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PREFACE

The authors present herewith a textbook for use in a beginning course in
electronics for electrical-engineering students. Most of the material
used was first published in planograph form and has been used as a text
at Purdue University for the past two years. It has been revised and
brought up to date as use in the classroom and the advice of critics have
indicated that improvements could be made.

The usual course in technical schools consists of two or three class
periods and one laboratory period each week throughout the school year.
Sufficient material is included for such a program. It has been the
authors’ experience that the average student enrolling in such a course has
the following status: He is a junior and has already had courses in general
physics, mathematics through calculus, and direct-current circuits. Heis
starting courses in alternating-current circuits, electrical measurements,
and possibly differential equations, as well as electronics. The student
plans to enter one of various fields—communications, electronic control,
servomechanisms, power machinery, power transmission, business,
graduate study. What he will actually do after graduation is often
something else. In any event electronics will be useful knowledge for one
engaged in nearly any branch of electrical engineering and in many
allied fields. The material in this book presents the fundamental ideas
of electronics in both a theoretical and a practical fashion to provide a good
foundation for further study, as well as useful knowledge for a terminal
course.

The first four chapters provide material for a brief study of the physics
of vacuum tubes, not covered in the usual previous physics courses.
They also serve to delay the study of circuits until the student has gained
some knowledge of a-c circuits elsewhere. Chapter 5 presents a very
elementary description of the circuits and actions of certain very common
electronic devices. It also acquaints the student with some common
electronic nomenclature. The authors have found it fills a very real need
—t0 provide a background for those students who have not picked it up in
their experience. Even with very rapid coverage it should be valuable.

Chapter 6 presents the usual methods employed in electronic-circuit
analyses, analytic and graphical. Great stress is laid on the use of the
linear-equivalent-circuit theorem. Also considerable attention is paid to
graphical methods with nonlinear circuits. Only elementary aspects of
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this fascinating subject are presented because of the limitations of time
and space.

Although in theory a student should have well in hand all the tools he
has studied, as a practical matter the authors feel that a brief restate-
ment or treatment of certain ideas often helps enough to pay for its
inclusion in a volume designed principally as a textbook. Hence the
short treatments of such subjects as network theorems and Fourier
analysis are included. The practical use of this material begins at once
in the following chapter, although for some of it the delay is great enough,
as in the case of power-series expansion of plate current, so that the stu-
dent will wish to refer back to the discussion again. At any rate he
knows where to find the material.

The chapters following the sixth present a selection of the various
aspects of electronics which can reasonably be included in a beginning
course. No claim is made that all the interesting and useful developments
in the field are discussed or even mentioned.

In the numerous cases in which a mathematical development is
attempted, the authors have endeavored to provide, first, a facile word
explanation for the behavior. Then follows the sensing of current and
voltage symbols, the writing of circuit equations, the solution of these,
the simplifying assumptions and rearrangement needed to place the
solution in a usable form (which often involves the drawing of a simplified
equivalent circuit), and the final interpretation of the results. Numerous
worked-out examples are provided to help in understanding. The
authors feel that much practice is needed in these matters for students
who plan to continue in fields allied to electronics.

The authors have freely consulted periodicals and engineering texts by
many writers. They wish to acknowledge the valuable criticism and
encouragement given by their colleagues. KEspecially do they appreciate
the assistance of their former colleague, Dr. K. J. Hammerle. In addi-
tion, thanks are due the unknown ecritics engaged by the publisher.
They have made many valuable suggestions.

George E. Happell
Wilfred M. Hesselberth
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CHAPTER 1

ELECTRON BALLISTICS

1-1. Introduction. The science of electronics can be considered as
beginning with the discovery of the * Edison effect.”” In 1883 Thomas A.
Edison was endeavoring to determine why his incandescent lamps were
burning out at the positive end of the filament. (Only direct current was
used at the time, as alternating current did not come into common use
until a much later date.) In the course of his experiments he sealed a
second electrode into some of his experimental lamps and found that, if
this second electrode was connected through a galvanometer to the pos-
itive end of the filament, current would flow. When the electrode was
connected to the negative end of the filament, no current would flow.
This effect was the first actual proof that current was the flow of negative
charge. Edison, however, was unable to explain it, and since he had more
urgent work at hand, he did not continue the investigation.

In 1897 Sir J. J. Thomson of the Cavendish Laboratories definitely
established the existence of the electron and explained the Edison effect
on this basis. He proved that the electron was a negatively charged par-
ticle and that it was the motion of this particle under the influence of elec-
tric fields that constituted current flow. He also established the fact that
the ratio of charge to mass of the electron was constant for all electrons.

In 1910 Dr. Robert Millikan measured the electrostatic charge on the
electron and found it to be constant for all electrons. This result, com-
bined with Thomson’s determination of the charge-to-mass ratio, allowed
the mass of the electron to be calculated. It also proved that all electrons
are identical.

Sir J. A. Fleming, another Englishman, was the first to put the Edison
effect to work. In 1904 he patented the first electronic tube, which was
called the Fleming valve. This was a simple diode used as a rectifier.
However, since alternating current was not in common use at that time,
the tube was of little practical value.

Probably the greatest early contribution to the electronic art was made
in 1906 by Dr. Lee De Forest, who added a third element, which he called
a grid, to the diode. By use of this grid he was able to control relatively
large electron currents in the anode circuit by means of varying potentials
applied to the grid and with the expenditure of very little power in the
grid circuit. Since that time many improvementshave been made, so that

1



2 ENGINEERING ELECTRONICS

today we have not only diodes and triodes, but also tetrodes, pentodes,
heptodes, and others, each type being named in accordance with the total
number of electrodes it possesses. The electronic tube is no longer a lab-
oratory plaything but has advanced to the stage where it is the basis of an
entire industry which is rapidly increasing in magnitude.

New and very promising additions to the electronic art have recently
become prominent with the development of such devices as improved
crystal diodes, thermistors, transistors, and magnetic amplifiers. These
devices may some day become as important to the engineer as the vacuum
tube is today.

1-2. The Electron. In the late nineteenth century the atom was
thought to be the smallest indivisible particle of matter. Today it is
known that the atom is made up of a relatively large mass, called the
nucleus, about which electrons are revolving in orbits. The electrons
have negative charges, and the nucleus has a positive charge. The total
positive charge on the nucleus is equal to the sum of the negative charges
of all the electrons revolving about that nucleus.

Millikan’s experiments proved that the electron is the smallest indivis-
ible unit of electric charge. It exhibits the properties of a particle or
corpuscle as well as those of a wave motion. In some instances it is neces-
sary to use the wave properties to explain experimental results. At other
times it acts as if it were a charged particle.

In considering the electron as a particle it is usually imagined to be
spherical in shape. This concept may not be true, since as yet no experi-
ment has been devised which will give us a picture of the electron. The
charge of the electron has been measured as 1.60 X 10~° coulomb. The
charge-to-mass ratio for an electron at rest has been determined as 1.76 X
10! coulombs per kg. From these two figures the rest mass can be cal-
culated and is found to be 9.11 X 103 kg, When in motion the mass of
the electron increases with increase in velocity. It has been shown that
me, = m,/\/1 — (v*/c?), where m, is the rest mass of the electron, » is the
velocity of the electron, and ¢ is the speed of light. However, for a veloc-
ity as great as one-fifth the speed of light, the error in using the rest mass
is only 2 per cent. For most applications in this book, this error is
negligible. The diameter.nf the electron has been computed as about
3.8 X 107 m,

1-3. Other Charged Particles.’* The nucleus of the atom is made up
of one or more protons and in some cases one or more neutrons and pos-
itrons. The proton has a charge numerically equal to that of the electron
but is positive in polarity. The mass of the proton is 1849 times the mass
of the electron. An atom of hydrogen, which is the simplest atom found,

* Superior numbers are used to refer to supplementary reference material listed at
the end of the chapter.



ELECTRON BALLISTICS 3

is made up of one proton for a nucleus and one electron revolving in an
orbit about it. The neutron has a mass about 0.08 per cent larger than
that of the proton but has no electrical charge. The positron, or “pos-
itive electron,” has a positive charge numerically equal to the charge of
the electron, and it also has the same mass as the electron. It occurs very
rarely in the free state and then only as the result of atomic disintegration.

Particles having the mass of a molecule but a charge numerically equal
to a multiple of that of the electron are known as ions. If an atom in a
molecule has lost one or more electrons, the net charge is positive and the
particle is known as a positive ion. If the molecule has an extra electron
attached to it, it is known as a negative ion. In electronics these par-
ticles are usually encountered in gaseous conduction although they do
oceur in high-vacuum tubes since it is impossible to remove all molecules
of gas from a tube. Ions are usually formed by collisions between elec-
trons and molecules—a collision may remove an electron from its orbit
about the nucleus to form a positive ion and a free electron.

