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Chapter 1

Electrostatics

1-1 INTRODUCTION

The importance of eleotricity to busi-
ness, to industry, indeed to all facets of
twentieth century living, is so obvious as
to need no comment here. All of us use,

and are served by, a multiplicity of elec—

trical devices every day, In many cases
we do not know how or why the devices
work. Nor will it be our aim in this book
to describe such devices and their oper-
ation, Rather, we will concentrate on that
portion of the story of electricity which
led not only to an understanding of the
nature of electrieity, but also to an under-
standing of atomie structure,

Most electrical devices are operated by
electricity which flows through them, that
is, by current electricity. Yet, until early
in the nineteenth century, current elec-
tricity was unknown, Before that time,
knowledge of electricity was limited to
easlps where theeleetricity remained essen-
tially stationary or static, and practical

applications of eleotricity were unknown.
We know now, however, that the prin-
ciples and relationships established in a
study of static electricity are vital to an
understanding of all eclectrical devices,
and of molecular and atomie interactions,

1-2 OCCURRENCE OF STATIC
ELECTRICITY

Examples of static electricity are com-
mon. A person walks across a thick-piled
rug and touches some metal object. There

is o spark and the person feels a tingle at
his finger tip. A young lady combs her.

hair vigorously. There is a crackle and
the hair flies up and clings to the comb.
A child at & party rubs a balloon on his
sleeve and then “sticks” the balloon to
the wall. A man removes his sweater and,
particularly if the sweater is of some syn-
thetic material, finds that it tends to cling
to his shirt. He may find also that he
has difficulty in folding the swester, for
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any two parts of it seem to repel one
another.

All of the effects described in the pre-
ceding paragraph oceur beesuse of static
electricity.

1~3 STATIC ELECTRICITY IN
THE LABORATORY

In the laboratory, we usually produce
statio electricity by rubbing materials to-
gether, The method dates back about
2500 years to the Greek physicist-
astronomer, Thales, who found that

"rubbed amber became electrified and

would aitract small grains of sand. In
fact the name, electricity, is derived from
the Greek word, elektron, meaning amber.

The materials used most frequently in
the laboratory are rods of lucite (or glass)
and ebonite, If a lucite rod is rubbed with
silk, nylon, or polyethylene, or if an
ebonite rod is rubbed with fur, the rod
acquires the ability to pick up sawdust,
small pigees of paper, and other small

. objects. Sitice these particles are attracted

to the rod and adhere to it, some force
must be acting, This force is called an

(2}
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elactrie force, and the rod ig said to bear
an electric charge. Materials which exert
no electric force are said to be uncharged
or neutral,

1-4 TWO KINDS OF ELECTRIC
CHARGE

Though the charge on the lucite rod
and the charge on the ebonite rod, de-
scribed above, are produced in similar
ways, they are not necessarily alike. The
phenomena may be investigated further
as in the following éxperiment.

An ebonite rod 4 rubbed with dry fur
or flanne), is placed in a glass or rubber-
covered support which is suspended by
a string so that the rod is free to turn in
a horizontal plane (Fig. 1.1a). A second
ebonite rod B similarly prepared, is then
brought elose to A. Rod 4 turns away
from B, indicating the existende of 4 re-
pelling force between the two. If now a
lucite (or glass) rod €' rubbed with dry
silk or nylon, is brought near 4 (Fig.

1.1b), A draws closer to €' and will follow .
-it as C' is moved, thus indicating the

existence of an attracting force between

(b)

Fig. 1.1. Demonstrating the two kinds of electric charge.
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Fig. 1.2, A conducting rod with an insulating
handle.

A and C. A second lueite rod D rubbed
with silk, will repel the lucite rod C if
the latter is suspended. The different
affects of the charged rods B and C on the
same rod 4 indicate that the charges on
the lucite and ebonite are not of the same
kind,

Experiments with a gr eat many objeets
haverevealed that when they arecharged,
they act either like the charged lucite or
the charged ebonite. Thus, fhere would
seem to be two and only two kinds of
electric charge. To distinguish between
the two known kinds, the great American
statesman, publisher; and scientist,
Benjamin Franklin (1706-1790), sug-
gested in 1747 that chargés similar to
those produced on glass (or lucite) rubbed
with silk be called positive charges, and
that charges similar to those produced on
ebonite rubbed with fur be called negat.we
charges.

The exporiment just deserlbed shows
that two positive charges or two nega-
tive charges (two like charges) repel one
ahother, whereas one positive and one
negative charge (two unlike charges) at-

tract one another. This is the law of
charges, :

Almost all substaneces can be given elec-
tric charges; the most effective method
is to rub the substance with some other
material. However, electrification occurs
fo a lesser extent even if the two sub-
stances are meraly brought into close
confact and thenseparated. Furthermore,
the type of charge which a given sub-
stance receives depends upon the other
substance with which it is brought info
confact. For example, ebonite begomes
negatively charged if it is rubbed with
fur, but positively charged if it is rubbed
with sulphur. Also, the strength of the
charge depends on the nature of the two
substances.

'1-5 CONDUCTORS AND

INSULATORS

An ¢bonite rod, held in the hand as it
is rubbed with fur, becomes charged; a
rod of steel or copper, similarly held and
rubbed, does not become charged. This
should not be interpreted as proof that
steel or copper cannot be charged by frie-
tion methods. A length of copper tubing
fitted -with an ebonite handle, as shown
in Figure 1.2, becomes charged, if the rod

is held by its ebonite handle and if the

copper tube is rubbed with fur, The copper
will then attract small bits of paper and
sawdust. However, if the copper tube,

.after being rubbed with fur, is touched,
no matter how briefly, with the finget,

or is touched to a water pipe, its ability
to attract small bits of paper or to repel
another charged object disappears. In
other words, its charge is lost and the
copper tube is said to save been neutral-
ized. This reaction of the charged copper
tube to a brief touch with the finger is
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in sharp contrast to that of a charged
cbonite rod. In the latter case, almost
the whole swrfase ares of the rod must
be wiped by hand before all of the charge
is removed.

Since, in the above experiment, charge
flows readily from all portions of the
copper (o the point where it is touched,
copper is said to be a good conductor of
electricity. And since, in the case of the
ebonite, charge does not flow to the con-
tact point, ebonite is said to be a good
insulator. Substances differ greatly in
their ability to conduet electricity. A
classification into three groups is pre-
sented in the following table.

GOOD . FAIR GOOD
CONDUCTORS CONDUCTORS INSULATORS
silver waod mios
copper fap water glass
aluminum  the human body  silk
pickel earth sulphur
iron germaninm amber
platinum  earbon rubber
mercury solutions of shellag
aoids, lucite
bases, salts ehonite

In the first of the above groups are
copper and aluminum, the materials most
often used as the conductors in electric
circuits. Materials which are only fair
conductors are used to limit and control
the rate of flow of charge in such eircuits;
they ave called resistors,

1-6 THE ELEMIENTARY CHARGE

Many different theories have been pro-
poséd to explain electric charges. One
common assumption has been that all
matter containg small particles of at least
two types—one positive and the other
negative, As you no doubt know, this has
been found to be the ease. The sub-atomic
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particle bearing the basic or elementary
negative charge is the eleciron, and we
shall, therefore, call the magnitude of this
charge the elementary charge. In the
atom, the nucleus arcund which the elec-
trons travel is positively charged; the
elementary positive charge is borne by
protons in the nucleus. The number of
elementary positive charges in the nucleus
is normally equal to the number of ele-
mentary negative charges borne by the
electrons, That is, the number of protons
is equal to the number of electrons, since
each bears an elomentary charge,

‘We shall have to wait until later chap-
ters to see how a knowladge of eloctrons
and protons {(and other sub-atomic par-
ticles) was developed, but we shall not
hesitate to use some of this knowledge in
the meantime, Since it is normally the
electrons rather than the protons which
move, we explain the basie electrostatic
phenomena in terms of electrons,

1-7 POSITIVE AND NEGATIVE
- CHARGES EXPLAINED

When an ebonite rod is rubbed with
fur, electrons from atoms in the fur trans-
fer to atoms at the surface of the ebonite.
Thus the ebonite rod obtains a surplus of
electronsand becomesnegatively charged.

Negatively charged objects possess more

than the normal number of electrons.

When a lucite rod is rubbed with silk,
electrons {ransfer from the lueite to the
silk. Thus the lueite rod (or any positively
charged object) has some atoms with
fower electrons than protons, i.e,, there
is a deficit of slectrons,

As a corollary, the fur should become
positively charged and the silk negatively
charged. The fur may be observed to
repel a positively charged lucite rod; thus
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thepredicted presence of a positive charge
on the fur is verified. Similarly, the silk
will repel a negatively charged ebonite
rod and so is shown to be negatively
charged. Furthermore, the strength of the
negative charge on the ebonite should be
equal to that of the positive charge on
the fur, since the numerical value of the
electron surplus for the ebonite will equal
the numerical value of the electron deficit
for the fur.

1-8 CONDUCTORS AND
INSULATORS EXPLAINED

A conductor was previously defined as
a substance through which charge can
flow easily. A flow of charge in a solid
conductor is due to the motion of elec-
trons through it. The electrons move from
atom to atom, In order for this flow of
clectrons to oceur, the atoms of the con-
ductor must be such that some of their
electrons are loosely bound to the nuclei.
For example, copper is & good conductor
because in each atom of the copper one
of the electrons is easily detached and
drifts along from atom to atom. These
drifting electrons are called free electrons.
Conversely, insulators are mdterials in
which all of the elections are tightly bound
to their nueclei; there are no free elestrons.

1-9 ATTRACTION OF NEUTRAL
OBJECTS EXPLAINED

The electrons in a neutral conductor,
since they are negatively charged, will be
affected by nearby charges, for example,
by a charged ebonite rod (Fig. 1.3). Some
glectrons are repelled from the surface of
the conductor near the negatively charged
rod to the surface farthest from the rod.
Thus, on the average, tho attracting foroe

Negative charge

Fig. 1.3, The charge on the rod alters the distri-
bution of electrons in the neutral abjeoct.

between the rod and the protons in the
conduector is greater than the repelling
force between the rod and the electrons
in the conductor. Therefore, there is a
resultant force of attraction between the
charged rod and the neutral conductor.

The charged ebonite rod, orany charged
object, also attracts neutral insulators
such as pieces of paper, sawdust, etc. The
oxplanation for this atiraction is similar
to that given in the above paragraph for
a neutral conductor. However, in the case
of the insulator, it is Hkely that the dis-
placement of the electrons occurs only
within the atoms themselves.

1-10 THE METAL LEAF
ELECTROSCOPE

Small bits of paper or pith, or a sus-
pended rod, may be used as detectors of
slectrostatic charges, but the method is
not very convenient and the agents are
not very sensitive. A much better detector
is the metal leaf electroscope, an instru-
ment which ean be used not only to detect
the presence of charge but also to deter-
mine its kind and to compara the intensi-
ties of charges.
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insulating stopper
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O

Gold or aluminum leaves

~———~{lass

(b)

Fig. 1.4. The metal leaf electroscope.

The electroscope (Fig. 1.4a) consists
essentially of a metal rod or shaft which
is & good conductor. Near one end of the
shaft are attached two narrow and very
thinstrips of metalleaf, gold or aluminum;
at the other end is a metal knob. Since
any slight air current would disturb the
leaves, the unit is enclosed in a glass con-
tainer, or in 8 metal container with glass
windows front and back, In the latter
case, the shaft must be insulated from
the case by passing it through a cork or
rubber stopper.

1~11 DETECTION,
* IDENTIFICATION, AND
COMPARISON OF CHARGES

With the electroseope knob, shaft, and
leaves olectrically neutral, the leaves will
hang vertically under the action of the
force of gravity. If the knob is touched
with a charged ebonite rod, soms of the

~

charge (electrons) will transfer from the
rod to theknob, This charge will distribute
itself throughout the electroscope since
the shaft and leaves are conductors. Thus,
the two leaves will bear the same kind
of charge and a repelling force will exist
between them. If this repelling force is
great enough, it will overcome the force
of gravity acting on the leaves and they
will rise or deflect as shown in Figure
1.4(b). In a similar manner, a charged
lucite rod may be used to place a positive
charge on the electroseope and cause a
deflection of the leaves.

To provent the transfer of too great a
quantity of charge, the charged rod should
not be touched to the knob of a sensitive
electroscope. Instead, a proof plane, which
consists of a small metal dise with an
ebonite handle, may be used. The proof
plane is first touched to the conductor
under test and is then touched to the
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knob of the electroscope. If the leaves
diverge, the conductor bears & charge,

The electroseope can also be used to
determine the kind of charge on an in-
sulated conductor. Suppose the electro-
scope is charged negatively and a sample
charge from the conductor under test is
added, If the leaves show further diver-
gence, the conductor bears a negative
charge; if the leaves at first collapse,
partially or completely, the conduetor
bears 8 positive charge.

Finally, the instrument can be used
to compare the intensities of charges on
different ingulated conductors or on dif-
ferent parts of the swrface of the same
eonductor, The more infense charge will
cause the greater divergence of the leaves,

In the methods described above, the
electroscope was charged by contact, Le.,
the charged conductor, or the preof plane
which had been in contact with the con-
ductor, was placed in contact with the
knob of the electroscope. If the conductor
is negatively charged, the proof plane
reeeives some of the surplus electrons and
passes them on to the eleetroscope. Hence
the electroscope, including the leaves,
bears the same kind of charge as the
conductor under best,

1-12 TEMPORARY INDUCED
CHARGES

The leaves of an electroscope can be
made to diverge by bringing a charged
ebonite rod near the knob. If the rod is
then removed from the vieinity of the
knob, the leaves collapse. The divergence
of the leaves indicates that, for a brief
timeat least, they borea charge. Electrons
did not transfer from the rod to the knob
since these did not touch and since air is

a poor conductor. This kind of charge,
produced when there is no direct contact,
is called an induced charge.

Electrostatie induction can be ex-
plained readily in terms of elestron
motion. Electrons are miniature nega-
tively charged particles. The ebonite rod
is negatively charged. Since like charges
repel, free eloctrons in the knob of the
electroscope are foreced down to the leaves,
Hence the leaves temporarily become
negatively charged. The knob, having lost
some of its electrons, should bs positively
charged. This reasoning can be verified
as follows.

Two similar metal spheres, 4 and B,
each on an insulating stand, are placed
in contact (Fig. 1.5). A charged ebonite
rod is then brought neax the sphere 4. If
the theory holds, the negatively charged
rod should repel electrons from sphere A
to sphere B so that 4 will be charged
positively and B negatively.

With the ebonite rod still in position,
sphere B can be moved away from 4. If
the spheres, 4 and B, are now tested on

Flg. 1.6. The charged ebonite rod Induces equal
and opposite charges on the conductors 4 and B,
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the electroscope, 4 is found to be charged
positively and B negatively, If 4 is now
allowed to touch B, testing shows that
both are neutral. Thus the two temporary
induced charges are equal in size but op-
posite in sign. This conclusion confirms
the assumption made in Section 1-9 to
explain the attraction of an uncharged
object by a charged object.

1-13 PERMANENT INDUCED
CHARGES

Except for the case when the two
spheres 4 and B (Fig. 1.5) are separated
while the charged rod is held near 4, the
induced charges desceribed above have
been temporary. In other words, when

. the charged rod is removed, the elestrons

in the conductors return to their normal
positions. Howsever, even in a single con-
ductor like AB in Figure 1.6, the charge

(a}
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induced by the ebonite rod can be made
permanent. If a grounded wire is con-
neoted to the end B of the conductor and
then disconnected, and if the ebonite rod
is then removed, a test on the electro-
scope will show that the conductor is
charged positively over the whole of its
swface. Apparently, while the brief con-
taet was made with the earth, some or
all of the electrons which the ebonite rod
repelled to end B are further repelled to
earth, When the contact with the egrth is
broken, the refurn of these electrons is
cut off and the insulated conductor now
has a permanent positive charge.

If & charged lucite rod is used in place
of the ebonite, the conduetor can be given
a permanent negative charge. Thus, the
permanent charge produced on an insu-
ated conduetor by induction and ground-
ing, is opposite in kind to that of the
charging agent.

(b)

Fig. 1.8. Charging a conduotor by induction and grounding. A charged rod is brought near the
conductor as in {a). The conductor Is then grounded while the rod Is in place, as In fb). The
ground connsction must be removed before the rod s removed.
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1-14
1.

10,

11,

12,

PROBLEMS

Suppose that a rod of material X, when rubbed with & material Y, attracted
an ebonite rod which had been rubbed with fur, attracted a lucite rod which
had been rubbed with polyethylene, and repelled another rod of material X,
rubbed with material ¥, What conclusion wouid have to be drawn?

A suspended pith ball is attracted by a lucite rod which has been rubbed
with polyethylene. What can be said about the state of charge of the ball?

Five rods have the following effects on one another. I attracts If and repels
A. B attracts B and has no effest on ¢, A negatively charged ebonite rod
attracts both D and €. What are the states of charge of the rods?

. Describe several methods by means of which an insulated conductor ean

be charged.

Twa identical conducting sphetes, 4 and B, are placed some distance apart
and are connected by a wire. They are then charged. A grounded conducting
sphore (' is brought near to 4. The connecting wire is removed, and then €
is removed. Will the charges on A and B now be equal ? Explain.

A copperrod is suspended by an insulating fibre so that it is free to rotate
in a horizontal plane. An ebonite rod is rubbed with fur and then brought
close to the side of one end of the copper rod. (@} Describe what is observed.
(b) Explain the observation in terms of electron motion. {¢) How would the
observation be changed if the ebonite rod were replaced by a glass rod
rubbed with silk?

. Explain why an initial repulsion is followed by an attraction when a small

conductor bearing a large quantity of charge is brought slowly up to a
large conductor bearing a small quantity of charge of the same sign.

Describe how an electroscope might be used to test the conducting properties
of (a) a dry cotton thread, and (b) a wet cotton thread.

Why do electrostatic experiments usually work poorly on humid days?

You are given three insulated conductors 4, B, and C. A is negatively
charged, B and C are neutral, How can you charge B positively and C
negatively, without altering the charge on A7

When an insulated conductor is charged permanently by induction and
grounding, does it matter where the ground wire is conneoted to the
conductor?

Describe how you would give an insulated conductor a permanent negative
charge by induction and grounding. Explain the charging action in terms
of electron motion,
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13. Two insulated conducting spheres, 4 and B,are placed near, but not in
contact with, one another. B is connected by a wire to an electroscope.
State and explain the behaviour of the leaves of the electroscope when
(a) 4 is given a positive charge, {b) the wire is then removed and 4 is
removed, (c) the electroscope is touched momentarily, (d) the wire con-
nection from B to the electroscope is restored.

14. A lucite rod with a strong positive charge is brought near the knob of a
negatively charged electroscope. As the rod approaches the knob, the leaves
collapse and then diverge again. Account for these observations in terms of
electron motion. What is the final charge on the leaves?

1-15 SUMMARY

An objeot may become electrically
charged when rubbed with a dissimilar
material, Charged objects attract neutral
objects.

There are two kinds of charge: positive
and negative. Like charges repel each
other, unlike charges attract each other.

Conductors transfer charge readily; in-
sulators do not transfer charge. A resis{or
is a conductor, but not a good one. Most
metals are good conductors.

Electrostatic phenomena are explained
in terms of the motions of electrons in
conductors. The electron carries one nega-
tive elementary charge.

The metal leaf eolectroscope may be
used to detect, identify, and compare
charges.

If a charged object is held near an
insulated conductor, temporary equal and
opposite charges are induced on the con-
duetor, The charge on that portion of the
conductor nearest the charged object is
oppositeinsign to the charge on the object.

An insulated conductor may be given
a permanent charge by induction. The
conductor is connected to ground, then
disconnected, while the charged object is
held nearby. When the charged object is
removed, the conductor has a permanent
charge, opposite in sign to the charge on
the object,



Chapter 2

Electric Charge, Force,

and Pmentiai

2-1 THE CONSERVATION
" OF CHARGE

Quentitative measurements in clec-
trieity begin with measurement of
quantities of charge. Basic to these
measurements is the assumption—
implied or expressed—that charge is con-
gerved, If two insulated conductors, one
oharged and one neutral, for example, are
connected by a conductor, the charged
conductor will share its charge with the
neustral conductor. However, in the trans-
fer, charge is not created or destroyed;
the total quantity of charge is the same
after the transfer as before.

Buch transfers of charge arve the resulf
of the motions of electrons carrying their
slementary charges, and we automatically
agsume that electrons do not appear or
disappear in the process. Many theories
other than the electron theory have been
advanced, but all have implied charge

conservation and thus made clear what

. was meant by quantity of charge. The

first question, then, is how to measure
quantities of charge, and in what units.
Since charged objects exert forces on one
another, forees which depend on the
quantities of charge on the objects, it is
natural to attempt to measure charge in
terms of theso forces.

2-2 THE WORK OF COULOMB

Therepellingforce between two charged
ebonite rods obviously depends on how
strongly each is charged, and upon the
distance between the rods. The greafer

" the quantity of charge on either of the

u

rods, or the closer the rods are to. one
another, the greater is the repelling foree.
The Irench physicist, Charles Coulomb
(1736-1806) investigated the relationship
between the force I, the charges @ and ¢,
and the distance r. The basic portion of
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A

8 Charge Q

Charge ¢

' Fig, 2.1. The baslo parts of Coulomb's torsion

balance.

the apparatus he used is shown in Figure

-2.1. He suspended a rod, on each end of

which wag & small sphera, by a long fibre,
Buch an srrangement ig called a torsion
balance, and Coulomb calibrated thig

" balance so that he knéw the foree neces-
. sary. to twist the fibre through any angle,

The sphere 4 was then charged with s
quantity of charge which we shall call Q.
Another sphere B was given a like charge
which we shall call g. Keeping ¢ and Q
constant, Coulomb determined the force
of repulsion for various values of the dis-
tance r between the centres of 4 and B,

and found that " « :—z

-Kesping » constant, Coulomb then al-
lowed B to sharé its charge with au iden-
tical sphere, which was then removed,
Thereby g washalved, and Coulombfound
that F was halved also. Other varistions
of this procedure led to the conclusion
that I « g, and also,-by having A share
its charge, that FF « Q. Therefore the
foree of 1epulsmn {or attraction) between

ELECTRONS AND ATOMS

two charged objects ig directly -propor-
tional to each of their charges, and in-
versely proportional to the square of the
distance between them. (If the spheves
bearing the charges are not of negligible
size compared to the distance between
them, this distance must be messured

_ from thie centre of one to the centre of the

other.) In formula form
. e
=
where k is a variation constant whose
value depends on the units used for F,

¢ @, and r, and also on the medium

between the two charges.
This formuls for electric foree is called
Coulomb’s law; its similarity to Newton’s

 law.of gravitation is obvious. In fact

Coulomb; aware of the law of gravitation,
probably expected the law for electric
forces to have this form. Since Coulomb’s
time, the validity of the relationship

F o« l— has been- confirmed By oxperi-

ments whose possible error is less than
1 part in 10°,

2-3 UNITS OF CHARGE 7

As 2 result of Coulomb’s law, various
units of charge may be-defined, depend-
ing on the units of force and distance

used, The stateoulomb (electrostatic unit -

or esu) of charge is defined as that charge
which at a distance of 1 cm from an

* identical charge in a vacuum repels it
_with a force -of one dyne. For various °

reasons the coulomb, rather than the
statcoulomb, is the most fraquently used
unit of charge, The eoulomb is defined in
terms of the magnetic effect which is pro-
duced by -charge in motion; the exact

definition canmot be given here.

