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PREFACE

The study of electrostatics, which is concerned with the behavior
of electrical charges at rest, is an integral part of electronic technol-
ogy. The concepts covered in a discussion of electrostatic principles
apply in practical and theoretical situations ranging from the ac-
tion of a capacitor to an understanding of many electrodynamic
problems.

The text covers the subject comprehensively and thoroughly.
Using a mathematical treatment that, while simple, is central to the
scientific considerations presented, it enables the student or in-
terested technician to obtain a thorough understanding of the given
topics that is quantitative as well as qualitative. The book is firmly
grounded on a thorough exposition of relevant physical funda-
mentals. The topics, once presented, are related to practical situa-
tions, such as a novel and interesting description of the earth’s elec-
tric field. Drill is given in selected problems to afford the reader ad-
ditional profitable information and an opportunity to apply the
principles taught.

Specific attention is given to atomic structure; conductors and
insulators; the law of electric charges; electrostatic detection equip-
ment; the triboelectric series; Coulomb'’s law; unit systems, including
the cgs and mks; practical electric units; the nature and characteris-
tics of the electric field; the equation of field intensity; Gauss' Law;
charge distribution; oil-drop equations; dielectrics and dielectric
constants; electric potential; equipotential surfaces; potential gradi-
ent; capacitance and capacitors; and applications such as the Van
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de Graaff generator. In all, the coverage is sufficiently inclusive to
yield a base for further explorations into more advanced work.

Grateful acknowledgment is made to the staff of the New York
Institute of Technology for its assistance in the preparation of the
manuscript of this book.

June 1958
New York, N. Y. A. S
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Chapter 1

MATTER AND ELECTRIC CHARGES

1. Introduction

The study of electricity, as a human endeavor, encompasses a
vast amount of widely diversified material. It reaches into communi-
cations, industrial processes of all varieties, transportation and trans-
portation control, scientific research, and military systems of every
imaginable type.

Despite its ramifications and complexities, electricity has its
beginnings in a few relatively simple concepts. Like every other sci-
ence, it did not begin to yield its secrets to human research until this
research began to take on a semblance of quantitativeness. For a
study to be quantitative all its basic concepts must, first of all, be
expressible in numbers which are measured in units having defini-
tions that are rigidly specific. The statement “the trip from city X
to city Y is a long one” is completely uninformative because the word
“long” is a relative quantity having no intrinsic numerical value.
There is just as little information contained in the statement that
the “current flowing from terminal X to terminal Y in an electric
circuit is large.” To the power engineer a “large” current may be
one that can fuse a one-inch-diameter copper bus bar; a radio-tube
engineer may consider a current one-millionth this size to be a large
one,

The development and comprehension of electrical units of meas-
ure properly begin in electrostatics, the study of electric charge at
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rest. It is here that the forces between electric particles can be ob-
served experimentally and measured before motion begins, and that
the fundamental laws that govern these forces can be derived and
stated.

2. Atomic Structure

After the work of Rutherford, Bohr, and their contemporaries,
the atom was for many years considered to contain only three par-
ticles: electrons, protons, and neutrons. Today the great atom-
smashers reveal the presence of numerous other subatomic particles,
which appear and disappear in atomic interactions. The existence
of positrons, pi mesons, tau mesons, kappa mesons, neutrinos, and
many others is no longer questionable, and new particles are being
brought to light yearly. Apart from knowing that these new parti-
cles exist, however, the student of eléctricity need not concern him-
self with them. Virtually every phase of this wide subject permits
description in terms of electrons and protons only. (Neutrons enter
the picture more or less incidentally.)

Electrons exert forces on each other. If they are free to move, a
group of them will scatter almost instantaneously in a conducting
material, so that they become as far apart as possible. This is taken
as evidence that a force of repulsion exists between them. Similarly,
protons repel each other. Adjacent electrons and protons, however,
display a mutual attraction.

The existence of two distinct kinds of forces leads to the con-
clusion that there are two kinds of electrification or charge. On a
purely arbitrary basis, any substance that is repelled by a glass rod
that has been rubbed with silk is said to be positively charged. When
an object is repelled by a hard-rubber rod that has been rubbed with
fur, it is considered negatively charged. These terms have no signifi-
cance other than that of being opposite; there is no inherent mean-
ing in “negative” or “positive” aside from the fact that bodies bear-
ing these types of electrification behave differently.

A neutral atom contains equal numbers of electrons and pro-
tons. The condition of neutrality implies a kind of electrical cancel-
lation, in which it is considered that the strength of the proton’s
charge is exactly equal and opposite to the charge on the electron.
On the basis of the arbitrary choice made above, a proton is desig-
nated as a positive charge and an electron as a negative charge.
Although the picture of an atom as a miniature solar system in which
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the protons and neutrons form the nucleus or “sun,” and the elec-
trons are compared to planets orbiting around the nucleus is no
longer considered rigorous enough in atomic research, it still suffices
for basic electrical study. An atom of argon pictured in this way is
given in Fig. 1.

There is ample experimental and theoretical evidence now
available that proves that the massive particles of the atom are all
contained in the nucleus; that protons and neutrons possess approxi-
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mately the same mass; and that an electron behaves as though its
mass were approximately 1/1840 of a proton. Small electrical forces
applied directly to the atom are, therefore, much more likely to move
electrons rather than the more massive particles. The greater the
mass of a particle, the greater is its inertia or tendency to resist a
change in motion. Hence electrons are mobile, while protons and
neutrons are ordinarily pictured as static under ordinary electro-
static forces.

Thus stresses placed on the structure of a given group of atoms
are much more likely to displace electrons from their orbits rather
than affect the nucleus. This idea is found to be quite valid, because
electrons may move from atom to atom freely in certain materials
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under the influence of electrical forces. If, for example, one electron
wanders from its orbit around the nucleus of an argon atom, the
condition of neutrality no longer exists and the atom now has a net
positive charge. Such a charged atom is called an ion (in this case a
positive ion). The roving electron may later attach itself to a neutral
atom and establish a net negative charge on it, thus creating a nega-
tive ion.

3. Conductors and Insulators

In most substances, particularly non-metals like rubber, plastics,
and ceramics, the orbiting electrons are very closely bound to the
nucleus, and it is difficult to separate even one electron from the
rest of the structure. An electric current is a movement of electrons
and, since this movement is impeded in the materials under consider-
ation, such substances are termed nonconductors or insulators. No
substance is a perfect insulator, but the current that the usual insu-
lator will conduct with the application of a given electrical force is
extremely small compared to that for conductors under the same
conditions,

All metals and some non-metals such as carbon and silicon con-
tain many mobile free electrons. These electrons pass from atom to
atom under the impetus of even small electrical forces. Because mate-
rials of this type permit an easy passage of electrons, they are called
conductors. The reader is reminded that both terms—conductor and
nonconductor—are relative. Silver is the best known conductor and,
compared to it, iron is a very poor conductor indeed. Yet iron con-
ducts electrons so much better than, say, wood, that it is still referred
to as a conductor, whereas wood is called an insulator.

4. The Law of Electric Charges

For introductory study in electrostatics, it is satisfactory to con-
sider an electric charge as a “disembodied” entity that bears either
an excess or deficiency of electrons. Because an atom is electrically
neutral (contains equal numbers of positive and negative particles),
an electric charge may be any one of the following (see Fig. 2):

An electron—a single negative charge

A proton-a single positive charge

A group of electrons—equal in charge to the number of electrons

present; negative charge.
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Fig. 2. Some types of electrically charged particles.

A group of protons—equal in charge to the number of protons

in the group; positive charge.

A negative ion—an atom that has gained electrons, bearing a
negative charge equal to the excess electrons.
A positive ion—an atom that has lost electrons, bearing a posi-
tive charge equal to the deficiency of electrons.
Mention has been made before of the effect these charges have
upon each other. This may be formally stated as the Law of Electric

Charges:

Like charges repel each other; unlike charges attract each other.

It is generally conceded that these forces of attraction and repul-
sion have a greater effect upon electrons than upon positive charges
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of any type, due to the low mass of the electron and its greater mobil-
ity. On the other hand, even positive charges are subject to accelera-
tion under the action of electric forces, particularly when these
charges are either static or in motion in free space. (A stream of posi-
tive ions may undergo a deflection in path when acted upon by
electric forces; the extent of the deflection is less marked than it
would be if the same forces were applied to a stream of electrons, but
it is measurable.)

The Law of Electric Charges may be extended to explain several
important phenomena. Assume that a concentrated negative charge
has been placed on a small metal disc with an insulated handle (a

Fig. 3. A charged plate,
showing even distribution of
the charges on it.

so-called “proof plane”) and that the disc is touched to a large alumi-
num plate mounted on four insulated legs. When the plate is tested
with an electrostatic detector, it is found that the original charge
on the proof plane has in large part been transferred to the alumi-
num plate, and that the charge has spread out evenly over the
larger surface, as shown in Fig. 3.

This distribution is explained by the conductivity of the alum-
inum and the mutual repulsion of the negative charges.

Another example deserving note is the condition of charge of
a hollow sphere having a finite and measurable wall thickness. Al-
though the sphere is made of conducting material, the entire charge
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is found to be present on the outside surface. The inner surface is
completely neutral.

A sphere in cross section may be pictured as two concentric
circles, as shown in Fig. 4. The mutual repulsion of like charges
compels the electrons or ions to move as far apart as possible. In

Fig. 4. An electric charge —
exists only on the outside
surface of a charged sphere.

INSIDE
SURFACE
NEUTRAL -

= ouTsIDE
WALL SURFACE
THICKNESS CHARGED

the case of the sphere, the outer surface represents the greatest phys-
ical separation. This phenomenon is utilized in safeguarding the
operating personnel of large Van de Graaff static generators such
as those used for atom-smashing; it is a startling fact that the safest
area for the operators is right inside the huge sphere where millions
of volts are being generated. (See Fig. 5.)

5. Electrostatic Detection Equipment

The equipment with which electrical phenomena are detected
and measured rarely gives any indication of the processes that oc-
cur. Light passing through a lens is easily visible; the size of a
basketball bladder changes as compressed air is pumped into it, but
electricity is invisible and has no measurable weight. The terminals
of a large capacitor appear the same whether it is charged to a lethal
potential or not. The task set for electrostatic instruments is that
of making electricity evident to our senses.

The gold-leaf electroscope (Fig. 6) is such an instrument. Es-
sentially, the electroscope consists of a glass flask in which a metal
rod is supported by passing it through the center of an insulating
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Fig. 5. Van de Graaff 2,000,000-volt generator. Massachusetts Institute of Technology.
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Fig. 6. Gold-leaf electroscope.
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stopper. The rod is topped by a spherical conductor; suspended
from the bottom are two pieces of thin gold foil, extremely small
in mass and measuring about 14 inch by 1 inch. Often, the lower
section of the flask is lined inside with tin or aluminum foil.

