Appendix A: Units of Measuremént

The units of measurement primarily used in this
book are those used by scientists throughout the
world—the International Systemn of Units, or SI
(after the French name, Systéme International).
SI units are the outgrowth of the metric system
of units. While familiar to scientists, many SI
units are not generally familiar to students in
high school. The SI units used in this book are
the following.

Meter
The meter (m) is the SI unit of length. The stan-
dard of length for the metric system originally
was defined in terms of the distance from the
North Pole to the equator. This distance is close
to (or was thought to be at the time) 10 million
meters. So one meter equals one ten-millionth of
the distance from the North Pole to the equator.
A more exact definition is that one meter equals
the length of the path traveled by light in a vac-
uum during a time interval of Yesars24s8 of a
second.

Common SI length units based on the meter
are the centimeter, millimeter, and kilometer.

1 centimeter (cm) = Yica meter

1 millimeter (mm) = Yio0o meter

1 kilometer (km) = 1000 meters

Kilogram
The kilogram (kg), the SI unit of mass, is defined
as the mass of a block of platinum preserved at
the International Bureau of Weights and Mea-
sures in France. The kilogram originally was de-
fined as the mass of one liter (1000 cubic cen-
timeters) of water at the temperature at which it
is most dense (now known to be 4° Celsius). (The
mass of a one-pound object is equal to 0.4336
kilogram.)

Other common mass units are the gram and
milligram.

1 gram (g) = ¥io0o kilogram

1 milligram {(mg) = Y1000 gram
i oco oo kilogram

Second

The second (s) is the SI unit of time. Until 1956
the second was defined in terms of the mean so-
lar day, which was divided into 24 hours. Each
hour was divided into 60 minutes and each min-
ute into 60 seconds. Thus there were 86 400 sec-
onds per day, and the second was defined as
Vas 400 of the mean solar day. This was found to be
unsatisfactory because the rate of rotation of the
earth is gradually becoming slower. In 1956 the
mean solar day of the year 1900 was chosen as
the standard on which to base the second. Since
1964, the second has been officially defined as
the time taken by a cesium-133 atom to make
9 192 631 770 vibrations.

Newton

The newton (N), the SI unit of force, is named
after Sir Isaac Newton. One newton is the force
required to give an object with a mass of one
kilogram an acceleration of one meter per sec-
ond squared. (One newton is approximately
equal to 0.2 pound.)

Joule

The joule (J), the SI unit of energy, is named after
James Joule. One joule is equal to the amount of
work done by a force of one newton acting overa
distance of one meter. For heat energy, the joule
replaces the calorie. (One calorie is equal to
4.187 joules.)

The unit for power is derived from the unit for
encrgy. Power is the rate at which energy is ex-
pended. Work done at the rate of one joule per
second is equal to a power of one watt (W). The
kilowart (kW) equals 1000 watts. From the defi-
nition of power, it follows that energy can be
expressed as the product of power and time.
Electric energy is often expressed in units of
kilowatt-hours (kWh), where

1 kilowatt-hour = 3.60 x 10° joules
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Ampere

The ampere (A), the SI unit of electric current, is
named after André Marie Ampére. In this text
the ampere is defined as the rate of flow of one
coulomb of charge per second, where one cou-
lomb is the charge of 6.25 x 10 electrons. The
official definition of the ampere is the intensity
of constant electric current maintained in two
parallel conductors of infinite length and negli-
gible cross section that when placed one meter
apart in a vacuum would produce between them
a force of 2 X 10~7 newton per meter of length.

Kelvin

The kelvin (K), the SI unit of temperature, is
named after the scientist Lord Kelvin. The kelvin
is defined as Y%7s.16 of the temperature change
between absolute zero (the coldest possible tem-
perature) and the triple point of water (the fixed
temperature at which ice, liquid water, and
water vapor coexist in equilibrium). Tempera-
tures are expressed in kelvins, and not in “de-
grees kelvin.” On the Kelvin scale, absolute zero
is 0 K. The temperature of melting ice at at-
mospheric pressure is 273.15 K, the triple point
of water is 273.16 K, and the temperature of
pure boiling water at atmospheric pressure is
373.15 K.. There are 100 kelvins between the
melting and boiling points of water, just as there
are 100 Celsius degrees between these points.
Kelvins and Celsius degrees have the same spac-
ings on the temperature scale.
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Measurements of Area and Volume

Area Area refers to the amount of surface. The
unit of area is the surface of a square that has a
standard unit of length as a side. In the SI sys-
tem it is a square with sides one meter in length,
which makes a unit of area of one square meter
(1 m?). A smaller unit area is represented by a
square with sides one centimeter in length,
which makes a unit of area of one square cen-
timeter (1 cm?).

The area of a rectangle equals the base times
the height. The area of a circle is equal to wr?,
where 7 = 3.14 and r is the radius of the circle.
Formulas for the surfaces of other shapes can be
found in geometry textbooks.

Volume The volume of an object refers to the
space it occupies. The unit volume is the space
taken up by a cube that has a standard unit of
length for its edge. In the SI system, it is the
space occupied by a cube whose sides are one
meter. This volume is one cubic meter (1 m? and
is a relatively large volume by everyday stan-
dards. A smaller unit volume is the space oc-
cupied by a cube whose sides are one centimeter.
Its volume is one cubic centimeter {1 cm?), the
space taken up by one gram of water at 4°C.

A liter (L) is equal to 1000 cm?, and is a com-
mon measure of volume for liquids.



Appendix B: Working with Units in Physics

A quantity in science is expressed by a number
and a unit of measurement. Quantities may be
actual measurements, or they may be obtained
by performing calculations on measurements.
Quantities may be added, subtracted, multi-
plied, or divided. There are rules for handling
both the numbers and the units of measurement
during these mathematical operations.

Addition

When you add quantities, all must have the
same units. Add up the numbers. The sum has
the same unit as well.

Example:
@m)+{8m+(3m)=15m

Subtraction

When you subtract one quantity from another,
both must have the same units. Subtract the
numbers. The difference has the same unit.

Example:
(5.2s5)—(38s)=14s

Multiplication
Quantities that are multiplied together need not
have the same units. Multiply the numbers.
Multiply the units just as if they are algebraic
variables.

When full names of units are used, use a hyphen
between the units that are multiplied together.

Example:
(3 newtons) X (2 meters) = 6 newton-meters

When symbols are used, use a raised dot
between the unit symbols that are multiplied
together.

Example:
(3N)X (2m)=6Nm

When the units being multiplied are the same,
the product is called the square (or cubic) unit.

In symbols, a raised 2 after the unit symbol is
used for the square. A raised 3 after the unit
symbol is used for the cubic unit. These raised
numerals are known as exponents.

Examples:
(3 meters) X (2 meters) = 6 meter-meters
= 6 square meters

BmXx2m)=6mm=6m?

(3 meters) X (2 meters) X (4 meters)
= 24 meter-meter-meters
= 24 cubic meters

3m)Xx2m) X @4m)=24mmm = 24m?

Division
Quantities that are divided by each other need
not have the same units. Divide the numbers.
Divide the units as though they are algebraic
variables.

When the units are full names, use the word
per after the unit that is being divided.

Example:
{100 kilometers) + (2 hours)

_ 100 kilometers
2 hours

= 50 kilometers per hour

When the units are symbols, use a slash after
the unit symbol that is being divided.

Example:
: _ 100 km
{100 km) + (2 h) = 2T
= 50 km/h

When both units are the same, they “cancel”
out and do not appear in the quotient.

Example:
] _ bmr
(6m)+ (B m)=—=_—
=2
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Complicated Multiplication

and Division

In multiplication, when the quantities have
units which are quotients of units, treat them as
algebraic variables. Identical units in the numer-
ator and denominator may be “canceled” out.

Example;
(25 meters per second) X {6 seconds)

= (25 %) X {6 seconds)

meters-secends”
secemd”

25%x6

150 meters

(25 m/s) x (6 s)

(25%) X (6 5)
- 25 xsmT"‘

130 m

I

In division, when the quantities have units
which are quotients of units, it is easiest to ex-
press the division in numerator and denomina-
tor form. That is, the number to be divided is the
numerator (top value) and the divisor is the de-
nominator (bottom value). Divide the numbers.
Treat units as algebraic variables.

Examples:
(8.2 meters per second) + (2.0 seconds)

8.2 meters per second
2.0 seconds

8.2 meters

0 second-second
1

2
= 4.1 meters per second squared

8.2 m/s
20s

82 m
20 ss

= 4.1 m/s®

(8.2 m/s) + (2.0s) =

Appendixes

Note that when second is multiplied by itself in
the denominator, it is changed to per second
squared (and not to per sqguare second). Similarly,
the symbols “m/s*” are read as “meters per sec-
ond squared.”

Scientific Notation
It is convenient to use a mathematical abbrevia-
tion for large and small numbers. The number
40 000 000 can be obtained by multiplying 4 by
10, and again by 10, and again by 10, and so on
until 10 has been used as a multiplier seven
times. The short way of showing this is to write
the number 40 000 000 as 4 x 107

The number 0.0004 can be obtained from 4 by
using 10 as a divisor four times. The short way of

.showing this is to write the number 0.0004 as

4 x 107* Thus,
2x10°=2x10x 10 X 10 X 10 x 10 = 200000
5x 1073 = 5/(10 x 10 x 10) = 0.005
Numbers expressed in this shorthand manner

are said to be in scientific notation.

1000000 = 10X 10x10x 10x 10x 10 = 10

100000 = 10 x 10 x 10x 10 x 10 = 10°®
10000 = 10x 10 x 10x 10 = 10*
1000 = 10x10x 10 = 103
100 = 10 x 10 = 102
10=10 =10
1=1 = 10°

0.1 = Voo = 10!
0.01 = Vigo =10"*
0.001 = Y ooo =107
0.0001 = Yioo00 =10~
0.00001 = Y00 000 =10
0.000001 = ' ooo oco = 10-¢

We can use scientific notation to express some of
the physical data often used in physics.
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“Table B-1 Snmemmurm Values in Physics -

Speed of ight in a vacuum = 2.9979 ~ 10" nvs

Average earth-sun distance (1 astronomical umt (A.U))
Average earth-moon distance
Average radus of the sun

150 < 10" m

- 384 Xx10°m

696> 10" m

Average radius of Jupiter = 714 = 10" m
Avcrage radius of the earth = 637 X 10°m
Average radius of the moon = 174 X 10*m
Average radius of the hydrogen atom = 5 x 107" m
Mass of the sun = 1,99 x 10 kg
Mass of Jupiter = 1.90 % 107 kg
Mass of the earth = 598 x 10" kg

Mass of the moon
Proton mass
Neatron mass
Electron mass
Electron charge

736 x 10* kg
16726 x 10" " kg
16749 x 107 kg
91 x 10" kg
1602 x 10°°C




Appendix C is a continuation of the material in
Chapter 6, “Vectors,” and Chapter 27, “Light.”
One of the most fascinating illustrations of the
vector approach to looking at things is the sail-
boat—how it sails in directions other than with
the wind, and even into the wind. Understand-
ing the role of vectors in sailing is a bit more
complicated than in other examples treated in
Chapter &, so it is set aside here for more careful
study.

Another striking illustration of vectors in-
volves the vector nature of light and its behavior
in passing through polarization filters. The vec-
tor treatment of light here is a continuation of
Chapter 27. Vector explanations for both the
sailboat and the transmission of light through
polarizing filters involve a blend of geometry
and physics.

The Sailboat

Sailors have always known that a sailboat can
sail downwind (in the same direction as the
wind). The ships of Columbus were designed to
sail only downwind. Not until modern times did
sailors learn that a sailboat can sail upwind
(against the wind). It turns out that many types
of sailboats can sail faster “cutting” upwind
than when sailing directly with the wind. The
oldtimers didn’t know this, probably because
they didn’t understand vectors and vector com-
ponents. Luckily, we do, and today’s sailboats
are far more maneuverable than the sailboats of
the past.

To understand all this, first consider the rela-
tively simple case of sailing downwind. Figure
C-1 shows a force vector F due to the impact of
the wind against the sail. This force tends to in-
crease the speed of the boat. If it were not for re-
sistive forces, mainly water drag, the speed of
the boat would build up to nearly the speed of
the wind, (It could be pushed no faster than
wind speed because the wind would no longer
make impact with the sails. They would sag and
the force F would shrink to zero.) It is important
to note that the faster the boat goes, the smaller
will be the magnitude of F. So we see that a sail-
boat sailing directly with the wind can sail no
faster than the wind.
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Fig. C-1

If the sail is oriented as shown in Figure C-2
left, the boat will move forward but with less in-
crease in speed for two reasons. First, the force F
on the sail is less because the sail does not inter-
cept as mich wind at this angle. Second, the
force on the sail is not in the direction of the
boat’s motion. It is instead perpendicular to the
sail’s surface. Generally speaking, whenever any
fluid (liquid or gas) interacts with a smooth sur-
face, the force of interaction is perpendicular to
the smooth surface. In this case the boat will not
move in the direction of F because of its deep
finlike keet, which knifes through the water and
resists motion in sideways directions.

F

Fig. C-2

We can understand the motion of the boat by
resolving F into perpendicular components, as
shown in Figure C-2 right. The important com-
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Fig. C-3

ponent is the one parallel to the keel and is
labeled A. Component A4 propels the boat for-
ward. The other component (B) is useless and
tends to tip the boat over and move it sideways.
The tendency to tip is offset by the heavy deep
keel. Again, maximum speed can only approach
wind speed.

When a sailboat’s keel points in a direction
other than exactly downwind and its sails are
properly oriented, it can exceed wind speed. In
the case of cutting across at an angular direction
to the wind (Figure C-3 left), the wind continues
to make impact with the sail even after the boat
achieves wind speed. A surfer, in a similar way,
exceeds the speed of the propelling wave by
angling her surfboard across the wave. Greater
angles to the propelling medium (wind for the
boat, water wave for the surfboard) result in
greater speeds. Can you see why a sailcraft can
sail faster cutting across the wind than it can
sailing downwind?

As strange as it may seem to people who do
not understand vectors, maximum speed is at-
tained by cutting into (against) the wind—that
is, by angling the sailcraft in a direction upwind
(Figure C-3 right)! Although a sailboat cannot
sail directlyupwind, it can reach a destination up-
wind by angling back and forth in zigzag fashion.
This is called tacking. As the speed increases, the
wind impact, rather than decreasing, actually
increases. (If you run outdoors in a slanting rain,
the drops will hit you harder if you run intp the
rain than away from the rain!) The faster the
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boat moves as it tacks upwind, the greater the
magnitude of F. Thus, component A will con-
tinue pushing the boat along in the forward
direction. The boat reaches its terminal speed
when opposing forces, mainly water drag, bal-
ance the force of wind impact.

Icecraft which are equipped with runners for
sliding on ice encounter no water drag. They can
travel at several times wind speed when they
tack upwind. Terminal speed is reached not so
much because of resistive forces but because the
wind direction shifts relative to the moving
craft. When this happens, the wind finally moves
parallel to the sail rather than against it. This
appendix will not go into detail about this com-
plication; nor will it discuss the curvature of the
sail, which also plays an important role.

The central idea underlying sailcraft is the con-
cept of vectors. It was this concept that ushered
in the era of clipper ships and revolutionized the
sailing industry. Sailing, like most things, is more
enjoyable if you understand what is happening.

The Vector Nature of Light

Recall from Chapter 27 that light is electromag-
netic energy that travels as a transverse, elec-
tromagnetic wave. The wave is made up of an
oscillating electric field vector and an escillating
magnetic field vector that is at right angles to
the electric vector (Figure C-4 on the next page).
Tt is the orientation of the electric vector that de-
fines the direction of polarization of light.
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ELECTRIC VECTOR

MAGNETIC
VECTOR
-

DIRECTION OF

LIGHT TRAVEL
Fig. C-4

The electric vectors in waves of light from the
sun or from a lamp vibrate in all conceivable
directions as they move. Such light is non-
polarized. When the electric vectors of the waves
are aligned parallel to each other, the light is
considered to be polarized. Light can be polar-
ized when it passes through polarizing filters.
The most familiar are Polaroid sunglasses. Regu-
lar light incident upon a polarizing filter emerges
as polarized light.