AR
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1 coulomb = 3.0 X 10? statcoulombs,
approximately.

The definition of the stateoulomb is
such that the magnitude of the variation
oonstant & in Coulomb’s law is 1, The
units for & may be found by solving the
Coulomb law formula for k.

2
k=1
k=1 dyne-(cm)?

“ T M(statcoulomb)?
But 1dyne = 10~° newtons
Ilem = 1072 m
and 1 statcoulomb =

m coulombs, approximately.

Il k =
(107" newt) (10> m)* X 9.0 X 10'
{coulomb)?
newhon-(mefre)® -
(coulomb)?
That is, two charges, each of magnitude
1 coulomb, and 1 metre apartinavacuum,
repel each other with a foreo of 9.0 X 10°
newtons.

= 0.0 X 10°

2—4 ELECTRIC FIELDS OF FORCE

Any charged object exerts a force on
other charges near it. The region in which
this foree is felt is called the electric field
of force of the object. Since the foree is
inversely proportional to the square of
the distance from the object, we may plot
the force field by drawing force vectors

85 in Pigure 2.2. Experimentally, the

nature of electric force fields may be in-
vestigated by a method similar to the
procedure in which iron filings are used
to investigate magnetic fields. The
charged objects are placed at the surface
of & non-condueting liquid in an insu-
lating container. Grass seeds sprinkled

,;_}T/,

/l\‘*

y ¥ Voo

Fig. 2.2. An electric force fieid. The force Is in-
versely proportional to the square of the distancs,

on the surface of the liquid revesl the
nature of the field, Figure 2.3 shows
photographs of five electric fields. Let us
consider each in turn,

Figure 2.3(a) shows the electric field
around & vertical charged rod. The grass
seeds align themselves in lines called elec-
tric lines of force. The direction- of a line
of force at any point in the field is the
direction of the force vector af that point,
This photograph verifies at least quali-
tatively the predictions mede in Figure
2.2, A rough estimate of the magnitude
of the electric force at any point in the
field may be made by observing the con-
contration of the grassseeds in the vicinity
of that point., .

Figures 2.3(b) and {(¢) show, respec-
tively, the fields due to the combined
actiorr of equal unlike and equal like
charges. The force at any point in either
of these fields is the resultant of two
forces, one exerted by each of these
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Fig. 2.3, Eleotric tiolds (a) about a point charge, (8) between two unlike point charges, (¢/
between two llke point charges, (¢ between uncharged paralle] plates, (e} between parellel
plates with unlike charges, {f) about a single charged plate, ‘ .

;
‘
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Fig. 2.4, ﬁ]’an’d ﬁ; are vefy nearly equal,

oharges, The nature of each of these fislds
might have been predicted from the law
of charges.

Nextwe consider a very important field,
that betweon two parallel charged plates.
Pigure 2.3(d) shows the positions of the
grags seeds before the plates are charged;
Tigure 2.3(¢) shows the positions of the
grass seeds after the plates are charged.
An examination of this latter photograph
leads us to the conclusion that the result-
snt of the forces exerted by the two plates
on & charge placed between them is uni-
form in the space between the plates,
oxoept near their edges. This might be
oxpected, for, if a charge is moved from
n position near the top plate toward the

lower plate, the force exerted on it by’

the upper plate decreases, but the force
exorted by the lower plate increases.
Hence the magnitude of the resultant
force remains constant, It is evident from
the photograph that the divection of the
resultant is perpendicular to the plates.

Figure 2.3(f) shows the field of force
around a single charged plate. Again the
lines of forco are perpendicular to the
plate oxcopt near the edges of the plate,
and the magnitude of the electric foree
seems to be independent of distance from
the plate. This conclusion does not seem
correct at first glance, but consider Figure
2.4, Here we have simplified the situation
by assuming that the chargeon the plate
may be agsumed to be concentrated
equally at two points X and Y onit. If &
charge is moved from A to B toward the
plate, the forces exerted by X and Y both
increase, but the angle between them in-
creases as well, Hence their resultant may
very well remain constant, as Figure 2.3(f)
seems to indicate,

2-5 A TEST OF COULOMB’S LAW

Figure 2.5 shows the electric field of
charge placed on a hollow eylinder. Al-
though the grassseeds outside the cylinder
are affected by the field, those inside the

Fig. 2.5. The charge on the cylinder has no effect
on the grass seeds inside the cylinder.
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Fig. 2.6. Diagrem for the analysis of the electric field inside a charged conductor.

eylinder do not appear to be affected at
all. Apparently the resultant electric force
acting at any point inside the cylinder is
zoro. This fact can be predicted with the
help of Coulomb’s law, and the correct-
nessof the predictionindicates thevalidity
of an inverse square law for elactric fores,

Consider a charge at a point 4 inside
the cylinder (Fig. 2.6), Consider first the
force exerted on it by the charge on a
square of length and width ¢ on the sui-
face of the cylinder, This charge exeris
on 4 a force Fy to the left. However,
IF, is opposed by a force Fy to the right,
exerted by the charge on a square of
length and width b, positioned on the
opposite side of 4 as shown in Pigure 2.6,

Are I"; and Iy equal in magnitude?

According to Coulomb’s law,
P = k% and Fy = ks
where @ is the charge at 4, ¢; and ¢z are
the charges on the squares of sides ¢ and
b, respectively, and » and y are the dis-
tances from 4 to these squares, as shown
in Figure 2.6,

B ey
"y szz

If we assuiie that the charge is dis-
tributed uniformly over the surface of
the eylinder, then

2

[ LR
Ga R .
From similar trinngles, g - %
et g
and therefore i = e

2
Hence g—: = 5; and Fy = Iy

The above proof is true for any pair of
opposite portions of the surface; in all
cases Fy and Fy are equal in magnitude
and opposite in direction. Therefore there
is no olectric field inside & hollow charged
conductor. Beeause of thig fact, the churge
on 8 conductor may be shielded from the

_effects of other charges by surrounding

the conductor with a metallie shield,
Moreover, as we have noted sbove, the
faot that the field inside a conductor is
zero is convineing evidence of the validity

of Coulomb’s law.
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2—6 ELECTRIC FIELD INTENSITY
The Coulomb law formula
r o
,

enables us to compute the fores F exerted
on o charge ¢ at a distance » from an
object bearing a charge . The magnitude
of F' depends on fhe magnitude of the
charge ¢. In drawing fields of force it is
convenient to have a vector whose magni-
tude is independent of g, and for this
purpose field intensity vectors (also called
field strength vectors} are used, The elec-
tric field intensity at a point is defined
as the forece per unit positive charge
exerted on a small charge at that poins,
thas is,

r

q

kqQ

q?&
k@

_33

I

Ifield intensity

Field intensity is a vector quantity; its
direction is the same as that of the force
vector. Ilield intensity is measured in units
of newtons per coulomb.

2-7 POTENTIAL DIFFERENCE

Suppose that an insulated conductor
bears a positive charge @, (Fig. 2.7), and
that a small quantity Qs, say 4 X 107¢
coulombs, of positive charge is at 4. To
simplify the problem assume that @ and
Q. are point charges and that they are
isolated from the effects of all other
charged objects. Since the two charges
are alike, there will be a foree of repulsion
between @ and Qz. As a result, work must
he done o move §; closer to @y, say to a
position B, 80 cm from 4. The work done
can be shown to be independent of the

path taken from A to B, just as the work
necessary fo raise an object from one
elevation t0 another is independent of
the path taken. The force of repulsion
between §; and §; will of course increase
as @, moves closer to @1 Suppose that
the average value of the force is 1073
newtons. Then the work done in moving
the 4 X 107¢ coulombs of positive charge
from A to B is 10~* newtons X 0.8 motres
or & X 10~ joules, In other words, work

8 X 10

is done at the rate of I X100 200

joules per coulomb.

As a result of the work done in trans-
ferring @, from A to B (Fig. 2.7), @
possesses 8 X 1074 joules more electric
potential energy at B than at A. The
difference in electrie potential energy, or
in short, the potential difference between
points A and B ig always caleulated per
unit charge. Thus the potential difference
between A and B in this example is 200
joules per coulomb. One joule per coulomb
is ealled one volt; therefore, the potential
difference (P.D.) between A and B is
200 volts.

The following definitions are implied
in the above discussion:

(a} The P.D. between two points X
and Y in an electric field is the work done

Positive charge

Q
i Q,

4x10°°
Coulombs

Fig. 2.7. Work must be done to move Q2 from
Ato B, '
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per unit charge in moving positive charge
from ¥ to X, or it is the electrioc potential
energy gained per unit charge when, posi-
tive charge is transferred from ¥ to X.

{(b) One volt = 1 joule per coulomb.
The P.D. bhetween two points X and ¥V
is 1 volt if work is done or energy is
transformed at the rate of 1 joule per
coulomb when positive charge is frans-
ferred from ¥ to X.

{(e) If W joules of work is required to
move a positive charge of § coulombs
from Y to X, then the work required per

unit charge is %, and thus

W _E - W =
V—Q—»QandhenceE W= gV

where V is the P.D. in volts between
X and Y, and F is the number of joules
of energy transformed.

2—-8 WORKED EXAMPLE

The P.D, hetween two points in an
electric field is 300 volts. How much work
is required to move 5 X 10-? coulombs
of charge between these points? What
average force is required if the points are
0.5 metres apart?

SovLurion
W =QV
5 X 107 X 800 joulss

I

= 1,5 X 107 joules
F o= 4 = 1.5 X 107 newtons
s 0.5

= 3 % 10 newtons

2--9 ZERO OF POTENTIAL

The electric potential energy possessed
by @ (Fig. 2.7) was caleulated to be
8 X 1074 joules greater at B than at 4.
This statement in no way implies that
the electric potential energy of @, was
zero at point 4. Indeed, work must have

ELECTRONS AND ATOMS

been done at some time to bring @, to
point A, At what point would @ have
zero potential energy? A reasonable as-
sumption, and one frequently made, is
that its potential energy would be zero
at an infinite distance from @, for at this
distance the repelling force exerted by
€, on it would be zero.

A somewhat similar argument provides
a more practical choice for zero of electric
potential energy. No electric forces ave
exerted by an isolated uncharged object;
hence, an uncharged object may be con-
sidered to have zero electric potential
energy. The carth may be regarded as
a huge spherieal conductor, so large that
the addition to it of any likely quantity
of charge leaves i} still essentially un-
charged, and at the same potential. Thus
the earth or any conductor connected to
earth may be reasonably assumed to be
at zero potential,

Whether either of thege choices of zero
electric potential energy is correct is in
practice immaterial. What matters to a
man olimbing a mountain is that the dif-
ference in elevation between the bottom
and the top is 10,000 ft, even though s
map may indicate that the respective
oclevations are 1000 £t and 11,000 £t above

sea level, In electricity the similar vital ’

information is that the difference in poten-
tial between two points is 10,000 volis,
svan though the respestive potentials are
1000 volts and 11,600 volts above some
arbitrarily .chosen zero of potential,
usually the earth.

The potential at a point 4 is defined
to be the potential difference between
that point and the point of zero potentisl,
i.e., the work per unit charge necessary
to bring positive charge to 4 from the
point of zero potential.

oy
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Since work must be done to move posi-
s:ve charge towards a positively charged
s»nductor, the conductor is said to be at
s positive potential. Since work would
tave to be done to move positive charge
sway from a negatively charged conduc-
1or, this conduetor is said to be at a
zegative potential.

2-10 DIRECTION OF MOTION
OF CHARGE

Potentialis traditionally and arbitrarily
defined as above, i.e., in terms of positive
charge. On such a basis, the discussion
concerning Figure 2.7 has shown that the
potential increases as the distance from
the positive charge ¢ decreases.

Suppose that a positive charge is re-
leased near & positively charged object
{Fig. 2.8). It will be repelled by and move
away from the positively charged object.
A positive charge, if free to move in an
electric field, will move towards lower
potential. However, if a negative charge
(Fig. 2.8) is released near a positively
charged object, it will be attracted by
and move towards the positively charged
object. A negative charge, if free to move
in an electric field, will move towards
higher potential.

«———High  Low-——>>
potential

Positive charge

Fig. 2.8. Diraction of motion of charge in an elec-
tric fleld. :

Since the charges which are free to
move in conductors are mest frequently
the negative eharges borne by free elec-
trons, the following facts are worthy of
note:

An electron flow will occur in a con-
duetor 4B and will be from B toward 4
if any of the following conditions exist:

(a) Bisatla negative potential, while A
is positive.

(b) B is at zero potential, while A is
positive.

(¢) B is at a negative potential while
A is at zero potential,

(d) B is at a negative potential while
A is at a higher negative potential (nearer
ZEro).

{¢) B is at a positive potential while A
ig at a higher positive potential.

In fact, an eleetron flow will occur in the
conductor AB provided that a pofential
difference oxists between A and B, More-
over, if there is no P.D., there will be no
flow of charge. Conversely, if the charges
in & conductor are at rest, all parts of the
conductor must be at the same potential.

2-11 GRAVITATIONAL ANALOGY

The behaviour of electric charge in the
electric field near a charged object is

R (O)mesovon

Surface of earth

Fig. 2.9. Diagram to illustrate the similarkies be-
tween a gravitational field and an electric field.
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similar to the behaviour of matter in the
gravitational field of the earth, Consider
g 500-gm object at a position A above
the surface of the earth (Fig. 2.9). The
weight of the object constitutes a down-
ward force acting on the objeot. The gra-
vitational force, like the elactric force, is
inversely proportional to the square of
the distance,

In the gravitational field, the gravita~
tional force per unit mass is called the
gravitational field strength and is given
the symbol g. At the surface of the earth,
the value of g is approximately 9.8
newtons/kg, and hence the acceleration
due to gravity is approximately 9.8
m/sec?, Similarly, in the electric field the
clectric force per unit charge, measured
innewtons/coulomb, for example, is called
the electric field strength (Sect. 2-6).

If AB (Fig.2.9) is20m, and if g = 9.8
newtons/kg, the work required to raise
the 500-gm mass from A to B is 98 joules.
As a result, the gravitational potential
energy of the mass is 98 joules greater
at B than at A. This statement in no way
implies that the gravitational potential
anergy of the chject was zero at A. For
the sake of convenience, the gravitational

potentinl energy may be taken as zero at’

the surface of the earth. It is also common
to consider the gravitational potentinl
energy of an object to be zero at an in-
finite distance from the earth. Similar
arbitrary choices of zero of potential are
made in the electiic field (Scet. 2-9).

In the gravitational field, the change
in gravitational potential energy per unit
mags, in joules per kg for example, is
rarely calculated. However, in the electric
field, the change in electric potential
energy per unit charge, in joulss per
coulomb for example, is frequently ealeu-

ELECTRONS AND ATOMS

lated and is called potential difference.

If the 500-gm mass is released at B
(Fig. 2.9), it will fall towards the earth,
ie., it will move towards a position of
lower gravitational potential energy. The
motion of mass which is fres to move in
the gravitational field is in the same
direction as the motion of positive charge
which is free to move in the electric field.

As the mass falls, its gravitational
potential energy is converted to kinetic
encrgy, and the law of conservation of
energy applies, Similarly, electric poten-
tial energy may be converted to kinetic
anergy.

+
i

Fig. 2.10. If a positive charge is teleased at 4, it
acoelerates as it moves toward 8,

2-12 ACCELERATION OF CHARGE

When an object is released in the earth’s
grovitational field, it accelerates toward
the earth, Let us consider the acceleration
of charge in an clectrie field as shown in
Figure 2.10. P and N are two paraflel
metal plates charged positively and nega-
tively, respectively. A small light sphere,
positively charged, is held at a position 4
between the plates. As we have already
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zoted, the force exerted on this positively
rharged sphere by the plates remains con-
szant when the sphere is permitted to
move. As g result the sphers, when re-
ased, moves with uniform acceleration
toward N, gaining speed and kinetie
energy. We may predict its speed at any
sther point B as in the following example.

2-13 WORKED EXAMPLE

The charge on the sphere (Fig. 2.10) is
2 X 10~% coulombs, the electric force
exerted on it is 8 X 10~° newtons, the
mass of the sphere is 0.5 gm, and AB =
4 em. Caleulate (¢) the work done by the
electric {orce on the sphere as the sphere
moves from 4 to B, () the P.D. between
A and B, (c) the horizontal component
of the velocity of the sphere when it
reaches B, Assume that there is no frie-
tional resistance to the motion; i.e., that
the work done by the foree on the sphere
(the electric potential energy lost by the
charge) is equal to the kinetic energy
gained by the sphere.

Sorurion

(a)

W o= Fs =8 X 1075 X 4 X 1072 joules
= 32 % 1077 joules

)
¥V = Z?—K = % volts = 160 volts
(e}

Egat B = 32 X 1077 joules
Le., dmv? = 32 X 1077
2 X 0.5 X 1073 92 = 32 X 107
¥ = 128 X 10—*
and v = 11.3 X 10~2 approx,
Therefore the horizontal component of
the velocity at B will be approximately
11.8 X 10~% m/sec, or 11.8 om/see,

2-14 THE PROBLEM OF
MEASURING O AND V

So far in this chapter we have discussed
the concepts of quantity of charge and
potential difference; represented by the
symbols Q and V. We have defined units,
namely the coulomb and the volt, in which
to measure @ and V, though admittedly
the coulomb was only vaguely defined,
and we shall have to leave it that way.
Howevar, in all of this, we have given no

indication of how either @ or V might

be measured.

Negative

@ Charge Q

Distance s
P.D.V

|

Fig. 2.11. V can be calculated if the force re-
guired to'move Q from the negative plate to the
positive plate can be measured,

Positive

The problem is not as complicated as
it seems at first glance, for if @ can be
meagured, V can be caleulated, and vice
versa. Consider the situation shown in
Figure 2,11, assuming that the effect of
gravity is negligible. The small positive
charge @ may be moved from the vieinity
of the negative plate to the positive plate
by a force I just sufficient to balance the
electric force, The work W done by the
foree can be calculated from the formula,
W = Fs, Bub if V is the potential differ-
ence between the plates,
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S
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fig. 2,12, Diagram of the maln parts of an electrical balance,

establishes the electric field between the!

W = gv
& QY = Fs plates. As a result there is a potential|
and V = Fs difference ¥ between them when the!’
Q switch § is closed. If the spheve A is,

F and s can be measured; then if we can
measure ) we can calculate V.
The Coulomb’s law formuls,

¥ o= 9.0 X 10°¢Q

1.2

may be applied in a measurement of
quantity of charge. The two charges ¢
and @ may be made equal by charge
sharing as outlined in Section 2-2. Then
a Coulomb type torsion balance may be
used to measure I and r. The common
magnitude of ¢ and @ ean then be cal-
culated. If one of these charges is then
placed in the apparatus whose very simple
outline is shown in Figuve 2,12, FF and s
may be measured and V caleulated, Let
us consider this apparatus in greater
detail.

2-15 THE ELECTRIC BALANCE

The apparatus shown in Figure 2.12 is
called an electrical balance. A battery,
the positive and negative terminals of
which are connected to P and N respec-
tively, charges the plates P and N and

uncharged, the opposite end of its in-’
sulating arm is st X, Now a measured
positive charge Q is placed on 4. 4 moves
down and the opposite end of the arm
moves up to Y. The force necessary fo
produce the extension X'¥ of the spring
can be found readily, the distance s
between the plates can be messured, Q is
known and ¥ can be calculated.

The use of a Coulomb torsion balance
and then of an electrical balance for ths
determination of ¥ may seem a laborious
procedure, and it is. However, onge such
work is done, direct-reading voltmeters
may be designed and calibrated. Further
measurements are then very much sim-
pler; in fact the electrical balance can
then be used for determining @, sincs V
may be measured directly. We shall dis-
cuss this procedure in Chapter 4.

2-16 POTENTIAL AT A POINT

In Section 2-4 we investigated several
electric fields qualitatively, Among them
was the field about a point charge (Fig.
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A

Y

@ ®

Y

1]

Fig. 2.13. Work must be done on the charge ¢ In order to move it from A to B.

23a). Let us now analyse this field
=athematically.

Suppose that a small positive charge ¢
Fig. 2.13) is placed at A, at a distance r
“mm g positive charge ¢, The charge @
+xerts on g a force to the right, and if ¢
2 released at A, this foree causes ¢ to
=ove to the right, losing electric poten-
<:al energy as it moves. Suppose that its
Znal position is B, at a distance v, from Q.