If a proof plane bearing a positive charge (i.e., a deficiency of
electrons) is touched to the top ball, the gold leaves immediately
diverge. The extent of the divergence in a given instrument is a
function of the magnitude of the original charge on the proof plane.

NEUTRAL ELECTRONS MOVE INTO NET POSITIVE CHARGE
ELECTROSCOPE PLANE, LEAVING + REMAINS, KEEPING
CHARGES IN THE LEAVES LEAVES DIVERGED

Fig. 7. Charging an electroscope by contact. The charge on the leaves is the
same as that of the charge applied.

In a neutral electroscope, the atoms, positive ions, and “free” elec-
trons have distributed uniformly over all conducting surfaces and,
hence, leave no “net” charge in the absence of an outside charge.
Upon the approach and contact of the proof plane, however, the
negative particles (electrons) arc drawn up into the sphere. Because
the plane and the sphere make contact, the electrons are further
drawn into the plane and neutralize (to some degree) the positive
charge on it. When the proof plane is removed, the system is left
with a deficiency of electrons, and thus has a net positive charge.
This sequence is shown in Fig. 7.

In its charged state, the electroscope may be used to detect the
presence of charges of either sign. Should a negative body approach
a positively charged electroscope, such as that of Figure 7C, residual
electrons in the system will be driven down into the gold leaves,
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partially neutralizing the + charge on them. The divergence of the
leaves will diminish, signifying that the charge on the approaching
body is negative. Upon the approach of a positively charged body,

(a)

POSITIVE BODY INDUCES
NEGATIVE CHARGE

(B)

||"""+

T o+ + ++

NEGATIVE BODY INDUCES
POSITIVE CHARGE

Fig. 8. Charging an electroscope by induction. The charge on the leaves is
opposite to that of the charge applied.

however, the leaves will diverge still further, because additional
electrons will be drawn upward away from the leaves, making the
net positive charge greater than it was before.

The process shown in Fig. 7 is called charging by contact. It
always results in the appearance of a charge on the electroscope
leaves having the same sign as the charging body. It is also possible
to place a charge of opposite sign on any body by using the method
of induction. This process is shown in Fig. 8. Assume that a posi-
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tively charged body, such as a rod of glass rubbed with silk, is
brought near the sphere of a neutral electroscope without touching
it. Electrons move into the top sphere by electrostatic attraction of
opposite charges and the leaves diverge as a result of the net positive
charge left on them by the withdrawal of electrons. The sphere is
now touched with the finger; as this is done, the leaves will be seen
to collapse. This is caused by electrons entering the system from the
earth through the body and the finger. These “free” electrons neu-
tralize the positive charge on the side of the sphere away from the
rod and on the leaves, whereas the electrons on the other side of the
rod are tightly “bound” by the attraction of the positively charged
glass rod.

The finger is then withdrawn. This has no effect on the leaves,
because the excess negative charges present in the system are still
tightly bound in the sphere by the attraction of the glass rod. When
the rod is removed, however, the leaves instantly diverge. The re-
moval of the rod permits the negative charges to distribute them-
selves throughout the metallic portions of the electroscope. Because
negative charges entered the system via the finger-to-earth connec-
tion, the electroscope is left with a net negative charge. Thus, when
charged by induction, the electroscope receives electricity of the
opposite sign from that of the inducing charge.

A similar sequence takes place when a negatively charged rub-
ber rod is brought near the ball of the electroscope. The steps in
this process are shown in Fig. 8B.

6. The Triboelectric Series

As early as 600 B.C., the Greeks observed that a piece of amber
when rubbed against their clothes acquired the property of attract-
ing small pieces of parchment and lint. Although this effect was as-
sociated only with amber for a long period of time, it was ulti-
mately found that other substances also possessed this property.

A glass rod and a stick of sealing wax after being rubbed with
the same piece of silk attract each other. On the other hand, the
rod of sealing wax repels a block of sulfur that has also been rubbed
with silk. It appears that the glass gives off electrons to the silk, and
the silk to the sealing wax. The glass is positively charged, the
sealing wax negatively charged, and they attract each other. The silk,
however, gives off electrons to the sulfur as well as to the wax;
therefore, the sulfur and wax repel each other. Which of two bodies
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will become positively electrified by friction depends upon the
particular condition of its surface, and depends upon its molecular
nature. These ideas have led to the development of a table based
on experiment called the triboelectric series. In general, if any
two bodies in the table are brought into intimate contact, the one
that appears first in the table takes on the positive charge.

THE TRIBOELECTRIC SERIES

1. asbestos 6. silk

2. glass 7. cotton

3. mica 8. resin, sealing wax
4. wool 9. hard rubber

5. cat’s fur 10. sulfur

This list, which originated with Michael Faraday, was based
upon rubbing contact between substances. There is some indica-
tion in the results of current experiments that electrification comes
not from friction but simply from intimate contact between ma-
terials.

7. Coulomb’s Law

Newton's Law of Universal Gravitation first revealed the in-
verse square characteristics of gravitational force fields. The state-
ment of the law includes the measurable fact that the force between
two particles due to a field of force between them always varies in-
versely as the square of the distance between them. Although New-
ton did not realize the universality of this concept, a better appre-
ciation of it was brought about when Coulomb, almost 100 years
later, discovered that the same rule applied to static charges of
electricity and magnetic poles as to masses in gravitational fields.
Using an extremely delicate and precise instrument called a torsion
balance, Coulomb determined that:

The force between two charged bodies that are small com-
pared to the distance between them is dirvectly proportional
to the product of their charge magnitudes and inversely pro-
portional to the square of the distance between them.

Expressed algebraically, Coulomb’s Law reads:

_ 99
F = M
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where F is the force of attraction or repulsion between the charged
bodies, K is a constant to be discussed shortly, and r is the distance
between the centers of the two bodies whose charge magnitudes are
represented by q and q’.

The constant K depends upon two factors: first, upon the units
used to express the other quantities and second, upon the nature
of the medium between the charged bodies.

A satisfactory comprehension of electrostatic phenomena can
be realized only by achieving a thorough understanding of the
meanings and relationships of units of measure in this field. The
confusion experienced by students of the subject is understandable,
since many authors treat units too lightly. For this reason, the under-
lying standards of accepted unit systems will be studied in the next
chapter.

8. Review Questions

1. Why do electrons rather than protons move when acted upon by electric
forces?

2. Discuss an ion in terms of atomic theory; distinguish between negative and
positive ions.

3. According to current atomic theory, what is the real difference between an
electrical conductor and an insulator?

4. State the Law of Electric Charges.

5. Explain qualitatively why a concentrated negative charge placed on a
conducting surface spreads out so that it is uniformly distributed on the
surface,

6. Explain qualitatively why there appears to be zero charge on the inside of
a charged conducting sphere.

7. A neutral electroscope is charged by bringing it into contact with a negative
rod. What charge will appear on the leaves of the electroscope? Explain,
8. Describe the process in which a neutral electroscope may be charged nega-

tively by means of a positively charged proof plane.

9. What is the triboelectric series? If each of the following pairs of substances
are brought into intimate contact, which one of the pair will take on a
positive charge? (a) mica and sulfur, (b) cat’s fur and glass, (c) cotton and
asbestos, (d) hard rubber and wool,

10. State Coulomb’s Law, Why is the constant K required in the equation that
expresses Coulomb’s Law?



Chapter 2

UNIT SYSTEMS

9. Basic Systems

Although the English system of weights and measures is more
familiar to the layman, virtually all scientific work is carried on in
units that stem from the metric system. In this country, mechanical
and civil engineers still use the foot-pound-second (fps) system, but
other branches of engineering have adopted metric units more or
less unanimously.

In the metric system, the fundamental unit of length is the
meter, originally intended to be one-ten-millionth of the distance
from the North Pole to the equator around a great circle, the meter
is now redefined as the distance between two scratches on a platinum-
iridium bar located in the Bureau of Standards in the United
States. Since a meter contains 39.37 inches, it is approximately
a yard in length. One distinct advantage of the metric system is
that it is decimally organized. (Fundamental units are multiplied or
divided by factors of ten to form new, conveniently-handled sub- and
multiple-units.) In the chart that follows, the standard prefixes are

14
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italicized; these prefixes are invariably used to mean the same thing
regardless of the units to whith they are assigned.

Fundamental length unit = 1 meter

1 micrometer . meter (um)
1 millimeter meter (mm)
1 centimeter meter (cm)
1 kilometer meters (km)
1 megameter meters (Mm)

If a weightless cube measuring 1 cm on each side is filled with
water, the volume of the water is one cubic centimeter (1 cm3 or
1 cc) . This volume of water is then said to constitute the basic unit
of mass, i.e., one gram (1 g or 1 gm). Mass is not to be confused with
weight; mass is a constant for any given body of matter (within rela-
tivistic limits) and is determined by the number, kind, and concen-
tration of the molecules that go into the structure of the body. It is
often said that mass of a body is its material content. Weight, on the
other hand, is a force produced by locating a given mass within a
gravitational field. Thus weight of a given constant mass is not, in
itself, constant. For example, 2 man who weighs 180 1b on the
earth would weigh only 30 Ib on the moon, although his material
content does not change as a result of the trip. Thus a gram is de-
fined as the mass of one cubic centimeter of distilled water. Subdi-
visions and multiples of the gram may be expressed by means of the
same prefixes as described for the meter. That is, 1 microgram = 10-6
grams, 1 milligram = 10-% grams, and 1 kilogram = 103 grams.

Intervals of time are always compared by the motions of bodies.
Two intervals are dcfined as equal, when a body moving under ex-
actly the same circumstances moves equally far in both cases. One of
the simplest natural units of time is the period of rotation of the
earth determined by observing successive noonday positions of the
sun. The interval between two successive noons is called the solar
day, and the basic unit of time selected for the metric system (as well
as the English system, incidentally) is the mean solar second or the
86,400th part of a mean solar day. For the purposes of this book, it
shall be acceptable to conclude that there are 60 mean solar seconds
in one minute and 3600 mean solar seconds in one hour.

Many lengths measured in everyday life can be conveniently
stated in centimeters (cm), masses in grams (gm), and intervals in
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seconds (sec). Thus, the metric system stated in terms of these basic
units is often referred to as the cgs system (centimeter-gram-second).