Think of a beam of nonpolarized light coming
straight toward you. Consider the electric vec-
tors in that beam. Some of the possible direc-
tions of the vibrations are as shown in Figure C-5
left. There are as many vectors in the horizontal
direction as there are in the vertical direction,
since the light is nonpolarized. The center sketch
shows the light falling on a polarizing filter with
its polarization axis vertically oriented. Only
vertical components df light pass through the
filter, and the light that emerges is vertically
polarized, as shown on the right.

.

Figure C-6 shows that no light can pass through
a pair of Polaroid sunglasses when their axes are
at a right angle to one another, but some light
does pass through when their axes are at a non-

Fig. C-5
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right angle. This fact can be understood with
vectors and vector components.

Recall from Chapter 6 that any vector can be
thought of as the sum of two components at
right angles to each other. The two components
are often chosen to be in the horizontal and ver-
tical directions, but they can be in any two per-
pendicular directions. In fact, the number of sets
of perpendicular components possible for any
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vector is infinite. A few of them are shown for the
vector V in Figure C-7. In every case components
A and B make up the sides of a rectangle that
has V as its diagonal.

You can see this somewhat differently by
thinking of component A as always being ver-
tical and B as being horizontal, and picturing
vector V as rotating instead (Figure C-8). This
time the different orientations of V are super-
imposed on a polarizing filter with its polariza-
tion axis vertical. In the first sketch on the left,

HHRTY
|| il
il |
[t Ii
!! || i
|1 l l,l
ALL NONE
SOME. GETS
ET GETS
THROUGH THROUEH  1yroUGH
Fig. C-8

all of V gets through. As V rotates, only the ver-
tical component A passes through, and it gets
shorter and shorter until it is zero when V is
completely horizontal.

Can you now understand how light gets
through the second pair of Polaroid sunglasses
in Figure C-6? Look at Figure C-9, where for clar-
ity the two crossed lenses of Figure C-6 that are
one atop the other are instead shown side by
side. The vector V that emerges from the first
lens is vertical. However, it has a component A
in the direction of the polarization axis of the
second lens. Component A passes through the
second lens, while component B is absorbed.
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VERTICAL COMPONENT =
GETS THROUGH 157 LENS

Fig. C-9

/
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To really appreciate this, you must toy around
with a couple of polarizing filters, which you can
do in a lab exercise. Rotate one above the other
and see how you can regulate the amount of
light that gets through. Can you think of prac-
tical uses for such a system?

-r; Quiestion

Consider a pair ol polarizing Aliers crossed
s that no light gets through. I you plice a
third filter dr frome of the pair, still no light
gels thioueh! The same is true 3 vou place o
third filver i back of the pair. But if you sand-
wich athird Alter herweent the two with its po-
larization axis in a different direction from
the other two, hght does get through! (See
Figure 27-20 on page 394.) Magic? No, just
phiysics. Can you explain why this happens?

> Answer
Work on this one and doodle with vectors. If you
solve it, help your classmates if they've tried without

success and want help. As a last resort, ask your
teacher for help.




Appendix D: Exponential Growth and Doubling Time™

You can't fold a piece of paper in half, then fold it
again upon itself successively for 9 times. It gets
too thick to keep folding. And if you could fold a
fine piece of tissue paper upon itself 50 times, it
would be more than 20 million kilometers thick!
The continual doubling of a quantity builds up
astronomically. Double one penny 30 times, so
that you begin with one penny, then have two
pennies, then four, and so on, and you’'ll accumu-
late a total of $10 737 418.23! One of the most
important things we have troiible perceiving is
the process of exponential growth, and why it
proliferates out of control.

When a quantity such as money in the bank,
population, or the rate of consumption of a re-
source steadily grows at a fixed percent per year,
the growth is said to be exponential. Money in
the bank may grow at 8 percent per year; world
population is presently growing at about 2 per-
cent per year; the electric power generating ca-
pacity in the United States grew at about 7 per-
cent per year for the first three quarters of the
century. The important thing about exponential
growth is that the time required for the growing
quantity to double in size {increase by 100 per-
cent) is constant. For example, if the population
of a growing city takes 10 years to double from
10 000 to 20 000 people and its growth remains
steady, in the next 10 years the population will
double to 40 000, and in the next 10 years to
80 000, and so on.

* This appendix is adapted from material written
by University of Colorado physics professor Albert A.
Bartlett, who strongly asserts, “The greatest shortcom-
ing of the human race is man’s inability to understand
the exponential function.” Look up Professor Bartlett's
still timely and provocative article, “Forgotten Funda-
mentals in the Energy Crisis,” in the September 1978
issue of the American Journal of Physics, or his revised
version in the January 1980 issue of the Journal of Geo-
logical Education.

** For exponential decay we speak about half life, the
time for a quantity to reduce to half its value. An
example of this case is radioactive decay, treated in
Chapter 39.

632

There is an important relationship between
the percent growth rate and its doubling time,
the time it takes to double a quantity:**

69.2%
percent growth per unit time

- 70%
percent growth rate

doubling time =

This means that to estimate the doubling time
for a steadily growing quantity, we simply di-
vide 70% by the percentage growth rate. For ex-
ample, the 7-percent-per-year growth rate of
electric power generating capacity in the United
States means that in the past the capacity has
doubled every 10 years (since [70%1/[7%/year] =
10 years). A 2-percent-per-year growth rate for
world pepulation means that the population
of the world doubles every 35 years (since
[70%]/[2%/yecar] = 35 years). A city planning
commission that accepts what seems like a mod-
est 3.5-percent-per-year growth rate may not re-
alize that this means that doubling will occur in
20 years (since [70%])/[3.5%/year] = 20 years).
That means double capacity for such things as
water supply, sewage-treatment plants, and
other municipal services every 20 years.

Steady growth in a steadily expanding en-
vironment is one thing, but what happens when
steady growth occurs in a finite environment?
Consider the growth of bacteria that grow by di-
vision, so that one bacterium becomes two, the
two divide to become four, the four divide to be-
come eight, and so on. Suppose the division time
for a certain kind of bacteria is one minute. This
is then steady growth—the number of bacteria
grows exponentially with a doubling time of one
minute. Further, suppose that one bacterium is
put in a bottle at 11:00 a.m. and that growth

» Duestion
| When was the hortle Hall [ull?
L el
» Answer

At 11:59 a.m., since the bacteria will double in num-
ber every minute!
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continues steadily until the bottle becomes full
of bacteria at 12 noon. Consider the question at
the bottom of the previous page.

It is startling to note that at 2 minutes before
noon the bottle was only % full, and at 3 minutes
before noon only ¥ full. Table D-1 summarizes
the amount of space left in the bottle in the last
few minutes before noon. If bacteria could think,
and if they were concerned about their future, at
which time do you think they would sense they
were running out of space? Do you think a se-
rious problem would have been evident at, say,
11:55 a.m., when the bottle was only 3-percent
full (Y52) and had 97 percent open space {just
yearning for development)? The point here is
that there isn’t much time between the moment
the effects of growth become noticeable and the
time when they become overwhelming.

Tahle D-1 The last minutes in the bottle

e A e

Time Portion full Portion empty

11.54 am Yoo [ 15%) 5%s
1155am Ve ( 3 % 2 97 %
1156am. Y ( 6 %} ¥ 94 %)
1157am % (12 % % (88 %)
1158am. % (25 %) % {73 %)
1159am. ¥ (50 %) % (50 %)

12:00 noon Full (100 %) None ( 0 %)

(98.5%5)

Suppose that at 11:58 a.m. some farsighted
bacteria see that they are running out of space
and launch a full-scale search for new bottles.
And further suppose they consider themselves
lucky, for they find three new empty boitles. This
is three times as much space as they have ever
known. It may seem to the bacteria that their
problems are solved—and just in time.

= = _ ———
» Question
If the bacteria are able 10 migrate tw the
new bottles and their growth continues at the
same rate, what time will it be when the three
'| new botiles are filled o capacity?

> Answer
All four bottles will be filled tocapacityat 12:02p.m.!
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Table D-2 illustrates that the discovery of the
new bottles extends the resource by only two
doubling times. In this example the resource is

_Tlhl: D-2 Effects of :he_d*l;unwry
of three new bottles

Time Efiect

11:58 am. Bottle 1 is ¥ full, bacteria
divide into four bottles, each
s full

11:59 am.Bottles 1, 2, 3, and 4 are each
¥ full

1200 noon Botiles 1, 2, 3, and 4 are each
V3 full

12:01 pm.  Bottles 1,2, 3, and 4 are each
5 full

1202pm  Bottles 1,2, 3, and 4 are each
all hull

space—such as land area for a growing popula-
tion. But it could be coal, 0il, uranium, or any
nonrenewable resource.

Continued growth and continued doubling
lead to enormous mumbers. In two doubling
times, a quantity will double twice (2% = 4), or
quadruple in size; in three doubling times, its
size will increase eightfold (2* = 8); in four dou-
bling times, it will increase sixteenfold (2* = 16);
and so on.

| - - == — - - - —i3=3 e
\
>- "1
t 1
'-z- 8 STTE=ET T T - - ]
e !
T afroo - e
2|e e oo 5 DOUBLING TIMES!
TIME —

Fig. D-1 Graph of a quantity that grows at an expo-
nential rate. Notice that the quantity doubles during
each of the successive equal time intervals marked on
the horizontal scale. Each of these time intervals rep-
resents the doubling time.
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* Question

According to a Frepch nddle, a lily pond
starts with a sipyle leaf. Fach day the nuimber
of leaves Joubles, until the pond is com-
pletely full or the tiirticth day On what day
was the pord Lalf covered? One-quarter

covered?®
= |

This is best illustrated by the story of the court
mathematician in India who years ago invented
the game of chess for his king. The king was so
pleased with the game that he offered to repay
the mathematician, whose request seemed mod-
est enough. The mathematician requested a
single grain of wheat on the first square of the
chessboard, two grains on the second square,
four on the third square, and so on, doubling the
number of grains on each succeeding square un-
til all squares had been used. At this rate there

Fig. D-2 A single grain of wheat placed on the first
square of the chess board is doubled on the second
square, and this oumber is doubled on the third
square, and so on. There is not enough wheat in the
world for this process to continue to the 64th square!

> Answer
The pond was half covered on the 29th day, and was
one-quarter covered on the 28th day!

Appendixes

would be 2% grains of wheat on the sixty-fourth
square alone. The king soon saw that he could
not fill this “modest” request, which amounted
to more wheat than had been harvested in the
entire history of the earth!

As Table D-3 shows, the number of grains on
any square is one grain more than the total of all
grains on the preceding squares. This is true
anywhere on the board. For example, when four
grains are placed on the third square, that num-
ber of grains is one more than the total of three
grains already on the board. The number of
grains (eight) on the fourth square is one more
than the total of seven grains already on the
board. The same pattern occurs everywhere on
the board. In any case of exponential growth, a
greater quantity is represented in one doubling
time than in all the preceding growth. This is
important enough to be repeated in different
words: Whenever steady growth occurs, the nu-
merical count of a quantity that exists after a
single doubling time is one greater than the total
count of that quantity in the entire history of
growth.

S —

| " Table D-3 Filling the squarcs on '

the chesshoard
SR o i =

Square Grains Total grams
number o square thus far

1 1 1

2 2 3

3 4 = 2° 7

4 g§=2 15

5 16 = 2¢ 31

6 32 =12¢ 63

7 64 = 2° 127
64 263 264 1

The consequences of unchecked exponential
growth are staggering. It is very important to
ask: Is growth really good? Is bigger reaily
better? Is it true that if we don’t continue grow-
ing we will stagnate?
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This glossary gives meanings for all terms printed in boldface
within the text, and explains commonly used symbols as well.
The section reference at the end of each meaning is that of the
section where the term is introduced. '

A simple, phonetic spelling is given for the terms that may be
unfamiliar or hard to pronounce. CAPITAL LETTERS indicate
the syllable that receives the heaviest stress. Accent marks are
used when two syllables in a word are stressed; a lower-case
syllable followed by an accent mark receives the secondary
siress. The phonetic spellings are simple enough so that most
can be interpreted without referring to the following key,
which gives examples for the vowel sounds and for consonants
that are commonly used for more than one sound.

Pronunciation Key
a cat EW  Dew or for
ah father g  grass oW  DOW
ar car i,ih  him oy Dboy
aw walk i Kkite s 80
ay say j jam sh shine
ayr  air ng sing th  thick
e,ech  hen o hot u, ub  sun, forces
ee  meet 0 hole z zebra
eer deer 00  moon zh  pleasure
er her éo pull
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A The symbol for ampere. (342) Also, when in
lower-case italic, the symbol for acceleration. 24

aberration (ab-er-RAY-shun) The unavoidable distor-
tion in an image produced by a lens. (30.8)

absolute zero The temperature at which a substance
has no kinetic energy to give up. This temperature
corresponds to 0 K, or to -273°C. (21.1)

acceleration (ak-sei’-er-RAY-shun) The rate at which
velocity is changing. The change may be in magni-
tude, direction, or both. (2.4)

action force One of the pair of forces described in
Newton's third law. (5.2)

air registance The friction that acts on something
moving through air. (4.5)

alternating current (ac) Electric current that rapidly
reverses in direction, usually at the rate of
60 hertz (in North America) or 50 hertz (in most
other places). (34.7)

ampere (AM-peer) The SI unit of electric current.
One ampere (symbol A) is equal to a flow of one
coulomb of charge per second. (34.2)

amplitude (AMP-lih-tewd) The distance from the
midpoint to the crest of a wave or, equivalently,
from the midpoint to the trough. (25.2)

aneroid barometer (AN-er-oyd buh-ROM-uh-ter) An
instrument used to measure atmospheric pressure;
based on the movement of the lid of a metal box,
rather than the movement of a liquid. (20.4)

angle of incidence (IN-sih-dens) The angle between
an incident ray and the normal to a surface (see
Figure 29--3). (29.2)

angle of reflection The angle between a reflected ray
and the normal to a surface (see Figure 29-3).
(29.2)

angular momentum (mo-MEN-tumn) The “inertia of
rotation” of a rotating object, equal to the product
of rotational inertia and rotational velocity. (14.6)

apogee (AP-uh-jee) The point in an elliptical orbit
where an object is farthest away from the object
about which it orbits. (12.4)

apparent weightlessness The feeling of weight-
lessness that one has when falling toward or
around the earth (as in an orbiting spacecraft).
True weightlessness, however, requires that an ob-
ject be far out in space, where gravitational forces
are negligible. (11.3)

Archimedes’ principle (ark-uh-MEE-deez) The rela-
tionship between buoyancy and displaced fluid:
An immersed object is buoyed up by a force equal
to the weight of the fluid it displaces. (19.3)

astigmatism (ub-STIG-muh-tizm) A defect of the eye
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caused when the cornea is curved more in one di-
rection than in another. (30.7)

atom The smallest particle of an element that can
be identified with that element. It consists of pro-
tons and neutrons in a nucleus surrounded by
electrons. (17.1) '

atomic mass number The total number of nucleons
(neutrons and protons) in the nucleus of an atom.,
(39.4)

atomic number The number of protons in the nu-
cleus of an atom. (17.7, 39.4)

average speed The total distance covered divided by
the time interval, (2.2)

axis (AK-sis) The straight line about which rotation
takes place, (13.1)

barometer An instrument used for measuring the
pressure of the atmosphere. (20.3)

beats A throbbing variation in the loudness of sound
caused by interference when two tones of slightly
different frequencies are sounded together. (26 9)