The potential energy lost by ¢ as it
moves from A to B is equal to the work
{one on g by the electric force. At 4, the

. . .k .
magnitude of this force is —TQ'TQ If this

furee remains consfant as ¢ moves from
A to B, then the work done by the elec-
+rie foree is given by
W = Fs
kq@Q
= 7(7‘; - )
But the force does not remain constant,
and 72 ig not the correct denominator to
use here, nor is r;. By means of mathe-
matics beyond the scope of this book, it
may be shown that the denominator
should be #7y.
kqQlry — v
VW o= 9@ )

7

st )

If v, is infinitely large,

W = fee
¥
or A = I?—HQ
v
0
-

Fig. 2.14, Graph of the inverse relationship be-
tween V and .
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Flg. 2.16. If the graph in Flgure 2.14 is rotated
about its vertical axis, a potential hifl is formed,

" That is, the change in the electric poten-

tial energy of the charge g, as ¢ is moved
from a distance r to a point at infinite
. . kgQ .

distance from @, is _1.:_@ If we consider

that elesctric potential energy is zero st
infinite distance from @ (Sect. 2-9), then
the potential energy at 4 (Fig. 2.18) must
have been :

,._;_&EQ
B o= (1

We may go one step further and eal
eulate for the charge ¢ its energy per unit

2-17 PROBLEMS

Where necessary, assume that

ELECTRONS AND ATOMS

charge, ﬁhat is, its potential V. In order
to do this, we divide equation (1) hy ¢,
and obhtain
=- @
Equation (2) tells us that the potential

" at a point atb a distance r from a charged

object is inversely proportional to

. Figure 2.14 shows the graph of this in-

verse relationship between V and », We
shall make considerable use of this re-
lationship between V and » in Chaptor 5,
particularly in the form shown in Figure
2.15. Here the graph has been rotated
sbout its vertieal (potential) axis to form
what is called a potential hill. ¥igure 2.16
is a photograph of a model of 4 potential
hill.

Fig. 2,16, A photograph of a model of a potential
hilt,

(@) in & vacuum, the constant k in Coulomb’s law

newton-~{metre)®

= 0,0 X 10°-

(coulomb)?

(b) the charge on the electron == 1,60 X 10~** coylombs
(¢} the mass of the electron = 9,11 X 10~ kg,

1. Consider the relationship F = é%g What is the effect on F of (a).changing ¢

&,
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10.

11.

12,

13.

14.

15.

by a factor of 3, (b) changing @ by a factor of 4, (¢} changing » by a factor
of 3, (d) making all of the above changes?

The force of repulsion between two small, positively charged objects, A and
B,is3.6 X 10-% newtons when AB = 0.10 m, What is the force of repulsion
if AB is increased to (¢} 0.20 m, (b) 0.26 m, (¢) 0.30 m?

Two charged objects, 2.0 cm apart, repel each other with a force of 3.0 X
10~% newtons, What does the foree become if (a) one of the charges is halved,
{b) both of the charges are doubled, {¢) the separation is increased to
2+/3 em?

If each of two charges is tripled, while the distance between the charges
remains the same, by what [actor does the foree between them change?

By what factor must the distance separating two charges be changed if the
foree between them is to be changed by a factor of 3?

. Two small objects, each carrying a positive charge of 4,0 X 10~* coulombs,

are placed 2.0 em apart in a vacuum. What is the magnitude of the force
that each exerts on the other?

. Caleulate the foree between charges of 5.0 X 107% coulombsand 1.0 X 107

coulombs, if they are 5,0 ¢cm apart in a vacuum,

Calculate the force between charges of 4.0 microcouiombs and 6.0 micro-
coulombs when they are 8.0 em apart in a vasuum.

Calculate the magnitude of the charge which will repel an equal charge with
s force of 10 newtons when the charges are 10 ¢m apart in & vacuum,

At a certain point in an electric field, the magnitude of the field strength
vector is 15 newtons/coulomb. Calculate the magnitude of the electric force
exerted on & point charge of 3.0 X 107 coulombs placed at this point in
the field.

A pithball bearing a negative charge of 0.50 microcoulombs is placed at a
point in an eleotrie field and is subject to an electric foree of 1.0 X 10~
newtons. What is the magnitude of the electric field intensity at that point?

At what distance from a charge of 6.0 X 10 coulombs is the field intensity
equal to 3.0 newtons/coulomb?

The electric field strength mid-way between a pair of oppositely charged
parallel plates is 3.0 X 10° newtons/coulomb., What is the field strength
half-way between this point and the positively charged plate?

When 4.0 X 10-% coulombs of charge is transferred from 4 to B, 0.80 joules
of work is done, What is the P.D, between 4 and B?

The potential difference between two plates is 1.2 X 108 volts. If 0.12 joules
of work is done in moving a charge from one plate to the other, what is the
magnitude of the charge?

25
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16. How much work is done when a charge of 0.0065 coulombs is moved through
a potential difference of 300 volts? If the distance the chaige moves is 30
cm, calculate the average force required.

17. In a uniform electri¢ field, the P.D. between two points 5.0 cm apart is
50 volts, Calculate the magnitude of the electric field strength.

18. Calculate the field mtensﬂay between 2 parallel plates 2.5 em apart, if the
P.D. between the plates is 200 volts.

19, Under normal atmospheric conditions the potential in the atmosphere near
the earth’s surface rises 80 volts for every metre inereagse in elevation.
(@) In what direction will free electrons in the atmosphere move? (b) Cal-
culate the loss in electric potential energy of a free electron which moves
vertically through 10 metres in the atmosphere. .

20, Two large, vertical, insulated metal plates, 4 and B, are placed 5.0 em apart.
A pith ball carrying a positive charge of 1.0 X 10~% coulombs hangs on the
end of o long silk fibre and is placed between the plates. The ball moves
toward plate 4 under a force of 6.0 X 10-% newtons. Calculate the P.D. in
volts between the plates, and state which is at the higher potential.

21. If 5 X 10-* joules of work is done in moving 0.01 coulombs of positive
- charge from earth to a positively charged conductor, what is the potentlal
of the conductor? :

22. A- pith ball weighing 1.0 X 10~2 gm and bearing a positive charge of
4.0 X 107 conlombs is moved 50 ecm from A to B through a potential
difference of B.Q X 102 volts. The pith ball iz released at B and “falls”
back to 4. Caleulate (@) the work done in moving the pith ball from 4 to B,
(b) the average force required, (¢) the kinetic energy of the ball when it
reaches 4 on retwrning from B, and (d) its speed at 4.

23. A proton has a mass of 1.67 X 10~% gm and a charge of 1.6 X 10—
coulombs. If a proton, initially at rest, is acted upon by an electric field and
moved through a potential difference of 10° volts, what kinetic energy is
imparted to the proton and what is its final speed?

24. An electron is accelerated from rest to a speed of 5.4 X 108 em/see in'a
distance of 2.0 em in a vacuum tube. Assuming that its mass remains
constant, (@) what is the acceleration of the electron, (b) what average force
is necessary to produce this acceleration, and (c) what is the potential
difference through which the electron moves?

26. If the potential difference batween an arnode and a eathode is 8000 volts,
what speed will free electrons, supphed at rest at the eathode, acquire in
moving to the anode?

26. What must be the potential difference between a cathode and an'-anoda to
acocelerate free electrons from rest to a speed of 3.0 X 108 em/sec?
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27, Free electrons at rest are supplied at the cathode of an evacuated tube.
The anode is at a potential of 240 volts above that of the cathode. Caleulate
the speed of the electrons as they reach the anode.

28, Consider the rvelationship £ =

hetween F and ¢, between B and @, and between E and +?

k . . . .
-%Q. What is the proportional relationship

29. For the relationship V = ]%‘Q, what is the effect on V of () changing @ by
a factor of 10, (b) changing r by a factor of 0.2?

k
30, () Under what circumstances may the formula I = QTQ be used to caleulate

the electric potential energy of s charge? (b) Use this formula to caleulate
the electric potential energy of a charge of 6 X 1077 coulombs in the field
of & charge of 5 X 1075 coulombs, if the distance between the charges is
{£) 10 om, {¢1) 20 em, (7é) 30 em.

k
31. (a) Under what circumstances may the formula V = —Q be used to caleulate

the potential at & point in an electric field ? {b) Use thls formula to caleulate
the potential in the field of n charge of 8 X 10~ coulombs, at distances of

() 16 em, (42) 20 cm, and (%47) 30 cm.

2-18 SUMMARY

Charge may be transferred, but it is
not ereated nor destroyed.

Coulomb’s Iaw states that the force
between two charges is directly propor-
tional to each of the charges, and inversely
proporbional Lo the square of the distance
between them.

kgQ
F = )
_ o tewton-{metre)?
k=9.0x10 (coulomb)?

The electric field between parallel, op-
positely charged plates is uniform except
near the edges of the plates.

Dlectric field intensity = electric force
per unit charge.

The P:D. between two points in an
electrie field is the work done or energy

transformed per unit charge, when charge
is transferred from one poins to the other.
W _E
V = =
Q @

1 volt = 1 joule/coulomb
The work done, electric energy trans-

formed, and kinetic energy gained when

charged particles are accelerated from
rest are connected by the relationships
E=W=@gQV = Fs = tmp
If the zero of potential is taken al-an
infinite distance from a charged object,
then (1) the potential energy of a charge
in the electric fisld of the object is given

by the formula E = ﬁ%g, and (2) the

potential af a point in the field is given

by the formula V = ‘%@
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Chapter 3

Charge in Motion

3-1 INTRODUCTION

Until early in the eighteenth cenfury
electricity was considered to be a static
property of those substances which are
now called insulators. The possibility of
a transfer of this property (i.c., of charge)
was not suspected. Then in 1731 Stephen
Gray of England reported that he had
suocceeded in transferring charge over dis-
tances of several hundred feet, Subsequent
similar experiments showed that charge
could be transferred quite readily
through those substances which are now
called conductors.

In spite of these discoveries, several
“deondes elapsed before worthwhile ad-
vances took place, because no method of
producing s continuous flow of charge
was known., Then in 1799 the Italian
soientist, Alessandro Volts (1745-1827),
buil a deviee, Iater called a voltaic cell,
which could maintain a constant poten-
tia} difference between its terminals and

28

therefore produce a confinuous flow of
charge in a conductor. In 1820 the Danist
physicist, Hans Christian Oersted, dis-

-eovered that a magnetic field existed

about a conductor through which charge
was flowing, Scientists then set as their
goal the production of a flow of charge,
in a conductor by the use of a magnet.i
This proved to be s difficult problem
until Michael Faraday reasoned that,
since a moving charge produces a mag-
netic field, perhaps a moving magnet
would produce a flowing charge. On
October 17, 1831, he verified this deduc-!
tion and produced a magnetically induced’
current by moving a magnet into and
out of a coil of wire,

3-2 SOURCES OF CHARGE

As a result of the work of Volta and
¥araday, batteries and generators are now
our most important sources of electricity,
However, the charges produced by bat-
tories and generators are exactly the same
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Fvg. 3.1, The separation of the leaves of the elec-
yescope indicates that the terminal of the battery
sears a static charge.

s those previously encountered in electro-
waties, If a battery or other source of
dzetrieity (of ab least 90 volts DC) is
wanected to a sensitive electroscope as
vown in Figure 3.1, the leaves of the
siectroscope diverge. The charge on the
raves may be identified as outlined in
~=vtion i—11. One of the battery termi-
~als is found to bear a static positive
‘2arge, the other a static negative charge.

Apparently a chemical action within
“re battory separates the charges and
=auses them to aceumulate ab the fermi-
=als. Moreover, this action is continuous,
1 we may show by the circuit shown in
Fizure 3.2, The separation of the leaves
:{ the electroscope remains constant even
izough eharge may transfer slowly from
12e leaves to the case through the resistor,
H.owever, if the battery is disconnected,
%0 electroscope quickly discharges.

3-3 THE P.D. OF A BATTERY

The potential difference Lietween the
wiates P and N in Figure 2,12 is the P.D.

Fig. 3.2. The chomica!l action in a battery sup-
plies charge continuously to the battery terminals.
As a result, the leaves of the electroscope in this
photograph remain separated, even though charge
may transfer from the leaves to the case through
a resistor, The resistoy is to the right of the top
of the electroscope.

between the terminals of the batiery,
because the work required to transfer
charge from the plates to the terminals
through the conducting wiresis negligible.
A battery is composed of two or more
cells, connected usually in series; that is,
with the positive terminal of one cell con-
nected to the negative terminal of the
next, Experimenis with electrical balances
(or with voltmeters) indicate that all
similar cells have the same P.D.; for
example the P.D. of a dry cell is about
1.5 volts. Moreover, the P.D. of a bat-
tery of cells connected in series is pro-
portional to the number of cells. Thus
the P.D. of a battery of 100 dry cells is
150 volts.

Apparently the chemical action in &
cell forces charges to accumulate on the
terminals. Thus chemienl potential energy
is used to increase the electric potential
enexrgy of the charges, The statement that
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the P.D. of a battery is 12 volts therefore
means that each coulomb of charge sup-
plied at the terminals possesses 12 joules
of electric potential energy. The P.D. of
& battory is the energy supplied by the
battery to each unit of charge,

3-4 BASIC ELECTRIC CIRCUIT

We do not intend to give a detailed
analysis of electric circuits in this text;
we assume that you are sufficiently fa-
miliar with some basic facts concerning
such circuits. The remainder of this chap-
ter summarizes these facts briefly,

If the terminals of a battery are con-
nected by a solid conductor, electrons
flow from the negative terminal to the
positive terminal through the conductor.
In order to limit the number of elecirons
transferred in a given length of time, and
to exercise some control over this trans-
fer, a resistor (velatively poor conductor)
must be included in the cireuit (Fig. 3.3).
Any electric appliance is a resistor, and

‘therefore the comments which follow ap-

ply for any circuit operated by a battery.

3-b ELECTRIC CURRENT

Just as a current of water, to the
hydraulic engineer, means a rate of flow
that may be expressed in gallons per
second, so current of eleciricity means
the rate of flow of charge. The standard
unit-of current is the ampers. 1 ampere
= 1 coulomb per second. If 10 coulombs
of charge are transferred from X to ¥
{Tig, 3.3) in b seconds, the rate of flow is

159 coulombs per seeond, i'.e., 2 coulombs

per second or 2 amperes. Sinee 1 coulomb

= §.25 X 10 elamentary charges, then

ELECTRONS AND ATOMS

—[i| -
\ .
‘ v Resfi{stor x °

WAWAMAW———
O

Fig. 3.3. The baslic DC circuit.

1 ampere = 6.25 X 10" slementary
charges/second.

The symbol [ is used to represent cur-
rent; the following relationship is obvious:

= % or @ = It, when @ is the quantity

of charge transferred in time ¢.

One of the early devices used o measure
electric current was a special type of eles-
trolytie cell called a silver voltameter
(Fig. 3.4). An slectrolytic cell contains
two strips of metal, called electrodes, im-
mersed in a liquid. The electrodes are
connected to the terminals of a battery;
the electrode connected to the positive
terminal is called the anode and the elec-
trode connected to the negative terminal
is called the cathode. In the silver vol-
tameter the anode is a strip of pure silver,
the cathode is & strip of copper, and the
liquid is a solution of silver nitrate.

When the switeh § (Fig. 3.4) is closed,
the ammeter indicates that the solution
conducts electricity. One effect of this
conduction is to eause a film of silver to
be deposited or plated on the surface of
the cathode. The mass of silver deposited
can be determined by careful weighing of
the cathode before and after the transfer
of charge, Experiments have shown that
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Silver anode

Solution of silver nitrate in water
Fig, 3.4. A silver voltameter,

rthemassof silver deposited is proportional
w0 the current and also proportional to the
rime of flow.

An International Eleciric Congress,
meeting first in 1881, and attended by
many of the world’s leading physicists,
made a thorough study of this plating
effect and the relationship between the
ampere and the mass of silver deposited.
Their recommendations were based on
theoretical considerations beyond the
scope of this book. Revisions were made
in later years, and in 1908 the Inter-
nationsl Ampere was adopted. It was de-
fined as that current which would deposit
silver from a silver nitrate solution at the
rate of 0.001118 gm per second.

A flow of electrons in a conductor pro-
duces a magnetic field in the region sur-
rounding the conductor. This effect has
been applied in the moving-coil type of
ammeter in common use for measuring
current. ‘The silver voltameter may be
used to calibrate the moving-coil type of
instrument,.
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An ammeter is shown in Figure 3.3,
connected between the negative terminal
of the battery and the point X, From the
ammeter reading, the quantity of charge
transferred in a measured time can be
calculated. The relationship @ = I is
used. Q is the quantity of charge in
coulombs, I is the current in amperes,
and ¢ is the time in seconds.

3-6 ENERGY TRANSFORMATIONS

The resistor B (Fig. 3.3), though i$
conducts charge, offers some opposition
to the flow of charge through it due to
frictional resistance to electron motion,
Two results of this opposition to the flow
of charge are discussed below.

(¢) Some of the electric energy pos-
sessed by this charge is expended as the
charge flows through the resistor. The
law of conservation of energy indicales
that this electric energy is transformed
to some other form of energy. If the re-
sistor is an element in an electric stove,
most of the slectric energy is transformed
into heat energy. Il the resistor is the
filament of an incandescent light bulb,
both heat and light are produced. 1f the
resistor 1s an electric motor, the energy
produced is mainly in the form of kinetic
energy of the armature.

(b) Becguse of this transformation of
energy, there is a potential difference
between X and Y. This P.D. is defined
as the electric energy per unit charge
transformed when charge is transferred
from X to Y.

3-7 MEASUREMENT OF
POTENTIAL DIFFERENCE

The measurement of the P.ID. between
X and Y (Fig. 3.3) is accomplished by
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connecting a voltmeter in parallel with
the resistor B. The voltmeter is usually of
the moving-coil type and consists cssen-
tially of a galvanometer coil in series with
a high resistance conductor. To go from
X to Y the charge has two possible routes,
through the resistor B or through the
voltmeter, The high resistance in the
voltmater is usually such that, with a
P.D. of 100 volts between X and Y, not
more than 1/1000 of an ampere will flow
through the voltmeter. Henee, the cur-~
rent in the resistor B is not seriously
altered. This small current of 1/1000 of
an ampere will, however, deflect the
galvanometer coil. The angle of deflection
of the coil is approximately proportional
to the current through the coil; this cur-
rent is proportional to the surrent in the
resistor B; and the current in R is pro-
portional to the potential difference
between X and Y.

3-8 ELECTRIC ENERGY AND
POWER

If the formula ¥ = QV is used to
calculate the electric energy transformed,
and if  is in coulombs and ¥ is in volts,
E is in joules. Since @ = I¢, the formula
I = QV msy be written E = VI, the
units for I, V, I and £ being respectively
joules, volts, amperes, and seconds.

For example, referring again to Figure
3.3, if the ammeter reading is 2 amperes
and the voltmeter reading is 10 volts, the
electrie energy transformed in the resistor
in a 2 hour period = E = VI{ = 10 X
2 X 2 X 3600 joules, or 144000 joules,

Power is defined as the rate at which’

energy is transformed. For electric energy,

_E_QV _vit
P=7= = VI

ELECTRONS AND ATOMS

The unit of power is the watt,
One watt = one joule/see.

Then, for the readings given in the exam-
ple in the preceding paragraph, P = VI
= 10 X 2 watts = 20 watts. That is,
electric energy is being transformed in
the resistor at the rate of 20 joules per
second,

3-9 CONDUCTION OF ELECTRIC
CHARGES

The list of conductors in Sedtion 1-5
contains only metals, all of which, with
the exception of mereury, are solid at
normal temperature. Conduction in
metals consists of a transfer of electrons
from the negative terminal of the source
through the circuit to the positive ter-
minal. Thus conduction in a solid metal
1s & relatively simple process. Conduetion
in liquids and gases is more complex,

Solutions of acids, bases and salts are
listed in Section 1-5 as fair conductors,
They do not conduet nearly as well as
metals, but the fact that they do conduet
is important. Not only is the conduction

" frequently accompanied by useful chemi-

cal changes, but these changes give us
considerable insight into the structure of
matter. Consider, for example, the silver
voltameter cireuit shown in Figure 3.4.
When the switch is closed the ammeter
indicates that the silver nitrate solution
is a moderately good conduetor, We have

. already noted that the effect of the con-

duction 1s that the mass of the anode
decreases, and an equal amount of silver
is deposited on the cathode. Not only is
charge transferred, but matter (silver) is
transferred as well. Apparently the silver
nitrate in solution spontaneously disso-
ciates into positively and negatively
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charged particles called ions, Each type
i ion is then attracted to the electrode
bearing the charge opposite to that on
the ion. In general, conduction in a liquid
consists of posifive ions migrating to the
cathode, and negative ions to the anode.
Under normal circumstances, most
gases are very poor conductors. An elec-
troscope will retain its charge for several
hours or more, even though it is in con-
tact with air. However, if a lighted match
is held near the top of a charged eleciro-
scope, the charge is lost very quickly.
Apparently the effect of the match is to
ionize the air. The ions whose charges are
opposite to that on the electroscope are
attracted to the electroscope and neutral-
ize its charge. An ionized gas, then, con-
ducts electricity. In general, conduetion
in a gas consists of positive ions travelling
in one direction, and negative ions, sup-
plemented perhaps by free electrons,
travelling in the other direction. As might
be expected, a gas conducts better at
reduced pressure, for then the moving
jons undergo fewer collisions with gas
molecules and with one another. Finally,
il the gas is removed entirely, there are
no ionsg present, and the conduection eon-
sists solely of a transfer of electrons.

3-10 THE BEGINNINGS OF A
CHANGE OF OUTLOOK

In these first three chapters, we have
described a number of physical phe-

3-11 PROBLEMS

a3

nomena, mainly in terms of the concepts
prevalen$ at the end of the nineteenth
century, These concepts were admirably
suited to explaining physics as it was then
understood. Infact, the coneepts and their
accompanying theories and models had
been developed just for this purpose. The
revolution which caused twentieth cen-
tury physics to differ radically from nine-
feenth century physics, was prompted by
new discoveries which had to be accom-
panied by new concepts and a radical
change 1n outlook. Chief among the new
concepts, and loreing a change in outlook,
was the concept of quantization in all
branches of science.

The guiding ides in quantization is that
phenomens in science are not to be con-
gidered as proeeeding smoothly, but as
proceeding in steps. In most cases the
steps are g0 small as to give the impres-
sion of smoothness, but close examination
shows that the steps exist. For example,
microseopic examination has shown that
living matter is not infinitely divisible,
but is composed of building blocks called
cells. Moreover, matter in general is not
infinitely divisible, but is composed of
discrete entities called atoms. Cells and
atoms, then, may be called the quanta
{singular; quantum) of matter.

In the remaining four chapters of this
book we will outline the experimental
evidence which led to the conclusion that
there is a quantum of electricity, and that
there are quanta of radiant energy.