10. Force in the CGS System

A clear understanding of the meaning of force is possible only
from a consideration of Newton’s Second Law of Motion. In this
famous law, Newton stated that the acceleration taken on by a body
under the action of an applied force (push or pull) is directly pro-
portional to the force and inversely proportional to the mass of the
body. Algebraically stated:

2= M @)

m

in which acceleration is measured in cm/secZ and mass is meas-
ured in grams. K is a constant that can be made to become unity if
the unit of force is correctly chosen. Solving for Kf:

Kf =ma 3)

Using the cgs units for mass and acceleration, the product ma
must be expressed in gm=cm/sec? (mass in gm X acceleration in
cm/sec?). This “long-winded” unit is known by a simpler name, the
dyne. If we are willing to express force in dynes, then Equation 3
may be rewritten:

K X dynes = dynes €))

Hence, the constant K is now equal to 1 and may be dropped
from the equation, and Newton’s Second Law may be stated:

f=ma (5)

where f is in dynes, m is in grams, and acceleration is in cm/sec?.
Under these conditions, a dyne may now be defined as the force re-
quired to impart an acceleration of one cm/sec? to a mass of one gm.

11. Weight Expressed in CGS Units

Weight is a special case of a force acting on a mass in a gravita-
tional field. On the surface of the earth, a freely falling body acceler-
ates under the action of gravity at the rate of approximately 980
cm/sec2. (This figure is slightly different in different geographical
locations and is taken merely as a rough average.) It is customary to
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assign the letter “‘g” to this acceleration, and, with weight symbolized
as “‘w,” the Second Law becomes:

W = mg (6)

Because our units must be consistent if K is to remain 1, w must
be expressed in dynes if mass (m) is in gm and acceleration (g) is
in cm/sec?.

This immediately leads to the conclusion that one gm of mass on
the earth’s surface weighs 980 dynes. This conclusion is reached when
substitution of known numbers is made in Equation 6:

w =1gm X 980 cm/sec? )
or
w (of 1 gm mass) = 980 gm-cm/sec?2 = 980 dynes 3)

The foregoing discussion points out the fact that any weight
obtained in grams is actually that number multiplied by 980, ex-
pressed in dynes.

The dyne is an important unit in electrostatics and will be re-
lated to Coulomb’s Law shortly.

12. The MKS System of Units

The mks system of weights and measures differs from the cgs
system in the relative of the units. The following table of conver-
sions will assist you in understanding the changes that must be
made:

I kg = 1000 gm

1 m = 100 ¢cm

Like the gram, the kilogram is a unit of mass. Weight is meas-
ured in newtons. We may substitute these quantities into Equation 6
as follows:

w = mg

or
weight in newtons = mass in kilograms X g in meters/sec?

Since g is 980 cm/sec?, g is also expressible as 9.8 m/sec?. Thus,
the weight of a 1-kg mass is:

w (1 kg mass) = 9.8 kg-m/sec2 = 9.8 newtons 9
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Because many textbooks express Coulomb’s Law in mks units, it
is just as important to be capable of handling this law in mks units
as it is to be able to state it in terms of cgs units.

13. Units for Couvlomb’s Law

In the statement of Coulomb’s Law in Section 7 and in its equa-
tion (Equation 1), units were not assigned.

If units in the cgs system are desired, then we are constrained to
measure force in dynes, and distance in cm. K is set equal to 1 for a
vacuum, but the magnitude of the unit charges— q and q’— remain
undefined. To keep the equation free of difficult-to-remember con-
version factors, the electrostatic unit of charge magnitude is defined:

One electrostatic unit of charge (esu) is that charge magnitude
that will repel another identical unit charge with a force of one
dyne, when the distance between them is one centimeter and
when the charges are in a vacuum.

Substituting into Equation I, this definition results in:

1 esu charge X 1 esu charge
K X (1 cm)?

The force between two unit charges in air differs so little from
that in a vacuum that K is also considered unity for air.

As has been shown, the suitable choice of units makes it possible
to phrase Coulomb’s Law in very simple terms. As the reader will
recognize, the choice of the esu is dictated in the first place by
Coulomb’s Law, its selection being based on the dyne as a force
unit and the centimeter as a distance unit. The esu unit of charge is
a measure of quantity; by measurement it has been shown to be the
equivalent of the charge on approximately 2.1 X 10° (over two thou-
sand million) electrons.

Another very common unit of electrical quantity is the coulomb.
It is a much larger unit of charge, equivalent to 3 X 10 esu or about
6.3 x 1018 electrons. If q and q’ are expressed in coulombs, r in
meters, and force in newtons (as required by the mks system), Cou-
lomb’s Law becomes more complex, numerically:

1 dyne = (10)

qq’

F= — 11 (11)
(L11 x 10-10)r2



UNIT SYSTEMS 19

The quantity in the parenthesis is the value of K required to
convert the basic definition of Coulomb’s Law in the cgs system (in
which the unit of charge is the esu, force is in dynes, and distance in
cm) to a true relationship in the mks system where F is in newtons,
q in coulombs, and r in meters.

14. Practical Electrical Units

Although practical electrical units (volts, ohms, amperes, cou-
lombs, etc.) are employed more often in computations involving cur-
rent electricity, they are often encountered in electrostatic problems
as well.

At the basis of this system is the practical unit of electrical quan-
tity, the coulomb. The coulomb, of course, measures the same factor
as the electrostatic unit charge (esu) and, as stated earlier, it is a
much larger unit, being 3 X 10° greater in value.

In accordance with the Law of Conservation of Energy, work
must be done to move any quantity of electricity from one electric
potential to another. Work as a physical term and energy are virtu-
ally synonymous (energy is the capacity for doing work), and it is
more customary to speak of electrical energy rather than the work
done.

The mechanical definition of work is the product of force
applied and distance moved in the direction of the force or:

W = Fs (12)

where f is force in dynes, s is distance in cm, and W is work in
dyne-cm. The dyne-cm is called an erg. The practical unit of electri-
cal energy is called the joule. One joule contains 107 ergs.

The ratio of electrical energy to charge appears very often in
calculations and practical problems. The ratio defines the practical
unit of electrical potential energy or simply “potential,” the volt. In
terms of the quantities discussed above, the volt may be defined as
follows: one volt of potential difference exists between two points if
one joule of work must be done to move one coulomb of charge from
one point to the other.

Rate of flow of charge is commonly called current intensity. The
unit of measure for current intensity is the ampere, which is defined
as a flow of 1 coulomb of charge past a given point per second. (This
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flow will under definite conditions deposit silver at the rate of
.001118 grams per second from a specified solution of silver nitrate.)

1=2 (13)

t

where I is in amperes, Q is in coulombs, and t is in seconds.

The resistance to the flow of an electric current offered by a con-
ductor is measured in ohms. One ohm is defined as that resistance
through which one ampere passes when the applied potential is one
volt. (An ohm may also be legally defined as the resistance at zero
degrees centigrade of a column of mercury of uniform cross section,
having a length of 106.3 cm and a mass of 14.45 grams; this is also
approximately the resistance of 1000 ft. of number 10 soft-drawn
annealed copper wire at zero degrees centigrade.)

15. Review Questions

1. Convert the following to centimeters, using exponential notation wherever
necessary. (a) 30 meters, (b) 3 x 104 micrometers, (c) 8.3 kilometers,
(d) 0.0006 megameters.

2. Explain the difference between mass and weight. Of the two quantities,
which one would be expected to vary (for a given object) if a person were
to take this object from the equator to the north pole?

3. State the equation for Newton’s Second Law of Motion. If mass is expressed
in grams, acceleration in cm/sec/sec, and K is unity, what unit is the appro-
priate unit for the force?

4. What is the weight in dynes of a 1-gram mass? Explain how you obtain this
figure.

5. Prove that a newton is equal to a kg-m/sec2. How many dynes are there in
1 newton?

6. Define an esu in terms of two identical unit charges.

7. Define the joule. How many ergs are required to make up one joule?

8. Define the volt, the ohm, and the ampere.

9. Relate the volt, the ohm, and the ampere in a single equation. By what name
is this relationship known?

10. What current in amperes flows through a 10 ohm electric broiler coil when
the line voltage is 120 volts?



Chapter 3

NATURE AND CHARACTERISTICS OF THE ELECTRIC FIELD

16. The Nature and Definition of the Electric Field

Work in a physical sense is done on a body when a force is
applied to it, causing it to move against a resistance in the direction
of the force. When a boy pulls a sled, his hand is in contact with the
rope and the rope is tied to the sled; when a carpenter swings a ham-
mer, his hand must grasp the handle in intimate contact and the
hammer does no work until its head comes in contact with the nail.

There are three distinct phenomena in which the rule of contact
appears to be violated: gravitational attraction, magnetic attraction
and repulsion, and electrostatic attraction and repulsion. All three
follow the law of inverse squares, that is, that the force is inverse-
ly proportional to the square of the distance between the centers of
the reacting bodies. But in all three reactions, contact between the
body exerting the force and the body upon which the force acts is
unnecessary.

Investigations of gravity, magnetism, and electrostatics have
given rise to field theories for each of these phenomena. In the case
of electrostatic forces, a condition of stress appears to exist in the
medium surrounding an electric charge so that a force acts upon a
positive or negative charge placed in this medium. This condition of
stress is easily detectable when the charges are sufficiently large; when

2]
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large enough, the medium itself may rupture causing an arc dis-
charge, which is usually accompanied by a characteristic electric
spark and heat. The ability of charged objects to influence each
other over a distance is attributed to the stress in the medium,
and the region in which this stress appears is known as the electric
or electrostatic field.

Electrostatic stress or distortion of the medium can be repre-
sented by lines of force. The direction of such a line of force is arbi-
trarily chosen as the path along which a unit positive charge would

/"’-\
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LINES OF FORCE

Fig. 9. An electrostatic field is considered to be made up of lines of force
that pass from a positively charged body to a negatively charged one.

move if it were free to do so. A fairly complete “picture” of an elec-
tric field was first drawn up by Faraday who attributed the following
characteristics to lines of force:

1. An electric field may be divided up into lines of force.

2. Each line terminates at a positive charge on one end and a
negative charge on the other.

3. The lines, throughout the field, coincide with the direction of
the electric stress.

4. The lines behave as though they were made of stretched elas-
tic, always tending to contract and bring together the negative and
positive charges.

5. A line of force between two conducting surfaces must always
meet the conducting surface perpendicularly. This must be so from
the very nature of the assumed static conditions. If a line of force
entered or left a conducting surface at any other angle than normal,
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it would have a tangential component at the surface which would
cause the movement of charges within the conductor. This would
constitute a continuous electric current and, since currents do not
flow along the surface of the conductor in an electric field in a static
system, the junction of the line of force and the surface must be a
right angle. (See Fig. 9.)

17. The Equation of Field Intensity

The intensity of an electric field is defined as the force acting on
a unit charge, and is denoted by E. Thus, by definition:

F
q (14)
in which (in the cgs system) F is in dynes, q is in esu, and E is in
dynes per unit charge.

