounds of TNT.
So although 15,000 pounds sounds bad, in fact it is much worse than it sounds.
Once the soldiers had seen the fuel–air explosive from a distance, the mere approach of a parachute induced panic.
URANIUM VERSUS TNT
The most dramatic entry in table 1.1 is the enormous energy in the form of
uranium known as U-235. The amount of energy in U-235 is 30 million times
that of the energy found in TNT. We will discuss this in detail in chapters 4 and
5. For now, there are only a few important facts to know. The enormous forces
inside the uranium atom’s nucleus provide the energy. For most atoms, this
energy cannot be easily released, but for U-235 (a special kind of uranium that
makes up only 0.7% of natural uranium), the energy can be released through
a process called a chain reaction (discussed in detail in chapter 5). This enormous energy release is the principle behind nuclear power plants and atomic
bombs. Plutonium (the kind known as Pu-239) is another atom capable of
releasing such huge energy.
Compared to gasoline, U-235 can release 2 million times as much energy per
gram. Compared to chocolate chip cookies, it releases about 3 million times as
much. The following approximation is so useful that it is worth memorizing:
For the same weight of fuel, nuclear reactions release about
a million times more energy than do chemical or food reactions.

More Surprises: Coal Is Dirt Cheap
There are also some amazing surprises in the cost of fuel. Suppose you want to
buy a Calorie of energy, to heat your house. What is the cheapest source? Let’s
forget all other considerations, such as convenience, and just concentrate on
the cost of the fuel. It is not easy for the consumer to compare. Prices are constantly changing, so let’s just use some average prices from the last few years:
Coal costs about $40 per ton, gasoline costs about $2.50 per gallon, natural
gas (methane) costs about $3 per thousand cubic feet, and electricity costs
about 10¢ per kilowatt-hour. So which gives the most Calories per dollar? It
isn’t obvious, since the different fuels are measured in different units, and they
provide different amounts of energy. But if you put all the numbers together,
you get table 1.2. This table also shows the cost of the energy if it is converted
to electricity. For fossil fuels, that increases the cost by a factor of 3, since motors convert only about 1/3 of the heat energy to electricity.
The wide disparity of these prices is quite remarkable. Concentrate on the
third column, the cost per kWh. Note that it is 25 times more expensive to heat
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Table 1.2

Cost of Energy
Cost per kWh

Cost if converted

Fuel

Market cost

(1000 Cal)

to electricity

Coal

$40 per ton

0.4¢

1.2¢

Natural gas

$3 per thousand cubic feet

0.9¢

2.7¢

Gasoline

$2.50 per gallon

7¢

21¢

Electricity

$0.10 per kWh

10¢

10¢

Car battery

$50 to buy battery

21¢

21¢

Computer battery

$100 to buy battery

$4.00

$4.00

AAA battery

$1.50 per battery

$1000.00

$1000.00

your home with electricity than with coal! Gasoline costs over 2 times as much
as natural gas. That has led some mechanics to modify their autos to enable
them to use compressed natural gas instead of gasoline.
Note that for heating your home, natural gas not converted to electricity is
3 times cheaper than electricity. Back in the 1950s, many people thought that
the “all-electric home” was the ideal—since electricity is convenient, clean, and
safe. But most such homes have now been converted to use coal or natural gas,
just because the energy is considerably cheaper.
Most dramatic on this list is the low price of coal. If energy per dollar were
the only criterion, we would use coal for all our energy needs. Moreover, in
many countries that have huge energy requirements, including the United
States, China, Russia, and India, the reserves of coal are huge—enough to last
for hundreds of years. We may run out of oil in the next few decades, but that
does not mean that we are running out of cheap fossil fuel.
So why do we use oil instead of coal in our automobiles? The answer isn’t
physics, so I am only guessing. But part of the reason is that gasoline is very
convenient. It is a liquid, and that makes it easy to pump into your tank, and
from the tank to the engine. It was once much cheaper than it is now, and so in
the past the cost was not as important an issue as convenience, and once we
have optimized our auto designs and fuel delivery systems for gasoline, it’s not
easy to switch. It does contain more energy per gram than coal, so you don’t
have to carry as many pounds—although it is less dense, so it takes more space
in the tank. Coal also leaves behind a residue of ash that has to be removed.
The low price of coal presents a very serious problem for people who believe
that we need to reduce the burning of fossil fuels. Countries with substantial
numbers of poor people may feel that they cannot switch to more expensive
fuels. So the incredibly low price of coal is the real challenge to alternative fuels,
including solar, biofuels, and wind. Unless the cost of these fuels can match the
low cost of coal, it may be very difficult to convince developing countries that
they can afford to switch.
It is odd that energy cost depends so much on the source. If the marketplace
were “efficient,” as economists sometimes like to postulate, then all these different fuels would reach a price at which the cost would be the same. This hasn’t
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happened, because the marketplace is not efficient. There are large investments
in energy infrastructure, and the mode of delivery of the energy is important.
We are willing to spend a lot more for energy from a flashlight battery than from
a wall plug because the flashlight is portable and convenient. Locomotives once
ran on coal, but gasoline delivers more energy per pound, and it does so without
leaving behind a residue of ash, so we switched from steam to diesel locomotives. Our automobiles were designed during a period of cheap oil, and we became accustomed to using them as if the price of fuel would never go up. Regions of the world with high gas prices (such as the countries of Europe)
typically have more public transportation. The United States has suburbs—a
luxury that is affordable when gas is cheap. Much of our way of living has been
designed around cheap gasoline. The price we are willing to pay for fuel depends
not only on the energy that it delivers, but also on its convenience.
The real challenge for alternative energy sources is to be more economically
viable than coal. When we talk about global warming (in chapter 11), we’ll discuss how coal is one of the worst carbon dioxide polluters that we use. To reduce
our use of coal, we could, of course, tax it. But doing that solely in the developed
nations would not accomplish much, since the ultimate problem will be energy
use by nations such as China and India. Leaders of such countries might choose
to get their energy in the cheapest possible way so that they can devote their resources to improving the nutrition, health, education, and overall economic
well-being of their people.

Forms of Energy
We have talked about food energy and chemical energy. The energy in a moving bullet or an asteroid is called energy of motion, or kinetic energy. The energy stored in a compressed spring is called stored energy or potential energy.
(Despite its name, potential energy does not mean that it is something that can
“potentially” be converted to energy; potential energy is energy that is stored,
just as food that is stored is still food.) Nuclear energy is the energy stored in
the forces between parts of the atomic nucleus, released when the nucleus is
broken. Gravitational energy is the energy that an object has at high altitude;
when it falls, this energy is converted to kinetic energy. As we will discuss in
chapter 2, the heat in an object is a form of energy. All these energies can all be
measured in Calories or joules.
Many physics texts like to refer to chemical, nuclear, and gravitational energy
as different forms of potential energy. This definition lumps together in one category all the kinds of energy that depend on shape and position—e.g., whether
the spring is compressed, or how the atoms in a chemical are arranged. This
lumping is done in order to simplify equations; there is no real value in doing it
in this text, as long as you realize that all energy is energy, regardless of its name.
In popular usage, the term energy is used in many other ways. Tired people
talk about having “no energy.” Inspirational speakers talk about the “energy
of the spirit.” Be clear: they have the right to use energy in these nontechnical
ways. Physicists stole the word energy from the English language and then redefined it in a more precise way. Nobody gave physicists the right to do this.
But it is useful to learn the precise usage and to be able to use the term in the
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way physicists do. Think of this as “physics as a second language.” The more
precise definition is useful when discussing physics.
In the same precise physics language, power is defined as the energy used per
second. It is the rate of energy release, as I mentioned early in this chapter. In
equation form:
power = energy/time

Note that in popular usage, the terms of power and energy are often used
interchangeably. You can find examples of this if you pay attention when reading newspaper articles. In our precise use of these terms, however, we can say
that the value of TNT is that even though it has less energy per gram than
chocolate chip cookies, it has greater power (since it can convert its limited
energy to heat in a few millionths of a second). Of course, it can’t deliver this
power for very long because it runs out of energy.
As I mentioned earlier, the most common unit for power is the watt, named
after James Watt, who truly developed the science of the steam engine. It was
the most powerful motor of its time, and the “high-tech” of the late 1700s and
early 1800s. The watt is defined as one joule per second:
1 W = 1 watt = 1 joule per second
1 kW = 1 kilowatt = 1000 joules per second

As you saw earlier, the term kilowatt is usually abbreviated as kW since Watt
is a person’s name, even though watt is usually not capitalized. The same logic
(or lack of logic) applies to the kilojoule, abbreviated kJ.
There is a physics joke about the watt, inspired by an Abbott and Costello
routine called “Who’s on First” about baseball names. I relegate it to a footnote.6 The original “Who’s on First” routine is available on the Internet.

Energy Is “Conserved”
When the chemical energy in TNT or gunpowder is suddenly turned into heat
energy, the gases that come out are so hot that they expand rapidly and push
the bullet out of the gun. In doing this pushing, they lose some of their energy
(they cool off); this energy goes into the kinetic energy of the bullet. Remarkably, if you add up all this energy, the total is the same. Chemical energy is converted to heat energy and kinetic energy, but the number of Calories (or joules)
after the gun is fired is exactly the same as was stored in the gunpowder. This
is the meaning behind the physics statement that “energy is conserved.”
The conservation of energy is one of the most useful discoveries ever made
in science. It is so important that it has earned a fancy name: the first law of
6

Two people are talking. Costello: “What is the unit of power?” Abbott: “Watt.” Costello: “I
said, ‘What is the unit of power?’ ” Abbott: “I said, ‘Watt.’ ” Costello: “I’ll speak louder. WHAT is
the unit of power?” Abbott: “That’s right.” Costello: “What do you mean, ‘that’s right?’ I asked
you a question.” Abbott: “Watt is the unit of power.” Costello: “That’s what I asked.” Abbott:
“That’s the answer.”—You can extend this dialog as long as you want.
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thermodynamics. Thermodynamics is the study of heat, and we’ll talk a lot
about that in the next chapter. The first law points out the fact that any energy
that appears to be lost isn’t really lost; it is usually just turned into heat.
When a bullet hits a target and stops, some of the kinetic energy is transferred to the object (ripping it apart), and the rest is converted to heat energy.
(The target and the bullet each get a little bit warmer when they collide.) This
fact, that the total energy is always the same, is another example of the conservation of energy. It is one of the most useful laws of physics.7 It is particularly
valuable to people doing calculations in physics and engineering. Use of this
principle allows physicists to calculate how rapidly the bullet will move as it
emerges from the gun; it allows us to calculate how fast objects will move as
they fall.
But if energy conservation is a law of physics, why are we constantly admonished by our teachers, by our political leaders, and by our children that we
should conserve energy? Isn’t energy automatically conserved?
Yes it is, but not all forms of energy have equal economic value. It is easy
to convert chemical energy to heat, and very difficult to convert it back. When
you are told to conserve energy, what is really meant is “conserve useful energy.”
The most useful kinds are chemical (e.g., in gasoline) and potential energy (e.g.,
the energy stored in water that has not yet run through a dam to produce electric power). The least useful form is heat, athough some (but not all) of heat
energy can be converted to more useful forms.

Measuring Energy
The easiest way to measure energy is to convert it to heat and then see how
much it raises the temperature of water. The original definition of the Calorie
was actually based on this kind of effect: one Calorie is the energy it takes to
raise one kilogram of water by one degree Celsius (1.8 degrees Fahrenheit). One
“little” calorie is the energy to raise one gram of water by one degree Celsius.
There are about 4200 joules in a Calorie. Another unit of energy that is widely
used is the kilowatt-hour (kWh). This is the unit that you pay for when you
buy electric energy from a utility company. A kWh is the energy delivered when
you get a thousand watts for an hour. That’s 1000 joules per second for 3600
seconds (an hour), i.e., 3.6 million joules = 860 Calories. You can remember
this as 1 watt-hour (Wh) is approximately 1 Calorie. It is tedious and unnecessary to memorize all these conversions, and you probably shouldn’t bother
(except for the cases that I specifically recommend). Table 1.3 shows the
conversions.
Although you shouldn’t bother memorizing this table, it is useful to refer to
it often so that you can get a feel for the amount of energy in various issues.
For example, if you become interested in the energy usage of countries, then
you will read a lot about quads and will find them a useful unit. U.S. energy
7

When Einstein’s theory of relativity (see chapter 12) predicted that mass can be converted to
energy, the law was modified to say that the total of mass and energy is conserved.
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Table 1.3

Common Energy Units

Energy unit

Deﬁnition and equivalent

calorie (lowercase)

Heats 1 gram of water by 1°C

Calorie (capitalized), the food

Heats 1 kg of water by 1°C 1 Calorie = 4182

calorie, also called kilocalorie
Joule

joules ≈ 4 kJ
1/4182 Calories
≈ Energy to lift 1 kg by 10 cm
≈ Energy to lift 1 lb by 9 in

Kilojoule

1000 joules = 1/4 Calorie

Megajoule

1000 kilojoules = 106 joules Costs about 5 cents from electric utility
861 Calories ≈ 1000 Calories = 3.6 megajoules

Kilowatt-hour (kWh)

Costs 10 cents from electric utility
British Thermal Unit (BTU)

1 BTU = 1055 joules ≈ 1 kJ = 1/4 Calorie

Quad

A quadrillion BTUs = 1015 BTU ≈ 1018 J
Total U.S. energy use ≈ 100 quads per year;
total world use ≈ 400 quads per year

Note: The symbol ≈ means “approximately equal to.”

use is about 100 quads per year. (Notice that quads per year is actually a measure of power.)

Power
As we discussed earlier, power is the rate of energy transfer. The rate at which
something happens is the “something” divided by the time—for example, miles/
hour = miles per hour, or births/year = births per year. Thus, when 1 gram of
TNT releases 0.651 Calories in 0.000001 second (one millionth of a second),
the power is 651,000 Calories per second.
Although power can be measured in Calories per second, the two other units
that are far more commonly used are the watt (one joule per second) and the
horsepower. The horsepower was originally defined as the power that a typical
horse could deliver, i.e., how much work the horse could do every second. These
days, the most common use of the term is to describe the power of an automobile engine—a typical auto delivers 50 to 400 horsepower. James Watt, in the
1700s, was the first to actually determine how big one horsepower is. One
horsepower turned out to be 0.18 Calorie per second. (Does that sound small
to you? Or does it illustrate that a Calorie is a big unit?) Watts are the most
commonly used unit to measure electric power.
James Watt found that a horse could lift a 330-pound weight vertically for
a distance of 100 feet in one minute. He defined this rate of work to be one
horsepower (hp). It turns out that 1 hp is about 746 W, which you can think of
as approximately 1000 W, or 1 kilowatt (kW). (By now, I hope you are getting
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used to my approximations, such as 746 is approximately 1000.) Common units
are as follows:
kilowatt (1 kW = 1000 watts),
megawatt (1 MW = 1 million watts)
gigawatt (1 GW = 1 billion watts = 109 watts = 1000 MW )

The abbreviation for million (mega-) is capital M, and for billion (giga-) is
capital G. So, for example, 1000 kW = 1 MW = 0.001 GW. One Calorie per
second is about 4 kilowatts.
Only if you need to do engineering calculations do you need to know that
1 hp is 746 W. I do not recommend that you try to remember this; you can
always look it up if you really need it. Instead, remember the approximate
equation:
1 horsepower ≈ 1 kilowatt

It is far more useful to remember this approximate value than it is to try unsuccessfully to remember the exact value.
Power usage is so important (for future presidents and knowledgeable citizens) that it is worthwhile learning some key numbers. These are given in table
1.4. Learn the approximate values by visualizing the examples.