1. The P.D. of a storage cell of the type used in automobile electrical systems
is approximately 2 volts. Most modern automobiles use a 12-volt battery.
How are the cells in the battery connected? How many cells are there in

the battery ?
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2. If the P.D. of a battery is 80 volts, each coulomb of charge supplied hy the
battery has 90 joules of electric energy. If the battery is connected in a
circuit, charge is transferred thvough the cireuit, What becomes of the :
energy possessed by the charge?

-3. In 1 hour, 900 coulombs of char@ are transferred through a cireuit. Caleu-
late the current in the cireuit,

4. How long must a curvent of 8.5 amperes flow in & cireuit in order to transfer
45 coulombs of charge?

5. A eurrent of 5 amperes flows for 2 minutes. Calculate the quantity of
charge transferred {a¢) in coulombs, and (D) in elementary charges.

Ogﬁ m O Assume that in a silver voltameter, a current of 1 ampere deposﬂ;s silver
at the rate of 1.12 x 10-® gm/see (@) How much charge is transferred
along with each 1.12 X 10~ gm of silver? (b) If silver is deposited af the
rate of 2.80 X 107* gm/sec, what is the eurrent? (¢) How long must a cur-
rent of 3 amperes flow to deposit 1.01 gm of silver? -

-7. The current in a resistor is 3.0 amperes, and the P.D. between the ends of
the resistor is 40 volts, {¢) How much electric energy is transformed by the
resistor in 10 minutes? (b) What is the power of the resistor? {¢) What
becomes of the energy transformed by the resistor?

8. An electric light bulb is marked: 120 volts, 60 watts. (¢) What is the
current in the filament (7) when it is used in a 120-volt cireuit, {¢£) when it
is used in a 240-volt cireuit? (b} What is its power in the 240-volt eircuit?
(e} Account for your answer to (b) in terms of the relationship P = V1.
(¢) How much electric energy does the bulb transform in 1 hour in the 120-
volb cireuit? {¢) What becomes of this energy?

»8, The filament of a certain radio tube has a potential difference across it of
6.3 volts, when the ewrent in the filament is ¢.34 amps. Calculate the
rate, in calories per sec, at which heat is being dissipated by the filament.
(The mechanical equivalent of heat is 4,19 joules per calorie.)

10. The accelerating voltage in & TV picture tube is 20,000 volts. Caleulats the
work done on an electron which is accelerated by this voltage, assumiing
that the charge on the electron ig 1.80 X 1071 coulombs. If 3.0 X 104
electrons are accelerated each second, caleulate the power necessary,

11. An electric motor, operating in a 120-volt circuit, draws 4.0 amperes of
current, It raises a 15-kg mass at a rate of 0,60 m/sec. (¢) Calculate the
rate at which the motor uses electric energy. (b) Caleulate the rate at which
the gravitational potentisl energy of the 15-kg mass increases. {¢) Caleulate
the quantity of charge passing through the motor in 40 sec,
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3-12 SUMMARY

Batteries and generators are devices
for separating charges. The charges are
exactly the same as those produced by
rubbing objects together. The P.D. of a
battery is the energy given by the battery
to each unib of charge.

Current is the rate of flow of charge.

_Q
I=7
1 ampere = 1 coulomb/sce

The function of a resistor in an electric

36

circuit is to transform electric energy to
some other form. The energy transformed
by & resistor is given by the formula
Il = VIi, and the power of a resistor by
the formula P = VI,

Conduction in solids is accomplished
by electron transfer; conduetion in liguids
is accomplished by the transfer of posi-
tive and negative ions; conduction in
gases is accomplished by the transfer of

positive ions, negative ions, and electrons;’

conduetion in a vacuum is acecomplished
by electron transfer.
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Chapter 4

The Elementary Charge

4-1 INTRODUCTION

In Chapter 2 we discussed certain elec-
trical concepts, units and measurements.
We did not place any limits on the magni-
tudes of the forces, charges or potentials
which we were considering but we likely
assumed that they were of the order of
magnitude of those associated with bat-
teries. The elecirical balance we discussed
in Section 2-15 is a large one whose field
is produced by g large number of cells in
series. Now we turn to a consideration
of very small charges, particularly the
charge which we have already taken the
liberty of calling the elementary charge.

4-2 CATHODE RAYS

The existence of atoms--small indi-
visible building blocks of matter—had
been postulated since the days of ancient
Greece. By 1890 experiments in chemistry
had confirmed the facts that atoms existed
and combined with one another to form

molecules. Since 1890 many experiments
have been performed which confirmed the

- exigience of still smaller (sub-atomic)
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particles. The first of these particles o
be discovered was the electron, '

Some of the early evidence for the
existence of the electron was obtained
from experiments concerning conduction
in gases at low pressures. Both Faraday
and Coulomb, working independently,
began the study of conduction in air at
pressures lower than atmospheric. Other
reseatch physicists soon joined in the
study, and in a period of ahout forty
years (1855-1895) their investigations re-
sulted in the discovery of the electron,
the production of X.rays, and the infor-
mation which is the basis for the amaz-
ingly successful electron theory of atomic
structure,

The laboratory apparatus now used to
illustrate the early studies of Faraday,
Coulomb, and Sir William Crookes (1832-
1919) is illustrated in Figure 4.1, It is
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Fig. 4.1. Laboratory form of
Crookes” tube,

called a Crookes’ tube and consists of a
hard glass tube about 15 inches long with
one electrode at each end. A short side
tube makes it possible to attach an air
pump by means of which the air or gas
pressure in the main tube can be altered.
The electrodes, which may be alaminum,
are usually a solid rod and a plane or
coneave disc. The rod electrode is con-
nected to the positive terminal of a high-
voltage induction coil; the disc electrode
is connected to the negative terminal of
the coil, Thus the rod eleetrode becomes
the anode and the disc the cathode. The
terminals of the induction coil should be
equipped with needle points, their tips
about an inch apart. The side tube is
connected to a vacuum pump to which
is atbached a vacuum gauge.

If the coil is set in operation while the
pressure within the tube is atmospherie,
a violent discharge occurs between the
needle points of the coil. If now the
vacuum pump is set in operation and the
gas pressure within the tube is steadily
lowered, and if the room is darkened, a
startlingly beautiful phenomenon is ob-
served. When the pressure reaches about
1 em of mercury, the diseharge between
the coil terminals stops. A purple glow
appears in the tube on the surface of the
eathode and a single sinuous purple
streamer extends from the cathode to the

a7

anode. This streamer is neither straight
nor steady. As the pressure is slowly
lowered additional streamers appear
until, at a pressure of § cm of mercury,
the light within the tube becomes diffused
and the whole interior becomes luminous.
When the pressure is further reduced to
about # mm of mercury a highly unusual
patiern is seen (Fig. 4.2). A thin luminous
layer, called the cathode glow, appears
on the surface of the cathode. Adjacent
to this cathode glow is a sharply defined,
dark area which is called Crookes’ dark
space. Adjacent to this dark space is a
diffused luminous area, the negative glow,
Beyond this, towards the anode, isanother

Faraday’s dark space Crookes’ dark spacs

Positive column Cathode glow
Negative glow

Fig. 4.2, Pattern caused by electrical discharge
in a Crookes’ tube when the alr pressure is 0.6 mm
of mercury.
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dark, poorly defined area called Faraday’s
dark space. Between this space and the
anode is a luminous area called the posi-
tive column. This column is not uniformly
himinous but is usually alternately lumi-
nous and dark,

Tt is doubtful that Faraday, due to the
limitations of his vacuum pumps, saw
the pattern just described. Sir William

Fluorescence

AN
P -

Fluorescence

TR

Fig. 4.3. The fluorescent areas of the glass are in
directions perpendicular to the surfaces of the
cathodes,

ELRCTRONS AND ATOMS

Crookes continued the study with im-
proved pumps, and as the pressure ap-
proached 1/100 mm of mercury he found
that Crookes’ dark space increased in
length until it filled the whole tube.
Coineldent with this observation he noted
that the glass of the tube, particularly
in the neighbourhood of the cathode,
fluoresced with a greenish colour. The
German physicist, Julius Plicker (1801-
1868), suggested that this fluorescence of
the glass was due to some kind of ray
being sent out by the nearby cathode;
these rays had sufficient energy, when

they struck the glass, to cause fluorescence

and heat. Plicker called them eathode
rays.

4-3 PROPERTIES OF CATHODE
RAYS '

Intensive investigation soon revealed
additional properties of the cathode rays.
It was found that the position of the
arcas of the glass showing the greatest
fluorescence depended on the shape and
position of the cathode, and that the
position or form of the anode was im-
material. A study of Figure 4.3 which
shows the fluorescent areas for different
cathodes, indicates that the rays are
emitted in a direction normal to the sur-
face of the eathode. I a concave cathode
is used (Fig. 4.4), and if a plece of tin

Tin fail

=y

Fig. 4.4, Tube designed to demonstrate the heat-
ing effect of cathode rays.
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Fig. 4.5. A Crookes' tube used to demonstrate
rectitinear propagation of cathode rays and their
deflection by magnetic and électric fields,

foil is secured near the focus of the
eathode, it is found that the foil becomes
incandescent when the tube is operated.
This discovery led Crookes to conclude
that the rays are a stream of particles
and that the heat is produced in the tin
foil by the transformation of the kinetic
energy of these particles,. _
Continuing the study of these rays, a
tube as shown in Figuve 4.5 was built,
The cathode was a flat disc mounted at
right angles to the central axis of the
tube, A small hinged Maltese cross of
sheet metal was mounted in the fube so0
that it eould be placed in the path of the
beam, Since a sharply defined shadow of
the metal cross appeared on the end of
the tube it was concluded that the rays
travel in straight lines. It was digeovered
too that, if a permanent magnet was
brought elose to the tube, the shadow
moved in a plane af right angles to the
axis of the magnet, an action character-
istic of a conductor in which charge is
flowing. Also, a metal plate bearing an
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electrostatic charge deflecied the besm
towards the plate when it was positively
charged and away from the plate when
it was negatively charged. From these
observations it was concluded that a
cathode ray is o stream of negatively
charged particles. In 1890 Dr. Johnston
Stoney named these particles electrons.

4-4 THE CHARGE-MASS RATIO
OF ELECTRONS

In the last decade of the nineteenth
century, Sir J. J. Thomson (1856-1940),
one of the greatest of English scientists,
joined in the study of cathode rays. He
fashioned a tube as shown in Figure 4.6,
The anode consisted of a cylinder with a
hole along its axis so that the electron
stream would be a narrow one travelling
along the central axis of the tube. The
metal plates, 4 and B, each with a con-
necting wire, made it possible to place
an electrostatic charge inside the tube
close to the ray. Thomson hoped to de-
termine the mass of the particles in the
cathode ray, and the magnitude of their
electric charge. With plates A and B un-
charged, Thomson found that the tube
face (the end of the tube) fluoresced at P.
With plate A positive, the face fiuoresced
at Py, and with plate A negative it

Fig. 4.6. A Crookes’ tube of a type used by
J. J. Thomson,
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Fig. 4.7. The cathode ray tube in a cathode ray oscilloscope.

fluoresced at Py, thus confirming Crookes’
discovery that the particles bore a nega-
tive charge. Then Thomson applied mag-
netic and electrie fields simultaneously,
in such a way that the electric field tended
to deflect the beam upward, and the
magnetic field tended to deflect the beam
downward. He adjusted the magnitudes
of the two fields until their effects can-
celled and the beam was undeflected.
TFrom his observations, he concluded that
the electron had mass, and he was able
to determine that the ratic of the charge
to the mass was of the order of 10U
coulombs per kilogram, He was unable,
however, to determine either the charge
or the mass separately.

Since all of the observed properties of
cathode rays are independent of the kind
of metalin either the cathode or the anode,
electrons seem to be constituent parts of
all atoms.

4--5 THE CATHODE-RAY
OSCILLOSCOPE

A Crookes’ tube, in the form used by
Thormson for his investigations (Fig. 4.6},

constitutes a device for firing a stream
of high-speed electrons at the end surface
of a glass tube. The whole unit ig called
a cathode-ray tube. The fluorescence pro-
duced when the elecirons strike the tube
face is greatly increased if the inner sur-
face of the tube face is coated with zine
orthosilicate, zine sulphide, or calcium
tungstate. Moreover, the rate of emission
of electrons from the cathode is greatly
increased if the cathode is heated by a
filamnent. The filament is simply a small
electric heating coil. Emission of electrons
by a heated cathode is called thermiconic
emission.

The cathode and the associated anode
in such a tube constitute an electron gun.
This gun has many uses. It is the basic
part of the cathode-ray tubes employed
in radar sets, in television cameras and
receivers, in the electron microscope, and
in the cathode-ray oscilloscope.

In the cathode-ray oscilloscope (Fig.
4.7), the electron gun fires a cathode ray

between horizontal and vertical deflecting.

plates. The path of the cathode ray can
be changed quite readily by charges ap-
plied to the plates. The oseilloscope is
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very sensitive because of the fact that
its moving part—an electron beam—has
very little mass. Moreover, it responds
practically instantaneously to charges or
changes in charges on the deflecting
plates. If, for example, the upper vertical
deflecting plate D is connected to the
positive terminal of a battery, and the
lower plate €' to the negative terminal,
the beam is deflected upward and as a
result the fluorescence is produced at a
higher peint on the fluorescent screen.
The magnitude of the displacement of
the spot depends on the charge on the
plates. Thus the oscilloscope may be used
to compare charges.

Perhaps the most important use of the
oscilloscope is $o show how charges change
rapidly as time goes on. A eircuit in the
oscilloscope is used to charge the hoyi-

Fig. 4.8. Pattern praduced on the screen of a
cathode ray oscilloscope when the vertical de-
flecting plates are connected to B0 cycle alter-
nating current.
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zontal deflecting plates, 4 and B, rela-
tively slowly, then to discharge them
quickly. This charging and discharging
process is repeated continuously and as
a result the fluorescent spot ‘‘sweeps”
horizontally across the screen and then
returns quickly to its starting point. As
it moves, changes in the charges applied
to the vertical deflecting plates cause the
spot to move up or down. Because of
persistence of vision on the retina of the
eye, and persistence of fluorescence of the
spots on the screen, a pattern is traced
on the screen (Fig. 4.8). This pattern is
in effect & graph of the changes in charge
on the vertical deflecting plates against
time,

4-6 X-RAYS

In November, 1895, Professor Wilhelm
Konrad Rontgen (1845-1923), in his labo-
ratory in Germany, was experimenting
with a Crookes’ tube. With the tube
operating at very low gas pressure, he
noted that eertain minerals in the room
fluoresced even when the tube was covered
with black paper. To his amazement he
discovered that the minerals would
fluoresce, as well, in a room adjacent to
that in which the tube was operating,
even when the door fo that room was
closed. He concluded that a new and very
penetrating kind of radiation was issuing
from the tube. Using an algebraic symbol
for the unknown, he called this radiation
K-rays.

An Xeray tube with a heated cathode
is shown in Figure 4.9. Electrons emitted
by the cathode strike the tungsten target,
which also serves as the anode of the
tube. The bombardment of the target
by high speed electrons causes X-rays to
be radiated from the target.

259




260

42
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Fig. 4.9. An X-ray tube. P and N are the positive
and negative torminals, respectively, of a
DC sourcs,

X-rays posgess many of the same
properties as does light. Unlike light, they
penetrate very well materials composed
of elements having low atomic weight,
and therefore are commonly used in
examining the bones of the hody for frac-
tures, and the internal organs of the body
for disease or growths,

Xerays differ from light also in their
ability to 1onize gases through which they
pass, This ionizing aetion may be demon-
strated with the apparatus shown in
Figure 4,10, A charged electroscope is
placed near an X-ray tube, and the tube
is then put in operation. The leaves of
the electroscope fall, indicating that the
X-rays lonize molecules in the air, thus
increasing the conductivity of the air.

4-7 MILLIKAN’'S EXPERIMENT

While the above properties of the
cathode ray were known by 1885, it was
another 15 yearsbefore Robert A, Millikan

ELECTRONS AND ATOMS

(1868-1953), at the University of Chicago,
determined the magnitude of the charge
on the electron. His experiments also
established that the negative chargeborne
by an electron cannot be divided into
smaller charges; the electron carries the
smallest possible negative charge,
Figure 4.11{a) is a photograph of a
modern: version of Millikan’s apparatus.
The basic parts of the apparatus are two
horizontal metal plates. They are visible
in the central portion of Figure 4.11(a),
and are shown in more detail in Figure
4.11(b}. Figure 4.12 shows these plates
and the electrical connections to them.
The plates, P and N in Figure 4.12, were
charged as shown, and small oil droplets
were sprayed into the region between the
plates, where they were observed through
amicroscope. Some of the oildrops hecame
ionized during the spraying process; those
which became negatively charged were
attracted upward by the electric field.
The potential difference between P and
N was adjusted to cause some of these
oil drops to remain stafionary., Under
these circumstances the electric foree is
equal to the gravitational force. The

Fig.4.10. Anelectroscopedetects X-raysbecause
the X-rays ionize the surrounding air.



(a)

{b)

Physics Department, Universily of Western Onlario

Fig. 4.11. {a) A modern version of Millikan's
apparatus. (b) A close-up view of the charged
plates,

weight of an oil drop was calculated from
observations of its rate of fall through
the air when the P.D, between P and ¥
was zero. Thus the electric force was
known since it was equal to the gravi-
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tational force, The formula

QY = Is
was then applied just as we did in Chapter
2, V, F and s are known and §) can be
calculated.

The results of a great many experiments
showed that, within the limits of experi-
mental error, ¢ was always some integral
multiple of 1.60 X 107! coulombs.
Millikan, assuming that the negatively
charged drop had an integral number
of surplus electrons, concluded that the
charge on the eleetron was an indivisible
and fundamental quantity of charge equal
to 1.60 X 10~ coulombs. We refer to it
now as the elementary charge,

R

Qil drop
®Charge

L s

Fig. 4.12. The baslc parts of the apparatus used
by Miliikan. .
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4-8 THE ELEMENTARY CHARGE

Blectricity, then, comes in small
bundles just as matter does; the charge
on the electron is the “atom?” of electricity.
For many purposes in physics the charge
on the electron—the elementary charge
—is replacing the coulomb. Let us note
some of the new units and relationships
which result.

(@) Since the elementary charge is
equal to 1,60 X 1071 coulombs, then
1 coulomb = W elementary
charges = 6.25 X 10!8 elementary
charges, Therefore charges expressed in
coulombs may be expressed in elementary
charges if we multiply by 6.25 X 108,

(&) In the Coulomb’s law formula
e
T

newton-{metre)?

= 9
and k = 9.0 X 10 (coulomb)?

If we change the coulombs to elementary

charges, then
b= 2.3 % 1028 newton-{metre)?

{elem. charge)?

() A P.D. of 1 volt has been defined
a8 1 joule/coulomb. In terms of elemen-
tary charges, 1 volt = 1.60 X 1919
joules/elementary charge.

{d) Reversing the definition of the volt,
1 coulomb-voli = 1 joule

Then 1 elementary charge-volt, more
commonly called 1 electron-volt (abbre-
viated; ev), is & unit of energy as is the
joule, and is equal to 1.60 X 1072 joules.
The electron-volt is widely used in atomie
physics as an energy unit.

ELECTRONS AND ATOMS

4-9 MEASURING THE MASS OF
CHARGED PARTICLES

We mentioned earlier in this chapter
that Sir J. J. Thomson was sble to cal-
culate the charge-mass ratio for the elec-
tron, Then, when Millikan determined
the charge on the electron, the mass was
calculated and found to be about 9 X 10—
kg. Sinee the time of Millikan, other
methods for imdependent measurement
of the mass of the electron (and other
charged particles) have been devised.
One of these is described in the following
paragraphs.

The basic part of the apparatus (Fig,
4.13) is essentially & diode-tube contain-

ing o cathode N and an anode P in an

evacuated container. Let us consider first

" its use in measuring the mass of a hydro-

gen ion. A small amount of hydrogen is
infroduced into a box at the left of the
charged plates. This hydrogen is ionized
by & spark from sn induction coil, and a
few of the positive ions drift through a
hole in the anode into the area between
the plates. Here they are accelerated to
the cathode, each acquiring a final speed
v and kinetic energy % my?.

A hole drilled in the cathode allows
some of the hydrogen ions to pass through
the cathode into a tube about 0.5 metres
long (Fig. 4.18). In the vacuum in this
tube the ions travel at constant speed.
We can caleulate thig speed if we use
electronic apparatus (a cathode-ray oseil-
loscope, for example), to measure the time
required for the ions to travel this 0.5
metres. Onee the time of flight of the ions
is known, their speed can be calculated.
I+ remains then for us to caleulate the
mass of an ion,
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Fig. 4.13. Apparatus used to determine the speed, and hence the mass, of hydregen ions and

other charged particles,

As the ions are accelerated by the
electric field between the anode and the
cathode, they lose an amount of electric
potential energy given by the formula
E = QV and gain an equal amount of
kinstic energy .Thus

LRV = 4ot
where @ is the charge on each ion, V is
the P.D. hetween the anode and cathode,
m is the mass of each ion and » is the
speed of each ion at the cathode, assum-
ing that it was at rest ai the anode.

We may not know the magnitude of
the charge carried by a hydrogen ion, but
let us assume that it is the elementary
charge, equal in magnitude to the charge
on an electron, As we will see later, this
is & reasonable assumption. Experimental
results such as the following are typical.

@ = 1.60 X 107*% coulomb
V = 100 volts
v = 1.36 X 10° m/sec

1,60 X 1071 X 100 =
3 X m X (1.36 X 109)2
m = 1.7 X 10~ kg,

Caleulations from experimentsin chem-
istry indicate that the mass of 8 hydrogen
atom ig 1.7 X 10~ kg and we wauld
expect a hydrogen ion to have approxi-
mately the same mass as the hydrogen
atom. Apparently our assumption that
the charge on the ion was one positive
elementary charge, was correct,

In this and other experiments a hydro-
gen ion is always found to have only one
elementary charge and its mass is only
very slightly less than that of a hydrogen
atom. The hydrogen ion is called a proton.
Many experiments indieate that the pro-
ton, like the electron, i a “building block”
for matter and that it is present in all
atoms, Hven the results of the one experi-
ment which we have just deseribed gseem
to indicate that a hydrogen atom consists
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of a proton and an electron, the proton
being much more massive than th
electron, .

