We all know of things that cannot be measured—the beauty of a flower, or of a
Bach fugue. As certain as our knowledge of these things may be, we readily
admit that this knowledge is not science. The ability not only to define but also to
measure is a requisite of science, and in physics, more than in any other field
of knowledge, the precise definition of terms and the accurate measurement of
quantities have led to great discoveries. We begin with some preliminary chores,
such as establishing some basic definitions and learning about units and how to
deal with them in equations. The fun comes later.

Measurement of any quantity involves comparison with some precisely de-
fined unit value of the quantity. For example, to measure the distance between
two points, we need a standard unit, such as a meter. The statement that a certain
distance is 25 meters means that it is 25 times the length of the unit meter. That is,
a standard meterstick fits into that distance 25 times. It is important to include
the unit, in this case meters, along with the number 25 in expressing this dis-
tance, because there are other units of distance such as kilometers or miles that
are in common use. To say that a distance is 25 is meaningless. The magnitude of
any physical quantity must include both a number and a unit.

The International System of Units

A small number of fundamental units are sufficient to express all physical quan-
tities. Many of the quantities that we shall be studying, such as velocity, force,
momentum, work, energy, and power can be expressed in terms of three funda-
mental measures: length, time, and mass. The choice of standard units for these
fundamental quantities determines a system of units. The system used univer-
sally in the scientific community is called SI (for Systéme International). The stan-
dard SI unit for length is the meter, the standard unit of time is the second, and
the standard unit of mass is the kilogram. Complete definitions of the SI units are
given in Appendix B.

Length The standard unit of length, the meter (abbreviated m), was originally
defined by two scratches on a bar made of a platinum-iridium alloy kept at the
International Bureau of Weights and Measures in Sevres, France. This length was
chosen so that the distance between the equator and the North Pole along the
meridian through Paris would be 10 million meters (Figure 1-1). The meter is
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FIGURE 1-1 The meter was originally
chosen so that the distance from the
equator to the North Pole along the
meridian through Paris would be 10’ m.
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now defined in terms of the speed of light—the meter is the distance light travels
through empty space in 1/299,729,458 second. (This makes the speed of light

exactly 299,792,458 m/s.)

EXERCISE What is the circumference of the earth in meters?
(Answer  About 4 X 107 m)

Time The unit of time, the second (s), was originally defined
in terms of the rotation of the earth and was equal to
(1/60)(1/60)(1/24) of the mean solar day. The second is now
defined in terms of a characteristic frequency associated with
the cesium atom. All atoms, after absorbing energy, emit light
with wavelengths and frequencies characteristic of the partic-
ular element. There is a set of wavelengths and frequencies
for each element, with a particular frequency and wavelength
associated with each energy transition within the atom. As far
as we know, these frequencies remain constant. The second is
defined so that the frequency of the light from a certain tran-
sition in cesium is exactly 9,192,631,770 cycles per second.
With these definitions, the fundamental units of length and
time are accessible to laboratories throughout the world.

Mass The unit of mass, the kilogram (kg), which equals
1000 grams (g), is defined to be the mass of a standard body,
also kept at Sevres. A duplicate of the standard 1-kg body is
kept at the National Institute of Standards and Technology
(NIST) in Gaithersburg, Maryland. We shall discuss the con-
cept of mass in detail in Chapter 4, where we will see that the
weight of an object at a given point on earth is proportional to
its mass. Thus the masses of objects of ordinary size can be
compared by weighing them.

In our study of thermodynamics and electricity, we shall
need three more fundamental physical units: one for temper-
ature, the kelvin (K) (formerly the degree Kelvin); one for the
amount of a substance, the mole (mol); and one for electrical
current, the ampere (A). There is another fundamental unit,
the candela (cd) for luminous intensity, which we shall have
no occasion to use in this book. These seven fundamental
units, the meter (m), second (s), kilogram (kg), kelvin (K),
ampere (A), mole (mol), and candela (cd), constitute the
international system of units or SI units.

The unit of every physical quantity can be expressed in
terms of the fundamental SI units. Some frequently used
combinations are given special names. For example, the
SI unit of force, kg-m/s?is called a newton (N). Similarly, the
SI unit of power, 1 kg-m?/s® = N-m/s, is called a watt (W).
When a unit like the newton or the watt is someone’s name,
it is written starting with a lowercase letter. Abbreviations
for such units start with uppercase letters.

Prefixes for common multiples and submultiples of
SI units are listed in Table 1-1. These multiples are all powers
of 10. Such a system is called a decimal system. The decimal
system based on the meter is called the metric system. The
prefixes can be applied to any SI unit; for example, 0.091 sec-
ond is 1 millisecond (ms); 1,000,600 watts is 1 megawatt (MW).

(a) Water clock used to measure time intervals in the
thirteenth century. (b) Cesium fountain clock with
developers Jefferts & Meekhof.
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TABLE 1-1

Prefixes for Powers of 10t

Multiple Prefix Abbreviation
10'8 exa E
101 peta P
102 tera T
10° giga G
106 mega M
10° kilo k
102 hecto h
10! deka da
10! deci d
1072 centi C
1073 milli m
10-¢ micro I
10-° nano n
10712 pico p
10-1 femto f
10718 atto a

1 The prefixes hecto (h), deka (da), and deci (d) are not multiples of 10* or 1073 and are rarely used. The other prefix
that is not a multiple of 10% or 1077 is centi (c). The prefixes frequently used in this book are printed in red. Note
that all prefix abbreviations for multiples 10° and higher are uppercase letters; all others are lowercase letters.