1-4. Units.? The rationalized mks system has become fairly common
in the engineering field, and since it has some distinet advantages, it will
be used in this book. This, of course, means that all electrical quantities
will be expressed in the common or practical units—amperes, volts, cou-
lombs, watts, ohms, and so forth. In the case of the mechanical units the
use of mass in kilograms and distance in meters results in a new unit of
force. It has been named the newton and is equal to 10° dynes. It was
necessary to invent this new unit in order to be able to use Newton’s sec-
ond law, f = ma, and have mass in kilograms and acceleration in meters
per second per second. Energy is measured in joules, which again is the
practical unit.

1-5. Properties of Charged Bodies. Electrons obey the same phys-
ical laws as do any other bodies. For instance, Newton’s second law
states that the rate of change of momentum of a body is proportional to
the applied force and occurs in the same direction as the force acts.
Mathematically this can be stated as

_ d(mv)

but if the mass is constant, this becomes
dv
f=m 7 = ma (1-2)

Gravitational force acts on the electron just as it does on largerbodies.
In this case the acceleration will be the same as it is for all bodies falling in
free space close to the earth, 32 ft per sec? which is equal to 9.8 m per
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sec?. This is not a very high rate of acceleration. The force acting on
the electron can be calculated and is found to be

f,=ma=29.11 X 10*! kg X 9.8 m per sec? = 89.3 X 10! newton (1-3)

In addition to being acted upon by gravity the electron is affected by
neighboring charged bodies. Like charges repel, and unlike charges
attract. Coulomb’s law states that the force between two charged bodies
varies as the product of their charges and inversely as the square of the
distance between them, i.e.,

QIQZ

f = 47r€0d2 (1_4)

where ¢ is the permittivity of free space. In the egs system 4we, is equal
to unity, but in the mks system 4we, is equal to 1/(9 X 10°%) farads per m.

If the force between two electrons spaced 1 em apart in a vacuum is
calculated from Coulomb’s law, it is found to be

(16 X 1071
Te = {170 X 109] X (0.01)

This is a very small force when compared with forces with which we
commonly work. But when compared with that due to gravity, it is
seen that it is a very large force, the ratio being

Jo _ 23 X107
s 893 X 107%

In other words, the force between two electrons 1 cm apart, which is an
extremely large distance when working with electrons, is 257,000 times
as great as the force due to gravity. Therefore the effects of gravity will
be neglected in the remainder of this book.

1-6. The Electric Field.** In order to understand the action of elec-
trons in electronic tubes it is necessary to have some concept of an elec-
tric field. The presence of an electric field in space can be detected by
bringing a charged body into that region and noting whether there is any
force exerted on the body. If a field is present, it is due to other charged
bodies and hence a force is exerted on the test body. All definitions are
set up on the idea of using a test charge which is positive in polarity.
Therefore, if the positive test charge has a force exerted on it, it seems
logical that the strength of the field be specified as having the same
direction as the force. However, this method of measuring the field
strength has one objection—the force exerted on the test charge is depend-
ent upon the magnitude of the test charge. Hence field strength, or field
intensity, is defined as a vector equal in magnitude to the force per unit
test charge (positive) and having the same direction as the force. Unit
charge in the mks system may be defined as that amount of charge which,

= 2.3 X 10~% newton (1-5)

= 2.57 X 10° (1-6)
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if placed 1 m from a like charge in free space, repels it with a force of
9 X 10° newtons. This unit of charge is called a coulomb. &isused asa
symbol* for field intensity, and

&=~ a-7

A complete knowledge of an electric field involves the determination of
the magnitude and direction of the field-intensity veetor for all points in
the space. If one supposes a small positive test charge to be placed at
an infinite number of points in an electric field and a small arrow drawn
indicating the direction of the force at each point, it may be noted that
these arrows tend to line up and form continuous curves. This is the
same process that one would use in drawing flux lines in a magnetic field
using a small compass. Thus the direction of the field-intensity vector
can be mapped, and it remains only to specify the magnitude of the field
at all points. A special but important type of field is one in which the
force, or field-intensity, lines are all parallel straight lines and in which the
force is constant at all points. Such a field is called uniform and can
exist in only a limited region of space. Generally the lines are curved,
and the magnitude of the field intensity varies from point to point. If
charge is measured in coulombs and force in newtons, the field intensity
is in newtons per coulomb. Later it will be shown that field intensity
can be expressed also as volts per meter.

1-7. Potential. Since an electric field is due to electric charges, the
lines of force representing electric flux must begin on a charge of one
polarity and terminate on a charge of the opposite polarity. If a test
charge is moved around a closed loop in an electric field, the total work
done in moving the charge is zero. When the charged body is moved
against the force of the field, work is done on the body by the external
force and it gains potential energy. When the body is moved in the same
direction as the force due to the field, the body loses potential energy.
The movement of a charged body perpendicular to the field direction
involves no work. If a charged body moves from a position of high
potential energy to one of lower potential energy, the work done, if com-
puted in terms of the field force, will take a positive sign and hence is
often alluded to as the work done by the field. Conversely, the work
done in raising the potential energy of a charged body in the field, when
computed from the force of the field, takes a negative sign. The work
that must be done in moving a test charge from one point to a point of
higher potential energy can all be regained by allowing the body to return
to the first point.

* In this text the boldface letter has either of two meanings. As in the present
case, it indicates that such a letter represents a vector quantity. Later, it will be
used to designate that the letter represents a complex number.
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The difference in electric potential between two points is defined as the
negative of the work done by the field in moving a unit positive test charge
from one point to the other. Therefore, if the unit positive test charge is
moved between two points, against the force of the field, and unit work is
done, there is a unit potential difference between the two points, with the
second one being at a higher potential than the first. In the mks system
this potential difference is called 1 volt.

1-8. Equipotential Surfaces. In order better to understand what
happens to charged bodies in an electric field, the field between two
infinitely long parallel cylinders will be studied. The two cylinders will
be given charges by means of a battery as shown by Fig. 1-1, which also
shows a cross section of the two cylinders taken at right angles to their
axes.

E,
il

F1a. 1-1. Plotting equipotential lines between two parallel cylinders.

If a unit positive test charge is moved from the surface of cylinder A
toward cylinder B, a point C can be found where unit work has been done
on the test charge against the force of the field. But since the potential
difference is defined as the negative of the work done by the field on a unit
positive test charge, point C is at a higher potential than the surface of
cylinder A. In the mks system point C has a potential of +1 volt with
respect to A. If the test charge is moved along any other path, a point
D can also be found which has a potential of 41 volt with respect to A.
In fact, by following different paths an infinite number of points can be
found which have a potential of 41 volt with respect to A. If all of these
points are joined by a line, the result is an equipotential line, the cross
section of an equipotential surface. The potential difference between
any two points on an equipotential surface is zero; therefore, if a test
charge is moved along an equipotential surface, no work is done. The
same process can be followed to plot the 2-volt, the 3-volt, and other
equipotentials for the two cylinders. The zero equipotential is the
surface of cylinder A, and the 10-volt equipotential is the surface of
cylinder B.
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It has been found that if two electrodes are immersed in a slightly
conducting solution, the equipotential lines due to the conduction of
- current through the solution are the same as those in free space where
no current is flowing. Figure 1-2 shows the schematic diagram of the
apparatus for making such a plot. A 1000-cps voltage is used instead
of a direct voltage to avoid polarizing the solution and also to allow
a pair of headphones to be used to indicate balance. The electrodes are
made of metal and placed in a nonconducting tray filled with a thin layer
of conducting solution. If the electrodes are made of copper, then
the solution can be a dilute solution of copper sulfate; thus battery action
will be avoided. The bottom of the tray has coordinate lines marked
on it, or if it is made of glass, the
tray can be placed on a piece of
coordinate paper. The 1000-cps
signal is applied to the two elec-
trodes and to a potentiometer as
shown. The slider of the potenti-
ometer is moved until the voltmeter %
reads the potential of the equipo-
tential line that is to be plotted.
The probe is then immersed in the
solution and moved around until a
point is found where no 1000-cps
tone is heard in the headphones.
The potential of the probe is then
the same as the potential of the
slider on the potentiometer, which in
turn has the potential (with respect to A) indicated by the voltmeter.
The coordinates of the point are then recorded. This same procedure
is repeated as many times as necessary to draw the equipotential line.
The slider on the potentiometer is then changed to the potential of the
next line and the procedure repeated until all equipotentials are plotted.
Figure 1-3 shows the plot of the equipotential lines between two parallel
cylinders, taken by means of an electrolytic tank.

1-9. Potential Gradient. When a unit positive charge is moved
between two points in an electric field, the negative of the work done by
that field is a measure of the potential difference between these points.
Hence in Fig. 1-4 if the unit charge is moved a distance As, the work done
by the field is given by

Asoluts

2

1000-cycle generator

Fie. 1-2. Diagram of a potential-plot-
ting tank.

