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the time that
n s were being made fdr public r e l e a s e of information on the new
nic Data-Processing Machines. The rapid p r o g r e s s of events brought
anges which affected the accuracy of the information i n this booklet
e it necessary that the booklet be withdrawn f r o m r e l e a s e a t that
m e . It is now believed that the need for this booklet on electronics has
passed but r a t h e r than destroy the existing copies, i t was considered advisable t o offer the Customer Engineering Manager a n opportunity to r e quest a quantity of existing booklets a s long a s the supply i s available.

A number of minor revisions could be made, however, the major points
of correction a r e a s follows:

\

i

1.

To eliminate any inaccurate statements i n Chapter VII on the
Electronic Time System, pages 55 and 56 have been removed.

2.

Chapter IX on Selective Sequence Electronic Calculator should
be r e - s t a t e d i n the past tense a s this machine has now been r e moved f r o m IBM, World Headquarters.

3.

Chapter X would require, because of the rapid development,
minor revisions i n r e g a r d to size and speeds of various units.
The proper name for the Type 701 is now the Electronic DataProcessing Machines and because of its applications and design,
it is not considered to be a calculator which is commercially
available.

'

It is recognized that while on some points of electronic theory, t h e r e may be
differences of opinion, we believe that those differences will not destroy the
value of this booklet to you.
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preface
MANY PEOPLE are genuinely interested in learning about the
fascinating science of electronics. Unfortunately, their path of
learning may run into obstacles of terminology and technicality. The
usual book on the subject is not easy to understand ; frequently
written for groups with special objectives, the material is
often highly technical and fails to meet the needs of those looking
for general information applicable to their particular problem.

This booklet tries to avoid the criticism implied
in the old adage that textbooks are all too often written by experts
for other experts. This is a technial booklet an a technica1 subject,
but the approach is mainly one of generating interest.

The opening chapter gives historical background, tracing the
devebpment of electrical theory and introducing assmiated terms.
Later chapters show the application of electronics to
IBM accounting machines and caIculators, a subject
of particular interest to a11 customer engineers.
It is hoped that the simplified mathematics and graphs, the
generous illustrations and straightforward text throughout the
booklet will combine to give a clearer picture of the basic
principIes of electronics, as well as a practicral understanding
of the application of electronics to IBM products.
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the DISCOVERY
electricity
ContrCbstions of an Anclent G m k and
Queen Elfzabeth's physician^ of Benfamia Franklfn

and other greot pioneers In science- French,

I talian, Danish, German, Englfsh and Amertcan
WILWA
M GILBERT,
who was Queen Elizabeth's physician
and
aIso
a
remarkable
scientist, published a book in Latin
wise men of ,-reecer, was ~ h a l ~ ~
E ofthe
called
De
M
~
e
t
or
@
About
This bk sumof the Mediof M i l a s , do
lived on the
the
knowledge
of
magnetism
to
and rrn Sea almost ZMX) years ago. Thales discovered
ports
some
o
f
Gilbert's
own
experiments. Gillxrk d i m les on which plane and solid geometry
ered that the Earth itself is a giant magnet, and he coined
wrote theorems so well that they are still
the word electric. The scientific unit of magnetic force is
today. H e a1so discovered and named elmcalled the g&wt in recognition of William Gilbert's conhe did not know it at the time.
tributions to the knowledge of magnetism.
was curious about a piece of amber he found
CHAR- FRANCOIS
&PAY,
a French physicist, found
, washed up on the Mediterranean shore. Amber is resin that
that
when
he
rubbed
a
glass
rod
with silk cloth a charge
: dropped from trees thousands of years ago and gradually
was
developed
on
the
glass
rod that differed from the
i became as hard as rock. Thales discovered that if he rubbed
when it was
charge dwelOPed On amber Or -ling
the amber briskly it would amact bits of lint from his
rubbed
with
fur.
Particles
repelled
by
the
glass
rod were
; robes. Since he could not readily explain why the amber
attracted
by
the
sealing
wax,
and
particles
were
attracted
! possessed this characteristic, he probably thought the amber
by
the
glass
rod
that
were repelled by the sealing wax.
was inhabited by some type of god or spirit? How could
Dufay thus recognized two types of charges, which he
,! he know he had caused a concentration of negative eleccalled
resinous (sealing wax) and t&eous (glass), Dufay
triuty to be accumulated on the amber, or that negative
performed
his experiments in 1733.
electricity could attract neutral particles?
BENJAMIN FRANKLIN
in
Thc Greek word for amber is elecbron. Today we use
1747 introduced the terms
Thales' word for amber to apply to the smalIest known
positive and iwgrafive to disparticle of electricity.
tinguish the two types of
Thales had also studied another stone, a lump of iron elfftric eharFs. He stated
oxide from Magnesia, in Thersaly. He found that this
rod were
that if a
nogtcs stone had the ability to attract iron and a ther pieces
mbbed by silk, a
, of the same mineral.' Since Thales was a philosopher, he
charge was developed on the
nt merely to write about the electron and magnes
rod; if sealing wax were
ut attempting to put them to any practical use.
rubbd with fur, a negative
charge appeared on the sealing wax. By conductingdec*

'

tric charges down a wet
string from a kite flown in a
thunderstorm, he proved
that lightning was an elect rical phenomenon.
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Benjamin Franklin was a brilliant man, but he devised a
theory that has mused great confusion and taken more than
a hundred years to straighten out. Franklin believed that
electricity existed as an invisibIe "fluid" that w a s a part of
all matter, and that more than the normal amount in a
body resulted in a positive electrid charge, and less than
the normal amount constituted a negative charge. Thus, he
thought, the "electric fluid" always flowed from a positive
M y to a negative M y . His theory has since been replaced
by the electron theory, but there is still a tendency to trace
electric circuits from positive to negative. In this book, to
avoid confusion, the %w of eIectricity wilI dways be consided to be from negative to positive.

I
I

I
I
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CHARLES
AUGUSTIN
COULOMB,
the French physicist who
inventd the torsion Mance, tells in his EZecta'caI Papers
published in 1789 how he u d this tyge of scale to measure
the attraction and repulsion of electric charges. Coulomb
found that a psit~vely-chasged body would attract a newtively-charged body, but would repel another positivelycharged body. Two negatively-charged bodies likewise repelled each other. Unlike charges attract each other, while
like c h a r g ~repel
~ each other. Re also discovered that the
force between twa small charges is did^ proportional to
the product of the stre@ of the charges, and varies inversel~with the qmre
of the distanm between them* Thus*
if the distance between two unlike charges were increased
from one in& to two inches, the force of attraction would be
only one-fourth as great. Coulomb invented the method of
determining the size of electric charges, and the practical
unit ob charge is now called the cmlmb.8

I
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" A coulomb hn
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ALESSANDRO
VOLTA,
an Italian professor of physics, is
credited with the invention of the chemical battery. Abwt
1800 Volta made a pile of alternating discs of copper, zinc
and cloth soaked in salt water. Where the metals touched
the wet cloth, a tiny el&c
potential was d e v e l w , and
the cumulative effect of many such potentials in series enabled Volta to draw a spark when he connected the ends of
his pile. Volta thus built the first electric battery in recoded
history, and in commemoration of his achievement, the unit
of electric potential is now called the volt.

HANSCHRISTIAN
OERSTED
of Denmark discovered in
affect a magnetic
1820 that an electric current
P S S needle- BY experiments he was able to show that a
magnetic field was developed around a wire when an elm- ,
t i c current flowed through it. mi5 a i m v e ~
opened the :
p t h for the invention of the electromagnet. Oersted is re- '
membered by the ousted, the scientific unit for magnetic
field intensity.
A
~ M~~~~
~ A~
E ~a ~ ~
~
~proved ~
five~
years
~
hter( 1825) that the magnetic field
a wire was dim l y proportional to the el-c
current flowing through
the wire. meunit of carmnt, the ~ ~ p ~ its
r ~ ,
fm, him. A current (me ampme flows in a conductor if
charge of otte codombpasses a given point
in the time of
secofid.~
han ampere
~
~ is a, rate of electric
of
coulomb per

,
,,,

GEORGE
SIMON
OHM,a G e m n physicist, first published the relation between volkge, current and resistance
in 1826. This principle has since been named Ohm's law
after its discoverer. Ohm proved that the magnitude of an
electric current through a conductor depended upon the
electric potential causing the current and the resistance or
impedance of the wire. The unit of electrical resistance has
since k e n named the ohm. Ohm's discovery that the electrical potential in volts is numerically equal to the product
of the current in amperes and the resistance in ohms, is the
foundation of modern electrical engineering.
The resistance of a substance is its property of retarding
or stopping current Aow; this property is measured in ohms. :
The Greek letter omega ( a ) is used as an abbreviation.
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The r e c i p m l of resistance is called condascdance and is a
measure of how readily a material conducts electric current.
The unit of conduction is the mlw (ohm spelled backw a d s ) . As an example, a lOLohm resistance has a conductance of .I mh.
JOSEPH HENRY,
an American, in 1829 arranged many
turns of copper wire on a piece of soft iron shaped like a
horseshoe. When electric current was mused to flow
through the wire winding, the iron became a powerful magnet that would supprt many times its own weight. When
the circuit ta the magnet was opened, a bright electric spark
was drawn. Henry showed that when the magnetic fieId
was formed abut the wire by an electric current or when
it died out with the opening of the circuit, a voltage was
induced in the copper wire. This voltage tried to keep the
current constant. Henry called this phenomenon selfinduction. Later, Henry arranged two coils of wire on an
iron ring, and showed that when the circuit of one coil was
made or broken, a momentary surge of voltage was indwced
in the other coil. So the first transformer was the work of
Joseph Henry, who prepared the way for the construction
of the dynamo and dectric motor. The unit of inductance is
-]led the henry, and an inductance of one h m q will induce
an electromotive force of one volt when the current through
it varies at the rate of one ampere per second.

MICHAEL
FARADAY,
an English experimenter, performed
the same experiments at about the same time; he is frequently given full credit for the discovery of inductance,
although certain refinements are dearly due to Henry.
Farday's important work was on the nature of the effect

of one dectric charge on another charge when
separated by an insulator. In 1837 Michael Faraday rediscovered4 the effectof varying the type of
charges placed on parallel conducting plates. He found that
greater charges could be held when certain matwials were
used for insulators. Faraday's work on capacitors is an important contribution to the science of electricity, and the
unit of apacitance is called the farud. A capacitor (or condenser) is rated at one farad if it stores a charge of om
coulomb of electricity when a potentid of one volt is applied
to its plates. In practical electricity, the farad is such a
large unit that the millionth part of it, the microfarad, is
commonly used.
Faraday is also noted for his work in conduction of electricity through liquids. He introduced the terms d e c f ~ u l y t e ,
electrode, anode, cathode, ion, etc., which are used in electronic theory today.

THOMAS
ALVAEDISON
invented the incandescent lamp
in 1879. He passed an electric current through a carbn
filament that had a fairly high resistance, and found that
the current, in overcoming the resistance, heated the filament to white heat. When the filament h a m e heated, it
would burn, opening the circuit and rendering the lamp
useless; so Edison sealed a filament inside a gIass globe
and removed as much of the air as he could with the pumps
then available. With less oxygen present, the filament could
not burn so fast, and would actually give light for swerd
hours. However, particles of the filament were 'hiled off"
by the heat, and when they condensed on the relatively
coo1 glass globe, they formed a black deposit on the inside
of the bulb. We now know that these particles were atoms
of carbon. As the black deposit accumuIated, the efficiency
of the lamp decreased rapidly.
In attempting to prevent the formation of this deposit,
Edisen seated an additional metal plate into the globe. He
connected this plate to an electric battery through a galvanometer, a device that measures small currents. He discovered that the galvanometer deflected when the positive
4. The effect of the dielectric w the ca fty of a condenser w&
dismwrd by Henry Cavtndish in g l a n d as early as 1773.
However, h u s e Cavendish's chief aim in life seems to have
been to avoid the attention of the scientific world, his researches
were not published until 1879. So Faraday i s given credit for the
first pubIishd research on capacitance.
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bttery terminal was connected to the plate, and the negative terminal was connected to the filament. However, he
could detect no current when the negative terminal was
connected to the plate and the positive terminal was connected to the filament. Edison could not explain the efiect
with the theories then being used, and bemuse he was busy
developing the electric light, he merely noted the effect.
This phenomenon of electric current through a vacuum bem e known as the EdUon eflect. Edison did not see any
immediate use for his discovery, and did not develop it
further. The mison effect did interest other experimenters,
however,and these men developed our science of electronics.

NIELSBOHR,a Danish physicist, presented in 1913 the
theory of matter we use today. Bohr.'s &el of the atom
included a positively-charged nucleus surrounded by negatively charged electrons. Robert A. Millikan, formerly of
the University of Chicaga, obtained the accurate measurement of the charge on the electron: 1.6 X IO-lg ~oulornb.~
All human progress must be built on the foundation laid
out by preceding generations. Man has advanced further
toward understanding the universe in the last fifty years
than he did in the preceding 2500 years. Perhaps a scientist
in the year 2000 A.D. will consider our present technology
as crude as the early experiments of Franklin and Henry

5. 61-.0

seem to us today.

mlomb.

the MODERN CONCEP1
of matter
Atomfc structure and electron theory2
appliatim of the theory to el&rScCty, electronfa
and the electron tube

1

T

0 U N D E R ST A N D electronics, we must have an

understanding of the atomic theory of matter. The
building blocks of our universe are the a k n s of which all
matter is composed. Each atom is made up of electrons,
protons and neutrons. No one has ever seen one of these
particles, and m one a say with certainty what shapes
they take. It is possible that they are merely bundles of
energy, with no definite shape at all. However, it will be
easier to understand the way atomic partides act if we
think of them as very small, springy, rubber balls.

The Bohr Atom
Our present concept of matter is based on the Bohr Atom.
In 1913 Niels Bohr, a Danish physicist, devised an atomic
model that explains electron behavior so well that with only
minor changes it is our atomic model today. Bohr's model
of the hydrogen atom (Figure 1) consisted of an electron
rotating wry sapidly in an orbit around a proton, in the
manner that the Earth rotates around the Sun. The electron
has the smallest possible electrial charge, and is negative.
The proton is a heavier but smaller particle and has exactly
the same charge as the electron, but is positive. Because
hydmgen-gas atoms are the lightest atoms in existence,
hydrogen atoms consist of one proton and one electron.

/*--

NUCLEUS

I

/

,

.

1'

,by

PLANETARY
ELECTRON

Figure 1. Bohr's Concept of the Hydrogen Atom

Figure 2. Carbon Atom

Heavier eIements have more protons and electrons; also
they have atomic particles with mass but no charge. These
particles occur in the nucleus and are called neutrons. The
neutron has the mass of a proton plus an electron; but the
neutrotl has no charge because the equal positive and negative charges cancel each other. For example, the arbon
atom (Figure 2) has six planetary electrons and a nucleus
consisting of six protons and six neutrons. A n o d atom
has as many electrons as it has protons.
As the weight of the material increases, the numkr of
electrons and protons in the atoms of the material increases.
One of the most important concepts of the atomic theory is
that electrons which revolve abut the nucIeus are arranged

I,
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conductor connected to positive terminal, it is attracted to
the positive terminal which is collecting electrons. A voltage
difference or gradient is set up along the conductor. Be=use there are too many eIectrons at the negative terminal
and too few at the positive pole, the free electrons move
toward the positive pole. No single electron moves very far
before it enters the structure of an atom that has just lost
an electron. The electrons "drift" along the conductor at a
speed of only a fraction of an inch iper second.
Although the speed of the individual electrons is very
slow, the actual speed of electric current is 186,000 miles
per second, or about the speed of light. A comparison with
a hydraulic system should clarify this statement. In Figure 4
a tank is completely filled with water. If the pump handle

Figure 5. Themionic Emission

Figure 4. Illustrating Electron Flow

is palled down, the pump will force a pint of water into the
tank at point A. Water is virtually incompressible, and a
pint of water will instantly be ejected from the pipe at B.
However, none of the water injected at A will be in the
pint ejected at B. An electric conductor may be thought of
as a tank full of electrons. If a conductor 186,000 miles
long could be built, one second after a coulomb of electrons
was forced into one end, a coulomb of electrons would
leave the other end.
In passing through the conductor, the electrons make
numerous collisions with the atomic particles that constitute
the material of the conductor. These collisions generate
heat and retard the passage of electrons. The property of
a material which retards the flow of electrons is called
resissat~ce.The resistance of a substance to electron flow
depends upon the number of free electrons. Most metals
have many free electrons. Insulators have almost no free
electrons.

When an electron has been i d from an atom. the net
charge on the atom becomes positive, k u s e a negative
particle has k e n removed. An atorn with a positive charge
is called a positive ion. The process of ionization depends
upon an atorn absorbing sufficient energy in any form to
release an electron. Cdccasiomlly an electron will enter the
outer orbit of an atom that lacks only one or two electrons
to fill its outer orbit. The atorn will then have a net negative
charge and %-illbe a negative ion. Because it is easy to remove this electran, negative ions usually exist only a few
millionths of a second before an electron is attracted to a
more positive atom and the ion becomes a neutral atom.
There are several other ways of obtaining electrons. If an
electron, moving at high velocity, strikes a planetary electron of an atom, it may knock this electron from its orbit.
This process is called secondary emisss'on and is the re-

\

ELKfRON MOVING
AT nlcw vnocrw

Obtaining Electrons
When a substance is heated, the planetary electrons in
the substance are speeded up: they move faster and faster
abut their nuclei. They may move so fast that they are
able to break away completely from the surface of the
material. This is the method used in obtaining electrons for
many vacuum tubes. A metal electrode is heated until electrons are emitted from its surface. This method of obtaining electrons is alled themionic missiott, indicating that
heat has been used to obtain the electrons.

Figure 6. Secondary Emission

S

rnoval of electrons from a substance by bombardment with
other electrons. Suficient energy is imparted to the electron
by impact to enabIe it to overcome the surface barrier of
the substance and be emitted from the substance.
Certain substances exhibit the property of being able to
emit electrons when wave energy such as light waves, infrared rays and ultra-violet rays strike them. Energy from the
light rays is imparted to the electrons of these substances,
aIlowing them to overcome their surface barriers. This
property is caIled photoebc#~~'c
emission.
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It is possible to obtain electrons from some substances by
the application of a very high potential difference,without
the application of heat, tight or any other form of energy.
The negative electrons are so strongly attracted by a
positively-charged W y near them that they we literalfy '
dragged from their orbits. This method of obtaining eke- !,
1
trons is called high-field mission.

Figure 9. High-Field Emission

Figure 7. Photoelectric Emission

Another type of emission is shown by minerals such as
radium and uranium. They are known as radioactive elements. These atoms are quite unstable and are constantly
throwing off electrons and other particles. When the electrons are thrown off, the uranium atom becomes a simple
atom of another element. The natural emission of electrons
by radioactive substances bemuse of the distintegration of
the atoms is called radioactive mission.

Because of differences in their atomic structure, various
substances require different amounts of energy to remove
electrons. Some atoms hold their electrons much more
forcibly than do others. The measure of work necessay to
remove an electron from a substance is known as the work
f lcnctim of that substance.