The mass of the electron may be deter-
mined with this samie apparatus if the
oscilloscope is “fast” enough, The leads
from the battery to the accelerating plates
arereversed, and electrons are accelerated
from what is now the cathode, to the
anode. {The electrons are produced when
the hydrogen is ionized, or may simply
be obtained from a heated cathode in 8
vacuum tube.) The speed attained by the
electrons is considerably higher than that
of the protons under similar circum-
stances. The mass of the electron is now
generally given as 9. 11 X 107% kg, about
soop of that of the proton,

4-10 ELECTROLYSIS AND IONIC
CHARGES

When we discussed the measurement
of electric current, we described the
special electralytic eell called the silver
voltameter (Fig. 3.4). The same type of
cell may be used to investigate the con-
ductivity of many liquids. If the elec-
trodes are of platinum or carbon, so that
they do not react with the liquid in the
cell; the material deposited or liberated
at the cathode depends on the nature of

4-11 PROBLEMS

ELECTRONS AND ATOMS

the liquid, If the liquid is a solution of
silver nitrate, silver is deposited; if the
liguid is a solution of copper sulphate,
copper is deposited; and if the liquid is
dilute hydrochloric acid, hydrogen gas is
liberated. These materials are deposited
or liberated because the corresponding
ions are attracted to the sathode, give
up thelr charges, and the materials are
deposited or liberated in molecular form.
If the necessary molecular and atomic
weights are known, the charges carried by
different ions can be compared,

The English seientist Michael Faraday
investigated electroplating and electroly-
sig in detail. In 1833 he discovered that
the charges carried by ions in soMition
were small integral multiples of the charge
carried by the hydrogen lon, If we con-
sider & hydrogen ion as being singly
charged, then g silver ion is also singly
charged, a copper ion doubly charged,
an aluminum ion triply charged, etc. This
wag perhaps the first indication of the
existence of an elementary charge. All of
the charges earried by ions are now known
to be multiples of the elementary charge
determined by Millikan. In other words,

there is only one elementary charge; ions

have an integral surplus or deficit of
electrons.

Where necessary, assume that

1 elementary charge = 1.60 X 10~'% coulombs
1 electron-volt = 1.60 X 10— joules

mass of electron = 9,11 X 10~ kg

mass of proton = 1,67 X 10-% kg
gravitational field strength = 9.8 newtons/kg

1. List the properties of cathode rays. Compare cathode rays and X-rays.

2. Summarize the experimental results which indicate that cathode rays
(¢} possess mass, (b) carry negative charge.
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10.

11.

12.

13.

14.

An electron is fired by an electron gun between the horizontal deflecting
plates of a cathode ray tube. The initial speed of the electron is 3.0 X 10%
cm/sec. A uniform force of 2.8 X 10718 newtons acts on the electron when
it is between the plates. The plates are 10 em long. (¢) Determine the
amount of deflection which the electron undergoes as it passes between the
plates. (b) Deseribe the path which the electron follows {Z) between the
plates, (27) alter emerging from between the plates.

A strong magnet is brought near an operating X-ray tube. The tube stops
operating, Iixplain,

In a Millikan type experiment, the plates are horizontal and 2.5 em apart.
An oil droplet of mass 1.50 X 107'% kg remains stationary between the
plates when the P.D. is 460 volts, with the upper plate positive. (a) Cal-
culate the magnitude of the electric field intensity between the plates.
(b} Is the drop charged negatively or positively ? (¢} Caleulate the magnitude
of the charge on the drop. (d) How many surplus or missing electrons does
the drop have?

An oil drop bearing a charge of 20 eleetrons and having 2 mass of 9.8 X 1074
kg is suspended motionless by the electric field between two horizontal
parallel plates 4.0 cm apart, (¢) What is the P.D. between the plates?
(b) What will happen to the drop when each of the following ehanges is
made? () Five more elementary charges are placed on the drop. (#¢) The
mass of the drop becomes less because of the evaporation of some oil,
(##0) The plates are moved closer together.

In o Millikan type experiment, a small plastic sphere carrying 2 negative
elementary charges can be held motionless befiween two horizontal plates
3,0 mm apart by a P.D. of 270 volts. Calculate the mass of the sphere.

. A conductor has a negative charge of 6.00 X 10 microcoulombs. How

many surplus electrons does it have?

. A pith ball carries a negative charge of 0.300 microcouiombs, How many

surplus electrons does 1t have?

How many electrons must be removed from a neutral, insulated conductor
in order to give the conductor a positive charge of 4.0 X 107* coulombs?

Caleulate the quantity of charge on a conductor which has () 256.0 X 10
surplus electrons, (b) 12.5 X 10" too few electrons.

Express each of the following currents m elementary charges/sec: (a) 2.0
amperes, (b} 40 amperes, (¢) 8 milliamperes.

Convert each of the following currenis to amperes: (¢) 6.25 X 10% ele-
mentary charges/see, (b) 12.5 X 10 elementary charges/see, (¢) 6.0 X 10
elementary charges/sec

If 6.4 X 10% electrons pass between the electrodes of a vacuum tube in 4
seconds, what is the average current?
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15.

16.

17.

18.

19

v 20,

721,

/99,

23.

24,

25,

ELECTRONS AND ATOMS

If the current in a conductor is 0.25 amperes, (@) how many coulombs of
charge, and (b) how many clementary chaiges pass through the conductor
in 2 minutes?

Protons are accelerated in a cyclotron until the current is measured as
1.6 X 107 amperes. How many protons pass a point in the cyclotron each
second ? i

Convert; each of the following energies to electron volts: (a) 6.0 X 10-7
joules, (b) 8.0 joules, (¢) 2.0 X 105 joules.

Express each of the following energies in joules: (a) 2.0 ev, (b) 5.0 X 107 ev,
{¢) 6.0 X 102 ev.

Charged particles move between an anode 4 and a cathode €, Caleulate
the current between the electrodes in each of the following situations.
(@) 2.0 X 10" protons pass from 4 to C each second; (b} 2.0 X 104 protons
pass from 4 {o C each second, and at the same time 2.0 X 10" electrons
pass from C to 4 each second, '

A singly-charged ion is accelerated from rest through a potential difference
of 100 volts. A “time of fight” measurement (Sect. 4-9) shows that the
ion, after having been accelerated, travels a distance of 0,50 min 4.0 X 105
sec. Calculate the mass of the ion. :

By what factor would the “time of ﬂight"’ in Problem 20 be changed if
{a) the jon is doubly chavged, (b) the P.D. is 75 volts?

What is the speed, in m/sec, of a proton which has 3.4 X 10~ joules of
kinetic energy ?

The P.D, between two plates, 4 and B,is 3.0 X 10 volts. An ion having one
elementary charge starts from rest at 4 and arrives at B with a speed of
2.0 X 10° m/sec. Caleulate (a) the kinetic energy gained by the ion,
(b} the mass of the ion.

Two parallel electrodes in a vacuum tube are maintained at a constant

P.D. of 90 volts. A proton (hydrogen ion) starts from rest at the anode and .

is aceelerated to the cathode. (a) How much kinetic energy, in joules, is
imparted to the proton? (b) If the same tube were used to accelerate alpha
particles (doubly charged helium ions) how much kinetic energy, in ev,
would be imparted to each alpha particle?

Protons having negligible speed are released at the anode of an evacuated
tube. The anode and cathode are parallel, and are 0,10 m apart. The P.D.
between the plates is 45 volts. {a) Caleulate () the work done on each
proton as it moves from anode to cathode, (¢Z) the magnitude of the electric
force. (b)) What would the P.D. need to be if the speed of the protons
arriving at the cathode is to be double that in (a) ?

ot
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26. Parallel conducting plates P and N in a vacuum tube are connected to a
100-volt battery. Positive ions are released at rest at the anode P. () Two
positive ions have the same charge, but the mass of the second ion is double
that of the first. What is the ratio of their speeds on arrival at N? (b) If a
deuteron, consisting of one proton and one neutron, is accelerated from
P to N, how mueh kinetic energy, in ev, does it acquire?

27. An electron is accelerated by a field of 1,82 X 10-% newtons/elementary

charge. Caleulate its acceleration,

4-12 SUMMARY

Cathode rays possess negative charge,
kinetic energy, and momentum. They are
streams of electrons, They are used in
many devices such as the cathode-ray
oscilloscope and the X-ray tube, X-rays,
as distinet from cathode rays, are a form
of radiation.

Thomson determined the charge-mass
ratio for electrons, and Millikan deter-
mined that I elementary charge equals
1.60 X 10™* coulombs,

1 coulomb = 6.26 X 10"
elementary charges
1volt = 1.60 X 10—+
joules/elementary charge

1 electron-volt = 1.60 X 107 joules
The constant in Coulomb’s law = k =

.. newton-{metres)?
2.3 X 107% {elem. charge)?

The mass of a charged particle may be
obtsined from a “time of flight”’ measure-
ment, with the aid of the relationship

QV = fmt
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Chapter 5

The Nuclear Atom

5-1 INTRODUCTION

The discovery of electrons and protons,
the fact that their charges were equal and
opposite, and the measurement of their
masses, led to the conelusion that all atoms
were composed of these two particles, It
was obvious that, sinee atoms are electri-
oally neutral, the number of electrons
was equal to the number of protons, but
no evidence of the relative positions of
the protons and electrons within the atom
was available until 1909. Before 1909
scientists assumed that an atom consisted
of a globule of positively charged fluid

in whieh the electrons were embedded

like raisins in a bun or seeds in a water-
melon, The electrons were sometimes as-
sumed to vibrate aboul average positions
in the fluid, but the basic assumption was
that the atom was uniformly dense
throughout the space it oceupied.

This mode! of the atom {the so-called
Thomson atom) failed to account for
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several facts already known, notably the
ocewrrence of line spectra. However, a
better model seemed impossible with the
information available at the time. Star-
tling new information concerning the
atom became avatlable in the years 1909~
1911, and it is with this information and
later developments that this chapter is
concerned. Before discussing these events,
however, we should review the data con-
cerning the atom, which were available
from chemical experiments and theory.

b-2 EARLY INFORMATION
CONCERNING THE ATOM

The concept of an element as a pure
substance which eannot be broken down
into, or synthesized {from, other pure sub-
stances was pretty well established by
the beginning of the nineteenth century.
About one-third of the elements we now
know had been identified as elements,
and, in addition, many substances which
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we now know to be compounds were then
considered to be elements.

About the beginning of the 19th century
the English scientist John Dalton (1766-
1844) proposed a chemical atomic theory
to explain the existence and chemieal
properties of elements, Dalton’s basic as-
sumptions were essentially as follows.
{1) Matter is composed of indivisible
atoms, (2) The atoms of different ele-
ments differ from one another, but all
of the atoms of any one element are alike.
(3) Atoms are not created nor destroyed
during a chemical reaection; they are just
rearranged. (4) A molecule of a eom-
pound contains a definite number of atoms
of each of the elements which combine
to form the compound.

Thefourth assumption above explained
very nicely two chemical laws which had
been developed from experiment: the laws
of definite and multiple proportions.
When two elements unite to form one
compound, they do so in definite pro-
portions by weight; when they unite to
form two or more compounds the weights
of one element which combine with «
given weight of the other element are
in the ratio of smali whole numbeyrs. This
is just what we would expect if elements
take part in reactions in indivisible atomic
units, These laws and Dalton’s atomic
theory led eventually to the caleulation
of atomic and molecular weights.

The TFrench scientist, Jogseph Gay-
Lussac (1778-1850) noted that, when
gases react under conditions of constant
temperature and préssure, the volumes
of the reactants and produets are in the
ratio of small whole numbeys. This led
the Italian physicist Amedeo Avogadro
(1776-1856) to formulate the following
hypothesis: Equal volumes of all gases,
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at the same temperature and pressure,
contain equal numbers of molecules. The
number of molecules in & given volume
was evenfusally caleulated by methods
which we shall discuss very briefly later
in this section.

The weights of atoms and molecules
are small, and therefore we usually dis-
cuss, not their actual weights, but their
relative weights. The basis of comparison
is the atom of an isotope of carbon, *iC;
the weight of this atom is arbitrarily taken
as 12 exactly. We say that the atomic
weight of this isotope of carbon is 12.
The weight of any other atom or mole-
cule, relative to this standard, is called
the atomic or molecular weight of that
element or coropound. For example, since
the weight of & nitrogen atom is 44 times
the weight of & carbon atom, the atomic
weight of nitrogen is 14, Bince the nitro-
gen molecule is diatomie, the molecular
weight of nitrogen is 28. The gram-
molecular weight {G. M, W.) of asubstance
is its molecular weight expressed in grams;
the G.M.W. of nitrogen is therefore 28 gm.

The eoncept of gram-molecular weight
has proven so useful in chemistry that
gram-molecular weight is given a special
name; the mole. Thus, when we speak of
3 moles of nitrogen, we mean 84 grams of
nitrogen. All elements and compounds,
whether in the solid, liguid or gaseous
state, have the same number of molecules
permole. Thisnumberisealled Avogadro’s
number.

Avogadro’s number may be caleulated
if the mass of 2 molecule and the G.M.W,
of the substance are known, Alternatively
the charge transferred in an electrolytic
cell per mole of an element liberated at
an electrode, may be measured. If the
charge on the ion of that elementis known,
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the number of ions per mole may be cal-
culated and Avogadro’s number deter-
mined. As a vesult of these and other
methods, Avogadro’s number has been
determined to be 6.0256 X 10%, That is,
a mole of any pure substance contains
6,025 X 10% molecules.

One use to which a knowledge of
Avogadro’s number was put was to de-
termine the approximate radius of an
atom. For example, the volume of a mole
of & gaseous element is found to be 22,4
litres at standard temperature and pres-
sure; this is the volume occupied by
6.025 X 10% molecules. The volume
occupied by one molecule can then be
calculated; the volume occupied by one
of the atoms in the molecule guessed at,
and the radius calculated. All atoms seem
{0 have a radius of an order of magnitude
of 10-% ¢m, i.e, 10~1° metres.

One more fact concerning atoms must
be mentioned before we return to the
discussion of the structure of the atom
itself. Dmitri Mendeléefi (1834-1907)
organized the elements into what is now
called the periodic table of the elements.
To each position in the periodic table a
number is assigned. This number is called
the ‘stomic number (symbol Z) of the
element occupying this position, and we
shall see that it hasg a direct relationship
o the structure of the atom,

6—-3 HOW TO EXPLORE ATOMS

Physicists usually explore atoms by
“firing”’ other small particles at the atoms
and then observing what happens to the
particles after they interact with the
atoms, This procedure requires first of
all & source of particles of relatively high
speed, and some means of detecting and
counting these particles after they have

ELECTRONS AND ATOMS
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Fig.5.1. The threetypss of radiation from a radlo-
active substance are separated by a magnetic field
perpendicular to the plane of this diagram, and
are detected by means of a photographic plate.

been "fired” at the atoms. Alpha particles

were the first atomic “probes” used; they
areproduced by radioactive disintegration,

5-4 RADICACTIVITY

In 1896 Becquerel, a French physicist,
found that thorium and uraniom emit
radiant energy which can be detected by
2 photographic plate. In 1898 Madame
and Pierre Curie isolafed a few milligrams

“of radium, and eventually three types of

radiation, alpha, beta and gamma rays,
were detected. {See Figure 5.1.) Gamma
{v) rays are very penetrating rays similar
to X-rays but having higher energy.
Beta (8) rays are streams of electrons.

. Alpha (o) radiation is a stream of alpha
particles which were eventually identified
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(b)

Phystes Department, University of Western Ontario

Fig. 6.2, Photographs of (a} a Gelger counter,
and (b) a Geiger counter tube.

as ions of the element helium, each ion
bearing two positive elementary charges.

The identification of alpha particles as
doubly charged helium ions basically in-
volved two phases. The magnitude of
their deflection by a magnetic field (recall
the method described in Section 4-4) in-
dicated that their charge-mass ratio was
the same as that for helium ions, Then a
large number of alpha particles was col-
lected in a discharge tube and the spec-
trum of the light produced by electrical
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discharge through the resulfing gas was
examined. The spectrum was that of
helium.

Alpha particles can be stopped rela-
tively easily by matter, but havesufficient
energy to pass through thin metal foil.
Their speed depends on the source; the
speed of those emitted by the radionetive
element polonium has been found to be
1.6 X 107 m/sec. The mass of an alpha
particle is 6.6 X 10-% kg,

5-5 DETECTION OF RADIATION

Several methods, some simple and some
complex, have been devised {or detecting
different forms of radiation. As we have
already noted (Sect. 4-6), X-rays ionize
the gases through which they pass and
as a result cause a charged metal-leaf
electroscope fo discharge.

One of the earliest detectors of alphs
particles consisted of a zine sulphide
sereen whieh fluoresces briefly when an
alpha partiele is incident on it; the brief
flaghes of light can be observed and
counted with the aid of a micrescope.

The Geiger counter (Fig. 5.2) is widely
used in many branches of physics and
chemistry, The basic principles of its con-
struction are shown in Figure 5.3. A fine

Loudspeaker

Fig. 5.3. The basic parts of a Geiger counter.
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wire 4 is inserted into, and insulated
from, a metal cylinder C. The eylinder
contains gas at low pressure. The P.D.
applied between A and C {with ¢ nega-
tive), is slightly Jess than that neeessary
to produce an electrical discharge through
the gas. An alpha particle entering the
cylinder through the thin mica window
W ionizes the gas in the cylinder, and
electrons freed by this ionization are ac-
celerated toward A. As these electrons
travel through the gas, they coltide with
more gas molecules, freeing more electrons
and so on. As g result there is a sudden
surge of current which is amplified io
produce a click in the loudspeaker.
Because of the high resistance B in the
circuit the current ceases very quickly,
unless another aipha particle arrives to
cause another click. The Geiger counter,
therefore, may be used not only to detect,
but also fo eount, alpha particles.

5-6 ALPHA PARTICLE
DEFLECTION

We are now ready to disouss the experi-
ments which were performed about 1910
under the direction of Brnest Rutherford.
Lovd Rutherford was a New Zealander
who spent some time at McGill University
in Montreal and then, in 1907, moved to
Manchester University in England, It was
in Manchester that the experiments for
which he is most famous were carried out,
maivly by two of his assistants, Geiger
and Marsden. :

In these experiments, alpha particles
were fired at the atoms in a thin shees
of gold foil. The arrangement of the
apparatus is shown in Figure 5.4. Alpha
particles from g radioactive source were
directed at the gold foil, and were detected
and counted on the other side of the foil

ELECTRONS AND ATOMS
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Fig. 5.4, Apparatus used by Rutherford in his
experiment on the scattering of alpha particlas.
Only a very small percentage of the alpha particles
were deflected to the extent shown in this drawing.

by viewing a zine sulphide sereen through
a microscope. Geiger and Marsden spent
hours in a darkened room noting and
counting spots of light on the screon. No
wonder Geiger later invented (and used)
the Geiger counter,

Even the earliest observations with this
apparatus indicated that the “raisin bun”
model of the atom wasincorreet. Although
the gold foil was very thin, it consisted
of several hundred layers of atoms—and
yet most of the alpha particles went
straight through the foil without being
deflected at all. Most of the space oceu-
pied by an atom, then, is just space; the
atom is not of uniform density throughout.

However, this information about the
density of an atom was not the most
startling conclusion to come from these
experiments, Geiger and Marsden, by
altering the position of the microscope
and sereen (Fig. 5.4), found that, although
most of the alpha particles were deflected
no more than one degree, if they were
deflected at all, some were deflected
through much larger angles, Indeed,

.about one alpha particle in 10,000 was

deflected through more than 90°, and
some were deflected as much as 180°,

i’
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Alpha particles

Fig. 5.6. Most alpha particles pass the nucleus
with very little delfection; others are forced to
turn completely around, The electrons have almost
no effect on the alpha particles.

that is, they came straight back. It was
in order to explain these large angle de-
flections that the Thomson model of the
atom had to be discarded and a new
maodel developed.

5-7 THE NUCLEAR ATOM

Rutherford realized that an atomic
model which supposed that the mass of
an atom was distributed thinly over ifs
entire volume could not explain the fact
that in some cases the alpha particles
suffered very large deflections. Herealized
too that these deflections, although they
occurred infrequently, were the ones
which had to be explained, Congequently
he assumed that an atom has a small
positively charged nuecleus, containing
almost all of the mass of the atom and
about which the electrons circle, some-
what as the planets circle the sun, Refer-
ring to Tigure 5.5, let us see how this
model explains the observations of Geiger
and Marsden.
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Sinee the volume of the nucleus is only
a very small fraction of the volume of the
atom, most of the alpha particles will not
pass close enough to the nucleus to be
affected by it. Moreover it is unlikely
that even 4 series of encounters with elee-
trons will have much effect on an alpha
particle, for the alpha particle has & mass
about 7500 times that of an electron. So
most of the alpha particles will not en-
gounter an obstruction and will not be
deftected.

Now consider the situation which,
though it will happen infrequently, is still
a distinet possibility—an alpha particle
travelling directly toward a nucleus (Fig.
5.5). Because both the alpha particle and
the nucleus bear positive charges, the
foree of repulsion between the two causes
the alpha particle to slow down, stop,
and Eurn around. That is, it undergoes &
deflection of 180°,

Alpha particles passing close to a
nucleus but not travelling directly toward
s nucleus will undergo an amount of de-
fieetion which depends on the aiming
error. This situation is analyzed more
fully in Figure 5.6. The aiming error b is
the distance by which the alpha particle
would miss the nueleus if it continued its
original path; the seattering angle 4 is
the angle between the initial and final
paths of the alpha particle, Obviously,
a8 b increases, 0 decreases, If we assume
that Coulomb’s inverse square law applies
to the repulsion between the alpha par-
ticle and the nucleus (and Geiger and
Marsden’s results indicate that it does),
the path of the alpha particle is a portion
of an hyperbola.