Bernoulli’s principle (ber-NOQ-leez) The statement
that the pressure in a fluid decreases as the speed of
the fluid increases. (20.7)

bimetallic strip (bi-meh-TAL-ik} Two strips of dif-
ferent metals, such as one of brass and one of iron,
that are welded or riveted together; used in ther-
mostats. Because the two substances expand at
different rates, when heated or cooled they bend in
different directions. (22.1)

black hole A massive star that has collapsed to so
great a density that its enormous local gravita-
tional field prevents light from escaping and it
thus appears black. (11.6)

blue shift An increase in the measured frequency of
light from an approaching source; called the blue
shift because the increase is toward the high-
frequency, or blue, end of the spectrum. (25.9)

boiling The change of state from liquid to gas that
occurs beneath the surface of the liquid. The gas
that forms beneath the surface cecurs as bubbies,
which rise to the surface and escape. (24.4)

bow wave The V-shaped wave produced by an ob-
ject moving across a liquid surface at a speed
greater than the wave speed. (25.10)

Boyle'slaw The statement that the product of pres-
sure and volume for a given mass of gas is a con-
stant as long as the temperature does not change.
(20.5)

breeder reactor A nuclear fission reactor that not
only produces power but produces more nuclear
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fuel than it consumes by converting a nonfission-
able uranium isotope into a fissionable plutonium
isotope. (40.4)

Brownian motion The random movement observed
among microscopic particles suspended in a fluid
medium. (17.4)

buoyancy (BOY-un-see) The apparent loss of weight
of an object submerged in a fluid. (19.2)

buoyant force (BOY-unt) The net upward force
exerted by a fluid on a submerged object. (19.2)

€ The symbol for coulomb. (32.3) Also, when pre-
ceded by the degree symbol °, the symbol for Cel-
sius. (21.1}

cal The symbol for calorie. (21.5)

calorie (KAL-er-ee) A unit of heat. One calorie (sym-
bol cal) is the amount of heat required to raise the
temperature of one gram of water by 1°C. One Cal-
orie (with a capital C) is equal to one thousand
calories and is the unit used in describing the en-
ergy available from food. (21.5)

Celsius scale (SEL-see-us) A temperature scale in
which the number 0 is assigned to the tempera-
ture at which water freezes, and the number 100 is
assigned to the temperature at which water boils
(at standard pressure). (21.1)

center of gravity The point at the center of an ob-
ject's weight distribution, where the force of grav-
ity can be considered to act. (9.1)

center of mass The point at the center of an object’s
mass distribution, where all its mass can be con-
sidered to be concentrated. For everyday condi-
tions, it is the same as the center of gravity. (9.2)

centrifugal force (sen-TRIH-fuh-gul) An apparent
outward force experienced by a rotating body. It is
ficticious in the sense that it is not part of an inter-
action but is due to the tendency of a moving body
to follow a straight-line path. (13.4}

centripetal force (sen-TRIH-peh-tul) A center-
seeking force that causes an object to follow a cir-
cular path. (13.3)

chain reaction A self-sustaining reaction that, once
started, steadily provides the energy and matter
necessary to continue the reaction. (40.1)

charge The property to which is attributed the mu-
tual repulsion of two electrons or two pretons, and
the mutual attraction of an lectron and a proton.
Also, the sum of all the electron and proton
charges on an object (allowing for the cancelling
effect of equal numbers of like and unlike charges).
(32.1)
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chemical formula A description, in terms of num-
bers and of symbols for elements, of the propor-
tions of each kind of atom in a compound. (17.6)

circuit (SER-kit) Any complete path along which
charge can flow. (35.1}

coherent (k6-HEER-ent) Type of light beam in
which the waves all have the same frequency,
phase, and direction. Lasers produce coherent
light. (31.7)

complementary colers (kom’-pluh-MENT'-uh-ree)
Two colors of light beams which when added to-
gether appear white, (28.6)

component (kom-PO-pent) One of the vectors in dif-
ferent directions whose vector sum is equal to a
given vector. Any single vector may be regarded as
the vector sum of two components, each of which
acts in a different direction. (6.6)

compound A chemical substance made of atoms of
two or more different elements combined in a
fixed proportion. (17.6)

condensation (kon’-den-SAY’-shun) (a) The change of
state of a gas into a liquid; the opposite of evapo-
ration. (24.2) (b) In sound, a pulse of compressed
air (or other matter). (26.2}

conduction A means of heat transfer within certain
materials and from one material to another when
the two are in direct contact. It involves the trans-
fer of energy from atom to atom. (23.1)

conductor (a) A material through which heat can
flow. (23.1) (b) A material, usually a metal, through
which electric charge can flow. Good conductors of
heat are generally good conductors of charge.
(32.4)

conservation of charge The principle that net elec-
tric charge is neither created nor destroyed but
simply transferred from one material to another.
(32.2)

conserved Term applied to a physical quantity, such
as momentum, energy, or electric charge, that re-
mains unchanged after some interaction. (7.4)

constructive interference Addition of two waves
when the crest of one wave overlaps the crest of
another, so that their individual effects add to-
gether. The result is a wave of increased ampli-
tude. (25.7)

convection A means of heat transfer by movement of
the heated substance itself, such as by currents in
a fluid. (23.2)

converging lens A lens that is thickest in the middle
and that causes parallel rays of light to converge
to a focus. (30.1)
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cornea {(KOR-nee-uh) The transparent covering over
the eye. (30.6)

correspondence principle The principle that for
a new theory to be valid, it must account for the
verified results of the old theory in the region
where both theories are applicable. (16.4)

coulomb (KQO-16m) The S1 unit of charge. One
coulomb (symbol C) is equal to the total charge of
625 x 10" electrons. (32.3)

Coulemb's law The relationship among electrical
force, charges, and distance: The electrical force
between two charges varies directly as the product
of the charges and inversely as the square of the
distance between them. (32.3)

crest One of the places in a wave where the wave is
highest or the disturbance is greatest. (25.2)

critical angle The minimum angle of incidence at
which a light ray is totally reflected within a me-
dium. (29.12)

critical mass The minimum mass of fissionable ma-
terial in a nuclear reactor or nuclear bomb that
will sustain a chain reaction. (40.1)

crystal (KRIS-hil) A regular geometric shape found
in a 5olid in which the component particles are ar-
ranged in an orderly, three-dimensional, repeating
pattern. (18.1)

current See electric current.

density (DEN-sih-tee) A property of a substance,
equal to the mass divided by the volume; com-
monly thought of as the “lightness” or “heaviness”
of a substance. (18.2)

destructive interference Addition of two waves
when the crest of one wave overlaps the trough of
another, so that their individual effects cancel each
other. The result is a wave of decreased amplitude.
25.7)

diffraction (dih-FRAK-shun) The bending of a wave
around a barrier, such as an obstacle or the edges
of an opening. (31.2)

diffraction grating A series of closely-spaced paral-
lel slits which are used to separate colors of light
by interference. (31.4)

diffuse reflection (dih-FYOOS) The reflection of
waves in many directions fromi a rough surface
(see Figure 29-7). (29.4)

direct current (d¢) Electric current whose flow of
charge is always in one direction only. (34.7)

dispersion (dih-SPER-zhun) The separation of light
into colors arranged according to their frequency,
for example by interaction with a prism or diffrac-
tion grating. (29.10)
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displaced Term applied to the fluid that is moved
out of the way when an object is placed in the
fluid. A completely submerged object always dis-
places a volume of fluid equal to its own volume.
(19.2)

diverging lens A lens that is thinnest in the middle
and that causes parallel rays of light to diverge.
(30.1)

Doppler effect (DOP-ler) The apparent change in fre-
quency of a wave due to the motion of the source
or the receciver. (25.9)

eddy Changing, curling paths in turbulent flow of a
fluid. (20.7)

efficiency The ratio of useful work output to total
work input, or the percentage of the work put into
a machine that is converted to useful work output.
(8.8)

elapsed time The time that has passed, or elapsed,
since the beginning of the time measurement. (2.5)

elastic Term applied to a material that returns to its
original shape after it has been stretched or com-
pressed. (18.3)

elastic collision A collision in which colliding ob-
jects rebound without lasting deformation or the
generation of heat. (7.5)

elasticity (ih-las-TIH-sih-tee) The property of a body
or material by which it experiences a change in
shape when a deforming force acts on it and by
which it returns to its original shape when the de-
forming force is removed. (18.3)

elastic imit The distance of stretching and com-
pressing beyond which an elastic material will not
return to its original state. (18.3)

electrical force A force one electric charge exerts on
another. When the charges are both positive or
‘both negative, the force is repulsive; when the
charges are unlike, the force is attractive. (32.1)

electrical resistance The resistance of a material to
the flow of an electric current through it; mea-
sured in chms. (34.4}

electrically polarized Term applied to an atom or
molecule in which the charges are aligned so that
one side is slightly more positive or negative than
the opposite side. (32.7)

electric charge See charge.

electric current The flow of electric charge; mea-
sured in amperes. (34.2)

electric field A force field that fills the space around
every electric charge or group of charges. Another
electric charge introduced into this region will ex-
perience an electric force acting on itself. (33.1)
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electric potentlal The electric potential encrgy per
charge at a location in an electric field; measured
in volts and often called voltage. (33.5)

electric potential energy The energy a charge pos-
sesses by virtue of its location in an electric field.
(33.4)

electric power The rate at which electric energy is
converted into another form, such as light, heat, or
mechanical energy (or converted from another
form). (34.10)

electromagnet (ih-lek’-tro-MAG'-net) A magnet
whose field is produced by an electric current.
Usually in the form of a wire coil with a piece of
jron inside the coil. (36.5}

electromagnetic induction (ih-lek’-tr6-mag-NET'-ik
in-DUK-shun) The phenomenon of inducing a
voltage in a conductor by changing the magnetic
field around the conductor. (37.1)

electromagnetic spectrum  The range of electromag-
netic waves extending from radio waves to gamma
rays. (27.3)

electromagnetic wave A wave that is partly electric
and partly magnetic and that carries energy emit-
ted by vibrating electric charges in atoms.
27.3)

electrostatics (ih-lek’-tro-STAT'-iks) The study of
electric charges at rest. (32.1)

element A substance made of only one kind of atom.
Examples of elements are carbon, hydrogen, oxy-
gen, and nitrogen. {17.1)

ellipse (Gh-LIPS) An oval-shaped curve that is the
path taken by a point that moves such that the
sum of its distances from two fixed points (foci) is
constant {see Figure 12-7). (12.3)

energy That property of an object or a system which
enables it to do work; measured in joules. (8.3)

equilibrium (ee-kwih-LIH-bree-um) In general, a
state of balance. In particular: (a) The state of a
body on which no net force acts. (6.5) (b) The
state of a body on which no net torque acts. (14.2)
(c) The state of a liquid in which the processes of
evaporation and condensation are taking place at
equal rates. (24.3)

escape speed The minimum speed necessary for an
object to escape permanently from a gravitational
field which holds it. (12.5)

evaporation (ih-vap’-or-AY’-shun) The change of
state from liquid to gas that takes place at the Sur-
face of a liquid. (24.1)

eyeplece The lens of a telescope that is closer to the
eye; enlarges the real image formed by the first
lens. (30.5)
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fact A close agreement by competent observers of a
series of observations of the same phenomepa. (1.4)

Fahrenheit scale (FA-ren-hit) The temperature scale
in common use in the United States. The number
32 is assigned to the freezing point of water, and
the number 212 to the boiling point of water (at
standard atmospheric pressure). (21.1)

family A group of elements in the same column of
the periodic table. Elements within a family have
similar chemica) properties and have the same
number of electrons in the outer shell. (17.8)

Faraday’s law (FA-ruh-dayz) The statement that the
induced voltage in a coil is proportional to the
product of the number of loops and the rate at
which the magnetic field changes within those
loops. (37.2) In general, the statement that an
electric field is induced in any region of space in
which a magnetic field is changing with time. The
magnitude of the induced electric field is propor-
tional to the rate at which the magnetic field
changes. (37.7)

farsighted Term applied to a person who has trouble
focusing on nearby objects because the eyeball is
so short that images form behind the retina. (30.7)

field See force field.

first postulate of special relativity The statement
that all the laws of nature are the same in all uni-
formly moving frames of reference. (15.4)

fission See nuclear fission.

fluid Anything that flows; in particular, any liquid
or gas. (4.5)

focal length The distance between the center ofa
lens and either focal point. (30.1)

focal plane A plane that passes through either focal
point of a lens and is perpendicular to the prin-
cipal axis. For a converging lens, any incident par-
allel beam of light converges to a point somewhere
on a focal plane. For a diverging lens, such a beam
appears to come from a point on a focal plane.
(30.1)

focal point For a converging lens, the point at which
a beam of light parallel to the principal axis con-
verges. For a diverging lens, the point from which
such a beamn appears to come, (30.1)

focus (FO-kus); pl. foci (FO-si) For an ellipse, one of
the two points for which the sum of the distances
to any point on the ellipse is a constant. A satellite
orbiting the earth moves in an ellipse which has
the earth at one focus. (12.3)

force Any influence that tends to accelerate an ob-
ject; commonly, a push or pull; measured in new-
tons. (3.3)
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forced vibration The vibration of an object that is
made to vibrate by another vibrating object that is
nearby. The sounding board in a musical instru-
ment amplifies the sound through forced vibra-
tion. (26.5)

force field What fills the space around a mass, elec-
tric charge, or magnet, so that another mass, elec-
tric charge, or magnet introduced to this region
will experience a force. Examples of force fields
are gravitational fields, electric fields, and mag-
netic fields. {11.2)

free fall Motion under the influence of the gravita-
tional force only. (2.5)

freezing The change in state from liquid to solid.
(24.5)

frequency (FREE-kwen-see) The number of vibra-
tions per unit of time; measured in hertz. (25.2)

friction The force that acts to resist the relative mo-
tion (or attempied motion) of objects or materials
that are in contact. (3.3)

fulcrum (F! 6_(')L-krum) The pivot point of a lever.
8.7

fusion See nuclear fusion.

g The symbol for gram. Also, when in lower-case
italic, the symbol for the acceleration due fo gravity
at the earth’s surface, that is, 9.8 m/s2. (2.5)
When in upper-case italic, the symbol for the
universal constant of gravitation, that is,
6.67 x 10! N-m¥kg2. (10.4)

generator A machine that produces electric current
by rotating a coil within a stationary magnetic
field. (37.3)

gravitational feld (grav’-ih-TAY'-shun-ul} A force
field that fills the space around every mass. An-
other mass in this region will experience a gravita-
tional force. (11.2)

greenhouse effect The warming effect whose cause
is that short-wavelength radiant energy from the
sun can enter the atmosphere and be absorbed by
the earth more easily than long-wavelength energy
from the earth can leave. (23.7)

grounding Allowing charges to move freely along a
connection between a conductor and the ground.
(32.6)

b The symbol for hour. (2:2) Also, when in italic,
the symbol for Planck's constant. (38.2)

half life The time required for half the atoms of a
radioactive isotope of an element to decay. (39.5)

heat The energy that is transferred from one mate-
rial to another because of a temperature difference
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between the materials. Once the energy is ab-
sorbed by matter, it is internal energy. (21.2)

hertz (HERTS) The SI unit of frequency. One hertz
(Hz) equals one vibration per second. (25.2)

hologram (HOL-uh-gram) A three-dimensional ver-
sion of a photograph produced by interference pat-
terns of laser beams. (31.8)

Hooke's law The statement that the amount of
stretch or compression of an elastic material is di-
rectly proportional to the applied force. (18.3)

Huygens’ principle (HI-gunz) The statement that
every point on any wave front can be regarded as
a new point source of secondary waves. (31.1)

hypothesis (hi-POTH-uh-sis) An educated guess; a
reasonable explanation of an observation or ex-
perimental result that is not fully accepted as fac-
tual until tested over and over again by
experiment. (1.3)

Hz The symbol for hertz, (25.2)

impulse (IM-puls) The product of force multiplied
by the time interval during which the force acts.
The impulse is equal to the change in momentum.
(7.2)

incoherent (in"-k6-HEER'-ent) Type of light beam in
which the waves are out of phase with each other.
(31.7)

induced (in-DEWSD) Term applied to electric
charge that has been redistributed on an object
because of the presence of a charged object nearby.
(32.6) Also, term applied to a voltage, electric
field, or magnetic field that is created due to a
change in or motion through a magnetic field or
electric field. (37.1, 37.7)

induction (in-DUK-shun) The charging of an object
without direct contact. (32.6) See also electromag-
netic induction.