The Emitting Electrode
Most of the electronic tubes we use today obtain electrons
by themionic emission. Every electron tube has an electrode known as a cathode which emits electrons. In therrnionic tubes the cathode is heated by an electric current.
In some tubes the current flows through a filament, heating
it to red heat and causing it to emit electrons. In this type
of tube the filament functions as the cathode and is directly
heated. In other tubes a cylinder coated with the oxides of
calcium, barium or strontium is heated by a coil of wire
wound inside it, called the heater. This type of cathode is
indirectly heated. The directly-heated athodes are more
efficient, less expensive to c o n s t m a and heat more quickly
when the filament current is applied. The indirectly-heated
cathode's advantage is that its entire surface is at the same ' 1
potential. Alternating current may be used to heat the
cathode without interference in the tube circuit.
The materials generally used for the filament of the,,
directly-heated cathodes are tungsten or thoriatd-tungstm.,
Tungsten has a high melting point and long life. I t is tough :

1

Figure 8. Radioactive Emission
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and will withstand h b a r d m e n t by ions. Thoriatd-tungsten is pure Nngsten impregnated with a very small amount
of thorium oxide and carbon; it is considerably more efi1 dent than pure tungsten, 'because the thorium has more free
electrons than pure tungsten.
The vast majority of small tubes used in radio receiving
sets use neither pure tungsten nor thoriated-tungsten cathodes, k u s e of the high temperatures required to produce
1 mission. The tubes used in home radio sets generally employ the oxide-mtd indirectly-heated cathodes. Large
8
types of tubes use tungsten or thoriated-tungsten filaments
where high power must be handled.
When an electron is removed from the athode, it leaves
on
the c a t m e a small positive charge, known as the posiI
, tive image. The attraction between this positive image and
t
the electron tends to draw the electron back to the cathode.
If the electron is emitted fmm the eathode with sufficient
I
velocity, it may overcome this positive attraction and remain in the space about the athade. When many electrons
arc emitted, they form a negative space charge about the
cathode.
i
When an electron, moving with considerable velocity,
strikes an atom of gas, it may knock an electron free from
the outer orbit of the atom. The atom with an electron
removed from its orbit is now a positive ion, and if the
& M e has a negative charge, this ion will be attracted to
the cathode. Because the ion has almost all of the weight of
the atom, the ion wilt cause damage to the cathode if it
strikes the cathode with high velocity. So it is desirable to
remove as much of the air as pssible from electron tubes.
Certain tubes, however, are designed to be operated with
gas atoms present. Provision must be made in these tubes
to prevent damage of the cathode by these heavy ions. Because tungsten can withstand ion bombardment, it is frequently employed as a cathode in gas-filled tubes.
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Relative Potentials
In electronic circuits, the movement of electrons through
vacuum or gas is controlled by charges of electricity on
metal plates or electrodes placed in the electronic tubes.
The potential or magnitude of charge of the electrode is a
determining factor in predicting how the circuit will o p r ate. The charges on the electrodes may be positive or negative; the electrodes may be deficient in electrons, or they
may have surplus electrons. To have some reference for
comparing charges, the E h t h is considered to be at a zero
reference potential, Some point in the electronic circuit,
frequently Ithe metal box or c k s i s on which the tubes and
other components are mounted, is also called ground,
and is often connected to earth. This point is designated as
ground ptential by the syrnhl

I

- 50v
Figure 10. \'oltage

Divider

The magnitude of voltage at any point in the circuit is
given in relation to ground potential.
Figure 10 shows a voltage-divider network similar to
many used in electronic devices, A DC p w e r supply, represented by a battery, supplies a series circuit consisting of
three resistors with a total resistance of 450,0aE ohms.
Using Ohm's law:

Voltage
Resistance
the current through the resistors is
Current =

Current =

450 volts
450,000 ohms

Current = .001 ampere
= 1 milliampere

The one-milIiampere current consists of electrons moving
from the negative pole of the p w e r supply to point D,
through the three resistors to p i n t A, and back to the positive pole of the power supply. As the electrons move
through the resistors, they cause voltage drops proportional
to the resistance they overcome. The voltage drop across
each resistor may be ca1cuIatd by rearranging Ohm's law,
Voltage = Current

x Resistance

from which it is seen that 200 volts are developed across
each M0,000-ohm resistor, and 50 vdts are developed
across the 50,000-ohm resistor.
Point C is grounded, and becomes the reference potential
in the circuit. Since point D is 50 volts more negative than
p i n t C, point 13 is at a potential of -50 volts. Similarly,
point B is at a potential of +200 volts, and p i n t A is at a
potential of 400 volts above ground potential. So it is possible to obtain several voltages of either positive or negative
polarity from a single power supply. This principle is extremely valuable in electronic circuits.
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Electrons in Motion
Inductors and capacitors perform important functions in
electronic dmuits. These elements affect electrical circuits
somewhat as i~midrmaffects mechanical devices. Inductors
and capacitors play an important part in electrical and
electronic circuits, because they prevent instantaneous
changes of current or voltage in their circuits. In Figure 11
three circuits are shown. Figure 11A is a simple circuit
containing a battery, a switch, and a resistor. No current
Aows until the switch is closed. The moment the switch is
closed, the current rises from zero to a value which can be
determined by Ohm's law, and m a i n s indefinitely at this
value.
In Figure 11B a apacitor has been added to the series
circuit. At the instan? the switch is closed,the capacitor has
no charge. The battery voltage causes electrons to flow
from the negative terminal to the lower plate of the capacitor; these electrons repel electrons from the upper plate
which flow through resistor R and the switch to the positive terminal of the battery. At the instant the switch is
closed, the capacitor presents no reactance to electron flow,

fM

I B M

and the current is limited only 'by the resistor. A moment
later, as electrons begin to a&umulate on the lower plate
of the capacitor, fewer electrons leave the negative terminal of the battery. The current decreases slowly to
zero as the capacitor charges to the voltage of the
battery. The rate at which the capacitor charges is determined by the size of the series resistor and the size of
the capacitor. The larger the resistor or the mpacitor, the
slower the capacitor charges. A convenient measure of the
time required to charge a capacitor through a resistor is
d l e d the time constant, and i s obtained by multiplying the
capacitance in farads by the series resistance in ohms. The
time constant of a apacitiw circuit is the time in seconds
r e q u i d to charge the capacitor to 63.2 percent of its final
value. For example, if the capacitor in Figure 11B is ten
microfarads and the resistance is one megohrn ( 1,000,000
ohms),
(Time Constant)

TC = E,OOO,MXl ohms X ,000010farad
TC = 10 seconds
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Thus, if the battery potential is 100 volts, the capacitor
would charge to a potential of 63.2 volts in ten seconds?
Note that the rise of voltage is sot linear, and that the volt-
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age at any other time is taot proportional to the time constant. In most electronic circuits the time consbnts will k
a fraction of a second.
In Figure 11C an inductor has been connected in series
with the resistor, switch and battery, An inductor has large
reactance to a chmge in current, although the resistance to
a steady direct current is quite small. At the instant the
switch is d o s d , the current tries to increase as it did in
Figure 11A. However, the sudden change in current is
opposed by the inductor which has high reacbaace to a
change in current. Only a trickle of current can pass
through the circuit immediately after the switch is closed.
The current increases gradually, overcoming the reactance,
until the current is limited only by the resistance and the
ohmic resistance of the wire of which the inductor is wound.
The time constant for an inductive circuit is the time required for the current to rise to 63.2 percent ef its final
value; this time is obtained by dividing the circuit inductance in henrys by the resistance in ohms. For example, if
the inductance is 10 henrys and the resistane is 10 ohms,

( T h e Constant) TC =

10henrys
ohms

TC = 1 second
If the battery potentid is 100 valts, the current through
the circuit would be 6.32 amperes at Ithe end of one second.
Usually the inductance is much smaller and the resistance
much larger, resulting in smaller time constants.
Inductors have the property of opposing any c k a ~ g ein
current. Figure 12A shows a characteristic of an inductive
circuit. Current from the IO-volt battery flows through the
switch and the inductor. Assume the inducter is rated at
10 henrys and has a DC resistance of 10ohms. The current
would reach a value of one ampere after the switch had
been closed for some time. If the switch were now transferred instantaneoassly to its other position, the inductor
would oppose any change of current and would momentarily force a current of one ampere through the resistor R
(Figure 12B). If R has a resistance of 100 ohms, a potential of 100 volts will be developed momentarily across it.
If R equals 10,000ohms, a potential of 10,000volts will be
developed across it. However, if R equals 100,000 ohms,

-

1. In the next fO m d s , the.wpecitor would & m additional
charge of 632 percent of the difference between its charge at the
of 10 seconds and its final
ln this lo-second perid,
the capacitor would gain an additional charge of 63.2 percent of
36.8 volts (100
63.2), or 23.25 volts. The potential at the end
of 20 seconds would bz 632 volts plus 23.25 volts, or 86.45 volts.
At the end of 30 secmds, the potential is 86.45
63.2 (100 86.45) = 91.8 volts. The voltage approaches the suppiy voltage
in ever-decreasing increments.
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Figure 12. Development of Transient Impulses

the mil will generally break down before 100,000volts can
be developed across the resistor. The high voltage takes
the form of an impulse, following the curve shown in Figure 12C. ImpuIses developed in this manner are d I e d
transients.
The high-voltage impulse developed when an inductive
circuit is broken is useful in some applications. The fuel in
an automobile engine is ignited at just the right instant by
a spark developed in this manner. In electric and electronic
accounting machines, however, the transient impulses develo~edwhen inductive circuits are made Or bmkh an
cause undesirable effects. Circuits to decrease the effect of
transient voltages are discussed in Chapter 7.

the DIODE
EdSson'r discooery that dectric current

could be passed through a twcuam opened
a netu science of oacuum and then gar-fflled tubes.
Theory of wcuum, gas and crystal diodes
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N 1883 Thomas Edison discovered that an electric current could be passed through a vacuum. Because this
effect seemed to have no practical value then, Edisonmerely
noted the effectand did not study it further. Other scientists
took up the study, and the science of electronics was built
on their efforts. These men worked under a great handicap,
-use
electrical engineering w a s in its infancy, and the
existing theories of electricity and matter broke down completely when applied to the conduction of electric charges
through gas or space.
With our present knowledge of electronics, the Edholt
effect is now easier to explain. When the filament is heated
to incandescence, the electrons of the atoms of the filament
are speed& up in their orbits until the centrifugal force
overcomes the attraction of the nucleus. These negativelycharged electrons then fly out of their orbits and out of the
filament. In an ordinary ektric lamp, the electrons remain
in the v i c i n i ~of the filament, but when another electrode
is sealed In the bulb and given a positive charge, the negative electrons will be attracted to the electrde. This transfer of electrons is a flow of current through the vacuum of
the lamp.
Every electron tube has at least two electrodes: a cathode,
or emitter of electrons, and an mode, or electron collector,
The simplest form of tube, using only a cathode and an
anode, is called a dwde (ds' = two). The anode is frequently
called the "plate."

The Vacuum Diode
Figure 13 shows the circuit required to demonstrate the
Edison effect.A small battery, labeled A, applies current to
heat the filament. The larger battery, labeled B, is connected
with the polarity shown, between the cathode or filament
and the anode. A rnilliarnmeter is inserted in series with the
battery to measure current through the battery and the

F i r e 13. Circuit Demonstrating the Wson Edect

tube. When the filament is heated, electrons are emitted
from its surface. These electrons are all negatively charged.
The anode has a positive charge from the 3 battery. Bemuse unlike charges attract, the positive anode potential
will attract the negative electrons. The electrons travel
across the vacuum of the tube and strike the anode. Here
they enter the outer orbits of the atoms of which the plate
is composed, dislodging other electrons which travel
through the wire in the direction shown, to the positive side
of the B battery. Simultaneously, electrons leave the negative side of the B battery and move to the filament. These
electrons take the place of the electrons that have been
emitted and eventually are heated and emitted into the
vacuum. This flow of electrons through the circuit muses
the rnilliarnmeter to be deflected.
Operating characteristics of the diode depend on the
number ol electrons available. The cathode's derrree of heat
has a considerable efiect on the number of electronsemitted.
Figure 14 shows graphically the emission of electrons from
tungsten at difierent temperatures. Until the mfhode is
heated to 320O0F.,no electrons are emitted. Once emission
starts, it increases very rapidly with rise in temperature.
As the heat of the athode increases, the velocity of the
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Figure 14. Variation of Emission with Temperature
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electrons being emitted increases; so the electrons travel
farther from the cathode when they are emitted. For any
standard vacuum tube there is a specified heater or filament
voltage. This voltage causes a current that heats the filament to the proper operating temperature. When the heater
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reaches operating temperature, the rate of electson emission
becomes stable over a period of time; that is, every second
approximately the same number of elections willbeemitted.
In the usual vacuum tube, more electrons are emitted than
ever reach the plate. Some of these electrons cluster near
the cathode and form a negative space charge. This negative space charge acts as a barrier to other electrons being
emitted and forces some of them hack to the cathode. The
space charge acts as a reservoir for electrons to be attracted
to the plate.
Figure 15 shows the characteristic anode current versus
anode voltage curve for a diode. When a low positive ptential is applied to the plate of the diode, a small electron current will flaw. When more voltage is applied, the attraction
for electrons is greater, and more cutrent results. This will
continue up to the point where all of the electrons emitted
by the cathode are attracted to the anode. This point is
known as the saticratio~point. At this value of anode voltage all the negative space charge is overcome, and electrons
are attracted to the anode as fast as they are emitted. The
anode current cannot exceed this value.
The B battery has been connected between the cathode
and the anode. So an electric field exists between the cathode and the anode in much the same manner as b e e n the
plates of a capacitor. When an electron enters this electric
field, it is accelerated by the attraction of the positive anode.
Energy is imparted to the electron to cause it to w e r m e
the negative space charge, to move through the vacuum and
to strike the anode. When the electron strikes the anode.

ANODE VOLTS

Figure 15. Variation of Anode Current with Applied Voltage
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Figure 16. Diode Circuit
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its kinetic or moving energy is transformed into heat
energy. Provision must be made in all electronic tubes to
radiate the heat eaused by the electrons striking the anode.
Because work has to be done on the electrons to move
them from the cathode to the anode, the electron tube acts
much like a resistor in the circuit. We might call this resistor the plate or anode impedance of the tube. Figure 16B
shows an equivalent circuit in which the vacuum tube is
repfaced by a resistor %. The current in the circuit is determined by the magnitude of voltage of the B battery and
the resistance of %. In Figure 16A the current is determined by the magnitude of the B battely and the anode
impedance of the vacuum tube.
Figure 17 shows a circuit identical to the circuit of Figure 13, with the exception that the polarity of the B battery
has been reversed, When electrons are emitted from the
cathode, they face an anode more negative than the cathode
from which they came. The negative charge on the anode
repels the electrons, driving them back toward the cathode.
NQ electron current mn flow from the anode to the cathode,
because no electrons are emitted by the anode. For this
reason the diode is known as a alrilaberaF impedance: it
a1Iows election flow in one direction only, If the voltage
applied between cathode and anode is made too great in
the inverse (or back) direction, the voltage may arc across

A

Figure 17. N o Current Flows When Anode Is Negative
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the vacuum of the tube. Electrons are then dragged from
the anode by high-field emission, and the tube may be damaged. The maximum safe reverse voltage that may be applied across a tube is called the peak inverse voltage. The
~tnilateralcharacteristic allows the diode to be used for
purposes of rectificatio~or changing alternating current
into direct current.
A direct current (DC) is one in which the polarity or
the direction of electron flow is always the same, and the
rate of flow is practically constant. A storage battery or dry
cell has a direct-curren't output. Alternating current (AC)
changes pIarity at regular intervals, building up fm zero
to a maximum voltage in one direction and returning to
zero, then going to a maximum voltage in the other diree
tion and returning to zero. This is known as one cycle, and
i s repeated indefinitely. Common house-current supply is
descriM as 110-volt Hbcyck power. This means that 60
complete cycles occur every second, and the voltage reverses 120 times every second.
In Figure 18 an alternating-current genemtor has k e n
substituted for the B battery. When a diode is connected
in series with this generator, electrons can flow in the circuit
only on those hdf-cycles when the a n d e is positive in relation to the cathode. On the alternate half-cycks, no current can flow, for ae electrons can move from the anode to
AC

4 GENERATOR

Figure 18, Principle of Rectification

the cathode. So the generator causes a series of pulses of
direct current to flow in the anode circuit. To obtain a
direct voltage, this current must be developed across a load.
I n Figure 19 a resistor RL has been placed in the anode
circuit. On the half-cycles when current flows, a voltage
proportional to the current will be developed acmss the xesistor R,. Across the terminals of this resistor, a pulsating
DC voltage is developed. H a k f - m e rectifiatiotr of the
alternating current has been accornptished.
The pulsating DC voltage may be improved by adding a
capacitor in parallel with the resistor. On the half-cycles
when the tube conducts, the m p c i b r is charged, and on
the half-cycles when the tube prevents the flow of current,
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Figure 19. Half-Wave Rectifier

Figure 20. Half Wave Rectifier with Capacitor Fitter

the a p d t o r discharges and provides current to the output
circuit. Figure 20 shows this circuit; the output voltage is a
DC voltage. Some "ripple" remains on the DC voltage, but
by proper filtering it is possible to eIiminate virtually all
this ripple. Note the polarity of the rectifier output voltage.
Much higher efficiency may be obtained by employing
fPrkuave recfification. A smoother flow of current will resuIt from making the pulsations come closer together. Fullwave rectification requires the use of two diodes. One conduds during the first half of the alternating cycle, and the
other conducts during the second half of the cycle. By
utilizing the full AC wave, the output voltage contains
twice as many pulsations per second and is easier to smooth.
Figure 21 shows a typical full-wave rectifier. For simplicity, the filaments are shown heated by batteries, although in practice they are heated by alternating currents

supplied by a separate transformer winding. When an AC
voltage is appIied to the primary of t k transformer, it
induces a voltage in the secondary that has the same wave
shape. By making a center-bp to the transformer secondary, it is possible to obtain from the secondary two voltages
that are 180 degrees out of phase. At the instant when the
voltage at point A is at positive maximum in relation to
p i n t C,the potential at point 3 is a maximum in the negative direction in relation to point C. When the cycle reverses, point A reaches maximum negative, and p i n t B is
maximum positive in relation to p i n t C. Every halfcycle the anode of one of the tubes will be positive, and
electrons
flow from the cathode to that anode, through
half of the transformer winding and through R&back to the
cathode. Note that the flow of electrons through RL is always from point C to point D. The resultant current form
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is much smoother, even without filtering, and when a capacitor is connected in parallel with the load as in Figure 22,
a reasonably smooth DC potential is obtained. The output
of the full-wave xectifier requires much less filtering to
make it suitable for a given appliation.
The filtering action can be further improved by inserting
an indnctance in series with the load. An inductance tends
to oppose any change in current. If the current starts to
decrease through an inductor, the inductor will generate a
voltage that tends to keep the current constant. The current
will be smoothed by this effect, and inductors are thus
utilized in filter circuits.
Figure 23 shows the effect of a series inductor or choke
mil on the rectified AC. Note that the DC output is lower
but much smoother than the tube output without the choke
mil. Also note that the peaks of the ripple on this DC occur
between the paks of the pulsations when the tubes conduct.
Usually inductors and capacitors are used together in filtering a power supply. Figure 24 shows a typical filter circuit.
A choke coil is pIaced in series with the load, while two capacitors are conntxted in parallel with the load. The DCoutput has now been made very smooth. This circuit is sometimes mlled a a (pi) filter bemuse of its form.
The filter circuilt of Figure 24 is called a capacitorinp~t
circuit, because capacitor C1 is the first element connected
to the cathode. If capacitor C1 were removed from the
diagram, the circuit would be a c h o k e - h p ~ tfilter. A capacitor-input circuit has the advantage of higher output
voltage; when a greater load is connected to the rectifier,
however, the vdtage drops rapidly. The change of output
voltage with Ioad is called rephtioon, and capacitor-input
filters have poor regulation. Choke-input filters have lower
output voltages, but much better regulation; the voltage
will remain constant over a wider range of toads.

The Gas Diode
In the design and manufacture of vacuum diodes it is
desirable to remove as much air as possibIe from the t u b s .
Gas diodes, on the other hand, have a minute amount of
gas deliberately introduced into the tube. Gas tubes can be
classified as cold-cathode gas tubes, gas-filled thermionic
tubes. and mercury-arc pool-type rectifiers.

THECOLD-CATHODE
DIODE

The cold-cathode type is used in voltage regulator circuits for small power supplies and as small indicator lamps.
The term "cold cathode" deriifes from the fact that no heat
is applied to the cathode. Instead, the electrons are obtained
by high-field emission. Two small electrodes are sealed into
a glass tube that has introduced into it a smalI amount of
neon, xenon, or some other inert gas. Inert gas is used bemuse it will not combine chemically with the electrodes.

The electrodes are coated with metals of

low work function
such as cerium, or partially-reduced oxides of barium and
strontium. When a potential is applied between the two
electrodes, a few electrons are emitted from the negative
elearode by high-field emission. These electrons are attracted to the positive electrode, but on their way they
strike atoms of gas, knocking additional electrons from the
outer orbits of these atoms. The emitted electrons and the
atomic dectrons constitute the current flow through the
tube to the positive electrode, while the gas ions mow toward the negative electrode. When the ions strike the negative electrode they impart energy to release additional
electrons.
Once ionization has been started: less voltage is r q u i r d
to maintain the electron flow through the tube. Some of the
electrons enter the outer orbits of gas atoms; but instead of
colliding with the ekctrons in these orbits, they repel these
electrons, forcing them to jump to a different orbit or
energy level within the atom without repelling them hard
enough to free them from the atom. When the original
electron has been removed, the atomic electron drops back
to its original orbit; in doing so it gives up the energy absorbed when forced out of its orbit. This energy is released
in the form of light. Neon gives a reddish-orange light,
argon gives a bluish light, and carhn dioxide a white light,
The Iight produd serves no purpose in the electronic ciicuits; butit has opened up the additional field of electronic
lighting units such as neon-tube lights and fluorescent
lamps.
The most useful characteristic of the cold-cathode gas
diode is that once ionization has occurred, the ptential
drop across the tube remains essentially constant. The
VR-105 type diode requires 137 volts applied to its eketrodes to cause ionization. Once ionization potential has
been reached, however, the voltage drop across the tube
decreases to 105 vdts and remains constant as long as
ionization continues. This makes cold-cathode diodes very
useful in power supplies where it is desired to maintain a
constant voltage. The cold-cathode diode is connected in
parallel with the Ioad, and the voltage drop across the diode
and the load wiIl be held constant.