Equation 14 alone, however, is not sufficient for the solution of
many problems. In addition, it is necessary to be able to find the

E =

PI UNIT CHARGE

r

Fig. 10. Field conditions
around a small charged
sphere. H

[ ]
G CENTER

F E

number of lines of force associated with point charges. To determine
the number of lines of force that leave or enter each unit charge, we
first consider the field conditions in the vicinity of a small charged
sphere (Fig. 10). The surface of the sphere contains q positive
charges. At a distance r from the center of the sphere and lying well
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beyond the surface is a unit charge (one esu). The unit charge is
close to positive charges A and B, at a greater distance from charges
H, C, G and D, and at a still greater distance from F and E. Further-
more, from previous considerations (Section 4), we know that the
charges are distributed uniformly around the surface of the sphere.
The question may then be asked, “What is the average effect of these
distributed charges on the unit charge r cm away from the sphere’s
center?” By averaging the distances of the uniformly distributed
charges, the tentative conclusion may be reached that the net effect
of the surface charges is the same as though they were all concen-
trated at the center of the sphere. This conclusion may be further
justified when it is recalled that lines of force must intersect a
charged surface perpendicularly so that a continuation of each line
must pass through the center of the sphere. (Any radius of a sphere
intersects the surface of the sphere at right angles to it.) Thus, inso-
far as the effect of the surface charges upon a unit external charge is
concerned, this charge is acted upon by a force that is identical to
one that would be produced by ¢ charges at the center of the sphere.

Coulomb’s Law given in Equation 1 is written F = qq’/Kr2.
Many secondary equations derived from Coulomb’s Law contain the
factor 47. These equations are applied more frequently than the
basic expression, and it is convenient to eliminate the 4= from them,
This is accomplished by defining a new constant, ¢, as follows:

€0 = K / 41r
which yields
K = 4n¢ (16)
whené¢e Coulomb’s Law becomes
qq’
F = 17
41!’601'2 ( )

where q and q’ are in coulombs, r is in meters, and F is in newtons.
From the numerical value of K given in Equation 11, we can
state for the mks system that:

K 111 x 1010

€@ = — =

4x 4x

— 8.85 x 1012 _ Ccoulomb? (18)

newton-meter?
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Example: Two alpha particles, each having a charge of 3.2 % 10-19 coulombs,
are separated by a distance of 10-13 meters. Find the force of repulsion
between them in dynes.

Solution: From Equation 17
F— 32 % 10-19 x 8.2 x 10-19
4 x 3.14 x 885 x 10-12 x (10-13)2
= 9.17 x 10-2 newtons

Because 1 newton = 105 dynes,
F = 9170 dynes

Returning now to the charged sphere of Fig. 10 and its elec-
tric field, it has already been mentioned that the magnitude of the
field is the force per unit charge (E = F/q). Force is a vector quan-
tity, however, so that direction as well as magnitude must be assigned
to the field. The direction of an electric field at a particular point in

P ®q! (TEST CHARGE)

Fig. 11. The electric field
of a point charge, q, acting r
on a test charge, q’.

qe
(POINT CHARGE)

the field is arbitrarily taken as the direction of the force acting on a
positive test charge placed at that point. Thus, the force on a nega-
tive charge such as an electron is considered opposite to the direction
of the field.

The nature of the medium through which an electric field
acts determines the value of the constant K in Coulomb’s Law
(K = 4me), hence K is known as the dielectric constant of the
medium. To determine electric field intensity at a point P separated
from a point charge q by a distance r, consider a test charge having
a charge magnitude equal to q’ placed at P as in Fig. 11.
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From Equation (17)
F=_14

41rsor2

but electric field intensity (from Equation 14) is

E =

<2 |

so that

E=_4 (19)

41r€()r2

and the direction of the field is away from the point charge q if it is
positive and toward it if q is negative.

Example: A point charge having a magnitude of plus 12 x 10-9 coulombs is
located 6 cm away from point A. Compute the electric field intensity at

POSITIVE
POINT
CHARGE

6 CM Fig. 12. Mustration for Ex-
@—.—.——.—-.—__———-—————"z ample.

couLoOMBS

point A (Fig. 12) and state whether the field acts to the right or to the left.

Solution: The magnitude of the force vector acting on point A due to the
positive charge is given by

E 12 % 10-9
T4y 304 x 885 x 10-12 x (0.06)2

E = 3.0 x 104 newtons per coulomb

Because the point charge is positive, the field is directed away from it or
toward the right.

We are now prepared to discuss the method used to represent an
electric field by lines of force. Any number of lines might be chosen
to describe a field of given intensity, but if this were done, the result-
ing picture would be entirely qualitative with respect to field magni-
tude. In order to have the lines of force represent both magnitude
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and direction, they are spaced from each other in such a manner that
the number of lines passing through a unit area of a surface at right
angles to the field is always equal to the product of ¢ and E. That is,
for a unit area of surface

Number of lines = ¢ X E (20

where ¢ is K/47 and E is field intensity. Applying this definition to
any area A, we have:

Number of lines = ¢EA 2n

A point charge produces lines of force having an outward radial
direction. If such a charge is placed at the geometric center of a
sphere of any radius, each line of force will pass through the spheri-
cal surface perpendicularly, thus fulfilling the conditions set forth
above. Let the radius of the sphere be r; then the field intensity at
every point on the spherical surface due to the point charge q is

L = q/4mwer?

(Equation 19) and the total number of lines passing through the
sphere is given by Equation 22, because the surface area of a sphere
is 4=r2,

€]
mepl

Number of lines = q (22)

Number of lines = (EA = X 4nr?

The conclusion to be drawn from this analysis is that the number of
lines that pass through a sphere concentric with a point charge is
exactly equal to the magnitude of the point charge. Since the radius
factor cancels out, it is evident that the same number of lines of force
pass through every sphere containing a charge q at its center, regard-
less of the radius.

Lines of force are continuous, each one being terminated at
one end by a positive charge and at the other by a negative charge.
This characteristic of continuity leads to an important generaliza-
tion, originally stated by Gauss and known as Gauss’ Law.

The net number of lines of force that leave a closed surface con-
taining an electric charge is equal to the net positive charge
inside the surface. If there is no net charge inside the surface,
the net number of lines crossing the surface is zero.



28

ELECTROSTATICS

The meaning of “net” when referring to charges, means the dif-

ference between the number of positive and the number of negative
charges (or their algebraic sum). When referring to lines of force,
the net number of lines crossing a surface is equal to the algebraic

SURFACE A
- ~ BODY |
/ {2 couLomBS
POSITIVE)
{( r - ‘ﬁ\
BODY 3 BODY 2 /
{6 COULOMBS {4 COULOMBS
POSITIVE) NEGATIVE)
AN /
N N~
/
/ ) SURFACE B
/ /
SURFACE C 80Dy 5
(3 COULOMBS
POSITIVE)

BODY 4 \ /
(7 COULOMBS e
NEGATIVE)
Fig. 13. Hlustration for an application of Gauss’ Law.

sum of the lines passing outward through the surface and the number
of lines passing inward through the same surface.

An application of Gauss’ Law is shown in Fig. 13. Correlation

between the number of positive and negative charges, the number
of lines of force, and Gauss”Law may be obtained from this figure
as follows.

(1) Starting with charged body 1, two positive charges (2 coulombs)
give rise to two outward-moving lines of force, which terminate on



NATURE AND CHARACTERISTICS OF THE ELECTRIC FIELD 29

two negative charges on body 2. Thus two lines enter or cross sur-
face A on this side.

(2) Two lines cross the other side of the surface A boundary, coming
from two of the six positive charges on body 8, again going inward.
This makes a total of 4 lines entering surface A which, according to
Gauss’ Law, is equal to the four negative charges inside of surface A
residing on body 2. This gives us an important corollary:

The net number of lines of force that enter a closed surface con-
taining an electric charge is equal to the net negative charge
inside the surface.

(3) Body 3 has 6 positive charges. Surface B is intersected at 12 points.
Of these, 9 lines intersect the surface going outward, while 3 intersect
going inward, making a net of 6 lines going outward. Again, this
corresponds with the number of positive charges in surface B in
accordance with Gauss’ Law.

(4) Surface C has no charge within it at all, hence the net crossings
should total to zero. As seen, three lines from body 5 enter and leave
the surface leaving a net of zero. Since surface C has no charges inside
it, no lines can terminate within it.

(5) Because all lines must terminate at a positive charge at one end
and a negative charge at the other, there must be an equal number
of positive and negative charges if the representation is to be correct.
There are 11 charges of each sign in Figure 13, so that the number
and direction of the lines conform with the theoretical requirements.

18. Examples of the Use of Gauss’' Law

Gauss’ Law may be applied to many different surfaces for the
purpose of calculating the field intensity that results from various
charge distributions. It may also be used to test certain basic assump-
tions that are taken as self-evident, such as the distribution of charge
and the field is a conductor.

The Field Surrounding a Charged Sphere. A sphere of radius rl
is shown in cross section in Figure 14. Surrounding this conducting
sphere is a second sphere of nonconducting material having a radius
r2. The inner conducting sphere carries a positive charge of q coul-
ombs uniformly spread out on its surface. With this symmetrical
charge distribution and geometry, the lines of force may be consid-
ered to be directed outward radially from the inner sphere. Because
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the outer sphere is concentric with the inner sphere, all the lines of
force that cross it must do so at right angles to its surface. From
Equation 21 we have

Number of lines = ¢EA
and for a sphere of radius rl
Number of lines = ¢E (47r12)

By Gauss’ Law, the number of lines leaving the sphere must equal
the net positive charge within it, hence:

q = ¢FE (47r12)
Solving for E:

E= 3
41!’(01'].2
Fig. 14. Study of the field
intensity around a charged
conducting sphere.
CONDUCTING SPHERE NON-CONDUCTING
CARRYING CHARGE q SPHERE

It will at once be observed that this expression is identical with that
previously derived for the intensity of the field at a distance r from a
point charge (Equation 19). This means that the field intensity sur-
rounding a charged sphere is the same as that of a point charge of
the same total magnitude and that the charge on the sphere may be
considered to be concentrated at its geometic center. As a second
implication, the net field inside the sphere is zero.
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The Field Within a Conducting Surface. We have shown in Sec-
tion 4 that charges placed on a conducting surface tend to move as
far apart as possible, due to mutual repulsion. Using Gauss’ Law, we
can now test this idea more rigorously.

Electrons in a conductor are free to move. If an electric field is
present in the conductor, there will be motion of the free electrons
as long as the field exists; conversely, the electronic motion will be
zero if there is no electric field. As a corollary we may then conclude
that we may assume the field in a conductor to be zero if the electrons
are quiescent.

