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INTER-UNIVERSITY ELECTRONICS SERIES

SERIES PURPOSE

The explosive rate at which knowledge in electronics has expanded in
recent years has produced the need for unified state-of-the-art presenta-
tions that give authoritative pictures of individual fields of electronics.

The Inter-University Electronics Series is designed to meet this need
by providing volumes that deal with particular areas of electronics where
up-to-date reference material is either inadequate or is not conveniently
organized. Each volume covers an individual area, or a series of related
areas. Emphasis is upon providing timely and comprehensive coverage
that stresses general principles, and integrates the newer developments
into the over-all picture. Each volume is edited by an authority in the
field and is written by several coauthors, who are active participants in
research or in educational programs dealing with the subject matter
involved.

The volumes are written with a viewpoint and at a level that makes
them suitable for reference use by research and development engineers
and scientists in industry and by workers in governmental and university
laboratories. They are also suitable for use as textbooks in specialized
courses at graduate levels. The complete series of volumes will provide
a reference library that should serve a wide spectrum of electronic
engineers and scientists.

The organization and planning of the series is being carried out with
the aid of a Steering Committee, which operates with the counsel of an
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Advisory Committee. The Steering Committee concerns itself with the
scope of the individual volumes and aids in the selection of editors for
the different volumes. Each editor is in turn responsible for selecting his
coauthors and deciding upon the detailed scope and content of his par-
ticular volume. Over-all management of the Series is in the hands of the
Consulting Editor.

Frederick Emmons Terman
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PREFACE

This book is addressed to anyone with some knowledge of electricity,
electronics, and circuit theory who wishes to become familiar with the
great variety of electronic instruments and measuring systems available
today and with the kinds of measurements they can make. Because the
field has grown so big and exhibits such diversity, we have had to omit a
great deal of material both of a fundamental nature and of a specialized
nature. For example, there is no chapter on dc measurements as such,
although many instruments used in d¢ measurement are described fully
in other chapters. At the other extreme, tremendously complex data
telemetry systems such as are used in the space program are not treated,
though many of the components of such systems are. Thus, we have
tried to steer a course that avoids both the obvious and the esoteric,
hoping thereby to provide a more generally useful book with wide appeal.

Several years ago I was beguiled by the publishers into contracting to
write this work. Their arguments were persuasive: the advent of the
transistor had obsoleted existing books on the subject, the art had
advanced greatly since these works were written, I had personally been
involved with much of that advance, etc. Overcome by this suasion, I
agreed to accept the assignment. My attitude at the time seemed
euphoric, but now appears to me to have been more one of conceit, for as
I approached my task closer, it loomed ever larger, and soon humbled me
into a state of paralysis. After a long time during which I tried to delude
myself that I could simultaneously write a book, be president of the
IEEE, and carry out my regular job, a time during which my sense of
guilt steadily grew, I had the good fortune to have John Cage offer his

xv
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services in recruiting other writers and in compiling and consolidating
their efforts. This book never would have materialized without their
contributions and without John’s steadfast attention to details and to
schedules.

It is not the book I would have written, but it is, I think, a good book
and in many ways superior to what I might have produced, given the
time. For the sake of all those who have contributed I hope you and

many, many others will find it valuable.
B. M. Oliver



FURTHER PREFACE

As our technological civilization develops, both the amount and the
complexity of measurement proliferates. I think it is axiomatic that the
instrumentation art must grow faster than the science and engineering
activities in which measurement is necessary. The mercurial growth of
electronic measurement and instrumentation for use in electronics and in
electrical engineering certainly supports the axiom.

This inevitable growth in instrumentation presents a problem to the
engineering or science student, to the young practicing engineer whose
skill in measuring his working parameters is already obsolescent, to the
manager who is keenly aware of the role played by clever measurement
techniques in technical progress. Before these people can participate in
the surge of progress, I think they must learn about the principles and the
creative combinations of ideas in modern instruments. Then they can
use the instruments skillfully and even conceive new instruments. This
book is intended to help these people.

Consider Chap. 4, “Measurements of, with, and in the Presence of
Noise.” Without an understanding of this material, how can an engineer
or scientist penetrate very far in any discipline involving variable
quantities? Orlook at Chap. 5, “Signal Analysis by Digital Techniques.”
What an important instrument is one that adequately displays the
Fourier transform of a function of time, even when the interval of
integration is not infinity! Or Chap. 16: Do you really understand
spectrum analyzers?