AW = f, As (1-8)

where f, is the average value of the force in the space interval As. Since
we are using a unit charge, we may rewrite Eq. (1-7) as
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8
fa = & (1-9)
If we represent potential by the symbol E, then for a unit charge
AE = —AW (1-10)
and we may combine Egs. (1-8) to (1-10) to obtain
AE = —8,As (1-11)
or
AE
83 = — E (1—12)
O04FE O6F
OSE
03F O7E
08F

F1a. 1-3. The potential field between two parallel cylinders.

Fia, 14,
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where &, is the average field intensity along the increment of path As. In
order to find the field intensity at a point, As should be made to approach
zero. Equation (1-12) then yields

& = lim <— AE) T (1-13)

ao \  As ~ds

Thus from the definitions it has been shown that field intensity is equal to
the negative of the rate of change of potential with position.

The space derivative in Eq. (1-13) is known as a directional derivative
since its value depends upon the direction of ds. If ds is taken along an
equipotential, the value of dE/ds equals zero since dE is zero. However,
if ds is taken in any other direction, dE/ds is not zero. The direction
along which it is a maximum is that of the shortest path which joins two
equipotential lines. This is the value of dE/ds known as the gradient
of E, abbreviated as grad E, and it is a vector quantity.

From the above discussion it can be seen that the field intensity at a
point is a vector equal in magnitude to the potential gradient at that
point and having a direction the same as the direction of the shortest
path. This may be expressed as

&= —grad E (1-14)

Since the field-intensity vector is always along the direction of the
gradient and since the gradient is along the shortest path between two
equipotential lines, the flux Jines must be at right angles to the equi-
potential lines.

1-10. Experimental Determination of Flux Pattern.® A picture of
the electric field between two cylinders can be obtained by using a rather
deep glass jar, such as a large battery jar, and placing in it two metallic
cylinders standing on end. Kerosene is then poured in to a depth of
about 2 in. By means of a long-stemmed funnel carbon tetrachloride
is poured into the bottom of the jar under the kerosene. If care is taken,
the kerosene, having a lower specific gravity than the carbon tetra-
chloride, will float on top. There will be a sharp surface of separation
between the two liquids. Enough carbon tetrachloride is poured into
the jar so that this surface is at least 1 in. off the bottom of the jar. Next
silk fibers are cut into about 1{g-in. lengths and dropped into the jar.
The silk fibers have a density such that they sink to the surface of
separation and remain there, pointing in random directions. The two
cylinders are then connected through a switch to a transformer furnishing
several thousand volts. The setup is then left undisturbed for several
minutes in order that the small fibers may come to rest. The switch is
then closed. The fibers, which carry electric flux with greater ease than
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do the solutions, tend to line up along the flux lines. The flux pattern
can then be noted or photographed if a record is desired. The pattern
stays for only a short period of time since the fibers soon become charged
and are pulled over to one electrode or the other. Figure 1-5 shows a

Fig. 1-5. Flux pattern between two parallel cylinders.

photograph of such a flux pattern, while Fig. 1-6 shows the same field with
the equipotential lines of Fig. 1-3 drawn to the same scale and super-
imposed on the flux pattern. Here it may be noted that the two families
of curves cross each other at right angles, except at the right edge where
the field is somewhat distorted by the walls of the container.

F1a. 1-6. Flux and potential field between two parallel cylinders.

1-11. The Behavior of an Electron in an Electric Field. With this
elementary background a study of the motion of charged particles in an
electric field may be begun. Newton’s second law was expressed mathe-
matically in Eq. (1-2) as f = m dv/dt = ma. If it is desired to study the
motion of an electron in an electric field, m becomes equal to the mass
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of an electron, m, = 9.11 X 103! kg, while f is the force due to the
electric field and @ is the charge on an electron, Q. = —1.60 X 10-19
coulomb (the charge on the electron is negative). Thus

grad £ (1-15)

If the electric field is due to two infinitely large parallel plates con-
nected to a battery, the field between
the plates is uniform. This means y
that the flux lines are straight parallel
lines perpendicular to the plates and
that the equipotential surfaces are <z
planes parallel to the plates and o
equally spaced. Therefore the poten-
tial gradient is constant at all points _ d
in the field and is equal to E/d, where
E, is the emf of the battery and d is |
the distance between the plates. Fig- l l I | +
ure 1-7 shows the circuit and a plot
of the potential of all points as a
function of the perpendicular distance ‘ (@)
between the two plates.

Equation (1-15) involves no coordi-
nate system. If axes are chosen so
that the origin is at the negative plate
and the X axis is as shown, then the
force and hence the motion are along
the flux lines (unless the electron had '
an initial velocity due to some other :
force). The forces parallel to the Y © x Distance
and Z axes equal zero since they are (b_) o
parallel to the equipotential planes. tFIG' 1-7. ﬁofe“ltw‘l (ilsgmbutm“ be-
Equation (1-15) may be rewritten as ween paratiel plane piates.

d’z Q. By

e (1-16)

*’H

Potential diff. c'-H

i
i
|

x—>

If an electron is released with zero velocity at the surface of the negative
plate when ¢ = 0, then its instantaneous velocity can be calculated by
integrating Eq. (1-16),

e [QDy . _OE

o = t+ Oy (1-17)
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but since the initial velocity is zero, C; = 0 and therefore

dfl?_ __QeEb _
=7 = Uy = Eﬂ_t (118)

If this is integrated, it becomes

_1Q.E
2m, d

2+ C, (1-19)

The electron was released at the negative plate at time { = 0, and there-

fore C; = 0. Hence

_1Q. B,
2m,. d

(1-20)

If it is desired to calculate the velocity of an electron after it has
traveled a distance z, this can be done by solving Eq. (1-18) for ¢ and
substituting this expression into Eq. (1-20). Then solving for v, yields

v, = \/— 2 % (l—jlf z) (1-21)

If the curve of Fig. 1-7 is examined, it is seen that the potential of any
point can be expressed in terms of the battery voltage and the distance
x; thus

E, = (1-22)

—d— x
which is the same as the part of Eq. (1-21) enclosed in parentheses. Thus
the velocity at any point is seen to be proportional to the square root
of the potential difference through which the electron falls.

If the transit time of the electron is desired, then z is set equal to d and
Eq. (1-20) yields
s
Qe Eb

= .]—2 (1-23)

I z is set equal to d, Eq. (1-21) gives the velocity of the electron
when it reaches the positive plate:

vy = \/—2 % E, (1-24)

It is shown in Prob. 1-4b that the result in (1-24) can be derived from
energy relations which do not involve a knowledge of the character of the
electric field. Hence, whether the field is uniform or not, the gain in
velocity of an electron depends only on the total change in potential.
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1-12. An Electron with an Initial Velocity in a Uniform Electric Field.
In Fig. 1-8, if an electron is released at a distance «, from the negative
plate, with a velocity v,,

dx Q. E
E=“Ef““ (1-25)

and Eq. (1-19) takes the form

- 105

= 5 ™. d tZ + ?)ot + To (1-26)

In all the previous discussions the voltage between the plates was

supplied by a battery and hence was held constant. The question now
arises as to what is the effect of a variable voltage on the motion of an

*o

>y,

d
Ey,
- ’4_

|

Fia. 1-8. Action of a uniform electric field on an electron with an initial velocity.

electron. Let us represent this voltage by e, using lower case to indicate
that it varies with time. Since the instantaneous value of the potential
gradient changes, the acceleration likewise changes with time. Expressed
mathematically, this becomes

¢z _ _ Qe

= md (1-27)

Since e, is dependent upon ¢, the integral of the right member of Eq. (1-27)
is different from that found for constant E;. As an example, assume that
e is zero when ¢ = 0 and rises uniformly from 0 to 100 volts in 1 X 10—
sec. Then the equation for e, becomes

e = 10% (1-28)
Substituting e, from Eq. (1-28) into Eq. (1-27) yields

Pz _ Q.10

dr ~  me d (1-29)
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and hence
ds _ _1Q.10°

@ T ImdPTO (1-30)

However, if dx/df = v, when ¢ = 0, then Eq. (1-30) becomes

dr _ 1Q.10% , }
Ft— §E7t+vo (131)
and
8
z = —%%%twfuowcz (1-32)

But if in addition 2 = z, when ¢ = 0, then Eq. (1-32) becomes

1Q,10°

—_ 3 =
= —Fm at + vt + o (1-33)

We should always remember that Q. is a negative quantity since the
charge on the electron is negative; hence Eqs. (1-31) and (1-33) render
positive quantities if the potential gradient is positive.

The equations derived in Arts. 1-11 and 1-12 for the behavior of an
electron in an electric field can be extended to the case of any charged
particle by appropriate substitutions of charge and mass values.

1-13. Moving Electrons in a Magnetic Field.” A current-carrying
conductor in a magnetic field has a force exerted on it if the directions of
current flow and of the magnetic flux are not parallel. This is because of
the interaction between the external magnetic field and the magnetic field
set up by the current.