The same principles apply to thermionic diodes. Dectrons are here emitted by heating the cathode. When a positive potential is placed on the ande, the electrons are
attracted to the anode and on their way strike atoms of
gas, knocking additional electrons from the outer orbits of
these atoms. These electrons contribute to the electron flow,
and enable the gas diode to carry much heavier currents
than the vacuum diode is capable of mffying. The atoms
relieved of electrons become positive ions and are attracted
to the cathode. On their way they may collide with other
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releasing more electrons. &ch electron passing
through the gas a n result in the transfer of many electmns.
When the ions strike the cathode, they release more electrons. When they attract enough electmns to fill their outer
orbit, they c a s e to be ions and again become gas atoms.
The gas diode has its chief application in power rectifiers.
The mercury-arc pool-type rectifier is used where extmeIy high currents must be rectified. These devices are
found primarily where high power must be rectified.

atoms,

THEP H O ~ C ~ L
Another type of diode is the photoelectric cell. There are
of photoelectric cells: photovoltaic cells, photothree
conductive ells, and photoemissive cells. The photovoltaic
cell genemtes a voltage between its electrodes when light
reaches it. The phot~conductivecell varies its resistance in
accordance with the light intensity it receives.
Phofom8'ssiwe cells are oomposed of a cathode made of
an element such as cesium which emits electrons when
struck by light rays. As long as no light strikes the cesium,
no electrons will t~ emitted., but when light energy strikes
the cesium, electrons will be emitted and attracted to a
pitiveIy-chrged anode. The elecrmn flow is very smafl

IBM

Sometimes an electron multifibirn is built into a photoelectric cell. Figure 25 shows the principle of the eledmn
multiplier. When light strikes the cathode, the emitted
electrons are attracted to the first and. When they strike
this anode, they release other electrons by secondary emissioa. This process continues as the secondary electrons are
attracted to the second anode, where secondary emission
again occurs. O n e type of tube employs a photoelectrk
-tho& and nine anodes, called dynodes. Far every electron
leaving the cathode, about 2,000,000 electrons reach the
final electrode.
Certain types of photocells contain a small amount of
inert gas. A considerdle increase in sensitivitY-r current
pdU&
for a given amount of light &king the cathode-The emitted electrons eollide with
a n be
gas atoms and cause ionization. I o n i d o n results in
emission and higher anode current. It is possible to obtain
up to ten times as much anode current by including gas in
the cell. If a higher gas amplificationis attempted, the psitive ions strike the cathode with such force that they may
damage it.
Photocells are widely used in burglar alarms. A beam of
light is focused upon the photoelectric cell. As long as the

2. The electron is attracted to
the first anode. When if sfrika,
relearn several electrons by
secondary emission.
it

he second anode where
they each f r ~ sseveral slecto

trons.

Figure 25. Photocefl with Dynode Amplifier
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The amplifier magnifies this tiny change in photoelectric
d l current and sounds an alarm.
The sound track on a motion-picture film is a series of
tight and dark areas on the edge of the film. The sound
track passes between a bright lamp and a photoelectric cell,

I

and the variations in current produced by the cell are amplified and sent to the loudspeakers behind the screen.
ZBM uses phutoelectric cells in the traffic recorder, and
for control of machines used in the factory.

The Crystal Diode
Finre 26. Crystal-Diode Switching Circuit

In the early days of radio development, radio receiving
sets used a detector made by clamping a small piece of
metallic crystal {usually lead sulfide) in a small cup or
receptacle. A flexible wire "cat whisker" was held in light
contact with a sensitive spot on the crystal. This constituted
a crystal-diode rectifier. The development of the vacuurntube diode caused crystal detectors to b e m e obsolete in
commercial sets; however, because the crystal-diode rectifier
was superior in certain respects to the vacuum-tube diode,
considerable research has been made on this device. Now it
is re-appearing in television detection circuits,

The most widely used substances for crystal diodes are
qstaline germanium and silicon. A crystal is pressed into
a holder, and the exposed surface is ground and polished
to a bright finish. The crystal is assembled in its carriage
with a cat whisker of platinum or tungsten pressing lightly
on the polished surface. A high current is sent through the
assembly momentarily to heat the cat whisker and weld the
wnlsker to the crystal. The welded unit is mechanicaHy
stable, and does not require further adjustment.
The crystal rectifier utilizes the principle that, at the
junction between the cat whisker and the crystal, electrons
can flow more readily in one direction than in the other.
The germanium rectifier acts as a unilateral impdance,
offering low resistance to electron flow from the crystal to
the whisker, and high resistance to electron flow in the
opposite direction. The silicon rectifier acts in exactly the

oppdsite manner. The crystal diode is not as effective as
the vacuum-tube diode, because a few electrons may move
in the reverse direction, cancelling the effect of an equal
number of electrons moving in the forward d i d o n . Because the crystal diode d&s not require a heated cathode,
these is no IhemeiotPic noise added into its anode circuit;
this is i m p r h n t when the circuit is handling very small
currents and voltages.
Germanitrm-crystal rectifiers are fitding wide use in
IBM machines as polarity traps. They offer low resistance
to a current in the proper circuit but act as a high impedance to any current in a "back" circuit. Figure 26 shows a
simple example. Switch S l is designed to energize mil I,
but switch 52 should energize both coil 1 and coil 2. The
crystal diode is thus connected in the manner shown. When
switch SI is closed, electrons can flow from the negative
terminal of the power supply through coil 1 and switch S1
to the positive power-supply terminal. Electrons trying to
pass from the negative terminal through coil 2 find a very
high resistance between points B and A, and coil 2 would
not be energized. If switch S1 is opened and switch 2 is
closed, electrons flow from the negative terminal through
coil 2 and switch 2 to the positive terminal. Electrons a n
also flow through coil 1, the crystal diode, and switch S2 to
the positive terminal, because the diode presents a very low
resistance to electrons moving from point A to point B.
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was the leey to modern electronfa, umlockbg doors

7

7

I

to radio, teleoision, IongdCstance tefephony,
talking pictures, and electronfc cakdaton
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The Vaaum Triode

N A M E R I C A N named Lee DeForest made the

In the triode, the cathode is surrounded by a small wiremesh element ealled a grid. The function of the grid is
easily visualized by comparison with a Venetian blind. Figure 27A shows a Venetian blind set so that the sunlight a n
readily enter the window. This is the condition in a vacuum
triode when the grid structure is at cathode potential or
positive in relation to the -tho&. Electrons leaving the
cathode are able to p e t r a t e the holes in the wire mesh

basic invention of modern electronics in 1906. Between the cathode and the anode of a vacuum diode,
DeForcst placed a third elanent formed of wire mesh. This
dement, which he called a grid, made possible the control
of the electrons flowing from the cathode to the anode.
From this invention the entire electronics industry has
been developed. Beause this device has three elements, it
is mlled a t k d e ( t r i = three).
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Figure 27. Control-Grid Principle
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and reach the anode, resulting in anode current. In Figure
27B, the Venetian blind has been turned to partially exclude the sunlight. In the vacuum triode, when the grid is
made negative in relation to the cathode, electrons leaving
the cathode face a field more negative than the surface they
have just left; so some are forced back to the cathode, and
fewer electrons penetrate the hoIes in the grid and reach
the anode.
Figure 27C shows the triode action when the grid has
been made still more negative in relation to the cathode.
When closed, the Venetian Mind shuts out all the sonfight.
When the grid is made very negative in relation to the
cathode, no e1ecirons can penetrate its high negative field,
and the anode current is zero. This condition is called
cutof. Thus, the grid is capable of controlling the electron
stream. The intensity of the electron stream may be varied
from the full capacity of the tube (saturation) to cutoff.
The vacuum triode operates on the flow of electrons much
as a faucet controls the flow of water. The British call the
vacuum triode a "valve" for this reason.
The grid of the triode is capable of controIling the electron flow through the tube. This function might he accomplished in a direct-current circuit without electronic tubes
by employing a variable resistor in place of the triode. Figure 28 shows an equivalent circuit when the resistor I<,
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Figure 28. Triode Circuit

replaces the vacuum triode. When the value of R, is made
small, the current through the circuit is increased; but if R,
is made very large, the currenit through the circuit may be
decreased to a ma11 trickIe. If Rp were made infinitely
large, no current would flow through the circuit. The
vacuum triode can take the glace of the variable resistor
and can vary the magnitude of anode current much faster
than it is possible to vary the resistor b.
Figure 29 shows the anode characteristic curves for a
typical triode. The abscissa of the graph represents the
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Figure 29. Ttiodc Characteristics
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magnitude of anode voltage, while the ordinate axis represents the magnitude of anode current. The curves traced on
the graph represent constant grid voltages. For example, if
the grid is at cathode potential (& = O),four milliamperes would flow in the anode circuit when the anode potential is 50 w l t s in relation to the cathode. If the anode
potential is raised to 100 volts, the current increases to 9
milliamperes. Now, a pure resistance would exhibit a proportional rise in current: that is, a resistor that allowed 50
volts to force 4 milliamperes through it shuld allow 100
volts to =use a current flow of 8 milIiamperes. Since the
triode obviousIy decreases its impedance as the anode voltage is increased, the plate resistance is a aon-linear impedance. Ohm's law dms not apply to the calcuIation of anode
resistance. Instead, the anode resistance must be cafcuIated
from the relation
change in anode potential
Anode resistance =
change ~roducedin anode current
(grihpotential held constant)

In Figure 24, with the control grid at a t h o d e potential,

-

Anode resistance =

1DQ volts 50 volts
9 milliamps - 4 rnilliamps

Anode resistance =

50 volts
.(XI5 amp

Anode resisstance = 10,000 ohms

The tramcondt~ctanceor mutuul cotrductance, gm, of a
triode is the rate at which the plate current changes with
a change in grid voltage and is measured in mhos.
change in anode current
gm = change in grid voItage
(anode voltage constant)

In Figure 29 the anode current increases from 5 milIianiperes to 9 milliamperes when the grid voltage is changed

350 v

ohms
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from -2 volts to 0 volts. The transconductance at thh
pokt of operation is approximately
Qm

.004 ampere
2 volts = -002 mho

Because the anode resistance and transconductance are
constant for only a smaIl range of the tube characteristic,
the characteristic curves for the proper tube must be consulted whenever a vacuum-tube circuit is considered.
The characteristic that makes the vacuum triode so d u able is that comparatively high voltages, developed across
the anode circuit, can be controlled by a small voltage (and
virtually no power) applied to the grid. This process
is called ampiificats'on. To obtain amplification, a load
must k connected in the anode circuit. Figure 30 helps
explain the basic amplifier principle. A constant 45@voIt
snppIy is connected across the tube and load resistor in
series. Electrons can flaw from the negative terminal of the
456volt supply to the cathode of the triode. The cathode is
indirectly heated, and electrons are emitted from the cathode. Some electrons find their way through the holes in the
grid, and are attracted to the anode. The electrons flow
through the 50,000-ohm resistor to the positive termina1 of
the power supply. The grid of the triode is connected to a
potential of -1 voIt in Figure 30A. With the grid at
this potential, the DC resistance of the triode is about
14,300 ohms, The 450-volt suppIy causes n current of 7
miIliamperes to flow through the tube and the laad resistor
in series. This 450-volt potentiaI is divided as follows: 100
volts across the tube resistance, and 350 volts across the
toad resistor.
The grid potential is changed to -4 volts in Figure 30B.
Fewer elmtrons can get through this more negative grid,
and the DC resistance of the t u l ~increases to about

7rna

-

'cc.
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-

Figure 30. Principle of Amplification of Static Voltages

25,000 ohms. If the voltage across the tube and load resistor
remains at 450 volts, this potential will be developed as 150
volts across the triode and 300 volts across the load resistor.
Thus, a three-volt change in grid voltage has caused a 50volt change in anode voltage.
Figure 30C shows that if the grid is made more negative
by another three volts, the current will again be decreased.
The DC tube resistance now becomes 40,IXSO ohms, and
the 450-volt supply is divided as 200 volts across the tube
and 250 volts across the load resistor. Again, a change in
grid voltage of three volts has caused a change in anode
potential of 50 volts. Operating the tube at these potentials
prcduces essentially linear amplification. The amplification
or voltage gain of a triode is the ratio of change in anode

potential to change in grid voltage. For this application, a
total change of six volts grid potential -used an anode
change of I00 voTts. Therefore, the voltage gain would be
100/6 = 16.6. This is another way of saying that the change
in anode voltage is 16.6 times the change in grid voltage.
The ampbificafion factor, p, is the measure of the change
in anode potential caused by a change in grid voltage when
the anode cuw~?rrt
is heid cotastatat.

'

change in anode voltage

= change in grid voltage
(anode current held constant)

For example, in Figure 29, with the grid at cathode potentiaI an anode potential of 100 volts causes an anode current
of 9 milliamperes. The same current would flow if the anode
potential were raised to 300 volts and the grid potential
lowered to -10 volts. Then,

Mathematically, the amplification factor bears a negative
sign indicating that the anode potential decreases p times
the increase in grid potential (anode current constant). To
have a positive number for the amplification factor, the
minus sign is added before the right-hand side of the equation. It is alm possible to show that the amplification factor
is numerically equal to the product of g, and r,.

The amplification factor indicates the maximum gain
possible for an arnpIifier tube. Actually the voltage amplifia t i o n can never reach the amplification factor in a practical circuit, because the anode current is not held constant.
The circuits of Figure 30 show only three points in the
operation of a triode. Figure 31 shows the circuit of Pigure
30B with the addition of a sine-wave signal generator in
the grid circuit. The signal-generator output is an ahemating sine wave that starts from zero, goes to a positive 3
volts, returns to zero, goes to a negative 3 volts, and returns
to zero each cycle. When the generator voltage is zero, the
-4-volt battery potential is supplied to the grid, and the
current and voltage are as in Figure 30B.As the generator
voltage increases to +3 volts, the instantaneous voltage on
the grid decreases to -1 volt (-4 volts +3 volts). The
circuit now takes the configuration of Figure 30A. The generator cycle continues as the voltage moves through zero to
-3 volts, The instantaneous voltage applied to the grid is
now -7 volts (-4volts -3 volts), and the resulting circuit
condition is that of Figure 30C. Thus, the currents and
voltages in the circuilt have been varied between the ex-

Figure 31. Dynamic Principle of Amplification

treme values of Figure 30A and Figure 30C. The anode
potential has varied as the grid voltage was varied--and so
is an amplified sine wave. Note that the output sine wave
is an inverted replica of the sine wave applied to the grid.
The signal undergoes a lmdegree phase shift in passing
through the tube.
The grid voltage with no signal was set at a value of -4
vohs in relation to the cathode in the preceding example.
This value is called the grid bias of the tube. When the grid
bias is set, and the circuit is q i e s c m t (not amplifying a
signal), the currents and voltages take steady-state values
as in Figure 30B. The grid bias of -4 volts allows the
signal to vary as much as four volts in either a positive or
a negative direction. If the input signal is greater than four
volts, on the positive haIf-cycles the grid will be driven
slightly positive in relation to the cathode. A positive grid
will start to attract electrons, grid current will flow, and
the signal output may be distorted. The grid has no provision to radiate the heat from the colIActed electrons and
may be damaged. The signal should never exceed the bias
where undistorted amplification is desired.
If the amplification obtained by the use of one tube is
insufficient, two or more tubes m n Ix connected in cmcdc.
Figure 32 shows a direct-coupled amplifier using two tubes
in series, or cascade. Fach of these tubes has a voltage gain
of 10. A one-vdt input signaI is applied across the resistor
R,. This resistor is in series with the grid-bias battery C1,
and the input signal adds algebraically to the bias voltage,
Across the Toad resistor R, a ten-volt output signal will be
developed by the action of tube I in varying the anode current. This ten-volt change is connected directly to the grid

OUTPUT

Figure 32. Direct-Coupled Cascade Amplifier

{Tiha
ohms

Figure 33. Cathode Bias

of tube 2. Tube 2 amplifies the signal voltage across resistor
R in the same manner, except that a ten-'v01t input signal
applied to the grid causes a 1Wvolt output change in voltage to be developed across RL.An input signal of one volt
has been amplified 100 times by the two tubes in m d e .
Note that the amplification of several tubes in cascade is
the Prodwct of the individual amplifications.
A direct-coupled amplifier has the disadvantage of requiring a large power supply. Between points A and B in
Figure 32 a total voltage of 816 volts (4
300
12
500) is required. Other types of coupling have been developed that allow simpIifications in the power supply.
In Figure 33 a resistor labelled Rkhas been connected in
series with the cathode. The value of this resistor is chosen
so that with six milliamperes (the quiescent current) flowing through the resistor, the tube, and the lmd resistor RL,
the voltage drop across the resistor RL is four volts-the
voltage required for the grid at the quiescent point. By connecting the grid to the negative end of this four-volt drop
by means of the resistor Ra (through which no current is
flowing), the grid is connected to a point that is four
volts negative in relation to the cathode. To make the voltage drops round numbers, the power supply has been increased four volts to 454 volts. So the mthode resistor Rh
could be used to obtain grid bias. This arrangement is
catIed cathode k.
Because the current through Rk and the tube changes
with changes in signal, the voltage developed across &
would alsa vary slightly. For example, a three-volt negative
signal, which should decrease the grid potential to -7 volts,
should decrease the anode current from 6 to 5 milliamperes,
causing the anode potential to increase 50 volts. However,
the one-milliampere decrease in anode current causes the
drop across Rk to decrease from 4 volts to 3.3 volts; and

+

+ +

TEE

the three-volt signal added in series (across Ra) brings the
grid to only -6.3 volts. The result is that the effective voltage of the signal is decreased, and the amplification is decreased. Similarly, when a positive signal is applied to the
grid, the increase in anode current increases the IR drop
across Rn,driving the grid more negative and decreasing
the arnplifimtion. This effect is called degeneration. Where
alternating-current sine waves are being amplified (and
virtuaIly a11 wave-shapes can be resolved into a cornbination of sine-waves), degeneration may be greatly reduced
by connecting a large capacitor (Ck = 20 microfarads or
so) across Rm.The capacitor charges to the quiescent value
(four volts in this example) and discharges slowly enough
to maintain the grid-bias voltage when the anode current
is momentarily increased or decreased. The degenerative
effect is reduced, and the four-volt C battery is replaced by
the cathode resistor and capacitor.
Two similar amplifier tubes are coupled in Figure 34.
A co~plingcapacitor, C,, is connected between the anode of
tube 1 and the grid of tube 2. This capacitor .charges to the
quiescent anode potential of tube 1. Once cha~ged,it allows
only chnges in anode potential of tube 1 to reach the grid
of tube 2. Therefore, the grid of tube 2 can be run at a low
potential in relation to the input circuit, and one power
supply can supply voltage for both anodes. The amplifier in
Figure 34 will have the same gain as the amplifier in Figure 32, and its power supply is much more simple. However, the direct-coupled amp1ifier (Figure 32) wiIl amplify
changes in DC input, but the capacitor-coupled amplifier
only amplifies instantaneous changes in signal, and so cannot maintain a long DC change. Resistance-capacitance
coupling (abbreviated RC coupling) is used in a Iarge percentage of electronic amplifiers, because resistors and condensers are inexpensive compared to other types of coupling.
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Input
Transformer

Figure 35. Transformer Coupling

W h e n the B-supply is limited, impedance coufliing is often
used. The load resistor is replaced by an iron-core inductance (I+ in Figure 36) which has high inductance but low
resistance. The DC voltage drop across the inductance is
dependent on the steady-state current through the tube and
the DC resistance of the induction coil. Thus, the vacuumtube plate voltage will be almost as high as the supply voltage: inductive reactance does not affect direct current.
However, any AC signal applied to the grid will cause a
change in current through the tube and inductor. Any
change of current will react with the inductance to produce
a voltage across the inductor. In this way the instantaneous
plate potential will be the sum of the DC pIate voltage and
the voltage generated by the change of current through the
inductor. Because the voltage generated across the inductor
can reach a considerable value, the instantaneous plate
voltage may reach a value of several times the plate supply.
Impedance coupling has the disadvantage that the inductive reactance varies with frequency; so low-frequency
signals will be amplified less than high-frequency signals.
The triode circuits previously mentioned have been designed for voltage amplification. For the amplifier to do
useful work, one ar more stages of power amplification are

Figure 34. Resistance-Capacitance (RC)Coupled Amplifier

Figure 35 shows how twb triode amplifiers may he coupled by means of transformers. Only AC can be transferred
from the primary to the secondary of the transformer; hence
no coupling capacitors are required. It is possible to obtain
a voltage gain of three or four in the transformer, before
the signal is applied to the grid of the second tube.

Figure 36. Impedance Coupling

I
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Figure 37. Parallel Triode Connection
generally included in a cascade amplifier. These power amplifiers are driven by the voltage developed by the voltage
amplifier. The power amplifier a n take the same form as
the voltage amplifier, except that a lower plate Ioad allows
more current to flow through the anode circuit. Since the
power developed is given by the equation,
Power = ( C ~ r r e n t )X~ Resistance
it is important to have a hrge change in anode current.
Frequently two or more vacuum tubes are operated in
parallel. In Figure 37 three triodes operated in parallel
make it possible for the load to draw three times as much
current (and nine times as much power) as a single tube
muld supply.
Another widely-used power amplifier circuit is the pushpull arrangement of Figure 38, which is similar to the circuit used for a full-wave rectifier. In the push-pull circuit
one tube amplifies the positive half of the signal while the
other tube amplifies the negative half. The two halves are
re-combined in the output transformer. Push-pull arnpIiliers
tend to cancel wen harmonic distortionf caused by the

Figure 38.Push-Pull Operation of Triodes (Class B)

1.' Harmonic distortion is introduced because the tube characteristics are not linear. In effect, if the ttrbe is amplifying a signal of
100 cycles per second, traces of 200, 300, 400, 500, etc., cyclesper-second frequencies could h detected in the output. Push-pull
amplifiers tend to cancel the even harmonics-200, 400, etc., In
this example. Ths i s desirable in an amplifier for speech or
music, since the ear is more tolerant of odd harmonics.

tubes, and are generally more efficient than paralIe1-tub
arrangements.
Amplifiers are frequently classified by the bias and gridcurrent conditions of the tubes. In c h s A operation the
grid is always negative in relation to the cathode. The
anode current never goes to zero, and the grid voltage never
becomes positive. As long as the variations in anode current
nwer exceed these Ifrnits, the output will be an almost
exact reproduction of the input signal. Since the grid of
the class A amplifier is never positive in relation to the
cathode, no electrons should ever flow from mthode to grid.
The over-all efficiency of the class A amplifier is poor, because only a small part of the iube's output capacity can
be utilized.
To obtain a higher efficiency and increased power output,
the quiescent grid bias of the tube may be set at cutoff.
When no signal is applied to the grid, no anode current
flows; if a signal is applied, anode current flows only for
the positive half of the alternating signal, when the grid is
driven less negative. When the tube is biased at cutoff, it is
being operated as a clars,B amplifier. Generally, to amplify
both halves of the signal, two class B amplifiers are operated in a push-pull circuit.
The maximum efficiency of amplification mn be obtained
by class C operation.
grid is biased beyond the cutoff
point so that anode current flows for less than half the
applied signal. The resulting wave is naturally much distorted from the input; but this does not prevent use of this
type of operation, bemuse the load in the output circuit is
usually a resonant circuit. A resonant circuit tuned to the
frequency of the signal restores the missingpxtion of the
wave so that the final wave form is only slightly distorted.
Class C operation could never be used in an amplifier for
speech or music, but it is useful in ampliiying radio-f requency waves.2
2. Amplifiers are frquently classified by the type of wave they are
designed to amplify. An oudia amplifier is designed to amplify
waves in the range of frequencies that are heard by human ears
-from 20 to 20,000 cycles per second. Radio-fwquency amplifiers
are used for frequencies above this range. Yideo amplifiers are
used to amplify signals from about 60 cycles to 4 megacycles,
with substantially uniform gain-a requirement for the transmission of television intelligence.
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The following chart shows the operating conditions for
the various classes.
PORTION
OF THE C Y C L ~
during which
plate current flows
Class A

100%

Class AB

Greater than 50%
Less t h 100%

Class 13
Class C

50%
Less than 50%

BIAS&D
Halfway between cutoff
and saturation
Slightly above cutoff

At cutoff
Below cutoff

N m :T o show that g i d current does not flow during any part of
the cycle, the subscript 1 may ke added to the letter or letters of the
class designation. The subscript 2 i s used to h o w that grid current
flowsduring part of the cycle. For example, class AB, signifies that
the tub is operated slightly above cutoff, plate current flows less
than 100% but more than 50% of the time, and the grid is never
d r i m positive.