Several years ago, McGraw-Hill suggested that B. M. Oliver, Vice

xvii
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President for Research and Development of the Hewlett-Packard
Company, was one of the people who could be logically chosen to write a
comprehensive reference book on electronic measurement and test
Instruments. However, it was apparent that the book would cover so
many subdisciplines, require information from so many specialists, and
require so many hours that it could not be fitted into Oliver’s activities.
It was suggested that I work with him to achieve an acceptable time
schedule. I knew from experience that working with Barney Oliver in
any capacity would keep the cerebral vascular system healthy and
transform senescence, as Shakespeare said, into “the silver livery of
advised age.”

It has been equally rewarding to work with the many specialists whose
names appear with the chapter headings. To combine the notes and
papers of more than thirty-five experts with some degree of continuity
was educational, to say the least. These people were busy (and often
nonaspiring as authors) but real authorities all the same.

We lacked space to treat measurement specifically in the fields of
medicine, chemistry, and other nonelectrical disciplines. These subjects
will require separate books.

I'shall not discuss the plan of the book further in the Preface. Chapters
1, 2, and 3 serve that purpose well. However, I must express my great
appreciation to Miss Helen Azadkhanian for her very patient preparation
of the manuscript, to Mrs. Downs for her help with some of the drafting
problems, and to my wife, Mildred, who graces everything with beauty
and love.

John M. Cage
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CHAPTER ONE

BASIC PRINCIPLES

Bernard M. Oliver

Hewlett-Packard Company
Palo Alto, California

Although the measurement of simple physical quantities dates from
ancient times, measurement as a precise art is only a few hundred years
old, and many of the quantities we measure today were not even known to
exist or were at best ill understood a century ago. Even so fundamental a
dimension as time was measured extremely crudely with sand and water
clocks until Galileo’s observations on the pendulum suggested replacing
these dissipative mechanisms with resonant systems in which cycles are
counted. Sinee that time, clocks have not changed in principle, though
their accuracy has been improved enormously as better and better resonant
systems were discovered. Today we use the atomic resonances of cesium
and hydrogen to measure time with an accuracy that corresponds to less
than a one-second error in thirty thousand years. No other physical
quantity can yet be measured with this precision. But while horology
may hold the current accuracy record, other areas too have greatly
benefited from the application of electronics to their measurement
problems.

Electronic measurements are of two kinds: those made of electronic
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quantities such as voltage, capacitance, or field strength, and those made
by electronic means of other quantities such as pressure, temperature, or
flow rate. Electronic instrumentation came of age in solving the mea-
surement needs of electronics itself, but in its maturity it is proving
remarkably adaptable to other fields. In this book we shall mainly
consider electronic instrumentation as a tool of its own trade. This
avoids a great deal of repetition and superficiality and at the same time
represents very little loss of generality, since the first step in measuring a
nonelectrical physical variable electronically is to convert the variable
to an electrical quantity.

1-1 The Role of Measurement

Science and technology are so intertwined with measurement as to be
totally inseparable from it. It is true that modern measuring instruments
are one of the fruits of science, but it is equally true that without the
ability to measure, there would be no science. When Lord Kelvin warned
that knowledge not expressible in numbers was ‘“of a meager and unsatis-
factory kind,” he was not expressing a fetish; he was identifying an essen-
tial aspect of scientific knowledge. The laws of physics are quantitative
laws, and their validity can only be established by precise measurement.
It is the insistence on quantitative agreement of theory with experimental
fact that distinguishes science from philosophy.

The careful astronomical observations of Tycho Brahe and the brilliant
analysis of his data by Johannes Kepler illustrate very dramatically the
contribution of accurate measurement to scientific progress. Plato, and
the Greek philosophers who followed him, believed that the heavenly
bodies, being perfect, were composed of the quintessence (literally the
fifth essence of matter as distinct from earth, fire, air, and water) and that
their motions must be eternal and perfect. Certainly the stars moved in
circles, and it was believed that the motions of the planets could be
described by an appropriate combination of uniform circular motions.
For two thousand years the resolution of planetary motions into circular
components was considered the most important problem in astronomy.
The heliocentric theory of Aristarchus of Samos (250 B.c.), the geocentric
theory of Ptolemy (a.p. 150), and even the heliocentric theory of Coper-
nicus (a.p. 1543), all adhered to the concept of circular motions. But
even though the Copernican theory greatly simplified the Ptolemaic
theory by eliminating the large epicycles that were really the result of the
earth’s own motion, neither theory predicted the exact positions of the
planets at all times. The error in both theories was often as much as
two degrees.