If the conductor is at right angles to the magnetic-flux lines, then the
force on the conductor can be written as

f = Bil (1-34)

where [ is the length, in meters, of the conductor in the magnetic field,
B is the flux density in webers per square meter, ¢ is the current, in
amperes, flowing in the conductor, and f is the force in newtons. How-
ever, if the directions of current flow and of the flux lines make an angle
6 with each other as shown in Fig. 1-9, the flux-density vector can be
resolved into two components, B, in the same direction as the current
flow and B, at right angles to the direction of current flow. There is no
interaction between B, and the flux due to the current flow. But B, pro-
duces a force on the conductor. This force is at right angles to the plane
of B and the conductor. It is up out of the plane of the paper, and its
magnitude is equal to

f. = Byl (1-35)



ELECTRON BALLISTICS 15
But sinece B, = B sin 8, Eq. (1-35) can be written
J: = Bil sin 8 (1-36)

The force per unit length of conductor is then

f. = Bisin 6 (1-37)

Since current flow is actually the motion of electrons, the force on the
conductor is really a force on the electrons in it, which are moving in a
direction opposite to that conventionally assigned to current flow.

If the electrons in a conductor are moving with a velocity », then in 1 sec
all the electrons in a length of conductor equal to » m pass a certain refer-
ence point. If the conductor has n charged particles (or n electrons) per
y

By

- B

le— @

]

)
>l x
By &

Fia. 1-9.

unit length of path, then in 1 sec nv electrons pass the reference point.
Since the charge on the electron is @, coulombs and current is the rate of
flow of charge, the current can be expressed as

1= Qaw (1-38)
and therefore Eq. (1-37) may take a form
fi = BQmw sin 8 (1-39)
and the force per electron is
f, = BQw sin 0 {1-40)

If an electron with constant velocity is projected into a magnetic field,
with the direction of motion at right angles to the flux lines, the value of
6 is 90° and Eq. (1-40) becomes

f. = BQo (1-41)

This force is always at right angles to the direction of motion and hence
will not change the speed of the electron. The path which results will be
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curved. The acceleration caused by the force is, from kinematics, equal
to v?/r, where r is the radius of curvature of the path. From Newton’s
second law, f = ma,

2
BQaw = m;” (1-42)
or
mg
r = B0, (1-43)

From this it can be seen that the path of an electron moving in a uniform
magnetic field which is at right angles to the direction of motion must be
circular since the radius is constant.

+ + + + + + +

+
+

+
+

+
+

+

F1a. 1-10. Tube for measuring the charge-to-mass ratio for electrons.

The above discussion suggests one method of measuring the charge-to-
mass ratio of an electron by means of a moving electron in a magnetic
field. A beam of electrons is projected at a known velocity into a uniform
magnetic field in a special semitoroidal tube as shown in Fig. 1-10. The
velocity of the electrons can be calculated from the relationship

_ |_oQ.
v—\/ 2 e B (1-44)

which is the velocity of the electrons as they leave the electron gun. In
the drawing their direction of motion would normally be toward the top
of the page, but because of the action of the magnetic field, which is shown
as flux lines into the plane of the paper, the path will be curved. By
proper adjustment of the voltage E, and of the strength of the magnetic
field, which is produced by means of large electromagnets, the electrons
can be made to follow a circular path such that they strike the electrode
A, This will be indicated by a current in the galvanometer ¢, The dis-
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tance between the center of the gun and the pickup electrode determines
the radius of eurvature. The flux density B can be determined by means
of a fluxmeter or by calculations. From Egs. (1-43) and (1-44)

. 2F
%e - -2 (1-45)

1-14. Magnetic Focusing of an Electron Beam. If an electron with
an initial velocity v, is projected into a magnetic field so that the direction
of its motion is not at right angles to
the flux lines, then the force on the
electron is given by L7 ot )

fe = BQw, sin 6 (1-46)

tions of motion and of the magnetic-

. . (2]
flux lines. The velocity vector can \
then be resolved into two components,
one of which is parallel to the flux
and the other at right angles to the

flux as shown in Fig. 1-11. The magnitude of the velocity vector
parallel to the flux is given by

1

|

!

1

|

where 6 is the angle between the direc- !
|

!

!

Fig. 1-11,

v, = Vg COS 6 (1-47)

and results in zero force on the electron. The magnitude of the velocity
vector at right angles to the flux is given by

v, = vy sin 6 (1-48)

and results In a force on the electron such that the electron travels in a
circular path having a radius

_ mgy sin 8 ;

"= g0, (1-49)
But at the same time that the electron is moving in a circular path per-
pendicular to the flux, it is also moving parallel to the flux at a constant
velocity given by Eq. (1-47). The result of these two motions is a helical
path with constant pitch. The peripheral velocity for the circular motion
is given by Eq. (1-48); therefore the angular velocity is

v sin 6

W= (1-50)

Substituting r from Eq. (1-49) into Eq. (1-50) yields
_ QB

me

w

(1-51)
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The time T for one complete revolution of the circular motion is available
from
T sin 0 = 2xr (1-52)
or
27r

: (1-53)
vg sin 8

hence upon substituting r from Eq. (1-49) into Eq. (1-53) we obtain

™m
= : 1-54
T =2 B, (1-54)
If L is the piteh of the helix,
L = Tv, = Tvocos 68 = 2r m, o cOS 0 (1-55)
: B Q.

A magnetic field is sometimes used to focus an electron beam in a
cathode-ray tube. Such a field is known as a magnetostatic electron

B
(@) (v)

L.ong lens

/Focu5/'ny coil

>——

(c)

Short lens
F1e. 1-12. Focusing action of magnetic fields.

lens and takes the form of either a long lens or a short lens. The magnetic
field in the long lens extends over the whole length of the electron path.
Figure 1-12a shows how a divergent beam of electrons, produced by an
electron gun, is focused by a long lens. The electrons in the divergent
beam follow helical paths because of the magnetic field along the axis of
the tube. The projections of the paths of the electrons, on a plane per-
pendicular to the direction of motion, are circles which pass through the
axis of the tube shown in Fig. 1-12b. The time of revolution for each
electron is independent of the angle of divergence of the beam. This is

shown by Eq. (1-54). If the angle of divergence is small, then cos 8 is



ELECTRON BALLISTICS 19

essentially equal to unity and Eq. (1-47) indicates that all electrons will
have approximately the same translational velocity. Therefore at the
end of one revolution they will all be in the same relative positions as
when they entered the magnetic field. By adjusting the magnitude of
the magnetic field, which is produced by a long solenoid, the electrons can
be made to go through one or more complete revolutions during their
flight down the tube, thus focusing the aperture of the gun on the end of
the tube or on another electrode, as shown in the figure.

In the short form of the magnetostatic lens the focusing field may be
produced by a short coil (or a permanent magnet) surrounding the tube.
The axis of the coil is concentric with the axis of the tube as shown in
Fig. 1-12¢. The magnetic field produced by the coil, which is short com-
pared with the length of the electron path, causes the electrons to follow
helical paths while passing through it. The strength of the magnetic
field is adjusted so that the electrons leave the field with radial compo-
nents of velocity of such magnitude that they are focused into a small
spot at the terminus of the paths. This is the form of lens most com-
monly used to focus television-picture tubes.

1-15. The Cathode-ray Tube®—Electrostatic Focusing. One of the
simplest applications of electron ballistics to electronic tubes is found in
the cathode-ray tube. Here low-velocity electrons are accelerated by
means of an electric field. While they are being accelerated, they are also
being focused into a very narrow beam. They may then pass between
electrodes called deflecting plates, where their direction of motion is
changed by a voltage applied between the plates. The electrons then are
allowed to travel the length of the tube. When they strike the end of the
tube and are stopped suddenly, they give up their kinetic energy. The
end of the tube is coated with a substance called a phosphor. This mate-
rial has the property of being able to convert the energy of the electron
into light energy. Where the electrons strike the end of the tube, a
bright spot of light appears.

Thus it can be seen that the most important parts of the cathode-ray
tube are those which produce, accelerate, and focus the electron beam, the
deflection system, and the phosphor or screen. The elements which pro-
duce, accelerate, and focus the electrons constitute the electron gun.
Figure 1-13 is a sketch of the cross section of a very simple cathode-ray
tube. The electron gun has a cathode K which when heated produces or
emits electrons. These electrons are emitted in a direction normal to the
surface of the cathode, but because of the force of repulsion between elec-
trons they have a tendency to spread, or fan out. The grid G is a cylinder
with a cap over one end. In the center of the cap is a very small hole, or
aperture. This aperture permits passage of only that portion of the beam
which is moving approximately parallel to the axis of the tube. The
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potential of @ can be made more or less negative, and thus it controls the
rate of flow of electrons passing through the grid. While passing between
the grid and the first anode A,, the electrons are accelerated and also
focused into a convergent beam. After passing through a crossover, or
focal, point, the beam again becomes divergent but soon after enters the
space between the first anode 4, and the second anode A.. Here again it
experiences a force, an acceleration, and a focusing action. But by this
time the velocity of the electrons has become so great that they do not
go through another crossover point until they reach the screen. Hence
the spot of light on the screen should be very small. Figure 1-13 shows
the focusing action of the cylindrical electrodes used in this simple gun.