HYPOTHETICAL SURFACE
INSIDE CONDUCTOR

I

I

|

Fig. 15. Gauss’ Law ap- |
plied to a conductor. l
|

|

l

+Q COULOMBS
OF CHARGE

Consider now a three-dimensional conducting solid (shown in
cross section in Fig. 15). A charge of q coulombs has been placed on
the conductor. From Gauss’ Law, we may at once state that the net
number of lines of force crossing any surface located an infinitesimal
distance inside of the outer boundary of the conductor, such as the
surface shown by the dashed line in Fig. 15, must be equal to the
net positive charge within the surface. These charges are static. Since
there is no motion of charges, the field within the conductor must be
zero and the number of lines of force crossing the hypothetical sur-
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face must also be zero. In accordance with Gauss’ Law, however, the
net charge in the conductor must be equal to the number of lines of
force crossing the surface in an outward direction. Thus, the net
charge inside the conductor must also be zero. Because a charge of q
coulombs was placed on the conductor initially, all of the charges
must be located between the hypothetical surface and the outer sur-
face of the conductor. Having originally assumed that the hypotheti-

/

cal surface was located an infinitesimal distance inside the conductor,
we must conclude that all the charges are present on the outside of
the conductor.

The Field Between Two Parallel Conducting Surfaces. If two
parallel conducting surfaces (Fig. 16) are charged to equal magni-
tudes, but with opposite sign, the electric field between them consists
essentially of straight lines of force uniformly spaced and parallel to
each other. To use Gauss’ Law for the determination of the magni-
tude of the electric field between the plates, let us imagine a closed
surface having a rectangular cross section placed between the plates
as shown in Fig. 16B. Side AB of this surface lies inside the conductor
on the left, whereas side CD is outside the conductor and within the
electric field.

Since there is no electric field in the conductor at the left (see
the preceding example), there are no lines of force passing through

==
i |

(A) (8)
Fig. 16. Study of the field between two conducting plates.
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side AB of the closed surface. Hence, the net number of lines of force
passing through the closed surface are those that emerge through side
CD. To determine the number of lines involved in this transition,
we shall again use Equation 21.

Number of lines = EA

in which E is the intensity of the electric field between the plates and
A is the area of side CD of the closed surface.

The total charge inside the closed surface is equal to the area A
of side AB that encases the charges on the conducting plate multi-
plied by the charge per unit area on the plate itself. If y represents
the charge per unit area, then:

q=yA (23)
Applying Gauss’ Law, we have:
©EA = yA (24)
Hence Eg =1y
or
E=L (25)
€

Hence, the field intensity in newtons per coulomb between two paral-
lel, oppositely charged plates is equal to the number of coulombs per
square meter of charge on either plate divided by the constant
¢ (o = 8.85 x 10-12 coulomb?/newton — meter?)

Example: The field intensity between two parallel electrodes is 30,000 newtons
per coulomb. An electron placed in this region will be acted upon by a
force that moves it toward the positive plate. Calculate the magnitude of
this force in dynes, assuming the charge on an electron to be approximately
1.6 x 10-19 coulomb.

Solution: Find first the force on the electron in newtons,

E=£
q
F = Eq

F=38 x 104 x 1.6 x 10-19

E = 4.8 x 10-15 newton
Since there are 105 dynes in one newton,

F = 48 x 10-10 dyne
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Example: The charge on a sphere is 10-3 coulomb, distributed evenly over its

surface. Calculate the field intensity in newtons per coulomb at a point
outside the sphere, 5 meters from the center.

Solution: Use Equation 19 .

q
E = 4!’60[‘2
E — 10-3
4 x 3.14 x 885 x 10-12 x 25
_ 10-3
T 2779 x 1012

E = 3.6 x 105 newtons per coulomb

19. Distribution of Charge

Experiments conducted along the lines of Faraday’s “ice-pail”
investigation bring to light a number of important facts concerning

- ZERO

CHARGE Fig. 17. A charged closed

pail.
INSIDE

the manner in which electric charges distribute themselves on con-
ductors of various shapes.

The distribution of an electric charge may be examined by
means of a metal disc mounted on an insulating handle and called a
proof plane. If the disc is placed against the surface of the charged
and insulated pail shown in Fig. 17 and then removed, it takes with
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it a portion of the charge, which may then be tested by means of an
electroscope. The experiment proves that the greatest charge is ob-
tained from the outer surface of the pail near its upper edge and on
the outer corner of the bottom. Less is found on the middle of the
cylindrical sides and none at all in the interioy if the pail has a metal
cover. The absence of charge on the inside surface of a closed con-
ductor was discussed in Section 4. The heavy concentration of
charges on the corners of the pail leads to the conclusion that the
greatest density of charge is found at points of sharpest curvature.
Charge density varies inversely with radius of curvature.

When the density of charge exceeds certain limits, the air in the
neighborhood of a charged surface is made slightly conducting by a

©8B
HIGH DENSITY
OF CHARGE
- - ON POINT A
N O R O
O @
A
©B

Fig. 18. The process of point discharge. (A) A negative ion is accelerated
by the strong electric field near the point due to the point's high charge
density. (B) Electrons dislodged from neutral gas molecules due to collisions
with the accelerated ions, leaving positive ions (C), which move toward the point.

collision process involving charged gas molecules with uncharged
ones. This process is called “ionization.” The strong electrostatic
field around a sharp point accelerates any ions already present due
to the effect of cosmic rays, etc. These ions collide with neutral mole-
cules, often dislodging additional electrons. This leaves the gas mole-
cules positively charged, and they move either toward or away from
the point, depending upon the charge on the point. In either case,
there are enough charged atoms of opposite sign to be attracted to
the high charge density, where they pick up an excess of charge and
are immediately repelled. It is found, therefore, that charges
“leak” from sharp points much more rapidly than they do from sur-
faces of larger radius or curvature. The process is shown in Fig. 18.
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Point discharge explains the efficiency of certain types of light-
ning rods, which enable a residence or other building to maintain
itself in a more or less neutral electrical state by discharging through
the sharp points. The phenomenon also explains why points must be
avoided in high voltage power supplies such as those used in televi-
sion receivers. Unless all connections are rounded, energy is lost
through the effects of corona, another name for electrical discharge
through ionized air.

20. Millikan Method of Measuring Electron Charge

In 1913, Robert Millikan reported on a series of painstaking
experiments which established that the electron possesses a unique,
indivisible quantity of electricity. Millikan's measurements also es-
tablished the value of this quantity with high precision. His method,
known as the “oil drop” experiment, was carried on as follows: A
fine spray of oil is blown into a chamber (Fig. 19). The droplets set-
tle toward the bottom of the chamber with varying speeds, depending
chiefly upon their size. The surface tension of the droplets causes
them to take on a spherical shape and they fall through the viscous
medium (the air in the chamber) at a speed determined by the equa-
tion called Stokes’ Law:

w
6mrZ

where v is the final velocity of fall, w is the net weight of the particle
after accounting for buoyancy, r the radius of the falling sphere, and
Z is a constant that depends upon viscosity of the medium (coeffi-
cient of viscosity).

Sooner or later, one of the droplets falls through the small hole
at the bottom of the chamber. As soon as one does so, the hole is
closed and the single droplet finds itself in a region between two
accurately spaced parallel plates across which a potential of several
thousand volts is connected. The droplet is highly illuminated by
the light of a carbon arc lamp, from which the heat rays are removed
by a filter to prevent convection currents from affecting the experi-
ment. An observing microscope is focused on the space between the
plates and the movement of the drop is measured with respect to two
pairs of cross-hairs. The time required for its passage from one to the
other of the cross-hairs is precisely measured by means of a stopwatch,
hence the speed of the droplet may be easily computed. This speed

v =

(26)
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is a function only of the diameter and weight of the droplet and the
viscosity of the air in accordance with Stokes’s Law (Equation 26).

In its passage through the chamber, each droplet takes on a
small electric charge due to contact and induction effects. Assume
that the droplet being observed carries a negative charge. As it ap-
proaches the lower plate, the switch is closed thus establishing an
electric field in the space between the plates. Since the lower plate is
negative, the droplet will begin to move upward in the field and
again pass the cross-hairs of the microscope, this time at a different
velocity.

At this instant, an X.ray tube at the opposite end of the plate
area is momentarily flashed, causing the air in the vicinity of the
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Fig. 19. The apparatus for the Millikan oil-drop experiment.

droplet to become ionized. The droplet then may pick up or lose
electrons and thus change its net charge which, in turn, causes a
modification of its velocity and possibly direction of motion. The
change in motion may be the result of a change of charge amounting
to one, two, or more electrons lost or gained, but in any case the
gain or loss must be equal to a whole number of electrons.

By thus watching and measuring the velocity of a single droplet
often for hours at a time, Millikan found that no matter what the
size, material, or original charge of the droplet, the change in charge
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was always a whole number multiple of 1.591 X 10-!° coulombs.
Thus, the value and uniqueness of the charge of an electron were
established.

21. The Oil-Drop Equations

The experimental procedure just described may be translated
into appropriate equations that provide the actual value of the
charge of an electron in terms of the experimental data.

Let v, designate the steady-state velocity of an oil droplet when
the electric field is not present and v the upward velocity of the same
droplet under the influence of the field. Stoke’s Law may then be
written for these two conditions as:

Vg = w 2
7 6mrZ (27)
E —
67rrZ

As before, Z is the viscosity of the air, E is the electric field strength
in the region of droplet movement, w is the weight of the droplet,
r is its radius, and q the absolute charge on the droplet. The numer-
ator of Equation 28 is the net force acting on the droplet. (It is posi-
tive when it results in upward motion against the action of gravity.)
For simplicity, the effect of the buoyancy may be neglected with-
out introducing serious error. If Equations 27 and 28 are added alge-
braically, the w factor drops out and the resulting equation may be
solved for the charge on the droplet. Thus:

w + Eq - w Eq
6717 6x1Z  6xZr

vV + v

Solving for q:

q = 6rZr (Vo + V) (29)
E
All of the quantities on the right side are directly measurable
except the value of r, the radius of the droplet. The viscosity coeffi-
cient Z may be obtained by several precise methods, v, and v are
determined by observation with the viewing microscope, and the
electric field intensity E may be easily obtained from the voltage
between the charged plates and their separation, as will be shown in
a later paragraph. The radius r must, however, be determined indi-
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rectly. The droplet is spherical due to surface tension, and the oil of
which it is formed has a measurable density D. Thus, since density
is defined as mass per unit volume,!

w = VDg (30)

where V is the volume of the droplet, D is the density of the oil, and
g is the gravitational acceleration,
The volume of a sphere is given by

V = 4/3 ar’ (31)
Substituting for V in Equation 30:
w = 4/3 ariDg (32)

This value for w may be substituted in the form of Stokes’ Law
for the velocity v, in the absence of a field (Equation 27),

4/3 #r3Dg
Vg = —m—=2
6nrZ
2
_ 2/9 rDg 33)
Z
Solving for r2 and taking the square root of both sides,
r2 — g XO_Z_
2 Dg
r = 3/vyZ/2Dg 34
Substituting this value of r into Equation 29,
_ (67) (3\/vo/2Dg) (vo + V)
E
_ 18xZ (vo + v)\/VoZ/2Dg (35)
B E

This cxpression may be rewritten as

q = én(% )3/2(E)”2 totv) (36)
3 2 Dg E

Now everything on the right side of Equation 36 is experimen-
tally determinable. It was by observing the difference in the various

1From Equation 6, w = mg. The total mass of the drop is equal to the product
of its mass per unit volume and its volume.
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q’s calculated in this way for the same droplet that Millikan arrived
at his conclusions concerning the uniqueness and value of the elec-
tronic charge, e. The best of modern determinations gives a value of
e equal to 1.6018 X 10-19 coulomb, which varies only slightly from
Millikan’s value.