To Tycho Brahe, who was born shortly after Copernicus’ death, two
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degrees of error was intolerable. He decided that, before any correct
theory could be discovered, the actual positions of the planets over many
years would have to be measured with far greater accuracy than ever
before. With the financial support of Frederick II of Denmark he built
very large and rigid quadrants and other instruments for measuring
angles. These he mounted on stable foundations in his observatory,
which he named Uraniborg, or ‘“‘castle of the heavens.” Then he cali-
brated his instruments so that he could subtract their errors from his
observations. For twenty years he recorded the positions of the planets.
After the death of Frederick II he moved to Prague, where Kepler
became his assistant.

Kepler was assigned the task of computing the orbit of Mars from
Brahe’s observations. After four years of arduous work Kepler came to a
painful conclusion. No combination of the deferents and epicycles of the
Copernican or the Ptolemaic systems would fit the facts. The motion of
Mars could not be compounded out of regular circular motions as Plato
had believed. The best solution Kepler found disagreed with observa-
tions by only eight minutes of arc. But Kepler knew that Tycho Brahe’s
observations could not be in error by more than two minutesof are. With
an integrity rare even in scientists, Kepler saw that beliefs twenty
centuries old were doomed by an error only six minutes of arc too big to
be allowable.

Kepler then went on to discover his famous laws of planetary motion.
Eighty years later Newton showed that all these laws were a consequence
of his own laws of motion and his theory of universal gravitation, and
thus provided convincing proof of the latter. Shattered forever were
the crystalline spheres that carried the planets in their Ptolemaic orbits.
All the complex motions of the planets, which had puzzled men for ages,
were distilled into one simple little equation.

Nor does the story end here, for later and much more aceurate observa-
tions, with telescopes, showed that the orbit of Mercury precessed by 43
seconds of arc per century more than could be accounted for by perturba-
tions of the other planets. This in turn later provided the best confirma-
tion we yet have of Einstein’s general theory of relativity, which subsumes
Newton’s law of gravitation as a special case.

The role of measurement in unraveling the mysteries of celestial mechan-
ics is paralleled in other branches of science. Quantitative measure-
ments of the stoichiometry of chemical reactions established the existence
of the atom, and precise measurements in spectroscopy have helped
reveal its structure. Today, measurements of the trajectories of nuclear
fragments are gradually revealing the nature of the nucleus. X-ray
diffraction studies have taught us how crystals are built and have provided
important clues to the nature of deoxyribonucleic acid (DNA) and other
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organic molecules. The list is endless, for after Tycho Brahe, Galileo, and
Newton, science became experimental, and all experiments involve
measurement. Man finally learned not to impose his beliefs on nature
but, instead, humbly to ask questions of her and apply reason to her
answers.

New discoveries in science provided new instruments for the study of
nature and these studies produced new discoveries in a regenerative
buildup that has been accelerating for the last two centuries and continues
to accelerate today. Though much of physies has now been explored,
many mysteries still remain at both extremes of size: the nucleus and the
cosmos. The fields of particle physics and cosmology together with
molecular biology are the major frontiers of modern science. All depend
heavily upon instrumentation and measurement.

The science of optics produced the first major contributions to scientific
instrumentation: the telescope, the microscope, and the spectroscope.
When Galileo refined a Fleming’s spyglass and turned it toward the heav-
ens, a new era in astronomy was born. Later the spectroscope not only
revealed new elements on earth, but provided. the final, uncontrovertible
proof that the stars themselves, like our sun, are composed of these same
elements. The microscope showed the cellular structure of living matter
and the microorganisms that are the cause of disease.

Imagine how different human history might have been had Aristarchus
of Samos had a telescope and spectroscope, and Hippocrates a mieroscope!
What Grieek could have believed in the quintessence of matter having seen
the mountains of the moon and spectral lines of earthly elements in sun-
light? Or who could have insisted that all heavenly bodies revolved
around the earth, having beheld the satellites of Jupiter? How could the
deity have been so wasteful as to adorn the sky with stars not even visible
to man’s naked eye? What need for evil spirits if microbes cause disease?
The impact of such discoveries, had they been made by the Greeks, would
surely have greatly accelerated ecivilization and profoundly affected
theology. Indeed the western world might have been spared the dark
ages and the tortures of the Inquisition if only the Greeks had had better
instrumentation.

