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PREFACE

Electronic devices are in evidence in virtually all branches of 
industry today. In fact, many people credit the electron tube 
with responsibility for the high standard of living currently 

enjoyed by the civilized world.
As a result of the electronic revolution that has taken place 

within the last twenty years, it has become necessary for persons 
engaged in nonelectronic branches of industry to come in contact 
with electron-tube terms and techniques. The steel-mill opera
tor depends on tubes to perform many critical operations; the 
worker depends on electronic instruments to check his work. 
Doctors use tubes to take much of the guesswork out of their 
diagnoses. Mining and drilling engineers rely on tubes to locate 
and evaluate underground mineral deposits. Even at home 
electronics is playing an important part in the form of television 
for entertainment, and in such luxuries as automatic garage-door 
openers, burglar alarms, and so on. It is indeed difficult to 
imagine a person today who is not in some way affected by some 
form of electronic circuitry, either directly or indirectly.

The purpose of this book is to provide industrial personnel— 
engineers and technicians—with enough fundamentals to permit 
them to talk intelligently about electronics, to know what can be 
expected of electronic devices and what their limitations are, and 
to help them visualize new applications. In presenting these 
fundamentals, practical tried and tested circuits are used as 
examples. Many of these circuits have already found successful 
application in industry, and sufficient information is presented 
to enable the reader to evaluate each circuit with his own require
ments in mind. These circuits and techniques will be directly 
applicable to many new industrial jobs.

The complicated theoretical aspects of electron-tube tech
nology have purposely been held to a minimum to prevent 
clouding the reader’s mind with superfluous information. Exten
sive references are provided for the reader who requires more 
advanced or more detailed information. Most of these references
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PREFACE

cite original works in the literature that approach the subject at 
a level that should be useful to the readers of this book.

The authors are indebted to the many engineers who have taken 
time to describe their developments in the literature. Without 
this unselfish flow of information, a great deal of wasteful dupli
cation of effort and reinvention would retard progress in this 
youthful but important industry.

Keith Henney 
James D. Fahnestock

New York, N. Y. 
August, 1952
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CHAPTER 1

BASIC CIRCUIT ELEMENTS

All electronic devices are constructed around a few basic com
ponents. It is the proper combination of these basic elements 
that makes possible the wonders of electronics. Properly 
arranging the basic components into circuits gives man almost 
complete and practically instantaneous control over the move
ment of electrons, which is the basis of the electrical and 
electronic industries.

Resistance. Present-day knowledge indicates that certain 
materials have, in their cores, electrons which are relatively free 
to move from one atom to another; and certain other materials 
have so few such free electrons that virtually no exchange of 

electrons takes place. Conductors, therefore, exhibit relatively 
little resistance to electron movement, and insulators resist such 
movements.

Each electron represents a known and fixed amount of what 
we call “electricity,” and when enough electrons move from one 
point to another, we say a measurable electric current “flows.” 
One ampere, for example, is the electrical engineer’s word for the 
flow of 6.28 million million million electrons between two points 
in one second of time.

Voltage, Current, Power. What makes electrons move from 
one point to another? Since each electron is really a pinch of 

negative electricity, it will be attracted toward any positively 
charged body and repulsed by any negatively charged body. 
The difference in charge between two points in a circuit—by 
whatever cause this difference is produced—is the motive force 
in the circuit which makes the electrons move. Our term for 

this charge difference is potential or voltage.
Voltage, current, and resistance—the fundamental charac

teristics of the electric circuit—are related by Ohm’s law, which 
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states that E volts will cause the movement of I amperes through 
R ohms. Thus,

I = or E = IR or R = n 1

In other words, one ampere of current will flow through a 
material whose resistance is one ohm if a potential difference of 
one volt is applied across the material. This condition is illus
trated in Fig. IA, where the potential difference (voltage) is 
supplied by a battery.