If we use the idea of a potential hill
which we discussed initially in Section
2-16, we can visualize the paths of alpha
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610 THE ELECTROMAGNETIC
SPECTRUM

The visible spectrum forms but a very
small part of a much broader spectrum
called the electromagnetic spectrum
(Fig. 5.9). This spectrum contains many
forms of radiation not detected by the
eye: infrared and ultraviolet, X-rays,
gamma rays, and radio waves. All of these
components exhibit wave properties,
notably diffraction and interference, and
the manner of their transmission presents
the same theoretical difficulties that we
encounter in connection with light, Their
common speed is the speed of light, Their
other properties show some variation
which is dependent upon their wave
lengths or frequencies. However it is not
with the properties or the resulting uses
of electromagnetic waves that we are con-
cerned here, but with an important prin-
ciple in connection with their production.

b—-11 ELECTROMAGNETIC WAVES

In 1864 James Clerk Maxwell (1831-
1879), professor of physies at Cambridge
University, published his famous electro-
magnetic theory. Although this theory is

ELECTRONS AND ATOMS

complex, it is based essentially on two
facts which, due to the experimental work
of Faraday and others, were well known
at the time. (o) A moving electric charge
produces a magnetic field. (b) A changing
magnetic field causes electric charge to
move. Maxwell, treating these facts
mathematically, developed-a set of
equations which correlated the pieces of
experimental information, In addition,
the form of the equations caused Maxwell
to conclude that a disturbance in an elee-
tric or magnetic field would have an effect
throughout space, though not instanta-
neously, The disturbance would be propa-
gated as & wave motion having a finite
speed of 8 X 10 cm/see. The theory
predicted the existence of types of radi-
ation. which were not discovered until
later, for Maxwell predicted radiation of
electromagnetic waves over a very broad
range of frequencies.

Physicists realized that, if Maxwell’s
predictions were correct, the oseillation
(vibration) of charge in an electric cireuit
should cause electric energy to be radiated
by means of an electromagnetic wave.
The search for experimental verification

< « g 5 £
= it s K <
3 = 08 S 8 8 =
o < L <+ ~ (w3
X-rays Visible Radio waves
Garmma rays Ultravialset Infrared

Fig. 5.9, The electromagnetic spectrum, and the approximate range of wave lengths for each

component,
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of the existence of these waves became a
race between Heinriech Hertz (1857-
1894) and Sir Oliver Lodge. In 1887 Hertz
obtained evidence of the existence of such
waves and because of this fact the name
Hertzian waves is applied to all electro-
megnetic radiation having wave lengths
longer than those of infra-red. They are
algo called electric waves or radio waves
and they include those used in domestic
radio as well as in short wave radio, tele-
vision waves, and even those produced
by 60-cycle alternating current.

We shall not attempt to tell here the
story of the development of radio and
television. Most of us are at least vaguely
aware of the general procedures employed.
Oscillating eircuits connected to the trans-
mitting antenns cause the electrons in
the antenna to vibrate. As the electrons
vibrate, they are continually undergoing
acceleration, Maxwell predicted that this
acceleration of charge should cause an
electromagnetic wave to be radiated. This
electromagnetic wave, travelling past the
receiving antenna, causes the electrons
in the receiving antenna to vibrate. The
present wide use of radio and television
indicates that Maxwell's predictions were
correct, The important point for us to
realize here is that the success of wireless
methods of ecommunication confirms
Maxwell’s prediction that an accelerated
electric charge radiates energy.

5-12 CONTRADICTIONS IN
RUTHERFORD’S ATOMIC
MODEL

Rutherford supposed that electrons
travel in orbits around the nucleus of an
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atom. In doing so, the eleetrons undergo
a central acceleration which, according
to clagsical electromagnetic theory, should
cause them to radiate energy. As g result
of this energy loss, the electrons should
spiral in toward the nucleus and the atom
should collapse into the nucleus in a
matter of 2 X 10~U gec. But atoms do
not normally emit radiation except under
excitation of some sort, and atoms are
normally quite stable.

If the emission of light from an excited
atom (for example, an atom of hydrogen
in a discharge tube) is a resalt of the
electrong spiralling toward the nucleus,
the spectrum of the light emitted should
be continucus. For as the radius of the
orbit decreases, the number of revolutions
per second (i.e., the frequency) should
inereaso continuously. Yet this is not the
case. The spectrum of atomic hydrogen
is not a continuous spectrum, but a line
spectrum,

At this stage then we have two un-
resolved problems,

{2) How is light transmitted, by waves
or by particles? This was the major ques-
tion introduced and left unresolved in
Book I of this series.

() What modifications must be made
in the Rutherford model of the atom to
accord with the facts discussed above?
The answers to these questions neces-
sitated & radical change in the thinking
of physicists early in this century. We
shall attempt to give some indication of
the angwers in the next two chapters.
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5—-13 PROBLEMS

Where necessary, assume that
(@) the mass of an alpha particle
=6.6 X 107kg | ‘
(b) 1 elementary charge = 1.60 X 10~° coulombs
(¢) the constant & in Coulomb’s law
newton-(metre)?
— 28
2.3 X 10 (elementary charge)?
newton-(metre)?
= 9 e M T S
9-0 X 10° = Tomb)?
{d) the constant @ in the law of gravitation
newton-(metre)?
= 6,67 X 1078 ——m 0"
(kg)?
(e) the mass of the gold nucleus = 3.3 X 1072 kg
{f) the mass of an electron = 9.11 X 10~ kg -
{g) the speed of electromagnetic waves in space
= 3.0 X 10% m/sec

1. One gram of radium emits approximately 3.7 X 10 alpha particles/sec.
Calculate the order of magnitude, in kg, of the mass of the helium which
could be formed from the alpha particles emitted in one day.

2. What did Rutherford’s experiment indiéate about (a) the sign of the charge
on the nucleus, (b) the magnitude of the charge on the nucleus, (c) the size
of the nucieus?

3. Calculate the charge, in coulombs, on the nucleus of an atom of each of the
following elements: (a) magnesium (atomic number-12), () copper (atomic
number 29), (¢) aluminum (atomic number 13), (d) gold (atomic number 79).

4, The radius of a gold atom is approximately 1.4 X 10— m and the radius
of its rucleus is approximately 8.7 X 10725 m. What percent of the atomic
volume is in the nucleus? :

5. What would be the effect on the trajectories of alpha particles of an atom
in which the positive charge and mass were distributed over the whole
volumse of the atom?

8. What effect do the electrons in atoms have on alpha particles passing close
to them?. Justify your answer,

7. The nucleus of a gold atom carries 79 positive elementary charges. Calculate
the force of repulsion between an alpha particle and a gold nucleus when
the distance between them is 3,0 X 1078 m (about 30 times the diameter
of the nucleus).
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10,

11.

12.

13,

14,

15.

16.

17.

18.

19,

Refer to problem 7. (o) Caleulate the gravitational force of attraction
between the alpha particle and the gold nucleus when they are 3.0 X 10~% m
apart. (b) What is the ratio of the electric force to the gravitational force
ot this distance? (¢} What would the ratio be if the distance were three
times ag great? Does the gravitational force need to be taken into account
in the mathematical analysis of alpha particle deflection?

Refer to problem 7. Caloulate the electric potential energy of the alpha
paxticle at a distance of 3.0 X 10~ m from the gold pucleus.

An alpha particle with a speed of 2.0 X 107 m/sec approaches & gold
nueleus head-on. Assuming that the Kinetic energy of the alpha, particle is
converted to electric potential energy, ealoulate the distance of closesb
approach of the alpha particle to the nucleus. What information does your
answer give you aboub the dimensions of the nucleus?

An alpha particle approaches the pucleus of & cadmium atom {(atomic
number, % = 48) with a kinetic energy of I joules, Ii the distance of
closest approach is to be 6.0 X 1074 m, calculate the value of E.

A neutron travelling ab a speed of 1.0 X 105 m/see, collides head-on with
a stationary deuteron whose mass 18 double that of the peutron. The
collision is elastic, and the particles do not stick together. Calculate the
speed of each after collision.

Summarize the electromagnetie spectrum by listing fox each type of radi-
ation (a) the speed in & vaeuum, (b) the approximate range of wave lengths
in a vacuum, (¢) the approximate range of frequencies.

Caleulate the wave Jength in a vacuum of electromagnetic waves of each
of the following frequencies: (a) 9.0 X 10¢ ¢/s, (b) 1.5 % 108 ¢/s, {¢) 6.0
% 104 o/s, (d) 3.0 X 10 c/s.

Calculate the frequency for an electromagnebic Wave, if the wave length,
in a vacuum, is (a) 4.0 % 104 m, () 6.0 X 10% A, (¢} 2.0 X 10—t A,

A radar signal directed toward the planet Venus ceturned to earth 10
seeonds after transmission. What is the order of magnitude, in metres, of
the distance from the earth to Venus?

Incident and reflected electromagnetic waves form a standing wave pattern
in space. The average distance between nodes in the pattern is 1.8 m.
Caleulate the frequency of the waves. What type of waves are they?
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Should sound waves be included in the list of electromagnetic waves? ‘

Justify your answer,

Do electric transmission lines, tronsmitbing 60-cycle alternating current,
radiate energy ?

27
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just before i strikes the target. Caleulate (o) its speed,
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through which it has been accelerated.

21, Calculate the frequency of X-rays of wave fength 1.5 A,

22. The electric current flowing through an X-ray tube ig 0.24 milliamperes, N |
Caleulate the number of electrons striking the target each second, '

5~14 SUMMARY

Thomson’s model of the atom was 8
“raisin-bun”’ model, assuming that the
density of the atom was uniform,
Rutherford’s experiments with alpha
particle deflection showed that the
Thomson model was incorrect, The masg
of the atom was foung by Rutherford to
be concentrated in a dense central nucleyg

whose diameter is 10-s or 10~ of the
diameter of the atom. The atomic digm-
eter is of the order of 1910 m, the nyclegr
diameter is of the order of 10— 1,
Rutherford’s atomic model, which a8~
sumed that electrons travelled in eireular
orbits about the nucleus, wasnot in aceard
with classical electromagnetic theory. The
orbiting electrons do not radiate energy,
as centrally accelerated charges should,



Chapter 6

The Dual Nature of Radiation

and Matter

6—-1 INTRODUCTION

The contradictions present in Ruther-
ford’s model of the atom seemed fo indi-
cate that some facts about matter could
not be explsined on the basis of nineteenth
century physics. Some basic change in
outlook seemed necessary, Moreover, the
contradictions present in atomic models
were paralleled by contradictions present
in the wave model for light and other
electromagnetic radiations. The first
change of outlook, resulting in an exten-
sion of Newtonian mechanics but at the
same time preserving the bases upon

which it had been built, came ag 4 result

of experiments with light incident upon
matter

6-2 THE PHOTOELECTRIC EFFECT

About 1887 the German physicist,
Heinrich Hertz, was investigating con-

duction in gases and the phenomenon of
transfer of electric energy through them.
Among other things, he found that a dis-
charge between an anode and a cathode
would take place more readily if the
cathode was subjected to the uliraviolet
radiation from a carbon arc lamp. Ap-
parently the radiation made possible the
emission of a greater number of electrons
by the cathode. This type of eleetron emis-
sion is called photoelectric emission,

A more conclusive experiment than that
of Hertz was devised by Thomson about
1900 and can be repeated with the equip-
ment illustrated in Figure 6.1. A well
cleaned zine plate, about twenty centi-
metres square, is connected eleetrically
to an electroscope. The plate is grounded
to neutralize the system, The ground con-
neotion is removed and the radiation from
a carbon are lamp, without a lens or other
glass intervening, is directed toward the
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Fig. 6.1. The radiation from the ultraviolet source
causes a negatively charged zinc plate to emit
electrons,

zine plate. The leaves do not show any
response, The experiment is then repeated
with the plate-electroscope system posi-
tively charged. Again, the leaves do not
show any response. The experiment is
repeated a third time with the zine-
elestroscope system negatively charged,
This time the leaves of the electroscope
fall steadily, yet if the radiation is inter-
rupted the fall of the leaves. iz arrested.
This Iast test shows that electrons (nega-
tive charge) leave the zinc plate and that
the radiation is the agent causing the
emission,

6~3 THE MILLIKAN EXPERIMENT
AND THE PHOTOELECTRIC
EFFECT

The apparatusshown in Figure 6.2 may
be used to show that light has some
properties that are not characteristic of
waves. The apparatus is similar to that
used by Millikan. Charged oil drops
“float” in the space between the plates;

ELECTRONS AND ATOMS

their motions may be observed through
a microscope.

When the drops are illuminated by the
light from an arc lamp (Fig. 6.2), the
light energy incident on them may im-
part sufficient energy to elecirons in the
drops to cause photoelectric emission to
oceur, As a result a drop may be left
sufficiently positively charged that it
“jumps’ upward toward the negative
plate, because the upward electric force
is then greater than the downward gravi-
tational force.

Let us try to prediet when these jumps
oceur, assuming that the light emitted by
the arc and incident on the drops is trans-
mitted by means of waves. A wave model
for light assumes that the energy in the
light beam is distributed uniformly along
the wave front. Therefore all the drops
in & given region should be affected in
the same manner by the light, absorbing
energy at the same rate. When each of
the drops has absorbed sufficient energy

to cause an electron to be emitted, all of

the drops should jump simultaneously.
Even in strong light, there should be 2
considerable and readily measurable time
lag between the turning on of the light
and the first jump or jumps. Moreover,
the more intense the incident light, the
sooner the drops should jump.

The experimental observations are en-
tirely different from the results predicted
above. Regardless of light intensity, the
first jump in many cases is observed to
occeur almost immediately after the light
is turned on. In other cases considerable
time may elapse before a drop jumps,
even in strong light. Experiments also
indicate that the number of electrons
ejected from the drops by strong light is
greater than the number ejected by weak

o,
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Fig. 6.2, A variation of Millikan's experiment. Light from the arc lamp, felling on the oil drops,
may cause some of the oil drops to lose electrons and begin to drift upward,

light. Over s period of time the emission
of electrons is uniform across the light
beam, However, these are not the star-
tling or important points, The important
point is that, even in weak light, the first
jump oceurs much earlier than the wave
model predicts.

6-4 PHOTONS

Bince the wave model fails to explain
random emission of electrons from oil
drops, let us return to the particle model
and see how well i fits the facts here.
Ejection of an electron from one of the
drops would oceur when that drop is
struck by a particle of light, The first
strike causes the first drop to jump, and
this may occur immediately after the light
is turned on, whether the light is strong
or weak. Moréover, even a dense beam of
particles (a strong beam of light) might
fail to make a direct hit on a drep for
some time. Over a period of time, of
course, the greater the number of par-
ticles in the beam, the greater will be the
number of collisions, and the greater will
be the number of electrons ejected.

A particle mode! seems to explain
photoelectric emission in quite an acéu-

rate and convineing mauner. In some
ways light acts as if it came in bundles,
just as matter is composed of atoms and
electricity is composed of elementary
charges. The bundles of light are called
photons or quanta (singular: quantum).
Many phenomena other than the photo-
electric effect seem to indicate the exist-
ence of photons, for example, the action
of light on a photographic film and the
aetion of the television camera tube. But
photons, if they exist, do not seem to
golve the problem of how light is trans-
mitted, for how, in terms of photons, can
we explain interference of light?

65 INTERFERENCE EFFECTS IN
EXTREMELY WEAK LIGHT

About 1910, Sir Geoffrey Taylor, at
Cambridge University, set up an experi-
ment to find whether interference resulted
from the interaction of many photons, or
whether single photons produced inter-
ference effects. The basic parts of the
appsaraius used in an experiment of the
type carried out by Taylor, are shown
in Figure 8,3, Light originating at a small
source of low intensity passes through a
very dark filter, thence through a single
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Fig. 6.3. Amangement of apparatus for demon-
strating interference effects in extremely weak
light.

slit and a double slit, and falls on a photo-
graphic film. The complete apparatus is
enclosed in a light-tight box, Taylor was
able to calculate that there was never
more than one photon of light in the box
at a timo; indeed the light reaching the
photographic plate was so dim that s
three month exposure was necessary. Yet
the photograph showed the usnal double
slit inter{afence pattern,

The above observations rule out the
possibility of explaining interference on
the assumption that photons reinforce or
destroy one another. We might assume,
then, that each photon splits into two
halves, ohé half going through each slit.
This assumption leads to the unlikely
conclusion that by obstruciing one of the
slits we could obtain half-photons, each
possegsing half the energy of the original
photon | This conclusion not.only sontra-
dicts our basic ideas concerning photons,
but is in faet never observed. The photon
either arrives intact, or does not arrive
at all. A photon never becomes divided,
and yet, in order to produce interference
phenomena with the apparatus shown in
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Tigure 6.3, both slits must be open, Ap-
parently ‘‘particles of light” —photons—
possess wave properties, But how can
they?

6—~6 PROBABILITY AND THE -
PHOTON ‘

In order to attempt to reconcilo the
particle and the wave aspects of photons
we find it necessary to introduce some
ideas concerning probability. We cannot
treat the subject properly and fuily here,
but we can perhaps give some indication
of how a series of random events can
build up a regular pattern such as is asso-
ciated with interference. If you toss a
coin and record the occurrence of heads
and tails, the first ten tosses may very
well result in 8 heads and 2 tails. But if
you persist for thousands of tosses, it is
very probable that the number of heads
will be very nearly equal to the number
of tails.

Let us now try to apply this idea to the
production of an interference pattern of
light. Perhaps this attempt should not be
made, for it is beginning to be obvious
that light is not a wave and not a particle.
Yet in our continued search for an analogy
we continue to make the attempt, Ap-
parently no single photon interferes with
itself. Each photon arrives independently

- at the detector, and at a definite place.

The probability of the arrival at some
positions (the positions of the bright lines
in the interference pattern) is high, The
prohability of photons arriving at other
positions (the positions of the davk lines
in the interference pattern) is low. At
other positions the probability of arrival
is between the maximum and minimum
values. It is common to think of the
probability of the photor’s arrival at a
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particular point as being fixed by the
wave which accompanies the photon. The
situation seems completely paradoxical,
yet the ideas of probability give us some
vague notion of how a pattern can be
built up from random events.

In spite of the difficulties inherent in
the above model, there is no doubt about
the existence of the photon. Further facts
concerning photons and their properties
can be obtained from quantitative meas-
urements associated with the photo-
electric effect.

6-7 THE PHOTOELECTRIC CELL

In applications of the photoelectric
effect, the electron emitter (the cathode)
is contained in a tube of glass or of metal
with a glass window. The tube is either
evacuated or filled with an inort gas at
low pressure. An anode (plate) collects
the emitted electrons, This device is called
a photoelectric cell, an example of which
is illustrated in Figure 6.4. The cathode
i a piece of thin metal, gemi-cylindrical
in shape and coated with cesium, cesium
oxide and silver. The anode is & straight
metal wire placed in front of the cathode.

The cireuit illustrated in Figure 6.5

- may be used to demonstrate the action
of the cell. If the semi-oylindrical elec-

Rheostat

Fig. 6.5. Cirouit to demonstrata the action of a
photoalectric cell.

Glass envelope

Cathode —

Fig. 6.4. A photoelectric cell.

trode is connected to the negative termi-
nal of the battery, and if light is incident
on that electrode, the galvanometer indi-
eates that current is flowing in the eireuit.
The strength of the currenbincreases when
the intensity of the light is inereased.

6-8 QUANTITATIVE FACTS
ABOUT THE PHOTOELECTRIC
EFFECT

The photoelectric cell deseribed above
employs a cathode coating which has been
found to be suitable for many purposes.
However, cesium-coated cathodes were
not the first ones used, and experiments
withothercathodesprovid_esomesta,rtling
information concerning the photoelectric
effect.

() Buppose we use & cell having a
copper cathode, connect it in a cireuit
as shown in Figure 6.5, and illuminate
the cathode with light which contains a

Anade
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high proportion of uliraviolet (for exam-
ple, the light from g carbon arce), The
galvanometer reading indicates that the
cathode is emitting electrons, and, as we
expect, the greater the intensity of the
light, the greater the number of electrons
emitted.

Now suppose we use green light, (light
of longer wave length and lower frequency
than the ultraviolet), This time, no matter
how intense the light, no electrons are
emtited by the gathode, Apparently the
wave length of the incident light must be
less than a certain threshold value, other-
wise the photoelectrie effect does not
occur. For s copper cathode, the threshold
is about at the violet end of the visible
spectrum. If we use a cathode coated
with potassium, we find that it has a
threshold in the green portion of the
spectrum. That is, light of wave lengths
longer than the green, (red, for example),
does not cause photoelectric emission from

Incident light

%

Microammeter
.

(T)—
\J,

S — |

Variable DC source

|

3

" Fig.6.8, Cfrcuitfordeterminingcuf-offpotentlals.
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potassium. But light of wave lengths
shorterthan the green, (blue, for example),
cause photoelectric emission, and the
number of electrons emitted depends on
the intensity of the light incident on the

cathode. Xach material has a different.

photoelectric threshold; the cesium-
coated type of cathode is used in most
cells because it has a threshold in the
infrared and is therefore sensitive to all
of the components of white light.

(b) The second unexpected fact con-
cerning photoelectric emission may be
obtained with a civeuit of the type shown
in Figure 6.6. This circuit is essentially
the same as that shown in TFigure 6.5
except that the battery connections are
reversed, and that the magnitude of the
P.D. between the electrodes can be varied.
A low positive potential is applied to the
cesium-coated electrode. Light is allowed
to fall on this electrode, and we find,
perhaps contrary to ourex pectations, that

CURRENT
P,
<

-2 -1 0

P.D. BETWEEN ELECTRODES fvolts)

Fig.6.7. Asthe recuiving electrode becomes mors
negative the current decreases and Is eventually
cut off,
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Fig. 6.8. The graph which results when the fre-
quency of the incident radlation is plotted against
the maximum kinetic energy of the emitted electrons.

there is current in the cireuit, If the posi-
tive potential of thiselectrodeis inereased,
the cwirent decreases and is eventually
cut off (Fig, 6.7); the P.DD, between the
electrodes when the current ceasesis called
the cut-off potential. Apparently ab this
potential even the most energetic elec-
trons emitted are attracted back to the
cesium electrode. The startling fact here
is that the cut-off potentialisindependent
of the intensity of the incident light, but
does depend on the frequency or wave
length of the light. The intensity of the
incident light does, however, affect the
number of electrons emitted.