In recent years both astronomy and biology have taken new leaps
forward, again because of new tools, this time the result of progress in
electronics. The radio telescope has enabled astronomers to study the
matter between the stars in what was once thought of as simply space.
Quasars, perhaps the most distant objects in the universe, and pulsars,
believed to be star corpses composed almost entirely of neutrons, have been
discovered with radio telescopes. Meanwhile, the electron microscope
has revealed single strands of DNA and many of the fantastic transfer
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mechanisms in the living cell that use the genetic code to construct
proteins, antibodies, and enzymes. Living things too, it now seems
certain, obey the laws of physics and chemistry.

The role of science is to discover the laws of nature and how they operate
in complex systems. The role of engineering is to apply the discoveries of
science to human needs. Scientists make discoveries that increase our
understanding of the world. Engineers make inventions intended to
increase our productivity (and thereby our standard of living), our
mobility, and (it is hoped) our ability to survive. Instrumentation is a
branch of engineering that serves not only science but all branches of
engineering and medicine as well.

The precise measurement of dimensions, temperature, pressures, power,
voltage, current, impedance, various properties of materials, and a host
of other physical variables is as important to engineering as to secience.
Thus, mass production of goods that has produced our present affluent
society would be impossible unless their parts could be made so nearly
alike as to be completely interchangeable.

Eli Whitney, the inventor of the cotton gin, seems to be the first to have
eliminated the need for selective assembly. In 1798 he obtained a con-
tract to produce ten thousand muskets for the United States govern-
ment and decided to ‘“substitute correct and effective operations of
machinery for that skill of an artist which is acquired only by long practice
and experience.” It took Whitney two years, during which time not a
single gun was produced, to develop the machines, tools, and fixtures to
do the job. Washington officials became nervous at the delay, but finally
Whitney appeared before the Secretary of War and other Army officers
with boxes containing all the parts of his musket. While they watched in
amazement, Whitney assembled ten muskets, taking parts indiscrimi-
nately from the boxes. Afterward, in a letter to Monroe, Jefferson
wrote: “He (Whitney) has invented molds and machines for making all
the pieces of his locks as exactly equal, that take a hundred locks to
pieees and mingle their parts and the hundred locks may be put together
by taking the pieces that come to hand.”

Accurate measurement is needed too for economy of design. A bridge
several times stronger than needed to carry its heaviest possible load
serves no one better and costs more than one designed to survive this
worst load safely. For millions watching on television, the most dramatic
moment of the Apollo 11 mission occurred when Neil Armstrong first set
foot on the moon. But for many of the engineers who designed the
vehicles and the computer programs, the most dramatic moment occurred
two hours earlier when the lunar landing module set its feet on the moon.
At that moment, only ten seconds worth of fuel remained. Close timing
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indeed, and a tribute to the designers of the mission, for every pound of
spare fuel that did not have to be allowed for in the landing module
could be used to increase the payload of the lunar escape module.

Not only are instrumentation and measurement playing an increasingly
important role in our technological society; electronics is playing an
increasingly important role in instrumentation. The reasons for the
latter are that most physical quantities can be converted by transducers
into electrical signals and, once in this common form, they may be ampli-
fied, filtered, multiplexed, sampled, and measured. The measurements
are easily obtained in or converted into digital form for automatic analy-
sis and recording, or the data can be fed to servo systems for automatic
process control. Electronic circuits are unexcelled in their ability to
detect and amplify weak signals and in their ability to measure events of
short duration. The incorporation of electronic sensors and cireuits into
instruments has vastly increased our ability to measure and thereby our
ability to find nature’s answers to new questions.

Where science will take us in the future, no one knows. That is what
makes it such an exciting adventure. But one thing seems certain. If
social or political or ecological catastrophe can be avoided, science will
continue to probe with new and even more sensitive instruments
while the riddles of matter, of the origin of the universe, and of life are
being answered. Perhaps in time we may be able to construct a phi-
losophy in total accord with all knowledge. Or perhaps, as is more likely,
we shall no longer feel the need for philosophy. For what is philosophy
but intellectual speculation turned into belief, and what place is there for
speculation except to develop premises to be tested?