Table 1.4

Power Examples

Value

Equivalent

Examples of that much power use

1 watt (1 W)

1 joule per second

Flashlight

100 watts

Bright lightbulb; heat from a
sitting human

1 horsepower (1 hp)

≈ 1 kilowatta

1 kilowatt (1 kW)

≈ 1 hpb

20 horsepower

≈ 20 kWc

Typical horse (for extended time);
human running fast up ﬂight of stairs
Small house (not including heat);
power in 1 square meter of sunlight

1 megawatt (1 MW )

Small automobile
6

1 million (10 ) watts

45 megawatts
1 gigawatt (1 GW )

747 airplane; small power plant
9

1 billion (10 ) watts

400 gigawatt (0.4

Large coal, gas, or nuclear power plant
Average electric power use for United

terawatts)
2 terawatts

Electric power for a small town

States
= 2 × 1012 watts

Average electric power for world

More precise value: 1 hp = 746 watts
More precise value: 1 kW = 1.3 hp
c
More precise value: 20 hp = 14.9 kW
a

b
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Power Examples
Since energy is conserved, the entire energy industry never actually produces or
generates energy, it only converts it from one form to another and transports it
from one location to another. Nevertheless, the popular term for this is “generating power.” (It is an interesting exercise to read the words used in newspaper
articles and then translate them into a more precise physics version.)
To give a sense of how much power is involved in important uses, we’ll now
describe some examples in more detail. Many of these numbers are worth knowing, because they affect important issues, such as the future of solar power.
Here is a brief description of what happens between the power plant and the
lighting of a lightbulb in your home. The original source of the energy may be
chemical (oil, gas, or coal), or nuclear (uranium). In a power plant, energy is
converted to heat, which boils water, creating hot compressed steam. The expanding steam blows past a series of fans called a turbine. These fans rotate the
crank of a device called an electric generator. We’ll discuss how electric generators work in more detail in chapter 6, but they turn the mechanical rotation
into electric current—that is, into electrons that move through metal. The main
advantage of electric energy is that it is easily transported over thousands of
miles, just using metal wires, to your home.
A typical large power generating station produces electric power at the rate
of about one gigawatt = one billion watts = 109 watts = 1 GW (see table 1.4).
This is a useful fact to remember. It is true for both nuclear and oil/coal burning plants. If each house or apartment required one kilowatt (that would light
ten 100-watt bulbs), then one such power plant could provide the power for one
million houses. Smaller power plants typically produce 40 to 100 MW (megawatts). These are often built by small towns to supply their own local needs.
One hundred MW will provide power for about 100,000 homes (fewer if we
include heating or air conditioning). The state of California is large, and on a
hot day it uses 50 GW, so it needs the equivalent of about 50 large electric power
plants.
In an electric power plant, not all the fuel energy goes into electricity; in fact,
about two-thirds of the energy is lost when it turns into heat. That’s because
the steam does not cool completely, and because much of the heat escapes into
the surroundings. Sometimes this heat is used to warm surrounding buildings.
When this is done, the plant is said to be “co-generating” both electricity and
useful heat.
Table 1.4 gives the typical power of important devices, ranging from a flashlight (1 watt) up to the total world power (2 terawatts, equal to 2 million million watts).
LIGHTBULBS
Ordinary household lightbulbs, sometimes called incandescent or tungsten bulbs,
work by using electricity to heat a thin wire inside the bulb. This wire, called
the filament, is heated until it glows white-hot. (We’ll discuss the glow of such
filaments in more detail in chapters 2 and 8.) All of the visible light comes from
the hot filament, although the bulb itself can be made frosted so that it spreads
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the light out, making it less harsh to look at. The glass bulb (which gives the
lightbulb its name) protects the filament from touch (its temperature is over
1000°C ≈ 1800°F) and keeps away oxygen, which would react with the hot
tungsten and weaken it.
The brightness of the bulb depends on how much power it uses—that is, on
how much electricity is converted to heat each second. A tungsten light that
uses 100 watts is brighter than one that uses 60 watts. Because of this, many
people mistakenly believe that a watt is a unit of brightness, but it isn’t. A 13watt fluorescent lightbulb (we’ll discuss these in chapters 9 and 10) is as bright
as a 60-watt conventional (incandescent) bulb. Does that mean that a conventional bulb wastes more electricity than does a fluorescent bulb? Yes. The extra
electric power used just heats the bulb. That’s why tungsten bulbs are much
hotter to the touch than equally bright fluorescent bulbs. One kilowatt, the
amount of power used by ten 100-watt bulbs, will illuminate your home
brightly, assuming that you have an average-size house and are using conventional bulbs.
Memory trick: Imagine that it takes one horse to light your home (one
horsepower ≈ 1 kilowatt).

A new kind of light source called a light-emitting diode, or LED, is now
coming on the market. It is almost as efficient as a fluorescent bulb, but it is not
yet as cheap. That could change in the near future. LEDs are already being
used for traffic lights and flashlights.
SUNLIGHT AND SOLAR POWER
How much power is in a square meter of sunlight? The energy of sunlight is
about 1 kilowatt per square meter. So the sunlight hitting the roof of a car
(about 1 square meter) is about 1 kilowatt ≈ 1 horsepower. And all of that
energy is in the form of light. When the light hits the surface, some bounces
off (that’s why you can see it), and some is converted to heat (making the surface warm).
Suppose that you placed a kilowatt tungsten bulb in every square meter of
your home. Would the home then be as brightly lit as it would be by sunlight?
Hint: Recall that a watt is not a unit of brightness, but of energy delivered per
second. In sunlight, all of that energy is in the form of light. In an electric bulb,
most of the energy goes into heat. Does your answer match what you think
would happen with this much light?
Many environmentalists believe that the best source of energy for the longterm future is sunlight. It is “sustainable” in the sense that sunlight keeps coming as long as the Sun shines, and the Sun is expected to have many billions of
years left. Solar energy can be converted to electricity by using silicon solar
cells, which are crystals that convert sunlight directly to electricity. (We’ll discuss these in more detail in chapters 10 and 11.) The power available in sunlight is about one kilowatt per square meter. So if we could harness all of the
solar energy falling on a square meter for power production, that energy
would generate one kilowatt. But a cheap solar cell can only convert about
15% of the power, or about 150 watts per square meter. The rest is converted
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to heat, or reflected. A more expensive solar cell (such as those used on satellites) is about 40% efficient, i.e., it can produce about 400 watts per square
meter. A square kilometer contains a million square meters, so a square kilometer of sunlight has a gigawatt of power. If 15% is converted to solar cells, then
that is 150 megawatts per square kilometer, or about 1 gigawatt for 7 square
kilometers. That is about the same as the energy produced by a large modern
nuclear power plant.
Here is a summary of the important numbers for solar power:
1 square meter

1 square kilometer

1 kilowatt of sunlight
150 – 400 watts electric using
solar cells
1 gigawatt of sunlight
150 – 400 megawatts
electric

Some people say that solar power is not practical. Even educated people
sometimes say that to get enough solar even for a state such as California, you
would have to cover the entire country with solar cells.
Is that true? Look at table 1.4. A gigawatt, the output of a typical nuclear
power plant, would take 7 square kilometers. This may sound big, but it really
isn’t. California has a typical peak power use (during the day, largely to run
air conditioners) of about 50 gigawatts of electrical power; to produce this
would take 350 square kilometers of solar cells. This would take less than one
thousandth—that’s one-tenth of one percent—of the 400,000-square-kilometer
area of California. Besides, the solar plants could be placed in a nearby state,
such as Nevada, that gets less rain and doesn’t need the power itself.
Others complain that solar energy is available only during the day. What do
we do at night? Of course, it is during the day that we have the peak power demand, to run our factories and our air conditioners. But if we are to convert
completely to solar cells, then we will need an energy storage technology. Many
people think that batteries, compressed air, or flywheels might provide that.
Right now, solar power costs more than other forms, largely because the solar cells are expensive and don’t last forever. See what you can find about the
costs of solar cells and the cost of building such a plant. (I’ve talked to contractors who have told me that installation of anything costs $10 per square foot.)
Would solar power be more feasible in underdeveloped regions of the world,
where construction costs are usually lower?
SOLAR-POWERED AUTOMOBILES AND AIRPLANES
There is an annual race across Australia for solar-powered automobiles. The fundamental problem with such a vehicle can be seen from the fact that one square
meter of sunlight has about one kilowatt of power, which is equal to about one
horsepower. Since expensive solar cells are only about 40% efficient, that means
that you need 2.5 square meters of solar cells just to get one horsepower, whereas
typical automobiles use 50 to 400 hp.8 The race is obviously among very lowpowered vehicles!
8

To read more about the annual race, go to their Web page, at http://www.wsc.org.au/index.html.
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Given that low power, it is surprising to discover that a solar-powered airplane has successfully flown. Actually, the vehicle isn’t truly an airplane—it
doesn’t have a pilot or passengers, so it is called an aircraft, a drone, or an UAV
(for “unmanned aerial vehicle”). The aircraft was named the Centurion (figure
1.4). The solar cells are on the upper and lower surfaces of the wings; the cells
on the undersides use light reflected off the Earth. The solar cells have to be big
to gather solar power, and yet they also have to be light in weight. The Centurion has a wingspan of 206 feet, greater than for a Boeing 747. The total power
from the solar cells is only 28 horsepower. The entire weight of the Centurion is
1100 pounds. It has already set an altitude record for airplanes of 96,500 feet.
(Commercial airplanes fly at about 40,000 ft.) The Centurion was built by
AeroVironment, a company started by engineer Paul McCready, who designed
the Gossamer Condor and the Gossamer Albatross. We’ll talk more about the
Gossamer Albatross in a moment.9

Figure 1.4 Centurion, a solar-powered
aircraft. (Photo courtesy of NASA.)

HUMAN POWER
If you weigh 140 pounds and you run up a 12-foot flight of stairs in 3 seconds,
your muscles are generating about 1 horsepower. (Remember: Generating means
9

For more information, see the AeroVironment Web page at http://www.avinc.com.
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converting from one form to another. The muscles store energy in chemical form
and convert it to energy of motion.) If you can do this, does that make you as
powerful as a horse? No. One horsepower is about as much power as most
people can produce briefly, but a horse can produce one horsepower for a sustained period, and several horsepower for short bursts.
Over a sustained period of time, a typical person riding a bicycle can generate
power at the rate of about 1/7 = 0.14 = 14% of a horsepower. (Does that seem
reasonable? How much does a horse weigh compared to a person?) A worldclass cyclist (Tour de France competitor) can do better: about 0.67 horsepower
for more than an hour, or 1.5 horsepower for a 20-second sprint.10 In 1979,
cyclist Bryan Allen used his own power to fly a superlight airplane, the Gossamer Albatross, across the 23-mile-wide English Channel (figure 1.5).

Figure 1.5 Bryan Allen, about to pedal
the Gossamer Albatross, with its 96-foot
wingspan. It weighed only 66 pounds.
Allen was both the pilot and the
engine. (Photo courtesy of NASA.)

The Gossamer Albatross had to be made extremely light and yet stable enough
to control. A key aspect of the design was that it had to be made easy to repair.
Paul McCready, the engineer who designed it, knew that such a lightweight airplane would crash frequently—for example, whenever there was a large gust of
wind. It flew only a few feet above the surface.
DIET VERSUS EXERCISE
How much work does it take to lose weight? We have most of the numbers that
we need to calculate this. We saw in the last section that a human can generate
a sustained effort of 1/7 horsepower. According to measurements made on such
people, the human body is about 25% efficient—i.e., to generate work of 1/7
horsepower uses fuel at the rate of 4/7 horsepower. Put another way, if you can
do useful work at 1/7 horsepower, the total power you use including heat generated is four times larger.
10

I thank bicyclist Alex Weissman for these numbers. Here is a reference: http://jap.physiology
.org/cgi/content/full/89/4/1522.
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That’s good if you want to lose weight. Suppose that you do continuous
strenuous exercise and burn fat at the rate of 4/7 horsepower. Since one horsepower is 746 watts (I’m using the more exact value here), that means that in
strenuous exercise you use (4/7) × 746 = 426 watts = 426 joules per second. In
an hour (3600 seconds), you will use 426 × 3600 joules = 1,530,000 joules = 367
Calories.
Coca-Cola, for example, contains about 40 grams of sugar in one
12-ounce can. That endows it with about 155 Calories of “food energy.”
That can be “burned off” with about a half hour of continuous, strenuous exercise. That does not mean jogging. It means running, or swimming, or cleaning stables.11
Exercise vigorously for a half hour, or jog for an hour, and drink a can of
Coke. You’ve replaced all the calories “burned” in the exercise. You will neither
gain nor lose weight (not counting short-term loss of water). Milk and many
fruit juices contain even more Calories per glass. So don’t think you can lose
weight by drinking “healthy” instead of Coke. They may contain more vitamins, but they are high in Calories.
A typical human needs about 2000 Calories per day to sustain constant
weight. Fat (e.g., butter) contains about 7 Calories per gram. So if you cut back
by 500 Calories per day—that is, you reduce your consumption by a quarter of
the 2000 you otherwise would have eaten—you will consume about 70 grams
of your own fat per day, 500 grams per week, equal to a little more than a
pound per week. That seems slow, for such a severe diet, and it is, and that’s
why so many people give up on their diets.
Alternatively, you can lose that pound per week by working out at 1/7
horsepower for one hour every day, seven days per week. Activities that do
this include racquetball, skiing, jogging, or very fast walking. Swimming,
dancing, or mowing grass uses about half as many Calories per hour. So, to
lose a pound per week, exercise vigorously for an hour every day, or moderately for two hours, or cut your food consumption by 500 Calories. Or find
some combination.
But don’t exercise for an hour, and then reward yourself by drinking a bottle
of Coke. If you do, you’ll gain back every Calorie you worked off.

WIND POWER
Wind is generated from solar energy, when different parts of the surface of the
Earth are heated unevenly. Uneven heating could be caused by many things, such
as differences in absorption, differences in evaporation, or differences in cloud
cover. Windy places have been used as sources of power for nearly a thousand
years. The windmill was originally a mill (a factory for grinding flour) driven
by wind power, although early windmills were also used by the Dutch for
pumping water out from behind their dikes. Many people are interested in wind
power again these days as an alternative source of electricity. Pilot wind generation plants were installed at the Altamont Pass in California in the 1970s. These
11

Books on exercise physiology tabulate these numbers; the readers tend to be athletes and
farm operators—hence the interest in cleaning stables.
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Figure 1.6 Wind turbines. (Photo courtesy of New Mexico Wind Energy Center.)

are more commonly called wind turbines (figure 1.6), since they no longer mill
flour.
Modern wind turbines are much more efficient at removing energy from wind
when they are large. This is, in part, because then they can get energy from winds
blowing at higher elevations. Some wind turbines are taller than the Statue of
Liberty.
Wind power ultimately derives from solar, since it is differences in temperature that drive the winds. We’ll discuss this further in the next chapter, in the
section “Heat Flow.” The wind turbines cannot be spaced too closely, because
when they take energy from the wind, the wind velocity is decreased, and the
wind is made turbulent—i.e., it is no longer flowing in a smooth pattern. A
“forest” of wind turbines has been proposed for construction on the ocean, off
the coast of Massachusetts, to supply commercial power (figure 1.7). In case
you are interested, here are some of the details: There would be 170 large
windmills in a 5-mile-by-5-mile square, connected to land via an undersea cable. Each windmill would rise 426 feet, from water level to the tip of the highest blade (the height of a 40-story building). They would be spaced 1/2 mile
from each other. The maximum power this forest can deliver will be 0.42 gigawatts. The major opposition to the idea appears to be coming from environmentalists who argue that the array would destroy a wilderness area, kill birds,
and create noise that could disturb marine animals.
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MASSACHUSETTS

Buzzards
Bay
Figure 1.7 A map of the proposed
offshore wind turbine park in
Massachusetts.
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Cape Cod
Bay

Location of
planned
wind park

Nantucket
Island

Kinetic Energy
Let’s go back to table 1.1 again and discuss another surprising fact from that
table: The energy of motion of a typical meteor is 150 times greater than the
chemical energy of an equal mass of TNT.
Unlike chemical energy, which usually has to be measured (not calculated),
there is a simple equation for kinetic energy:
The kinetic energy equation:
E = 1⁄2 mv2

To use this equation, v must be in meters per second, and m in kilograms, and
the energy will be in joules. To convert energy to Calories, divide by 4200. Here
are useful (approximate) conversions12:
1 meter per second (mps) = 2 miles per hour (mph)
1 kilogram (kg) = 2 pounds (lb)

The equation for kinetic energy is optional. It is useful to see it, but because the
units may be unfamiliar, the equation is tricky to use.
12
In many textbooks, kilograms are used solely as a measure of mass. I may be accused of being
“sloppy” in not following that physics convention. In fact, scales in both Europe and the United
States “weigh” in kilograms. Kilogram has become, in common use, a term that denotes the weight
of one kilogram of mass.
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But notice how similar the kinetic equation is to Einstein’s famous equation
of special relativity, E = mc2. In the Einstein equation, c is the speed of light in
a vacuum: 3 × 108 meters per second. The similarity is not a coincidence, as
you will see when we discuss relativity in chapter 12. Einstein’s equation states
that the energy hidden in the mass of an object is approximately equal to the
classical kinetic energy that object would have if it moved at the speed of light.
For now, Einstein’s famous equation might help you to remember the less famous kinetic energy equation.
Let’s take a closer look at what the kinetic energy equation tells us about the
relation of kinetic energy to mass and speed. First, the kinetic energy is proportional to the object’s mass. This is very useful to remember, and can give you insights even without using the equation. For example, a 2-ton SUV has twice as
much kinetic energy as a 1-ton Volkswagen Beetle traveling at the same speed.
In addition, the object’s kinetic energy depends on the square of its velocity.
This is also a very useful thing to remember. If you double your car’s speed,
you will increase its kinetic energy by a factor of 4. A car moving at 60 mph
has 4 times the kinetic energy as a similar car moving at 30 mph. At 3 times the
speed, there is 9 times the kinetic energy.
Now let’s plug some numbers into the kinetic equation and see what we get
for a very fast object, a meteor. We will express mass in kilograms and velocity
in meters/second. We’ll do the calculation for a 1-gram meteor traveling at
30 kilometers per second. First, we must convert these numbers: the mass
m = 0.001 kg; the velocity v = 30 km / sec = 30,000 meters/sec. If we plug these
numbers into the equations, we get
E = 1⁄2 mv 2
= 1⁄2 (0.001)(30000)2
= 450000 joules = 450 kJ ≈ 100 Calories

SMART ROCKS AND BRILLIANT PEBBLES
For over two decades, the U.S. military has seriously considered a method of
destroying nuclear missiles (an “anti-ballistic-missile,” or ABM, system) that
would not use explosives. Instead, a rock or other chunk of heavy material is
simply placed in the missile’s path. In some formulations, the rock is made
“smart” by putting a computer on it, so that if the missile tries to avoid it, the
rock will maneuver to stay in the path
How could a simple rock destroy a nuclear warhead? The warhead is moving
at a velocity of about 7 kilometers per second—i.e., v = 7000 meters per second.
From the point of view of the missile, the rock is approaching it at 7000 meters
per second. (Switching point of view like this is called classical relativity.) The
kinetic energy of each gram (0.001 kg) of the rock, relative to the missile, is
E = 1⁄2 (0.001)(7000)2 = 25000 J = 6 Cal

Thus, the kinetic energy of the rock (seen from the missile) is 6 Calories. That
is 9 times the energy it would have if it were made from TNT. It is hardly necessary to make it from explosives; the kinetic energy by itself will destroy the
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missile. In fact, making the rock out of TNT would provide only a little additional energy, and it would have very little additional effect.
The military likes to refer to this method of destroying an object as “kinetic
energy kill” (as contrasted with “chemical energy kill”). A later invention that
used even smaller rocks and smarter computers was called “brilliant pebbles.”
(I’m not kidding. Try looking it up on the Internet.)
Here is an interesting question: How fast must a rock travel so that its
kinetic energy is the same as the chemical energy in an equal mass of TNT?
According to table 1.1, the energy in 1 gram of TNT is 0.651 Calories = 2,723
joules. We set 1/2 mv2 = 2723 J. Use 1-gram rock for m, so m = 0.001 kilograms (getting the units right is always the hardest part of these calculations!).
Then,
v 2 = 5446000
v = sqrt(5446000)
= 2300 m/sec
= 2.3 km/sec

That’s 7 times the speed of sound.