If two 1-ohm resistances are used instead of a single unit, the 
current that flows will be amp, as in Fig. IB, and one-half of 
the applied voltage will appear across each resistor. The current 
in this case can be increased to 1 amp by doubling the applied 
voltage.

In moving from one place to another, electrons bump into other 
atomic building blocks—this is the essence of the resistance which 
impedes electron movement. Heat is produced by these colli
sions and this heat is a measure of the power required to move 
the electrons against the resistance. Numerically the power is

E2P = PR or or IE

where P is the power in watts, I the current in amperes, R the 
resistance in ohms, and E the voltage in volts.

Direction of Current Flow. When a battery forces current 
through a resistance, the voltage “dropped” across the resistance 
can be measured with a voltmeter. In making voltage measure
ments (or current measurements) care must be taken to observe 
the proper polarity. The positive terminal of a meter must 
always be placed nearest the point which is toward the positive 
terminal of the battery, as shown in Fig. 1. Otherwise the 
needle will move backward.

Alternating Current. In a-c circuits the voltage and current 
are continually changing in direction and amplitude. Since the 
instantaneous voltage varies, the instantaneous current will 
vary in exact time phase in a resistive circuit, and this value of 
current can be obtained by using Ohm’s law, provided the instan
taneous value of voltage is used. The heating effect, or power 
consumption, in a resistive circuit, on the other hand, depends 
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upon values of current and voltage which are somewhat less 
than the maximum or peak value. Actually the heating effect 
for sinusoidal voltages and currents must be obtained by multi
plying the maximum values of current and voltage by 0.707 to 

obtain the rms value.
Thus an rms current of 1 amp of alternating current will 

produce the same heating effect as 1 amp of direct current when 
flowing through identical resistances.

Most a-c current and voltmeters read directly in rms values.

Fig. 1. Basic circuits containing i 
illustrate the application of Ohm's

resistance and a d-c voltage source

Resistance is only one of the several factors which affect the 
flow of electrons in circuits. It is the only impeding influence 
of a d-c circuit. But when one deals with a-c circuits, other 
factors enter the picture and must be taken into account when 
figuring currents and voltages.

Nonlinear Resistors. Resistors, devices which possess resist
ance in usable form, are obtainable in many shapes, sizes, and 
forms, some of which do not obey Ohm’s law; that is, the resist
ance they possess is not independent of the current through them, 
or the voltage across them, or the temperature at which they 

operate. A rectifier, for example, may be considered as a resistor 
which passes current only if that current flows in a certain direc
tion, and a rectifier may be employed as a one-way type of 
resistor.

A varistor is a device whose resistance is highly sensitive to 
voltage or temperature. It is made up of metallic compounds 
of several sorts, copper oxide and silicon carbide being typical 
examples. Thyrite (silicon carbide) has a very steep charac
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teristic indicating that at normal voltage the resistance is very 
high but that if the voltage rises appreciably, the resistance may 
drop to a very low value. It may be used, therefore, as a protec
tive device across points where high voltage surges may occur.

Thermistors have high negative temperature coefficients; that 
is, their resistance decreases with increases in temperature. 
They are useful in temperature measurement and control.

It should be noted that all resistors have some temperature 
coefficient, positive or negative, but these variations of resistance 
may be extremely small.

Inductance. A piece of No. 20 copper wire 100 ft long will 
have a d-c resistance of about 1 ohm. If this same length of wire 
is wound up in the form of a coil, its resistance to direct current 
remains the same, but its opposition to the flow of alternating 
current increases. The higher the frequency of the alternating 
current, the greater the opposition offered by the coil. This 

phenomenon is due to an effect known as inductance. Inductance 
is the property of a coil that tends to resist any change in the 
current flowing through it. It is caused by the magnetic field 
that is established around any current-carrying wire. At the 
moment the current starts flowing, the field is established in the 
form of invisible concentric lines of force extending outward from 
the wire. As the current increases, these lines of force move out 
from the wire and generate a voltage in any wires lying in their 
path. In a coil, adjacent turns lie directly in the path of these 
lines of force. The polarity of the voltage induced in these 
turns is such that it tends to oppose the original current change. 
Once the current is established at some constant value, the 
effect of inductance disappears, because the lines of force 
are now stationary, and no opposing voltage, or back emf, is 
generated.