1-2 The Units of Measurement

Set into the stone wall of Saint Stephen’s Cathedral in Vienna are two
iron bars with protruding ends. One is about a yard long and the other
is about a meter long, but they are much older than either of these units
of measure. In medieval times Vienna was the western terminus of
caravans that carried the trade from the East, and these bars were used to
measure the width of silk cloth and other fabrics imported by the traders.
The church in those days was the keeper of physical as well as spiritual
standards and required the infidel to measure up to the former if not the
latter.

The measurement of quantities important in trade, such as length,
mass, and volume, is as old as civilization itself, but very few units of
ancient measure have been preserved. Today no one knows the exact
length of the stadium or of the cubit. So when we read that Eratosthenes,
in the third century B.c., having measured the angle of the sun’s rays in
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Alexandria at the moment the sun was directly overhead in Syene, and
knowing the north-and-south distance between these cities, computed the
circumference of the earth as 250,000 stadia, we can only admire his
genius, but we cannot check his result with certainty.

The measurement of angles is unique in that the unit is dimensionless;
no standard is needed, but only a numerical convention. Perhaps this
accounts for the longevity of the Babylonian system of angle measure-
ment, which is still in use today. In keeping with their sexaguesimal
(base 60) number system, the Babylonians divided the angle of an
equilateral triangle into 60 parts to get the degree. The degree was then
divided into 60 tiny, or minute, divisions, and these in turn were divided
into 60 second-order minute divisions, today called simply m¢nutes and
seconds. It is a pity that the Babylonians did not divide the circle into
24 parts, as we now divide the day, to obtain their basic units for then
these two traditional measures of time and angle, incompatible as their
subdivisions are with the decimal system, would at least be consistent
with each other and astronomers would not have to reckon with two
kinds of minutes and two kinds of seconds.?

As experimental science developed in the eighteenth and nineteenth
centuries, the need for commonly accepted units of measure began to be
felt. Without such standardization the intercomparison of results by
workers in different countries was much more difficult. After the
metricsystem was adopted in France in 1799, its measures of length and
mass were gradually accepted, along with the already established unit of
time, the second, as the units in which scientifie findings in mechanics
were reported. Even though many laboratories used different metric
units such as the meter-gram-second (mgs) system, or the millimeter-
milligram-second system, the integral powers of 10 relating these units
made conversion relatively easy. Gradually however, the centimeter-
gram-second (cgs) system became the universally accepted standard in
science in the late nineteenth and early twentieth centuries. Not only
were units standardized, but so were the symbols and names for the units
of the various physical quantities. This too helped make the equations
of science a sort of universal language easily understood by scientists
everywhere.

Electrical Units. The early history of electrical units was complicated
by the fact that the relations between electrostatics and electromagnetics

1 A new unit, the neugrad (or grad), equal to one four-hundredth of a circle, has been
introduced in Europe. It is subdivided decimally, but this is also possible with
degrees, and the virtue of dividing a right angle into 100 parts rather than 90 is any-
thing but obvious. Indeed it is more awkward to have common angles such as 30°
expressed as 3334 grad. If any change is to be made, let us choose the new unit to
be 15°!
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were not yet clearly understood. In both fields the importance of tying
electrical units to the earlier, well-established mechanical units of work
and force was appreciated. Thus workers in electrostatics chose the
coulomb relation for the force between two point charges ¢; and g, i.e.:

F o= 19 - (1-2-1)
er?

with ¢ taken to be equal to unity in vacuum as the starting point for
defining the unit of charge. Two equal charges that produced 1 dyne of
force at a distance of 1 cm were each a unit charge. Since ¢ was taken as
unity in vacuum, it was generally regarded as dimensionless and this gave
charge the dimensions of VM L3/T? = M"L*T-1in the electrostatic unit
(esu) system. Then workers in electromagnetics followed a similar route.
The unit magnetic-pole strength m, and m, was that which produced unit
force at unit distance in the relation

mims

F =
pr?

(1-2-2)

with m; = m, and p = 1 in vacuum. But sinee magnetic poles, unlike
charge, cannot be isolated in nature, this equation was replaced by the
theoretically equivalent relation involving currents I, and I,:

F 2ulid,
1 4

(1-2-3)

for the force F per unit length ! between two infinitely long parallel
conductors separated by a distance d. Again because p was considered
dimensionless, current, defined by Eq. (1-2-3), was assigned the dimensions
\/ML/T2 = M”L®T-!. Charge, being the product of current and
time, therefore had the dimensions M*L* in the electromagnetic unit
(emu) system.