I

1
I

;
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W h e n very small signals are amplified millions of times
by a cascade amplifier, it is important that tube noise be
kept as low as possible in the earlier stages of the amplifier
to prevent it from masking the signal, Vacuum tubes are
inherently noisy. Traces of gas in a tube may cause noise:
the gas atoms are ionized by collision with electrons and
attracted to the mthode where they liberate little bursts of
electrons. Noise due to faulty tube construction may cause
trotrble. If any of the elements are not properIy insulated,
noise may be generated by leakage currents between elements. If the elements are not properly braced, they may
vibrate; causing the tube to amplify mechanical shmks, or
be microphonic,
Another type of noise in vacuum tubes is caIled '"hot
noise" or Schottky eflect and is due to the random emission
or arrival of electrons. If electrons were emitted from the
athode at an absolutely constant rate, there would be no
shot noise. Instead, they appear to be emitted in bundles,
and they arrive at the anode in bunches. The srnaIl variations from steady current caused by the arrival of electrons
in groups muses the anode current to vary at a random
rate, producing noise.
Noise is also generated by the random motion of the
electrons in the grid resistors of the earlier stages. The tiny
variations in voltage across the grid resistor of the first
stage are amplified by the entire cascade. For this reason,
the smallest signal that can be amplified must be greater
than the electron noise in the first stage. The comparative
magnitude of desired signal and electron noise is called the
signabto-noise ratio.
Vacuum triodes are finding wide use in electronic d c u Eators. In applications of this type use is made of the fact
that the triode has two well-defined states. With the grid
at cathode ptential, electrons flow through the vacuum,
and the tube conducts, If the grid is made sufficiently negative, no electrons .can reach the anode, and the tube is cut
off. Because the anode potential is quite different under
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these conditions, the anode voltage indicates whether the
tube is conducting or not conducting. The manner in which
electron tubes can be caused to do arithmetic will be explained in a later chapter.

Gas Triodes or Thyratrons
It will be recalled that the addition of a small amount of
gas to the diode greatly increased the electron current
through the tube. Gas-filled triodes are similarly capable of
carry& high currents, with the additional advantage that
s ~ I controlling
I
voltages applied to the grid can control
large amounts of power transferred through the anode circ ~ i t Gas
.
triodes (also called th~ratrons)have their most
extensive use in control circuits, and would never be used
to amplify speech or music.
The presence of atoms of gas in a triode causes the triode
to function in a completely different manner from the way
in which a vacuum triode operates. Figure 39 shows the
construction of a typial gas triode. The grid is a cylinder
aIrnost completely enclosing the cathode and the anode.
Between the anode and the cathode is a baffle which has a
small hole in it. When the tube is conducting, Ithe electrons
pass from atbode to anode through this hole.
The cathode of a thyratron should d w y s be given time
ta heat to operating temperature before the anode potential
is applied to the tube. If the anode p t e n t i d is applied too
soon, the voltage will try to muse a current greater than
the number of electrons being emitted. Those emitted electrons are unduly accelerated, and cause much greater ionization than is normal. The increased bombardment by the
heavy atomic particles may destroy the cathode.

Hole in

Baffle
Plate
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1. The heater of o thyrniron i s energized, and u atmng negalbe poteniiol is nloced on the grid.
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3. As the negative grld bias is dee r s o d , the anode will bagin l o

the, no current con Row through
the tube.

collect electrons.
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d. When the grid is mods lsra nag.
otive, the electrons will gain enough
momentum ta cause ionizution d
the gea afomr.
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5. Onco iha tube has ionized, ths
grid I m r control, m r d cannot cut
off the anode circuit.

6. The anode circuit can only be
stoppsd by lowering the onode
wltogo below ionirotion p t c n i i a l
er opening the o n d c circuit.

!

Figure 40. Thyratron Operation

I!.
i
i
;I
4,

i
'I

I

'

1
H
Ij

jJ
,

-

1

I

I

!

1.

L

...

When the grid of a thyratron is made negative in relation
to the athode, the negative field electrimlly closes the hole
in the baffle plate, preventing electrons from reaching the
ande.
q-he ande
potential may now be applied, and no
will flow,
the ande
is not so high
as to overcome the effect of the negative grid bias. If the
grid potential is now decreased, the nqgative field closing
the
plate
be dHRaEedyand a few dmtmns may
find their way to the anode. As the grid potential is further
decrased, the electrons reaching the anode may collide
with gas atoms with sufficient vebcity to cause ionization.
Once ionization starts, current flow builds up almost instantly because of the camulative effect of ionization, and

the grid loses control of the electron stream because the
negative fidd is neutralized by the presence of positive ions.
The anode current
only be s t o ~ d
by opening the
anode circuit or by lowering the anode potentid below the
ionization potential of the tube. The time required for
io&ation to occur is about ten microseconds (.000010 second) for mercury-vapor thyratrons. The thyratron cannot
stop conducting the instant the voltage drops below
ionization potential, however, and the d&o&mdkon tim is
of
or one millisecond for
order of 1 ~ ) ( 3
most thvatmns. This
time is required for a11 the ions to
obtain
and re\refi to neutral atoms. Thyramns
containing other gases have much lower ionization and
de-ionization times.
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The Crystal Triode or Transistor
The transistor, announced by the Bell Laboratories in
1948, is one of the latest deveIopments in electmnics. The
earliest transistors were not very dependable, but research
and development have brought about great improvements.
Scientists now predict that crystal elements will eventually
make themionic vacuum tubes obsolete for certain apptications.
The earlier types of transistors employed two metal cat
whiskers welded to a slab of crystaline germanium. The
potential applied to one whisker controlled the electron
current flowing from the crystal to the other whisker to the
germanium. A more recent form of transistor has been
made possible by the discovery of a type of germanium that
readily loses electrons and is called n-type germanium. A
tiny slab of germanium which readily gains electrons (p type)
is sandwiched between two pieces of te-type germanium.
The slab of +type germanium is called the base, and corresponds to the grid of a vacuum tube. The end sections are
called the emitter (cathode) and the collector (anode). Because the area of the junction of the two types of germa-
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nium is much greater than the cat-whisker contact, more
current can flow through the new transistor than was possible with the older type.
T h e theory of transistors is very involved, and a thorough explanation of the behavior of electrons and "'hoIes"a place where an electron should be,but isn't-would take
a volume in itself. The flow of electrons across the junction
between electron-rich and electron-deficient reg-ionsof tferrnaniurn can be controlled by an applied signalmuch as-the
plate current of a vacuum tube is varied by voltages applied
to the grid. Because the transistor can control a greater
power than is applied to the base, it can be used as an
amplifier. No heater power is required, and for this reason
the transistor is much more efficient than a themionic tube.
A three-stage amplifier using transistors has been built in
a case smaller than a flashlight cell. The power required is
less than one-millionth of the power required to heat conventional tubes. Such an amplifier will operate for months
or even years on a standard flashlight cell. When massproduction techniques have been dweloped, the transistor
will be a very valuable circuit element.

Collector
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Figure 41. Germanium Transistor
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I f one grid urw dafrabfe, two might be betterbut why stop there? More grfds are introduced, creating
the tetrode n d pentdm then the pentagrid S
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multi-un6t tubes, aand klecrkion's cathode-my tube
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H E T R LO D E has several disadvantages that no
amount of design work can remove. As a voltage
amplifier, the triode is limited in voltage gain and frequency
range. The grid and plate are parallel cylindrical elements,
and act as a capacitance. The grid-plate qacitance tends
to allow alternating currents to flow between grid and plate
circuits. At higher frequencies, the reactance of the gridplate capacitance acts as a short-circuit to the signal voltage,
and the gain of the tube is thereby decreased. Because plate
power is reflected through the g~id-platecapacitance to the
grid, the tube has a tendency to o s c i l l a t e h n undesirable
effect in an amplifier. In trying to cure these defects, Dr.
A. W. Hun of the General Electric Company introduced
another grid between the control grid and the anode, and
thus invented the tetrode (tetra = four).
The insertion of another grid between the control grid
and the anode has the effect of breaking the grid-plate
apacitance into two small series capacitances, the center
point of which is electrically n e u t d to alternating currents.
The added grid is called a screea grid because its function
is to establish an electrostatic shield between the anode and
the controI grid. The addition of the screen grid reduces
the grid-plate capacitance from values of the order of 3
micromicrofarads for a triode to values of the order of
.01 micromicrofarad for a comparable tetrode.
Ideally, the screen grid should be connected to ground or
othode poltential, hut the accelerating effect of the anode
on eltctrons being emitted from the cathode would be
greatly diminished by the zero-potential field around the
screen grid so connected. I t is possible to apply a DC patential to the screen grid and to maintain a high positiveaccelerating field. A fairly large capacitor is connected between the screen grid and the cathode (Figure 42); this
capacitor grounds the screen grid to aIternating currents.
1. Oscillation i s covered in greater detail in Chapter 6.

Figure 42. Grid-Plate Capacitance

The screen grid is therefore maintained at a positive, accelerating DC voltage, while being held to a zero AC potentid.
Figure 43 shows a
arrangement for a tetrode
amplifier.
Because the screen grid is at a positive DC potential,
some of the electrons from the cathode will strike the screen
and return to the power supply, forming a s c m current
(although a majority of electrons penetrate the holes in the
screen grid and arrive at the anode). If the anode potential
were removed, however, the screen grid would attract a11
the electrons; and since the screen is of sm1l area and can-
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Figure 43. Tetrodc Amplifier
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Figure 44. Tetrode Characteristics
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not readily radiate the heat energy conveyed to it by the
electrons, it might overheat or melt. The anode potential
should never be removed from a tetrode without first disconnecting the screen grid.
Figure 44 shows the anode characteristic of the tetrode.
This chart shows the anode and screen-grid currents when
the control-grid and screen-grid voltages are held constant,
and the anode voltage is varied. When the anode potential
is zero, no anode current flows, and the screen grid attracts
all the electrons. Obviously, the tube should not be operated under these conditions. As the anode voltage increases,
the anode current increases just as it did in the triode. As
the anode voltage is further increased, however, the electrons reaching the anode arrive with considerable velocity
and may dislodge electrons by secondary emission from the
anode. Because the screen grid is more positive than the
anode at this point, these secondary electrons may be attracted to the screen grid. Thus, although more electrons
are reaching the anode, fewer electrons remain there, and
the anode current decreases. As the anode voltage is increased to a potential above the screen-grid potential, the
electrons released by secondary emission are attracted back
to the anode, and the tube characteristic becomes a smooth
line beyond this point. The tetrode is generally operated on
the portion of its characteristic curve where the anode voltage exceeds the screen-grid voltage.
W h e n it was introduced in 1928, the tetrode made possible increased sensitivity and improved performance of radio
sets. In efforts to overcome the undesirable secondary
emission from the anode, many methods of construction
were tried. In 1930 the solution was discovered: the addition of another grid between the screen grid and anode.
Thus, the tetrode was supersqded by the pesltode (psnta =
five).

insertion of a third grid, called a suppressor, between the
screen grid and anode. The suppressor grid is connected to
crathde potential, and so is very negative in relation to its
neighboring elements-the anode and the screen grid. Electrons from the athode are accelerated by the positive field
of the screen grid. Some of the electrons may still strike
the screen and muse screen current. The electrons that go
through the spaces in the screen gsid are accelerated sufficiently to penetrate the negative field of the suppressor grid
and to strike the anode. Electrons released by secondary
emission face a strongly negative fidd and must return to
the anode. The distortion caused by secondary emission is
thus removed, as the characteristic curves of a typical
pentode (Figure 45) will show. The anode potentiat in a
pentode can vary much more widely than the anode potentiaI of a comparable tetrode may swing. Trpiml triodes
have voltage gains of from 10-70, while pentodes have
gains of from 3G375. Figure 46 shows a typical pentode
ampIifier circuit. The pentode operates in the same way
that the triode operates in varying the current through the
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nated the secondary-emission fault of the tetrode by the
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Figure 45. Pentde Characteristics
Ce= .add

The Pentode

The invention of the five-element tube, or pentode, elimi-
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Figure 46. Pentde Amplifier Circuit
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Figure 47. Sharp and Remote-Cutoff Pentdes

anode circuit, thereby obtaining a large voltage variation at
the anode.
In the standard pentode the control grid wires are evenly
spaced. This spacing causes the tube to have the sharp cutoff characteristic shown in Figure 47A. For some applications, principally in the first stages of radio amplifiers, it is
desirable to smooth out the sharp characteristic so that the
tube handles both large and small input signals over a wide
range with minimum distortion. A smwth characteristic is
obtained by spacing the grids closer together near the ends
of the cathode and farther apart near the center. A tube
with this trpe of grid is d l e d a remote-cutoff pentode, and
has the characteristics shown in Figure 473.
With the invention of the pentode it became possible to
obtain much greater amplification from a single tube; however, the pentode has the disadvantage of being three to five
times as noisy as a comparable triode. For this reason a
triode is frequently used in the first stage of a cascade amplifier, thus obtaining amplifiation without introducing
appreciable noise. The following tubes amplify the signal
and the noise proportionalIy; so it is important that as little
noise as possible be introduced in the first stage.

Figure 48. Beam-Power Tube

negative field to any electrons removed from the anode by

secondary emission. The negative field acts as a suppressor
grid, but because it is only a concentration of charges and
not a physical element, it is called a w i r t d mp#ressor. The
beam-power tube has high efficiency. I t has high power
sensitivity which means that a large output power is obtained for a s d t AC potential on the control grid. Increased p e r output is possible because the permissible
range of anode swing is increased by straightening the
"dip" in the t e t r d e characteristic (Figure 49). Finally,

The Beam-Power Tube
The beam-power tube is a special type of tetrode. The
power capacity is increased by causing the electrons to
mow from the cathode to the anode in dense beams. The
screen-grid wires are located directly behind the controlgrid wires (Figure #). This alignment causes the electrons
to move to the anode in beams,and reduces the magnitude
of the screen-grid current. Beam-confiningplates, connected
to the cathodes, prevent electrons from passing the grid
near its end supports and form the barns into tight vertical
beams. Because the electrons are concentrated as they pass
from the grids toward the anode, they present a highly

ANODE VOLTAGE

Figure 49. Beam-Bower Tube Characteristics
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odd harmonic distortion is decreased. Employing a pushpull circuit will decrease even harmonic distortion. Therefore, beam-power tetrodes in push-pull arrangement greatly
decrease harmonic distortion.
1
t

L

The Pentagrid Tube

I

In certain applications even more control electrodes between the mthode and the anode are desirable. The pentagrid tube, as its name implies, has five grids separating the
cathcde and the anode. Many circuits have been devised in

which the five grids serve different functions. The most
Eigure 5 1. Pentagrid Gcinverter
general use of pentagrid tubes is in mixing drcuits. For
example, in many amplitude-modulated radio receivers, the
incoming signal is amplified and mixed with a signal generated within the receiver that is always 456 kilocycles
higher than the radio signal. The pentagrid tube mixes the
Multi-Unit Tubes
two signals, and the a n d e circuit carries the sum and difMulti-unit tubs contain several tube structures in one
femce of the two frequencies. Since- the difference freand serve to consem spM and heater Nmnt.
q"eoEy is
456
fdlowingthe
Typiial typa indude
twin-&& triode, the twindiode
mixer
an be tund to
4S6-ki'oc~c1e
and the min-triodetube. The multi-unit typ
signals.
117N7 contains a power rectifier and a power-output pentode. Figure 52 shows schematic diagrams of some typical
mufti-unittubes.
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Rgure 50. Pentagrid Mixer

I

!.

/i,
'

Figure 50 shows a pentagrid tube connected as a mixer.
The radio frequency wave is connected to the grid nearest
the cathode. Grid 2 and grid 4 are connected together and
serve as screen grids. Grid 3 is connected to the local oscillator, and operates on the electron stream as an independent
control grid. Grid 5 serves as the suppressor to eliminate
secondary emission. In this way both the radio signal and
the signal generated in the set control the electron stream,
and the anode circuit always contains the 456-kilocycle
signal needed in the next swge.
Another common circuit employs the cathode and the
first two grids of a pentagrid tube as a triode oscillator.
Grids 3 and 5 serve as screen grids, and the radio signal is
impressed on grid 4. This circuit is called a pentagn'd CONvmtw (Figure 51).

TWlN TRIODE

@@&$
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.---- ---

TRIODE-HEPTODE
CONVERTR

TWIN-DIODE P E W

TWl0DE.PENTOOE

@ @
--- --TRIPLEQ~ODE
TRIODE

Figure 52. Multi-Unit Tubs
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The Cathode-Ray Tube
With the advent of television the cathode-ray tube has
become commonplace, far it is upon the face of this tube
that the television picture is developed. The cathode-ray
tube was originally developed as a test instrument for recording the variation of current strength and voltages with
time. Through television and electronic calculators its use
has spread rapidly to many other fields. The crathode-ray
tube makes it possible to show graphically the change of
any scalar quantity (such as voltage, length, temperature,
speed, etc.) in relation to time. The cathode-ray tube has
even been used to measure the twitching of a muscle fibre
when stimulated by electric shocks.
The athode-ray tube is a long evacuated glass envelope
shaped as in Figure 53. At the small end of this tube is the
cathode, a small button of material that emits electrons
freely when heated indirectly 'by the heater filament. A system of positively-charged electrodes forms the electrons
into a narrow beam and accelerates and directs them to the
screen of fluorescent material covering the large end of the
tube. Where the beam of electrons strikes the phosphor
screen, the fluorescent material glows, and a spot of visible
light is produced, Focusing is accomplished by causing the
electron beam to pass through a series of electrostatic fields
of differing intensity. By properly arranging the sequence

Anode

r ~ l s m &

h

t

F i r e 54. Electrostatic Fmusing

of fields, the electron beam can k focused much as light
rays are focused. Figure 54 shows how the electron beam
can be focused by passing through a decreasing and then
increasing cIectrostatic field so that a pin-point of light may
be formed at the screen.
For the tube t~ impart any information, the tiny spot of
light must be deflected from its position in the center of the
screen. The beam is formed of negatively-charged electrons.
The electron beam will bend toward a psitiwly-charged
electrode, and will be repelled by a negatively-charged
electrode, This principIe, called e2ecfrostatic deflection, is
used in many mthcde-ray tubes. Figure 55 shows how a
positively-charged deflection plate deflects the electron

Figure 53. Cathode-Ray Tube

Second Accelerating Anode

Figure 55. Electrostatic Cathode-Ray Deffection

beam. Two deflection plates are placed parallel to one another, and the electron beam is directed between them. If
both plates are charged to the same potential, the electron
beam will be unaffected, but if either plate is made positive
in relatien to the other, the eIectron beam will be deflected
toward the positive plate. By using two pairs of deflection
plates, one pair may be adjusted to deflect the electron
beam across the screen of the tube from left to right, while
the other pair may be arranged to deflect the' beam from
top to bottom. By properly arranging voltages on the deflection plates, the spot may be moved to any position on
the screen.
The electron beam consists of negative charges (electrons) moving in a path; the beam behaves like a conductor
mrrying a current-which, figuratively speaking, it is.
A magnetic field can cause a force to be exerted on a conductor which is carrying current; and similarly, the electron
beam of the athde-ray tube can be deflected by a magnetic
field. Some cathode-ray tubes employ electromagnets to
deflect the electron beam. These tubes employ electrowtagnebic defiecdiolr in the form of a coil assembly placed around
the neck of the cathode-ray tube. Figure 56 shows the deflection of the electron beam caused by a magnetic field.
Note that the electron beam is deflected at right angles to
the magnetic field. Because the ekectrosbatically deflected
cathode-ray tube is more easily understood, it will be used
as a basis for remainder of this discussion.
The cathode-ray tube is, by itself, an insensitive device.
'Potentials of about 100 volts per inch are required for deflection of the electron beam. For the tube to indicate signals of relatively small potential, amplifiers are used in the
circuits to the deflection plates.