22. Dielectrics

Conductors and insulators were touched upon in Section 3. In
conductors, the electrons are not tightly bound to their atomic nuclei
and are able to pass freely from atom to atom. In insulators, the bond
is much tighter and a substantial voltage is needed to cause electron
movement. Because the difference between conductors and insulators
is one of magnitude rather than mode of behavior, the term insu-
lator is relative and applies to the properties of the medium with
respect to current conduction. When the behavior of an insulating
medium is analyzed relative to its dielectric properties, i.e. number
and density of electric field lines, resistance to electric breakdown,
etc., the medium is called a dielectric. The behavior of a given sub-
stance when used as an insulator may be very different from its be-
havior when applied as a dielectric.

For instance, air is one of the best insulators known; in the dry
state, its conductivity is very low even under the stress of large volt-
ages. Yet, as a dielectric it has a relatively low breakdown threshold,
flashover occurring at about 75,000 volts per inch of gap. Rubber in
comparison can withstand better than 400,000 volts per inch of
dielectric thickness, but is not nearly as good an insulator as air, per-
mitting leakage currents to flow under conditions at which air would
stop them completely.

The ability of a substance to withstand breakdown is known as
its dielectric strength. This characteristic is expressed in volts per
unit thickness when the substance is placed between flat electrodes
with rounded edges. Thus, the dielectric strength of air is 3,000 volts
per mm, that of rubber is 16,000 volts per mm, and that of varnished
cambric about 32,000 volts per mm. Modern ceramic and synthetic
plastic dielectrics have even higher ratings.

The change in potential per unit thickness applied across a
dielectric is called the potential gradient. For instance, 48,000 volts
impressed across 30 mils of dielectric material establishes a potential
gradient of 1,600 volts per mil. Potential gradient is always expressed
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in terms of voltages that are well below the breakdown potential,
since, after a discharge occurs, there is likely to be charring or crack-
ing of the insulating material, with a consequent change of all its
dielectric properties in the area of the breakdown.

23. The Dielectric Constant

In restating Coulomb’s Law (Section 17) mention was made of
the constant K as the dielectric constant of the medium. Let us now
define this term. When a d-c voltage is applied to two flat electrodes
separated by a gap, a charge of +q is found on one and a charge of
—q is found on the other. Should a slab of glass or polystyrene be
now inserted in the gap, without altering the applied voltage, the
quantity of charge rises to +q’ and —q’. The increment in charge
must, therefore, be due entirely to the presence of the new dielectric
material. Thus, the dielectric constant of any insulating medium is
defined as the ratio of the charge with an air (or more precisely
vacuum) dielectric to the charge with the material dielectric without
change of applied potential or:

dielectric constant =

(37)

<} l,_o

The dielectric constants of several common insulators are given
in the chart below.

DIELECTRIC CONSTANTS

Alr e, 1 Water ....c.ooovvveenrennnn, 81
Bakelite .................... 4.5 to 5.5 Polystyrene .............. 25 to 7.5
Glass ...ocoooevvvrerinn, 4.0 to 10.0 Porcelain ................. 5.7 to 6.8
Paraffin .................. 2.3 J\Y S er: RO 54 to 8.0
Rubber .................. 2.0 to 2.5

24 Review Questions

1. Explain why lines of force between two conducting surfaces must intersect
the surfaces at right angles.

2. Why is it convenient to discard the constant K originally used in Coulomb’s
Law in favor of a new constant e?

3. Define electric field intensity in words and in the form of an equation.
What are its units in the cgs system?

4. Prove that the same number of lines of force must pass through the surface
of a hollow sphere of any radius if it contains a charge q at its center.
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10.

11.

ELECTROSTATICS

. What is the convention regarding the direction of an electric field produced

by a point charge q if the point charge is positive? if it is negative?

. State Gauss’ Law. If K in Coulomb’s Law had not been replaced by e, how

would Gauss' Law be stated?

. Calculate the intensity of the electric field surrounding a sphere of 10 cm

radius at a distance of 25 ¢cm from the sphere if the charge on its surface
is 2 coulombs.

. Compute the field intensity between two parallel oppositely charged plates

each of 100 cm2 area. The charge on each plate is 0.5 coulomb.

. Explain the effect of points on a charged body. Define the terms ionization

and corona.

Describe qualitatively the method used by Millikan to obtain the charge on
an electron.

Define dielectric strength and dielectric constant.



Chapter 4

ELECTRIC POTENTIAL, CAPACITANCE, AND CAPACITORS

25. Potential and Potential Difference

As mentioned in Section 14, the potential difference between
two points may be defined as the ratio of energy to charge, or

Energy

Potential Difference = (38)

charge

It remains to determine the units that may be properly applied
to this relation and to visualize the physical meaning that underlies
the concept of potential difference.

The absolute potential of a given body is measured by the num-
ber of ergs or joules required to bring a unit charge q of like sign
(so that work must be done against the repelling force) up to the
body from infinity. Absolute potential is virtually impossible to
determine, but for convenience the earth is assumed to be at zero
potential and all other potentials are measured relative to it.

It may be shown by the integral calculus that the work done in
moving any point charge g’ from infinity to a distance r from another
point charge q (in the mks system) is given by the equation

w = 32 joules (39)
47!’(01'

The equivalence of work and energy makes it possible to state that
the work done according to this equation is also the potential energy

43
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given to the point charge as a result of moving it from infinity to a
distance r from another point charge of similar sign. Since electrical
potential is the ratio of energy to charge,

’
Potential = —14 (40)
4meorq’
v=_4 joules per coulomb 41)
41r¢or

According to the definition of the volt given in Chapter 2, however,
it is fundamentally the same unit as the joule per coulomb, hence the
expression above is said to be the potential in volts of a point charge
q with reference to some zero level taken at a great distance away
from the point charge.

Determination of the potential around a charged conducting
sphere will demonstrate several interesting points. We have already
shown that the electric field around a charged sphere may be com-
puted by considering that the entire charge is concentrated at the
center of the sphere. The potential of such a sphere is, therefore, also
given by Equation 41, in which r must be taken equal to or greater
than the radius of the sphere.

Now consider such a sphere being charged in air by some elec-
trostatic method. (Such methods will be discussed in Chap. 5.) When
the electric field intensity becomes sufficiently great, the air in the
vicinity of the sphere becomes conductive and the charge leaks off as
fast as it is generated. The question arises as to what factor or fac-
tors determine the maximum potential to which the sphere can be
charged. This question may be answered by reasoning as follows:
designating the maximum electric field intensity by En.., we can
determine the largest charge that the sphere can hold by solving
Equation 19 for q:

Quex = (Emu) (4meer?) (42)

in which r, is the radius of the sphere. Substituting this value of
gmx into Equation 41,

Vm-x = rlEml! (43)

Experimental evidence shows that air becomes conducting when the
field intensity approaches 3 X 10¢ volts per meter, hence the maxi-
mum potential in volts (the voltage) that can be built up on a con-
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ducting sphere of given radius regardless of the charging method is:
Vue = 8 X 106 (r,) volts (44)

where r, is measured in meters. This development provides a sup-
plementary explanation of the phenomenon of discharge from points
discussed in Chap. 3. Since the maximum voltage is a function of the
radius of the charged body, a surface that has an extremely small
radius of curvature cannot sustain a high potential without causing
ionization of the air and consequent discharge. In addition to this,
it also illustrates the reason for the use of extremely large spheres in
million-volt Van de Graaff generators.

Example: What is the maximum potential to which a “point” having a radius
of .01 mm can be raised?

Solution:
\ 3 % 106 x 105 = 30 volts

Example: A Van de Graaff generator has a sphere of approximately 2-meter
radius. What is the maximum potential to which it can be charged?

max —

Solution:
A" = 3 x 106 x 2 = 6,000,000 volts.

max =
Physicists, using the mks system, measure field strength in new-
tons per coulomb, rather than in volts per meter. These units are,
however, exactly equivalent. A volt is defined as a joule/coulomb,
but a joule is a newton-meter.
Substituting these units in Equation 19,

joules newton-meters
. volts coulomb coulomb
Field strength = E = = =
meter meter meter
The distance unit cancels leaving
E = newtons/coulomb (45)

26. Equipotential Surfaces

If two points between charged plates, such as A and B in Fig. 20,
are given a difference of potential, work is required to move a charge
up the potential from A to B. If the charge is moved parallel to the
plates, however, work is not required because the motion is occurring
in a direction in which there is no component of field force due to
the electric field. If there is no resisting force component, work is not
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Fig. 21. The electric field around @ charged sphere passing through equipotential
surfaces.
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GRID WIRE IN CROSS SECTION
Fig. 22. Equipotential surfaces around the grid of a vacuum tube.

necessary to maintain uniform motion. For this reason, all points in

‘a plane passing through point A and parallel to the plates have the
same potential as point A. This follows from the fact that there can
be a potential difference only if work is required to move the charge.
A surface on which all poinfs have the same potential is called an
equipotential surface.

This concept has several important implications. The surface of
any conductor with a static charge must be an equipotential surface.
If a potential difference existed for an instant between points on the
conducting surface, there would be an immediate movement of
charge from the points of high potential to those of low potential
and this movement would continue as long as the potential differ-
ence existed. As we shall see later, the plates of a capacitor, irrespec-
tive of their shape or position, must also be equipotential surfaces.