The dimensions of the esu unit of charge were thus L/T times the
dimensions of the emu unit of charge, and the same was true for other
unitsin the two systems. Because the number of units in a given quantity
is inversely proportional to the size of the unit, we see that gemy = 2qesu,
where v is some velocity. Upon substitution-of the actual magnitudes,
v turned out to be the velocity of light, a fact which strongly suggested
to Maxwell and others that light is an electromagnetic phenomenon.

While both the esu and emu systems were being used by theoreticians
and scientific experimenters, still a third system of so-called practical
units, comprising the volt, ampere, coulomb, and watt, was developed for
use in engineering. In 1863 the British Association for the Advancement
of Science, which played a leading role in the early standardization of all
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basic units, defined certain of these practical units as decimal multiples of
the emu units, and so they remain today.

The dimensional disagreement between the esu and emu units for the
same quantities made it elear that ¢ in Eq. (1-2-1) and p in Egs. (1-2-2) and
(1-2-3) must not be considered dimensionless, and if not dimensionless,
why give them the value of unity for vacuum? This practice, while it
may have accelerated Maxwell’s unification of electric and magnetic
theory, also led to much confusion by coneealing the fundamental physical
difference between the electric field strength E and the electric displace-
ment density D and even more between the magnetic field strength H and
the magnetic induction B. As soon as it was realized that there was no
more reason for choosing ¢ and p equal to unity than for choosing v equal
to unity in Newton’s law of gravitation

MM,

F =4 o

(1-2-4)
(and thereby defining a unit of mass), the way was cleared for reconciling
the esu, emu, and practical systems. This was done by adopting the unit
of length as the meter, rather than the centimeter, and the unit of mass as
the kilogram rather than the gram, to give the present mks (meter-
kilogram-second) system.

In the process, one other defect of both the esu and emu systems has
been partially eliminated. Coulomb’s law involves spherical geometry.
Each charge experiences a force from the spherical electric field of the
other charge. Since by definition ¥ = ¢E, the field must be assigned
unit strength with unit charges at unit distance when using Eq. (1-2-1)
with ¢ = 1. This leads to assigning a total flux ® = 4xgq to a charge g,
and introduces the factor of 4 into a great many expressions involving
rectangular goemetry and plane fields. The same situation exists in the
emusystem. In 1882 Oliver Heaviside pointed out that a “more rational”
system of units would result if Eqgs. (1-2-1) and (1-2-3) were written as

9192
= 2192 1-2-
4mer? ( Ir)
F ulil,
I Btz 1-2-3
1~ 2nd (1-2-3r)

to take account of the spherical and cylindrical geometry respectively.
The 7 in the equation numbers designates the rational form. Had this
been done originally and € and y assigned the value unity for a vacuum, the
esu and emu units of charge would have been A/ 4x times as great. Heavi-
side and Hendrik A. Lorentz proposed such a system and used it in their
works. Modern practice is to write the equations in the above form,
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use the esu, emu, or practical units, and subsume a compensating factor
of 47 into € and wu. This is the origin of the 4#’s in the mks values of

01 10-°
® = 4re ~ 36r (-29)
do = 4z X 107 (1-2-6)

for the permittivity and permeability of free space; the remaining powers
of 10 and ¢ (the velocity of light) arise from the ratios of the esu and emu
units to practical units. As a result of the rationalization, the factors of
47 are missing from planar field equations written in mks units, but are
contained in g and ¢, which must always be included.

The assignment of dimensions to e and u in effect defines a new physical
dimension which can be taken as the ampere or as the coulomb, and gets
rid of the bizarre, irrational (and inconsistent) dimensions assigned to
charge in the old esu and emu systems. For example, by virtue of Eq.
(1-2-1) or (1-2-17r), € in the mks system has the units

coulomb? _ QT

= 1-2-7
(newton) (meter)? ML3 ( )

We have no reason to believe that charge can be constructed out of
mass, length, and time, and every reason to believe that charge is a qualita-
tively distinct physical quantity meriting a dimension of its own. Never-
theless, the introduction of this fourth unit into the absolute system of
units caused long and often acrimonious debate. The defenders of the
classical system of the three fundamental dimensions of mass, length, and
time seem not to have been bothered by the two different dimensionalities
of charge in the esu and emu systems. Further, they seemed unaware that
even three fundamental dimensions are unnecessary. If vin Eq. (1-2-4) is
taken as dimensionless and equal to unity as was done for ¢ and p in Eqs.
(1-2-1) and (1-2-3), a new unit of mass is obtained having the dimensions
L3T-?.  Had this beent done by Newton, then classicists who followed him
might have objected.violently to introducing a third ‘“fundamental’”’
dimension for mass.