Fluorescent screen

Conducting film

Fia. 1-13. Construction of a cathode-ray tube having electrostatic focusing and
deflection.

The reason why an electric field can be used to focus an electron beam
will be better understood if Fig. 1-14 is studied. This sketch shows three
equipotential lines between the first and the second anodes. They are
symmetrical about the x axis. If an electron traveling along the z axis
arrives at point P with a velocity i, it has a force

f,= —Q. grad £ (1-56)

exerted on it by the electric field. grad K in this case has a direction
along the x axis, and its magnitude may be variable between P and @.
The result is that the electron is accelerated and arrives at point ¢ with a
velocity which is greater in magnitude but still directed along the z axis.

However, if an electron arrives at the equipotential E; and is not travel-
ing in a direction which is normal to the equipotential, then the direction
of motion of the electron will be changed. If the electron reaches point
R with a velocity vs, it has a force exerted on it by the field equal to

fr= —~Q,grad (1-57)
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Since grad E always has a direction normal to the equipotential, at R it
has a direction shown in the figure. The resultant motion of the electron
is due to the force fo in Eq. (1-57) and to the initial velocity »: of the
electron. The path therefore is somewhere between the direction of f,
and that of v, and is bent in toward the axis of the tube. The amount of

Fig. 1-14. Focusing action of the electric field in an electron lens.

w
é oslos\os |
o7 (o3 jes]a7] 69
0 volt \
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: / ot

F1a. 1-15. Potential field of a two-cylinder electrostatic lens.

bending depends upon the magnitude and direction of both the field inten-
sity at each point on the path and the velocity of the electron.

Making the proper choice of electrodes for an electron gun depends
largely upon experience gained in laboratory experimentation. The field
for any symmetrical electrode configuration can be determined by plot-
ting the equipotential lines using an electrolytic tank in a manner similar
to that explained in Art. 1-8. Figure 1-15 shows such a plot. Here it
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may be noted that the equipotentials are shaped to cause a convergent
beam until the electrons reach the plane between the two cylinders.
There they enter a portion of the field that tends to cause the beam to
diverge. However, because of the larger radii of curvature of the equi-
potential surfaces together with the higher velocities of the electrons in
their convergent paths, the divergent effect of the new portion of the field
is relatively weak. With proper adjustment of electrode potentials the
paths of the electrons can be made somewhat divergent, approximately
parallel, or convergent, as desired.

-

Electron gun 51

—d 5

E_. >0 F ) ) e
oo L

a
A

-

Fia. 1-16.

1-16. The Deflection of the Electron Beam in a Cathode-ray Tube.
As an electron beam passes through the field of the electron gun, it is
accelerated and leaves the gun with a velocity

v = (| —2 elle (1-58)
Mg

where E, is the potential of the second anode relative to the cathode.

The electrons then travel along the z axis with this constant velocity until

they strike the end of the tube at point P in Fig. 1-16, unless they enter
another field which causes further acceleration.

If the latter field is due to two flat plates parallel to the axis of the tube

-and with a voltage E; between them, then the acceleration is at right

angles to the z axis and the beam of electrons travels in a curved path

as shown in Fig. 1-16. The acceleration of the beam is given by its

components

— d2y _ Qe Ed

a, = W = — E—d‘— (1-59)

a; =0 (1-60)
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Equation (1-60) holds since there is no field parallel to the = axis in this
region. Integrating Eq. (1-59) gives

dy Q. E

E:vy:—"—le—ft—f—i)o (1—61)
but v = 0 since the electrons have no component of velocity parallel to
the y axis when they enter the space between the plates. Omitting v,
and integrating (1-61) yields

_ 9 Bay,

Yy = 2me d + Yo (1'62)

But yo = 0 when the electron enters the field since it is traveling along the
T axis.
Integrating Eq. (1-58), the equation for the motion in the z direction

can be written as
x=,[—2Q—;fi't+xo (1-63)

If the origin is set so that £ = 0 when the electron just enters the field
between the plates, then zo = 0 when ¢ = 0. It follows that

x x
=2 % (1-64)
V2 A/ ~2(Q.E./m.)
Combining Egs. (1-62) and (1-63) to eliminate ¢ yields
1E
Y=z —E—d x? (1-65)

and since d, E,, and E, all are constant, (1-65) is the equation of a parab-
ola, which holds only as long as the electrons are between the two plates
and are being accelerated by the field between them. As the electrons
leave the field between the plates, they continue in straight lines. The
angle their direction makes with respect to the horizontal is given by
V4 /
tan § = vi’ (1-66)

z

where v,4 is the y velocity of the electrons at the instant they leave
the field. In order to calculate this velocity, the time required for the
electrons to travel the length of the plates must be known, and this can
be calculated from Eq. (1-64) by letting « = La,

Lq

td B ’\/'_2Q0Ea/me

(1-67)
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Substituting #; into Eq. (1-61) results in

QE Ly
= 1-68
R RV NN (-8

Substituting from Eq. (1-58) and (1-68) into Eq. (1-66) gives

1 E;Lg X
tan 6 = L. d (1-69)
If the path of the electrons after leaving the plates is extended back as a
straight line until it intersects the z axis, it does so at the point () where

x = Li/2. 'This can be proved as follows.

= _ Y =
tan § = jp— (1-70)
From Eq. (1-62)
1Q.E
Ya = — 57% ik (1-71)

Substituting ¢; from Eq. (1-67) into Eq. (1-71) yields
- B L
Ya=4m,d

Substituting from Eq. (1-72) into Eq. (1-70) and equating the result to
tan 6§ given by Eq. (1-69),

(1-72)

_EiLe 1 1E.L
tan b = 4 Lo~z 2E.d (1-73)
gives, when solved for zq,
L
To = —i“i (1-74)

Thus the projection of the straight-line portion of the path of the electrons
always intersects the = axis at the center of the region between the plates.
Since this is true, it is no longer necessary to use the expression for the
parabolic path, Eq. (1-65), in order to calculate the deflection of the
electrons. Instead, the path is taken to be along the axis of the tube
until the electrons reach the point €, where they make a sharp turn at an
angle # with the tube axis. They then travel along a straight line until
they strike the screen.

The deflection sensitivity of a cathode-ray tube is the ratio of the deflec-
tion D of the beam at the screen to the voltage causing that deflection.
From similar triangles we may write

= Jw (1-75)

tan 0 = —
Vg

S
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and from this and Eq. (1-69),

D  E;L;

L~ 2Ed (1-76)
Solving for the deflection sensitivity,

D L, ‘

T, = 2E4d (1-77)

Thus we see that the deflection sensitivity is a function of the tube geom-
etry and of the accelerating voltage. In order to have a high sensitivity
the plates should be as long and as close together as possible. Since the
beam should not strike the plates, the length and the spacing between
them are limited by the maximum angle 6 required for the beam to reach
the edge of the screen. Also for high sensitivity the length of the tube
from the center of the deflecting plates to the screen should be as long as
practicable.

It should be noted that all the discussion up to this point has been for a
constant voltage on the deflecting plates. However, if the voltage is
approximately constant for the time that it takes an electron to travel the
length of the plates, then these same relationships hold for each electron.
Therefore, a varying voltage may be applied to the deflecting plates, and
if the variation in voltage is small during the time the electron is between
the plates, then that instantaneous value of voltage determines the
amount of deflection at the screen. KEquation (1-77) then gives

L,L,

D =gp g

(1-78)
If e = Ey. sin wf and if the time of 1 cycle of the sinusoidal voltage is
large compared with the time it takes an electron to pass between the
plates, then the deflection at the screen is proportional to the instantane-
ous values of the deflecting voltage and hence is sinusoidal.

The important fact that the electric field extends, or fringes, beyond the
edges of the deflecting plates has been neglected in the derivation. Actu-
ally the deflection sensitivity is greater than the above equations predict.
Empirical relationships have been developed to account for this effect of
fringing. For the case of the parallel plates it is found that the length of
the plates should be considered as the actual length plus an amount equal
to the distance between the plates, or

Li=L;+d (1-79)
Equation (1-78) then becomes

p - Ll

2E . d

€q (1-80)
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Actually a cathode-ray tube with electrostatic deflection has two sets
of deflecting plates, one in front of the other and with their planes at right
angles as shown in Fig. 1-13. Thus one set of plates deflects the beam in
one direction, while the other set deflects it in a perpendicular direction.
If the tube is oriented so that one set of plates deflects along the horizon-

tal, or z, axis, then the other set

deflects along the y, or vertical,
axis. Now if the first set, or hori-
wt  zontal plates, can be made to move

the spot across the screen at a con-
stant rate and the second set to
move it vertically at a sinusoidal
rate, the spot should trace a sine
wave on the face or screen of the
tube. This can be effected by
causing the horizontal-plate poten-
tial to vary linearly with time by
means of a saw-tooth wave such as
shown in Fig. 1-17. At the same
time the voltage applied to the ver-
tical deflecting plates is sinusoidal.
If the time for 1 cycle of the saw-
tooth is the same as the time for 1 cycle of the sinusoidal wave, then 1
cycle of the sine wave will appear on the screen of the tube. If the time
of 1 cycle of the saw-tooth is equal to the time of 2 cycles of the sine wave,
2 cycles will appear on the screen.