Inductance in a D-C Circuit. Consider the basic circuit shown 
in Fig. 2. If only resistance were involved, the current would 
immediately rise to its final value as soon as was set to 
position A. However, the presence of inductance L changes the 
situation. When the battery is connected in the circuit, the 
current rises slowly because of the inductance effect. This is 

illustrated by the curves representing resistance voltage VB, coil 
voltage VL, and circuit current I with respect to the time when 
S Wi is first connected to points A and B. When 5171 is switched 
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to position B, the current that has been flowing in the circuit 
will not drop to zero immediately, but will decrease as shown in 

the curves (/).
It will be noticed that the voltage across the coil is maximum 

at times when the value of the current is changing most rapidly. 
This is stated mathematically by the equation 

where e is the instantaneous voltage in volts, L the inductance of 
the coil in henrys, and di/dt represents the rate at which the 
current is changing at the instant the voltage is measured.

Fig. 2. Transient effects in a circuit containing resistance and inductance. 
When SIVi is moved to position A, the battery voltage is impressed across 
the coil and its resistance. When STKi is moved to position B, the battery is 
disconnected and the inductance is shorted.

When the steady flow of current through a coil is suddenly 
interrupted by opening a switch in series with the coil, the 
inductance tends to maintain this current flow. So rapidly is 
the current changing when the circuit is interrupted that the coil 
voltage is very large—large enough, in fact, to cause electrons to 
actually jump between the opening contacts of the switch in the 
form of a spark as the circuit is broken. This voltage may be 
many times the voltage that was originally applied to the circuit. 
The high voltage that is generated when a switch is opened in a 

circuit containing considerable inductance is known as the induc
tive kick. In designing such circuits, care must be taken to see 
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that switch contacts and coil insulation are sufficient to with
stand these high surges of voltage.

Inductance in an A-C Circuit. When an inductance is placled
in a circuit containing an a-c voltage source, the effect of tie 
inductance is, again, to oppose changes in current flow. But in 
this case the current is constantly changing, and so is tne 

Fig. 3. In an a-c circuit containing only inductance, the voltage maximum 
occurs 90 deg before the current maximum.

opposition to the current flow. The result is that the maximum 
values of current and voltage do not occur at the same instant, 
but in fact the maximum value of the current is delayed behind 
the maximum of voltage. In a circuit containing inductance 
only—no resistance—this time delay amounts to one-quarter 
cycle of the alternating current, or 90 deg. If resistance as well 
as inductance is in the circuit (Fig. 3), the time lag, or phase, 
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between current and voltage is less than 90 deg. The angle 

may be determined by the vector diagram shown in Fig. 4A.
The effect of inductance upon the flow of current is called 

inductive reactance and may be calculated from

XL = 2rfL

where XL is the reactance in ohms, f is the frequency in cycles 
per second, and L is the inductance in henrys.

The effect of a combination of resistance and inductance is 

called an impedance (Z) and is calculated as shown in Fig. 4A. 
It will be noted that the combined effect is always less than the 
direct sum of the resistive and the reactive effects. Thus if a

Fig. 4. Inductive reactance (Xl) and resistance (R) are combined vec- 
torially to produce the combined effect, impedance (Z).

1-ohm resistor and a 1-ohm reactance are placed in a circuit, the 
combined effect is 1.41 ohms.