Figure 56. Magnetic Deflection

Because it is SO often desirable to show graphically the
relation between a scalar quantity and time, a device for
generating a time base is necessary. The time-base g e n e ~ t ~
tor provides a vdtage that deflects the fluarescent spot
across the screen of the tube from left to right at a steady
rate. The voltage required to deflect the spot must increase
at a steady rate in relation to time. P i p r e 57A shows a
simple circuit for the time-base oscillator. Capacitor C is

(A) TIME-BASE
OSClllATOR
CIRCUIT

C&ed.-Roy Tube
Horizonml M i o n

I

Time

(C) CATHODE-RAY
5CREEN

Figure 57. Time-Base Oscillator
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Figure 58. Block Diagram of Cathode-Ray Oscilloscope

charged slowly through the resistor R; the voltage across
the capacitor increases as time passes. When the voltage
across the =+tar
reaches the ionization potential of the
gas in the cold-cathode diode, the gas ionizes, and a low
resistance path is provided through which the capacitor
discharges almost itesta~frsneoicsly.The gas deionizes, and
the capacitor again starts to charge. The voltage across the
a p c i t o r takes the form shown in Figure 57B,and is mIIed

a saw-tooth wave. The frequency may be varied by changing the values of R and C. O n the screen, the spot of light
moves from point A to point B as the voltage rises, returning to point A when the gas tube ionizes.
The cathode-ray oscilloscope consists of a cathode-ray
tube, two deflection amplifiers, and a time-base oscillator
assembled as a unit. Figure 58 shows a simplified schematic
diagram of a cathode-ray oscilloscope.

electron -tube

-.

Electron tuber ma generate pemdrrlum-Ilk
oscfllatfoas-and alkrnatfng wltagw of high fqutncg,
Thc rnultZcrCbrator as o source of many
unusual ooltuge wapefoms
netic field around the inductor. In a short time the capacitor
will be completely discharged; however, the current continues bsause the electromagnetic field around the inductor
m'lapsesp
a munter-voltagethat chargesthe

T

H A S B E E rJ shown that under proper conditions
an amplifier tube
develop more
across its
load impedance than is required for the input signal to the
that if a portion of the output power were fed back to the
grid, the tube could be made to furnish its own grid excitation. If the circuit elements were properly chosen, the tube
could develop self-sustained oscillations, and serve as a
generator of alternating voltage waves. Such a circuit is
oscillator has no moving parts, it can dweIop alternating
voItages of much higher frequency than can be developed
by conventional rotating generators. The invention of the
oscillating circuit made possible the later development of
d i o and teIevision.

The frequency of the alternating voltage generated by
the ~cutlfn-tubeoscillator is determined generally by the
resonant frequency of the circuit, including the tube. A

,

'
'

!

b e d rate. A resonant circuit khaves in the same manner.
Figure 59A shows a simple resonant circuit consisting
of an inductor and a capacitor. When the switch is turned
to position A, electrons flow from the battery and charge
the capacitor to the potential of the battery. An electrostatic field is developed between the plates of the capacitor.
If the switch is now turned. to position B (Figure 59B),

through the inductor; however, the electron current required to discharge the capacitor builds up an elmtromag-

Figure 59. Oscillating Circuit
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ductor has decreased to zero, the capacitor will again discharge through the inductor, building up an electromagnetic
field of polarity opposite to the earlier field. Thus, the
energy stored in the capacitor 'by the battery is exchanged
between the electrostatic field around the capacitor and the
electromagnetic field around the inductor. The rate at which
the circuit oscillates is determined by the size of the capacitor and induct0r.l
If an inductor could be built of a material having no resistance, and if it could be connected to a capacitor having
no leakage by wires having no resistance, the ossiilations
would continue indefinitely. Since these conditions annot
be met,the electric energy stored in the circuit will gradually be turned into heat energy in overcoming resistance,
The oscillations, accordingly, will decrease gradually to
zero, as in Figure 59C.
The vacuum-tube oscillator makes possible the generation of sustained oscillations. Circuits can be arranged to
supply enough new energy to make up for the losses. The
new energy must be added at the proper time to sustain the
oscillations. To return to the pendulum example, the bob
will continue to move back and forth only if it is given an
added push at the right instant.
1. For a discussion of the manner in which the reonant frequency
may be caimlated, see Appendix B,page 74.
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Figure 60.Hartley Ogcillator

Figure 60 shows a circuit developed by Ralph V. L.
Hartley and called a HaAey oscillator. The plate and grid
are connected to opposite ends of the mil, while the cathode
is connected to a center tap. Whenever the capacitor is discharging in the direction shown by the arrow, point A is
positive in selation to point B, causing the grid to be p i tive in relation to the cathode. Electrons mn then flow from
the negative side of the battery to point C, through the

Choke

Tickler Ceil

COLPITTS

TUNED GRID

TUNED PLATE

ELECTRON COUPLED

Figure 61.Vacuum-Tube Oscillators
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inductor to point B, to the cathode, through the tube to the
anode and hack to the positive terminal of the battery. By
tmnsforrner action, point A is driven more positive, further
increasirig the electron flow. The passage of electrons
through part of the inductor increases the electromagnetic
field about the inductor and thus adds to the power in the
circuit. As the capacitor charges, point A will become more
negative than point B, cutting offthe tube. The capacitor
now discharges in the reverse direction through the inductor; but on this half-cycle, point A is negative in relation
to point B, and the tube cannot conduct. The vacuum tube
has been used to add energy to the circuit at the proper
time to make up for losses and sustain the oscillations.
Generatly the vacuum tube is biased beyond cutoff (classC)
~1 that it may conduct only when point A is quite positive
with respect to point B.
To use the alternating voltage developed by the oscillator,
a transformer arrangement, consisting of several turns of
wire,wound around the inductor but insulated from it, may
be used. Frequently the output must be amplified before it
can serve a useful purpose.
Figure 61 shows some additiona1 oscilIator circuits. The
Colpitts circuit differs from the Hartley circuit only in that
the capacitor instead of the inductor is split to provide the
proper voltages. The choke coil prevents the AC signal
fm flowing through the battery. The tuned-grid circuit
obtains its sustaining power from a "tickler" coil which, by
transformer action, transforms anode power into grid signal. Similarly, a tickler coil wound on the tuned anode
circuit supplies a small grid signal for the tuned-plate oscillator. The electron-coupled oscillator employs a tetrode and
operates as an oscillator and amplifier. The cathode, grid
and screen grid are connected as a triode in the Hartley
circuit. The screen grid serves as the anode in this circuit.
Variations in grid potential with respect to the cathode also
control the flaw of electrons to the anode and through the
load. Only a few electrons are inltercepted by the screen;
most of the space current goes on to the anode to furnish
power to the load. The electron-coupled oscillator is more
stable than the types previously described, which tend to
change frequency of oscillation when the load is changed.

The Multiwibrator

[

ti

!

Another type of oscillator valuable in electronic devices
is the relaxation oscillator. One type of relaxation osciIlator
is d l e d the multivibrator. A typical multivibrator circuit
is shown in Figure 62. Note that this circuit is essentially
a two-stage RC-coupled amplifier with the output of the
second stage fed back to the grid of the first stage. Since
the anode voltage of the second stage is decreasing when
the grid voltage of the first stage is decreasing, the output
reinforces the input. OxilIation conseqflently occurs. Howwer, the output waveform from a rnultivibrator is generaIly

Figure 62. Multivibrator

adjusted to give sharp, pulse-type waves rather than the
sinusoidal waves generated by the tuned oscillators previously discussed.
The action of the rnultivibrator is as follows: at the instant voltage is supplied to the rnultivibrator by closing
switch S, no current flows in either tube. Beause of variatiens in tube construction and the fact that the load resistors
are not precisely of the same value, current will start to
flow in one tube faster than in the other tube. Assume that
the series resistance of tube 1 and R L 1 is bwer than the
series resistance of tube 2 and Rhz. More current would
start to flow through tube 1 than through tube 2. So the
anode potential of tube 1 would decrease more rapidly than
the anode potential of tube 2. As a result the grid of tube 2
is made more negative than the grid of tube 1, bemuse of
the coupling action of the capacitors.
The mote-negative grid decreases the current through
tube 2, causing the anode voltage to tend to rise. The anode
potential is coupled through C1 to the grid of tube 1, and
muses tube I to pass more eIectrons. The anode potential
consequently decreases a bit more; this change of voltage,
coupled through C2, decreases the current through tube 2.
Thus, the current in tube 1 increases, decreasing the grid
voltage of tube 2 until the tube is completely cut off.
As soon as tube 2 is cut off, there is no tube current
through ha.
Howwer, electrons flow through Ra, and RL%
to charge C1 toward the potential of Ebb. More charging
current flows through the cathode-grld circuit of tube 1,
through C1 and R L ~AS
. the capacitor charges, the grid of
tube 1 gradually becomes less positive, and the electron
flow through the tube begins to decrease.
The moment the current through tube 1 begins to decrease, the anode potential begins to increase; this change
in potential is coupled to the grid of tube 2, where it makes
the grid a tittle less negative. Soon tuk 2 will start to conduct; at the instant this occurs, the anode potential of tube 2
will decrease. The decrease in potentiaI, coupled to the grid
of tube 1, causes the current through tube 1 to decrease
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inductor to point B, to the cathode, through the tube to the
an& and back to the positive terminal of the battery. By
transformer action, point A is driven more positive, further
increasing the electron flow. The passage of electrons
through part of the inductor increases the electromagnetic
field about the inductor and thus adds to the power in the
cirmit. As the capacitor charges, point A will b e m e more
negatiw than point B, cutting off the tube. The capacitor
now discharges in the reverse direction through the inductor; but on this half-cycle, point A is negative in relation
ta p i n t B, and the tube cannot conduct. The vacuum tube
has been used to add energy to the circuit at the proper
time to make up for losses and sustain the oscillations.
Generally the v a m tube is b i d beyond cutoff (classC)
so that it may conduct onIy when point A is quite positive
with respect to p i n t B.
To use the alternating voltage developed by the oscillator,
a transformer arrangement, consisting of several turns of
wire, wound around the inductor but insulated fmm it, may
be used. Frequently the output must be amplified before it
can serve a useful purpose.
Figure 61 shows some additional oscillator circuits. The
Colpitts circuit differs from the Hartley circuit only in that
the capacitor instead of the inductor is split to provide the
proper voltages. The choke coil prevents the AC signal
from flowing through the battery. The tuned-grid circuit
obtains its sustaining power from a "tickler" coil which, by
transformer action, transforms anode power into grid signal. Similarly, a tickler coil wound on the tuned anode
circuit supplies a small grid signal for the tuned-plate oscillator. The electron-coupled oscillator employs a tetrode and
operates as an oscillator and amplifier. The cathode, grid
and screen grid am connected as a triode in the Hartley
circuit. The screen grid serves as the anode in this circuit.
Variations in grid potential with respect to the cathode also
control the flow of electrons to the anode and through the
load. Only a few electrons are intercepted by the screen;
most of the space current goes on to the anode to furnish
power to the load. The electron-coupled oscillator is more
stable than the types previously described, which tend to
change frequency of oscillation when the bad is changed.

The Multivibrator
Another type of oscillabr valuable in electronic devices

ia the relaxation oscillator. One type of relaxation oscillator
is called the multivibrator. A typical multivibrator circuit
b shown in Figure 62. Note that this circuit is essentiaIly
a two-stage RC-coupled akplifier with the output of the
m n d stage fed back b the grid of the first stage. Since
the anode voltage of the second stage is decreasing when
the grid voltage of the first stage is decreasing, the output
reinforces the input. Oscillation cooseqMtIy occurs. However, the output waveform from a mult'ivibratoris generally
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adjusted to give sharp, pulse-type waves rather than the
sinusoidal waves generated by the tuned oscitlators previously discussed.
The action of the multivibrator is as follows: at the instant voltage is supplied to the multivibrator by closing
switch S, na current flows in either tube. Because of variations in tube construction and the fact that the load resistors
are not precisely of the same value, current will start to
flow in one tube faster than in the other tube. Assume that
the series resistance of tube 1 and R L . is
~ lower than the
series resistance of tube 2 and R L ~More
.
current would
start to flow through tube 1 than through tube 2. So the
anode potential of tube 1 would decrease more rapidly than
the anode potential of tube 2. As a result the grid of tube 2
is made more negative than the grid of tube 1, because of
the coupling action of the capacitors.
The more-negative grid decreases the current through
tube 2, causing the anode voltage to tend to rise. The anode
potential is coupled through C1 to the grid of tube 1, and
muses tube 1 to pass more dectrons. The anode potential
consequently decreases a bit more; this change of voltage.,
coupled through C2,decreases the current through tube 2.
Thus, the current in t u k 1 increases, decreasing the grid
voltage of tube 2 until the tube is completely cut off.
As soon as tube 2 is cut off, there is no tube current
through RL2. However, eIectrons flow through RQ1and Rm
to charge Cl toward the potential of E b b . More charging
current flows through the cathode-grid circuit of tube 1,
through C1 and RLa. As the capacitor charges, the grid of
tube 1 gradually becomes less positit-e, and the electron
flow through the tube begins to decrease.
The moment the current through tube 1 begins to decrease, the anode potential begins to increase; this change
in potential is coupled to the grid of tube 2, where it makes
the grid a little less negative. Soon tube 2 wilI start to mnduct; at the instant this occurs, the anode potential of tube 2
will decrease. The decrease in potential, coupled to the grid
of tube 1, causes the current through tube 1 to decrease
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inductor to point B, to the cathode, through the tube to the
anode and back to the positive terminal of the battery. By
transformer adon, point A is driven more positive, further
increasir~g the electron flow. The passage of electrons
through part of the inductor increases the electromagnetic
field a h u t the inductor and thus adds to the power in the
circuit. As the capacitor charges, point A will become more
negative than point B, cutting offthe tube. The capacitor
now discharges in the reverse direction through the inductor; but on this half-cycle, point A is negative in relation
to point B, and the tube cannot conduct. The vacuum tube
has been used to add energy to the circuit at the proper
time to make up for losses and sustain the osciIlations.
Generally the vacuum tube is biased beyond cutoff (class C)
so that it may conduct only when point A is quite positive
with respect to point B.
To use the alternating voltage developed by the oscillator,
a transformer arrangement, consisting of several: turns of
wire, wound around the inductor but insulated from it, may
be used. Frequently the output must be amplified before it
can serve a useful purpose.
Figure 61 shows some additionaI oscillator circuits. The
Colpitts circuit differs from the Hartley circuit only in that
the capacitor instead of the inductor is split to provide the
proper voltages. The choke coil prevents the AC signal
from flowing through the battery. The tuned-grid circuit
obtains its sustaining power from a '~ickler"coil which, by
transformer action, transforms anode power into grid signal. Similarly, a tickler coil wound on the tuned anode
circuit supplies a smalI grid signal for the tuned-plate oscillator. The electron-coupIed oscillator employs a tetrode and
operates as an oscillator and amplifier. The cathode, grid
and screen grid are connected as a triode in the Hartley
circuit. The screen grid serves as the anode in this circuit.
Variations in grid potential with respect to the cathode also
control the flow of electrons to the anode and through the
load. Only a few electrons are intercepted by the screen;
most of the space current goes on to the anode to furnish
power to the load. The electron-coupled oscillator is more
stable than the types previously described, which tend to
change frequency of oscillation when the load is changed.

The Muhivibrator
Another type of oscillator valuable in electronic devices
is the relaxation oscillator. O n e type of relaxation oscillator
is alled the multivibrator. A typical multivibrator circuit
is shown in Figure 62. Note that this circuit is essentially
a two-stage RC-coupled amplifier with the output of the
second stage fed back to the grid of the first stage. Since
the anode voItage of the second stage is decreasing when
the grid voltage of the first stage is decreasing, the output
reinforces the input. Oscillation consequently occurs. However, the output waveform from a multivibrator is generally
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Figure 62. Multivibrator

adfnsted to give sharp, pulse-type waves rather than the
sinusoidal waves generated by the tuned oscil1ators previously discussed.
The action of the multivibrator is as follows: at the instant voltage is supplied to the multivibrator by closing
switch S, no current flows in either tube. Because of variations in tube construction and the fact that the load resistors
are not precisely of the same value, current wiIl start to
flow in om tube faster than in the other tube. Assume that
the series resistance of tube 1 and R,, is lower than the
series resistance of tube 2 and Rha. More current would
start to flow through tube 1 than through tube 2. So the
anode potential of tube 1 would decrease more rapidly than
the anode potential of tube 2. As a result the grid of tube 2
is made more negative than the grid of tube 1, because of
the coupling action of the capacitors.
The more-negative grid decreases the current through
tube 2, causing the anode voltage to tend to rise. The anode
potential is coupled through C1 to the grid of tube 1, and
causes tube 1 to pass more electrons. The anode potential
consequently decreases a bit more; this change of voltage,
coupled through C2,decreases the current through tube 2.
Thus, the current in tube 1 increases, decreasing the grid
voltage of tube 2 until the tube is completely cut off.
As soon as tube 2 is cut off, there is no tube current
through Rldz.However, electrons flow through RaI and RL2
to charge C1 toward the potential of E b b . More charging
current flows through the cathode-grid circuit of tube 1,
through CI and RL2.As the capacitor charges, the grid of
tube 1 gradually becomes less positive, and the eIectmn
flow through the tube begins to decrease.
The moment the current through 4ube 1 w n s to decrease, the anode potential begins to increase; this change
in potential is coupled to the grid of tube 2, where it makes
the grid a little less negative. Soon tube 2 will start to conduct; at the instant this occurs, the anode potential of t u b 2
will decrease. The decrease in potential, coupled to the grid
of tube 1, causes the current through tube 1 to decrease
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faster, which further increases the current through tube 2.
Very quickly tube 2 goes into full condudion, while tube 1
is completely cut off. Capacitor C2 charges toward the potential of the power supply. When the grid of tube 2 becomes less positive, the circuit will transfer again, nus,
the multivibrator has two unstable states (always with one
tube conducting and one cut off) and it alternates rapidly
between these states, The time of oscillation is dependent
upon the size of the resistors and capacitors in the circuit.
The larger the capacitors and resistors, the slower the cirwit will be in changing states.
The multivibrator is a very useful electronic circuit because it serves as a source of many unusual voltage waveforms. Figure # shows the anode waveforms taken at the
output of the multivibrator of Figure 62. A multivibratar
is used as the source of voltage pulses for the Type 604
Electronic Calculator. The output pulses are amplified and
clipped (made more nearly square) in order to serve as
impulses to be counted by the miculator. The next chapter will show several applications of oscillators in IBM
equipment.
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CURRENT THROUGH C2

Figure 63. Multivibrator Waveforms
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How IBM uses electronfc tubes fn the

-

---

E fectrottfc Sorter, the Mark-Senrfng Reprodecer,
the EleetronCc Time Control System, and the
Inter~attonafTraffCcRecorder

Because of space limitations, it is impossible to cover wery
been used to improve machine operation. Consequently, applications have
been chosen that are representative of the general types of
electronic circuits used,

E

instance where electronic circuits have

LE C T R 0 N S can move infinitely faster than any

mechanical linkage. They can 'be started and stopped
almost instantaneously. IBM has pioneered in the research
and development of the application of electronics to computing machines. The introduction of eketronics has made
possible machines hundreds of times faster than comparable
machines based on mechanical principles. Because electronic circuits have no moving parts, there are none of the
problems of noise and mechanical failure.
In this chapter a number of IBM's applications of electronic principles to business machines will be explained.

-

TW E TUBE CONTROLLED SORTER
ELECTROHIC
TUBB have been applied to the IBM horizontal
sorter to produce a faster, quieter machine. Punched cards
are sorted in this machine by energizing a sorting magnet
to direct the cards to the proper pockets. Figure 64 shows

-

To Pockets

When the brush touches the wntaci
roll through o hole in the card. the
re-lay and sorting mogne! ore energized in series. The relay point
causer the circuii to be maintained
unlil the comrnutaiir breaks contact,

Commutator

I
0

*

DC Voltage
Input

Figure 64. Sorter Schematic Diagram
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how the standard sorter operates. Cards are fed through a
reading station consisting of a sorting brush and contact
roll. As they leave the contact roll they pass between the
chute blade tips and the sorting-magnet armature. The
chute blades are positioned so that the leading edge of the
mrd is just under the appropriate chute-blade tip when the
brush touches the contact roll through a hole in the card.
When the brush senses a hole, the sorting magnet is energized. The sorting magnet pulls down the sorting-magnet
armature, and the chute blades which are not resting on the
card follow it. The card passes over the lowered chute
blades to the proper pocket. The armature and chute blades
must remain down until the card has passed the sorting
station. In the standard sorter these operations are performed by a rotating commutator and a high-speed relay
known as the brush relay.
In Figure 64, when the bmsh makes contact through a
hole in the card, a circuit exists to energize the sorting
magnet and the brush relay in series. When the brush relay
attracts its armature, the contact points close, estabIishing
a circuit through the sorting magnet, reIay coil and cornmutator to by-pass the sorting brush. Once energized, the
sorting-magnet and brush-relay circuits are maintained
until the card has passed the sorting station, when the commutator opens the circuit. Using the relay circuit allows
reliabIe operation at speeds of about 450 cards per minute.
When it w a s desired to increase the speed of the sorter
it b e m e obvious that the sorting-magnet armature would
have to be attracted very quickly (in .005 second or less).
Relay operation is not dependable at this speed; therefore,
an electronic circuit is used. Not only does the electronic
circuit provide the necessary speed of operation, but it also
eliminates arcing at the contact roll and the seIector commutator, since these devices no longer make and break an
inductive circuit. Using the electronic circuit allows reliable
operation at the speed of 650 cards per minute.
The running circuits of the machine operate from a DC
power supply of 150 volts. To provide a negative-bias supply for the grids of the control tubes, a rather unusual circuit is employed. An oscillator circuit converts some of the
DC power into AC. The AC output is then rectified to
provide a 40-volt DC grid-bias supply, Figure 65 shows
how the bias supply is connected.
Capacitor C1 and the portion of the coil between point A
and point C form a resonant circuit tuned to about 1130
cycles per second. The resonant circuit is connected to the
25L6 tube to $ o m a Hartley oscillator. Capacitor CZ and
rill form a grid-biasing arrangement. When the 150-volt
. supply is turned ON and the filaments of the tubes have
heated, the Hartley oscillator circuit will cause oscillations
to occur in the resonant circuit. The changes in magnetic
field across the coil between point A and point C induce an
AC voltage between point C and point D.