THE DEMISE OF THE DINOSAURS
Now let’s think about the kinetic energy of the asteroid that hit the Earth and
killed the dinosaurs. The velocity of the Earth around the Sun is 30 km / sec,13 so
it is reasonable to assume that the impact velocity was about that much. (It would
have been more in a head-on collision, and less if the asteroid approached from
behind.)
If the asteroid had a diameter of 10 kilometers, its mass would be about
1.6 × 1012 tons (1.6 teratons).14 From table 1.1, we see that its energy was 165
times greater than the energy of a similar amount of TNT. So it would have had
the energy of (165) × (1.6 × 1012) = 2.6 × 1014 tons = 2.6 × 108 megatons of TNT.
Taking a typical nuclear bomb to be 1 megaton of TNT,15 this says that the impact released energy equivalent to over 108 nuclear bombs. That’s 10,000 times
the entire Russian–U.S. nuclear arsenal at the height of the Cold War.
The asteroid made a mess, but it stopped. The energy was all turned to heat,
and that resulted in an enormous explosion. However, an explosion of that
size is still large enough to have very significant effects on the atmosphere.
(Half of the air is within three miles of the surface of the Earth.) A layer of dirt
The Earth–Sun distance is r = 93 × 106 miles = 150 × 106 kilometers. The total distance around
the circumference is C = 2πr. The time it takes to go around is one year t = 3.16 × 107 seconds. Putting these together, we get the velocity of the Earth is v = C/t = 30 km / sec. (Note that the number of
seconds in a year is very close to t ≈ π × 107. That is a favorite approximation used by physicists.)
14
Taking the radius to be 5 km = 5 × 105 cm, we get the volume V = (4/3) πr3 = 5.2 × 1017 cubic
centimeters. The density of rock is about 3 grams per cubic centimeter, so the mass is about 1.6 × 1018
grams = 1.6 × 1012 metric tons.
15
The Hiroshima bomb had an energy equivalent of 13 kilotons = 0.013 megatons of TNT.
The largest nuclear weapon ever tested was a Soviet test in 1961 that released energy equivalent to
58 megatons of TNT.
13
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thrown up into the atmosphere probably blocked sunlight over the entire Earth
for many months. The absence of sunlight stopped plant growth, and that
meant that many animals starved.
Would that kind of impact knock the Earth out of its orbit? We assumed that
the asteroid was about 10 kilometers across—that’s about one-thousandth the
diameter of the Earth—which makes it one billionth the mass of the Earth. The
asteroid hitting the Earth is comparable to a mosquito hitting a truck. The impact
of a mosquito doesn’t change the velocity of the truck (at least not very much),
but it sure makes a mess on the windshield. In this analogy, the windshield represents the Earth’s atmosphere. (We’ll do a more precise calculation in chapter 3,
when we discuss momentum.)
Most of the energy of the asteroid was converted to heat, and that caused
the explosion. The impact of a smaller comet (about 1 km in diameter) on the
planet Jupiter is shown at the start of this chapter in figure 1.1. Look at it again.
It looks pretty dramatic, but the explosion that killed the dinosaurs was a thousand times larger.
But what is heat, really? What is temperature? Why does enormous heat
result in an explosion? These are the questions we will address in the next
chapter.

Chapter Review
Energy is the ability to do work. It can be measured in food Calories (Cal, also
called kilocalories or kcal), kilowatt-hours (kWh), and joules (J). Gasoline has
about 10 Cal per gram, cookies have about 5, TNT has about 0.65, and expensive batteries hold about 0.1 Cal. The very high energy in gasoline explains
why it is used so widely. The high energy in cookies explains why it is difficult
to lose weight. The relatively low energy stored in batteries makes it difficult
to use them for electric cars. Hybrid automobiles consist of efficient gasoline
engines combined with batteries. The batteries can absorb energy when the car
slows down, without forcing it to be wasted as heat. Fuel cells produce electricity like batteries, but they are recharged by adding chemicals (such as hydrogen) rather than by plugging them into the wall. Uranium has 20 million
Calories per gram, but requires nuclear reactors or bombs to release it in large
amounts.
Coal is the cheapest form of fossil fuel, and it can be converted to gasoline.
The major countries that use energy have abundant coal supplies.
Power is the rate of energy delivery and can be measured in Cal/sec or in
watts, where 1 watt = 1 J/sec. TNT is valued not for its energy, but for its
power—i.e., its ability to deliver energy quickly. A horsepower is about 1 kilowatt (kW). A typical small house uses about 1 kW. Humans can deliver 1 horsepower for a short interval, but only about 1/7 horsepower over an extended
period.
Large nuclear power plants can create electricity with a power of about 1
billion watts, also called 1 gigawatt (GW). The power in 1 square kilometer of
sunlight is about the same: 1 GW. Solar cells can extract 10% to 40% of that,
but the better solar cells are very expensive. A solar car is not practical, but
there are uses for solar airplanes, particularly in spying.
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Sugar and fat are high in Calories. A half hour of vigorous exercise uses the
Calories in one can of soft drink.
Kinetic energy is the energy of motion. To have the same energy as TNT, a
rock has to move at about 1.5 miles per second. To destroy an enemy missile,
all you have to do is put a rock in its way, since from the point of view of the
missile, the rock is moving very fast with lots of energy. If the rock has 10 times
the velocity, then it will have 10 × 10 = 100 times the energy. The rock that hit
the Earth 65 million years ago was moving about 15 miles per second, so it had
100 times the energy of TNT. When it hit, that kinetic energy was converted to
heat. The heat caused the object to explode, and we believe that’s what resulted
in the death of the dinosaurs.

Discussion Topics
These questions involve issues that are not discussed in the text and so they are
recommended as discussion questions. You are welcome to express your personal opinions, but try to back your statements with facts and (when appropriate) technical arguments. You might want to discuss these topics with friends
before writing your answers.
1. Oil efﬁciency and national security. Right now, the United States is
extremely dependent on oil for its automobile. Our dependence on
oil has turned the Middle East into one of the most important areas
in the world. If our automobiles were 40% efﬁcient rather than 20%
efﬁcient, we would not have to import any oil. The global consequences of our oil inefﬁciency can reach as far as war in the Middle
East. Getting more efﬁcient use of oil is both a technological and a
social issue. Who should pay for the research? The U.S. government?
Private industry? Is this an economic question or is it a national
security one?
2. Automobiles typically carry 100 lb of gasoline. That has the energy
content of 1500 lb of TNT. Is gasoline really as dangerous as this
makes it sound? If so, why do we accept it in our automobiles? If not,
why not? Do we accept gasoline only because it is a “known” evil?

Internet Research Topics
1. Asteroid impacts are rare; a big one hits the Earth only about once
every 25 million years. But small ones occur more frequently. In
1908, a small piece of a comet hit the Tunguska region of Siberia and
exploded with an energy equivalent to that of about a million tons of
TNT. Look on the Internet and ﬁnd out about the Tunguska impact.
2. What is the current status of hybrid automobiles? How much more
efﬁcient are they than gasoline automobiles (in miles per gallon)?
What kinds of improvements are expected in the next few years? Are
all hybrids fuel efﬁcient? Do any “standard” cars have better mpg?

For general queries contact webmaster@press.princeton.edu.

© Copyright Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.
Energy and Power

3. Verify the area that it would take for solar cells to provide sufﬁcient
power for the state of California. Look on the Web to see what you
can ﬁnd out about the current cost of solar cells and their expected
lifetime. Are there companies working to lower the cost of solar cells?
What alternative ways are there to convert solar energy to electricity?
Do you think that solar power would be more or less feasible in
underdeveloped regions of the world?
4. Look up “smart rocks” and “brilliant pebbles” on the Internet. Are
there current programs to develop these for defense purposes? What
are the arguments used in favor and against these programs?16
5. What is the status of wind power around the world? How large are
the current largest wind turbines? How much energy can be obtained
from a single wind turbine? Are wind turbines being subsidized by
the government, or are they commercially viable?
6. What can you ﬁnd about electric automobiles? What is their range?
Are they less expensive than gasoline autos, when the replacement
of batteries is taken into account?
7. Find examples in newspapers and magazines in which the writer uses
power and energy interchangeably, and not in the technical sense we
use in this book.
8. Look up the Fisher-Tropsch process for converting coal to diesel fuel.
What countries have used it? Are new plants being planned?

Essay Questions
1. Read an article that involves physics or technology that appeared in
the last week or two. ( You can usually ﬁnd one in the New York Times
in the Tuesday Science section.) Describe the article in one to three
paragraphs, with emphasis on the technological aspects—not on
business or political aspects. If you don’t understand the article, then
you can get full credit by listing the things that you don’t understand. For each of these items, state whether you think the writer
understood it.
2. Describe in a page what aspects of this chapter you think are most
important. What would you tell your friends, parents, or children are
the key points? Which points are important for future presidents or
just good citizens?
3. In his 2003 State of the Union address, President George W. Bush
announced that the United States will develop a “hydrogen
economy.” Describe what this means. What mistaken ideas do
some people have about such an economy? How will hydrogen
be used?
4. When the numbers matter, the confusion between energy and
power can be problematical. For example, here is a quote I found on
16

A particularly useful Web site for national defense technology is run by the Federation of
American Scientists at www.fas.org.
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the Web site for Portland General Electric: “One very large industrial
plant can use as much power in one hour as 50 typical residences
use in a month.”17 Can you see the reason for confusion? What do
you guess the author means by the “amount of power in one hour”?
Do you suppose that they really meant the “amount of energy in
one hour”? Do your best to describe what the author meant. What
impression was the author trying to leave? Was it an accurate
impression?
5. A friend tells you that in 30 years we will all be driving automobiles
powered by solar energy. You say to him, “It’s hard to predict 30
years ahead. But let me give you a more likely scenario.” Describe
what you would say. Back up your predictions with relevant facts and
numbers whenever they would strengthen your analysis.
6. When an automobile crashes, the kinetic energy of the vehicle is
converted to heat, crushed metal, injury, and death. From what you
have seen (in real life and in movies), consider two crashes, one at
35 mph, and another at 70 mph. Is it plausible that a crash of the
faster automobile is 4 times worse? What other factors besides speed
could affect the outcome of the crash? Airplane velocities are typically
600 mph except during take-off and landing, when they are closer to
150 mph. Does the kinetic equation explain why there are few
survivors in an airplane crash?
7. Energy is conserved—that is a law of physics. Why then do our
leaders beseech us to “conserve energy”?
8. Although TNT has very little relative energy per gram, it is a highly
effective explosive. Explain why, brieﬂy.
9. Some people say that the United States is “addicted” to gasoline.
Compare gasoline to alternative ways of powering an automobile.
Describe both the advantages and disadvantages of the alternatives
you discuss, compared to a gasoline engine.

Multiple-Choice Questions
1. “Smart rocks” are considered for
A. geologic dating
B. ballistic missile defense
C. nuclear power
D. solar power
2. One watt is equivalent to:
A. one joule/second
B. one coulomb/second
Since there are typically 30 days per month, that means that there are 30 × 24 = 720 hours
per month. So the industrial plant uses 720 times as much energy as 50 houses. As stated in the
text, 50 houses typically use 50 kilowatts. So this would imply that the power plant uses 720 × 50
kilowatts = 36 megawatts. Recall that a typical large power plant produces 1 gigawatt = 1000
megawatts. The usage of the industrial plant seems quite small compared to this. Yet the original
statement made the usage appear quite large (at least that was my interpretation).
17
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C. one calorie/second
D. one horsepower
3. The asteroid that killed the dinosaurs exploded because
A. it was made of explosive material
B. it was made out of U-235
C. it got very hot from the impact
D. It didn’t explode; it knocked the Earth out of its normal orbit.
4. Kinetic energy can be measured in:
A. watts
B. calories
C. grams
D. amperes
5. Which of the following statements is true?
A. Energy is measured in joules, and power is measured in calories.
B. Power is energy divided by time.
C. Batteries release energy, but TNT releases power.
D. Power signiﬁes a very large value of energy.
E. All of the above.
6. For each of these, mark whether it is a unit of energy (E) or power (P):
A. horsepower
B. kilowatt-hour
C. watt
D. calorie
7. Hybrid vehicles run on:
A. electric and solar power
B. solar power and gasoline
C. electric power and gasoline
D. nuclear power and gasoline
8. What is the main reason that hydrogen-driven automobiles have not replaced
gasoline ones?
A. Hydrogen is too expensive.
B. Hydrogen is too difﬁcult to store in an automobile.
C. Hydrogen is radioactive, and the public fears it.
D. Hydrogen mixed with air is explosive.
9. Compared to an equal weight of gasoline, U-235 can deliver energy that is
greater by a factor of (choose the closest value)
A. 2200
B. 25,000
C. one million
D. one billion
10. Which of the following contains the most energy per gram?
A. TNT
B. chocolate chip cookies
C. battery
D. uranium
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11. Compare the energy in a kilogram of gasoline to that in a kilogram of ﬂashlight
batteries:
A. The gasoline has about 400 times as much energy.
B. The gasoline has about 10 times as much energy.
C. The gasoline has about 70 times less energy.
D. They cannot be honestly compared, since one stores power and the other
stores energy.
12. Which is least expensive—for the same energy delivered?
A. coal
B. gasoline
C. natural gas
D. AAA batteries
13. The kinetic energy of a typical 1-gram meteor is approximately equal
to the energy of
A. 10 grams of TNT
B. 150 grams of TNT
C. 1/100 grams of TNT
D. 10 grams of gasoline
14. Coal reserves in the United States are expected to last for
A. hundreds of years
B. three or four decades
C. 72 years
D. less than a decade
15. A limitation for all electric automobiles is:
A. Low energy density per battery.
B. Batteries explode more readily than gasoline.
C. Electric energy is not useful for autos.
D. Electric motors are less efﬁcient than gasoline motors.
16. Solar power is about (choose all that are correct)
A. 1 watt per square meter
B. 1 kW per square meter
C. 1 megawatt per square km
D. 1 gigawatt per square km
17. The efﬁciency of inexpensive solar cells is closest to
A. 1%
B. 12%
C. 65%
D. 100%
18. A human, running up stairs, can brieﬂy use power of approximately
A. 0.01 horsepower
B. 0.1 horsepower
C. 0.2 horsepower
D. 1 horsepower
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19. A 12-oz can of soft drink (not the “diet” or “lite” kind) contains about
A. 10 Calories
B. 50 Calories
C. 150 Calories
D. 2000 Calories
20. A large nuclear power plant delivers energy of about
A. 1 megawatt
B. 1 gigawatt
C. 100 gigawatts
D. 1000 gigawatts
21. Electricity from a AAA battery costs the consumer about:
A. 1¢ per kilowatt-hour
B. 10¢ per kilowatt-hour
C. $1 per kilowatt-hour
D. $1000 per kilowatt-hour
22. Electricity from a wall plug costs the consumer about:
A. 1¢ per kilowatt-hour
B. 10¢ per kilowatt-hour
C. $1 per kilowatt-hour
D. $1000 per kilowatt-hour
23. The energy per gallon (not per pound) of liquid hydrogen, compared to
gasoline, is about
A. 3× less
B. about the same
C. 3× more
D. 12× more
24. Most of the hydrogen we use in the United States comes from
A. pockets of hydrogen gas found underground
B. hydrogen gas extracted from the atmosphere
C. hydrogen produced in nuclear reactors
D. It is manufactured from fossil fuels and/or water.
25. You have 10 tungsten bulbs, and each uses 100 watts. You leave them all on for
an hour. The energy used is
A. 10 kilowatt-hours
B. 1 kilowatt-hour
C. 10 kilowatts
D. 1000 watts
26. The kinetic energy of a bullet, per gram, is (within a factor of 2)
A. about the same as the energy released from 1 gram of TNT
B. about the same as the kinetic energy in a typical 1-gram meteor
C. about the same as the energy released by 1 gram of chocolate chip cookies
D. none of the above
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0th law of thermodynamics, 43, 47, 52, 53
1 horsepower vs. 1 kilowatt, 20
10-meter telescope, 309
1984 (Orwell, novel, 1948), 257
1998 temperature peak, 364, 380
1st law of Newton, 75
1st law of thermodynamics, 18, 63
2001: A Space Odyssey (movie, 1968), 41, 87,
479
254 nm and DNA, 337
2nd law of Newton, 75, 85
2nd law of thermodynamics, 61, 63, 64
3-D movies, 315; blinking for 3-D, 315
3
He, in fusion, 141
3 Mile Island nuclear accident. See Three Mile
Island accident
3-K cosmic microwave radiation, 478
3rd law of Newton, 75, 89
3rd law of thermodynamics, 63–64
4th dimension, 444–45, 480
50 Hz vs. 60 Hz, 230
AAA battery cost per kWh is $1000, 15
Abbott and Costello, 17
ABM (anti-ballistic-missile system), 29
A-bomb, 173; and cancer, 108, 121; and
fission, 138; and radioactivity, 135. See also
nuclear bomb and weapons
absolute zero temperature, 46
AC (alternating current), 228; vs. DC, 228–30;
by rectification, 421

acceleration: airplane, 86; and astronauts,
87–88; circular, 86; fighter pilot, 87; from
force, 75; gravity, 82
acid oceans, 365
action and reaction, 89
actors, looking old, 307
advice to the engaged, 303
aerodynamic smoothing, 84
aerosol cans and ozone, 341
AeroVironment, 24
Aether, 242n; and the vacuum, 481
Afghanistan, 334; and fuel-air explosives, 13
Africa, as a natural nuclear reactor, 181
age, from radioactivity, 131; of Earth, 139; of
rock from magnetism, 224; of Universe, 477
aging: and eyesight, 307, of massless particles,
454; of radioactivity, 128
agriculture and civilization, 368
aimants, 213
air conditioner, 62, 340
air density vs. altitude, 128
air pressure vs. altitude, 97–98, 128
air resistance, 83–84; drag on auto from, 84
air sound speed, 245
air, earth, fire, water. See Aristotle’s elements
airbags (automobile), 57
airplane and relativity test, 447
airplane: acceleration of, 86; direct to space,
94; for everyone (prediction), 436; fuel, 11;
pressure outside of, 98; power, 20; push of
air down, 95
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al Qaeda, 124
Alamogordo nuclear test, 167
Alaska: bark beetles in, 378; Climate Research
Center, 377; earthquakes in, 260;
temperature of, 377–80
alcohol: and cloud chambers, 112; energy per
gram in, 5; expansion of, 51; and radioactivity, 108, 133
algorithm, and Al Gore, 424
Alpher, Ralph, 477
Alien (movie, 1979), 245
all-electric home, 15
Allen, Bryan (Gossamer Albatross), 25
alligators in sewers, 162
alone, are we?, 474
Alpha Centauri, 468–69
alpha particle: alpha ray, 112, 125, 477;
dangers of, 137; in smoke detectors, 131;
tunneling, 134, 434; volts, 137, 207
Alpher, Bethe, and Gamow paper, 478
Altamont Pass wind power, 26
alternating current. See AC
altitude and time, 458
Alvarez, Luis, 136–37, 192, 254
AM (amplitude modulation), 411; radio, 342
Amazing Stories (magazine), 368
American Journal of Physics, 447n5
American Science and Engineering, Inc.
(fig. 9.18), 353
Ames, Bruce, 133
amorphous silicon solar cells, 396
amplifiers: and lasers, 410; and transistors,
423; and valves, 423
amplitude modulation (AM), 411
amps (amperes), 203, 207
AMS for radioisotope measurements, 132n24
Anderson, Carl, 113
Andromeda galaxy, 470–71
angular momentum, 100, 468
animal electricity, 210
annihilation, 452; electron positron, 349
anode, in vacuum tube, 423n
Antarctica; melting of, 379–80; ozone hole
over, 338–41
antennas, dish, 343
anthrax, 161
antistatic brush, 115
antimatter: antiproton, 452–53; discovery of,
113; emitters (list), 349; engines, 350; and
medicine, 349–50; in solar fusion, 139
anvil-shaped cloud, 340
apoptosis, 157
Arctic ice pack and global warming, 374