As a matter of fact, even length and time can be eliminated by also
defining, say, Planck’s constant and the velocity of light as dimensionless
and equal to unity. One then has a system of units in which all the
variables in physical equations are pure numerics, and the unit size is set
by the requirement that certain prescribed physical measurements produce
identities. Such a system would obviate the need for including many
constants of proportionality, but at the same time would greatly obscure
the qualitative difference of the variables in all equations and prevent the
use of dimensional analysis in checking calculations.
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Sinee the number of fundamental dimensions in a system of units is thus
somewhat arbitrary, there is certainly nothing magic about the number
three and no good physical reason to exclude charge as a fundamental
dimension.

It should be understood that the size of a unit can be chosen independ-
ent of its dimensionality. We are free to pick any convenient size for
just the reason that it ¢s convenient, i.e., the quantities we need to express
involve neither inconveniently (and almost meaninglessly) large or small
multiples of our unit. The standard prefixes in three order-of-magnitude
steps help a great deal in this problem. In fact, the appeal of the metric
system resides not in the length of the meter, nor the mass of the kilogram,
but rather in the decimal subdivisions and multiples of these units.

The question arises: Is there a “natural” system of units? That is,
can we choose the size of our units of mass, length, time, and charge so as
to cause many or all of the physical constants to become integers or
rational numbers or, at the very least, numbers that have some physical
significance in terms of allowed degrees of freedom or the like? At
present the answer to these questions appears to be no. We can, for
example, define the mass and charge of the electron, the velocity of light,
and Planck’s constant as unity. But having done this, no further sim-
plifications occur. No other physical constants assume integer values.
Indeed there is one physical constant, the fine-structure constant, which
combines the velocity of light, Planck’s constant, the electronic charge,
and the permittivity of vacuum in the equation

#002 e? 1

The point is that « is dimensionless, so its value does not depend on our
system of units. The number 137.03602 . . . is a natural physical
number in the same sense that « or ¢ are natural mathematical numbers.
Sir Arthur Stanley Eddington believed that «~! had the integer value 137
and offered several hypotheses for why this might be true. More accurate
modern measurements have disproved his premise. Until future study
reveals the existence of a natural system of units, there appears to be no
reason to abandon the present mks system.

1-3  Standards of Units of Measurement

In order to make accurate measurements in different places that are
intercomparable, accurate standards are needed. The early standards
were all prototype standards: physical objects that defined the unit as one
of their physical properties. The standard kilogram and the standard
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meter bar are prototype standards. So was the earth itself, since the
second was taken to be 1¢g,400 part of the mean solar day.

Prototype standards have several defects: They can change with time,
they can be damaged, and like the stadium and cubit, they can be lost.
Metals abrade and creep from internal stress. The earth slows down from
tidal friction. The best standards appear to be atomic standards. So far
as we know, all atoms of a given isotope of a given element are absolutely
identical and invariant in their properties. In recent years two of our
fundamental units, the second and the meter, have been defined in terms
of atomic standards rather than their original prototype standards.

This conversion to atomic standards has been made possible by the
development of instrumentation techniques, specifically the interferometer
and the cesium-beam clock, that enable the atomic properties to be com-
pared with sufficient precision once and for all with the original prototype
standard. From then on the original prototype need be preserved only
for historical and sentimental reasons. So far, sufficiently accurate
techniques have not been devised to permit replacing the prototype kilo-
gram with an atomic reference standard, but that day may not be far off.

The present definitions of the base units of the international system of
units (Systéme International d’Unités, abbreviated SI) as adopted at the
1967 (and earlier) general conferences (Conférence Générale des Poids et
Mesures, abbreviated CGPJ) of the International Committee on
Weights and Measures (Comité International des Poids et Mesures,
abbreviated CIP)\I) are given below. Only the kilogram involves a
prototype standard. The kelvin and candela, while not exactly atomic
standards, involve only the reproducible properties of matter. These
two units are less basic than the others, but are included in the basic set
for convenience. The thermodynamic scale of temperature could in
principle be defined by specifying Boltzmann’s constant, while the candela
is a physical standard for a physiological quantity, since luminosity
involves the properties of the human eye.