Figure 65. Grid-Bias Power-Supply Circuit

The type 12SN7,a twin-triode tube, is connectedto serve
as a single diode. When point D is negative in relation to
point C, electrons can flow from point D through the diode
and C3 to point C. When the polarity is reversed, no electron flow can occur, and C3 consequently charges to about
#volts potential with the polarity indicated. Beause the
positive terminal is connected to ground potential, a voltage
40 volts negative in relation to ground is developed. This
voltage is normally connected to the grids of the control
tubes to prevent conduction. Resistor R10 (one rnegohm)
is provided to put a slight load on the oscillator. When C3
has charged, erectrons can flow from the negative phte
through R10 to the positive terminal of the ISD-voEt supply.
This loads the rectifier and stabilizes the oscillator output
at about 40 volts. R10 also bkeds of£ the charge when the
machine is turned off.
The negative terminal of the -volt supply is connected
through R14 to the mthode of the OA4G cold-mthode tube
and to the grids of the three 2 S U control tubes through
816, 1117 and R18 (Figure 66). Note that the three control tubs are connected in parallel with the sorting magnet
as their common load. When the negative #volt potential
is applied to their grids, the tubes cannot conduct, and the
magnet receives no current.
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Figure 66. Schematic of Sorting Circuit
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As the card passes over the contact roll and under the
chute-blade tips, the commutator makes contact and cennects the anode circuit of the O A S tube through R2 to
the +I50 volt terminal. Thus, the anode circuit is estabIished for any time that the sort magnet could be energized. Since no current flows as yet, the cathode of the
OA4G is at a potential of -40 volts, and the starter anode
is also connected bo the -40-volt potential through R12
and R13. It will be recalled that when the anode voltage is
lower than breakdown potential, the cold-cathode tube cannot conduct until the starter anode is made positive. This
condition is met when the bmsh and contact roll make contact through the hole in the card. Electrons can now flaw
from the -Wvolt terminal through R12, the hole in the
md,to the contact roll, through the commutator and R2 to
the +15O-volt terminal. The starter anode tends to rise to
+l49 volts (one volt is dropped across RZ), and the
OA4G begins to conduct. Once conduction occurs, the gas
in the OA4G ionizes, and the tube will continue to conduct
until the cornmumor opens the circuit. Thus, the OA4G
hibe takes the place of the brush .relay in the standard
circuit.
When the OA4G conducts, there is a constant drop of
70 volts across the tube. The remaining voltage divides as

16 volts across R2, and 104 volts across R14. Thus, the
cathode of the OA4G and the grids of the three 25L6 control tubes tend to rise to +64 volts. Grid current will flow
in the 25M tubes and limit the voltage rise. The 25L6
tubes will conduct, energizing the sorting magnet. The sorting magnet will remain energized as long as the commutator causes the OA4G to conduct.
The action of R22 and C6 has a valuable effect an the
more rapid operation of the sorting magnet. Before the
25LB tubes are caused to conduct, C6 charges through R22
to a potential of 150 volts, and this potential is impressed
on the screen grids ot the tubes. When the tubes are caused
to conduct, the electrons are given high acceleration by the
action of both screen and control grids being positive. Consequently, when the OA4G tube fires, the current through
the 25L6 tubes and the sorting magnet increases rapidly,
energizing the magnet very quickly. The initial high surge
of current exceeds the maximum rated value for continuous
current through 25I.6 t u b s . This is permissible because
under normal operation of the machine, excessive current
flows for only a part of each cycle. However, if the machine
were to be stopped at a time when the tubes were conducting, a large continuous flow of current might damage the
tubes. Capacitor C6 and R.22 reduce the flow of current

through the tubes to a value well below the safe maximum
mntinuaus-current rating of the 25LB tubes. When the
control-grid bias is removed, electron current flows to the
screen grid to decrease the charge on C6 from +I50 to
a b u t +65 volts. Lowering the screen voltage in this
manner causes the anode current to decrease to a safe
steady-state value.
Condensers C4 and C5 and R15 are transient eliminators
for the OA4G to prevent a stray impulse from triggering
the tube prematurely.
R13 prevents the flow of excessive starter-anode current
when the OA4G is ionized.
Rl6, R17, and R18 prevent excessive grid current when
the 2SL6 grids are driven positive.
R19, R20 and R21 stabilize the screen-grid currents of
the control tubes,and prevent a possible cause of oscillation
in these tubes.
The 12SN7 tube appears illogical as a rectifier; however,
several considerations prompted its choice. The filament requires 300 milliamperes-the same current required for the
2SL6 tubes. By connecting all the filaments in series across
the 110-volt line, no filament transformer is required for
AC operation, and the machine can be converted from AC
to DC operatian simply by changing the drive motor. Type
12SN7 tubes are used in other IBM equipment, and so are
readily available.
The electronic tube-controlled sorter is thus capable of
much faster operation bemuse of the speed at which electrons can be controlled.

Figure 67.Typical Traffic Recorder Installation
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THE TRAFFIC RECORDER
HIGHWAY
DSPARTMENTS of many states keep records of the
traffic on public highways to apportion construction and
repair funds. To aid in gathering the necessary data, many
instruments have been developed which count and record
the flow of traffic during the course of each day. Some of
these use mechanical devices activatm by the weight of the
vehicle. A neater solution, used in the International Traffic
Recorder, employs photocells to count the vehicles electronically. Once each hour the total nurnhr of vehicIes that
have passed the recorder is recorded on a paper tape.
The device consists of two units, which are placed on
opposite sides of the road. One unit contains the traffic recarder, and the other unit contains a source of light. The
light-source unit produces two concentsated beams of light
31 inches apart. These light beams are directed across the
highway (Figure 67) and focused upon two phototubes
within the recorder unit. The circuits in the recorder are
arranged so that the counter adds 1 every time both light
beams are interrupted simultaneously. The interruption of
either beam by itself will not cause the counter to operate.
Since the two light beams are 31 inches apart, a pedestrian
passing between the recorder and light source unit will in-
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Figure 68,Interior of TrafficRecorder
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terrupt only one beam at a time and will not be counted.
Vehicles passing ktween the two units interrupt both
beams simultaneously and thereby cause operation of the

I

recorder unit, and Figure 69 is a specimen of the tape on
which the recorder totals traffic.
;
Figure 70 shows the photoelectric detection circuit of
the traffic recorder. For simplicity, the power supplies are
indicated by batteries. If no light reaches the photoceIls,
i nu electrons are emitted from their cathodes, and a virtual
! bpen-circuit exists between point G and point H. Under
,

COUN~ER
CONTROLRELAY

-

*

+

f

:

:

Normally when no vehicles are passing the recorder, the
tight
from the two light sources is focused on the two photo,
I tubes and causes the phototube cathodes to emit electrons.
, Electrons can now flow from the negative terminal of E,
I through R1 to the cathodes of the photocells, through the
photocells and R7 to the positive terminal of El. From the
{ negative terminal of El electrons flow to the positive teri minal of E, to complete the circuit. The current through R1

+

-

Figure 70. Traffic Recorder Sensing Circuit

R6 causes a vol*
drop across R6s and point Gecomes
less positive or more negative than point E.
Resistor R6 has been incowrated in the: grid circuit of
the 25A6 pentode. When point
is more negative than
point E,the 25A6 is cut offa If the ~ t e n t i a of
l p i n t P is
E, the 2SA6 conducts, energizing
the same as that of

So long as nothing interrupts the light fafling on the
phototubes, the phototubes conduct, the 6Q7 conducts, and
the 25A6 is cut off. When both light beams are interrupted
simultaneously, the phototubes stop conducting, the 6Q7
stops conducting, and the 2SA6 conducts, energizing the
counter-control relay. The cotmter-control relay causes a
: mechanical counter to add 1, indicating the passage of a
L

'
a

After a vehicIe has passed the recorder, it is desirable to
re-es&bIish quickly the voItage across R6 so that the
counter-contml
may be de-ener~=&, a p c i t o r C4
assists in accomplishing this condition. Normally, when
light shines on the phototubes, the potential applied to the
phototul~circuit is less than the potential of El as a result
of the voltage drop across R7. At this time capacitor C4
charges to the potential of El, minus the potential
drop across R7. When the light beams are interrupted,
there is no electron flow through R7 and the photo&ks,
and hence no voltage drop across R7. Capacitor C4 then
charges to the potential of El. When light is again restored
to the phototubes, this higher potential across C4 is applied
to the phototubes momentarily (until the capacitor dis-
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Capacitor C3 controls the maximum counting speed of this
device by determining the time required ta change the voltage drop across R6. If a large capacitor is used, it might
take t m long to change the voltage drop across R6, and
short vehicles might pass the recorder without registering.
If the capacitor were too small, the unit would be too sensitive, and the operating speed might be reduced to such a
value that semi-trailers would be counted twice as a result
of the space btween the trailer and the cab.
Figure I1 shows the power supply circuit diagram of the
traffic recorder. Power is obtained from an AC line through
the transformer. The primary winding of the transformer is
tapped for operation on 105, 115 or 125-volt AC supply.
The transformer secondary is aIso tapped to provide the
necessary voltages for the heaters of the tubes. The heater
of the 6Q7 tube is connected across taps B and C, which
supply 6.3 voIts. The heaters of the 2SA6 and 2526 tubes
are connected in series across connections A and B.
The 2526 is a double-rectifier tube. The two sections of
this tube are employed as half-wave rectifiers in two separate DC power-supply circuits. Both power suppIies receive
their AC input from the power transformer through their
common connections to the A and D terminals of the secondary winding. On the half-cycles when point D is positive
in relation to point A, electrons can flow through section 1
of the 2526 and charge capacitor C6. On the half-cycles
when p i n t A is positive in relation to point D, section 2
conducts, and C7 is charged. A fairly constant voltage drop
is maintained across R8, R9, R10 and R11,and these voltages are supplied to the photoelectric circuit (Figure 70).
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The voltage across RB takes the place of E4; that a m s s
R9,E3; etc.
The 6Q7 is a two-section tube consisting of a triode and
a twin diode in one envelope. The two d o n s of the tube
are independent except for the mthode which is m m o n to
both sections. The twin-diode section is used to develop a
negative voltage for grid bias of the triode section. The
circuit is unconventional in the manner in which Mificration is accomplished. I t will be recalled that in a conventional circuit the rectifier tube is connected in series with
the load and prevents electron flow through the load for
one-half of each cycle by effectively opening the circuit
during these periods. In the circuit shown in Figure 72,
however, the rectifier tube is connected across the AC
input, and the electron flow through the load is prevented
for one-half of each cycle by the tube effectively shortCarm*ka'~g
the AC input during these periods.
When point D is negative in relation to p i n t A, electrons may flow from point D through the following circuit:
C2, R5, R4, R3, R2 and capacitor C7 to point A. There
will also be electron flow from p i n t D through capacitor
C2, R5, capacitor C1, capacitor C7 to point A. Electron
flow through these two circuits will cause a charge on apacitor C1 and a voltage drop across resistors R2, R3 and
R4. No eIectrons will flow through the twin-diode section
of the tube at this time, because both diode anodes are
negative in relation to the cathode.
When point A is negative in relation to point D,electron
flow wilI be from point A to C7, the cathode of the 6Q7 to
the two anodes of the twin-diode section, through apacitor
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Figure 71. Power Supply of Traffic Recorder

i1

ohms

4

I

TRANSFORMER
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C2 to point D. On this half-cycle, the plate resistance of
the twin-diode section is extremely low, a d acts as a virt u d short-circuit around R5, R4, R3 and R2. Therefore,
aIrnost no current flows through these resistors during this
half of the AC cycle. However, the capacitor C1 discharges
through R2, R3 and R4 on this half-cycle, maintaining
electron flow through these resistors in the same direction
as during the previous half cycle. Thus, a nearly constant
voltage drop with a fixed polarity is maintained across R2,
R3 and R4. Resistor R5 prevents the capacitor from k i n g
short-circuited by the tube during the half-cycles when the
tube is conducting. Gapacitor C2 and C7 isolate this circuit
from the other power supplies because they block the
passage of DC. As a result of their AC impedance, the current through the tube is limited to a safe value on the halfcycles when the tube is short-circuiting the AC input.
The DC voltage developed across RZ and a part of that
across R?is applied through R1 to the grid of the triode
section of the 6Q7 tube, making the grid negative in relation to the cathode. This negative grid voltage is sufficient
to bias the triode section to cutoff.
Potentiometer R3 is adjusted by closing switch S and
blocking the light from the phototubes, The potentiometer
is then adjusted so that the counter-control relay is energized. The potentiometer is then left in this position and
switch S opened. After the light has been restored to the
phototuks, the unit is ready for operation. Figure 73 (page
53) shows the complete wiring diagram of the recorder.
The IBM Traffic Recorder thus serves as an example of
photoelectric tubes applied to a counting appliation. I n
addition, it demonstrates three distinct DC power-supply
circuits, one of which employs an unusual principle of rec-
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tification. This device was one of the earliest IBM applications of electronics. IBM now manufactures the recorder
only far special orders.

THE ELECTRONIC TIME CONTROL
SYSTEM
ACCURATE
MEASUR~MENTof time in schools and industry
is vitafly important, for frequently the mass movement of
people can only be accomplished smoothly if accurate time
is available from synchronized clocks. As early as 1
m
systems were available in which a master clock could control the time indicated on many remate clocks by means of
electrical impulses sent over wires. The impulse system
solved the problem of time control, but the system was
cumbersome, and the cost of special wiring often exceed&
the cast of clocks. While many improvements were made on
the impulse system, one disadvantage remained the lmtion of the units could not be changed without changing the
connecting wires.
These problems have been solved by the development of
a new system of time control employing carrier-current
signals. In this type of control the synchronizing signals are
sent over the existing power lines and are available anywhere a clock may be plugged in within the installation.
No special wiring is required, and the location of the units
may be readily changed. Figure 74 shows a typical installation.
Each of the secondary clocks contains a small synchronous motor that drives the clock hands through reduction
gears, The synchronous motor runs in synchronism with
the power-line alternating current, and the secondary clocks

Figure 74. Schematic of Electronic Time ControI System
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Since the pencil marks are not suficiently conductive to
permit direct operation of the punch magnets, an amplifying unit is used. In addition, it is necessary to deIay the
impulse from the amplifier to the punch magnets until the
mrd can be moved from the brushes to the proper punching
position. B-use of the physical arrangement of the punching mechanism, the brushes must be located slightly ahead
of the punches. The cards are fed through the punch in
such a manner that the mark-sensing brushes are reading
marks two cycle-points before they cause punching. For
example, when the machine is punching 3%,the mark-sensing brashes are sensing 5's (Figure 77). The sensed mark
is amplified and delayed while the card moves forward and
passes 4's, and an impulse reaches the punch magnets just
as the machine is ready to punch 5's. A group of marksense brushes, an amplifier and delay unit, and a punch are
required for each position to be sensed.
The circuit arrangement of the equipment required for
sensing and punching one column is shown in Figure 78.
For simplicity, the power supply is here represented by
batteries. In the upper left corner, P I 1 is an electrical cam
that closes a circuit each time a mark coacld be under the

57

APPLICATIONS

mark-sensing brushes. The circuit is interrupted by P I 1
&ween positions to prevent an accidental energization of
the amplifcer at the wrong time.
Before the mark is sensed, the grid of tube 1 is held negative in relation to the cathode by 25 volts through resistors
R2 and R3. Each time cam PI2 closes, the cathode of tube 1
is connected to the zero potential source. Since the tube
cannot mndnct while the grid is held negative in relation to
the cathode, the closing of mm P12 has no effect until the
negative grid bias is removed.
Cam PI 1 will 'hake" after a mark has moved under the
brushes. Electrons can then flow from the -25-voIt supply
through R2 to the MS e n t q hub on the a n t s o l panel, by
controI pand wire to the M S brush hub, through the pencil
mark on the card, through cam PI 1 to the 125-volt supply.
The resistance of the pencil mark will mry from 10,000
ohms to om megohm, depending on the amount of the
graphite deposited when the mark was made. ActuaIly, any
mark up to five megohms will bring the grid to a potential
where the thyratron can conduct. Assuming the mark under
the brushes has a resistance of one rnegohm, the 150-volt
potential (+I25 to -25 volts) is developed across two

Figure 78.Mark Sensing Amplifier and Delay Circuit

+
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1-megohm resistances in series. So the grid will tend to
rise to a potential of +SO volts in relation to the cathode,
and the thyratron will conduct when cam PI2 closes.
Now consider the anode circuit. Before the thyratr~n
conducts, the anode is at f 125 volts potential. When cam
PI2 cIoses with the control grid positive, the electron current through cam P12,tube 1 and R4 is about 11.5 rniIliamperes. l'he IR drop across R4 is 115 volts, with a 10-vof t
drop across the thyratron. The anode potential of tube 1
consequently drops from +I25 volts to +10 volts. So long
as cam P12 remains closed, the tube will continue to condud. The a r d is now advanced, removing the mark from
under the brushes. The grid potential drops to -25 volts,
but because a gas tube is being used, the anode circuit is
not afiected.
During all the foregoing, tube 2 has been prevented from
firing by a -25-volt potential on its grid. Just before cam
P12 opens, cam PI9 closes the circuit to the athode of
tuk 2. Since no current can flow through R8, the cathode
will be at zero potential, white the anode is directly connected to the +55 volt supply.
When cam PI2 opens, the circuit through tube 1 and resistor R4 is broken. The anode potential of tube 1 suddenly
rises from +I0 volts to 4125 volts. The sudden rise of
voltage constitutes a positive pulse, and is coupled through
capacitor C2 to the grid of tube 2. The anode pulse is a
115-volt change (from +10 volts to +I25 volts), and the
grid potential of tube 2 will rise momentarily from -25
volts toward +90 volts. Capacitor C2 will quickly charge
to 150 volts, with the grid potential of tube 2 decreasing to
-25 volts, but the tube will have fired and will continue to
conduct untfl cam P19 is opened. The 4-55 w l t potential is
dweloped as eight volts drop across the tube and 47 volts
across the load resistor, R8.
Meanwhile, the card has advanced the two cyck-points
to its punching position. When the card has been properly
positioned, o m P20 closes, establishing a circuit from the
zero voltage terminal through PX), the punch magnet,
punch hub, control panel wire, MS exit hub through the
IN34 crystal diode to the athode of tube 2, through tube 2
to the $55 volt supply. Since the diode has less than two
volts drop in the forward direction, at least 45 volts are
impressed across the punch magnet. The magnet, when
energized, causes a punch to be made in the card.
Some c i m i t elements were not mentioned in the preceding analysis because t h y do not apply directly to the operation of the delay unit.
R1 is used to increase the amount of current flowing
through cam PI1 to burn off any oxide film that might
form on the contacts. The current flowing through the
mark-sensing brush is insufftcient to keep the cam contacts
clean.
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Figure 79. Pluggable Unit

R3 and R7 limit the grid current which their respective
grids draw when driven positive.
RS ties the cathode of tube 1 to the positive side of the
line when cam PI2 is open.This resistor =uses the mthode
to be very positive in relation to the grid when PI2 is open.
So the grid is very negative in relation to the athode, and
stray impulses induced in the cables cannot amidentally
trigger tube 1.
R9 and C3 are used as a filter t o bleed off the voltage
impulse developed when cam P20 opens and the magnetic
field of the punch magnet collapses.
The IN34, a germanium diode, is used as a p t r i t y trap
or rectifier to prevent back circuits.
Capacitor Cl serves as a transient eliminator for tube 1
to prevent accidental triggering of the tube by stray
impulses.
To simplify and expedite servicing, the electronic tubes
and their associated circuit components are arranged in a
holder that plugs into a t u k socket on t
k machine. If any
failure should occur, the entire circuit can be replaced in a
moment. Figure 79 shows the arrangement of a pluggable
unit.

electronic

CALCULATORS
The ancient abacus had beads for muntfngt the
electron-tube equipped mlculutor counts electrical
impulses. How electrostatic and electrornugnetic
storage contribute to electronic counting

THE N P E 604 STORAGE UNfT
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Soow after man learned to count, using his fingers and toes,
he found the need for a device to help him count above
twenty. So he invented the abacus, which consists of a
frame having several pasaltel wires stretched across it; severa1 beads are strung on each wire. To add a number, beads
are pushed aIong the wire from one end to the other. Each
bead represents 1, and the operator adds by moving the
appropriate number of beads dong the wire. The beads besame a "memory" device, enabling the operator to store
numbers that are part of the answer while the answer is
being developed. When the problem has been completed,the
answer is obtained by counting the beads that have been
transferred.
Modern accounting machines operate on much the same
principle. Instead of using beads, however, a modern calculator uses dectrical impulses traveling on wires. Electronic circuits count the impulses and remember the totals.
The problem may be computed and the answer printed in
lesstimethan is required to transfer one bead on the abacus.
Electronic counting is accomplished in the Type 604 Calculator by using electronic-tube circuits c d k d triggers.
A trigger is the electronic counterpart of a bead on the
abacus. Each trigger consists of two triodes coupled by an
electric network represented by a box in Figure 80. The
network is arranged so that each tube controls the other
tube. A trigger circuit takes advantage of the fact that the
tubes have two well-defined conditions: conduction and
non-conduction or cutoff. The network couples the two
tubes so that only one tube can conduct at any instant. The
voltage developed in the an&
circuit of the conducting
tube prevents the other tube from conducting. However, a
'negative impulse applied to the network gives the circuit a
Rip that causes the t u k that was conducting to be cut off.
Simultaneously, the tube that was cut off begins to conduct.