Aristotle’s four elements, 54–55
Army, U.S., 333
arrow of time, 64, 443, 459
arsenic vs. polonium poisoning, 114
artificial gravity, 87, 88n14
ASAT with laser, 414
ASCII, 284
ASPCA, 230
assassination by radiation, 114
asteroid: energy in an, 5, 30; impact of, 1, 30,
42, 81, 90, 468
astronaut: acceleration of an, 87; fuel cells
used by, 11; and sneezes, 93; and tragedy,
47; and weightlessness, 72
astronomy and IR, 341
atmosphere sound channel, 255–56
atmosphere: carbon dioxide in the, 369–70;
and hydrogen, 44; normal, 249; temperature vs. altitude (fig. 7.8), 256; twinkling of
stars in, 310; warming the Earth, 372
atom smasher, 217
atoms (chapter 2), 38–65; belief in and
Brownian motion, 40; energy of, 207;
heat of, 38; and molecules, 39; size of, 40,
109; structure of, 109–10; quantum wave
in, 405
atomic bomb, 173; and cancer, 108, 121;
fission, 138; radioactivity induced?, 135.
See also nuclear bomb
atomic number, 39, 110–11; of selected
elements (table 4.1), 111
Austin, Thomas and rabbits, 159
Australia: fossil fuel reserves, 387; rabbit chain
reaction, 159; solar car race, 23
automobile: air bags, 57; coal instead of
gasoline, 387; cylinder, 58; drag from air
resistance, 84; electric, 8; engine, 58;
engine efficiency of, 59n27; explosions in
movies, 13; gasoline use, 7; magnets in,
217; mileage and speed, 84; parking lot
effect, 372; power of, 20; race of solarpowered, 23; radiator, 60; temperature from
IR, 333
avalanche: as a chain reaction, 162; laser, 410;
night vision scope, 418; quantum, 410
Aviator, The (movie, 2004), 257
B = (L/D)R, 310–11, 411n3
Babel, Tower of, 94n23
Back to the Future (movie), 458
backpacking and getting wet, 331–32
backscatter x-rays, 352
Bacon, Francis, 213
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bacterial chain reaction, 161
Baffin Island, 222
Baghdad gunshots, 252
ball bearings made in space, 81
balloons: altitude, 98; hot air and helium, 95;
lift of, 96; rocket, 93
bananas, 352–53
bar code, laser reading, 412
Bardeen, John, 424n11, 426
bark beetles in Alaska, 378
Barrier Islands, in hurricane, 99
baseball game and sound speed, 41
bat sonar, 351–52
batteries: as auto energy source, 204;
compared to gasoline, 7–8; cost of (table
1.2), 15; energy in, 5, 7; lead-acid, 8; storage
for solar and wind, 39
Battle of Britain, radar, 343
baud rate, 284
BCS theory, 426
beach. See sand
bead retroreflector, 308–9
bear, in Yosemite, 309
beats, 266–67; in an electron wave, 405; and
quantum physics, 428
beauty of physics, 47
Becquerel, Henri, 112, 128
Beetle, Volkswagen. See Volkswagen Beetle
Bell Telephone Labs, 424n11
bending of light, in diamond, 301
bending of waves, 270
Berkeley Energy Biosciences Institute, 393
Bernouilli’s Law, 95n24
beta rays, 112, 125, 137; origin of, 135;
tunneling, 434
beta (β), for lightspeed, 445
Bethe, Hans, 478
Bevatron, 453
Bhopal accident, 186
bicycle balance, 100
bifocals, 307
Big Bang, 477; as exploding space, 481; prior
to, 459, 480; remnant radiation, 478
billionaire, how to become one, 163
bimetallic strip, 50, 53, 205
binoculars, IR, 324–26, 331
biofuel, 133, 392–93; radioactivity of,
108, 133
Biot-Savart law, 214n9
birds and electric lines, 204
bismuth, 128
bit, 284; quantum, 436
bitumen, 293

black body radiation, 326, 329; of the
Universe, 478
black hole, 73, 88, 479; Cygnus X-1, 89; Earth
and Sun, 89; Milky Way, 89, 341, 480;
Universe, 89
black light (UV), 336
blindness, laser prevention, 415
blue light wavelength and frequency, 286
blue-white, 327
blue, green, red, 287
blue, hottest color, 328
blur, 310–11
body temperature, 46
Bohr, Niels, 406–7
boiling point: of liquid nitrogen, 11; of water,
45, 55
bomb: dirty, 124; chain reaction, 154; nuclear
reactor explode?, 177; using x-rays to find,
347
bone and x-ray, 125, 345–46
boosted fission weapon, 173
booster, for rockets, 93
Border Patrol, 324–25; 331
Botox, 179
botulism toxin: bomb, 138; LD50, 179
boycott of aerosol cans, 341
BP (formerly British Petroleum), 393
Bradbury, Ray, 46
brain, PET scan, 350
Brattain, W., 424n11
Brazil fossil fuel reserves, 387
breeder reactor, 178–79
bridge expansion when heated, 49
brighter clothing from UV, 336–37
brilliance, in diamond, 302
brilliant pebbles, 29–30
Brinker, Hans, 366
Brown, Robert, 40n5
Brownian motion, 40
Browning, Robert, 159n15
Brownlee, Don, 474
BTU (British Thermal Unit), 19
bubble in diamond prices, 303
bubbly water, 96
buckling, 49
bug dust, 396
Bug, Volkswagen. See Volkswagen Beetle
bullet, 5; energy converted to heat, 18
bullwhip, 264–65
buoyancy, 96
burglars, 325
burning calories, 26
Bush, President George W., 10, 171, 389
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butter, energy in, 5
buzz, 268
Byrd-Hagel Resolution, 390
c, speed of light, 29, 445; one foot per
computer cycle, 41; speed of massless
particle, 453
C-14, 127–28; dating, 132
cab fairing to reduce air resistance, 84
CAES (compressed air energy storage), 394
calcium and x-rays, 125, 346
California power use, 21; solar power, 23, 395
calorie, 4, 18–19, 207
Calorie (kilocalorie), 4, 18–19, 207; healthy,
26; human needs, 26, 331
calutron, 168–69
camera: history of, 292–93; pinhole, 292, 309
Camus, Albert, 325n
Canada: fossil fuel reserves, 387; nuclear
reactor, 178
canary: Alaska metaphor, 378
cancellation, waves, 265–67, 290–91; with
single photon, 428
cancer, 116; from cell phone, 345; chain
reaction, 157; Chernobyl, 120; cured by
radiation, 124; in Denver, 121; gamma rays,
342; Hiroshima, 121; IR diagnosis, 350; and
microwaves, 126; from oxygen, 133; and
ozone depletion, 256; radioactivity, 116,
133; from sunburn, 337; Three Mile Island,
187; and UV, 342; from watches, 136
candle flame, 55
Candu reactor, 178
cap and trade, 392, 396
capacity factor, nuclear power, 393
car. See automobile
carbon capture and storage, 392
carbon credits, 394, 396
carbon dioxide, 7, 11, 13, 16, 38, 61;
Byrd-Hagel Resolution, 390; cap and trade,
396; clean coal, 392; global warming, 369;
carbon credits, 396–97; emissions history,
389; emissions from China and India, 390;
Fisher-Tropsch, 388; global warming, 369;
neutral fuel, 392; nuclear power, 397; per
capita, 390; reduction and coal, 16; trading,
397. See also climate change, 363–90
carbon moderator in Chernobyl, 188
carbon-11 positron emitter, 350
carbon-14, 127–28
carbon, created inside stars, 468
carbon, origin, 140
carburetor (automobile), 7

Carter, President Jimmy, 391
Cast Away (movie, 2000), 304
cat falling, 100
CAT scan, 348–49
cat’s whisker, 421–22
cathode rays, 126
cathode: in vacuum tube, 423n10
CCD, 404, 417; and quantum physics, 431
CCS (carbon capture and storage; sequestering), 392
CD case. See polarization
CDs and DVDs: laser, 412–13, 422
ceiling air, hot, 99
cell phone, 342; radiation, 126, 345
Celsius (Centigrade), 45; convert to K or F,
46–48
Centigrade (Celsius), 45; convert to K or F,
46–48
centrifuge, 87; enrichment of U-235, 168–70
Centurion aircraft (fig. 1.4), 24
ceramic tiles, on shuttle, 48
Ceres and Vesta, 94
Cesium-137, 129, 188
CFC, 338–40; ozone depletion, 256
CH4 (methane) 5, 12. See also natural gas
chain reaction, 14, 152; avalanche, 162;
Chernobyl accident, 188; compound
interest, 162; computer virus, 151; disease,
161; Excel program, 154n3; fetus, 156;
generations, 155; lighting, 162; nuclear
bomb, 154; patent, 165; quantum, 409;
stops during an accident, 185; sustained
(nuclear reactor), 176; urban legends, 161
channel capacity, 285n5
charge, 202–3
chemical energy kill (CEK), 30
chemical reaction, 16, 39; CEK (chemical
energy kill), 30
chemotherapy, 124
Chernobyl accident, 118–20, 185–86, 188;
cancer, 120
Chernobyl Heart (movie), 120
cherry-picking, 374; Alaska, 379
chess board chain reaction, 152
Chicago: terrorism, 124; University of, 166
Chicxulub crater, 80
children and thunder, 41
China: climate change, 389–90; coal use,
15–16, 392; energy history, 384; fossil fuel
reserves, 387; nuclear power, 393; soil
moisture, 282
China syndrome, 185; movie, 187
chlorine and ozone, 340
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chlorine-36, half life of, 128
chlorofluorocarbons (CFCs), 256, 338–40
chopping wood and sound speed, 41
CIGS solar cells, 396, 416
circuit breaker, 205
circular acceleration, 86
circular motion of water waves, 246
city as a heat island, 365
civilization and agriculture, 368
Clancy, Tom, 255
Clarke, Arthur C., 41, 94, 479
classical relativity, 29
clean coal, 13, 391–92
Clean Development Mechanism (CDM), 397
climate change (chapter 10), CO2, 363–97;
363–390; history of, 365, 380–82; nuclear
testing, 368; tornadoes, 376; volcanoes, 369
Clinton, President Bill, 389
closed orbit, 406
clothing, brighter from UV, 336–37
cloud chamber, 112–13
clouds: global warming, 373; radar penetrates,
343; solar energy, 395; stop dew, 332
co-generation plants, 21
CO2 (carbon dioxide), 7, 11, 13, 16, 38, 61
Byrd-Hagel Resolution, 390; cap and trade,
396; clean coal, 392; global warming, 369;
carbon credits, 396–97; emissions history,
389; emissions from China and India, 390;
Fisher-Tropsch, 388; global warming, 369;
neutral fuel, 392; nuclear power, 397; per
capita, 390; reduction and coal, 16; trading,
397. See also climate change
coal: car use, 15, 387; China, 392; clean,
391–92; convert to liquid fuel, 387; CO2,
16; cost, 15; energy, 5; global warming, 15;
reserves, 13, 15; waste, 184
coax cables, 204
cobalt-60, half life of, 128
Coca-Cola, calories, 26
coccoliths, 381
coefficient of performance (COP), 62
coherent radiation, 411
cold death, 44–45
cold fusion, 142, 192–93
Cold War, 30, 176, 254–57
Coliseum, Rome, 411
color, 286; blindness, 289; computer screen,
283; cool, 328; crop analysis, 289; dots in
magazines, 290; diamond, 301; quantized,
406; oil slick, 290–91; printed, 290;
rainbow, 304–5; sensors in the eye, 287–89;
temperature, 327–28

Columbia, Space Shuttle tragedy, 47
comets, 468, 469; impact of, 1, 30
comfortable conservation, 391
common sense and time, 445
compact disk (CD) and laser, 412–13
compass, 213
compound interest, as a chain reaction, 162
compressed air energy storage, 394
Compton scattering, 352, 420n6
computer: cycle, 41; display, 315; Moore’s
Law, 163; hard drive, 220; quantum,
435–36; screen with tritium, 137; size, 425;
virus, 161; white screen, 288
computer-aided tomography, 348–49
conduction, 53–54, 57, 63, 205
cones, in eye, 287
consensus, scientific on global warming, 364,
366n2
conservation, environmental, 158n13, 328,
390, 391
conservation, laws of physics: angular
momentum, 100; energy, 17–18, 432; mass,
452; momentum, 90
conspiracy, flying saucer, 259
contact lens, 306
continuous laser, 410
continuum spectrum of sun, 407
contraction, thermal, 53
control rods, 178, 182
controlled thermonuclear fusion, 142, 188–89,
191
convection, 63, 98–99, 252
cookie energy, 3, 5–6
cool colors, 328, 391
cool roofs, 391
cooling tower, nuclear reactor (fig. 5.14), 187
Cooper pairs, 426
Cooper, Leon, 426
COP (coefficient of performance), 62
Copenhagen, Kyoto treaty, 388–89
core of Earth, 263–64, 468
Core, The (movie, 2003), 225
Coriolis effect, 100
corn ethanol , 392
cornea, 306
corner reflector, 296–99, 412
cosmic microwave radiation, 478
cosmic radiation, 113, 126, 215, 224–25
cosmology, 467
cost: of energy, 14–15; of satellite, 81
Coulomb (unit of electric charge), 202
counterfeit diamonds, 303
crater: from asteroid or comet impact, 1, 81
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creation of the Universe. See Universe
“Creation” (poem), 489–91
crest of wave, 246, 270
Cretaceous period, 1
crime and DNA evidence, 160
Crimson Tide (movie), 97
critical mass, 166; for uranium fission bomb,
155
crop analysis, 289
crossed polarizers, 313–15
CRT (cathode ray tube), 126, 136, 207–8
crust of the Earth and radioactivity, 134
crystals made in space, 81
CT scan, 348–49
CTF (controlled thermonuclear fusion), 191
CTR (controlled thermonuclear reactors), 142
cubic zirconia, 303; index of refraction, 302
Curie temperature, 220, 223
Curie, Marie and Pierre, 220
current, electric, 203; inside electron, 214–15;
in high voltage power lines, 211; in
magnetism, 214
curved space, 480
cyan, magenta, yellow, 290
cycles per second (Hertz), 228
Cygnus X-1 black hole, 89, 479
CZ, 303
d quark, 203
D2O in nuclear reactor, 177
Daguerre, Louis, 293
dam, compared to laser, 416
damage from nuclear bombs, 174–75
danger of magnetic flips, 225
dark energy and dark matter, 472, 476
darkness, hunting in, 335
Darwin, Charles, 139
dating using radioactivity, 132
David and Goliath, 77
Davis, Marc, 469
Dawn Mission, 94
DC (direct current), 228; vs. AC, 228–30
death of dinosaurs, 42, 136
deBroglie equation, 427n12
decay of radioactive atoms, 128
Deep Impact (movie, 1998), 248n5
Deep Space Photo, 471, 474
deep water waves, 246
deflagration, 7n, 59n25
degrees of temperature, 46
delta rays, 112
demagnetizing watch, 219
dental x-ray, 345