The saw-tooth waveshape necessary for the linear-time axis can be
generated by means of an electronic circuit known as a sweep, or saw-
tooth, generator. The voltage output of this circuit is usually so small
that the saw-tooth wave must be amplified before it is applied to the
deflecting plates. Likewise the voltage which is applied to the vertical
plates may also be amplified if it is not large enough to deflect sufficiently
the beam in the cathode-ray tube.

Thus it can be seen that the cathode-ray tube with its necessary
circuits, such as rectifiers, sweep generators, and amplifiers, can be used
for studying or examining the operation of a-c circuits. Such a device
is known as a cathode-ray oscilloscope.
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Fic. 1-17. Sinusoidal and saw-tooth wave-
forms,
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PROBLEMS AND QUESTIONS

1. A uniform tungsten wire is sealed in vacuo and a direct voltage applied as shown
in Fig. 1-18. (a) Sufficient current is passed through the wire to warm it but not to
cause electrons to be emitted. Isone end of the wire warmer than the other, and if so,
why? (b) The battery voltage is raised until the tungsten wire emits electrons.
Should the switch be in position 1 or 2 to cause a deflection of the milliammeter?
(c) Should the positive terminal of the milliammeter be down or up in the diagram?
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Fi1a. 1-18. Fia. 1-19.

2. Three particles, each with a negative charge of 1 microcoulomb, are located at
points a, b, and ¢ (Fig. 1-19). (a) Determine the magnitude of the resultant force on
the particle at (c). (b) Determine the direction of this force, using a horizontal
reference.

8. A free electron is in a uniform electric field whose strength is 10,000 newtons
per coulomb. If the electron is initially at rest, what is its velocity at the end of
0.002 usec?

4. In Fig. 1-20 an electron traveling from left to right reaches hole 4 (very small)
with a veloeity vo = 7 X 106 m per sec. Determine its velocity » when it passes
through hole B (also very small) by two methods: (a) Begin with the relation f = ma,
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and write all steps to a final formula for v in terms of vy, E,, and the charge-to-mass
ratio. (b) Use the first and third members of the equality (KE)p — (KE)4 =
—(Us — Us) = —Q(Ep — E4), where KE is kinetic energy and U is potential
energy, to obtain an expression for v at position B.

t(—?cm I

—_——— G —————x

£y =1000 v
=
Fia. 1-20.

B. Two parallel plane plates, A and B, are 1 em apart. An electron is at rest very
close to plate A. At time ¢ = 0, the voltage on plate B is made 1 volt positive rela-
tive to plate A by means of a square-wave generator. The 100-Mc-voltage wave-
form thereafter is shown in Fig. 1-21. (a) Determine the velocity and the distance
traveled at the end of 14 cycle. (b) Repeat for 1 eycle. (¢) Does the electron ever
reach plate B?

€ e
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Fre. 1-21. Fiq. 1-22.

6. The square-wave generator in Prob. 5 is replaced by a pulse generator which
supplies to plate B the waveform of voltage shown in Fig. 1-22. (a) How far has
the electron traveled at the end of 1 X 1078sec? (b) What is its velocity? (c) How
long will it take the electron to reach plate B?

7. The generator in Prob. 5 is replaced by a sine-wave generator for which e, = Eym
sin wi. Derive expressions for the velocity of and the distance traveled by the
electron.

8. An electron initially at rest is first accelerated by an electric field caused by a
potential difference of 1000 volts between two parallel plates 0.1 m apart. The
second plate has a small hole through which the electron passes into a space free of
electric field. This space does have, however, a uniform magnetic field of 0.5 weber
per m? perpendicular to the direction of motion of the electron at the instant of enter-
ing this space. (a) Determine the speed of the electron while in the magnetic field.
(b) Determine the radius of the circular path traveled by the electron. (¢) Calculate
the time required for the electron to complete a semicircle.

9. Why does a beam of electrons have a tendency to spread?

10. At a given time two electrons are very close together and have the same speed.
One has a velocity parallel to a uniform magnetic field, while the other makes a small
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angle with the field. Both electrons will eventually hit a screen in the tube. (a) Can
a screen distance be computed so the electrons will hit the same spot? (b) Will the
electrons hit at the same time? Explain.

11. Refer to Fig. 1-16. If the distance from the center of the deflecting plates to
the screen is 30 em, the length of the deflecting plates is 2.5 em, the distance between
them is 0.7 ¢m, and the second-anode voltage is 2000 volts, caleulate (a) the velocity
of the electron along the axis of the tube, (b) the time required for the electron to pass
between the deflecting plates, (¢) the deflection sensitivity of the tube, (d) the magni-
tude of the deflection at the screen (the deflection voltage being constant and equal to
100 volts), and (e) the corrected deflection for this tube if fringing of the field about
the deflecting plates is to be considered.

12. An electron with energy of 1000 electron volts enters the field between the two
large parallel plates shown in Fig. 1-23. The motion is initially perpendicular to the
field, and the point of entrance is halfway between the plates. Determine the distance
A at which the electron strikes the upper plate (neglect field fringing).
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13. In Prob. 12 what direction and strength of magnetic field are required to pre-
vent deflection of the electron while between the plates?

14. In order to distinguish between two isotopes of helium having atomic weights
3 and 4, respectively, ions of each are introduced through hole X (Fig. 1-24) and
accelerated to pass through hole Y. At Y they enter a magnetic field which is parallel
to the plates. B = 0.1 weber per m2 Determine the distance d between the marks
produced on a photographic film lying on the right-hand plate.

15. The anode of an X-ray tube is at 100,000 volts relative to the cathode. (a)
What energy in joules will an electron have which starts from rest at the cathode and
travels to the anode? (b) If the anode current is 5 ma, what power must be dissipated
by the anode? Neglect the energy possessed by the X rays.



CHAPTER 2

EMISSION

2-1. Introduction. In the previous chapter the effects of electric and
magnetic fields on the motions of electrons were discussed in some detail.
These constitute a very important phase of electronics, but free electrons
in space must be produced by one or more of the following processes:

Thermionic emission
High-field emission
Secondary emission

. Photoelectric emission
. Tonization of gases
Radioactivity

S o 00 0

The first five of these will be studied in turn, but this chapter deals only
with the first three in detail and photoelectric emission very briefly.
Tonization of gases will be discussed in Chap. 13, Conduction through
Gases. Radioactivity does not assume great importance in our study.

2-2, Structure of the Atom.! If a periodic chart of the atoms is
examined, it will be noted that there are over 90 different elements
appearing in nature. Each element has a different atomic weight and its
own chemical properties. If the atoms of the various elements could be
magnified until they become visible, it would be seen that all atoms of any
element are almost identical. Each would resemble a miniature solar
system consisting of a large central body called a nucleus and one or more
electrons revolving in elliptical paths, or orbits, about it. Furthermore,
it would be noted that the electrons travel in certain distinet orbits at
definite but different energy levels. The more energy an electron has,
the larger the radius of its orbit. Also an electron never goes from one
energy level to another without either absorbing or giving up energy.
In the lowest level, which is closest to the nucleus, there is room for 2
electrons; in the next higher level there is room for 8 electrons, for 18 in
the next, etc. Each level is able to accommodate a certain maximum
number and no more. In a normal atom each level is filled to capacity
before any electrons appear in the next higher level. Thus in the normal
atom all electrons are revolving in orbits as close to the nucleus as they
can get, with the low-energy, or tightly bound, electrons close to the

30
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nucleus and the high-energy, or loosely bound, electrons farther from the
nucleus. These loosely bound, or high-energy, electrons are the ones in
which we are interested since they are the ones which will become the free
electrons necessary for the flow of current in a conduector or for the
emission of electrons in a vacuum tube.

2-3. The Nucleus. A few facts concerning the nucleus might well be
reviewed at this time. The nucleus, as stated in Chap. 1, is a very heavy
body when compared with an electron. The mass of the hydrogen
nucleus is 1849 times that of an electron. The nucleus includes one
or more protons and in some cases one or more neutrons and positrons.
The net charge on the nucleus is positive and equal in magnitude to the
total charge on the electrons associated with it. This results in forces
of attraction between the nucleus and the electrons. These are part of
the forces which hold the electrons in their orbits about the nucleus.