Knowing the cut-off potential V and
the charge @ on the electron, we can use
the relationship E = @V to calculate the
maximum kinetic energy of the emitted
electrons, If we do this for light of various
frequencies, we can plot & graph of fre-
quency v against maximum electron
energy B (Fig. 8.8). (In most articles on

AV

A Y

AV

0 // 7 //
4
7y FREQUENCY

MAXIMUM ELECTRON ENERGY

Fig. 6.9. The graphs of frequency versus maxi-
mum electron enargy, for different surfaces, have
equal slopses.

modern physics, the Greek letter y—pro-
nouneed nu—is used rather than the letter
{ to represent frequency. ) Since thisgraph
is a straight line, B « », and since the
graph does not pass through the origin,
the equation of the graph is of the form
I =h—B

The variation constant h is the slope of
the graph and is called Planck’s eonstant,
after the German physicist Max Planck
(1858-1947). B is the intercept of the
extended graph on the energy axis,

(¢) Experiments with different types
of surfaces on the emitting electrode yield
o et of graphs of E against » as ghown in
Figure 6.9. These graphs constitute a
family of parallel lines; that is, they have
equal slopes but different intercepts on
the energy axis. Planck’s constant k then
seems to be a universal constant whose
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electrons have proven to be the best for
purposes of demonstration: they are easily
obtainable; their speed and therofore their
momentum can be controlled readily by
altering the potential difference through
which they are accelerated; and they pro-
duce excellent diffraction and interference
patierns if a suitable grating can be found
from which to refleét them or through
which to pass them.

Mechanically ruled gratings or slits
such as are used for visible light are too
coarse to be of use for demonstrating par-
ticle diffraction. Various devices have
been used; among the most satisfactory
are erystals of various sorts. In 1912,
Max von Latic discovered that X-rays
are regularly diffracted by orystals acting
as diffraction gratings. By analysing the
diffraction patterns von Laiie and others

Fig.6.11. Ina crystal, successive planes of atoms | . )
are separated by a constant distance . Therefors ~ Wre able to infer what the structure of

the crystal acts as & grating for particle diffraction.  the orystal was, and to deduce the dis-

<
__}/Ztnk\\\

Filament Incident elsctron beam

Metal crystal

Efectron gun Scattered slectron beam

Collector

.Fig. 6.12. The apparatus with which Davisson and Germer observed slectron diffraction. The
* parts shown here were enclosed in 4 vacuum chamber. .
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tance between successive planes of atoms
in it. This distence d (Fig. 6.11), corre-
sponding to the distance between succes-

sive lines in an optical diffraction -

grating, happens to be of the right order
of magnitude to demonstrate particle
diffraction.

Hlectron diffraction and interference
were fArst detected in 1927, by C. J.
Davisson and L. X, Germer in the United
States, and by G, P. Thomson in England.
Figure 6.12 shows, in simplified form, the
apparatus used by Davisson and Germer
at the Bell Telephone Laboratories, Slow
electrons of known energy were fired from
an electron gun at a metal erystal. The
reflected electrons were detected by a col-
Jector which could be moved around an
arc of a cirole having the crystal as ifs
centre. Davisson and Germer, by moving
the electron eollector around, found that

the electrons were selectively scattered in

certain directions,

{a)

N

P

+ ad

RV v

Fig. 6.13. The two reflected electron beams in-
terfore constructively it mh =24 sin 6.

This selective scattering may be ex-
plained by assuming that the electrons
have waves (deBroglie waves) associated
with them. Some of the deBroglie waves
associated with the electrons reflect from

the firgt layer of the crystal, and some -
reflect from the second layer (Fig. 6.13).

The extra distance travelled by those re-
flected from the second layer is ABC. If
¢ is the angle between the surface of the

{b)

M J. Curry |

Fig. 6.14. Two photographs of the diffraction and interference patterns produced when electrons

pass through (hin crystals.
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A material having a work function of 0.5 ev is irradiated with light having
a wave length of 6000 A. Caleulate the maximum kinetic energy, in joules,
of the emitted electrons.

A material having a work function of 2.0 x 101? joules/electroh is ir-
radiated with light of frequency 6.0 X 10" ¢/s. Caleulate the maximum
kinetic energy of the emitted electrons.

In an experiment on the photoelectric offect, the light incident on the
surface has a wave length of 4.0 X 10~ m. The cut-off potential is found
to be 1.0 volts, Caleulate the work function of the surface.

The work function of potassium is 1.60 ev, of calcium is 3.33 ev, and of
mercury is 4.50 ev. {a) Calculate the threshold frequency for each of the
above elements. (b} Calculate the maximum kinetic energy of electrons
emitted by each element, if the incident light is violet (frequency 7.5 X 104

a/s).

Caloulate the work function of nickel, in ev, from the following information,
The cut-off potential is 1.2 volts when the wave length of the inecident
radiation is 2.0 X 10° A,

In a particular X-ray tube electrons are accelerated through a P.D. of 10¢ |
. voltz, As the electrons strike the target, they are decelerated and a few of

them emit X-ray photons. Analysis of the X-ray spectrum shows that the
spectrum is continuous, but that there is a definite minimum wave length,
(@) Why is there s minimum wave length? (b) Calculate this minimum
wave length,

Caleulate the momentum of a photon of wave length 1.0 X 10~ m.
The wave length of a photon is 5000 A. Calculate its momentum.
Caloulate the momentum of a photon of frequency 3.0 X 109 ¢/s,

The frequency of a photon is 7.4 X 10" ¢/s. Caleulate (a) its wave length in
metres, (b) its energy in joules, {¢) the magnitude of its momentum in
kg-m/sec.

Show that the momentum ¢ of a particle of mass m and kinetic energy E i
given by the relationship p = +/ZmE.

Caloulate the wave length of each of the following particles: (a) an electron
having 20 ev of kinetic energy, (b} a 5.0 X 107 kg oil drop moving at
2.0 em/sec, {¢) a 1-ton car travelling at a speed of 30 mi/hr,

Calculate the deBroglie wave length for an electron () if its speed is
5.0 X 10* m/sec, (b) if its kinetic energy is (3) 1.0 ev, (%2) 2.0 ev, (fi5) 4.0 ev.

What is the deBroglie wave length of 4 rifle bullet of mass 2.0 gm moving
with a speed of 400 m/scc?
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27. An electron is accelerated from rest through a P.D. of 4.8 X 10* volts.
Caleulate {@) its kinetic energy (4) in electron-volts, (%) in joules; (b) its

speed; (e) its wave length,

28. Compute the wave length in metyes fot (a) a 5.0-ev photon, (b) a 5.0-ev

electron,

29. Compute the momentum of () a 5.0-ev photon, (b) a §.0-ev clectron.

6—~16 SUNMMARY

Both radiation and matter bave both
wave and particle characteristies.

The photoelectric effect can be ex-
plained fully only by assuming the exist-
ence of photons. For a photon,

E =l
and for the photoelectric effect,
B =hh-B
Photons appear to be guided by a wave

which determines the probability of a
photon’s arrival at a particular point.
The Compton effeet indicates that a
photon has momentum. Tor a photon
Y
Particle diffraction experiments indi-
cate that particles have a wave associated
with them. For a particle

A=
P
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Chapter 7

Atomic Structure

7-1 DIFFICULTIES

In Chapter 5 we saw why, as a result
of alpha particle scattering experiments,
Rutherford concluded that an atom eon-
sists of a dense positively charged nucleus
with electrons orbiting around it. But
Rutherford’s atomic model loft at least
four questions unanswered. (1) I acceler-
sted charge radiates energy, why do the
centrally aceelerated electrons not radiate
energy and spiral in to the nucleus in a
relatively short interval of time? In other
words, how can a Rutherford atom be
stable? (2) Why are the spectra of in-
candescent gases, line spectra rather than
continuous spectra? (8) What are the
positions of the electrons relative to the
nucleus? That is, what are the radii of
the electron orbits? (4) Why are the
orbital radi not infinitely variable? That
is, why are all of the atoms of a given
element of the same size ?

Rutherford readily admitted the short-
comings of his atomic model, and it was

80

one of his co-workers, Niels Bohr (1885-
1962) who developed a more satisfactory
model. Bohr, a Danish physicist, joined
Rutherford and his group in Manchester
in 1911, after having worked for some
time with J. J. Thomson. He was influ-
enced by the work and ideas of Thomson
and Rutherford, and also by the still un-
verified quantum theory advanced by
Planck and Hinstein. In addition, he
exhibited remarkably darving intuition
and a willingness to break with some of
the established traditions of classical
physics,

7-2 BOHR’'S MODEL OF THE
HYDROGEN ATOM

Rutherford’s model of the hydrogen
atom (Fig, 7.1} consisted of a nucleus
containing one proton around which a
single electron travelled in an orbit of
unspecified (and presumably continuous-
Iy variable) radius. Bohr accepted this
general pictwre, and elaborated on it. His

TV
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Electron™g

Proton @

Fig. 7.1. Rutherford's model of the hydrogen
atom,

novel and daring method of getting
around the fact that an orbiting electron
does not radiate ecnergy was simply to
accept it. In other words, he assumed
that an orbiting electron normally does
not radiate energy; that the laws which
apply to electromagnetic radiation for
large cireuits do not apply to oscillators
of atomic size. He assumed that the radius
of rotation of the electron about the
nuecleus normally remains constant; the
electron normally has a constant amount
of energy and the atom is stable.
Perhaps the key word in the last sen-
tence above is the word “normally”.
Hydrogen in a discharge tube certainly
radiates energy and as it does so it pro-
duces s line spectrum, Bohr accounted
for this radiation by assuming that the
energy shbsorbed by a hydrogen atom ss
it was excited in & discharge tube caused
the electron to move to an orbit of greater
radiys and higher energy. Later, the elec-
{ron may return fo its original orbit, re-
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radiating the energy that it absorbed
when excited, The energy A lost by the
eleciron upon its return to its original
orbit is radiated as s photon whose energy
is AE = hp, Therefore the frequency » of
the radiation is given by the relationship
S
h

But the frequency v can have only those
values associated with the lines in the
spectrum of atomic hydrogen (Fig. 7.2).
Therefore AE can have only certain
values, and as a result the electron orbits
can have only cerfain radii.

Bohr's method of arriving af this atomio
model wag more detailed (and more
guantitative) than that outlined above,
but the conclusions were those we have
given. Let us recapitulate, remembering
that we are still referring to the simplest
atom, that of hydrogen,

(#) The electron may orbit the nucleus
in any one of g large number of orbits

6563A 4340A
4861A ! 4102A

el

(b)

Physics Department, University of Western Onlario

Fig. 7.2, The bright llne emission spectrum of
atomic hydrogen. The drawing in (a) shows 4
lines in the visible portlon, and three in the ultra-
violet. The four lines in the visible portlon can
be seen in the photograph in (b).
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Fig. 7.3. Bohr's model of the hydrogen atom, Four of the permitted electron orbits are shown.

(Fig. 7.8). Bohr calculated that, if » is
the number of the orbit and » the radius
of the orbit, » « n% That is, the radii of
the orbits, beginning with the smallest,
ave in the ratio 1 : 4 : 9 : 16 ; 25—eto,
More specifically, Bohr caloulated that
r = 0.52 X 107 X n? where r is the
radiug in metres, The radius of an un-

excited hydrogen atom (n = 1) should
therefore be 0.52 X 10~1° metres, This
checked extremely well with the value of
0.5 X 107 metres caleulated in other
ways. This result seemed to indicate the
validity of Bohr's assumptions, Moreover,
it explained why all atoms of hydrogen
are normally of the same size,
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Fig. 7.4 {a). Atrangement of apparatus used in the Franck-Hertz experiment.

(b) Each orbit has associated with it
a definite electron energy; the greater the
radius of the orbit, the greater the energy.
Since only certain orbital radii are per-
mitted, the electron may possess only
certain definite energios, This implies that
an electron may accept energy only, in
certain definite amounts—those amounts
necessary to raise it from its present
energy level to gome other permitted level.
We shall seo later how the Franck-Hertz
experiments verified this prediction.
Bohr's theory also predicted that the
electron may radiate energy only in cer-
tain definite amounts—those amounts
which it loses when '"dropping” {rom an
excited energy level to some lower energy
level in an orbit of smaller radius, We
have already had some indication of how

this idea explains line spectra, and we
shall examine the quantitative details of
these speotra later.

7-3 THE FRANCK-HERTZ
EXPERIMENT

James Franck and Gustav Hertz in
Germany in 1914, and other physicists
elsewhere in later years, carried out ex-
periments which verified Bohr’s assump-
tion that atomos could accept energy only
in sharply defined amounts.

Figure 7.4(a) is a simplified diagram
of the apparatus used by Franck and
Hertu for an experiment on the energy
levels of mercury. Electrons are emitted
by = heated cathode and given a known
amount of kinetic energy by the potential
difference applied between the cathode
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and the grid, The grid is a fine wire sereen,
and most of the electrons pass through
it, These electrons may also have enough
enorgy to overcome the small retarding
potential difference between the grid and
the anode, They reach the anode, and
their flow through the circuit is recorded
by the galvanometer @,

The tube contains mercury vapour at
about 250°C. Bome of the electrons col-
lide with mercury atoms. If the kinetic
energy of the electrons is low, the col-
lisions are elastic, and the electrons con-
tinue with undiminished kinetic energy
and eventuslly reach the anode. Under
these circumstances, the anode current
increages as the potential difference
between grid and ocathode is increased
(Fig. 7.4},

When the kinetic energy of the elec-
trong is about 4.9 ev, the anode current
drops sharply. Apparently collisions be-
tweon electrons and merewry atoms re-
move energy from the electrons, with the
result that they cun no longer overcome
the retarding voltage between grid and
anode.

If the kinetic energy of the electrons
is gradually increased further by increas-
ing the aoccelerating voltage between
cathode and grid, the anode current in-
ereases again, but dips sharply each time
the accelerating voltage reaches a mul-
tiple of 4.9 volts (Fig. 7.4b). In these
eases, the electron collides several times
with mereury atoms, surrendering 4.9 ev
of energy at each collision.

Apparently the smallest amount of
energy that the mercury atom can accept
is 4.9 ev. If it is offered less than this
amount, it refuses it. Moreover, if it is
offered slightly more than 4.9 ev of
energy, it takes the 4.9 ev and refuses

ELECTRONS AND ATOMS

g

ANODE CURRENT

4.9 volts ——<—4.9 voits—-

P.D. BETWEEN CATHODE AND GRID

Fig. 7.4 (b). In the Franck-Heriz experiment, the
anode current dips each fime the accelerating
voltage reaches a multiple of 4.9 volts,

the rest. For example, if the initial elec-
tron energy is 5.5 ev, the final electron
energy is 0.6 ev,

The spectroseope (Fig, 7.4a) indicates
the presence of radiation of wave length
2.5 X 108 A at the time the first dip in
snode current ocewrs. We shall discuss
the significance of this observation in
Sections 7—4 and 7-5.

Further experiments show that 4.9 ev
is not the only bundle of energy that the
meroury atom will accept. If the initial
electron energy is 6.7 ev or more, the
atom will accept either 4.9 ev or 6.7 ev.
If the initial energy is increased still fur-
ther, it is found that there are still larger
bundles of energy that the mercury atom
will absorb,

Atoms other than those of mercury
also absorb energy only in discrete
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Fig.7.5. Some of the energylevels for (&) ceslum,
(b) mercury.

amounts, but the amounts are not the
same as for mercury; for each type of
atom there are characteristic amounts of
energy which it will accept. The internal
energy of an atom can change, but the
vhanges occur in definite steps. The re-
sulting energy contents of the atom ave
called energy levels, For the minimum
energy level, the atom is seid to be in
its ground state, and this energy level is
usually taken as the zero of energy, The
next energy level is resched when the
atom aceepts the smallest possible amount
of energy. This added bundle of energy
is called the first excitation energy and
the atom is then in the first excited state.
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In terms of Bohr's atomic model, the
ground state of the hydrogen atom is
asscciated with the smallest permitted
orbital radius, the first excited state with
the second permitted radius, ete. This
orbital picture is now considered by many
selentists to be too naive a picture of the
hydrogen atom. It is perhaps better to
describe the stom mathematically or
graphically in terms of energy levels.
Certainly the orbital model becomes
complicated for atoms possessing many
electrons. However, the idea of permitted
orbitefrequently assists usin our attempts
to visualize the structure of the atom,
Moreover, it helps us to understand one
further observation from the Franck-
Hertz experiment.

Referring again fo mercury atoms, if
the energy of the bombarding electrons
is increased above 10.4 electron volts,
the mercury atoms ionize, ejecting elec-
trons and producing positive ions. In
terms of the Bohr atomic model, sufficient
energy has been supplied to remove an
elestron so far from the nucleus that the
olestron frees itself from the electrostatic
attraction of the nucleus and no longer
follows any orbit. The 10.4 electron volts
is catled the ionization energy for mercury.
Fach type of atom has its own ionization
energy as well as its own energy levels.
Figure 7.5 shows several of the energy
levels for cesium and for mercury, and
the ionization energy for each. An atom
will sceept any amount of energy greater
than the ionization energy, for the elec-
tron liberated when an atom ionizes may
have any amount of energy whatsoever.

Energy level diagrams such as those
in Figure 7.5 are likely betier pictures of
atomic structure than diagrams showing
8 variety of orbits, And it is quite hkely

303




304

86

that still better pictures will be devised
as our information concerning atoms
grows. But Bobr's model and the energy
level idea ecombine to explain very well
the production of emission and absorp-
tion spectra.

74 WORKED EXAMPLE

Caleulate the photon energy for radi-
ation of wave length 25 X 102 A,

SoruTion
hA=25 X 102A =26 X 10%m
¢ = 3,0 X 10® m/sec

e 3.0 108

N TRV Ty S 12 X 10%.eps
B =he
= §,62 X 103 X 12 X 10" joules
o 6.62 X 1073 12 x 1M ov

1.60 »x 1019
= 4,0 ev

7-5 ATOMIC EMISSION SPECTRA

When an atom is excited (for example,
in a discharge tube), its energy lovel in-
creases from the ground state to one of
the higher permitted states. But the atom
remains in the excited state for only a
short time (of the order of 10-% sec) and
then the energy drops to the ground state.
The energy lost is radiated as a photon
of radiation. Since the downward energy
shifts are limited to cerfain permitted
steps, the photon energy can have only
several permitted values. That is, the
radiation involves only a limited number
of frequencies, and a line spectrum results,

Let us be more specific, A line of wave
length 2537 A ocours in the ultraviolet
portion of the spectrum of mercury. The
worked example (Seet. 7-4) shows that
a photon of about this wave length has
an energy of about 4.9 ev. But this is

ELECTRONS AND ATOMS

the smallest amount of energy that a
mercury atom can absorb—the energy
that exeites it from the ground state to
the first excited state. This same amount
of energy is reradiated as a photon when
the atom returns to its ground state, Here
we have an excellent correspondence be-
tween experimental result and theory.
You can (and should) predict the wave
lengths of several other lines in the spec-
trum of mercury, using the energy levels
shown in Figuve 7.6. Can you find any
of these lines in Figure 7.6? Do you find
any lines in this figure which do not corre-
spond to the energy levels in Figure 7.57

In general, the following relationghip
holds for emission spectra:

E = hy = E( -_ Ef

where 7 or hw is the energy of each of the
radiated photons, B, is the initial energy
of the excited atom, and F, is the final
energy of the atom, frequently the ground
state.

B790A 6461A 4378A 40BBA

(a)

(b)

Physice Depariment, Untversity of Western Ontario

Fig. 7.6. {a) A drawing of the visible portion of
the spectrum of mercury. {b) A photograph of the
visible portion of the mercury spestrum, You shoutd
calculate the energy of a photon of each of the
wave lengths shown,
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7-6 ATOMIC ABSORPTION
SPECTRA

Incandescent sodium vapour removes
from the continuous spectrum of white
light passing through the vapour those
frequencies normally occurring in the
emission spectrum of sodium. (See Figure
7.7.) Here again the explanation in terms
of energy levels is relatively simple, The
sodium atoms absorb from the white light
those photons whose energy is the differ-
ence between two of the energy levels
for sodium. It is true that the atoms
whose energy levels are thus raised later
reradiate the energy. However, they re-
radiate it in all directions. As a vesult, the
intensity of the energy of this wavelength,
radiated in the direction of the spectro-
scope, is so small as to pass unnoticed.

In general, the following relationship
holds for absorption spectra:

Ef = Ef + by
where E, is the encrgy level of the atom
before the photon is absorbed, E, is the
energy level of the atom after the photon
is absorbed, and A is the energy of the
photon,
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7-7 THE SPECTRUM OF
ATOMIC HYDROGEN

The discussion of energy levels and
their connection with spectra should lead
you to suspect that the lines in an emis-
sion spectrum are not scattered hap-
hazardly throughout the spectrum. In
fact, they form definite series. These series
were studied by Balmer, Rydberg and
others in the early part of this century.
Formulae were developed connecting the
frequencies or wave lengths of the lines
in any series, mainly for elements of low
atomic weight, and particularly for hydro-
gen, Then in 1913 Bohr showed the re-
lationships between his planetary model
of the atom and these series of spectral
lines. Bohr developed the following for-
mula from theoretical considerations and
previously known universal constants.
Tor hydrogen

13.6
ﬂz

B o= — ev
where Z is the energy of an electron in
the #™ permitted orbit for hydrogen, and
it is assumed that the electron energy is

Sodium Vapour

~, I\ To Spectroscope
Carbon Ar¢

Fig. 7.7. A dask line absorption spectrum is produced when light from a carbon arc passes through

incandescent sodium vapour.
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Lyman serles

Fig. 7.8. The energy levels of hydrogen. Changes from higher énergy levels 1o the ground state
produce the Lyman series of spectral lines. Changes from higher enetgy levels to the second snergy
ievel produce the Balmer serias, the four visible lines of which were shown in Flgure 7.2.

zero at an infinite distance from the
nucleus, (Recall that we made this as-
sumption in Section 2-16. The negative
sign in the above formula means that
work has to be done on the eleetron to
move it further from the nucleus. There-
fore its energy increases, and if it is in-
creasing toward zero, it must be negative, }
We will show later in this chapter how
this formula may be developed. At the
present time, let us consider some pre-
dictions which we can make from it.

(@ Ifn = 1, B = —13.6 ev, That

is, the energy level of the ground state,

is —~13.6 ov.
@) Hn =2,
"‘"13-6
4

B o= v = —3.4 ov
That is, the second energy level is 10,2 ev
above the ground state, Similarly other
energy levels may be caleulated.