Denver, radioactivity in, 121
Department of Energy (DoE), 120, 122n12
depleted uranium, 180
destruction from nuclear weapons, 175
detergent, laundry, 336–37
Detroit Edison, 206
deuterium, 111; and the hydrogen bomb,
172–73; cold fusion, 192; fusion, 141, 189;
gamma ray breaks, 420; nuclear reactor,
177–78
developing nations: CO2 and energy use, 384,
389, 397
dew, 331–32
dewar, 11, 206
diamonds, 301–3
diesel: fuel from coal, 387; vs. nuclear in
submarines
diet vs. exercise, 25–26
diffraction, 310
diffusion of carriers in transistors, 421n8
digital: camera, 404, 417; recording, 220;
thermometer, 53
dimension, fourth, 444–45, 480
dinosaur extinction, 1, 30, 81, 90, 136,
158–59; 468
diode: laser, 422–23; semiconductor, 421
direct current. See DC
direction of time, 443
dirty bomb, 124, 125n14, 138
disasters and global warming, 363
disease as chain reaction, 161
dish antennas, 343
disinfection and UV, 337
disk microphone, 257–58
dismal science, 158
Disney, Walt, 230n17
Disneyland, Haunted Mansion, 295
disorder, 63–64
dispersion, 301–5
distance: to epicenter, rule, 263; using laser,
411; measurement from sound speed, 41; to
Moon, Sun, stars, galaxies, 474
distant sounds, 251
DNA (deoxyribonucleic acid), 39–40, 140,
159–60, 337, 348, 474
donor levels: transistor, 421n8
doping, in transistor, 421n7
Doppler shift, 269, 469; acceleration of the
Universe, 476; expansion of the Universe,
475
dose, for radiation illness, 114
doubling in a chain reaction, 154
Downhill Racer (movie), 245n2
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drag. See air resistance
draining water spins, 100
Drake equation, 473–74
Drake, Frank, 473
drone, 414, 334
drone, solar, 24
drowning, 97
drunken trees in Alaska, 377
DT = deuterium + tritium, 192
duality: waves and particles, 428
dud, North Korean nuclear test, 171
Dumbo (movie), 230n17
dust and IR , 341
dust shaking from Browning motion, 40
DVD and laser, 412–13, 422
dynamo, 222–23
Dyson, Freeman, 45, 213
E = 1⁄2 mv2, 28, 451
E = h f, Einstein equation, 405–8, 453
E = mc2, 29, 444, 451; atomic bomb, 455
eagle vision, 311
ear and sound waves, 241, 243–44
earphones: magnets in, 217; noise cancelling,
268
Earth: age of, 139; black hole, 89, 479; core
of, 263; creation of, 264, 468, 479; dynamo,
223–24; greenhouse effect, 371; history of,
223; interior and sound, 245; as a magnet,
213n8, 218, 223, 263; quantized orbit, 429;
remote sensing, 332; temperature, 1850 to
now (fig. 10.1), 364; temperature of core,
263; “the” (semantics), 139n31; not a star,
141; velocity, 470
earthquakes, 259–62, 264; and rock sound,
245; recent online, 263
Eastman, George, 293
eclipse, 338
Edison-Tesla dispute, 229–30
Edison, Thomas, 226–29; electrocutes animals,
230
efficient marketplace for energy, 15
efficiency, 59–62; of energy use, 390; of
lightbulb, 329–30; of rockets, 93; of solar
cells, 395
eggs, frying on an automobile, 52
Einstein, Albert, 29, 223, 225n13, 407, 444,
450, 458–59, 481; and atom bomb, 455;
Brownian motion, 40n5; constant c, 299;
mystery of Earth’s magnetism, 223;
quantum equation, 405–8; 419, 422;
quantum physics, 432; relative velocity, 449

Einstein factor, 448; and GPS, 458; in
relativity, 445, 447
electricity (chapter 6), 201–32; 50 vs. 60 Hz,
228; animal, 210; car, 8–9; cords, 204; cost
(table 1.2), 15; current, 203; current, in
laser, 409; dynamo, 222; electrocution, 230;
electrolysis, 10; electromagnet, 213, 217;
field, 216; force compared to gravity, 202;
force law, 212; fuse, circuit breaker, 205;
generator, 214, 221; generator, 221–22;
history, 210; lines and birds, 204; motor,
59n26, 221; motor not a heat engine,
59n26; New York City, 229; power, 21, 209;
repulsion, in diode, 421; resistance, 205;
static, 208; transformer, 225; wave, 216
electromagnetic radiation (wave), 216;
overview, 341–42; polarization, 312–13
electron: in atom, 109; beta ray identity, 125;
charge, 202; discovery, 126; Heisenberg
uncertainty principle, 433; split in two, 431;
in lightning, 162; in metal, 204; microscope,
426–27; multiple states, 431n15; noise, 42;
nonquantized energy, 406; in photocopier,
419; photon knocks off surface, 416;
quantized energy levels, 406; rest energy,
452; shaking makes light, 283; spin,
214–15, 219; temperature knocks off
surface, 55; waves, 405, 420, 425
electron volt (energy unit), 140
electrostatic generator (fig. 6.1), 208
electroweak force, 481
elements 40, 111; number of different, 39n2
elephant, electrocution of, 230
elevator: broken cable, 75; to space, 93–94
Elizabeth, 308, 444, 213n8
ellipse orbit, 76n4
emergency kits, pilot, 240
emerging economies and CO2, 389, 397
emission, stimulated, 409
empty space in atom, 109
encoding information, 284
energy, 1–31; chemical, 16; colloquial use, 16;
common units (table 1.3), 19; conserved, 17,
432, 434; converted to mass, 452; definition, 3; disordered, 42; to drive an auto,
390; efficiency, 390–91; equation for
tachyon, 456; extracted from heat, 61;
forms, 16; from fusion, for life, 138; per
gallon, 11; gap, 420, 422, 425, 429; per
gram (table 1.1), 5; gravitational, 16; in
heat, 42; illegal, 426; independence, 393;
kinetic, 16, 28; levels, allowed, 405; from
mass 18n; measuring, 18; of meteor, 29;
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energy (Cont.)
nuclear, 16; ordered, 42; of particle at rest,
451, 452; photon, 453; potential, 16; is
quantized, 405; resources, 386; rest,
451–52; security, 388; storage batteries,
394; surprises, 5; table discussion, 6;
transport by waves, 242, 244; units, 4; use
vs. GDP, 383–84; value of different forms,
18; uncertainty, 431; wasted, 59
Energy Biosciences Institute, 393
engagement advice, 303
engine: automobile, 58; efficiency, 59n27; heat,
59, 59n26
English Channel man-powered flight, 25
enhanced greenhouse effect, 372–73
enhanced oil recovery, 385
enrichment for nuclear reactor, 176, 178
entropy, 42, 64
environmental radioactivity, 133
environmental costs, dirty power, 416
EOR (enhanced oil recovery), 385
EPA (Environmental Protection Agency), 122
epicenter, 259–63
epidemic as a chain reaction, 161
equator and satellites, 78
equilibrium, 63
eraser (alternate name for laser), 410, 415n5
Erlich, Paul, 158
“Essay on the Principle of Population”
(Thomas Rohr Malthus, 1798), 157
ethanol energy and biofuel, 5, 392–93
ether (Aether), 242n
Europe electricity, 207, 211, 230
eV (electron volt), 140, 207
energy levels, 405
evacuation 119, 188
evaporation, 55
evening sound, 250
events, defined in relativity, 444–45; order is
indeterminate, 457
everything, theory of, 481
Ewing, Maurice, 240–42, 253, 255, 257–58
exaggerations of global warming, 365,
373–74
excess cancer, 116
excited state, 406, 409
excursion, magnetic, 224
exercise vs. diet, 26
expansion, thermal, 48–49; water and life, 53
explosions, 1–2, 59, 67, 108, 111, 152, 175,
280; of cars in movies, 13; gasoline, 13;
fuel-air, 13; of TNT, 56
explosive lens, 172

explosives, x-ray search for, 347
exponential growth, 154
extinction periodicity, 469
extraterrestrial life, 473
eye: color sensors, 287, 289; danger from
laser, 414–15; hurt by eclipse viewing,
338; laser surgery, 415; as a pinhole
camera, 294; pupil, 294; resolution, 311;
structure, 306
eyeglasses, 306–7
eyepiece, 309
F = ma, 82, 90
factory in space, 81
Fahrenheit, 45; convert to K or C, 46–48
Fahrenheit 451 (Ray Bradbury), 46n
Fairbanks, Alaska temperature, 377–81
falling, perpetual, 76
fallout, nuclear, 121, 138, 174
false white, 288
fan pushes air, force, 95
far IR, 372n
farsighted, 307
fast breeder reactor, 179
fast vs. slow neutrons, 177
fear of word nuclear, 347
Federation of American Scientists, 334n7
feel-good measures for climate, 383
fence, IR image, 325
Fermi, Enrico, 166
Fermilab, 217–18
ferromagnets, 214
fetus: chain reaction, 156; ultrasound, 351;
x-rays, 123
fiber optics, 282, 285, 417
field, electric and magnetic, 216; gravitational,
216
fifth (music), 267
fighter pilot acceleration, 87
filament of light bulb, 21
Filippenko, Alex, 476
film, photographic, 293
finger spark energy, 210
fingerprints, spectral, 408
Finnegan’s Wake (James Joyce), 110n
fire, diamond and CZ, 301–3
fire, started with a lens, 305–6
firefighters at Chernobyl, 119
firefighting and IR, 341
firewalking, 57–58
first law of Newton, 75
first law of thermodynamics, 17–18, 63
Fischer-Tropsche process, 13, 387–88
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fission, 138; in bomb, 172; in fetus, 156; in
natural reactor in Africa, 181; in nuclear
bomb, 154; and tunneling, 435; uranium
and plutonium, 155
fission fragments, 126, 138, 174, 182–83, 185,
188
flashlight: amps, 203; LEDs, 22, 422; power
used, 20, 209; volts, 207
Fleishman, Martin, 192
flicker, in European TV, 230
flight, human-powered, 25
flips of Earth’s magnetism, 223–25
floating on water, 95–96
fluctuations in climate, 380
fluorescent dyes, 336–37
fluorescent light bulb, 55
fluorescent light compared to tungsten, 22;
color perception, 290
fluorescent materials, 336
fluorine and ozone, 340
fly image (SEM), 427
flying disks, flying saucers, 239–72, 255–59
flywheel, 5, 100, 394
FM (frequency modulation), 342, 411
FM radio wave, 342
focus of a lens or eye, 305–6
folding paper, 165
food calories, 4, 26
force: accelerates, 75; of gravity, 73; unification of, 481; unknown kinds, 481
forensic radioactivity, 136
fossil fuel reserves, by country, 386–87; and
carbon dioxide, 370
Fountains of Paradise (Arthur C. Clarke,
1977), 94
four-color printing, 290
fourth dimension, 443–45, 480
fractional charge, 203
fragmentation bomb, 56n32
frame, inertial, 448
France, nuclear power, 393
Frankenstein, frankenfood, 210
Franklin, Benjamin, and electricity, 210
free electron, energy not quantized, 406
free will, 443, 457
freezing, water, 45; vs. melting, 55
Freon, 338, 340
frequency, 326, 248; and bending of light, 301;
of colors, 286; of light, 283–84; and photon
energy, 409; TV and radio, 285; and
wavelength (table 9.1), 342
frequency modulation (FM), 411

friction and automobile energy, 390; in
levitated train, 227; in superconductor, 206
frog legs, 210
fuel: to orbit, 82; for rockets, 93; as weapon,
125
fuel cell, 10, 12
fuel injector (automobile), 7
fuel-air explosives, 13
fuse, 205, 211
fusion, 138–39; and elements of the Universe,
478; laser, 282, 414; slow, 479; in Sun,
139–41, 468; for power, 142, 188;
FutureGen, 392
futurists, 436
g, the acceleration of gravity, 82; g-rule, 85
Gabon reactor, 181
Gandhi, Mohandas, 257
galaxies, 469–71
Galvani, Luigi, 210
gamma ray, 112, 139, 125; energy, 420; like a
particle, 420; quantum physics, 419; not
from tunneling, 434; wavelength, 286, 342
Gamow, George, 477–78
gap, energy, 420–22, 425, 429
gaps, highway and sidewalk, 48–49
gargling with liquid nitrogen, 58
Garwin, Richard, 193
gas, 54–55; gas law, 56–57, 62; heat conduction, 57
gasohol, 393
gasoline: in automobile, 7, 58; vs. battery, 7;
from coal, 387; cost of (table 1.2), 15;
energy, 7; as an explosive, 13; vs. TNT, 13;
as weapon, 125
gate, in integrated circuit, 424–25
Gates, Bill, 424
GDP vs. energy use, 383–85
Gell-Mann, Murray, 110n
general theory of relativity, 444, 453, 458, 480
generations, in a chain reaction, 155
generator, electric, 21, 214, 221–22
genetic code (DNA), 159
geologic age from K-40, 131
geologists and black light, 336
geology and magnetism, 224
geostationary and geosynchronous satellites,
77–78, 310–11
Germany, coal to diesel, 388
germicidal lamps, 337
ghost particles (neutrinos), 126
ghosts, in an image, 302
gigawatt (GW), 20–21
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Gilbert, William, 213n8, 223
glare, and polarizing sunglasses, 314
glass: index of refraction, 302; of milk illusion,
304; shatters when cooled, 48
glass-plastic quandary, 38, 54
Glatzmaier, Gary, 218
Global Hawk, 334, 344
global positioning system (GPS), 79–80, 334;
and relativity, 458
global warming (chapter 10), 363–97; Alaska,
378; in Antarctica, 379; clouds, 373; IR in
sunlight, 288; this millennium, 381; and sea
level, 51; solutions, 390; and tornadoes, 376
gluons, 110
Goliath and David, 77
Gollum, 412
Gore, Vice President Al, 364–65, 365, 373,
376, 381–82, 388–89, 424
Gorenstein, Marc, 470n
Gossamer Albatross, Gossamer Condor,
24–25
GPS (global positioning system) satellites,
79–80, 334, 458; error if relativity is
ignored, 459
GRACE satellite, 379
graded index fiber, 285
granite sound speed, 245
graphite moderator, 177
grass biofuel, 393
gravitational energy, 16
graviton, doesn’t feel weak force, 135
gravity (chapter 3), 72–101; Antarctic ice, 379;
artificial, 87; Einstein theory of, 444; equation
for time to fall, 83; field, 216, 458; force,
72–73; gravity map, 80; gravity waves, 299;
initial heat for sun, 142; law of, 73–74; in
orbit, 72–74; and photon, 453; in science
fiction, 82; from sphere, 80n
green, red, blue, 287
greenhouse effect, 371–73, 391; gases, 371;
and the poles, 373
Greenland climate record, 367
gross domestic product vs. energy use, 383–84
Guatemala, 352–53
gun-style nuclear bomb, 166
gunshots in Baghdad, 252
H-3, 137. See also tritium
H-bomb, 172–73. See also nuclear bomb
h, Planck’s constant, 405, 453
H2O, 39. See also water
Hadley Center for Climate Prediction and
Research, 365n

Hafele, J. C., 447nn3–4
hair, size of, 109
HAL (the 2001 computer), 41
half life, 127, 154; exponential decay, 154; of
important isotopes, 128; rule, 128
Halloween, 336
Hamza, Khidhir, 172
hand, x-ray of, 346
Hans Brinker, 366
harbor wave, 248
hard drive, computer, 220
Harrisburg, Pennsylvania nuclear accident,
186
Haunted Mansion, Disneyland, 295
hay, 213
head, x-ray of, 347
healthier look, tungsten lamp, 330
hearing, human, 267
heat (chapter 2), 38–65; convection, 98;
converting to useful work, 42; definition, 3;
energy conservation, 39; energy in, 42;
engines, 59; flow, 63; “heat death,” 3n, 44;
heating water, 18; from interior of Earth,
134, 263; is kinetic energy, 39; from laser,
413; vs. light, 329; and magnetism, 220;
meaning, 39; pump, 38, 61–62; quandaries,
38; radiation, 326, 330, 342; from rem, 113;
sensation, 54; sensor, for missile, 334; and
wind, 27
heat island, 365
heat lamps, 330
heavy oil, 386
heavy water, 111; moderator in nuclear
reactor, 177
Heisenberg uncertainty principle, 404, 430,
432–33, 436
helicopter, 95
helium, 39; balloons, 95; liquid, 206; product
of fusion, 141; from radioactivity, 133–34;
shortage, 206; spectrum, 407–8; for
superconductor, 206
Hemmings, Sally, 160
Hermann, Robert, 477
Hertz (Hz, cycles per second), 228
hidden kinetic energy, 43
hidden variable theory, 432
high notes in sound, 267
high tech and electricity, 201
high temperature and efficiency, 61
high temperature superconductor, 206,
426
high tension power lines, 211
highway gaps, 48–49
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Hiroshima bomb, 30n15, 108, 121, 166–67,
174
hiss, 42
Hitler’s nuclear program, 111
holes, in transistor, 421n7
hologram, 311–12, 411; supermarket bar code
reader, 412
home power, 1 kw, 1 hp, 22
horizontal polarization, 312–13
horse, electrocution of, 230
horsepower (hp), 19, 20; from human, 25;
conversion to watts, 20
hot air balloon, 95
hot day: forecast from sound, 251; from
inversion, 252
house power, 20
Hoyle, Fred, 477
Hubble expansion, 471, 475–77
Hubble telescope, 309–10
Hubble, Edwin, 470, 475; and red shift, 269
Hubble’s constant, 475
Hubble’s Law, 475–76
hull crush depth (submarine), 97
hum, from transformer, 226
human-caused global warming, 382
human hearing range, 267
human power, 20, 24–25
human radiation, 331, 342
human-powered flight, 25
humility in science, 369
Hunt for Red October (movie, 1984), 255
hunting in darkness, 335
hurricane, 99; coastal, 375; in Florida Keys,
99; IPCC prediction, 376; per year, 375
Hurricane Katrina, 374
Hut, Piet, 469
Huygen’s principle, 249, 270–71
hybrid auto, 9, 221, 391
hydrogen: atom energy levels, 405–6; not in
atmosphere, 44; atom is neutral, 202;
balloon, 96; boiling point, 11; bomb secret
172–73; can’t be mined, 12; compressed, 11;
density, 11; detected by MRI, 348; in the
Earth, 468; economy, 10, 12; energy, 5;
energy vs. gasoline, 10; escape from
atmosphere, 44; fuel for fusion, 140–42;
fuel pollution, 12–13; limits as a fuel, 11;
liquid density, 11; manufacture, 12; missing,
44; molecule H2, 39; not a source of energy,
12; spectrum, 407–8; superconductor?, 207;
from water, 10
hydrogen bomb, 172–73
hydrolon, 429