In using Ohm’s law in a-c circuits containing both resistance 
and reactance, the impedance must be employed to find the 
current if the voltage is known. Thus, 

where

z = Vß2 + x2

Capacitance. Another element of a-c circuits is capacitance. 
It is possessed by a condenser, or capacitor, made up of two or 
more conductors separated from each other by an insulator. 
Two sheets of aluminum separated by a sheet of glass, for exam
ple, constitute a condenser. If such a device is connected to a 
battery, one of the plates to the positive terminal and the other 
to the negative battery terminal, any free electrons existing on 
the condenser plate connected to the positive battery terminal 
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will move through the connecting circuit toward the battery, 
attracted by the positive charge there. This movement of 
electrons constitutes an electric current. Note, however, that 
no electrons actually move through the glass plate of the con-

Fig. 5. Transient effects in a cir
cuit containing resistance and ca
pacitance. When SJFi is moved to 
position A, the condenser begins 
charging from battery. When STFi 
is moved to position B, condenser 
begins discharging through the re
sistance.

denser. In a circuit in which 
such a condenser exists, it is 
not necessary for electrons to 
move through the barrier im
posed by the dielectric of the 
condenser to make it possible 
for current to flow in the ex
ternal circuit.

Since electrons have now left 
one plate of the condenser, 
there is an unbalance or poten
tial across the condenser, one 
plate having more electrons 
than the other. This unbal
ance in electrons constitutes a 
voltage, and it can be meas
ured with appropriate appara
tus. The more electrons that 
leave one of the plates, or the 
more that arrive at the other 
plate (from the battery), the 
greater will be the measurable 
voltage across the condenser.

Capacitance in a D-C Cir
cuit. In Fig. 5, when the switch 

is moved to position A, elec
trons move through the con
necting circuit, the condenser 
begins to charge, and a voltage 
begins to appear across the 
condenser. As more electrons 
move through the circuit and 
more voltage appears across the 

decreases, indicating that the
It is, 

condenser the circuit current
voltage across the condenser opposes the flow of current.
in fact, of opposite polarity to that of the battery and acts like
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another battery in series with the original battery but so con
nected that it opposes the effect of the original battery.

The condenser voltage continues to rise until the voltage across 
it is equal to the battery voltage, and at this point current ceases 
to flow—the two voltages are exactly equal and opposite in 
effect. It is now fully charged. If the battery were removed and 
if there were no possible paths for the electrons to move through, 
the voltage across the condenser would exist forever.

The fundamental property of a condenser is its capacitance, 
and this property resists any change in voltage across its ter
minals. It acts like a storage device in that the number of 
electrons on its two sets of plates may be radically different so 
that potential energy is thereby stored in the device.

Time is required to change the voltage across a condenser and 
the length of time required to change the voltage and the amount 
of energy that can be stored in the condenser depends upon the 
capacitance.

The way in which a condenser reacts to the application of an 
external voltage is shown in the curves of Fig. 5. When the 
circuit is first completed by closing ¿Wi to point A, the voltage 
across the condenser, Vc, rises slowly toward the value of the 
charging source Eb. The initial flow of current in the circuit 
may be very large; only the series resistance impedes the move
ment of electrons. But the current decreases as more and more 
voltage appears across the condenser.

Now if ¿IFi is changed to position B, there will again be an 
initial rush of electrons from the plate which has too many 
through the circuit to the plate which has too few, and a heavy 
current flows. As the condenser discharges, the current through 
the circuit decreases and ultimately stops altogether.

Capacitive Reactance. A condenser, like an inductance, 
impedes the flow of current in an a-c circuit. This impeding 
effect is due to its reactance, the value of which may be obtained 
from

X------— c “ 2vfC

where Xc is the reactance in ohms, f is the frequency in cycles 
per second, and C is the capacitance in farads.