(¢} Xfn becomes very large, B becomes
very small. In the limit, when the electron

T
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i9 at an infinite distance from the nucleus,
that is, when the hydrogen atom is ion-
ized, the electron energy is zero. That is
13.6 ev above the ground state, There-
fore the ionization energy of hydrogen
should be 13.6 ev.

We have plotted some of these energy
levels, and the ionization energy, in Figure
7.8. In this figure the zero of energy is

89

the ground state, and the other energy
levels are shown in electron volts above
the ground state, Experiments of the
Tranck-Hertz type verify these predic-
tions with amazing accuracy, and Bohr's
atomic model is a tremendous success in
this respect,

If we caleulate the wave lengths of the
radiation produced in energy level changes

Physics Department, University of W eslorn Onlarte

Fig. 7.9, Standing wave patterns produced by the intarference of Incident and reflected waves

on a string.
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from the second, third, fourth, ete. energy
levels to the ground state (see Fig. 7.8)
we obtain a set of wave lengths which
belong to a series of lines in the speetrum
of atomic hydrogen. This series is called
the Liyman series, and had been identi-
fied, though it had not been explained,
long before the energy level iden was de-
veloped. Another series of lines, the
Balmer series (see Fig. 7.8 again), ean be
accounted for by energy level changes
from the third, fourth, fifth, etc, energy
levels to the second energy level. Again
Bohr's model was a success, and after
these suctesses the model was used con-
stantly for many purposes. For example,
because of the proven conrection between
energy levels and line spectra, consider-
able information about the structure of
an atom can be obtained from the cor-
responding atomic speetrum.

7-8 AN EXPLANATION OF
ENERGY LEVELS

Up to this point we have simply stated
or observed experimentally that the or-
bital radii or energy levels can increase
ounly by definite steps. Bventuslly we ave
bound to ask why. A reasonable expla-
nation can be given with the help of
deBroglie’s condept of matter waves.

When standing waves are produced on
a $tring (Fig. 7.9), the number of possible
patterns is limited. The wave length of
the incident and reflected waves must
be such that the half wave length fits
into the length of the string an integral
number of times, That is, L = (@),
where I is the length of the string, A is
the wave length, and n = 1, 2, 3, ete.
Thus X cannot be greater than 2L, that
is, the wave length has a maximum which
it cannot exceed. Therefore the frequency

ELECTRONS AND ATOMS

has a minimum below which standing
waves are impossible and above which
standing waves are possible for a limited
number of permitted values. We might
be tempted to say that the string can
vibrate in & “ground state” and in cer-
tain higher “‘excited states”. For these
states, the incident and reflected waves
reinforce one another, resonance ocours,
and the energy remains constant except
for frictional losses, _
Now consgider the electronina hydrogen
atom, If the electron is moving at constant
speed about the nucleus in g civoular orbit
of constant radius, its momentum must be
constant. Therefore it must have a con~
stant deBroglie wave length, given by the

relationship A = g If we imagine this

matter wave travelling along the circum-
ference of the orbit, we reslize that it
cannch reinforee ifself unless the eiraum-
ference is an integral multiple of the
deBroglie wave length (Fig. 7.10). Under
these circumstances, and only under these
circumstances, can the deBroglie-wave
maintain its energy; thus the permitted
orbits and energy states are accounted
for. Moreover, there is 8 maximum per-
mitted wave length and a minimum,
permitted frequency. Thus there is a
minimum electron energy and the ground
state is accounted for,

The above explanation is over-
simoplified. The wave is actually three
dimensional and is best described mathe-
matically, Moreover, the electron does

. not _necessarily follow a circular orbis,

(or any orbit, for that matter). The visual
model of the atom becomes more and
more blurred as time goes on, and the
mathematioal description becomes more
and more precise. And yet, assuming a
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Fig. 7.10. deBroglle standing wave patterns for en electron on each of the first 7 Bohr orblts

for hydrogen.

simple planetary model, assuming eircu-
lar orbits, and using relatively simple
mathematics, we can develop the relation-
ship that we have already used so success-
fully for hydrogen, namely
1L
nﬂ

The development of this formula,
shown in the next section, is not quite
ag precise or mathematically rigid as
Hohr's method, but it yields a satisfactory
result. And perhaps it provides as good
a summary and as fitting a conelusion
for this series of books as it is possible
to find, for it employs and ties together
deBroglie's ideas, Bohr’sideas, Coulomb’s

law, the eentripetal force formula, and
our concepts of standing waves,

7~-9 CALCULATING ENERGY
LEVELS AND ORBITAL RADII

When an electron rotates about a
nuecleus, the centripetal force necessary
to keep the electron in orbit is supplied
by the electrostatio force of attraction
between the electron and the nuelous.
Thus

myt _ k49
s r?
or my? = E—? (1)
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where m is the mass of the electron,
v is its linear speed,
r ig its orbital radius,
g and @ are the charges on the elec~
tron and the nucleus respectively,
and k is the constant in Coulomb’s law.

In order that the associated deBroglie
waves may form a standing wave,

AN = Zmr (n=1,238...)
But A= B b
P mw
L
o = 2T (2}
_
From (2) m = v~
Substitute in (1)
b, 9 = kgQ)
Qmrv 7
whence v = ZrkqQ) (3)
nh

This equation (3) permits us to caleulate
the possible speeds of an orbital electron,
Suppose we do so for the hydrogen atom,
Both ¢ and @ in this case are 1 elemen-
tary charge, ¥ = 2.8 % 1028 newton-
(metres)?/(elementary charge)?; and b =
6.62 X 107% joule-sec. Substituting these
values in (3), we obtain

) = 2:18 X 10°

" m/sec

Thus the electron speed in the first orbit
is 2.18 X 10* m/sec; and for all orbits
the speed varies inversely as the number
of the orbit.

Let us next compute the permitted
orbital radii. From equation (2)
. nh -
T 2arm

v

ELECTRONS AND ATOMS

I'rom equation (3)

v = 2mwkqQ

nh
nh__ 2wkqQ

U 2mrm nh
nih?

r= 4xhegQm @)

For the hydrogen atom we substitute the
previously stated values for &, ¢, @, and
k, and §.11 X 103 kg for the mass m of
the electron. Then

r o= 5.8 X 1071 X n? metres

We have already discussed the signifi-
cance of this prediction in Sections 5-2
and 5-8,

Next we may compute electron energy
levels. The energy of the electron is partly
kinetic and partly potential; its total
energy is the sum of the kinetie and
potential energies. Therefore

keQ

= 1 _——
B = my? . (5)
2rkgQ -
But, from (8), v = Wn}fQ

S
and from (4) ro= TnthgOm -

Substituting these values in (5) we obtain
__(2akq@)?m
B = 2nth? ©)

Therefore for the hydrogen atom

— —18

E = _g_ﬁlZEZSw},Q_ joules

But one joule = 6.25 X 10% ey _
Therefore E = -—-li;ﬁ ev

This, of course, is the relationship which
we discussed and used earlier in this
chapter.
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7-10 PROBLEMS

Where necessary assume that
(@) Planek’s constant = 6.62 X 10~ joule-sec
{b) the mass of the electron = §.11 X 10~ kg
{¢) the constant in Coulomb’s law
— 9.3 % 10~ newton-(metre)?

{elementary charge)?

1. How do the energy changes in an atom differ from the kinetic energy
changes of a car speeding up or slowing down?

2. Refer to Figure 7.5, What are the possible energy changes when (a) cesium
is bombarded with 3.0 ev electrons, {(b) mercury is bombarded with 9.5 ev
clectrons?

3. What energy level changes within an atom will give rise to radiation of
wave length (a) 1240 A, (b) 6200 A, (c) 62000 A Y

4. What energy level changes within an atom will give rise to radiation of
frequency (a) 2.0 X 10% ¢/s, (b) 4.0 X 10 ¢/s, {c) 1.0 X 10* ¢/s?

What radiation wave length corresponds to an energy level change of
(a) 1.0 ev, (1) 2.5 ev, () 5.0 ev?

o

6. What radiation frequency corresponds to an energy level change of (@) 2.0
ev, () 6.0 ev, (¢} 8.0 ev?

7. If the energy levels of an atom are known, its line speetrum can be predicted.
Is the converse necessarily true?
. . . 13.6 .
8. Cousider the velationship B = - (¢) What is the efiect on E of

changing n by a factor of 37 (b) Is there any limit to the number of energy
levels? What is true of the energy levels for large values of n?

9. Use the relationship ¥ = —~%§ ev to compute the first 6 energy levels for

the hydrogen atom, Draw the energy level diagram, showing two gcales, one
with zero at ionization and one with zero at the ground state. Then calculate
the wave length, in Angstroms, of the first three speotral lines produced by
transitions from higher energy levels to (o) n = 1 (the Liyman series),
(b) n =2 (the Balmer series), (¢) n = 8 (the Paschen series). In what
portion or portions of the electromagnetic spectrum does each series fall?

10. Use your answers to problem 9 to list wave lengths that you would expeot
to be absorbed when white light is passed through incandeseent hydrogen.

11. Calculate the radii, in metres, of the first 5 Bohr orbits for hydrogen.
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12,

13.

14,

15,

i8.

17.

18.
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The nucleus of the hydrogen atom is thought to be about 1.5 X 10~ em
in diameter. If the nucleus were magnified to have a diameter of ¢.10 mm
{the size of & speck of dust), how far away would the ground state electron
be?

Caleulate the speed, in m/sec, of an electron in each of the first 5§ Bohr
orbits for hydrogen.

Use your answers to problem 11 to caleulate the circumference of each of
the first 2 Bohr orbits for hydrogen. Then use your answers to problem 13
to caloulate the wave length in each of these orbits. Show that, in each case,
the circumference is an integral multiple of the electron wave length,
Calculate the kinetic energy of an electron in each of the first two Bohr
orbits for hydrogen.

Caloulate the electric potential energy of an electron in each of the first
two Bohr orbits for hydrogei.

(@) Caleculate the total energy (kinetic plus potential) for an electron in
each of the first two Bohr orbits for hydrogen. (b) Calculate the binding
energy for an electron in each of these two orbits.

Refer to Figure 7.5(b). What effect would you predict when mercury vapour
is bombarded by (a) & 7.0 ev electron, (b) an 11.4 ev electron, (¢) 2 7.0 ev

photon, (d) an 11.4 ev photon,

7-11 SUMMARY

Associated with each type of atom there
are definite and discrete energy levels.
These energy levels may be explained in
terms of deBroglie standing waves for the
orbital electrons. The permitted orbity
are such that their civeumiferences are
integral multiples of the electron wave
lengths,

Atomic emission speetra are produced
when the electrons in an atom, after the
atom has been excited, drop to a lower

energy level and emit photons of radi-
ation, In such a case,
E =y = E, - E

Atomic absorption speetra are pro-
duced when white light passes through
an incandescent gas. Electrons in atoms
of the gas are eoxcited by the incident
light, and absorb energy from the light.
In these cases,

E, = E, - he
For atomic hydrogen,

E = — 13'26 ev
%




QUESTIONS FOR REVIEW

. Define each of the new terms introduced in the seven chapters of this book.

. State each of the laws developed in Chapters 1 to 7. Indicate clearly the
restricting or limiting conditions, if any, associated with each law.

. Summarize the formulne developed in Chapters 1 fo 7. For each formula,
state (a) the meaning of each of the symbols used, (b) the restricting or
limiting conditions, if any, associated with the formula, (¢) the units asso-
ciated with each symbol in the formula.

i
A

proporfional to the wave length. What proportions are implied by each of
the following formulae?

. The formula p = = implies that the momentum of a photon is inversely

(a)F:i?—‘—? (b) E = QV {¢) QV = Fs
@ Qv = me? © 8 = v -5
@ @ =1t (h) @ = Ze G E = hy
(7 W= g (kY nx = 2d sin 8 (B wx = 2ur
2.18 X 10° B _ _ (2xkqQ)m
(m) v = ~— myr=53xX 1010 () B = ——550
13.6
) B =~
. What units has k in each of the following formulae?
0 F = "% o & = . wv=M
., What units has % in each of the following formulae?
(&) B = kv (b)p=§-i (0);\,_:%

. (@) List examples of quantities encountered deily (coinage, for exampie) for
which there ia a smallest unit, or quantum. State the magnitude of the
quantum in each case. (b) List examples of quantized quantities from the
field of science,

. If the energy of the photon incident on sn afom is greater than the ion-
ization energy, what effect takes place?

. What would be the effect on the penctrating properties of the X-rays
produced by an X-ray tube of (a) failure to remove as much air as possible
from the tube, (b) too high a voltage applied to the tube? Justify your
answers,
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10,
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13.
14,
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24,

25.
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27.
28,

24,
30,

31,
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1f light is emitted in bursts, as the photon ides suggests, why does the source
not twinkle?

When a seintillation counter detects an alpha particle, a flash of light energy
is emitted, What is the source of this light energy?

The results of measurements in photoelectric experiments depend on the
preparation of the photoeleciric surfsce, Explain why this is so,

How can the charge on the nucleus of an atom be measured ?

How can the diameter of an atomic nucleus be measured ?

Does it make sense to talk about the colour of an atom?

If the relationship £ = hv held for sound as it does for light, what likelihood
would there be of measuring 5?7

A magnetic field is applied to a parallel beam of radiation from a radioactive
substance. The effect of the magnetic field is to break the beam into two
portions, one of which is deflested slightly from its straight line path. The
other portion continues to travel in a straight line. What type of radiation
is definitely present? How could the other type be identified?

Calculate the deBroglie wave length of an electron in the first Bohr orbit
for hydrogen. Then caloulate the energy of a photon of radiation of this
wave length, Show that the energy of such a photon is many times the
ionization energy for hydrogen,

Caleulate the current for an eleectron moving in the first Bohr orbit for
hydrogen,

In what ways would our universe be different if the value of Planek’s con-
stant were of the order of 10—2? joule-soo?

What is the function of & resistor in an electric circuit?

Summarize the evidence for the existence of electrons.

Can you explain why two like charges repel each other? Can you deseribe

the fores of repulsion?

List the experiments deseribed in this book, in which it is assumed that
electric charge is never created nor destroyed.

Show that electric field intensity may be measured either in newtons/
coulomb or volts/metre.

In a cathode-ray oscilloscope, the vertically-mounted deflesting plates are
called horizontal deflecting plates. Explain.

In what ways do X-rays differ from cathode rays?

Qutline the contributions made by Thomson, Millikan, Rutherford, Bohr,
and deBroglie to the understanding of atomic structure,

What confributions have chemisis made to our knowledge of the atom?
What facts concerning the photoeleciric effect cannot be explained in terms
of waves? .

Sumimarize (@) what you know to be true, and (b) what you think may be
true of the structure of a hydrogen atom.
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ANSWERS

Chapter 2—Section 2-17, page 24
1. IP changes by a factor of (¢) 3 ®) %
2. (a) 9.0 X 10-% newt ) 5.8 X 10-% newt
3. (@) 1.5 X 107% newt (@ 1.2 X 107 newt

4, 9 6. 0.577 8,
7. 1.8 X 10~ newt 8. 34 nowt 9.
10. 4.5 X 107% newt 11, 2.0 X 102 newt/coul 12,
13. 3.0 X 10*newt/coul 14, 2.0 X 10% volts 18.
16, 1.5 ouIes; 6,0 newt 17, 10 volts/m 18.
19, (b) 1.28 X 107*% joules 20. 3.0 X 10* volis

22. {a) 8.2 X 10~ joules () 6.4 X 10~ newt

113

{e) (@) &
{c) 4.0 10 “newt
{c) 1.0 X 10-% newt
' 104 newt
10-¢ coul

108

10—‘ coul

10? newt/ooul
21, 5 volis

(¢} 3.2 X 107 joules

)
3.6
3.3
1.3
1.0
8.0

XXXXX

(d) 8 m/sec 23. 1.6 X 1078 joules; 1.4 X 107 m/sec

24, (@) 7.3 X 10" m/sec? (b) 6.6 X 10716 newt
25. 5.8 X 10" m/sec 26. 26 volts

20. V changes by a factor of (g) 10 ) b

30, (b) () 2.7 joules (43) 1.85 joules

31. (b) (3) 4.8 X 10*volts (¢) 3.6 X 10 volts

Chapter 3—Section 3-11, page 33

1. 6 3. 0.25 amp
5. (a) 600 (b) 8.75 X 10
6. (@) 1 coul (b) 2.5 amp

7. (@) 7.2 X 10%joules (B) 120 watts
8. (a) () 0.50 amp (¢2) 1.0 amp

{d)} 2,16 X 10° joules g. 0.51
10. 3.2 »} 107 joules; 0.96 watts
11. (a) 4.8 X 10% watts (b) 88 waits

Chapter 4—Section 4-11, page 46
3. (a) 1.7 X 10%m
8, (e) 1.8 X 10 newt/coul (b)) negatively
(d) & surplus 6, (¢) 1.2 X 10% volts
8. 3.75 X 105 0. 1.88 X 10*2
11, (a) —4.00 X 10-% coul ) 2.00 X 10~ ooul
12, (a) 1.3 X 10v (d) 2.5 X 102
13. (a) 0.100 (6) 0.02
14, 2,6 X 10~% amp

(¢) 83 volts
27. 9.2 X 10° m/gec

(i%7) 0.90 joules
(Z7) 2.4 X 10 volts

4, 1.5 min
(e) & min

) 2.4 X 10 watis

(¢} 1.6 X 10? coul

8.0 > 1071 coul
270 X 107 kg
2.5 X 10t

@)
7.
10.

(c) b X 10%¢
() 8.0 X 10-3
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15.
17.
18.
18,

21,

23,
24,
25.

26,

(a) 30

(a) 3.8 X 102
(@) 3.2 X 1010
{¢) 3.2 X 107% amp

1
((1) _\/E
(@) 3.0 X 10%ev

(@) 1.4 X 10V
{a) (@) 45 ev

o

ELECTRONS AND ATOMS

) 1.9 X 10%

By 6.0 » 10%

(b 8.0 X 10-12

(b 6.4 X 105 amp
2

(b) 2.4 X 10~ kg
(6) 1.8 X 10% ev
(#) 7.2 X 107 newt

(b} 100

Chapter 5—Section 5-13. page 60

1.
3.

8.

9.
12,
14,
18,
16.
20,
21,

10-—11
(a) 1.92 X 1018
(@) 1.26 X 10~

{@) 1.6 X 107 newt

1.2 X 107% joules

(b) 4.64 X 10¢
4, 2.4 X 10719,
() 2.5 X 10%
10. 2,8 X 107 m

—38.8 X 10* m/sec; 6.7 X 10* m/sec

(e) 1.5 X 10¢m
{a) 7.5 X 10 ¢/fs
100

(@) 4.0 X 10" m/sec

2,0 X 108 ¢/s

(b 2.0m

0y 5.0 X 104 ¢/
17. 8.8 X 10 ¢/fs

(o) 4.5 X 108 volts
22, 1.5 X 1018

Chapter 6--Section 6-15, page 77

3.
5.
7.
8.
11.
13,
15,
16.

17,
19,
21.
22.

(€) 5.0 X 108 A

16. 1.0 X 10
(c) 1.25 X 104
(c) 9.6 X 10~#
20. 2.1 X 10~ kg

22, 2.0 X 108

(b) 1.8 X 102 volis
27. 2 X 104 m/sec?

(c) 2.08 X 10—
7. 0.40 newt
{c) 2.5 X 1038
11. 3.7 X 1018

(@) 1.0A
() 1.5 X 102 ¢/s

3

(@) 4.1 X 10
16-8

@ 1.2 X

4.14 X 10~ 4. 3.3 X 10~

1.5 X 0% e/fs; 2.0 X 10~¢m 6. 15t08

(@) 4.1 X 102 b 1.8 {¢) 3.1

(¢} 8.3 X 108 ) 4.1 (e) 2.1

0.81 A 12. 10

2.6 x 10718 i4. 2.0 X 1072¢ joules

2.1 ev/electron
(@) 3.9 X 10% ¢/s; 8.0 X 104 ¢/s; 1.1 X 10% ¢/

() 1.5 ev; no emission; no emigsion

5.0
6,
6.
(@) 4.1 X 10~

6 X 10~ kg-m/seo
6 X 10~% newi-gec
40

18. () 1.24 A

20, 1.3 X 10~ kg-m/sec

(b) 4.9 X 10

@ 1.6 X 10-%

.
W



ANSWERS
24, (u) 2.7 A () 6.6 X 10 m () 10-% m
25. (@) 1.5 X 108 m @ 3 1.2 X 10" m
() 8.5 X 10 m (i) 6.0 X 10-1°m
26. 8.3 X 10¥%m
27. (a) (4) 4.8 X 10% ov (%) 7.7 X 1077 joules
by 1.3 X 10" m/sec (¢) 5,6 X 10~ m
28. (a) 2.5 X 107 (b) 5.5 X 10710
29. (@) 2.7 X 10~% kg-m/seo (&) 1.2 X 102 kg-m/sec

Chapter 7—S8ection 7-10, page 93

© 0oy W

(@) 10,0 ev () 2.0 ev (c) 0.20 ev

(¢} 0.83 ev B 17 ev (c) 4.1 ev

(@) 1.2 X 10t A (b) 5.0 X 10° A {c) 2.8 X 10 A
{a) 4.8 X 10" ¢/s (B) 1.4 X 10¥ ¢/ (e) 1.9 X 10% ¢/g

{a) E changes by a factor of %

(a) 1.2 X 10% 1,0 X 108; 9.7 X 102
(b) 6.5 X 10%; 4.9 X 10%; 4.3 X 108
{e) 1.9 X 104 1.3 X 104 1.1 > 104

L 5.3 X 1071, 2,1 X 10710 4.8 X 10719 8.5 X 1071 1.3 X 10-°
. about 3 m

. 2,18 X 10% 1,09 X 10%; 7.3 »x 10% 5.5 X 10%; 4.4 X 10¢

. 2.2 X 10718 joules; 5.4 X 107V joules

. —4.83 X 1078 jouleg; —1.,1 X 10~ joules

(¢) —2.2 X 1071 joules; —5.5 X 10" joules
(b) 2.2 X 10718 joules; 5.5 X 101 joules
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