Inelastic Term applied to a material that does not
return to its original shape after it has been
stretched or compressed. (18.3)

inelastic collision A collision in which the colliding
objects become distorted and generate heat during
the collision. (7.5)

inertta (ih-NER-shuh) The resistance of any mate-
rial object to change in its state of motion. (3.3)

infrared Electromagnetic waves of frequencies
lower than the red of visible light. (27.3)

infrasonic (in’-fruh-SON’-ik} Term applied to sound
of pitch too low to be heard by the human ear, that
is, of pitch below 20 hertz. (26.1)

in parallel Term applied to portions of an electric

circuit that are connected at two points and pro-
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vide alternative paths to the current between
those two points. {(35.2)

in phase (FAYZ) Term applied to two or more water
waves whose crests (and troughs) arrive at a place
at the same time, so that their effects reinforce
each other. (25.7)

in serles Term applied to portions of an electric cir-
cuit that are connected in a row so that the cur-
rent that goes through one must go through all of
them. (35.2)

instantaneous speed {(in-stan-TAY-nee-us) The speed
at any instant of time. (2.2)

insulator (IN-suh-lay-ter) A material that is a poor
conductor of heat and that delays the transfer of
heat. (23.1} Also, a material that is a poor con-
ductor of electricity. (32.4)

interference pattern (in'-ter-FEER'-ens) A pattern
formed by the overlapping of two or more waves
that arrive in a region at the same time. (25.7)

internal energy The total energy inside a substance.
214)

{; inversely When two values change in opposite direc-
tions, so that if one is doubled, the other is re-
duced to one half, they are said to be inversely
proportional ta each other. (4.2)

fon (I-un) An atom {or group of atoms bound to-
gether) with a net electric charge, due to the loss
or gain of electrons. (17.8)

iridescence (ih-rih-DES-ens} The phenomenon
whereby the interference of light waves of mixed
frequencies reflected from the top and bottom of
thin films causes a spectrum of colors. (31.6)

irig (I-ris) The colored part of the eye, which sur-
rounds the black opening through which light
passes and which regulates the amount of light en-
tering the eye. (30.6)

isotope (I-suh-t5p) A form of an element having a
particular number of neutrons in the nuclei of its
atoms. Different isotopes of a particular element
have the same atomic number but different atomic
mass numbers. (17.7, 39.4)

J The symbol for joule. (8.1)

joule (JOOL) The SI unit of work and of all other
forms of energy as well. One joule (symbol J) of
work is done when a force of one newton is exerted
on an object that moves a distance of one meter in
the direction of the force. (8.1)

K The symbol for kelvin, (21.1) Also, when in lower
case, the symbol for the prefix kilo-.
kecal The symbol for kilocalorie. (21.5)
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kelvin (KEL-vin) The SI unit of temperature. A tem-
perature measured in kelvins (symbol K) indicates
the number of units above absolute zero. Since the
divisions on the Kelvin scale and the Celsius scale
are the same size, a change in temperature of one
kelvin is equal to a change in temperature of 1°C.
(21.1)

Kelvin scale A temperature scale calibrated in terms
of energy itself as well as in terms of the freezing
and boiling points of water. Absolute zero (-273°C)
is taken as 0 K. There are no negative tempera-
tures on the Kelvin scale. (21.1)

kg The symbol for kilogram. (3.5)

Klocalorie (KIL'-uh-kal'-er-ee) A unit of heat. One
kilocalorie equals 1000 calories, or the amount of
heat required to raise the temperature of one kilo-
gram of water by 1°C. (21.5)

kilogram (KIL-uh-gram) The fundamental SI unit of
mass. One kilogram (symbol kg) is the amount of
mass in one liter of water at 4°C. (3.5)

kinetic energy (kih-NET-ik) The energy of motion. It
is equal to half the mass multiplied by the square
of the speed. (8.5)

km The symbol for kilometer. (2.2)

L The symbol for liter. (19.3)

laser (LAY-zer) An optical instrument that produces
a beam of coherent light, that is, a beam in which
the waves all have the same frequency, phase, and
direction. (31.7)

law A general hypothesis or statement about the re-
lationship of natural quantities that has been
tested over and over again and has not been con-
tradicted. Also known as a principle. (1.4)

law of conservation of angular momentum The
statement that an object or system of objects will
maintain a constant angular momentum unless
acted upon by an unbalanced external torque.
4.7

law of conservation of energy The statement that
energy cannot be created or destroyed; it may be
transformed from one form into another, but the
total amount of energy never changes. (8.6)

law of conservation of momentum The statement
that in the absence of a net external force, the mo-
mentum of an object or system of objects remains
unchanged. (7.4)

law of inertia The statement that every body con-
tinues in its state of rest, or of motion in a straight
line at constant speed, unless it is compelled to
change that state by a net force exerted upon it.
Also known as Newtor's first law. (3.4)
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law of reflection The statement that when a wave
strikes a surface, the angle of incidence is equal to
the angle of reflection. It holds true for both par-
tially and totally reflected waves. {(29.2)

law of universal gravitation The statement that for
any pair of objects, each object attracts the other
object with a force that is directly proportional to
the mass of each object, and inversely propor-
tional to the square of the distance between their
centers of mass. (10.4)

lens (LENZ) A piece of glass (or other transparent
material) that can bend parallel rays of light so
that they cross, or appear to cross, at a single
point. (30.1}

lever (LEH-ver, LEE-ver) A simple machine, made of
a bar that turns about a fixed point. (8.7)

lever arm  For a force that tends to cause rotation
about an axis and that is perpendicular to the line
between the point of contact and the axis, the
length of that line. (14.1)

lift In the application of Bernoulli’s principle, the
net upward force produced by the difference be-
tween upward and downward pressures. When the
lift equals the weight, horizontal flight is possible.
(20.8)

light year The distance traveled by light in one
year. (27.2)

line spectrum  The pattern of distinct lines of color,
corresponding to particular wavelengths, that are
seen in the spectroscope when a hot gas is viewed.
(28.11)

linear momentum The product of the mass and the
velocity of an object. Also called simply momen-
tum. (14.6)

linear speed The distance moved per unit of time.
Also called simply speed. (13.2)

longitudinal wave (lon-jih-TEWD-ih-nul) A wave in
which the vibration is in the same direction as
that in which the wave is traveling, rather than at
right angles to it. {25.6)

lunar eclipse The cutoff of light from the full moon
when the earth is directly between the sun and the
moon, so that the earth's shadow is cast on the
moon. (11.4)

m The symbol for meter. (2.2) Also, when in italic,
the symbol for mass. (3.5)

machine A device for multiplying (or decreasing)
forces or simply changing the direction of forces.
@7

magnetic domain A microscopic cluster of atoms
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with their magnetic ficlds aligned. (36.4)

magnetic field A force field that fills the space
around every magnet or current-carrying wire. An-
other magnet or current-carrying wire introduced
into this region will experience a magnetic force
acting on itself. (36.2)

magnetic pole One of the regions on a magnet that
produce magnetic forces. (36.1)

mass A measure of the quantity of matter a body
contains; may also be considered a measure of the
inertia of an object. (3.5)

mechanical advantage The ratio of output force to
input force for a machine. (8.7)

mechanical energy The energy due to the position or
the movement of something; potential or kinetic
energy {of a combination of both). (8.3)

mirage (mih-RAHZH) A floating image that appears
in the distance and is due to the refraction of light
in the earth’s atmosphere. (29.9)

molecule (MOL-uh-kyool) Two or more atoms of the
same or different elements joined to form a larger
particle. (17.5)

momentum The product of the mass and the ve-
locity of an object. Has direction as well as size.
Also called linear montentum. (7.1)

monochromatic (mon’-0-kro-MAT’-ik) Having a
single color or frequency. (31.4)

N The symbol for newton.

natural frequency A frequency at which an elastic
object naturally tends to vibrate, so that minimum
energy is required to produce a forced vibration or
to continue vibration at that frequency. (26.6)

neap tide A tide that occurs when the moon is half-
way between a new and full moon, in either direc-
tion. The tides due to the sun and the moon partly
cancel, so that the high tides are lower than aver-
age and the low tides are not as low as average.
(114)

nearsighted Term applied to a person who can see
nearby objects clearly but not distant objects.
(30.7)

net force The combination of all the forces that act
on an object, (4.1)

neutral equilibrium The state of an object balanced
so that any small rotation neither raises nor
lowers its center of gravity. (9.5)

neutron An electrically neutral particle that is one
of the two kinds of particles found in the nucleus
of an atom. (17.7)

newton The SI unit of force. One newton {(symbol N)
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is the force that will give an object of mass one
kilogram an acceleration of one meter per second
squared. (3.5)

Newton'’s first law  See law of inertia. (3.4)

Newton's law of cooling The statement that the rate
of cooling of an object—whether by conduction,
convection or radiation—is approximately propor-
tional to the temperature difference between the
object and its surroundings. (23.6)

Newton’s second law  The statement that the acceler-
ation produced by a net force on a body is directly
proportional to the magnitude of the net force, in
the same direction as the net force, and inversely
proportional to the mass of the body. (4.3)

Newton’s third law The statement that whenever
one body exerts a force on a second body, the sec-
ond body exerts an equal and opposite force on the
first. (5.2)

node Any part of a standing wave that remains sta-
tionary. (25.8)

normal A line that is perpendicular to a surface.
(29.2)

normal force For an object resting on a horizontal
surface, the upward force that balances the weight
of the object. Also called the support force. (4.4)

nuclear fission (FIH-shun) The splitting of an atomic
nucleus, particularly that of a heavy element such
as uraniuzm-2335, into two main parts, accom-
panied by the release of much energy. (40.1)

nuclear fusion (FYOO-zhun) The combining of nu-
clei of light atoms, such as hydrogen, into heavier
nuclei, accompanied by the release of much en-
ergy. (40.6)

nucleon (NEW-klee-on) The principal building block
of the nucleus; a neutron or a proton. (17.7, 39.1)

nucleus The positively charged center of an atom,
which contains protons and neutrons and has al-
most all the mass of the entire atom but only a
tiny fraction of the volume. (17.7)

objective lens In an optical device using compound
lenses, the lens closest to the object observed.
(30.5)

ohm (OM) The SI unit of electrical resistance. One
ohm {symbol Q) is the resistance of a device that
draws a current of one ampere when a voltage of
one volt is impressed across it. (34.4)

Ohm’s law The statement that the current in a cir-
cuit is directly proportional to the voltage im-
pressed across the circuit and inversely
proportional to the resistance of the circuit. (34.5)
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opaque Term applied to materials that absorb light
without re-emission and thus do not allow light
through them. (27.5)

optical fiber A transparent fiber, usually of glass or
plastic, that can transmit light down its length by
means of total internal reflection. {29.12)

out of phase Term applied to two waves for which
the crest of one wave arrives at a point at the sare
time as a trough of the second wave arrives. Their
effects cancel each other. (25.7)

parallel circuit An electric circuit in which devices
are connected to the same two points of the cir-
cuit, so that any single device completes the cir-
cuit independently of the others. (35.4)

pascal (pas-KAL} The SIunit of pressure. One pascal
(symbol Pa) of pressure exerts a force of one new-
ton per square meter of surface. {4.6)

Pascal's principle The statement that changes in
pressure at any point in an enclosed fluid at rest
are transmitted undiminished to all points in the
fluid and act in all directions. (19.6)

penumbra A partial shadow which appears where
some of the light is blocked and other light fills it
in. (27.6)

perigee (PEH-rili-jee) The point in an elliptical orbit
where an object is nearest the object about which
it orbits. (12.4)

period The time required for a complete orbit.
(12.2) Also, the time required for a pendulum to
make one to-and-fro swing. In general, the time re-
quired to complete one cycle. (25.1)

periodic table A chart that lists elements by their
atomic number and by their electron arrange-
ments, so that elements with similar chemical
properties are in the same column {see Figure
17-11).(17.8)

perturbation The deviation of an orbiting object
from its normal path, caused by an additional
gravitational force. (10.6)

photoelectric effect The ejection of electrons from
certain metals when exposed 1o light. (38.3)

photon (FO-ton) In the particle model of elec-
tromagnetic radiation, a particle that travels at
the speed of light and whose energy is related to
the frequency of the radiation in the wave model.
(27.1,38.2)

pigment A material that selectively absorbs colored
light. (28.3)

pitch Term that refers to how highorlowa sound
appears to be. (26.1)
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Planck’s constant The quantity that results when
the energy of a photon is divided by its frequency.
(38.2)

plasma (PLAZ-muh) A fourth state of matter, in ad-
dition to a solid, liquid, and gas. In the plasma
state, which exists only at high temperatures,
matter consists of bare atomic nuclei and free
electrons. (17.9}

polarization (po'-ler-ih-ZAY'-shun) The filtering out
of all vibrations in a transverse wave, such as a
light wave, that are not in a given direction. 27.7)

postulate (POS-tyoo-lit) A fundamental assumption.
(15.3)

potentlal  See eleciric potential.