hype, electric car, 8
hype, global warming, 373
IAEA (International Atomic Energy Agency),
120, 155
IBM, 434; spelled in xenon atoms, 108–9
IC (integrated circuit), 424
Ice Age, 366–68, 381–82; Little Ice Age, 366
Ice Ages and Astronomical Causes, (Gordon
MacDonald, 2000), 382n
ice skater spins, 100
ideal gas law, 56–57
ignition of fusion in sun, 142
illegal energy, 426
illegal immigrants, 324, 331, 352–53
illusions from index of refraction, 303–4
images, 292; in mirror, 295; medical, 346
image intensifier, 333, 418
imaginary numbers, 456
immigrants, illegally crossing border, 324, 331,
352–53
impact: of asteroid, 1, 30, 81, 90–91, 136,
158; crater on Earth, 81; of mosquito on
truck, 91
implosion, for plutonium bomb, 171
incandescent lamp, 21; amps, 203; radiation,
326, 329; reddish light, 330; symbol of
invention, 229; watts, 211
income vs. energy use, 383–84
incontrovertible evidence, 373
Inconvenient Truth (movie, book), 365, 376,
381–82
index of refraction, 300–302
India and China fossil fuels, 15–16; energy
history, 384, 387; no Kyoto limits, 389–90
India chemical accident, 186
Indiana Jones (movie, 1981), 264n11
Indigio Systems infrared photo (fig. 9.1), 325
indium shortage for PVs, 396
induced fission, 138
induced magnetism, 219
inefficiency of heat engine, equation, 60
inefficient marketplace for energy, 15
inefficient rockets, 93
inertial frame, 448
infinite space expansion, 475
information carried by laser, 411
information theory, 284–85
infrared radiation, 64, 326, 343; astronomy,
341; binoculars, 324–25, 331; camera, 330,
341, 350; firefighting, 341; flashlight, 333;
greenhouse warming, 371; guidance for
missile, 334; image of burglars, 325; image
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infrared radiation, (Cont.)
of person, 350; reflection by roofs, 391;
remote control, 335–36; near and far,
372n; satellite, 332; Sun, 288, 328;
viewer for soldier, 333; weather satellite,
332–33
insect image, SEM, 427
insulation and energy use, 391
insulator, electric, 205
integrated circuit, 163, 404, 424
intelligent life elsewhere, 473
intensifier, image, 333
interesting, why the World is, 140
interglacials, 368, 381–82
Intergovernmental Panel on Climate Change
(IPCC), 364, 370, 382; and Antarctica, 379;
conclusions of, 366, 373; on hurricanes, 376;
logic of, 374; sea level, 51; sequestration,
392; statement of, 366n; uncertainty, 373
interior of Earth and sound, 245
interior of Sun and sound, 245
International Atomic Energy Agency (IAEA),
120, 155; and Saddam’s bomb, 168
internet and microwaves, 343
intervals, music, 267
invariance of the speed of light, 450
inverse cube law, magnetism, 215, 221
inverse square law: gravity, 74; electricity,
212
inversion and hot weather, 250–52
inversion, in camera image, 292
invisible light (chapter 9), 324–53
iodine PET imaging, 349
iodine-131, 128
ions, 55, 94; rocket, 94; from radiation, 112
Iowa, caucus state, 393
IPCC. See Intergovernmental Panel on Climate
Change
iPod recording, 220
IR (infrared light), 64, 326, 343; astronomy,
341; binoculars, 324–25, 331; camera, 330,
341, 350; firefighting, 341; flashlight, 333;
greenhouse warming, 371; guidance for
missile, 334; image of burglars, 325;
image of person, 350; reflection by roofs,
391; remote control, 335–36; near and
far, 372n; satellite, 332; Sun, 288, 328;
viewer for soldier, 333; weather satellite,
332–33
Iran and Iraq fossil fuel reserves, 387
Iran, spying on, 310–11
Iraq: nuclear bomb, 168; war of 1991, 167
iridum, detected with neutron activation, 136

iris, 306
iron: cores, in electromagnets, 219; core of
Earth, 223, 263; filings and magnet, 216;
magnets, 214, 219
isotopes, 110; half-lives, 128
ITER (International Thermonuclear Experimental Reactor), 142, 189–90
jargon, in physics, 16
Jefferson, Thomas, 160
John and Mary, relativity, 446
joule, 5; calorie conversion, 19
Joyce, James, 110n
Jupiter, 44; comet impact, 2, 30; escape
velocity, 88; internal heat, 134n2; not a star,
142; weight on, 73
K-40 (potassium-40), 127–28; 131; dating,
223–24
Katrina (hurricane), 50, 374
KE = 1⁄2 mv2 (kinetic energy equation), 28.
See also kinetic energy
KE = 13.6/n2 (equation for hydrogen kinetic
energy), 406
Keating, R. E., 447n3, 4
Keck telescope, 309
Kelvin scale, 46
Kelvin to Celsius conversion, 47; for high
temperature, 48
Kelvin, Lord, 46, 139, 142
KGB, 114
Khan, A. Q., 170
Kilby, Jack, 163, 424
Kilimanjaro, Mt., 98
kiln, glow and temperature, 326, 328
kilocalorie, 4
kilogram to pound conversion, 28, 73
kilojoule (kJ), 17; conversion, 19
kilowatt (kW), 17, 20
kilowatt-hour (kWh), 4
kinetic energy, 16, 28; equation, 451; and heat,
39; hidden, 43; and mass, 29; and temperature, 43; and velocity, 29
kinetic energy kill (KEK), 30
kinetic mass, 450
kiss, home IR experiment, 335
kissing stone, 213
Kodak, 293
Korea, North, nuclear test, 170–71
kryptonite, 126n
Kuwait fossil fuel reserves, 387
Kyoto protocol, 388–89, 395; cap and trade,
397
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L = 3000/T, 327
L = MvR, 100
L wave, 262
lag, CO2 and temperature, 382
land fill and earthquake amplification, 260–61
Land, Edwin, 313
Landsea, Christopher, 375n
Langmuir, Irving, 55n
languages, origin of, 94
laser, 404, 409; anti-satellite (ASAT), 414; in
building construction, 411; carries
information, 411; and CDs and DVDs,
412–13; cleaning of statue, 413; coherent
light, 411; communication, noise, 417;
compared to dam, 416; continuous, 410;
controlled thermonuclear fusion, 191, 283,
414; diode, 422–23; eye safety, 414–15;
focused light, 411; fusion, 191, 283, 414;
for hologram, 312; light doesn’t spread
much, 411; modulation, 411; photocoagulation, 415; pointer, 410, 422; printer, 419;
pulse power compared to TNT, 414;
rangefinder, 411; for supermarket price
reading, 412; surgery, 415; for surveying ,
412; tooth whitening, 413; weapon, 413;
x-ray, 410
laser light, special properties, 410
Lasik surgery, 415, 306
last earthquake wave, 262
laundry soap and UV, 336–37
Law of Gravity, 73–74
Law of Thermodynamics, 63; zeroth, 43, 52;
second, 61, 64; third, 64
Lawn-chair Larry, 96
Lawrence Berkeley Laboratory, 168, 191, 453
Lawrence, Ernest, 168
LCD display, 312, 315
LD50, 115; for botulism, 179; for plutonium,
179; for radiation illness, 115, 124
lead: and x-rays, 125; glass, 345
lead shield: radiation, 124; x-rays, 122, 126
lead-acid battery, 8–9
LED (light emitting diode), 22, 315, 422
Leidenfrost layers, 57–58
Leidenfrost, Josef, 57
Leitch, Michael, 271
length change, in relativity, 448
lens, 305, 306; coatings on, 291; retroreflector,
308; explosive, 172
LEO (low earth orbit), 77, 79; air pressure, 98;
velocity, 81
levees break in New Orleans, 48–49
levitation, magnetic, 226

Lewis, Marlo, 375
Li-6 in hydrogen bomb, 173
Libya nuclear enrichment, 87, 170–71
license plates, seeing from space, 310–11
lids, tight, 50
lies, U.S. government, 258
life: and expansion of water, 53; made possible
by fusion, 140
life creation, 40n5, 474
lift in a balloon, 96
light (chapter 8), 282–316; bends in atmosphere, 300; emission, stimulated, 409;
frequency and wavelength, 326, 283; for
information sending, 285; invisible (chapter
9), 324–53; light bulb, 21, 209; light
emitting diode (LED), 422; pipe 282, 285;
polarized, 314; in quantum leap, 406; and
shaking electron, 283; slow, 299–300, 453;
speed of, 41; speed in materials, 299–300;
surprises, 282; transverse, 312–13;
unpolarized, 312; visible, 326
light emitting diode (LED), 22, 422
light pipe, 282, 285
light saber, sound of (Star Wars movie), 268
light speed, 41, 445; one foot per computer
cycle, 41; and energy, 29; can’t exceed 1,
449, 454
light-year, light-minute, light-second, 468, 474
light, laser special properties, 410
lightbulb (incandescent lamp, tungsten lamp),
21; amps, 203; radiation, 326, 329; reddish
light, 330; symbol of invention, 229; watts,
211
lighting, 55, 201; and sound speed, 41; as
chain reaction, 162; energy and power, 210
linear hypothesis and linear effect, 116–17,
122, 127, 186, 188; and Chernobyl, 120
lines, spectral, 407–8
lips, home experiment, 335
liquid crystal display, 312, 315
liquid nitrogen, 58n; and Leidenfrost layer, 57;
for superconductor, 206
liquid, solid, gas, plasma, 54–55; and shear
waves, 262; and sound, 244
lithium for fusion reactor, 189–90
lithium-6 in bomb, 173
lithium-ion batteries, 8
Little Ice Age, 367
Litvinenko, Alexander, 114
LN. See liquid nitrogen
lock picking, 353
lodestone, 213, 223
logic, in computer, 425
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Loma Prieta earthquake (1989), 260–61, 265
London and radar defense, 343
long earthquake wave, 262
long-wavelength IR, 333
longitudinal waves, 245–46
Lord of the Rings (movie), 412
Lorentz contraction, 448
Lorentz factor, 446, 450
Lorentz, H. A., 448
Los Alamos, 137
Los Alamos Primer, The (1992), 166, 193
loss of coolant accident, 185
loudspeaker magnets, 217
loving stone, 213
low notes in sound, 267
luminous watch dials, 136
lunar crater age measurements, 132n22
lunar gravity, 73
lunar rock, 215
MacDonald, Gordon, 382n
Mach rule, 47–48
MACHOs, 472
macular degeneration, 415
magenta, cyan, yellow, 290
magic using mirrors, 295
Magnes, a shepherd, 212
magnetism (chapter 6), 201–31; in auto, 217;
danger, 220; electric motor, 221; is
electricity, 214; electromagnetic, 213, 217;
field, 216; field of Earth, 218, 263; flips,
224; levitation, 226; magnetic bottle, 189;
magnetic confinement fusion, 142; magnetic
excursion, 224; magnetic resonance
imaging, 217, 347– 48; magnetic wave,
216; monopoles, 215; Neptune and Uranus,
222; north, 222; permanent, 213–14, 219;
protects Earth, 224–25; rare-earth, 220;
recording, 220; remnant, 213; short range,
215; of submarine, 221; unwanted, 219
Making of the Atomic Bomb, The (1995), 193
malignant cancer, 157
Malthus, Thomas, 157–58
Manhattan project, 137
Manhattan, wave engulfs, 248n
manufacturing in space, 81
map of radiation, Chernobyl, 119
maraging steel, 170
marching band and bending waves, 271
Marcy, Geoffrey, 469
marketplace, not efficient, 15
Mary and John, relativity, 446
maser, 410

mass and velocity, 450
mass, 93; conservation of, 452; in relativity
theory, 450, 479; of Universe, 472; turned to
energy, 18f7; vs. weight, 28n, 73; zero rest
mass, 453
mass extinction recovery, 158
Massachusetts wind farm, 27–28
MAssive Compact Halo Objects. See
MACHOs
massless particles and neutrinos, 454
math of imaginary numbers, 456
Matrix, The (movie, 1999), 91
matter, structure of molecules, atoms, 110
Maxwell, James, 481
McCready, Paul, 24–25
McKinsey report, 391
meaning of heat, 39
measurement of quantum wave, 404, 431
measuring energy, 18
medical diagnosis using IR, 350
medieval warm period, 366–37
medium-Earth orbit (MEO), 79–80, 458.
See also GPS
Mefford, Joel, 252
megajoule conversion, 19
megawatt (MW), 20
Melinda, 444
meltdown, 185; Three Mile Island, 186
melting vs. freezing, 55
memory of the past vs. future, 459
Men in Black (movie, 1997), 259
mental retardation from radiation, 123
MEO (medium earth orbit), 79–80, 458. See
also GPS
mercury expansion, 51
metabolism, 6
meteor energy, 5, 29; as source of power for
Sun, 139
methane (CH4), 5, 12. See also natural gas
metric controversy, 46
MeV (million electron volts), 140, 345
Mexican border, 324–25; 331
Mexico, fossil fuel reserves, 387
micron (micrometer), 40, 326
microphones in the ocean, 253, 255
microphonics, 257
microprocessor, 424
microscope, 309; for atoms, 40, 434; electron,
426–27; STM (Scanning Tunneling
Microscope), 434
microwave, 126, 342, 343–45; from the Big
Bang, 478; and cancer, 126; danger to eyes,
345; stimulated, 410
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middle C, 267, 269
Milankovitch theory, 382
military special ops, 333
milk illusion, 304
Milky Way, 469–72; center black hole, 89, 480
millirem, 115, 122
mirages, 300
mirror, 295, 311–12; illusion, 294–95
missile, stinger, 334
missile defense, 29; using laser, 414
Missouri earthquake (1811), 260
moderator, nuclear reactor, 177, 182
Mogul, Project, 241, 257–58; radar reflectors,
297
mole, 155n6, 140, 204
molecule, 13; typical energy, 207
Molotov cocktail, 13
momentum, 89–90, 92; in relativity, 450; in
The Matrix (movie, 1999), 91
momentum, angular, 100
monochromatic light, from laser, 410
monopoles, magnetic, 215
Montreal Protocol, 341
moon, 73; corner reflectors on, 297–98; crater
age measurements, 132n22; distance in light
seconds, 474; gravity, 73; rock, 215
Moore, Gordon, 163
Moore’s law, 163
morning vs. evening sound, 251
Moses splits the Red Sea, 301
MOSFET (metal-oxide semiconductor field
effect transistor), 417
mosquito: impact, 91; and IR, 335
most dangerous material known to man, 180
motor, electric and magnetic, 221
movement of time, 459
movies, 3-D, 315
movies referenced: 2001: A Space Odyssey
(1968), 41, 87, 479; Alien (1979), 245;
Armaggedon (1998), 1; The Aviator (2004),
257; Back to the Future (1985), 458; Cast
Away (2000), 304; Chernobyl Heart (2003),
120; China Syndrome (1979), 187; The
Core (2003), 225; Crimson Tide (1995), 97;
Deep Impact (1998), 1, 248n; Downhill
Racer (1969), 245n; Dr. Strangelove (1964),
176; Dumbo (1941), 230n17; An Inconvenient Truth (2006), 365, 376, 381–82;
Indiana Jones and the Raiders of the Lost
Ark (1981), 264n11; Star Wars (1977), 268;
Lord of the Rings (2003), 412; The Matrix
(1999), 91; Men in Black (1997), 259; Meteor
(1979), 1; The Terminator (1984), 458