In an inductive circuit the effect of the inductance (inductive 
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reactance) is directly proportional to the inductance and the 
frequency. In a capacitive circuit the effect (capacitive react
ance) is inversely proportional to the capacitance and the fre
quency. Thus,

I =y = ^CE

Because a condenser resists any change in voltage across its 
terminals, there is a time lag between the maximum values of

Fig. 6. In a circuit containing capacitance and resistance, voltage maxi
mums lag current maximums by some phase angle between 0 and 90 deg.

voltage and current. In an a-c circuit containing capacitance 
only, the maximum value of voltage lags behind the maximum 
value of the current by one-quarter cycle or 90 deg. If the 
circuit contains resistance as well as capacitance, as shown in 
Fig. 6, the time lag or phase between the maximum values of 
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voltage and current will be less than 90 deg and the actual value 
can be obtained from the vector diagram in Fig. 7.

Inductance and Capacitance Compared. Both inductance 
and capacitance impede the flow of current. Both slow up the 
attainment of final values of current or voltage. But their 
effects upon electric circuits are opposite in many ways.

The reactance of an inductor increases with frequency; that 
of a capacitor decreases with frequency. The current through 
an inductor cannot be changed instantaneously; the voltage across 
a capacitor cannot be changed instantly. In a circuit containing 

inductance and resistance in series, the voltage across the induct
ance at the moment the battery is connected to it is a maximum, 

Vr

Fig. 7. Capacitive reactance and resistance are combined vectorially to 
obtain impedance. In this case, however, the reactance is drawn down
ward instead of upward as in the case of the inductive reactance example of 
Fig. 4.

the current a minimum; in a capacitive circuit the current at the 
first instant is maximum and voltage across the capacitor is a 
minimum.

In an a-c circuit the current maximum lags behind the voltage 
maximum (in time) if the circuit is inductive; if it is capacitive 
the current maximum is ahead of the voltage maximum.

Resonance. Since the effects of inductance and capacitance 
are opposite in nature in many ways, very interesting results 
may be obtained by combining them in an a-c circuit. Figure 8 

shows a simple circuit containing L, C, and R and a source of 
a-c voltage. The values of reactance are correct for only one 
frequency, and the phase relationships and voltages are also good 
for this frequency only. Note that the capacitive reactance 
nullifies part of the effect of the inductive reactance. The 
latter is larger, however, and the circuit is still inductively 
reactive so that the current lags behind the voltage.

At some frequency the effects of an inductance and a condenser 
in a circuit will be equal but of opposite nature so that their
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reactances cancel out. This is

Fig. 8. In circuits containing 
resistance, capacitance, and in
ductance, the reactances counter
balance each other’s effect or may 
cancel completely each other’s 
effect.

known as the resonant frequency 
which is determined as follows:

Xl - Xc
or

^rL = 2/fiC

or 

where fr is the resonant fre
quency in cycles per second, L is 
in henrys, and C is in farads. 
The actual reactance in such a 
circuit at any particular fre
quency is the difference between 
the inductive and the capacitive 
reactances. This is obtained 
arithmetically, subtracting one 
from the other. To obtain the 
impedance in such a circuit the 
net reactance is first obtained, 
and this reactance is combined 
with the resistance vectorially. 
Thus in a circuit containing 

L, C, and R:

Inductive reactance:

Xl = 2tt/L
Capacitive reactance:

Xc 2irfC

Net reactance:

Xl - Xc

Impedance:

VR2 + (Xl - Xc)2

Series Resonance. Since the current in a series circuit con
taining R, L, and C varies with frequency, and since at some 
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frequency the inductive and capacitive reactances are equal, so 
that each cancels the effect of the other, at this frequency the 
current under the impetus of a given a-c voltage is a maximum. 
At all other frequencies the current is less than this resonant 
value. Since at resonance the current is a maximum and is 

greater than if either L or C were omitted, the other remaining 
in the circuit, the voltage across any of the components is highest 

at resonance.
As a matter of fact the voltage across either reactance at 

resonance may be considerably higher than the voltage applied 

Fig. 9. Current to a parallel resonant circuit is less at the resonant fre
quency than at other frequencies.

to the complete circuit. This increase in voltage is a function 

of the ratio of the reactance to the resistance, X/R, and if the 
resistance of the circuit is low, the reactive voltages may become 
as much as 100 times more than the total applied voltage. 