potential difference The difference in electric poten-
tial, or voltage, between two points. Charge will
flow when there is a difference, and will continue
until both points reach a common potential.
(34.1)

potential energy Energy that is stored and held in
readiness by an object by virtue of its position. In
this stored state it has the potential for doing
work. (8.4)

power The rate at which work is done, equal to the
amount of work done divided by the amount of
time during which the work is done; measured in
watts. (8.2)

pressure The force per unit of surface area, where
the force is perpendicular to the surface; measured
in pascals. (4.6)

principal axls The line joining the centers of cur-
vature of the surfaces of a lens. (30.1)

principle A general hypothesis or statement about
the relationship of natural quantities that has
been tested over and over again and has not been
contradicted. Also known as a law. (1.4)

principle of flotation The statement that a floating
object displaces a quantity of fluid of weight equal
to its own weight. (19.5)

projectile Any object that is projected by some force
and continues in motion by its own inertia. (6.8}

proton A positively charged particle that is one of
the two kinds of particles found in the nucleus of
an atom, (17.7)

pulley A type of lever that is a wheel with a groove
in its rim and that is used to change the direction
of a force. A pulley or system of pulleys can also
multiply forces. (8.7)

pupil The opening in the eyeball through which
light passes. (30.6)
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quantum (pl. quanta) (KWONT-um) An elemental
unit; the smallest amount of something. One
quantum of light energy is called a phoron. (38.2)

quantum mechanics The branch of physics that is
the study of the motion of quanta in the micro-
world of the atom. (38.8)

quantum physics The branch of physics that is the
general study of quanta in the microworld of the
atom. (38.8)

quark (KWORK, KWARK) One of the elementary
particles of which all nucleons (protons and ney-
trons) are made. (39.1)

radiant energy Any energy, including heat, light,
and X rays, that is transmitted by radiation. It oc-
curs in the form of electromagnetic waves. (23.3)

radiation (a) The transmission of energy by elec-
tromagnetic waves. (23.3) (b) The particles given
off by radioactive atoms such as uranium and ra-
dium. (39.2)

radioactive Term applied to an atom with a nucleus
that is unstable and that can spontaneously emit a
particle and become the nucleus of another ele-
ment, (39.2)

rarefaction (rayr-uh-FAK-shun) A disturbance in air
(or other matier) in which the pressure is lowered.
(26.2)

rate How fast something happens, or how much
something changes per unit of time; a change in a
quantity divided by the time it takes for the
change to occur. (2.1)

ray A thin beam of light. (27.6)

ray diagram A diagram showing the principal rays
that can be drawn to determine the size and loca-
tion of an image formed by a mirror or iens. (30.3)

reaction force The force that is equal in strength
and opposite in direction to the action force and
that acts on whatever is exerting the action force.
{5.2)

real image An image that is formed by converging
light rays and that can be displayed on a screen.
(30.2)

red shift A decrease in the measured frequency of
light (or other radiation) from a receding source;
called the red shift because the decrease is toward
the low-frequency, or red, end of the color spec-
trum. (25.9)

reflection  The bouncing back of a particle or wave
that strikes the boundary between two media,
(29.1)
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refraction The change in direction of a wave as it
crosses the boundary between two media in which
it travels at different speeds. (29.6)

regelation The phenomenon of ice melting under
pressure and freezing again when the pressure is
reduced. (24.7)

relative Regarded in relation to something else. (2.1)

relative humidity A ratio between how much water
vapor is in the air, and the limit for the same air
temperature. (24.2)

relativistic mass The total mass of a moving object,
taking into account any increase in mass due to its
kinetic energy. (16.2)

resolution (rez-uh-LOO-shun) The process of break-
ing up a vector into components. (6.6)

resonance (REZ-uh-nuns) A phenomenon that oc-
curs when the frequency of forced vibrations on an
object matches the object’s natural frequency, and
a dramatic increase in amplitude results. (26.7)

rest mass The mass of an object at rest. (16.2)

resultant (rih-ZUL-tunt) The geometric sum of two
vectors. {6.2)

retina (RET-ih-nuh) The layer of light-sensitive
tissue at the back of the eye. (30.6)

reverberation (rih-verb-er-AY-shun) The persistance
of a sound, as in an echo, due to multiple reflec-
tions. (29.5)

revolution Motion in which an object turns about an
axis outside the object. {13.1)

rotation The spinning motion that takes place when
an object moves about an axis that is located
within the object. (13.1)

rotational inertia The resistance of an object to
changes in its state of rotation, determined by the
distribution of the mass of the object and the loca-
tion of the axis of rotation or revolution. (14.4)

rotational speed The number of rotations or revolu-
tions per unit of time; often measured in rotations
or revolutions per second or per minute. (13.2)

rotational velocity Rotational speed, together with a
direction of rotation or revolution. (14.6)

8 The symbol for second. (2.2)

saturated Term applied to a substance, such as air,
that contains the maximum amount of another
substance, such as water vapor, at a given tem-
perature. (24.2)

scalar quantity A quantity in physics, such as mass,
volume, and time, that can be completely specified
by its magnitude, without regard to direction. (6.1)
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scaling The study of how size affects the relation-
ship between weight, strength, and surface area.
{(18.5)

scatter To absorb sound or light and re-emit it in all
directions. (28.8)

schematic diagram Diagram that describes an elec-
tric circuit, using special symbols to represent dif-
ferent devices in the circuit. (35.5)

scientific method An orderly method for gaining,
organizing, and applying new knowledge. (1.3)

second postulate of special relativity The statement
that the speed of light in empty space will always
have the same value regardless of the moticn of
the source or the motion of the observer. (15.5)

semiconductor Material that can be made to behave
as either a conductor or an insulator of electricity.
(32.4)

serles clrcuit  An electric circuit in which devices are
arranged so that charge flows through each in
turn. If one part of the circuit should stop the cur-
rent, it will stop throughout the circuit. {35.3)

shadow A shaded region that results when light falls
on an object and thus cannot reach into the region
on the far side of the object. (27.6)

shell model of the atom A model in which the elec-
trons of an atom are pictured as grouped in con-
centric, spherical shells around the nucleus. (17.8)

shock wave A cone-shaped wave produced by an ob-
ject moving at supersonic speed through a fluid.
(25.11)

sine curve A curve whose shape represents the
crests and troughs of a wave traced out by a
swinging pendulum that drops a trail of sand over
a moving conveyor belt. (25.2)

solar eclipse The cutoff of light from the sun to an
observer on the earth when the moon is directly
between the sun and the earth. (11.4)

sonic boom The sharp crack heard when the shock
wave that sweeps behind a supersonic aircraft
reaches the listener. (25.11)

spacetime A combination of space and time, which
are viewed in special relativity as two parts of one
whole. (15.1)

special theory of relatlvity The theory, introduced in
1905 by Albert Einstein, that describes how time
is affected by motion in space at a constant ve-
locity, and how mass and energy are related. (15.1)

specific heat The quantity of heat required to raise
the temperature of a unit mass of a substance by
one degree. (21.6)
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spectrescope  An instrument used to separate the
light from a hot gas or other light source into its
constituent frequencies. (28.11)

spectrum For sunlight and other white light, the
spread of colors seen when the light is passed
through a prism. In general, the spread of radia-
tion by frequency, so that each frequency appears
at a different position. (28.1)

speed How fast something is moving; the distance
moved per unit of time. (2.2)

spring tide A high or low tide that occurs when the
sun, earth, and moon are all lined up, so that the
tides due to the sun and moon coincide, making
the high tides higher than average and the low
tides lower than average. (11.4)

stable equilibrium The state of an object balanced
so that any small rotation raises its center of grav-
ity. (9.5)

standing wave Wave in which parts of the wave re-
main stationary and the wave appears not to be
traveling. The result of interference between an in-
cident (original) wave and a reflected wave. (25.8)

state One of the four possible forms of matter: solid,
liquid, gas, and plasma. (24.1)

streamline The smooth path of a small region of
fluid in steady flow. (20.7)

strong force The force that attracts nucleons to each
other within the nucleus, and that is very strong at
close distances but decreases rapidly as the dis-
tance increases. (39.1)

superconductor Material that has near infinite con-
ductivity at very low temperatures, so that charge
flows through it without resistance. (32.4)

support force Force that completely balances the
weight of an object at rest. (4.4)

tangential velecity For an object orbiting around
another object, the sideways component of ve-
locity; that is, the component of velocity parallel
to the second object’s surface and thus perpen-
dicular to the line joining the centers of the two
objects. (10.2)

telescope Optical instrument that forms enlarged
images of very distant objects. (30.5)

temperature The property of a material that tells
how warm or cold it is with respect to some stan-
dard. {21.1)

terminal speed The speed at which the acceleration
of a falling object terminates because friction bal-
ances the weight. (4.8)

terminal velocity Terminal speed together with the
direction of motion (down for falling objects). (4.8)
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terrestrial radiation Radiant energy emitted from
the earth after having been absorbed from the sun.
237

theory A synthesis of a large body of information
that encompasses well-tested and verified hypoth-
eses about certain aspects of the natural world.
a4

thermal contact The state of two or more objects or
substances in contact such that it is possible for
heat to flow from one object or substance to an-
other. (21.2)

thermal equilibrium The state of two or more ob-
jects or substances in thermal contact when they
have reached a common temperature. (21.3)

thermionuclear fusion A nuclear fusion reaction
brought about by extremely high temperatures.
(40.6)

thermostat A type of valve or switch that responds
to changes in temperature and that is used to con-
trol the temperature of something. (22.1)

time dilation An observable stretching, or slowing,
of time in a frame of reference moving past the ob-
server at a speed approaching the speed of light.
(15.1)

torque (TORK) The tendency of a force to cause ro-
tation about an axis; the product of the force and
the lever arm; measured in newton-meters. (14.1)

total internal reflection The 100% reflection (with
no transmission) of light that strikes the boundary
between two media at an angle greater than the
critical angle. {29.12)

transformer A device for increasing or decreasing
voltage by means of electromagnetic induction.
(37.5)

transmutation The conversion of an atomic nucleus
of one element into an atomic nucleus of another
element through a loss or gain in the number of
protons. (39.6)

transparent Term applied to materials that allow
light to pass through them in straight lines. (27.4)

transverse wave A wave in which the vibration is at
right angles to the direction in which the wave is
traveling. (25.5)

trough (TRAWF) One of the places in a wave where
the wave is lowest or the disturbance is greatest in
the opposite direction from a crest. (25.2)

ultrasonic Term applied to sound frequencies above
20 000 hertz, the normal upper limit of human
hearing. (26.1)

ultraviolet Electromagnetic waves of frequencies
higher than those of violet light. (27.3)
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umbra The darker part of a shadow where all the
light is blocked. (27.6)

unstable equilibium The state of an object bal-
anced so that any small rotation lowers its center
of gravity. (9.5)

universal constant of gravitation The constant G in
the equation for Newton's law of universal gravita-
tion; changes the units of mass and distance on
the right side of the equatjon te the units of force
on the left side. (104}

V The symbol for volt. (33.5) Also, when in lower-
case italic, the symbol for speed or velocity. (2.2,
2.3) When in upper-case italic, the symbol for
voltage. (33.5)

vector An arrow whose length represents the magni-
tude of a quantity and whose direction represents
the direction of the quantity. (6.1)

vector quantity A quantity in physics, such as force
or velocity, that has both magnitude and direction.
(6.1)

velocity Speed together with the direction of mo-
tion. (2.3)

vibration A “wiggle in time”; a repeating, to-and-fro
motion of something {(such as a pendulum or the
particles of an elastic body or a fluid) when dis-
placed from the position of equilibrivm. (25.1)

virtual image An image formed through reflection
or refraction that can be seen by an cbserver but
that cannot be projected on a screen because light
from the object does not actually come to a focus.
(29.3)

volt The SI unit of electric potential. One volt (sym-
bol V) is the electric potential at which one cou-
lomb of charge would have one joule of potential
energy. (33.5)

voltage (VOL-tij) (a) Electric potential; measured in
volts. (33.5) (b) Potential difference; measured in
volts. (34.1)
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voltage source A device, such as a dry cell, battery,
or generator, that provides a potential difference.
(34.3)

W The symbol for watt. (8.2) Also, when in italic,
the symbol for work. (8.1)

watt (WAWT) The SI unit of power. One watt of
power is expended when one joule of work is done
in one second. (8.2)

wave A “wiggle in space and time”; a disturbance
that repeats regularly in space and time and that
is transmitted progressively from one particle or
region in a medium to the next with no actual
transport of matter. (25.1)

wave front The crest, trough, or any continuous por-
tion of a two-dimensional or three-dimensional
wave in which the vibrations are all the same way
at the same time (see Figure 29—14). (29.6)

wavelength The distance from the top of crest of a
wave to the top of the following crest, or equiva-
lently, the distance between successive identical
parts of the wave. (25.2)

weight The force on a body of matter due to the
gravitational attraction of another body (com-
monly the earth). (3.5}

weight density The weight of a substance divided by
its volume. (18.2)

white light Light, such as sunlight, that is a com-
bination of all the colors. Under white light, white
objects appear white and colored objects appear
in their individual colors. (28.1)

work The product of the force on an object and the
distance through which the object is moved (when
the force is constant and the motion takes place in
a straight line in the direction of the force); energy
expended when the speed of something is in-
creased or when something is moved against the
influence of an opposing force; measured in joules.
(8.1)
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Aberrations, 448, 452—453
chromatic, 453
spherical, 453

Absolute zero, 301-302

Absorbers, heat, 329-330

Acceleration, 14—16
in action-reaction pair, 60, 61
air resistance and, 17
along straight line, 16
defined, 15, 22, 37, 51
directional nature of, 15
due to g‘ravity, 17, 46-48,

146148

away from earth, 148
confusion between G and, 146
inside the earth, 149150
effect of air resistance on, 48—-50
effect of mass on, 38, 57-58
of falling object, 1719, 46—48
force as cause of, 37-38
in free fall, 17, 46-48, 146
negative, 15
of ]projectile, 76, 81
relationship of, to net force, 39
Accommodation, 451
Acoustics, 424
Action
on bodies of different masses,
57—58
and e?ual and opposite reaction,
61-62

identifying, 56
Action force, 55, 63
Action-reaction pair, 5758
horse-cart problem and, 59-61
why cancellation does not occur
in, 58-59
Adams, John, 142
Addition, color, 407
Age of Reason, Newton's theory
" of gravity and, 143
ir

Archimedes' principle for, 292
Bernoulli’s principle and,
293295
buoyancy of, 292
compressed, 370
dry, density of, 285
expansion of, 318—319
as insulator, 324
mass of, 285
nature of sound in, 370-372
saturated, 337
warm, rising of, 320
weight of, 286
Air pressure, density and, 290; see
also Atmospheric pressure
Air resistance, 43
effect of
on acceleration, 17, 21, 48—50
on projectile path, 81
on speed, 43, 48—50
Air table, 29
Alcohol, ethyl, density of, 254
Alpha Centauri, 220, 386
Alpha particles, 243244, 587, 588

Alpha rays, 587

Alternating current, 517
advantages of, 564
generators and, 557-559

Altimeter, 289

Aluminum, shell model of, 246

Ammeter, 548, 549

Ampere, as unit of current, 511,

624

Ampére, André Marie, 624

Amplitude of wave, 352

Aneroid barometer, 289

Angle, critical, 434, 435

Angle of incidence, 421

Angle of reflection, 421

Angular momentum, 198—201
conservation of, 199—201

law of, 200

defined, 198

Angular speed, 177

Angular velocity; see Rotational

velocit

Antifreeze, 340

Antinodes, 359

Apogee, defined, 169

Apparent weightlessness, 152

Archimedes’ principle, 271-273
convection as application of, 326
for air, 292

Area
surface, 262-263
units of, 624
Aristotle, 50
and concept of motion, 25-26,

and theory of speed of falling
objects, 4
Astigmatism, 4352
Astronauts, weightlessness of, 152
Atmosphere, 283284
condensation in, 337-338
density of, 283-284
refraction of, 429431
Atmospheric pressure, 285-286
can %Shing experiment and,

measurement of
with aneroid barometer, 289
by simple mercury barometer,
287288
in storms, 293
vacuums and, 288
Atmospheric tides, 157
Atom(s), 239-242
age of, 239-240
Bohr model of, 579—581
characteristics of, 479—480
classification of, 245
in crystal, 252
electron orbits in, 579
electrons in, 245248
evidence for, 241
hydrogen, 239
models of, 572-573
nucleus of, 243245, 585605
relative sizes of, 579581

shell model of, 246

size of, 240
Atomic mass number, 590
Atomic mass units, 613
Atomic nucleus, 243245,

585-605

Atomic number, 245, 590
Atomic spectra, 413—415
Attitude, scientific, 3—4
Average speed, defined, 12
Axis, ned, 176

Bacon, Francis, scientific method
and, 2—3
Balance
equilibrium and, 127
torque and, 189
Barometer
aneroid, 289
simple mercury, 287-288
water, 287
Battery
lightinF bulbs with, 525-526
symbol for, 531-532
Beats, sound, 377-378
Bernoulli, Daniel, 293, 295
Bernoulli’s principle, 293295
Beta particle, 588
Beta rays, 587, 588
Bicycling, angular momentum
“Bi Banandg'"lt%g 142
i eory,
Binfetallic stripsr,y 312-313
Binoculars, prisms in, 449
Biology, focus of, 2
Black as absence of light, 400
Black dwarf star, 158
Black holes, 158—159
gravitational field near, 159
Blind spot, 450—-451
Blue shift, 362
Bohr, Niels, 479, 572, 577
Boiling, 339-340
and simultaneocus freezing, 341
Bouncing, 90-91
Bow waves, 363
Boxing, decreasing force of impact
in, 88--89
Boyle's law, 290-291
Breeder reactor, 612-613
British thermal unit (Btu), 305
Brown, Robert, 241
Brownian motion, 241
Buoyancy, 270-271
air, 292
Archimedes' principle and,
271-273
Buoyant force, 270, 271-273
ect of volume on, 273
principle of flotation and, 276