The circuit always conforms to one of two stable states,
with one tube conducting and the other cut off. A trigger
can "remember" if it has received an impulse. In electronic
cafculators, the trigger registers zero until a negative impulse causes it to transfer, and one after it has transferred.
If another negative impulse is applied to the network, the
circuit will flop back to its original state and again register
zero. Because the trigger knows only swo and one, it ean
be calIed a binary (two-number) counter. Triggers are
descriptively called "flip-flops" by computer men.
To represent a number greater than one, several triggers
must be used. Suppose two triggers are c o n n d so that
the foI1owing sequence occurs: the first impulse transfers
the first trigger; a second impulse causes the first trigger to
revert to its original state but transfers the second trigger;
Section 1

1-i

J -

1

TRIGGER IS OFF WHEN SECTION 2 EONDUCTS

I

TRIGGER IS ON WHEN SECTION 1 CONDUCTS

Figure 8a. Trigger Operation

60

ELECTRONICS

the third impulse transfers the first trigger again, but does
not affect the second trigger; the fourth impulse would
cause both triggers to revert to their original states. If a
value of 1 is assigned to the first trigger and a value of 2 is
assigned to the second, the two triggers can count zero,
one, two, or three impulses. By representing a transferred
trigger by a white circle and an untransferred trigger by a
black circle, this is diagrammed in Figure 81.
Similarly, three triggers may be connected to extend the
counting capacity to eight numbers. Figure 82 shows the
patterns the three triggers take in counting from zero to
sewn. The eighth pulse would cause a11 triggers to revert to
their original condition and indicate zero. A three-trigger
circuit is called an ocdonary system, and is sometimes called
TRIGGERS

Figure 81.Two Triggers Cwnt Four Numbers
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F i r e 82. Three Triggers "Remember" Eight Numbers
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Figure 83. Four Triggers Represent Sixteen Numbers
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octal. Some computers operate on an octonary system; however, it is awkward to convert decimal numbers to the
octal system.
Adding a fourth trigger (Figure 83) enables the counter
to remember 16 numbers.
Most problems encountered today occur in the decimal
(ten-number) system. In order to count to nine, four
triggers must be used. A circuit a n lx arranged to allow
a four-trigger circuit to wunt to nine, and return to zero
on the tenth impulse. The counting apacity is not fully
utilized, but this is offset by the advantage of having the
computer operate directly in decimal numbers.
From this it is evident that eight tubes (four triggers
consisting of two tubes each) are required for each decimal
counter circuit. In addition, provision must be made for
carrying into the next higher counter every time an impulse
is added into a counter containing a 9. Twelve tubes are
req-aired for the completed counter position. A ten-digit
number would require 120 tubes. Fortunately, this number
can be reduced to 65 tubes by employing twin-triode tubes
for the triggers.
Since it would be impossible to cover all the circuits of
an electronic calculator in the space available, the basic
storage circuit alone will h considered in detail, Other
circuits are required to form and control the impulsesr
switching circuits from the Type 604 and possible future
machines will be covered in somewhat less detail. The operating principles of the electrostatic storage tube and the
electromagnetic storage device as they apply to the new

Electronic Data Processing Machine complete the discussion of calculator components.
Figure 84 shows a two-stage directly-mupled a s a d e
amplifier, The two triodes have identicaI characteristics,
and are cut off when -8 volts are applied to their grids.
The switch in the grid circuit allows a choice of cathode
potential (zero volts) or -25 volts to be applied to the
arid
- of tube 1.
When the switch is set to connect the grid to cathode potential, tube 1can conduct. Electrons flow from the negative
terminal of the 1SIFvolt supply to the cathode of tube 1,
through the vacuum to the anode, through R1 to the positive terminal of the 150-volt supply. with the grid at-zero
volts. the DC anode resistance of the tube is about 10,000
ohms, and the 15GvoIt potential is divided across the anode
resistance of tube E and R1. Across the 1 0 , W o h m anode
resistance 50 volts are developed, whik 100 volts are developed across R1. So the voltage at the anode of tube 1 is
+50 volts when the tube is conducting.
A circuit also exists from the negative side of the 100volt supply through the voltage divider R4 and R3, to the
anode of tube 1, through R1 to the positive terminal of the
150-volt supply. Thus, a total potential of 250 volts is impressed on this circuit, Because the current through the
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been thrown to the -25-volt position. Eight volts can cut
off the electronflow;mnseguently no electrons pass through
tube 1. Electrons can flow from the negative terminal of
the -1Wvolt supply through R4, R3 and R1 to the positive terminal of the +15@volt supply. The grid of tube 2
tends to rise to +25 volts, but again grid current would
flow and hold the potential to zero volts. Tube 2 can now
conduct, and the potential at point B now drops from +I35
volts to +SO volts. Resistors RS and R6 divide the difference between +50 volts and -100 volts, and the potential
applied to the grid of tube 3 is now -25 VOI~S.
Figure 85
shows the stable voltages existing in the circuit after the
switch connects the grid of tube 1 to -25 volts.
When the grid of tube 1 is at 0 volts, the grid of tube 2
is at -25 volts, and the grid of tube 3 is at zero volts.
When the grid of tube 1 is at -25 volts, the grid of tube 2
is at o volts. and the grid of tube 3 is at -2s volts. Note
that the grid potentialbf tube 3 is the same as the grid potmtial
1. Since the circuits are identical, the wire
- - ----- nf
- - tnbe
.
going to the grid of tube 3 can be connected instead to the
grid of tube 1, as in Figure 86. Since one tube is always
conducting and one tube is always cut off, the device has
two stable states. Unless it is influenced from an external
source, the circuit wiIl remain in whichever state it is put.
Such a circuit is called a "trigger," and is the basic unit of
the Type 604 Electronic Calculator.
To use the trigger in a calculating machine responding to
high-frequency impulses, the vacuum-tube circuits must be
arranged to compensate for the grid-plate capacitance.

I

When a signal is applied to the tube, the interelectrode capacitance must be charged before the signal voltage can
occur between the grid and the cathode. The input mpacitance delays the response of a tube when extremely rapid
voltage shifts occur at the grid. In order to speed the response of a tube, compensating capacitors may be connected as shown in Figure 87. The 100-micro-microfad
-ampensating capacitor balances the interelectrode apacitance so that the grid can follow the applied voltage pulses
without appreciable time delay.
Fipre 88 showshow t~ggerdrcuits are
dram.
The circuit is identical to Fieres 84 and 85, except that

+ 150v

compmwling
Capacitor

A

-

Figure 87.Conventional Trigger Circuit
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trigger to go ON. When a 20-volt negative pulse with a
steep wave front is applied to the input capacitor at G2,
there will be a sudden negative shift of voItage at G2.This
will: cause the voltage at the grid to drop momentariIy to
-20 volts, and section 2 is cut off. Immediately the voltage
at A2 rises to about +I40 volts, and point G1 rises above
cutoff,permitting section I to conduct. As soon as section 1
starts conducting, point A l drops to about
volts, and
point G2 drops to -30 volts, thus keeping section 2 cut off.
So a negative pulse applied to G2 caused the trigger to go
ON. The pulse can be of very short duration, because the
triggering action is extremely fast.
Once the trigger has been turned ON, it a n be turned OFF
by resetting or by applying a negative pulse to the grid of
tube 1. With the trigger ON, a negative puke applied to the
grid of tube 1 will cause the trigger to go OFF in the same
manner. It is important to note that triggering can be
accomplished only by applying a negative pulse to the grid
of the cowdaccting side of the trigger. Negative pulses applied to the non-conducting side can have no effect, because
that side is already cut off. Therefore, both inputs can be
connected in paralIe1, and the trigger will transfer from one
state to the other every time it receives a negative pulse.

+#

Figure 88. Principle of Trigger Reset

1

compensating capacitors, coupling capacitors and grid resistors have been added. The grid resistors increase the
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convention in trigger circuits is to consider
1, as drawn) is
conducting; the trigger is om if the sight-hand triode (tube
2) is conducting. Since the trigger must be turned OFF
before a caIculation is kgun, a reset circuit is provided.
Resetting is accomplished by momentarily opening the
-100-volt bias Iine to the grid of the tube which should
normally be conducting when the trigger is OFF. Removing
1 the -100-volt bias from this grid causes the trigger to
' transfer to the OFF condition. All the storage triggers are
I turned OFF before a number is read into them. In Figure 88
I this is represented as being accomplished by the opening of
an electrical cam, although actually an electronic circuit decreases the -1O@volt potential momentarily.
Figure 89 shows how a trigger is impulsed. The grids of
both triodes are connected through the capacitors to the
input wire. It will be recalled that the size of the cornpensating capacitors determines the speed of response of a
trigger. To have stable operation, tfie compensating capacitors must be larger than the input capacitors. A compromise
must ibe reached ktween desired speed of response and
stable operation. Because the input capacitors are consequently quite srnalI, the pulses fed to the trigger must have
a very steep wave front. The pulse must be of an amplitude
suficient to drive the conducting grid beyond cutoff. If the
trigger is in its OFF status initially, as shown in Figure 89,
a negative pulse to the input of grid 6 2 will cause the
,the trigger O N if the left-hand triode (tube

ohms

Rerat
INPUT WIRE

Figure 89. Method of Impulsing a Trigger

A second trigger has k e n added in Figure 90. Note that
the anode resistance of the OFF side of trigger 1 !ms been
split into two resistors. Part of the voltage drop across this
resistance is available at the junction of the two resistors;
this voItage is connected to the input of trigger 2. Note that
when a trigger goes off,the anode potentia1 at the plate
drops from +I35 volts to +50 volts. This drop in voltage
constitutes a negative pulse. Therefore, whenever trigger 1
goes OFF, a negative pulse available at the tap (A, Figure
90) turns trigger 2 ON.

Tubs

,

Tubs

Tuh

TRIGGER 1

Input

4

Tubs
TRI&ER

a o o j~

--

-Raratloo* 1

1- 1 0 0 ~

R ~ e t

-1(WIv

P

Figure 90.Two Triggers in Cascade
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~ four triggers and a blocking tube have been
arranged to form a storage circuit that can count numbers
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The sixth negative pulse h l m s trigger 1 OFF, and tAwr

2 ON. Trigger 4 is still ON.
The seventh negative pulse turns trigger 1 ON, and trigpers 2 and 4 are still ON (4
2
1 = 7).
The eighth pulse turns trigger 1 OFP, trigger 1 t m s
trigger 2 OFF, trigger 2 turns triggcr 4 om,and nigger 4
turns trigger 8 ON. When trigger 8 goes an, a positive
pulse is produced at the anode of tube 2, and a negative
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The next negative pulse adlied to the input causes both
grids of trigger 1 to be driven monientarily negative.
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pulse is produced at the anode of tube 1. The negative pulse
is fed to the grid of the blocking tube but has no effect because the grid is already cut off.
The ninth input pulse turns trigger 1 ON again, but produces no other effect. So triggers 1 and 8 are O N for nine
pulses.
T h e tenth pulse turns trigger 1 OPP, producing a negative-output pulse which would normally turn trigger 2 on.
but the blocking tube prevents trigger 2 from going ON at
this time. This negative pulse is also fed to the grid of
tube 1 in trigger 8, which is also conducting at this time;
therefore, trigger 8 goes OFF on the tenth pube, and produces a positive pulse at the anode of tube 1. This positive
pulse is fed ta the grid of the bbcking tube, causing it to
canduct. The anode of the blocking tube is in parallel with
I
the anode of tube 2 of trigger 2; SCI as long as the blocking
) tube is conducting, both anodes are at low potential ($50
volts). To turn trigger 2 ON, the potential at the anode of
tube 2 must rise to permit the grid of tube 1 to go above
i
, cutoff. If the blocking tube keeps the anode of tube 2 in
trigger 2 at low potential, the negative pulse received from
trigger 1 can have no effect. Although the grid of tube 2 in
trigger 2 is driven below cutoff by the negative pulse from
tube 1, the potential at its anode cannot rise because of the
blocking tube. The blocking tube is maintained in a conductive status long enough to insure that the input pulse is
dissipated and so can have no effecton trigger 2. Thus, it is
seen that the tenth input pulse turns all the triggers am,
. and restores the unit to zero. On the Type 604. Calculating
Punch the entire operation occurs in I/5000 second.

;

SWITCHING CIRCUITS
THE SMALLER, slower electric calculating

machines use
electromagnetic rebys to accomplish circuit switching; such
a circrtit is shown in Figure 92. The electrical cam C closes
the circuit at intervals, but so long as the rehy is de-energized, no circuit exists from point A to point B. If a current
;!
i s sent through the relay coil, however, the contact closes,
b' and the electric impulses are available at point B. Several
milliseconds are required to transfer the relay.
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Figure 93. Pentagrid Coincidence Switch

In an electronic calculator several milliseconds is a long
time. It is desirable to have electronic switches that can
transfer almost instantaneously; there are several methods
of accomplishing this objective. Figure 93 shows a circuit
known as a coincidence switch. The t w 1
W tube is a
specially-designed type in which the third grid has virtually
the same control characteristics as the first grid. Either grid
can cut the tube off when its potential is -20 volts in relation to the cathode.
In the circuit of Figure 93 both grids are returned to the
-100-volt supply. Thus, the tube is normally cut o f f .Now
suppose that a series of impulses are fed to grid I. These
impuIses raise the grid I potential above cutoff, but grid 3
prevents any electron flow through the tube. However,
when grid 3 is impulsed simultaneously, the rube can conduct, and an output pulse is generated across R2. This circuit is the electronic equivalent of the relay circuit in
Figure 92.
Another type of switching circuit is shown in Figure 94.
Two triodes, which may be in the same envelope, are cannected with their cathode and anode circuits in parallel.
The tubes are biased so that the grids are normally positive
with respect to the cathodes. Grid current holds the grid

I
I

Figure 92. Relay Switching Circuit

Figure 94. Parallel Gate Circuit

ELECTRON

potential to essentially zero volts. Both triodes normally
conduct. The resistors and power supply are designed so
that if either tulx is cut off, the other tube assumes the full
load current. This is possible because the tubes have nonlinear characteristics, and their anode resistance changes
with a change in current. If either tube is cut off by a negative signal applied to its grid, the anode voltage rises only
slightly, If both tubes are cut off simultaneously, however,
the anode potential rises abruptly, giving a large output
pulse. This circuit is sometimes called a Rossa" circuit, or
pardlel QD Ee.
Frequently it is desirable to add or mix impulses from
two or more sources. A "mixing" circuit is shown in Figure 95A. This drcuit takes the place of a parallel-relay circuit. Either relay point can establish the circuit in Figure
95B.Similarly, in the electronic circuit, if either t u h conducts, there will be a voltage drop across R2 and a consequent output pulse. This circuit is especially valuable where
it is necessary to mix several waveforms to obtain a mplex output wave, For example, a saw-tooth wave and a
square wave eould be a d d 4 to obtain the output shown in
Figure 95A.

S
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Figure %. Crystal-Diode Mixing Circuit

wits. A rnixer drcuit is easily arranged, as shown in Figure %, The terminals at A, B and C might k connected to
the output of trigger circuits. So long as the potentials at
A, B and C are zero, no current flows from ground through
resistor R, and no voltage appears at the output. If any of
the input leads receives a positive impulse, electrons Aow
from ground through R and the diode to the input terminal
which is positive, An output pulse having the same wave
shape: as the input pulse, is developed across resistor R.
The output folfows the input waves, and a n mix them in
the manner of Figure 95.
A coincidence drcuit can be arranged using crystal
diodes. Figure 97 shows a switching circuit employing three

Figure 95A. Mixing Circuit
Figure 97. Crystal-Diode Coincidence Switch

If any one or two of the input leads receive a positive
impulse, the crystal diodes present a high resistance to electron flow,and point ID remains at the potential of El. If all
three input leads receive a positive impulse at the same
pulsed simultaneously.
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ELEmROSTATIC STORAGE
THEMODIE'IET) binary vacuum-tube storage circuit has the
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disadvantage of requiring a large number of components to
store each decimal digit. The Type 604 unit, which is a
comparativeIy small computer, requires 288 triodes to store
32 decimal numbers. Design engineers, in trying to decrease
the bulk and power requirements of electronic computers,
thought that the ability of a capacitor to acquire and hold a
charge made it a promising storage element. The capacitor
could represent 0 when it had no charge, a d 1 when it
became charged. If a storage device could be built using
capaeitars, it might be much smaller and cheaper than a
storage device employing vacuum triodes.
One of the problems invoIved in any computer is "access
timeJ'-how Tong it takes to find and read numbers out of
storage units once the machine is ready to accept them, In
attempting to decrease the access time and to use an electrostatic charge as a storage medium, Professor F. C. Williams of the University of Manchester, England, developed
the idea of using the phosphor screen of the cathode-ray
tube to accept and store tiny charges.
The phosphor screen on the cathode-ray tube is an exellent insulator. If a spot on the phosphor is momentarily
bombarded by a steady, well-focused electron beam, a
charged circular area of about the diameter of the beam is
left on the phosphor. Because of secondary emission, more
electrons leave the point where the beam strikes than arrive in the electron beam. The secondary elections are
attmcted to the positive electrodes in the tube. The bornbarded spot on the sereen has a deficit of electrons, and so
is a positive charge. Because the phosphor is an insulator,
the charge will remain for several seconds, if undisturbed.
Electrons from crther sources will eventually cancel the
positive charge,
A circular spot charge aused by a static beam is called
a "dot." If the beam is moved by several beam diameters
while it is turned on, it will leave an oblong area of charge
on the screen, as shown in Figure 983.A charged area ef
this kind is called a "dash." The names "dot" and "dash"
came into use as a result of the relative bombardment
times,and not k u s e of their appearance on the storage
tube. The dot and dash represent the two well-defined
states needed for a binary storage device. The dot may represent a binary me; a dash wiIl then represent a binary
swo. A great many dots and dashes mn be written on the
face of a cathode-ray tube.
The electron beam is normaIly cut off by maintaining the
control grid at a negative potential. To write information
on the screen, the potentials of the deflection plates are adjusted to position the electron beam to strike a predetermined area on the screen. The negative grid bias is then
removed, allowing the eIectmn beam to strike the screen.
The beam is left on lor only one microsecond if a dot is to
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F i r e 98. Electrostatic Storage-Tub Patterns

be written. If a dash is required, the beam is left on for a
slightly longer time and moved slightly away from its original position, leaving an oblong area of charge.
When a dot is placed on the screen, a positive charge or
"well" is caused by secondary emission. This charge has
the cross-sectional potential distribution shown in Figure
98C. However, if a dash is placed on the screen, as the
electron beam is deflected to form the dash, some secondary
electrons tend to fill up the well. The dash has the potential
distribution shown in Figure 98D.The difference in potentials of the original area makes &-out possible.
From the preceding, it is evident that "writing" on the
phosphor is not particularly difficult. The trick lies in reading out the information once it has been stored.
Figure 99 shows the basic circuit used to read out the
charge stored on the face of the tube. A conducting plate is
placed immediately in front of the cathode-ray screen. To
permit visual inspection of the screen, this plate is made of
conduc#itrg glass. The conducting plate is connected to
ground through resistor R.

+
Figure 99. Storagc Tuk Read-Out
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Imagine that a dot or dash has been stored on the screen
of the cathode-ray tube. To read the charge, the electron
ham is caused to fall on the spot where the charge is
stored. When the spot is bombarded by electrons, the
charge on the phosphor will be changed, and electrons will
mow through resistor R to equalize the charge on the two
sides of the screen. As a result of this electron flow, a valtage is developed across resistor R.
If a dot has been stored on the area, when the electron
beam again bombards the area, the voltage developed across
resistor R has the waveform shown in Figure 98E. If a
dash has been s t o d , the voltage across resistor R has the
waveform shown in Figure 98F. Note that when a dot is
read, the voltage output goes negative and then positive;
when a dash is read, the output goes positive, then negative.
The output from the storage unit is obtained by sampling
only the first half of the output. If a negative output pulse
is developed, the area contains a ONE; a zero is indicated by
a psiltive output pulse.
Although the phosphor is a good insulator, it is not a
perfect insulator. The positive charges placed on the screen
tend to deteriorate after a period of time. Stray eIectrons
in the tube are attracted to the positive areas, neutmlizing
the charges. For the computer to retain the stored information indefinitely, a method of systematic restoration or
regeneration is used.
Regeneration is accompfished by causing the electron
beam to test all the areas on the screen one at a time. This
operation, while similar to the read-out operation, occurs
at a time when the computer is not accepting information
from the tubes. If the electron beam strikes an area on
which a oae is stored, the charge is strengthened as the
area is tested. If the area contains a dash, the positive autput pulse obtained causes the beam to move over a few
diameters, regenemting a dash.
If the calculator is idling, regeneration proceeds without
interruption, keeping any stored information intact for an
indefinite period of time. If the calculator is operating and
making references to memory, the regeneration is automatically interspersed between the operating references to
memory. Because some of the areas may have been regenerated when it becomes necessary to read or write in the
tube, circuits must be provided to cause regeneration to
continue from the area where the interruption occurred,
rather than start again from the beginning.
In practice, the Williams tubes will be operated in pardlel. For example, to store a ten-digit binary number, plus
its algebraic sign, 36 storage tubes must be used. The deflection plates are connected in parallel; therefore, only one
amplifier is required to move all 36 electron beams vertid l y , and only one is required to position them horizontally
(Figure lW). Similarly, the controI grids are unblanked
simuItaneousIy, and the output voltage across the resistor R
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36 STORAGE TUBES
Looking at T w k Faws

Figure 100. Parallel Operatition of Storage Tubes

associated with each tube occurs at the same instant. Parallel read-out is a much faster operation than reading the
areas serially.
Thirty-six cathode-ray tubes make the storage unit rather
expensive; however, it is anticipated that perhaps a thousand areas will be available in each tube, Thus, 36 cathoderay tubes would allow storage of 1,000 ten-digit numbers.
Using trigger storage circuits, this capacity would require
the use of about 50,000 vacuum tubes.
With the increased -pacity made possible by further
circuit refinements, the Williams tube should prwe a great
saving in space and power requirements for future electronic computers. Even with the associated circuits required for recycling, the tube should provide a great saving
over the trigger melthod of electronic storage.