A second important idea is that electrostatic lines of force must
pass through equipotential surfaces at right angles. If this were not
the case, components of the field along the surface would exist, and
movement of charges would take place. A difference of potential
would thus exist along the surface, contrary to the definition. As may
be observed, this is true of the equipotential surface in Fig. 14.
Again, consider a charged sphere like that of Fig. 21. The charged
sphere is the innermost circle bearing the plus sign. Since the field of
the sphere is radial in nature, each force line must pass through con-
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centric spheres of larger diameter perpendicularly. Hence, surfaces
A, B, and C are equipotential surfaces. It should be noted that a
similar condition exists for coaxial cylinders.

With more general distribution of electric field sources, equi-
potential surfaces take on more diversified shapes. Such surfaces, as
they might appear around the control grid of a vacuum tube, are
shown in Fig. 22.

In drawing a series of equipotential surfaces, it is conventional to
indicate them as surfaces having uniform voltage increments. (Each
surface is shown separated from the adjacent one by an equal poten-
tial difference.) When this is done, the surfaces are increasingly fur-

S S

l 23 .2 g g Fig- 23. The force acting
on a test charge due to an
1 electric field.
q

ther apart, as the distance from a single charged source increases. This
is due to the greater divergence of the radial lines from a central
charged body as the distance grows.

27. Potential Gradient

An important term often encountered in electrostatics is poten-
tial gradient. To study its significance, consider the force acting on
a test charge ¢’ in an electric ficld of intensity E, as shown in Fig. 23.
Electric field intensity is given by the equation E = F/¢’, hence the
force acting on the test charge ¢’ is equal to Eq’. This force acts upon
the test charge to move it from SI to S$2, that is, over the distance
As, which we shall take as being infinitesimally small. In order to
stop the motion of the test charge, or to move it slowly in the
opposite direction without acceleration, the force required would
be —F. For this case, then, —F = Eq’ or

F = —Eq (46)

in which F is the force required to move ¢’ in the direction S2 to S1.
If such a force is applied to the test charge and succeeds in moving it
from S2 to S1 (a distance As), the work done is

W = Fas = —Eq’As 47)
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The work done in moving the test charge against the electric field
represents an increase in potential energy. Thus, the increment of
electric potential, AV, is the increase of potential energy per unit
charge or
AV = w _ —Eq’As
ql ql
AV
As

(48)

E = (49)
The ratio AV/As is the rate of change of potential with distance
in the direction of the electric field. The minus sign before the
ratio indicates that the electric intensity is the negative of the po-
tential gradient, in the direction of the electric field. Potential
gradients are expressed in volts per meter or microvolts per meter
in the mks system.
Let us summarize the characteristics and properties of equipo-
tential surfaces as follows:
1. Equipotential surfaces never intersect in a finite field.
2. Itis always possible to draw a series of lines indicating the direc-
tion of the field strength perpendicular to these surfaces.
. The field is stronger where the surfaces are closer to each other.
. The field strength is the negative of the potential gradient.
5. When two bodies bearing charges of opposite sign—such as a
pair of charged plates—produce a field between them, this field
may be quite uniform throughout the space separating them.
In such arrangements, the equipotential surfaces are equally
far apart.

= O

28. Capacitance

When two conductors that are separated by an insulator are con-
nected across a source of potential, as shown in Fig. 24, the plates
become oppositely charged. When the activating potential is re-
moved, the charge remains on the plates for as long a period as leak-
age through the insulating material or dielectric permit. This
residual charge constitutes stored electricity, while the property
of storage in an electric circuit is known as capacitance. In the ele-
mentary explanation of the storage ability of a capacitor (a device
that exhibts capacitance), it is often erroneously stated that the
energy of the stored charge resides in the plates of the capacitor, since
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it is easy to discuss the charges thereon as bound charges. The mutual
attraction of opposite charges superficially appears to offer a satisfac-
tory answer to the question as to the mechanism of energy storage.
That this is not a fact is demonstrated when the dielectric material
is changed. For example, a given capacitor is capable of storing

- e
ORBITAL /’
DISTORTION

Fig. 24. How energy is stored in the dielectric of a capacitor.

a certain amount of energy when air is used as the dielectric;
if glass is now substituted for the air without changing the voltage of
the charging source, the storage ability of the same capacitor rises by
a factor of at least five. Since neither the area nor separation of the
plates has changed, this increase in energy content signifies that
storage of energy occurs elsewhere. It is generally agreed that the
energy of a capacitor resides in the dielectric rather than on the
plates. The actual mechanism by which this is accomplished is not
perfectly understood, but it seems quite certain the orbits of elec-
trons circling the nuclei of the atoms of the dielectric are distorted
by the electrostatic field between the plates. Any change in the nor-
mal shape or dimension of such orbits must represent potential
energy similar to that of a stretched rubber band or a compressed
spring.

As the voltage applied to a capacitor is increased, the charge in-
creases in direct proportion. That is:

Q~V (50)
where Q is charge magnitude and V is applied voltage. This propor-
tionality is converted to an equation by multiplying the right side
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by a constant of proportionality that we designate C, the capacitance
of the capacitor (by definition).

Q =CV (51)

where Q may be measured in coulombs and V may be measured in
volts. Solving for C we have:

- Q
C== (52)

The fundamental unit of capacitance is the farad (named for
Michael Faraday, 1791-1867). One farad is the equivalent of one
coulomb/volt and is defined as that capacitance which will accept a
charge of one coulomb when the applied voltage is one volt.

The farad is a prohibitively large unit for practical use. In
equipment where capacitors are used, it is common to encounter rat-
ings in terms of microfarads (I uf = 10-6 farad) and micro-micro-
farads (1uuf = 10712 farad).

An additional relationship that finds much application may be
obtained by utilizing the fact that the one ampere of current flow is
defined as one coulomb per second. Hence:

It = CV (53)

where I is current in amperes, t is time in seconds, C is capacitance
in farads, and V is voltage in volts.

Example: A 100uf capacitor is connected across a 300-volt d-c line. (a) Find its
charge in coulombs when fully charged and (b) calculate how long it must
be allowed to charge to reach full charge if the average current flowing into
it is 0.1 ampere,

Solution: (a) Q = CV

Q =100 x 106 x 300 = 3 x 10-2 = .03 coulomb
cv
b) t = —
(b) I
= 100 x 106 x 300/0.1 = .03/0.1 = 0.3 second

29. The Energy Stored in Capacitor

The reality of energy stored in a capacitor is shown by the spark
discharge from a charged capacitor or its ability to light an incan-
descent lamp briefly. The magnitude of this stored energy is a func-
tion of the capacitance of the capacitor and the voltage orginally
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used to charge it, provided that enough time has been allowed for a
full charge to accumulate, It is obtainable from the equation

W = 14CV2 (54)

If C is expressed in farads and V in volts, W must be expressed
in joules or watt-seconds. This may be checked as follows: Since
C = Q/V (Equation 52),

W= 15 Q/V X Ve= 14 QV
If Q is in coulombs and V in volts, W is in joules.

Example: A manufacturer of photographic flashbulbs rates his Type A as
requiring an energy 0.002 watt-second for reliable ignition. Will such a
flashbulb fire when connected across a 50-uf capacitor that has been fully
charged from a 12-volt dry battery?

Solution:
W = 154 CV2
W =14 X 50 x 10-6 x 144 = 3.6 x 10-3 = 0.0036 watt-second.
Hence, the flashbulb will fire when energized by this capacitor.

30. The Capacitance of a Parallel Plate Capacitor

In Section 18, it was shown that the field intensity between two
parallel, oppositely charged conducting plates is given by

where y Is the charge per unit area in coulombs per square meter
and ¢ for a vacuum is the constant 8.85 X 10-12 coulomb? per
newton-meter?. If q signifies the charge on either of the two plates
and A the area of either plate (assuming that the plates have equal
areas), then:

=1 55
E EoA ( )
The electric field, and hence the potential gradient, between a
pair of charged plates is essentially uniform. This means that the
change of voltage (AV) over any number of small increments of
distance (as) will be uniform. Hence, in the direction of the electric
field we may write E = V /s, hence

V = Es (56)
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In this equation, V is the total potential difference between the two
plates and s is the total distance between them. Hence:

qs
V =Es = ——
oA (57
From Equation 52, C = Q/V and since in this case Q = q, then
A
c=—L 2 (58)
gs s
EoA

if A is in square meters and s is in meters, then C is in farads.
When the dielectric between the plates is some substance other
than air or a vacuum, Equation 58 must be changed to

EQA
S

C=K (59)

where K is the dielectric constant of the substance between the
plates. Note the simplicity of these equations. You will recall that

AREA (8)

Fig. 25. A two-plate capa-
citor.

DIELECTRIC CONST (K) #

in Section 13 we eliminated the 4 from expressions derived from
Coulomb’s Law by defining the constant ¢. The reason for doing
so is now apparent: if the quantity 4= had not been thus treated, it
would appear in this practical equation for capacitance. As one
studies further in electrostatics, the advisability of this step becomes
increasingly evident.

Example: A capacitor of 0.02 «f such as that shown in Fig. 25 is required for a
demonstration Tesla coil transformer. The dielectric is to be glass (K = 6)
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and the plates are to be metal foil measuring 20 x 20 cm each. Calculate
the thickness of glass required to obtain this capacitance.

Solution: Solve Equation 59 for s.

8 = K-‘nA
- cC
_ 6(8.85 X 10-12) (0.04) (531 x 10-11) (04 x 10-1)
0.02 x 10-6 2 x 10-8
= 1.06 x 104 meter
= 0.106 mm

31. The Measurement of Capacitance

There are three common methods of measuring capacitance: the
ballistic method, the reactance method, and the bridge method.
Only the ballistic method relies on electrostatic principles, hence it
is the only one that we shall deal with here. A ballistic galvanometer
is essentially a moving-coil instrument in which the coil has a sub-
stantial amount of inertia and is properly damped either by me-
chanical or electrical methods. The throw of such an instrument
due to the impulse of a sudden flow of electricity through the coil
is proportional to the quantity of electricity that has passed through
it. If a capacitor is discharged through the coil of such an instru-
ment, the discharge interval will be very short, since the resistance
of the coil is usually small. With enough inertia, the assumption
that the entire discharge occurs before the coil begins to move is an
excellent approximation and the relationship is:

Q = KS (60)

where Q is the charge in culombs and S is the throw of the ballistic
galvanometer in cm. K is the “galvanometer constant.”

Measurement of capacitance is made by connecting a circuit
such as that given in Figure 26. The measurement may be made
either on the charge or discharge of the capacitor. When SW-1 is
moved to position A, and SW-2 is also on position A, the unknown
capacitor C, charges through the galvanometer whose throw may
be noted. This is the charge reading. SW-1 may now be set to posi-
tion B and the discharge throw reading observed. The discharge
and charge throws are now averaged.