Calorie, defined, 305
Camerﬁ,sparts and function of,

649
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Carbon-14, 598-.599
Carbon dating, 598599
Carbon dioxide, terrestrial radia-
tion and, 332
Cars
decreasing force of impact of,
stopping distances of, 106
Cavendish, Henry, 147, 148
Cells, dry and wet, 511
Celsius, Anders, 301
Celsius scale, 301
Center of gravity, 119133
defined, 119120
torque and, 191
Center of mass, 121-122
Centrifugal force, 179182
Centrifuge, 179
Centripetal force, 178-179
Chain reactions, 607
Charge, 479
conductors of, 486
by contact, 487, 488
Coulomb's law and, 482483
electric potential energy per, 502
flow of, 509-510
by friction, 487
by induction, 488—490
induction of, by grounding, 489
negative, 245, 479—482
polarization of, 490-491
positive, 245, 479482
Chemical energy, 104
Chemical formula, 243
Chemistry, content of, 2
Circuit(s), electric; see Electric
circuit(s)
Circuit breakers, 535
Circular motion, 175-186
Circular orbit; see Orbit, circular
Climate, effect of water's specific
heat on, 308
Clock, light, 211-212
Coherent light, 470
Conductors, 486487
Coal, formation of, 108
Collisions, 94—96
elastic, 94—95
heat generated by, 97
inelastic, 95—97
net momentum before and
after, 94
Color, 399418
complementary, 406—407
effect of light source on, 402
of light emitted by elements, 413
by reflection, 400—401
of sky, 409—-410
of sunset, 410—-412
bF transmission, 402-403
of water, 412—413
Color addition, 407
Color mixing, 407408, 411
Color separation
by diffraction grating, 414,
465-466
by prism, 399, 413-414
by thin film, 467-469
Color spectrum, 399—400; see also
Spectrum

Color subtraction, 406, 407, 408
Combustion .
in digestion, 115
engine, 115
Complementary colors, 406—407
Components, vector, 73—74
of forces, 73, 628—629
of light, 630—631
of weight, 74-75
Compounds, 243
interaction of elements in form-
ing, 246
ionic, 245
molecular, 243
Compression, 257-259
of gases, 318-320
neutral layer and, 258
relatzicsatélship of, to applied force,
Condensation, 337-339, 376
in atmosphere, 337-338
of compressed air, 370
in cooling process, 345—346
rate of, 338339
Conduction, heat, 323-325, 346
Conduction electrons, 510,
518-519
Conductivity, 512
Conductors
and charge by induction,
488-490
electric field within, 499—500
heat, 323
Conservation
of angular momentum, 200
of charge, 481482
of energy, 107-109
of mass, 231
of momentum, 91-94
Constant speed, 14
Constant velocity, 14
Constants, table of important, 627
Constructive interference, 357—
358, 376
Contact
charging by, 487—488
thermal, 303
Contraction
gravitational, and tug-of-war
with nuclear fusion, 158
length; see Length contraction
Convection, 325-327
winds as effect of, 326
earth’s magnetic field as effect
of, 551
Converginilens, 441
Cooking, physics of, 306
Cooling
Newton's law of, 330-331
rate of, 330-331
Cooling processes, 344—345
Copernicus, 33
Cornea, 450
Correspondence principle,
32-233
Coulomb, as unit of charge, 483
Coulomb, Charles, 483
Coulomb’s law, 482—486
Crests, wave, 352
overlap of, 376

Index

Critical angle, 434, 435
Critical mass, 608
Crystals

discovery of, 250--251

ice, 316-317, 340

metal, 252

sodium chloride, 250—251

structure of, 250-251
Current

alternating; see Alternating

current

direct, 517

electric; see Electric current
Curve

radiation, of sunlight, 404

sine, 351-352

Darwin, Charles, evolutionary
theory of, 6
De Broglie, Louis, 576
De Broglie wavelength, 576
Decay, radioactive, 586588
Deceleration, 15
Declaration of Independence, 143
Degrees, 301
Delta notation, 37
Density
atmospheric, 283-284
defined, 253, 267
effect of, on submerged objects,
273-274
of liquids, 267
relationship of, to pressure, 290
of various substances, table, 254
weight; see Weight density
Descartes, René, and concept of
light, 383
Destructive interference, 357360,
376-377
Deuterium, 244, 590
Diamond, critical angle of, 435
Diffraction, 383, 460—462
Diffraction grating, 414, 465—466
Diffuse reflection, 423—424
Digestion, combustion in, 115
Dipoles, electric, 491
Dirac, Paul A. M., 139
Direct current, 517
Direction
as factor in velocity, 13-14, 15
of vector, 65
Dispersion of light, 432
rainbow and, 432-434
Displagegnent of fluid, 270-271,
7

Archimedes' principle and, 271—
273, 292
Distance
calculation of, for free fall, 20
contrasted with speed and
velocity, 21
effect of, on gravity, 139-140
e?uation for, 21
of free fall, 19-20
DiverFing lens, 441—442
Doppler, Christian, 361
DopEler effect, 361-362
Doubling time, and exponential
growth, 632634
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Drift speed, 518-519
Dry cells, 511
Dyes, mixing of, 407—408

Earth

average temfperatu.re of, 331

curvature of, 163

determining mass of, 147

escape speed of, 172

falling, 137

gravitational field of, 148150

gravity's effect on, 141

magnetic field of, 550-551

motion of, 26, 33—-34
CoTernicus theory of, 26
Galileo's theory of, 26-27
Newton's theory of, 137

orbit of, 154

rotational motion of, 176

satellites of, 162—163

tangential velocity of, 137

tilt of, effect of, on tides,

156-157
Earth tides, 157

Eclipse

luga.r, 156, 392

solar, 156, 391

Eddies, 294

Edison, Thomas, 506

Efficiency, 112—-115

defined, 112, 113

engine, 114

expressed as percent, 113
Einstein, Albert, 5, 204, 208, 541
biography of, 224225

an ggﬁeral theory of relativity,

and increase of mass with speed,
228-229

and mass-energy equivalence,
theory of, 230-232

and particle theory of light, 573

and photoelectric effect, theory

Electric current, 509-524
alternating, 517
defined, 510
direct, 517
effect of, on body, 515
meters to detect, 548
Electric dipoles, 491
Electric energy, 520-521
Electric field(s), 495—496
configurations of, 497—-499
induction of, 566
inside conductor, 499—-500
and light, 629—631
Electric field lines, 497—498
Electric motors, 349—550
Electric potential, 502-504
Electric potential energy, 501-502
Electric power, 520-5
Electric shielding, 499—501
Electric shocks, Ohm's law and,
514-516
Electromagnet(s), 545—-546
Electromagnetic induction,
554-570
Faraday's law and, 556
Electromagnetic spectrum,
386387
Electromagnetic waves, 327—328,
353, 386387, 567568
Electron(s)
charge of, 480
conduction, 510, 518-519
configuration of, in shell model
of atom, 246
diffraction of, 576
electric forces of repulsion in,
excitation of, 415
increased mass of, with speed,
229
as magnets, 542
source of, in circuit, 519-520
speed of, in circuit, 518-519
transfer, 481-482
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electric, 520-521
generator source of, 559
gravitational potential, 104—105
Bernoulli's principle and, 294
stability and, 126
heat, 302
heating process and, 342343
internal: see Internal energy
ionization, 581
kinetic; see Kinetic energy
for life, 115
light, 253
and mass equivalence, 230-232
mechanical, 103—-104
potential; see Potential energy
radiant; see Radiant ene)
release of, freezing and, ;ﬁg
sound, 353
thermal, 300: see also Kinetic
Ener
transfer g{ by wave, 327-332,
353-354
transformation of, 107
in car engine, 114
to heat, 114
in pendulum, 108
units of
calorie, 305
joule, 104
useful, 115
wave, reflection of, 419
Energy levels, 577-579
Engine(s)
automobile, and transformation
of chemical energy, 114
combustion in, 115
efficiency of, 114
significance of power of, 103
Equilibrium
of condensation and evapora-
tion, 339
effect of vertical and horizontal
orientations on, 71-72
net force in, 70-72

of, 383, 574 Electron beam, 241 neutral, 126
and special theory of relativity, Electron microscopes, 461, 577 stable, 126
. 204 Electron orbits, differences in, 581 thermal, 303
Elapsed time, 17 Electron waves, 577-379 unstable, 126

Elastic collisions, 94—-95
Elastic limit, defined, 256
Elasticity, 255-257
defined, 256
Electrical force(s), 479481
balance of, 485
as centripetal force, 178

Electrostatics, 478—494 Equivalence, mass-energy,
defined, 478 613-616
Elements, 238—239 Equivalent resistance, 532533
eriodic table of, 246248 Escape speed, 170-172
Elliptical orbits, 166—168 kinetic and potential energy
Emitters, heat, 329—-330 and, 170-171
Empedocles and concept of light, of various solar bodies, 171, 172

computational example of, 383 Euclid and concept of light, 382
485-486 Energy, 101-118 Evaporation, 335-336
Electrical polarization, 490—491 available, 104 as cooling process, 344

Electrical resistance, 512-513
Electric charge, types of, 245;
479-482; see also Charge
Electric circuits, 525-537
circuit breakers and, 535

rate of, 338-339
Evolution, Darwin’s theory of, 6
Excitation of electrons, 415
Expansion

of air, 318—-319

body's output of, computational
example of, 306

categories of, 104

changes of state and, 342346

chemical, 104

compound, combining resistors
in, 532-534
parallel, 529-331
overloading of, 535
schematic diagrams of, 531532
series, 527-529
short, 535

conservation of, 107—109, 231
Bernoulli’s principle and,
293294
law of, 98, 108, 116
machines and, 109
and satellite motion, 168169
dissipation of, 112

thermal; see Thermal expansion
Experiments in scientific method,
3

Exponential Frowth, 632-634
Eye, 450—43

Eyeglasses, polarizing, 394
Eyepiece, 448, 449
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Fact, defined, 3
Fahrenheit, Gabriel, 301
Fahrenheit scale, 301
Fall, free; see Free fall
Falling
around versus into, 162-163
decreasing force of impact of, 88
Family of elements, 248 -
Faraday, Michael, 554
Faraday's law, 566
electromagnetic induction and,
556

Farsightedness, 452
Fibers, optical, 436
Field, 149, 495; see also Electric
field(s), Gravitational field,
Magnetic field
Field lines, 149
magnetic, 540-541, 546
Films, thin
iridescence from, 467—469
single-color interference from,
466—467
Fission, nuclear, 606-608
massi-:%lergy equivalence and,

Fission power
benefits of, 612
drawbacks of, 610, 612
Flight, Bernoulli's principle and,
294295
Floating, effect of density on, 274
Flotation, 275-276
principle of, 276
Flow, steady, Bernoulli’s principle

and,
Fluid
buoyancy in, 270-273, 292
flotation in, 275—276, 292
friction of, 4243
pressure in, 266269, 293
refrigeration, cooling process
and, 345
Focal length, 442
Focal plane, 441
Focal point, 441
Foci, elliptical, 167
Fog, 338
Food, energy value of, 305
Force(s), 26
action, 55
action and reaction, 63
in action-reaction pair, 5761
applied, 44—45; see also Pressure
buoyant; see Buoyant force
as cause of acceleration, 37-38
centrifugal, 179—182
centripetal, 178—179
defused, 26
electrical; see Electrical force(s)
friction, 2627
gravitational; see Gravitational
force, Gravity
in impulses, 87
interactio; as producer of,
internal, 91-92
lines of, 497
magnetic; see Magnetic forces
momentum and, 86

net; see Net force
newton as unit of, 33
normal, 41
pairing of, 55
ratio of output to input,
109-110
reaction, 35
resultant of, 66
strong, 586
support, 41
as vector quantity, 65
vector representation of, 66
weak, 484
work and, 102
Force field, 149, 495
Forced vibration, 373
Formula, chemical, 243
Fosbury flop, 129
Fovea, 450
Frames of reference, 206
and length contraction, 226—227
and postulates of special rela-
tivity, 208-211
and time dilation, 211-221
Franklin, Benjamin, scientific con-
tributions of, 450
Free fall, 17-20
acceleration in, 146
defined, 17
avity measurement in, 18
istance covered in, 19-20
speeds of object in, 17
Freeze drying, 341
Freezing, 340-341
energy release and, 343
and simultaneous boiling, 341
Frequency(ies)
blue and red shifts and, 362
color and, 401-402
Doppler effect and, 361
natural, 374
resonance and, 374~375
period and, 353
pitch and, 370
vibration; see Vibration
frequency
wave speed and, 355
Friction, 26—27
in action-reaction pair, 60, 61
centripetal force and, 179
charging by, 487488
defined, 26
effect of, on motion, 28, 42—43
fluid, 42—43
mechanical advantages and, 114
role of, in efficiency loss, 113
Fringes, interference, 464, 466,
" 471, 472
Fuel, 114-115
Fulcrum, 109
Fusion
heat of, 343
nuclear, 616—620; see also Nu-
clear fusion
thermonuclear, 108, 616—617

Galaxy
center of, distance of, from
earth, 221

Index
effect of gravity on, 142
Galileo
and acceleration of falling ob-
ject, 46—47, 50
and motion along a level sur-
face, 26—28

scientific method and, 2—3
and speed of light, 383
Galvanometer, 548
Gamma rays, 327, 587, 588
Gas(es), 283298
Archimedes’ principle and,
271-273
Bernoulli's principle and,
293-295
Boyle's law and, 290-291
compression of, 318—320
condensation of, 337339
contrasted with liquids, 283
Pascal's principle and, 278-279
as state of matter, 248
thermal expansion of, 318—320
various densities of, 285
Gasoline
as energy source, 115
thermal expansion of, 314-315
Generator(s)
alternating current and,
557-559
compared to motor, 557, 560
energy source of, 559
function of, 511
Van de Graalff, 495, 504—506,
510
Generator effect, 560
Glass
critical angle of, 434
transparency of, 388
Gold, density of, 254—255
Grating, diftfraction, 414, 465—466
Gravitation
effect of, on galaxy, 142
in stars, 158—159
universal, 134—-145
law of, 138-141, 482—484
universal constant of, 138,
483484
Gravitational contraction in stars,
158-159
Gravitational field, 148—150, 495
measuring strength of, 149
near black hole, 159
shielding potential of, 500—501
Gravitational force; see also
Gravity
as centripetal force, 178
of moon on earth, 153
as weight, 31-33
Gravitational interactions,
146-161
Gravitelltiona%gotential energy,
Bernoulli’s principle and, 294
equilibrium and, 126
Graviti(. 17,479
acceleration and, 17—18, 46,
146148
center of, 119-130
defined, 119-120
torque and, 191
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earth’s, at moon's distance, 136
effect of
on earth’s shape, 141
on motion, 27
on satellites, 166
and falling object, 17
inverse-square law and, 139-140
measlurernent of, during free fall,
8
on moon, 32
Newtog's concept of, 134135,
14
and period of pendulum, 350
potential energy and, 104—105
reduction of, with distance,
139--140
relationship of, to mass, 138
and satellite in circular orbit,

165
simulated, 182—184
and thermonuclear fusion, 108
upwardly moving projectiles
and,
Greenhouse effect, 331-332
Groungiszég, charge induction by,