2-4, Free Electrons in a Metal. When the structure of any metal is
studied, it is found to be an aggregate of crystals of various sizes. A
crystal in turn is found to consist of an orderly or geometrical arrangement
of atoms in three-dimensional space, these atoms being held in position
by interatomic forces. Fach atom is composed of a positive nucleus
surrounded by orbital electrons, as explained in the previous article.
Thus when the atoms are brought into some sort of regular pattern, as
they are in a crystal, the outermost electrons in any atom will be acted
upon not, only by their parent nucleus but by neighboring nuclei as well.
In fact some of the orbits may actually overlap, and the forces on the
electron due to the two positive nuclel cancel each other. The electron
is then no longer bound to a nucleus and hence is free to be acted upon
by any other force or field which may be present. If now a voltage sets
up an electric field in the metal, the electrons will move or drift toward
the point of more positive potential. It is this motion or drift of electrons
which constitutes current flow in a metal.

When an electron becomes free, it has a certain amount of energy asso-
ciated with it. In fact, if the energies of all free electrons in a certain
metal at zero degrees Kelvin (0°K = —273°C) could be measured, it
would be found that they possess kinetic energies ranging from very
small values up to a definite maximum value which would depend upon
the properties of the metal. There would be no electrons possessing
energies greater than this amount no matter how many samples of the
metal were examined. If the metal were heated, it would be found that
the energies of the free electrons would be increased. At ordinary room
temperatures these free electrons could move about in the metal but
very few would be able to escape from the body of the metal.

2-5. Electron Escape from a Metal. The reasons why an electron has
difficulty in escaping from the surface of a metal can probably best be
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shown by investigating the forces between a positive nucleus and an
electron as the electron is moved farther and farther away from the
nucleus.

Consider a single electron in the field of an isolated nucleus. The
nucleus has a positive charge and the electron a negative one; hence there
is a foree of attraction between them in accordance with Coulomb’s law,*

_ (2Q)0.
/= 4regr? (2-1)
where f = force of attraction

Z = atomic number of the atom, which equals the number of
electrons surrounding the nucleus
Q. = charge on the electron
—Q.Z = positive charge on the nucleus
r = distance between the electron and the nucleus
€ = permittivity of free space, 1/(36r X 10°) in the mks system
Figure 2-1 shows the force on the electron as a function of the distance
r from the nucleus. From this figure and from Eq. (2-1) it can be seen
that the force attracting the electron
to the nucleus does not equal zero until
the distance r is equal to infinity.
Therefore, if an electron is to escape
the attractive force of a positive nu-
cleus, it must be given enough kinetic
energy to carry it to infinity.
Now let us assume that, on account
Distonce from nuclevs of the energy it z?lready possesses, an
Fra. 2-1. Force on an electron in the ele.ctron arrives with zero velocity at a
vicinity of an isolated nucleus. point located a distance r from a nu-
cleus. It is desired to calculate the
added energy required by this electron in order to free it. This can be
done by calculating the amount of work done against the force, given by
Eq. (2-1), while moving the electron to infinity.

W = /mfdr = /w 4% dr = 29 (2-2)

4regr? 4Arregr

Force —D

This relationship is shown in graphical form in Fig. 2-2. It will be useful
later.

When electrons escape from their orbits within a metal, they can do so
because the attractive forces of adjacent nuclei cancel the forces holding

* Coulomb’s law holds only for values of r which are many times greater than
atomic radii. Hence the discussion following Eq. (2-1) is valid only for relatively
large distances between nucleus and electron,
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them in their orbits. However, in the case of electrons trying to escape
from the surface of the metal, there are no adjacent nucleil on the outside
of the metal to cancel the forces of attraction between the electrons and
the nuclei of the metal. Therefore, if an electron arrives at the surface
of a metal with a given amount of energy, it will try to leave the surface
but will be pulled back in unless it has enough kinetic energy to carry
it to infinity. This is analogous to throwing a ball up into the air. It
will always return unless you can give it enough energy to carry it out
past the gravitational field, which would mean out to infinity unless other
heavenly bodies interfere. At room temperature few electrons possess
sufficient energy to escape from the binding forces at the surface of a

We

Escape energy

Y n Distance from nucleus r

F1c. 2-2. Energy required by an electron to escape the force attracting it to an iso-
lated nucleus.

metal. But as the metal is heated the energies of the free electrons are
increased, until finally at a very high temperature many of the electrons
will have enough energy to escape from the surface. We then have what
is known as thermionic emission.

2-6. The Work Function. An analysis of the energies involved in the
escape of electrons from the surface of a metal is considerably more
complicated than that discussed in the preceding article for the escape
of one electron from an isolated nucleus. For a simplified qualitative
explanation, however, let us assume that the graph of Fig. 2-2is applicable
to the problem of electron escape from the surface of a metal.

Let us denote by W5 the energy required for the escape of an electron
which arrives with zero velocity at the surface of a metal. Also let us
indicate by W, the maximum energy, at 0°K, possessed by any electron
arriving at the surface of a metal and moving in a direction normal to it.
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The added energy required for the escape of the latter is called the work
function W, of the metal. Thus

Ww = WB _ Wm (2-3)

W. is therefore the minimum energy that must be supplied to the elec-
trons in a material at 0°K in order to give them enough energy to over-
come the boundary forces trying to hold them within the surface of the
material. Note that this definition specifies the minimum energy.
This means the energy which must be supplied to the highest-energy
electrons which exist in the material at 0°K.

2-7. The Electron-volt as a Unit of Energy. The ordinary unit of
energy in the mks system is the joule, but the work function is usually
expressed in electron-volts. If an electron falls through a potential
difference of 1 volt, it acquires an energy given by

—Q.F =16 X107 X 1 = 1.6 X 107 joule (2-4)

The energy gained is proportional to the voltage through which an elec-
tron falls. Therefore energy can be expressed in terms of voltage. If an
electron has fallen through a potential difference of 1 volt, we say that it
has 1 electron-volt of energy instead of saying that it has 1.6 X 10~
joule of energy.

If the minimum energy W, required for the escape of an electron is
equivalent to that acquired by the electron in falling through ¢, volts,
then

Wo = —¢0. joules (2-5)

where ¢, is the work function expressed in electron-volts.

2-8. Contact Difference in Potential. When two dissimilar metals are
put in good electrical contact, a potential difference will be found to exist
between them. This potential difference is known as the contact
potential difference and is numerically equal to the difference between
the work functions of the two metals when expressed in electron-volts.
It is due to the fact that electrons can pass from the material of low
work function to that of the high work function more easily than in the
reverse direction. The high-work-function material then becomes
negatively charged, and electrons find it increasingly difficult to pass from
the low- to the high-work-function material. The charge builds up until
the net transfer of charge is zero, and at this point the high-work-function
material has a negative potential relative to the other material. As a
rule the contact potential difference is not large enough to cause serious
trouble in electronic tubes, but occasionally the effect must be considered
in explaining their action, particularly when the element is sensitive to
small changes of voltage as is the grid in a triode,
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2-9. Thermionic Emission. When any solid is heated, an inecrease in
the random motion of free electrons is one of the results. These electrons
are moving in all directions in the material, and therefore some of them
arrive at the surface with components of velocity normal to it. As the
temperature is increased, they arrive with higher and higher velocities
until a temperature may finally be reached where they have enough
energy to free themselves from the boundary forces. This phenomenon
is known as thermionic emission.

An equation relating the temperature of a solid to the emission current
has been derived both theoretically and experimentally. It is

J, = AT?%evr (2-6)

and is known as Richardson’s equation.* J, is the emission-current
density and is determined by the rate of escape of the electrons. A4 is a
constant that is determined by the physical characteristics of the material
and is most easily determined by experimental means. On the other
hand, b, which is also a constant, can be determined theoretically and
is found to be 0
Ww —¢e e
b= - = h 2-7)
where £ is Boltzmann’s constant and is equal to 1.38 X 10~2% joule per °K.
When numerical values are substituted for the constant quantities in
Eq- (2'7):
b = 11,605¢. (2-8)

where ¢. is the work function expressed in electron volts. Thus we see
that the emission current obtainable from a given material is partially
determined by the work function. The best emitters have low work
functions.

Of equal and often greater importance than a low work function is the
ability of a material to be heated to a high temperature without damage.
Temperature, expressed in degrees Kelvin, appears both as 72 and in the
exponent of e in Eq. (2-6). Thus a high enough value of T will offset the
disadvantage of a high value of ¢.. Unfortunately all metals have
melting points, some being so low that melting occurs before an efficient
emission point is reached. Even though a material has a high melting
point, it cannot be operated at a temperature anywhere near that value
or it will begin to evaporate. The melting point of tungsten is 3643°K;
yet a tungsten filament is operated at only about 2600°K. At tem-
peratures above this the rate of evaporation becomes so high that the
life of the filament is very short. '

* Also known as Dushman’s equation. Richardson and Dushman independently
derived this form of the equation.
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Another important characteristic of an emitter is that it must be
mechanically strong at the temperature necessary for efficient operation.
Otherwise it will break when the tube is subjected to mechanical shock
or sustained vibrations.