Definitions of the Base Units of the International System (SI)

Meter (m), or metre. 'The meter is the length equal to 1,650,763.73 wave-
lengths in vacuum of the radiation corresponding to the transition between
thre levels 2p,o and 5d;s of the krypton-86 atom. (Eleventh CGPAI, 1960,
Resolution 6.)

Kilogram (kg). The kilogram is the unit of mass; it is equal to the mass of
the international prototype of the kilogram. (First and third CGPM,
1889 and 1901.)

Second (s). The second is the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between the two hyperfine
levels of the ground state of the cesium-133 atom. (Thirteenth CGPM,
1967, Resolution 1.) )
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Ampere (A). The ampere is that constant current which, if maintained in
two straight parallel conductors of infinite length and negligible circular
cross section and placed 1 m apart in vacuum, would produce between
these conductors a force equal to 2 X 1077 newton/m of length. (CIPM,
1946, Resolution 2, approved by the ninth CGPM, 1948.)

Kelvin (K). The kelvin, unit of thermodynamic temperature, is the
fraction }473.16 of the thermodynamic temperature of the triple point of
water. (Thirteenth CGPM, 1967, Resolution 4.)

Candela (cd). The candela is the luminous intensity, in the perpendicular
direction, of a surface at 690,000 m? of a blackbody at the temperature
of freezing platinum under a pressure of 101,325 newtons/m2.  (Thirteenth
CGPM, 1967, Resolution 5.)

The connection between the mechanical and electrical standards is
established by the definition of the ampere. Other choices are possible,
but the determination of the relatively large magnetic forces caused by
the passage of steady currents through coils of precise dimensions can be
made with great accuracy. Parallel conductors are not used in the
measurement. Rather, from the definition, the force between coils of
convenient shape and size can be computed, though even this is not
necessary. The discovery by Thompson and Lampard [1] of a class of
computable capacitors (Chap. 9) and the ability to measure frequency
with great accuracy allow the precise measurement of inductance. The
ampere can then be ‘“‘weighed” by knowing the law of variation of induc-
tance L with displacement x between two coils carrying current I, one
fixed and the other on one arm of a balance, by using the relation

1_dL
F=-p% 1-3-1
2 dzx (1-3-1)
Having determined the ampere, the remaining primary electrical units
may be given [2] the following definitions:!

Volt (V). The.volt is the difference of electric potential between two points
of a conducting wire carrying a constant current of 1 A, when the power
dissipated between these points is equal to 1 W,

Ohm (). The ohm is the electric resistance between two points of a condue-
tor when a constant difference of potential of 1 V, applied between these
two points, produces in this conductor a current of 1 A, this conductor
not being the seat of any electromotive force (emf).

Coulomb (C). The coulomb is the quantity of electricity transported in
1 s by a current of 1 A.

! Note that although we may have used the henry in determining the ampere, (a)
this was not necessary and (b) the reasoning is not circular since the ampere was
not used to determine the inductance in Eq. (1-3-1). Instead we used a computable
capacitor and the fact that wL = 1/wC for some w.
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Farad (F). The farad is the capacitance of a capacitor between the plates
of which there appears a difference of potential of 1 V when it is charged
by a quantity of electricity equal to 1 C.

Henry (H). The henry is the inductance of a closed circuit in which an
emf of 1 V is produced when the electric current in the circuit varies
uniformly at a rate of 1 A/s.

IWeber (Wb). The weber is the magnetic flux which, linking a circuit of
one turn, produces in it an emf of 1 V as the flux is reduced to zero at a
uniform rate in 1 sec.

Tesla (T).

The tesla is a flux density of 1 Wb/m?2

Although the ephemeral nature of prototype standards has led to their
abandonment as primary standards whenever possible, they remain the

basis for most secondary and working standards of measurement.

Thus

standard electrochemical cells of various types and Zener diodes are used

as voltage standards subject to occasional absolute calibration.

The

hierarchy of standards and the interlocking series of crosschecks by which

TABLE 1-1 Recommended Values of Physical Constants [3]
Units
Quan