ELECTROMAGNETIC STORAGE
ANOTHER
DEVICE offering good possibilities for rapid storage and transfer of numbers in electronic calculators is the
electromagnet. Use is made of the fact that a magnetic
material can be magnetized and demagnetized quickly. Once
the material has been magnetized, it will retain its magnetic state until the magnetization is erased. Magnetic storage thus offers an advantage over electrostatic storage in
that once information is stored, no recycling is necessary.
It retains information even if the power to the calculator is
interrupted.
The magnetic recording process is quite simple. The
magnetic material, or medium, is mrried past an electramagnet. When the dectromagnet is energized, it causes the
medium to become magnetized, Thus, it is possible to record
pulses corresponding to coded numbers on the magnetic
medium. To read the pulses, the rncdium is again carried
past an electromagnet. This time the magnetism of the
medium generates tiny voltage pulses in the electromagnet.

-
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The voltage pulses are amplified by electronic means and
entered into the computer circuits.
The recording medium usually takes one of two forms:
powdered iron oxide may be coated on the surface of a
rapidly rotating drum or it may be coated on paper tapes.
It is also possible to plate a magnetic material on the surface of a nonmagnetic drum.Since it is desirable to record
very short signals, the electromagnetic field must be coneentrated in a very small area. The recording and play-back
electromagnets are designed with a tiny gap, as shown in
Figure 101. The electromagnetic lines of farce pass through
iron much more easily than they pass through air. Conse-

POlARllY OF MAGNETIZATION

OUTPUT PULSES

tromagnet, no field will exist in the air gap, and no magnetization of the medium will take place.

Figure 102. Magnetic Storage Patterns

A definite d i n g must be developed to store binary digits
on the magnetic drum. The drum surface is magnetizd in
one direction to represent a zero and in the opposite direction to represent a one (Figure 102). When the magnetized
area passes under the reproducing had, the magnetic fields
generate output pulses as illustrated. Note that the output
resembles the output of the electrostatic tube. By sampling
only the first half of the output waveform, the signal can

lx?decoded.
The storage drum i s shown schematically in Figure 103,
which shows only one position; actually forty or fifty such
circuits can be arranged along the length of the drum. The
access time may be i m p w e d by placing two sets of magnets
on opposite sides of the drum. If the drum revolves at the
mte of 7200 RPM (a good number, Gecause it is a muItiple
of the 60-cycle line frequency and consequently easy to keep
in synchronism with the line frequency), digits placed on
the drum by magnet A can be read off the drum by magnet
B about four milliseconds (.W
second) later. The digits
F i r e 101. Recording Magnet

There are two possible methods of erasing the recorded
signals. The medium can be carried past a DC erase magnet
that causes the medium to be magnetized constantly in the
opposite polarity to the magnetic signals used for the recorded pulses. Any pulses on the medium are thereby can-

Repmduce
hhgnet

Record-Emm
Mugnst

by causing the medium to pass an electromagnet that is
-cited with high-frequency alternating current. The me
diurn is magnetized first in one polarity, then in the other,
with a weakening field as the medium passes the magnet.
Left with no residual magnetism, the medium is ready to
d v e and store more pulses,

MAGNETIC DRUM

Figure 103.Magnetic Drum Storage Principle
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can be transferred at the proper time to the electrostatic
tube storage to be available at an instant's notice,

are available at about four millisecond intervals thereafter,
from one magnet or the other. If the digits had been placed
in the electrostatic storage tube, they would be available in
abut ten microseconds (-000010
second). So the magnetic
drum s t o w has the disadvantage of being about 400 times
slower than the electrostatic tube storage. In a calculator
employing both types of storage, the electrostatic tube storage would be used to store information that would be re-

paper tape that has been coated with magnetic material.
The tape is driven past the recording magnet at a fixed
rate, and information is recorded on the tape for future
reference. The main uses of the magnetic tape are in seading data into the machine and accepting the answers as

be used to store data where a delay in access would not
slow down the calculation. Data from the magnetic drum

and reproduced much faster than cards can be punched
or read.

-
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Through electronic geed, oust memory capacity and
Calcwlcftor airists scientists Cn heretofore hopelessly
time-conssmCng mathematfcal cornputatfuns

N J A N U A R Y 27, 1948, M ~~h~~~~
.
J. watson
dedicated the largest calculating machine IBM has

two ladigit numbers together to obtain a =digit answer
in about twenty minutes. The calculator dws 50 such multiplications in a second. If the machine should make an

Another feature that gives the SSEC an extraordinary
lator has three distinct types of memory units. Numbers
that must be entered into the calculation at a moment's
notice are stored in electronic storage units similar to those
described in the preceding chapter. Numbers can be entered
in or read out of the electronic storage units almost instantaneously. Numbers that are to be held for a greater
length of time are stored in electromagnetic relay units
similar in principle to the electronic units. However, it requires five milliseconds 1.005 second) to transfer the d a y s
--a comparatively long time when compared with electronic
speeds. The third type of memory unit employs a card
punch and paper tape. When the machine is doing a long
problem, it may develop part of the answer hours k f o r e it
finishes the complete problem. The partial answers can then
be punched into paper-tape memory. After the tapes are
punched, they pass over a series of contact rolls where they
may be read back into the machine when needed. Meanwhile, the circuits in the machine can be cleared out and
used for additional calculations. The paper-tape memory is
also quite useful when it becomes desirable to shut the machine down for any reason. The partial answers in the
electronic and relay storage units a n be transferred to tape
and stored in permanent form. Later, when the machine is
again in operation, the partial answers may be entered into
the machine from the tapes.
Think how convenient it would be if a human mathematician could memorize the entire contents of a book of
mathematid tables! The SSEC contains a unit known as
"table lookup." This unit consists of 36 stations equipped

the solution from IBM
and pper tapes. B~
the instructions, a complex command such as
Read the number in reading unit number 2, multiply it by
the number in memory unit numbtr 1, drop a11 but four
decimal places from the answer, and transfer it to memory
unit number six.

an be represented by a few punched holes in a paper tape.
Actually, the computer cannot do any operation that an
adult with pencil and paper could not do. Circuits are provided to cause the calculator to add, subtract, multiply and
divide. The most mmpIex equations of higher mathematics
can be performed by the proper combination of these operations. However, in the course of a typical problem the
lcalcuktor may do billions of operations. The solution of
,many problems that would require the entire lifetimes of
ban army of human mathematicians can be obtained in a
period of a few months by the SSEC. Problems previously
avoided as being hopeless are now being solved by the

The high speed of calculation is obtained by using electronic circuits for mlculating and control. All the operatians required to perform the most complex processes of
higher mathematics are accomplished at electronic sped.
Because electrons have almost no mass, they can move infiniteIy faster than any mechanical part. For example, a
mechanical m p u t e r can add two numbers in about a second. The calculator can read the two numbers from tapes
and add them in less than a thousandth of a second. With
practice, a person using pencil and paper could multipIy
71
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to read table values from punched tape loops. These reading units are connected with a searching mechanism which
locates whatever information is required for reference. For
example, if the computer receives the command,

' Find the square root of th number in memory unit number
1, and multiply it by the cosine of the angle whose sine
value is in memory unit 2.

the table-lookup unit will spin its tapes to find the square
root of the number in memory unit number 1 and to find
the cosine of the angle whose sine value is in memory unit
number 2. The values of these functions, supplied by the
table-lookup unit, are then multiplied together. The table
lookup is entirely automatic and locates values determined
by the machine in less than a second. Another advantage of
this kind of table lookup is that intervals in the table may
be varied, permitting the use 05 fewer table values. For example, the table vaiue of the tangent of an angle changes
less than .09 between the angle values of 0" and So. Between the angles of 85" and No,
however, the tangent
changes in value by 3,462. ObviousIy, fewer intervals are
required for the first five degrees than for the angles
between 85" and 90'.
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The memory units, calculating units and control units
are arranged behind glass panels that cover three of
walls of the computing laboratory. In the center of the
room are the machines that read data from punched cards
into the memory units of the machine. A large control board
contains switches and indicator lamps that allow an operator to watch the progress of the calculation through the
machine.
The men and women who operate the SSEC p i n t out
that while the calculator i s capable of doing an immense
amount of work, it should not be died an "electronic
brain," because it is not capable of original thought. The '
SSEC is the servant of the scientists who use it. Beause
the SSFX is a general-purpose machine, all fields of science
are benefiting fmm its exceptional versatility and eficiency. It combines electronic speed, vast memory capacity
and highly flexible and convenient programming facilities
to provide for greater latitude En orrying on mathematical
operations that had been impossible before its completion,
Scientific advances, speeded by the untiring assistance of
the calculator,are opening the way to further improvements
of the tools upon which the progress of om civilization
depends.
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electronic DATA- PROCESSING

--=I

*

ISM'Snewest commercial calculator

-

stores and processes mountains of data

-
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in soloing problems previously beyond the power

of mind or machine

T
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H E E L E C T R 0 N I C Data-Processing Machine,
Type 701, is the latest electronic calcufator I B M has

announced for held use. This machine was developed to
speed the solution of scientific prohlems involving immense
amounts of data.
...- .
.- ..
.
.
[ The new machine uses the nrinci~Iesof.- eIectrnmagrn~tir
, and eketrostatie storage dircuised in Chapter 8 to provide
a huge memory for numbers. Electronic calculating circuits
combine these numbers at incredible speeds. For example,
certain guided missile problems required 180 to 200 hours
for solution on the Card-Programmed Calculator, a portsI Me IBM commercial calculator which was one of the fastest
I ealeulators previously available. The Type 701 perfomls
these calculations in less than a minute. The great stoage
capacity and s p e d of operation enable the calculator to
solve problems beyond the power of earlier machines.
The calculator consists of individual units connected by
crabIes. This makes the calculator semi-portable; the units
may be disconnected and moved when desirable. Capacity
1 can be increased by wiring on more units. It is expected
that the average instal1ation will consist of about twelve
units.
The largest of these units is called the electronic analytical and control unit; this contains all the calculating circuits
of the computer. Attached to the analytical unit is the conI
trol panel, a desk from which the operator can manuaIly
control the machine functions:.
I Data may be introduced into the caIculator from IBM
i cards read by a card reader unit or from signals read from
the tapes in the magnetic tape readers. DecimaI numbers
thus read are converted to binary numbers and stored on
the magnetic drums af the drum unit, or on the cathode-rav
0------

tube faces of the electrostatic storage units. From these
units, the numbers are transferred to the electronic anaIytical and control unit when they are required in the calculations. Use of the binary system results in a great saving
of calculation time (see Appendix C).
As the answers are developed, they m y be printed on
WPer by a wheel-printing unit (similar to that used in the
Arrounting Machine)* Answers may be punched
Type
into IBM mrds by a high-speed punch unit Or
On
magnetic tapes for usein later a'cutati0ns*
Power for machine operation is supplied by two large
power-supply units through a power distribution frame.
These units enlploy gas-tube rectifiers to obtain the DC
voltages regllired for the electronic circuits. The output
voltages are carefully regulated by electronic voltage regulating circuits.
The Electmnic Data-Processing Machine occupies about
one-fifth of the space required for the SSEC. The Type 701
has a larger storage capacity; it can store 80,000d-&rnaf
digits in magnetic drum storage and 20,m decimal digits
in electrostatic storage. While the full capability of the new
calculator has not yet been measured, on certain problems
the EDPM is 40 tinles as fast as the SSEC.
The Type 701 will be a valuable tool for solving scientific
and engineering problems that previously were too lengthy
or complicated for practica1 solution. By building the machine on a mass-production basis. IBM is making this tool
available to increasing numbers of scientists, who will use it
to advance the frontiers of knowledge. Advent of the new
calculator marks a forward step in scientific progress
and
.
opens the way for further advances. The amazing progress
made in scientific computers in the last five years is only the
groundwork for the machines of the future.

Appendix A
BECAUSE
the characteristics of vacuum tubes vary as the
anode current is varied, the mathematical analysis of tube
operation becomes quite complex, requiring the use of calculus for proper soIution. By using graphs, however, the
solution may be obtained in a very simple manner.
The anods characteristic c w v e s of a type 6C5 vacuum
triode are shown in Figure T. To determine the operating
characteristics af the triode in a circuit, these characteristic

curves mast be consulted. The figure shows how the quiescent point may be determined from the direct-current
load Iise.
In most RC-coupled amplifiers, the dternating-current
component of the anode signal is applied to the grid of the
next tube through a capacitor and grid resistor. The alternating-current component of the signal is developed across
the load resistor in parallel with the coupling mpacitor and
grid resistor. Therefore, the impedance to AC is lower than
the DC impedance, and the load line has a greater slope.

1

4. From the graph, the plate current and voltage can be read directly. At the
quiescent point, 6 rnilliampera of current cause a 150-volt drop across the
triode; 300 volts are developed across the
1 load.

\

Figure I

The dweloprnent of the AC load line is accomplished bycolculoting the AC load impdance,

R

12

In this circuit, neglecting the reactance
of C.. the AC load
i
of R a n R,,
in parallel, or
25,000 ohms. If
+he +/Ye were

A fl:i+;/L 1
A - ~ L-)&t
I
I

ohm,

1.

1

ma would b e
UJ

DC iwd i i n

I 1 Iw
V
/ I /I

B

II

therefore
drawn from
18 ma, 0 volts through the quiescent point.

I

PLATE VOLTS

Figure I1

L

Figure I1 shows how the AC load line is developed. It is
re assumed that the coupling capacitor is large enough to
~ v eno appreciable reactance at the frequency being amed. At very Iow frequencies the coupling capacitor deFeases the amplification.At very high frequencies the tube
'interelectrode capacitances shunt the load, decreasing the
amplifimtion. In Figure I1 the load resistor and grid resistor are each 50,000 ohms. The DC load is 50,000 ohms,
while the AC load is 25,000 ohms.

Appendix B

1
P

'

R ~ O N A N Coccurs
I
at

a frequency at which the inductive
reactance is eaual to the capacitive reactance. It can be

Solving for f,
1
f(&C)

f (&L) = 1
= (ZT)~LC

f =

1

vx

2A

EXAMPLE:
Compute the vaIue of

the inductor required to
resonate with a .@6
microfarad capacitor at 3500 cycles per
second.
f

c=

= 3500 cpsm

= -0000001~jfarad

wn that
Inductive reactance, XL = 27rfL ohms
Capacitive reactance, XO =

1
&fC ohms

--

Where A = 3.1416
L = inductance in henrys
C = capacitance in farads
f = frequency in cycles per second
At resonance,

X L = ;Yo
1
ZxfL = -

wc

la X

L=--

29.0

- .0345 = 34.5 milllihenr

These are the approximate values used to obtain the 3510cycle-per-second signal for the Electronic Time Control
System.
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Appendix C
ELECTRONIC
CALCULATORS are made up of switching devices
such as vacuum tubes and magnetic relays. These devices
have two definite states, energized and deenergized, or
conducting and non-conducting.To apply them to electronic
counting, some system must be adopted. Suppose that the
value of zero is assigned to a circuit when it is non-conductive (off) and a value of o~aeis assigned when it is conducting (on). Such a circuit then knows two numbers-awo
and me--and becomes a binary (two-number ) element.
Recause binary elements are the building blocks of electronic computers, binary arithmetic becomes important in
computer design.
Now, suppose that instead of ten fingers,p p l e had only
two, If mankind had evolved with only two fingers, binary
arithmetic would probabIy have evolved instead of decimal
(ten-number) arithmetic. The following table compares
numbers under the two systems.
Decimal

0
1
2
3
4

5
6
7
8
9
I0

Binary
0
1

10
11
100
101
110
111
lo00
1001
1010

etc.

Decimal

15
16
17

Binary

1,111
l0,oOO

la,ool
11,111
lOo,U30
100,001

etc.

63

64
65

127
128
129

Binary

1,111,111
lO,ooO,OOO
10,000,001

255

256
257

Now, if one microsecond is required to add 1 into a
counter, a possibIe 9 microseconds plus one microsecond for
carrying would be required to add each decimal number.
Twenty microseconds would be required t o reach the sum,
using dedma1 counters. A binary circuit could do the same
sum in four microseconds, or add a column of six n m h r s '
while the decimal counter added two numbers. The binary
system makes possible a great saving in operation time.
Similarly, subtraction of binary numbers a n be accomplished by establishing the rules: 1- 1 = 0 , l - 0 1 and
10 - I = 1. For example,

-

80

111,111
1,000,W
1,000,001

511
512

513

17

Multiplication follows the simplest of algebraic rules:

0 X 0 = 0 , l x 0 = 0,1 X 1 = 1. By the use of the addition and multiplication tables, multiplication and division
operations can readily be accomplished.
Wecimal
89

Binary
1011001
10111

X23
-

-

111,111,111
l,OOO,OOO,OOO
1,000,000,001

2047

Logically, 1 plus 1 equals 2, but 2 is represented by 10.
Therefore, I
1 = 0 with 1 carried into the next higher
column of numbers. Obviously, 0 0 = 0, and 0 1 = 1.
With these three rules, any sum may be worked in binary
arithmetic. As an example:

+

1011001
10IlMH
1011001
101 1001

178

11,111,111
lOO,~,aoO
100,000,001

etc

+

-111,111

-63

2047

etc.

etc.

+

IBM

267

etc.

etc

31
32
33

Decimal

IN

23
89) 2047
-178

267
267
000

=

lljlll,lll,llI

1011001) 11111111111
-1011001
10011011
-1011001
1m101
-1011001

Binary

l0,ool
+I11,111

-1011001
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Crystal diode, 25,58,66

Ampere, Andre Marie, 8

Crystal triode, 35

Ampere, definition, 8

Cutoff, 27
De Forest, Lee,26

Amplification, 28
factor, 29

Degeneration, 3.2

Amplifier
cascade, 30
class A, 32,33
cIass B,32,33
class C , 32,33
direct coupled, 30
impedance coupled, 31
parallel operation,32
power, 31
push-pull, 3.2
RC coupled, 31
transfornet coupled, 31

Diode, 18-25
crystal, 25

Anode
resistance, 20,28

Electric fluid theory, 8

Atom, definition, 11
Beam-power tube, 38
anode characteristic, 38
Blocking tube, 65
Bohr atom, 11

Bohr, Niels, IO,11
Capacitance, 9

gas, 23

vacuum, 18-23
Distortion, 32
harmonic, 32,39
Dufay, Charles Francois, 7
Dynodes, 24

Edison, Thomas A h , 9,18
mison effect, 10

Electron, definition, 13
Electron multiplier, 24
Emission, 13,14
high-field, 14,23
photoelectric, 14,24
radioactive, 1 4
secondary, 13,24,37-39
thermionic, 13,14

Faraday, Michael, 9

Cascade amplifier, 30

Farad, definition, 9

Cathode, 14-15
emission, 18
oxide-coated, 15

Filter, 23
pi-section, 23

temperature, 18

thoriated tungsten, 1s
tungsten, 14
Cathode bias,30
Cathode ray mciIloscope, 42
Cathode-ray tuh,40
erectromagnetic deflection, 41
electrostatic deflection, 40
electron wn

Franklin, Benjamin, 7-8

Gas amplification, 24
Gilbert, William, 7
Grid-plate capacitance, 36
Grid bias, 30
Hartley, Ralph V. L., 44
Henry, Joseph, 9
Henry,definition, 9

Cavendish, Henry, 9

Hull, A. W., 36

Choke coil, 23

Inductance, 9

Cold cathode tubes, 23,49,56

Inductive reactance, 17

Coulomb,Charles Augustin, 8
Coulomb, definition, 8

Mho, definition, 9

Counter,electronic, 59-65
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66
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Multi-unit tubes, 39

5uppressor grid, 37

Traffic recorder, 50-54

VirtuaI suppressor, 38

Tetrod~36-37
anode characteristic,37

Transient impulses, 17
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Transconductance, 28

Volt, definition,8

Transistor, 35

Voltage difference, 13

Tides of Miletus, 7
mylatm,33-34

de-ionization time,34
i d i o n potential, 34
ionization time, 34
Time-cmtrol system,54-56
Time-basegenerator,41
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Voltage divider, 15,28
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anode characteristic of vacuum, 27
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pas, 33,34
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