MP3 player, 220
mpg (miles per gallon) and speed, 84
mrem, 123, 127
MRI, 217, 347–48
muffler (automobile), 7
Muller, Richard, 132n24 224n, 350, 470n;
with alien, 259; poem by, 491
Mullis, Kary, 160
multichannel plate, 418
multiple stages for rockets, 93
multispectra, 282, 289; satellite, 333
Munk, Walter, 254
muon, 126; catalyzed fusion, 192; muon
neutrino, 454
mushroom shaped cloud, 155–56
music, 239; instruments, 267; notes and
intervals, 267; tones, wavelength, 269
mutations, from radiation, 117, 123
mv. See momentum
myths about solar power, 23
n = c/v (index of refraction), 300
Nagasaki bomb, 155–56, 171–74
nail bomb, 56
NaN3, chemical in airbags, 57
nanosecond (billionth of second), 41
nanotechnology, 94, 108–9
nanotubes for space elevator, 94
Nantucket (wind farm), 28
Napoleon, 46
NASA, 94, 338; nuclear power, 130
National Ignition Facility (NIF),
191, 414
National Oceanographic and Atmospheric
Administration (NOAA), 365n, 376
natural cancer, 116
natural convection, 63
natural gas, 5, 12; cost of, 15; as terrorist
weapon, 124–25
natural radioactivity, near Three Mile Island,
187
Nazi airplanes and radar, 343
NBC logo, 258
near IR, 372n
near miss of asteroid, 1
nearsighted, 306–7
Neckam, Alexander, 213n
Nemesis, 1, 467, 469
Neptune magnetism, 222
Neptunium in nuclear reactor, 178
neutrino, 126, 135; experiences time, 454;
mass, 454; in solar fusion, 139; types of:
electron, muon, tau, 299
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neutron, 110; in chain reaction, 154, 166; in
fission, 138; from fission, 155; in nuclear
reactor, 177–78; made of quarks, 203; as
radiation, 125; and induced radioactivity,
135; reflection in bomb, 166; slow, 177
neutron activation analysis, 136
neutron bomb, 125
Nevada solar power, 395
New Horizons, satellite to Pluto, 130
New Madrid earthquake, 260
New Mexico, Roswell, 239
New Orleans, 48–50, 374
New York: bridge expansion, 49; electrifying,
229; electrocutions, 230; radar image, 344
New York Times, 96
Newton, Isaac, 283n, 291, 481
Newton’s Laws, 73–75, 85, 89
Niepce, Joseph, 293
NIF (National Ignition Facility), 191, 414
night vision scope, 418
night, owner of, 333
nitric acid and ozone hole, 340
nitrogen, liquid, 57, 58n, 206, 324–25, 331
nitrous oxide, for aerosol cans, 341
NMR (nuclear magnetic resonance imaging),
347–48
NOAA. See National Oceanographic and
Atmospheric Administration
Nobel Prize, 160, 112–13, 163, 364, 424–26;
Peace Prize, global warming, 364
noise, electronic, 42
noise, in digital camera, 417
noise cancellation, 268
nonviolence, Edison quote, 230
North Korea, nuclear weapons, 170–71
North Pole is a south pole, 222–23
north pole, of a magnet, 212
North Star, attracts compass?, 213
notes, musical, 267
NOVA (TV program), mistake by, 225
now, meaning of, 459
NOx pollution, 61
Noyce, Robert, 163
nuclear, public fear of word, 347; pronunciation by G. W. Bush, 173
nuclear accident. See Three Mile Island;
Chernobyl
nuclear bomb and weapons, 165; altitude of
detonation, 174; boosted, 173; cancer
deaths, 121; and chain reaction, 154; Cold
War, 30; damage, 174–75; detection, 241,
257–58; fallout, 121; Nagasaki, 172; North
Korea, 171; proliferation, 170; induce

radioactivity, 135; and relativity, 455;
stockpile, 176; testing effect on climate, 368
nuclear energy, 14, 16
nuclear engine, 59
nuclear explosion from a nuclear reactor?,
177
nuclear magnetic resonance, 347–48
nuclear reactor, 13, 176, 178, 187, 393; capacity
factor, 393; and CO2, 397; compared to
earthquake, 260; engine, 59; explode like a
bomb?, 177; heat, after shutdown, 182;
meltdown, 185; for New Horizons satellite,
130; pebble bed, 39; to make Pu-238
(RTG), 130; uranium requirements, 181; in
submarine, 176; waste, 126, 182–84. See also
Chernobyl; Yucca Mountain
nuclear proliferation, 170
nuclei, die but do not age, 128
nucleus (chapter 4), 108–43; discovery by
Rutherford, 109; explosion, 109; size, 109;
and tunneling, 435
“nukular” pronunciation of G. W. Bush, 173
Oak Ridge uranium enrichment, 167
ocean: acidification, 365; freeze over, 53;
temperature with depth, 240–41
octave, 267
ocular, 309
oil, 185–86, 386; equivalent reserves by
country, 387; use gravity to find, 89; for
lighting, 229; price, 384–85
oil slick colors, 290–91
oil well logging, 192
Oklo nuclear reactor, 181
old looking, 307
Omnes, H. K., 425
Oort comet cloud, 468–69
Oort, Jan, 468
OPEC, 386
Ops, Special, 333
optical illusion, white from RGB, 315
orbit, 74–76; close and open, 406; is same as
falling, 76; from a gun, 85; velocity, 85;
quantized, 429
order of events, 457
Origin of Species, The (Charles Darwin,
1859), 139
Orwell, George, 257
outrunning a tsunami, 248
overheating a car, 60
oxygen molecule (O2), 39n1; cause of death?,
133; created in star, 468; isotope oxygen-15
positron emitter, 350; isotope oxygen-18 for
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ancient climate, 367; magnetic properties,
226; pure at high altitude, 98
ozone in atmosphere, 99, 256, 338, 338; ozone
hole, 338–40; and thunderhead, 340;
destroyed by CFCs, 340–41
P = constant x Tk, 57
P = nkTk, PV = NkT, 57n
P wave, 261–62; and Earth’s core, 264
pace of time, 459
packets of waves, 242, 246
Padilla, Jose (terrorist), 124
pair production, 452
paleoclimate, 381–82
palladium catalyst for cold fusion, 193
Pan-Starrs, 469
parabolic orbit, 76n3
Paris, balloon flight above, 95
particle wave duality, 404, 420, 428–30
particle-like behavior of gamma rays, 420
passage of time, 459
past and future, 64
paternity and DNA, 160
Pauling, Linus, 368
PCBs, 212
PCR (polymerase chain reaction), 159–60
pebble bed nuclear reactor, 393
pebbles, brilliant, 29–30
Pentagon, image of (radar), 344
Penzias, Arno, 478
per capita CO2, 390
perception of color, 289–90
perception of sound, 244
period of wave, 248
periodic table, 39–40
Perlmutter, Saul, 476
permafrost, 377
permanent magnets, 213–14; making one,
219
PET scan, 349, 452
PETN energy, 5
phosphorescent materials, 336; and radioactivity, 136
phosphorus-32, 129
photocopier, 419
photoelectric effect, 416; in photocopier, 419;
night vision, 418
photography, history, 293
photon, 408–10, 428; chain reaction, 410; and
gravity, 135, 453; kinetic mass, 453; limit,
laser communication, 418; rest mass zero,
453; uncertainty principle, 433; and weak
force, 135

photovoltaics (PVs), 395; and photoelectric
effect, 416
physics, 1–491; beauty of, 47; as a second language, 17; majors, what they don’t study, 428
picket fence and polarizers, 312–13
picking locks, 353
Pied Piper of Hamelin, 159
pilot rescue, WWII, 253
pinhole camera, 292–94, 309
Pinole, California, 292n
pipe bomb, 56
pipe for electrons (wire), 204
piston (automobile), 59
pit viper, 334–35
pitch in sound, 267
Planck, Max, 405
Planck’s constant, 405, 453
planet: and twinkling, 310; around stars, 469
plasma 54–55; in fusion reactor, 189
plastic: feels warmer than glass, 38, 54; viewed
with crossed polarizers, 314
Pliny, 212
plug-in hybrid, 9
Pluto, New Horizons satellite, 130
plutonium, 14, 155; bomb, 167, 171–73, 179;
vs. Botox, 179–80; dangers, 137, 179;
detection with x-ray, 347; diversion for
terrorism, 179; energy vs. TNT, 171;
half-life of, 128; LD50, 179; in nuclear
waste, 183; production in nuclear reactor,
178; in RTB, 130; toxicity, 180; waste or
fuel?, 178
plutonium economy, 179, 182, 185
Po-210 (polonium-210), 114, 128
poem, “The Creation,” 489–91
pointer, laser, 410
polarization, 312–15; of a CD case, 314
poles of a magnet, 212
poles in global warming, 373
pollution, CFC and ozone hole, 339 See also
CO2
polonium, 114, 128
polymerase chain reaction (PCR), 159–60
Pons and Fleishman, cold fusion, 192–93
Pons, Stanley, 192
population bomb, 157–58
position emission tomography, 349
positron, 452; from carbon-11 and oxygen-15,
350; in solar fusion, 139
potassium in crust of the earth, 134
potassium-40 (K-40), 127–28; in crust of
earth, 134; in dating, 132, 223–24; and
rock age, 131
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potassium-argon dating, 132, 223–24
potential energy, 16
pound to kilogram conversion, 28, 73
power, 17–19; = volts x amps, 209; used in
California, 21; used by countries, 20;
electric, 209, 211; examples of, 20–21; in
flashlight, lightbulb, horse, house, car,
airplane, etc., 20; human, 24–25; from plant
to home, 21; thermal, 329; in TNT, 17;
wind, 26
power plant, 20–21
power transmission using superconductors,
206
ppm (parts per million), 369
predictions, false, 436
pregnancy and x-rays, 123
pressure, 57; and temperature of a gas, 56–57
pressure wave, 261
primary colors, 287
primary wave, 261
printed color, 290
printer, laser, 419
prism for spectral fingerprint, 407
prism, light bends, 301–2
Prius (automobile), 9, 391
probability and quantum physics, 430n, 432,
481
probability of extraterrestrial life, 473
Project Mogul, 241, 257–58; radar reflectors,
297
proliferation of nuclear weapons, 170, 185
proton, 109, 202–3, anti-particle, 453; charge,
202; rest energy, 452; quarks, 203; wobble
and MRI, 347–48
Proxima Centauri, 468
Pu, 14. See also plutonium
pupil, of eye, 294, 305–6
puppies, electrocution of, 230
Putin, Vladimir, 114
PV (photovoltaics), 395; and photoelectric
effect, 416
pwave, 430
pyramids, x-ray of, 126
Pyrex, 50
Qaeda, al, 124
Qatar fossil fuel reserves, 387
qbit, 436
quad, 18–19
quandaries about heat, 38, 54
quantization: of charge, 203; of energy, 404–5;
of orbit of Earth, 429; of waves, 409, 429
quantum bit, 436

quantum chain reaction, 409
quantum computers, 435–36
quantum leap, 134, 404–8, 429
quantum physics (chapter 11), 404–36; wave
and particle, 242, 428–30; and probability,
432; and reality, 432; and relativity, 432
quark, 110, 203, quark-gluon plasma, 478
qubit, 436
quiet in the shadow zone, 250
rabbit chain reaction in Australia, 159
radar, 297, 342–43; corner reflector, 297; for
mapping, imaging, 343–44
radar range (microwave oven), 344; stealth,
298–299; wavelength, 297
radiation and radioactivity, 63–64, 108, 112;
chapter 4, 108–143; chapter 5, 152–93; in
alcoholic beverages, 108; assassination by,
114; and cancer, 113–16; from cell phone,
126, 345; Chernobyl disaster, 119;
contagious?, 135; cosmic, 113; to cure
cancer, 123–24, 133; danger vs. CO2, 397;
damage to molecules, 112; decay and
relativity, 354; gamma rays, 345; glows,
136; from heat, 326, 330; helium balloons,
133; from humans, 127, 331; measurement
in your home, 122; poisoning, illness,
114–15; public fear, 184; potassium, 127;
radon gas, 121; side effects, 124; from
sleeping near someone, 127; smoke
detector, 131; surprises, 108; terrorist
weapon, 124; Three Mile Island, 187; from
tungsten lightbulb, 329; tunneling, 134,
434; types: alpha, beta, etc., 125; ultrasound, 123; volcanoes, 133; in watches,
136; weak force, 134; why most aren’t
atoms radioactive, 134
radiation map, Chernobyl, 119
radiator (automobile), 60
radio wave, 342
radioactivity. See radiation and radioactivity
radiocarbon dating, 127–28, 132
radioisotope thermal generator (RTG), 130
radiological weapon, 124
radium, 128, 136–37
radon (radioactive gas), 121; in Denver, 122;
near Three Mile Island, 187
rail gun, 85–86, 224, 227–28
rainbow, 283, 286, 304–5, 408
randomness and entropy, 42
range measurement using laser, 411
range of magnetism, 215
Rare Earth (2000), 474
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rare-earth magnet, 220
rat bomb, 159
Rayleigh wave, 262
rays and radiation, 112
razor blades in Halloween apples, 162
RCA test pattern, 257
re-entry of space vehicle, 47
reactivity accident, 188
reactor explosion in a breeder, 179
reactor, natural at Gabon, 181; nuclear, 176;
breeder, 178. See also nuclear power, nuclear
reactor
reading glasses, 307
reality and quantum physics, 432
recording, digital, 220
rectifier, AC to DC, 421
red blood cell size, 40, 109
red-eye, 307–8; animal eyes, 309
red hot, 326–27
Red Sea, 301
red shift, 269, 475
red wavelength and frequency, 286
red, green, blue, 287
Redford, Robert, 245n
reflector, corner, 296–97
refraction, 301
refrigerator, 61–62
regenerative breaking, 391
reinforcing waves, 265–67, 290–91; with
single photon, 428
relativistic mass, 450
relativity (chapter 12), 443–60; classical,
225n13; classical (and smart rocks), 29; key
effects, 451; and kinetic energy, 29; and
quantum physics, 432; tested in airplane, 447
rem (radiation dose), 113–23, 127
remnant magnetism, 213, 219
remnant microwaves from the Big Bang, 478
remote control IR, 335; LEDs, 422
remote sensing of the Earth, 332
reprocessing of fuel for plutonium production,
178, 185
resistance and superconductors, 205, 425
resolution of human eye, 311; of spy satellite,
310–11
rest energy, 451–52
retina, 306; danger from blacklight, 336;
detached, 415
retroflector, 296–97; aircraft, 334; eye, 308;
lens, 308; Moon, 297–98; stealth, 298–99
retrorockets, 48n
reversals of Earth’s field, 223–25
RGB in display, 315

Rhodes, Richard, 193
Rich, Ben, 53
Richter scale, 260
Richter, Charles, 260
rifle, recoil of, 90
road sign retroreflector, 308
Roberts, Paul, 218
rock age from K-40, 131
rock and sling, 77
rock radioactivity, 133–34
rock sound speed, 245
Rockefeller, John D., 229; oil fortune before
automobile, 370
rockets, 92; fuel, 11; impossible?, 93;
inefficient, 11, 93; staging, 93; limits, 227;
ion, 94
rocks, smart, 29
rods in eye, 287; separation, 311
Roentgen rays (x-rays), 112, 345–46. See also
x-ray
Roentgen, Wilhelm, 112, 345
roofs, cool, 391
room, heating using convection, 99
room temperature superconductor, 227, 426
rope waves, 241
Roswell, New Mexico, 239–40, 258
RTG (radioisotope thermal generator), 130
rubbing hands, 39
runner, acceleration, 83
Russia fossil fuel reserves, 15, 387; nuclear
weapon, 257
Rutherford, Ernest, discovery of nucleus, 109
Ryan, Cristina, 340
Ryan, George, 160
S = (L/D)R, 310
S wave, 261–62; and Earth’s core, 264
Saddam Hussein’s nuclear bomb, 167, 172,
172n22
Saddam’s Bombmaker (2001), 172n22
Sadoulet, Bernard, 472
sail boat engine, 59n26
samarium colbalt, 220
San Francisco, 1989 earthquake, 260
San Francisco, hit by nuclear bomb, (fig. 5.12),
175
San Ysidro, 324
sand, hot, 52, 58
SAR (synthetic aperture radar), 343–44
satellite: artificial earth, 74–75; attack using
laser, 414; cost, 81; dangers of re-entry, 47;
geosynchronous, 78; GPS, 79–80 (see also
GPS); launch, from a gun, 85; for
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satellite: artificial earth (Cont.)
manufacture in space, 81; nuclear power,
130; spy, 79; TV and weather, 77–78; 333
saucepan, 57
Saudi Arabia fossil fuel reserves, 387
sauteing, 57–58
scanning electron microscope, 427
scanning tunneling microscope (STM), 108–9,
434
Schrieffer, Robert, 426
science fiction physics, 82, 87, 245, 259
science, distrust by public, 374
science, humility, 369
Scientific American, 55n
scientific consensus on global warming, 364,
366n
screaming in space, 245
screwdriver, magnetization of, 219
sea level rise, 38, 51, 374
sea-surface temperature (SST), 99, 332
second law of Newton, 85
second law of thermodynamics, 61–64
secondary wave, 261
secret of the hydrogen bomb, 173
secrets, 193
SEGS (solar energy generating system), 395
seismogram of earthquake (fig. 7.12), 262
selenium in photocopier, 419
SEM (scanning electron microscope), 427
semiconductor, 205, 420–21
sensation of heat, 54
sequestration of CO2, 392
Serber, Robert, 166, 193
Serkis, Andy, 412
setting an example in CO2 emissions, 390
Seville, Spain, solar thermal, 394–95
shade, temperature, 52
shadow zone for sound, 250
Shakespeare Books, Paris, 88n16
shaking makes waves, 283
Shannon, Claude, 284
Shannon’s information theory, 284–85, 285n,
417
sharpshooter beetles, 289
shattering glass by cooling, 48–50
shear wave, 261–62
Shelley, Mary, 210
Shockley, W., 424n
Shoemaker-Levy (comet), 2
short range of magnetism, 215
short-wavelength IR, 333
Shugart, Howard, 58n
sickness as a chain reaction, 161