If & is the average throw, C, the unknown capacitance, and
the average quantity of electricity is ¢, then from Equation 60

Q = K& (61)
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If the voltage applied by the charging source is V, we know
from Equation 51 that Q’ is also equal to C,V. Equating these
values of (¥,

C.V = K¥ (62)

A standard capacitor, C, of precisely known value is now sub-
stituted for C. by moving SW-2 to position B and repeating the
process just described. In this case, the deflection of the galvano-

A
) ¢ J :
SW-1 o/ _[_sw-z
)
A B
Cx T

—|

Fig. 26. Circuit for the measurement of capacitance by the ballistic method.

meter is S, the capacitance C, the galvanometer constant K, and the
voltage V. This gives us a similar equation,

CV = KS (63)
Dividing Equation 62 by Equation 63,

C.V _ K¥

CV ~ KS

The V’s and K’s drop out, leaving

C > 64
. = Cg (64)

32. Review Questions

1. Define the volt in terms of the work done in moving a unit charge. Explain
why volts and joules/coulomb are equivalent.

2. Determine the maximum potential to which a sphere of 10-cm radius can be
charged.

3. What is meant by potential gradient? What is the relationship between the
potential gradient and the electric intensity of a field?

4. Explain why the surface of any charged conductor must be an equipotential
surface,
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. Why is it impossible for equipotential surfaces in a finite field to intersect?
. Why is it believed that the energy of a capacitor resides in the dielectric

rather than on the capacitor plates?

. Find the capacitance of an air-dielectric capacitor consisting of two plates

each of 8-cm2 area and separated by 3 mm.

What voltage applied to the terminals of a 0.5-uf capacitor will give it an
energy content of 20 joules?

. Describe the ballistic method of obtaining the capacitance of a capacitor.
. Explain why the galvanometer constant drops out of the final equation for

the ballistic method of determining capacitance. How could you determine
the value of this constant for a given galvanometer?



Chapter 5

ELECTROSTATIC DEVICES AND APPLICATIONS

33. The Electrophorus

The electrophorus, devised by Alexander Volta, gave one of the
earliest demonstrations of the magnitude of charge that can be built
by electrostatic induction (Chapter 1). It consists of a disk of paraf-
fin, hard rubber, or some similar insulating material and a metal
disk movable by means of an insulated handle. (See Fig. 27.) There
are four steps in its operation: First, the non-conducting material
electrified negatively by friction, usually by rubbing it with cat’s fur
or flannel (A). The metal disk is now placed on top of the insulating
base (B). Since the insulating material is far from perfectly smooth,
the metal disk is actually spaced from it in most places, and contact
between them is established only at a few points. A charge therefore
appears on the metal plate by electrostatic induction, with the bot-
tom of the disk positive and the top negative. A finger is then
touched to the top of the disk (C), effectively grounding it. The ex-
cess negative charges are repelled to ground by the negative charge
on the non-conductor, leaving the metal disk with a net positive
charge. The finger is first removed, then the disk is lifted from the
plate (D). When the disk is far enough away from the field of the
plate, the charges upon it are free and a spark may be made to leap
from the plate to a finger or through a glow-tube (neon, argon, etc.)
to produce a sharp, bright glow. The process may now be repeated
indefinitely without any loss to the initial frictional charge. At first
glance, this seems to be a violation of the Law of Conservation of
Energy, since energy is rcpeatedly obtained in the form of a spark or
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glow-tube flash without renewing the charge on the non-conducting
plate. In this case, the energy comes from the mechanical work done
in separating the disk against the attracting electric forces.

34. The Van de Graaff Generator

The principle of the electrophorus is applied in the operation
of various types of static machines. The most spectacular and useful
of these is the Van de Graaff generator diagrammed in Fig. 28. This
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(D)

Fig. 27. Steps in the generation of charge with an electrophorus.

generator can supply upwards of two million volts and is extensively
used in atomic research.

A large spherical, highly-polished metal cap is supported on an
insulating column (not shown) high above the ground. A motor
drives a paper or plastic belt in the direction shown at high speed
(50 to 60 miles per hour). The charging process is initiated by a
source of high potential B, which sprays a positive charge onto the
belt via a metal comb C1, which terminates in sharp points (Section
19). The positive charges are carried upward into the body of the
sphere where they are picked off by comb C2 and led to the metal
cap. Here they distribute themselves on the outside surface. At the
same time, electrode P2 is charged negatively by induction from the
ribbon, causing comb C3 to acquire the same charge. Thus, a nega-
tive charge is sprayed on the downward moving ribbon at this point.
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These charges are then carried out of the cap to the region of comb
C4. The negative charges are taken off by C4 and transferred to
electrode P1, which again induces a positive charge in the ribbon.
At this time, the initiating source of potential may be removed, if
desired, since the process is sclf-sustaining.

The field strength at the surface of the spherical cap is made
as great as possible without a discharge taking place. The potential

)

Fig. 28. Cross section of a
VYan de Graaff generator.
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to which the sphere may be raised is proportional to the radius of
curvature of its surface. For multimillion-volt machines (since
corona discharge starts at fields of a few megavolts per meter), it is
essential that the cap have a large diameter. The Van de Graaff gen-
erator at the Carnegie Institute in Washington is 19 feet in diameter
and 55 feet high; in the case of the Massachusetts Institute of Tech-
nology, the diameter is 15 feet.

As in the case of the electrophorus, the energy developed in the
spherical cap is the outcome of the work done in moving charges
against repelling and attracting electrostatic forces. As the left side
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of the belt moves toward the spliere, work must be done to overcome
the repulsion of like charges; similarly, energy is expended in.mov-
ing negative charges away from the sphere as the right side of the
belt descends.

The intense electric field which surrounds the cap can change
either positive or negative ions into high-speed, high-energy nuclear
bullets for atomic research. Although other particle accelerators such
as the cyclotron, the synchrocyclotron, the synchrotron, the beta-
tron, and the bevatron have gained in popularity in recent years, the
Van de Graaff generator is still a useful tool and is not yet obsolete.

35. The Earth’s Electric Field — a Geophysical Problem

Although radar waves have reached far into space to reflect
from the moon and return, and earthquake waves penetrate deep
into the core of the earth to tell us something of its nature and struc-
ture, most of what we know of the earth is still gleaned from the
thin blanket of tenucus gas which surrounds it. With such meager
tools, it is no wonder that the problem of the origin and maintenance
of the earth’s electric field has never been solved completely. The
information we possess is at best tentative, but as theoretical progress
is made so will our ability to understand and manipulate the strings
that control the earth’s behavior improve. The research associated
with the International Geophysical Year (particularly the satellite
programs) has provided much new data.

The sea is an equipotential surface because it is an electrical
conductor. As we move away from the surface of the earth, the elec-
tric potential rises to an average of about 100 volts per meter. This
potential varies from place to place, from season to season, and to a
great extent depends upon the topographical features of the terrain.
The potential gradient is severely affected by rain and clouds and in
times of thunderstorms may rise to over 10,000 volts per meter. With
the realization that the picture is a statistical one, we may conceive
of the earth as a huge conducting sphere carrying a negative charge
of about half a million coulombs of electricity, which is so distrib-
uted over its surface as to yield a potential gradient of approximately
100 volts per meter.

Within the first 6 miles of ascent, the field strength of the earth’s
electric field falls to about 59 of its value near the surface. This can
be accounted for only by considering that the conductivity of the
atmosphere increases with increasing altitude. In an idealized pic-
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ture of the upper reaches of the earth’s atmosphere, at altitudes of
not much more than 60 miles, the atmosphere is considered as a per-
fect conductor. The resistance of the entire blanket of air boxed in
between the surface of the earth and the upper conducting sphere
has been measured as approximately 200 ohms. The half-million
“average” coulombs of the earth’s charge would leak off in four or
five minutes in the form of atmospheric currents if some replacement
mechanism were not in constant action.

The energy content of the thunderstorms that are always in
progress somewhere on the surface of the earth is more than enough
to account for the half-million coulomb charge of the earth. On a

Fig. 29. Charge distribution of the earth and a cloud during a thunderstorm.

statistical basis again, best estimates give roughly 16 million thunder-
storms per year and perhaps 100 flashes of lightning per second!
Although a flash may have a life of but a fraction of a second, with
a million volts or more and a hundred thousand amperes involved
in a single stroke, it is easy to explain the existence of a year-round
average charge.

The typical thunderhead cloud has a charge distribution like
that shown in Fig. 29. As its bottom surface comes closer to the sur-
face of the earth, an opposite charge is induced along the ground.
When the difference of potential becomes great enough, a lightning
discharge ensues.
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Lightning is not made up of a single stroke. When a cloud-to-
earth discharge is about to begin, a comparatively thin leader stroke
starts from the cloud and reaches the earth in a succession of short
jumps. After contact between the leader stroke and the ground, a
return stroke begins, following the path previously formed by the
leader. It is this stroke that carries the enormous currents character-
istic of lightning; its velocity often approaches one-half the velocity
of light. A single lightning flash may comprise several of these pairs
of leader and return strokes.

The separation of electric charges in thunderclouds is attributed
to the disruption of water droplets by violently ascending air cur-
rents. Laboratory experiments show that a drop of water meeting a
vertically rising column of air takes on a positive charge, while the
air carries the negative charges upward. Rain from the lower part of
a thunderhead is thercfore generally negatively charged, while that
from the upper portions bears a positive charge. Another phenome-
non that may also explain the polarities exhibited by the earth is
that condensation of moisture in the atmosphere takes place more
easily around negative nuclei or electrons than it does around posi-
tive nuclei, and the fall of such drops to the earth will give it a nega-
tive charge. In fair weather, as mentioned before, the earth is nega-
tively charged; sometimes during violent thunderstorms, there is a
reversal of the gradient in localized regions.

36. Review Questions.

1. Explain why it is possible to remove charge after charge from an electro-
phorus without recharging it.

2. Using the ratio of sphere diameters, how does the maximum voltage to which
the Van de Graaff generator at the Carnegie Institute can be charged com-
pare with that of the machine at the Massachusetts Institute of Technology?

4. With the help of a rough sketch, explain how a charge is built up on the

sphere of a Van de Graaff generator,

. What is the range of variation of the potential gradient of the earth from

normal conditions to conditions of severe electrical disturbances?

6. What causes variations in the earth’s potential gradient?

7. If the earth’s charge were not being continuously maintained, how long
would it take for complete discharge to occur? What do we believe is the
charge-maintaining mechanism?

8. What is the normal polarity of the earth’s charge?

9. Describe the method by which we believe electric-charge separation occurs
in thunderclouds.

10. What is the sequence of events involved in the production of a lightning
stroke?

ox
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