2-10. Measurement of Thermionic Emission. To determine the
emission constants for any particular metal, a tube with special con-

struction is necessary. Figure 2-3

F shows such a tube in which F is a
filament along the axis of the
cylindrical plate, or anode A. All
filaments are cooled at the ends
(A ,ﬁ because of the lead wires, which
)/H @ are of large diameter in order that
_/ they will remain cool. Since the
emission constants must be deter-
mined for a filament of uniform
temperature, the emission from the
E, cooled euds of the filament should
=tililiifr not be measured. Therefore two
guard rings are connected as shown.

Emission from only that part of the
filament with uniform temperature
is measured, and any end effects due to variation in temperature or
electric field are eliminated. The entire structure is mounted on a stem,
sealed into a bulb, and evacuated. The temperature of the filament can
be measured by means of an optical pyrometer sighted on it through
the hole H. The emitted electrons are drawn to the anode by the field
set up by the voltage FK;,, which is made large enough to attract all
those emitted. The emitted current I, is measured by the milliammeter
and is called the saturation current. From the measured values of I,
and the dimensions of the filament, the current density J, may be found
for any particular value of temperature 7. In order to find the values
of A and b from these data, it is most convenient first to write Richard-
son’s equation in the following form:

WL

Guard -rings

By
[t
Fra. 2-3. Tube for determining the
emission characteristics of a filament.

Js
T = Ae¥T | (2-9)
Then write Eq. (2-9) in logarithmic form,
Jo _ 1
log h = 0.434b 7 + log A (2-10)

the logarithms being to base 10. When the data are plotted on rec-
tangular-coordinate paper using log (J./7?) as the ordinate and 1/7
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as the abscissa, the result is a straight line with a slope of —0.434b and an
intercept on the axis of the ordinates equal to log A. Such a graph is
shown in Fig. 2-4, where the constants for three very common types of
emitters have been determined.
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F1a. 2-4. Determination of constants in Richardson’s equation.

Another method of depicting the emitting properties of thermionic
cathodes is based on the Stefan-Boltzmann law of radiated power,
which is

P = KeT* (2-11)

where P = power per unit area radiated by the body
T = temperature, °K
e; = radiation emissivity, which depends upon the material and to
some extent on the operating temperature
K = Stefan-Boltzmann constant, (5.673 + 0.004) X 10~% watt per
m? per °K*

If Richardson’s equation and the Stefan-Boltzmann law of radiated
power are combined, we can obtain an expression for the logarithm of
current dengity in terms of the power radiated. This was done by
Davisson, who devised a cross-section paper* in which he used a curvi-
linear axis in such a way that, when J, is plotted as a function of P, the
result is a straight line for any given emitter. Figure 2-5 shows such
a plot for the same emitters used in Fig. 2-4.

-~

* Manufactured and sold by the Keuffel and Esser Company,
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F1c. 2-5. Emission-current density as a function of the heating power for three types
of emitters. The curves are plotted on ‘‘power-emission” paper.

This type of plot has the advantage that measurements of emission
at a few low values of power may be made when the emission current
from the cathode and the heating of the anode are small. The curves
may then be extrapolated to give the emission at higher values of power
where such prolonged operation might be injurious to the tube.

In telling how well an automobile performs we usually express the
efficiency, not in per cent, but in miles per gallon of gasoline, Likewise in
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electronics we express the emission efficiency in terms of emission current
per watt input to the filament. Thus to get emission efficiency from the
power-emission chart, we have merely to divide the ordinate by the
abscissa at any point.

2-11. Thermionic Emission from Tungsten.? Tungsten is about the
only pure metal used as an emitter. Its melting point is given as 3643°K,
and the emission current can be calculated for any temperature by means
of Richardson’s equation, where A is equal to 60.2 amp per cm? per °K?2
and b is equal to 52,400°K. The curves in Figs. 2-4 and 2-5 give the
emission characteristics in different ways. In practice, when tungsten
is used as a cathode, it takes the form of a wire bent in the shape of a
hairpin or a spiral, and it is heated by passing a current through it. The
practical life of a tungsten filament has been found to end when the cross-
sectional area has decreased by 10 per cent, because burnouts occur soon
thereafter. The higher the temperature of the filament, the greater the
emission efficiency and the shorter the life. A study which includes
economic considerations indicates that the temperature of the filament
should be such that the cross-sectional area decreases 10 per cent in 1000
to 2000 hr.

Operating temperatures for tungsten filaments range from 2400 to
2600°K, with a corresponding range of emission efficiencies of 2 to 10 ma
per watt. Compared with other commercial emitters tungsten has a very
low emission efficiency. But it does have the advantage of being elec-
trically rugged and will withstand positive-ion bombardment when
extremely high voltages are applied to the tube. Mechanically it is
fragile because it is very brittle. It is used chiefly in tubes where the
plate voltages are to be above about 2500 volts, finding its greatest use in
high-voltage rectifiers, power tubes, and X-ray tubes.

2-12. Thoriated-tungsten Filaments.®* If during the manufacturing
process about 1 per cent thorium oxide is added to the tungsten wire, then
by proper heat-treatment we can form a thoriated-tungsten filament.
This type of filament seems to be simply a tungsten wire on the surface of
which has been formed a monatomic layer of pure thorium. However,
the melting point of thorium is 2118°K, while that of tungsten is 3643°K.
Since the layer of thorium must be maintained, this type of filament can
be operated at only 1900°K compared with 2500°K for pure tungsten.
Even so, because of its lower work function, the emission efficiency is very
much higher than that for tungsten.

To form an activated thoriated-tungsten filament, the wire containing
thorium oxide is formed or bent into the desired shape and mounted in
the tube. Then during the evacuation process the filament is first heated
to 2800°K for about 1 min. This reduces part of the thorium oxide to
metallic thorium and oxygen, the latter being removed by means of the
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pumps exhausting the tube. The thorium thus formed is distributed
through the entire cross section of the tungsten. Next the filament is
operated at about 2100°K for approximately 15 min. At this tempera-
ture the thorium will diffuse from the interior of the filament toward the
surface, where some of it will be evaporated and deposited on other
elements or the walls of the tube. This evaporation is not desirable but
is necessary in order to drive the thorium out to the surface. The evap-
oration occurs at a lower rate than the diffusion of the thorium to the sur-
face, and as a result the filament gradually attains a thin and perhaps
monatomic layer of thorium. The filament temperature is then reduced
to about 1900°K, which is the operating temperature. It has been found
that a layer of tungsten carbide on the surface of the filament lowers the
rate of evaporation of thorium and makes possible operation at higher
temperature with resultant increase in emission efficiency. Because of
many variables the emission efficiency may range all the way from 50 to
100 ma per watt.

This type of emitter, like tungsten, is brittle. But unlike tungsten it
cannot withstand much positive-ion bombardment. No matter how well
a tube is exhausted, there is always some gas remaining. Hence there
are some positive ions (molecules which have lost one or more electrons)
present. These ions, being positive in polarity, are attracted to the fil-
ament. If the potential difference between plate or anode and filament
is high enough, the positive ions will arrive at the filament with enough
velocity to bombard and physically knock the thorium off the surface of
the wire. Thoriated-tungsten filaments are used only in tubes where the
plate voltage never exceeds 3000 to 4000 volts. Since they have emission
efficiencies of 50 to 100 ma per watt, which is about 10 times that of pure
tungsten, they are preferred in low-voltage transmitting tubes.

The life of the thoriated-tungsten filament depends on the amount of
free thorium present in the filament. At the operating temperature there
is a gradual evaporation of thorium from the surface and also a gradual
diffusion of thorium from the interior to the surface. When all the free
thorium has been driven out of the tungsten and evaporated off the sur-
face, it will then act as a pure-tungsten-filament with its characteristic low
emigssion efficiency, which at the operating temperature of a thoriated
filament is extremely low.

2-13. Oxide-coated Emitters.* The Wehnelt, or oxide-coated, cathode
was discovered in 1904 when Wehnelt found that if a platinum ribbon was
coated with the oxides of certain rare earths a very efficient emitter was
the result. However, no commercial use was made of this emitter until
battery tubes came into common use in the early twenties.

The present-day oxide-coated cathode consists of a layer of rare-earth
oxides coated on a core metal which may be nickel, konel, or a platinum
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alloy. The oxides are usually rather unstable in air; so the coatings are
sprayed on in the form of finely ground barium and strontium carbonates
in a thin collodion lacquer. After drying, the cathodes are mounted in
the tube, which is then put on the vacuum system and evacuated. Dur-
ing the pumping process the cathode is usually heated to about 1500°K
for a short time. At this high temperature the carbonates break down
into the oxides plus carbon dioxide, which is removed by the pumps.
Because of the very low work function these cathodes can be operated at
about 1000°K, at which temperature they have very high emission effi-
ciencies and long lives. The emission efficiency is on the order of 100 to
1000 ma per watt of heating power.

The greatest advantage of the oxide-coa