sidewalk cracks, 48–49
sidewalk, hot, 58
Sievert = 100 rem, 114
Sievert, Rolf, 114n7
Silent Service, 254–55
silicon, amorphous, 416
silver halide, 293
silver, as an investment, 293
simultaneity, 457
siren (ambulance), 268
Sisyphus, 325n
size of atom, 40
skin, dead layer, 137
skull x-ray, 347
Skunk Works, The (Ben Rich), 53
skyhook, 93–94
sleeping near someone, radiation dose from,
127
sleeping under a clear sky, 331–32
sling and rock, 77
slinky, 241
slow light, 299–300, 453
slow neutrons, 177
smart rocks, 29
smoke and radar, 343
smoke detectors and radioactivity, 131
smokestack, remote sensing, 407
Smoot, George, 470n
sneeze recoil, 93
snopes.com, 162
snow (on CRT screen), 42
soap bubble, 428
Society for the Prevention of Cruelty to
Animals (SPCA), 230
sodium azide in airbags, 57
sodium-24, 129
SOFAR, 240–41, 252–54, 260
solar cells, 23, 395, 404; amorphous, 396;
auto race, 23; efficiency, 22–23, 395
solar cells, concentrator, 395–96, 416; indium,
396; photoelectric effect, 416; SIGS, 396;
solar eclipse, viewing, 338
solar power, 22, 23, 394; myths, 23; light, 288,
408
solar system, 140, 467, 469, 479
solar thermal power, 394
solenoid, 217
solid center of Earth’s core, 264
solid, liquid, gas, plasma, 54–55
solids and sound, 244
solvent, CFC, Freon, 340
sonar (bats and submarines), 351–53
SOSUS (SOund SUrveillance System), 254–55
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sound, 243; bends, 249–50; -cancelling
earphones, 268; distant 250; evening, 250;
in liquids and solids, 244; in morning vs.
evening, 251; of passing car (Doppler shift),
269; perception, 244; shadow zone, 250; in
science fiction, 245; speed, 30, 41, 244–45,
255–56; sensation, 268; as a wave, 241–42;
wavelength, 269
sound channel, 241–42, 250–55, sound
channel explained, 252
sound wave imaging, 351
South Africa, coal to diesel, 388
south pole of a magnet, 212
South Pole ozone hole, 339
space (chapter 3), 72–101
space shuttle Columbia, 47; mass and
efficiency, 93
space-time continuum, 481
space, curved and created in the Big Bang?,
480–81
spark plug, 58
sparkle of diamonds, 301
sparks, finger, 208–9; Tesla coil, 226
speaker magnets, 217
spear fishing, 304
Special Ops, 333
special theory of relativity, 444
spectra, origin of term, 302
spectral lines and fingerprints, 406–8
spectral lines and expansion of the Universe,
475
speed and auto mileage, 84
speed of earthquake, 261
speed of light and energy, 29
speed of light in materials, 299; in vacuum
always c, 449–50, 454–55
speed of sound, 244
speed of time, 459
spin of electron, 214–15
Spindel, Robert, 254
spinning and momentum, 100
spiritual energy, 16
spontaneous fission, 138
sports, to lose weight, 26
spread of waves, 271, 310; formula, 272; laser,
411
sperm whales, diving, 97
spy plane heating, 53
spy satellite, 79, 282, 310–11, 417
square law for kinetic energy, 29
square root of -1, 456
SR-71, 53–54
SST (sea-surface temperature), 99, 332

stables, cleaning, 26n
stadium, compared to atom, 109
stages, for rockets, 93
Stalin, 257
star temperature from color, 328
Star Trek: The Motion Picture (1979), 130n
Star Wars movie light saber sound, 268
star, 141–142; twinkles, 310
starlight scope, 418
states of matter, 55
static electricity, 208
statistical fluctuations, 118
Statue of Liberty, 27
statue, clean with laser, 413
stealth for radar, 298–99, 334
steam engine, 17
steel and sound, 244–45
steel, thermal expansion, 49n
stimulated emission, 409–10
stinger missile, 334
STM (scanning tunneling microscope), 108–9,
434
Stockholm, radiation from Chernobyl, 119
stockpile, nuclear weapons, 176
stop sign looks bright, 308
storm surge, 99
streamling autos, 84
stress, measured with polarizers, 314–15
stretching an interval (music), 268
string theory, 110, 203, 215, 481
strontium-90 fallout, 128, 174, 182
submarine: buoyancy, 97; detection, 255;
electric power, 8; engine, 59; hull crush
depth, 97; magnetism, 221; nuclear power,
176; sonar and sound, 351–55
successful treaty, Montreal Protocol, 341
sucking of a black hole, 73
sugar cane biofuel, 392
Sun, 22, 44, 288; and black holes, 73, 89, 479;
distance from Earth, 468; energy from
fusion, 138; heat to ignite fusion, 142;
interior from sound, 245; origin, 467, 479;
power 1 kW per square meter, 22; radiation,
326, 329; is a secondary star, 140; spectrum,
407, 408; sunlight, mixture of colors, 288;
temperature, 52, 142; tunneling for fusion,
435; UV, 337; your weight on, 73; is white
hot, 327
sunburn and UV, 337
sunglasses, 313–14; 337
superconductor, 205–6, 404, 425–26; electric
current limit, 207; levitation, 227; magnet,
217–18; repelled by magnet, 226; high
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superconductor (Cont.)
temperature, room temperature, 206, 227,
426
Superman and x-rays, 125
supermarket laser, 410, 412, 422
supernova: to disperse elements, 479; to
measure size of Universe, 476; origin of Sun,
127, 467–68, 489–91
superstring theory, 215, 481
surge, in hurricane, 99
surprises, gravity, 72
surveying using laser, 412
sustainable solar power, 22
sustained chain reaction, 176; laser, 410
sweater, to save energy, 391
swimming pool illusion, 303–4
switches in computer, 424
synthetic aperture radar (SAR), 343–44
Szilard, Leo, 165
T to the 4th law, 329, 371n
T-hot and T-cold, 60
table of elements (fig. 2.1), 40
tachyon, 455–56; and free will, 457
Talbot, William, 293
Taliban, 13; spying on, 334
Tans, Pieter, 51n
tau neutrino, 454
technical jargon, 16
telephone, 204; and microwaves, 343
telescope, 309; resolution, 272, 282; Keck and
Hubble, 309
temperature, 39, 43, 47, 53; 0 C at boiling?,
45n13; atmospheric vs. altitude (fig. 7.8),
256; body, 46; conversion, absolute to
Celsius, 47; of Earth, 332, 362–63, 381–82;
of Earth, 1950 to now, 363; for fusion,
141–42; from IR, 333–34; measured using
photography, 350; and pressure of a gas,
56–57; and radiation, 326–27; scales, 45; in
shade and sun, 52; unit conversion, 45;
zeroth law - things reach the same, 44
temperature inversion and sound, 250–52
tensor, 458
tent, dew prevention, 331
teraton, 30
terawatt, 20
Terminator, The (movie, 1984), 458
terrorism, funding with oil, 388
terrorist bomb, 56, 173–74; dirty bomb, 124
Tesla coil, 226
Tesla Roadster, 8–9
Tesla-Edison dispute, 229

Tesla, Nikola, 226, 228–29
testing of nuclear weapons, 176
theory of everything, 481
theory of relativity. See relativity
thermal contraction, 53
thermal expansion, 48–49, 51, 53
thermal neutrons, 177
thermal power, 329
thermal radiation, 326
thermodynamics, 18; zeroth law, 43, 47, 53,
63; second and third laws, 61, 63
thermography, 350
thermometer, 45, 51–53
thermometer records, climate, 365
thermonuclear (H) bomb, 172–73
third (musical interval), 267
third law of thermodynamics, 63–64
Thompson, William (Lord Kelvin), 46, 139
Thomson, J. J., 126
thorium in crust of the earth, 134
Three Mile Island accident, 186–88, 393
three-dimensional movies. See 3-D movies
threshold, 117
thunder and sound speed, 41
thunderhead, 340
thunderstorms, 98–99
thyroid cancer, Chernobyl, 120
thyroid imaging using PET, 349–50
tidal wave, 247–48
tight lids, 50
Tijuana, 324–25, 331
tiles on shuttle, 48
time, 443; arrow, pace, speed of, 459;
beginning of, 459; changes with altitude,
458; dilation, 445; dilation and GPS,
458–59; direction of, 64, 443; experienced
by photon, 454; looking backwards, 474;
philosophical questions, 459; stop, 459;
time travel, 443, 457; twin effect, 444;
universal?, 447; and velocity, 445–47
TNT (trinitrotoluene), 2, 55–57; vs. cookies, 3,
6; energy, 5, 207; vs. gasoline, 13; vs.
plutonium, 171; power compared to laser
pulse, 414; and uranium, 155; vs. uranium
energy, 14
Tokamak fusion, 142, 198
tomography, 349
tongue sensing electricity, 208
Tonks, L., 55n
tooth whitening with laser, 413
Topsy, electrocuted elephant, 230
tornadoes vs. time, 376
torque, 100–101
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Tower of Babel, 94n
Townes, Charles, 410, 415
toxicity of plutonium, 179
Toyota Prius, 9
traffic light LEDs, 22, 422
trains, levitated, 227
transformer, 212, 225–30,
transistor, 404, 420–24; capability chain
reaction (Moore’s law), 163; invention of,
424n; at low temperature, 42; radio, 163
transmission line, electric, 206; losses, 395
transverse waves, 245–46
treaty success, Montreal Protocol, 341
tree branches and doubling rule, 165
tree, keeps you warm, 332
trees, drunken, 377
trinitrotoluene (TNT), 2, 55–56. See also TNT
triode, semiconductor, 421
tritium, 111, 128; in bomb, 172; in watch, 137
tritium, half life of, 128
tritone (music), 268
tropopause, 98–99, 156
Truman, Harry, 167
Tsp vs. tsp in cooking, 4n2
tsunami, 247–48, 265
tub draining spin, 100
tube, vacuum, 423
tulip price bubble, 303
tungsten bulb (lightbulb, incandescent lamp),
21; amps, 203; radiation, 326, 329; reddish
light, 330; symbol of invention, 229; watts,
211
tuning a musical instrument, 267
tuning fork beats, 267
tunneling, 134, 433–35; across lightspeed, 457
tunneling, origin of radioactivity, 134
turbine, 21, 59
TV: display (flat screen), 315, 422; radio wave,
342; satellite, 77–78; screens and LEDs,
315, 422; waves, 242; wavelength, 286;
x-rays, 345
twin effect, 446
twinkling of stars, 310
twins and time, 444
tzhu shih, 213
u quark, 203
U-235, 155; centrifuge enrichment, 169; chain
reaction, 154; energy, 14; enrichment, 167;
and Hiroshima, 168; and nuclear bomb,
166; in nuclear reactor, 176
U-238: depleted uranium, 180; in nuclear
reactor, 178

U-239, 178
U.S. energy resources, 386–87
U.S. stockpile of nuclear weapons, 176
UAE fossil fuel reserves, 387
UAV (unmanned air vehicle), 24, 334
UFOs (chapter 7), 239–72, 66, 239, 255–59
Ukraine nuclear accident, 118–19. See also
Chernobyl
ultrasonic cleaners, 351
ultrasound, 123, 351; imaging, 351
ultraviolet, 336; black light and Halloween,
336; and DNA, 337; frequency and
wavelength, 286, 342; germidical lamps,
337; and ozone, 338; purify water, 337;
rock identification, 336; and sunburn, 337;
and white clothing, 336–37
UN Framework Convention on Climate
Change, 388
unanswerable questions, 290
uncertainty principle (Heisenberg), 404,
430–33, 436; in energy, 431
unification of forces, 481
unified field theory, 481
United States: average power, 20; Bureau of
Alcohol, Tobacco, and Firearms, 108, 133;
CO2 emissions, 389; energy use, 384; volts
used, 207
Universe (chapter 13), 467–82; acceleration of,
476; age of, 477; black hole?, 89; center of,
475–76; creation of, 476; death, 45;
expansion of, 269, 474–75; finite?, 480;
mass of, 472; nature of early, 477–78
unpolarized light, 312
UNSCEAR (UN committee), 123
uranium 235, 155; centrifuge enrichment, 169;
chain reaction, 154; energy, 14; enrichment,
167; and Hiroshima, 168; and nuclear
bomb, 166; in nuclear reactor, 176
uranium, 5, 14, 111; bomb, 166 (see also
nuclear bomb); chain reaction, 154; in crust
of the earth, 134; depleted, 180; detection
with x-ray, 347; energy, 5; enrichment in
North Korea, Libya, 170; enrichment using
centrifuge, 168; fuel for nuclear reactor,
181; half life, 128; isotopes, 111, 154n5; in
nuclear reactor, 176; purification, 87;
reprocessing, 178; significant amount for a
bomb, 155; vs. TNT, 14
Uranus magnetism, 222
urban legends in physics, 161, 180, 340
USS Alabama, 97
UV (ultraviolet), 336; black light and
Halloween, 336; and DNA, 337; frequency
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UV (ultraviolet) (Cont.)
and wavelength, 286, 342; germicidal
lamps, 337; and ozone, 338; purify water,
337; rock identification, 336; and sunburn,
337; and white clothing, 336–37
UV waterworks, 337n
v = fL, 248, 269, 283
v = HR (Hubble’s Law), 475
v ≈√L (for deep water waves), 246
v = 3.13√D (for shallow water waves), 247
vacuum: created in Big Bang?, 481; nature of,
47; a new name for Aether, 242; waves in,
242; vibration of, 283
vacuum tube, 423–24, 423n
vacuum vibration, 283
valves, in automobile engine, 59
Van de Graaff generator, 208–9
variations in climate, 380
vector velocity, 86n11
velocity: after 1 g for 1 year, 88; of the Earth,
470; escape of, 44, 81; of massless particle,
453; to orbit and to escape, 81; relative,
448–49; and time, 445; is a vector, 86n11
Venezuela fossil fuel reserves, 387
vents in deep sea, 138n30
Verrazano-Narrows bridge, 49
vertical polarization, 312–13
Vesta and Ceres (asteroids), 94
vibration energy and temperature, 43
vibration of the vacuum, 283
Victoria, Queen, 46n15
videotape, 220
viper, pit, 334–35
virus chain reaction, 161
visible band of light, 326–27, 342
volatile gases escape in nuclear meltdown,
186
volcanic ash and potassium argon dating, 224
volcanic eruptions and climate, 369
volcanic eruptions undersea, 97
volcanoes from radioactivity, 133–34
Volkswagen Beetle, 61
Volt, eV, 207
Volta, 140n
voltage: change, 212; transformer, 225
volts, 207; European, 211; typical, 207
Voyager spacecraft, 130
wake of airplane, 95
wall hit you (in Earthquke), 261
wall-plug hybrid, 9
war on terror, funding both sides?, 388

Ward, Peter, 474
warhead interception, 29
warming, global (chapter 10), 363–90; part
not due to humans, 383
warticle, 430
waste, nuclear, 126, 182–84
watch, demagnetizing, 219
watch, radioactive, 136
water (H2O), 39; boiling and freezing, 45–46;
calorie definition, 18; compared to other
waves, 244, 262; damage from, 99; fuel for
fusion, 142; and greenhouse effect, 373; and
life, 479; index of refraction, 302–4;
peculiar behavior at low temperature, 53;
polarizes light, 314; and rainbow, 304–5;
and sound, 244–45; surface waves on, 246;
thermal expansion of, 51; UV to purify, 337,
vapor, detected by satellite, 333; vapor as a
greenhouse gas, 371; wave, 241, 246–47;
wave quantization, 429
wateron, 429
watt, 19; electric power, 209; in house, 211
Watt, James, 17, 19
watt-hour (Wh), 4
Watts-Bar nuclear power plant, 393
waves (chapter 7), 239–72; bend, 249,
270–71; bounce, 242; cancel and reinforce,
265–67; channel, 253; crest of, 246, 270;
electromagnetic, 216, 242; electron, 405;
energy in transport, 242–44; equation, 248,
269, 283; frequency, 248; longitudinal and
transverse, 246; packet, 404, 409, 430–32,
246; period, 248; particle duality, 404,
428–30; quantized, 429; sound, 242; spread,
271–72; in vacuum, 242. See also
wavelength
wavefunction, 430n
wavelength, 246, 270; and frequency, 342; of
colors, 286; and heat radiation, 327; of
light, 283–84, 326; of sound, 269
we own the night, 333
weak force, origin of radioactivity, 134–35
weakly interacting massive particles (WIMPs),
472
weapon, gasoline, 125
weapon, laser, 413
weapon, nuclear. See nuclear bomb
weather balloon (cover story), 239, 258
weather fronts under water, 255
weather satellite, 77–78, 332–33
wedges, to solve CO2, 397
weight, 28n, 73, 93; of air = air pressure, 97;
losing, 25–26; vs. mass, 73; on Moon,
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Jupiter, Sun, 73; weightless in falling
elevator, 72–75
Weissman, Alex, 25n
Westinghouse, George, 230
whales, 97; songs sung by, 254; and sound
channel, 241, 253
wheat and chess board, 153–54
whisker, of cat, 421–22
white from RGB, 315
white hot, 327
white in the infrared, 328
white light, 286–88
white roofs, 328
white, false, from computer screen, 288
white, from light bulb, 330
whiter than white, 336–37
Who’s on first?, 17
Wichmann, Eyvind, 242n
Wien displacement law, 327n
wild beast hunting at night, 251
Wilson, Charles, 112
Wilson, Robert, 478
WIMPs, 472
wind power, 26–28, 393–94
windburn, 337–38
windmill, wind turbine, 26–28, 393–94; not a
heat engine, 59n26
windows, double paned, 391
wing and helicopter blade, 95
wire for electricity, 204; in magnetic field, 221,
214
wood floats, 95
Woolworth Building and glacier (fig. 10.3),
368
World average power, 20

World Meteorological Organization, 364
World Trade Center, 49, 125
World War II: finding submarines, 221;
German nuclear program, 111; and nuclear
bomb, 166, 168; and radar, 343; rescuing
pilots, 240–41, 252–54
X-prize, 72–73, 83
x-ray, 112, 125, 342, 345; backscatter,
352–53; from black hole, 479; to find
bombs, 347; and CAT scan, 348–49;
chest, 122; dental, 115, 122, 345; energy
in, 420; energy of quantum, 345; frequency and wavelength, 342; of hand,
345–46; in hydrogen bomb, 173; images,
346; laser, 410; lead shield, 122; military
applications, 347; and pregnancy, 123;
quantum physics, 419; radiation dose of,
122; of skull, 347; not from tunneling, 434;
from TV, 345; vision, 125; wavelength of,
286
xenon atoms visible, 108–9, 435
Xerox machines, 404, 419
yellow, magenta, cyan, 290
Yosemite, 309
young, looking, 307
Yucatan, 80
Yucca Mountain nuclear waste, 183–85
zero rest mass, 453; can’t decay, 454
zero, absolute temperature, 46
zeroth law of thermodynamics, 43, 47, 52–53,
63
zircon, index of refraction, 302

For general queries contact webmaster@press.princeton.edu.

517