Growth, exponential, 632634
Gymnastics, rotational inertia

and, 195-197
Gyroscope, 198

Half life, radioactive, 591 -593
Halley, Edmund, 137
Harmonic motion, simple, 150
Heat, 302-303
calories as unit of, 305
conduction of, 323-325, 346
conductors of, 323
conversion of energy into, 112
emitters and absorbers of,
329-330
generated by collisions, 97
internal energy and, 302, 304
poor conductors of, 323324
quantity of, 304-306
specific; see Specific heat
temperature and, 302304
transmission of, 323-334
useful energy as, 115
Heat of fusion, 343
Heat transfer, 346
Heat of vaporization, 343
Heating process, energy and,
342-343
Heavy water, 590
Helium
density of, 285
model of atom of, 479
Henry, Joseph, 554
Hertz, Heinrich, 352
Hertz as unit of frequency, 332
Holes, black, 158—159
Hologram, 471—472
Hooke, Robert, 256
Hooke'’s law, 256
Horse-cart problem, 59-61
Human boxfy
center of gravity of, 129-130

cooling of, through perspiration,
336

energy output of, computational
example of, 3
principal axes of rotation of, 195
Humidity, relative, 337
Huygens, Christian, 384, 457, 573
light theory of, 383
Huygens’ principle, 457-460
Hydraulic press, Pascal's principle
. and, 277,278
Hydrogen
atoms of, 239
density of, 285
isotopes of, 390
Hypothesis
compared to fact, 3
compared to speculation, 5
in scientific method, 3
testable nature of, 5

I-beams, 258-259
Ice
density of, 254
expansion of, 316
forma4t:i"on of, energy release and,

3
melting of, 342
Tce crystals, 340
NMlusions, optical, 396
Image
constructing, through ray dia-
grams, 444—44
formation of, by lens, 442443
real, 442
virtual, 421, 443
Impact
extending time of, 3788
force of
average, 87
decreasing, 8788
increasing, 87
Impulse
as change in momentum, 86—90
defined, 87
effects of bouncing on, 90-91
forces involved in, 87
Incidence, angle of, 421
and law of reflection, 434
Incoherent light, 469
Incompressibility, 267
Index of refraction, 428
Induction
charge by, 488—490
electromagnetic; see Elec-
tromagnetic induction
Inelastic collisions, 95-96
Inelasticity, defined, 256
Inertia
and concept of earth's motion,

34
defined, 28, 35
demonstrations of, 29
evidence of, 34
mass as measure of, 31-33
moment of, 192; see also Rota-
tional inertia
in motion, 85; see also
Momentum
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Newton's law of, 28—30
rotational; see Rotational inertia
Infrared radiation, 327, 328, 387
Infrasonic sound waves, 370
Instantaneous speed, 12
Insulators, 324, 486
Interference, 357, 358
color separation and, 465
constructive, 357, 462, 463
destructive, 357, 359, 377, 462,
463
light waves and, 462--463
for measurement of light wave-
lengths, 469
single-color, from thin films,
466—-467
sound waves and, 376-377
Young's experiment with,
463466
I_nterfe4r§nce fringes, 464, 466, 471,
2
Interference pattern, 357, 462, 463
Interferometer, 208, 469
Internal energy, 302, 304
varyéng capacities for storing,

Internal resistance, 532—533

International System of Units, 33,
305, 623

Inverse proportion, 38

Inverse-square law, 139-140,
483484

lons
defined, 245
negative, 245, 481
positive, 245, 481
Ionization energy, 581
Iridescence from thin films,
467-469
Iris, 450
Tron
flotation and, 275
magnetic domains in, 542—544
Isotopes, 244
radioactive, 589591

Jack, as inclined plane, 113114
Joule, as unit of work and energy,
102, 623
relation to calorie, 305
Joule, James, 623
Jumping, decreasing force of
impact of, 88

Karate, using, io break boards,
bricks, 89, 90
Kelvin, as unit of temperature,

Kelvin, Lord, 301, 624

Kelvin scale, 301, 624

Kilocalorie, 305

Kilogram, 623

Kilowatt, 520, 624

Kilowatt-hour, 520, 623

Kinetic energy, 106—107
Bernoulli's principle and,

effect of speed and mass on, 106
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Kinetic energy (continued)
increasing, 300
of moving object, derivation
and other energy forms, 106
and satellite motion, 168169
temperature and, 301, 335—336
Kinetic theory of matter, 248

Laser, 470-471
Laser light, 469—-471
Law(s), 3; see also Principle
Boyle's, 290291
conservation
of angular momentum, 200
of charge, 481-482
of energy, 107-109
of momentum, 91-94
Coulomb’s, 482486
Faraday's, 566
Hooke's, 256
Newton'’s
of cooling, 330—331
of motion, first, 28
of motion, second, 39
of motion, third, 55
of universal gravitation,
138—141
Ohm's, 513-516
Snell’s, 428
Law of inertia, 28
Law(s) of motion; see Law({s),
Newton'’s
Law of reflection, 420—421
Law of universal gravitation,
138-141
Lead, density of, 254
Leaning Tower of Pisa, toppling
rule and, 124
Length contraction, relativistic,
226-228
equation for, 228, 233
Lens(es), 440—456
in common optical instruments,
448-450
condenser, 450
converging, 441, 442, 443
defects of, 452453
diverging, 441, 442, 443
focal length of, 442
focal plane of, 441
focal point of, 441
image formation by, 442443
precision, interference fringes
and, 466, 467
principal axis of, 441
projection, 450
Lever
basic types of, 110—111
and conservation of energy, 109
Lever arm, torque and, 188
Leverage, torque and, 188
Leverrier, Urbain, 142
Life, energy for, 115
Life sciences, 1, 2
Lift, defined, 294
Light, 382398
lack as absence of, 400
blue and red shifts and, 362

coherent, 470
colored, mixing, 404—406
diffraction of, 383
dispersion of, 432
early concepts of, 382-383
incoherent, 469
interference for measurement
of, 469
laser, 469471
monochromatic, 462—464, 469
nature of, 382383, 573-575
nonpolarized, 393
opaque materials and, 390
particle nature of, 383, 573-575
polarization of, 392395,
630-631
rays of, 390
refraction of, 428—429
scattered, 409, 411
spectroscope analysis of,
413-415
speed of, 383386
calculation of, 384
oo;:_llgared to speed of sound,

constancy of, 207—208
measurement of, 210
temperature and, 431
transparent materials and,
387-389
visible, 327, 328
wave nature of, 327, 353, 383
white, 399
complementary colors and,
406

frequencies of, 404—405
Light clock, 211-212
Light pipes, 536
Light quanta, 573
Light source, color and, 402
Light waves
iffraction of, 460—462
Huygens' principle and,
57-460
interference and, 462—463
polarization of, 392395,
630-631
Light year, 386
Lightning and charging by induc-
tion, 490
Line spectrum, 415
Linear momentum, defined, 198
Linear speed, defined, 176—177
Lines of force, 497
Liquid(s), 266~282
Archimedes’ principle and,
271-273
boiling of, 339-340
buoyancy and, 270-271
contrasted with gases, 283
density of, 267
evaporation of, 335—-336
flotation and, 275-276
freezing of, 340—341
Pascal’s principle and, 277-279
pressure in, 266—269
equation for, 267
net foree due to, 269
relatioriship of, to depth and
volume, 568, 269

Index

as state of matter, 248
submersion in, effect of density
on, 273-274
thermal expansion of, 314--315
Locke, John, 143
Lodestones, 538
Longitudinal waves, 356—357, 360
Lunar eclipse, 156, 392

Machines, 109-112
efficiency of, 112
Magnetic declination, 550
Magnetic domain, 542—543
Maﬁnetic field, 149, 540-542
changes in
transformers and, 561
and voltage induction, 556
of earth, 550—551
reversal of, 551
induction of, 566567
nature of, 541-542
and voltage induction, 554—555
Magnetic ﬁnﬁd lines, 540-541, 546
Magnetic forces, 539
on current-carrying wires,
547-548
on moving charged particles,
546-547
Magnetic poles, 539-54(, 550
Magnetic tides, 157
Magnetism, 538—553
Magnifying glasses, 442
ray diagram for, 445
Magnitude, 65

ass
of air, 285
center of, 121-122 .
compared to density, 253
compared to volume, 31
compared to weight, 31-32
conservation of, 231
critical, 608
defined, 32
distribution of, rotational iner-
tia and, 192
earth's, determining, 147
gravitational force and, 147
ncrease of, with speed, 228—-229
inverse relationship of, to accel-
eration, 38
as measure of inertia, 31-33
ratio of, to weight, 46
relationship of
to acceleration, 38, 57—58
to kinetic energy, 106
to momentum, 85
to potential energy, 105
to universal gravitation, 138
to weight, 32, 46
relativistic, 228
equation for, 229, 233
resistance of, to acceleration,
38 :

rest, 229, 232
unit of, 33, 623
Mass number, 550
Mass spectrograph, 613—-614
Mass-energy equivalence,
230-232, 613-616
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equation representing, 231
nuclear fission and, 230
Mathematics
as language of science, 2
physics and, 2
Matter
atomic nature of, 238-250
expansion and contraction of,
300-301
gases, 283—298; see also Gas(es)
inetic energy in, increasing,
300

kinetic theory of, 248
liquids, 266-282; see also
Liquid(s)
molecules in, 242243
plasma state of, 248
solids, 251 -265; see also Solid(s)
states of, 248, 335
changes in, 335348
Maxwell, James Clerk, 566, 567,
568, 573
Mechanical advantage
determining, 110, 112
of jack, 113-114
ratio of actual to theoretical, 113
theoretical, 113
Mechanical energy, 103-104
Mechanics
quantum, 581, 582
rotational, 187203
Melting, 342
energy absorption and, 346
Mercury )
density of, 254, 267
effect of atmospheric pressure
on, 287
thermal expansion of, 315
Metal(s)
conductivity of, 486487
crystals, of, 252
Meter, 623
Metric system, international, 33,
305, 623
Michelson, Albert, 208
speed-of'-light experiment of,
384-385
Microscope
compound, 449
diffraction and, 461
electron, 461, 577
scanning, 241
Microwaves, 327, 386
Millikan, Robert, 574
Mirage, 429, 430
Mirrors, 421-422
Model(s)
of atom
Bohr's, 479, 572, 576—581
mathematical, 572, 581
shell, 246
of gas, 283
of light
early, 382—383
particle, 383, 573575
wave, 327, 353, 383
of liquid, 266, 283
of matter, 238250
of solid, 251-252
Moiré pattern, 358, 378

Molecular motion, energy and, 319
Molecules, 242243
Momentum, 85—100
angular; see Angular momentum
changes in, 86—90
combined, 97
conservation of, 91-94
law of, 93, 94, 98
decreasing
over long time, 8789
over short time, 89-90
defined, 85, 99
in elastic collisions, 94—95
increasing, 87
in inelastic collisions, 95-96
linear, defined, 198
net, 94, 95, 96, 97
before and after collision, 94
as vector quantity, 92, 97-98
Monochromatic light, 463—464,
469
Moon
eclipse of, 156
escape speed of, 172
falling, 135—137
gravitational force on earth of,

ocean tides and, 153
orbit of, 154
Morley, Edward W., 208
Motion, 10-24
air resistance and, 21, 43
Aristotle’s theories of, 25-26
Brownian, 241
change in state of, 15
circular, 175-186
mmgonents of, for prajectile,
5-76

earth’s, 26, 33-34

energy of, 106-107

of falling objects, analyzing,
17-21

friction and, 2627, 28,4243
gravity and, 27
inertia and, 28
and law of action and reaction,
54-64
length contraction and, 227
natural, 25
Newton's first law of, 136
Newton's second law of, 37-53,
57,91, 147
and acceleration of falling ob-
ject, 46
problem solving and, 40
Newtcn's third law of, 54-64,
2

9
of planets, 30
projectile, 75-77
rate of, 10
relativity of, 10-11, 206-207
satellite; see Satellite motion
simple harmonic, 150
in spacetime, 205206
uniform, 209-210
wave, 353-354
Motor effect, 560
Motors, 549-550
contEg%ted with generatar, 557,
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Natural frequency, 374
Natural motion, 25
Natural philosophy, 1
Nature, early study of, 1
Neap tides, 156
Nearsightedness, 452
Neptune, discovery of, 142
Neptunium, §10—-611
Net force
defined, 38
equilibrium and, 70-72
li(igid pressure, due to, 269
relationship of, to acceleration,
39
Net momentum, 94, 95, 96, 97
Neutral equilibrium, 126
Neutron, 244, 479
in heavy elements, 586
mass of, 585
Newton, as unit of force, 33
Newton, Isaac, 28, 50, 101, 573,
623
and concept of falling moon,
135- 1}-?56
and discovery of universal grav-
itation, 134137
and concept of light, 383
law of cooling of, 330-331
laws of motion of; see Law(s),
Newton's
law of universal gravitation of,
138-141
satellite motion and, 166
and study of color, 399
Newton-meter
as unit of torque, 188
as unit of work, 102
Nodes, 359
Normal, 421
Normal force, 41
Notation, scientific, 138, 626
Nuclear fission, 606—608
benefits of, 612
drawbacks of, 610, 612
and gass-energy equivalence,
0
Nuclear fission reactor, 609—610
Nuclear fusion, 616—620
controlling, 618—-620
in stars, 1%8
Nuclear reaction, decrease in rest
mass in, 232
Nucleon, 244, 585
Nucleus, atomic, 243245,

Object(s), falling
acceleration of, 17-19, 46—48
air resistance and, 21
analyzing motion of, 17-21
distance traveled by, 19—20
speed of, 17-19
Objective lens, 449
Ocean tides, 153-157
Oersted, Hans Christian, 538
Ohm, as unit of resistance, 513
Ohm, Georg Simon, 513
Ohm'’s law, 513-516
electric shock and, 514516
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Qil, formation of, 108
Oppenheimer, Frank, 351
Optical fibers, 436
Optical illusions, 396
Orbit
circular
period of, 165166
potential and kinetic energy
in, 169
earth's, 154
elliptical, 166—168
potential and kinetic energy
in, 169
satellite ipeed in, 167
moon’s, 15
Oscillation theory of universe, 143
Oscillator, 401
Osmium, density of, 253

Paints, mixing of, 407408
Pair, action-reaction, 55
Parabolic path, 77-81, 119
effect of center of gravity on, 121
Parallel circuits, 529—531
Parallelogram, in addition of
vectors, 68
Particle(s)
alpha, 243244, 587, 588
beta, 588
charged, magne%ic forces on,
46547
high-speed elementary, con-
served momentum of, 98
subatomic, acceleration of, 229
waves as, 575-577
as waves, 576577
Particle nature of light, 383,
573-575
Pascal, as unit of pressure, 44, 266
Pascal, Blaise, Zbg, 277
Pascal's principle, 277279
Pascal's vases, 268—269
Pelton, Lester A., 91
Pelton wheel, 91
Pendulum
rotational inertia and, 193
vibration of, 350-351
Penumbra, 391
People, center of gravity of,
129-130
Perigee, defined, 169
Period
orbital, 165—-166
frequency and, 353
of pendulum, 350
Periodic table of elements,
246-248
Perspiration, cooling function
of, 336
Perturbation(s)
defined, 141
of Uranus, 142
Philosophy, natural, 1
Photoelectric effect, 383, 574
Photons, 383, 573
Photosynthesis, 115
Physical sciences, 1
Physics
content of, 2

of cooking, 306
mathematics and, 2
as most basic science, 1-2
Newtonian, effect of, on Age of
Reason, 143
quantum, 479, 582
table of important constants
in, 627
Pigment, 403
colored, mixing, 407408
Pioneer space missions, 30
Pioneer 10, escape of, from solar
system, 171
Pistons, Pascal’s principle and,
277-278

Pitch, 370
Planck, Max, 573
Planck’s constant, 573
Planets
escape speeds of, 172
motion of, 30
tangential velocities of, 137
Plasma
as state of matter, 248
use in controlled nuclear fusion,
618-619
Plato and concept of light, 382
Pluto, discovery of, 14
Plutonium, 610—611
Polarization
of charge, 490-491
of light, 392395, 630—631
Polarization axis, 393
Poles, magnetic, 550
Postulate(s), 208
of relativity
first, 209-210
second, 210-211
Potential, electric, 502-504
Potential difference, 509, 512
Potential energy, 104—105
electric, 501502
gravitational, 104105, 501
satellite motion and, 168169
Power
defined, 103, 116
electric, 520-521
watt as unit of, 103, 623
Power transmission, 564-566
Pressure, 4445
area ot contact and, 44-45
atmospheric, 285-286
boiling water and, 341
defined, 44, 51, 266
density and, 290
fluid speed and, 293
in liguid, 266—269
regelation and, 341342
unit of, 44, 266
Principal axis, 441
Principle, 3; see also Law(s)
Archimedes’, 271-273
Bernoulli’s, 293-295
of flotation, 276
Huygens', 457—460
Pascal’s, 277-279
Printing, color, 408
Prisms
lenses and, 440-441
light dispersion through, 432

Index

Probability, quantum mechanics
and, 582
Procyon, 221
Projectile
defined, 75
earth satellite as, 162—163
effect of air resistance on path
of, 81
effect of prog'ection angle on
range of, 30
horizontal motion of, 76
parabolic paths of, 7781
speed of, 81
upwardly moving, 78—-81
vertical motion of, 76
Projectile motion, 7577
Projectors, 430
Protactinium, 594
Proton, 244
mass of, 585
Eﬂley,loonservation of energy and,
2

Pulle sgstems, 111-112
Pupil, 450
Pyramids, construction of, 6
Pythagorean theorem in finding
vector resultant, 70

Quanta, light, 573

Quantum mechanics, 581, 582
Quantum physics, 479, 582
Quarks, 244, 482, 585

Radar waves, 362
Radiant energy, 327
absorption of, 328329
emission of, 329-330
greenhouse effect and, 331332
types of, 327, 328
Radiation
electromagnetic
infrared, 327, 328, 387
terrestrial, 331-332
ultraviolet, 327, 387
radicactive
damage by, 602
natural background, 601
penetrating power of,
-589
Radiation curve of sunlight, 404
Radiation of energy, 327328
Radioactive decay, 586—588
Radioactive half life, 591-593
Radioactive isotopes, 589591
Radioactive tracers, 600—601
Radioactive waste, 612
Radio waves, 327, 362, 386
diffraction of, 461
Rainbow, 432434
Rarefaction, 371, 376
Rate, defined, 10
Ray(s)
alpha, 587
beta, 587, 588
gamma, 327, 587, 588
incident, 421
reflected, 421
X, 327, 386, 472, 585
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Ray diagrams, constructing im-
ages through, 444-447
Reaction
on bodies of different masses,
identifying, 56
Reaction force, 55, 63
Reactor
breeder, 612—613
nuclear fission, 609610
Real image, 442
Red giant star, 158
Red shift, 362
Reflection, 328—329, 419424
angle of, 421
color and, 400-402
diffuse, 423-424
law of, 420—421
and angle of incidence, 434
and Huygens’ principle, 458
of sound, 42
total internal, 434—436
Refraction, 425-431
atmospheric, 429-431
index of, 428
of light, 428—-429
Snﬁ I's law of, 428 e, 45
uygens' principle and,
of soznd, 42%—42‘?
Refrigeration cycle, 345
Regelation, 341-342
Relative humidity, 337
Relativistic mass, 229
Relativity, 204-225
general theory of, 204
special
first iostulate of, 209-210
length, mass, and energy,
226-235
second postulate of, 210-211
space and time and, 204225
special theory of, 204
Resistance
air; see Air resistance
electrical, 512-513
equivalent, 532
internal, 532-533
Resistors, 514
combining, in compound cireuit,
532-534
Resolution, vector, 73
polarized light and, 630-631
sailing and, 628—629
Resonance, 374-376
Rest mass, 229, 232
Resultant
net force as, 66
of vectors, 68
Retina, 450
Reverberations, 424
Revolution, defined, 176
Ripple tanks, 462
Rocket
escape speed of, 170-172
momentum of, 93
Roemer, Olaus, 384
R principal axes of, 195
's principal axes of, 1
deﬁzedr,, 176
rate of, 177

torque and, 186
Rotational inertia, 192-197
defined, 192
formulas for, 133 s
gymnastics and, 195-197
Rotational mechanics, 187203
Rotational speed, defined, 177
Rotational velocity, defined, 198
Ruthegford, Ernest, 243, 244, 479,
a7

Sailing, vector analysis of,
628629

Satellite(s), 162-163
circular orbit of, 165166
elliptical orbit of, 166—167
energy conservation and,
168—-169
escape speeds for, 170172
Saturation, of air, with water
vapor, 337
Scalar quantities, 65
Scaling, 259-263
Scanning electron microscope, 241
Scattering of light, 409
Schematic diagrams, 531-532
Schroedinger, in, 581
Science
basic concepts of, 1-8
contrasted with technology, 6
early discoveries of, 1
life, 1,2
mathematics as language of, 2
objectivity of, 6
physical, 2
physics as most basic, 1-2
theories of, 4
Scientific attitude, 3—4
Scientific method, 2—3
Scientific notation, 138, 626
Semiconductors, 487
Series circuits, 527-529
Shadows, 391
Shell model of atom, 246
Shock, electric, Ohm’s law and,
514-516
Shock waves, 364-365
Slide show, 3-D, 394, 395
SI units, 33, 623-624
Simple harmonic motion, 150
Sine curve, 351-352
Size, importance of, 259263
Sky, color of, 409-410
Skydiving, terminal speed and,

48—
Snell, Willebrord, 428
Snell’s law, 428
Socrates and concept of light, 382
Sodium chioride, siructure of, 243,
250-251
Solar eclipse, 156, 391
Solar system
center of mass of, 121—122
Copernican theory of, Newton's
confirmation of, 137
Solid(s), 251-265
comgression and stretching of,
57-259
density of, 2532535
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elasticity of, 255-257
expansion of, 311-314
scaling and, 259-263
as state of matter, 248
structure of, 250-251
Sonic boom, 364—365
Sound, 369381
media that transmit, 372
natural frequency and, 374
nature of, in air, 370371
origin of, 369-370
reflection of, 424
refraction of, 426—427
speed of, 354, 372373
Sound beats, 377-378
Sound waves, 354-355
pler effect and, 361-362
infrasonic and ultrasonic, 370
interference and, 376377
Space
contraction of, 227
outer, mass and weightin, 31-32
as part of spacetime, 203
Space Needle, center of gravity
of, 128
Space program, 30, 171
Spacesickness, 152
Spacetime, 205-206
Space travel, 220-221
time dilation and, 214—220
Special relativity; see Relativity,

special
Specific heat, 306-307
ed, 307
of water, 307-308
climate and, 308
Spectroscope, 413, 414
Spectrum(a,
atomic, 413-415

line, 415
of white light, 399, 415
Speculation contrasted with hy-
pothesis, 5
Speed
air resistance and, 50
angular, 177
average, 12
constant, 14
contrasted with distance, 21
contrasted with velocity, 13—14
defined, 11, 22
drift, 518-519
of earth satellite, 163
effect of
on car’s stopping distance,
106

on kinetic energy, 106
equation for, 21
escape; see Escape speed
fluid, pressure and, 293
increase of mass with, 228—229
instantaneous, 12

during free fall of object,

17-19

length contraction and, 226228
of light

constancy of, 207-208

measurement of, 210
linear, defined, 176177
projectile, 81
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Speed (continued)
rate of change of, 16, 21
in upwardly moving object,
18-19
relationship of, to momentum,

relativity of, 206
rotational, defined, 177
satellite, 166
in circular orbit, 165
in elliptical orbit, 167
of sound, 354, 372—-373
terminal; see Terminal speed
units of, 11-12
wave, 354—356
Spring
clasticity of, 255-257
waves in, 357
Spring tides, 155
Stable equilibrium, 126
Stability, 125—128
gravitational potential energy
and, 126
Standing waves, 359360
Star(s)
black dwarf, 158
early discoveries about, 1
gravitation in, 158
nuclear fusion in, 158
red giant, 158
State(s)
of equilibrium, 126
of matter, 248
changes of, 334348
Statics, 41-42
Steady flow, Bernoulli’s principle
and, 294
Steam, 343
Steel
compression of, 258—259
elasticity of, 257
Streamlines, 294
Strength, relationship of, to
weight, 260—-261
Stretch, relationship of, to applied
force, 256
Strong force, 586
Subatomic particles, 244—245, 585
Submarine, displaceinent and, 276
Subtraction, color, 406, 407, 408

un -
eclipse of, 156, 391
escape speed of, 172
gravitation in, 158
ocean tides and, 154~155
Sunglasses, Polaroid, 393—395,
630-631

Sunlight, 403404
absorption of, and greenhouse
etfect, 331-332
dispersion of, and rainbows,
432434
radiation curve of, 404
scattered, 411
spectrum of, 399
Sunset, colors of, 410-412
Superconductors, 487
Support force, 41
Surface area, relationship of, to
volume, 262-263

Systéme International d'Unités,
33, 305, 623

Table, air, 29
Tacoma l;Tarrows Bridge collapse,
37
Tangential velocity, 135, 136
Ta.nEs, ripple, 462
Technology
abuses of, 6
contrasted with science, 6
Telescope, types and functions of,
448449

Temperature, 300-303
air saturation and, 338
electrical resistance and, 512
equalization of
through conduction, 323—325
through convection, 325-327
kinetic energy and, 301,
335-336
radiant energy and, 328
Terminal spees, 48 .
skydiving and, 48—49
Terminal velocity, 48
Terrestrial radiation, 331-332
Tesla, Nikola, 506
Theory, 4
general, of relativity, 204
special, of relativity, 204
unified field, 484
Theory of evolution, Darwin’s, 6
Theory of gravitation, Newton's,
134-137
Theory of matter, kinetic, 248
Thermal contact, 303
Thermal energy, 300; see also Ki-
netic energy
Thermal equilibrium, 303
Thermal expansion, 311-322
computation of, 313-314
of gases, 318—320
of liquids, 314—-315
of solids, 311-314
of water, 315-318
Thermonuclear fusion, 108, 616—617
Thermostat, bimetallic strips in,
312-313
Thin films, single-color inter-
ference from, 466—467
Thin-lens equation, 444
Thorium
atoms of, 241
transmutation of, 594
Tides
atmospheric, 157
earth, 157
magnetic, 157
ocean, 153-157

neap, 156
spring, 155
Time

and change in momentum, 86

doubling, and exponential
growth, 632—-634

elapsed, 17

as part of spacetime, 205

as perlczeived by space travelers,
2

Index

Time dilation, 206, 211-220
equation for, 213, 233
space travel and, 214220
twin trip asexample of, 214-217
Time travel, 220-221
Toppling, 123-125
Torque, 187189
balanced, 189—190
computational example
of, 190
center of gravity and, 191 -
defined, 138
Total internal reflection, 434—436
Tracers, radioactive, 600—601
Transparency, light and, 387-389
Transtormers, 560—564
step-up, 562
Transistors, 487
Transmission, power, 564—566
Transmutation, 594
artificial, 597
natural, 594-596
Transverse waves, 356, 360
Tritium, 244, 590
Troughs, wave, 352
overlap of, 376
Tuning forks
beats and, 377
condensations and rarefactions
and, 371
Turbine, 559
Twin u'iip, time dilation and,
214217

Ultrasonic sound waves, 370
Ultraviolet radiation, 327, 387
Umbra, 391
Uncertsasinties, in atomic domain,
2
Unified field theory, 484
Units, SI, 33, 623-624
working with, 625-627
Universal gravitation, 134—145
law of, 137, 138-139
Universal constant of gravitation,
138-139
compared to acceleration due
to gravity, 146
compared to constant in Cou-
: omb’s law, 483484
Universe
expansion of, 142—-143
oscillation of, 143
Unstable equilibrium, 126
Uranium
chain reaction in, 607—608
density of, 255
isotopes of, 590
as nuclear fuel, 610
radioactive decay of, 595
transmutation of, 594
Uranium dating, 600
Uranus, perturbation of, 142
Useful energy, 115

Vacuum
atmospheric pressure and, 288
sound in, 372
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Van de Graaff generator, 495,
504-506, 510
Vaporization
cooling process and, 345346
energy absorption and, 346
energy required for, 343
heat of, 343
Vectors, 65-84
addition of, 68—70
components of, 73-74, 628—631
defined, 65, 82
force, 66
geometric addition of, 68—70
momentum, 97-98
polarization of light and,
630-631
Pythagorean theorem in finding
resultant of, 70
sailing and, 628—629
velocity, 67
Vector quantity, defined, 65
Velocity, 13—14; see also Speed
acceleration, relation to, 15
angular; see Velocity, rotational
changing, 14
components of
for projectile, 79
for satellite, 135—136
constant, 14
rotational, defined, 198
speed, contrasted with, 13—14
tangential, 135, 136
terminal, 48
units of, 1314
vector addition of, 69-70
vector representation of, 67
Vibration, 350
of atoms and molecules, 248
and temperature, 311
of electric charges, 386—389
of electromagnetic wave, 393,
629631
forced, 373
natural frequency of, 374
of pendulum, 350-351
of tuning fork, 373—378
Virtual image, 421, 443
Visible light, 327, 328
Vision, defects in, 451452
Voyager space missions, 30
Volt, defined, 503
Volta, Allesandro, 503
Voltage
amount induced, and magnetic
field changes, 556
defined, 503
effects of transformer on, 562
induction of, 554—555

primary and secondary,
560—563
sources of, 511-512

Voltmeter, 548, 549
Volume

effect of, on buoyant force, 273

liquid, relationship of, to pres-
sure, 268

mass contrasted with, 31

relationship of, to surface area,
262-263

units of, 624

Water

color of, 412413

crystal form of, 316

density of, 254, 267, 317

displaced, 270

energy required to freeze and
vaporize, 343

freezing of, 316—-318

heavy, 590

specific heat of, 307-308

climate and, 308

thermal expansion of, 315-318

transparency of, 388

various states of, 248

Water pressure, 268, 269
Water vapor

saturation and, 337
terrestrial radiation and, 332

Wait, as unit of power, 103, 623
Wave(s), 354--355

bow, 363

defined, 350

diffraction of, 460—462

electromasgnetic, 353, 386387,
567-568

electron, 577-579

and energy transfer, 327-332,
353-354

interference and, 357--358

light; see Light waves

longitudinal, 356357, 360

moiré pattern of, 358

as particles, 575-577

particles as, 576

radar, 362

radio; see Radio waves

reflection of, 419-420

refraction of, 425-426

shock, 364—365

sine curve representation of, 351

sound; see Sound waves

standing, 359-360

transverse, 356, 360

Wave crests, 352
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Wave fronts, 426
Wavelength, 352
de Broglie, 576
wave speed and, 355
Wave motion, 353-354
Wave speed, 354—356
Wave troughs, 352
Weak force, 484
Weather, early discoveries about, 1
Weight
changes in, in space, 31-32
components of, 74-75
contrasted with mass, 31-32
defined, 32, 152
equalti%n for, at earth’s surface,

force of gravity as, 31-33
on moon, 32
ratio of, to mass, 49
relationship of
to buoyant force, 273
to mass, 32, 46
to strength, 260-261
to surface area, 262—263
scaling and, 259-263
weightlessness and, 151-152
Weight densit
defined, 254, 267
relationship of, to pressure, 267
Weight distribution, center of
%'avity and, 120
Weightlessness, 151-152
Wet cells, 511
White light, 399
Winds as effect of convection, 326
Work
against another force, 102
categories of, 102
defined, 101
dms‘?ﬁ potential energy and,

and gravitational potential
energy, 501

nuclear reactions and, 613

power and, 103

ratio of input to cutput as effi-
ciency, 112

units of, 102

X rays, 327, 386, 585
and holograms, 472
X-ray patterns, of solids, 251-252

Young, Thomas, 463, 573

Zero, absolute, 301-302
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