This ratio is known as the Q of the circuit.
If the frequency of the applied voltage is lower than the reso

nant frequency of the circuit, the capacitive reactance will be 
greater than the inductive reactance, and the circuit will act 
like a capacitive circuit. If the frequency is above resonance, 
the circuit will be, in effect, an inductive circuit since the induct
ance will have a greater effect upon the current than does the 
condenser. At resonance the only thing that limits the flow of 
current is the circuit resistance.

Parallel Resonant Circuit. Conditions in a circuit in which 
the condenser and the inductance are shunted across each other 
and in series with the applied voltage (Fig. 9) are somewhat 
different than in a series circuit. Now as the resonant frequency 
is approached from either direction, the effective impedance of 
the parallel circuit increases so that the current taken from the 
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applied voltage source decreases and becomes a minimum at 
resonance. If, however, an ammeter is inserted in either the 
capacitive or the inductive branch of the circuit, it will be found 
that current higher than that taken from the source is flowing. 
This current may be many times higher than the source current; 
in fact the ratio of the two currents is a function of the reactance 
divided by the resistance of the branch of the circuit in which 
the ammeter is placed. This ratio, Q, may be equal to 100 or 
more, and so if the source supplies 1 amp to the parallel-tuned 
circuit, there may be 100 amp flowing through the coil and con
denser; and the lower the resistance the greater will be the 

current.
Resonant circuits are “frequency selective”; that is, the effects 

they produce depend upon frequency. If the resistance is low, 
the effect as a function of frequency is very marked so that only a 
slight “mistuning” of the circuit away from resonance may 
produce a wide current variation in a series circuit or a wide 
voltage variation across a parallel circuit.

Resonant circuits are employed because of their frequency 
sensitivity, and many industrial applications of such circuits are 
to be found.

RC Circuits. Combinations of resistance and capacitance are 
found in nearly all industrial electronic circuits. They are of 
extreme utility and it is quite important to know how such 
circuits work. Let us study in more detail the action of the 
circuit shown in Fig. 5.

When the switch is thrown to position A, electrons will 
move from the upper plate of the condenser to the positive 
terminal of the battery. Current will flow. At the instant the 
switch is closed there is no voltage on the condenser and, there

fore, the entire battery voltage will appear across R. The current 
that will flow at this instant is E/R. The current is high, the 
voltage across R is high, and the voltage across C is zero.

As electrons continue to be attracted toward the positive 
terminal of the battery, the condenser assumes a charge; that is, 
a voltage appears across it. This voltage opposes the battery 

voltage and reduces the flow of current. The voltage across R 
must be the battery voltage minus the condenser voltage and 

must be equal at each instant to IR. As the charge on the con
denser increases, less and less current flows because more and 
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more opposing voltage is built up across the condenser. The 
current flow, therefore, decreases and finally stops. At this 

point there will be no voltage across R (no current flowing 
through it) and the full battery voltage appears across C. If 
the circuit is now broken, a voltmeter placed across C will 
indicate a voltage equal to that of the battery.

Condenser Discharge. Continuing with the detailed analysis, 
if SJTi is switched to position B, the condenser will act like any 
source of voltage—it will push electrons around the circuit. 
They will attempt to leave the plate which is oversupplied and 
go through the circuit to the plate which has too few. This 
represents a flow of current and this current must flow through 
the resistance and produce a voltage drop there. At every 

instant this current flow must equal E/R where E is the con
denser voltage at this instant. As the electrons flow through the 
circuit, they equalize the disparity of charge on the two plates. 
As this equalization proceeds, less and less voltage appears on 
the condenser and less and less current will flow. Finally there 
will be just as many electrons on one plate as on the other and 
the condenser will have no voltage. It will be discharged. The 
current in this discharge circuit will be in a direction opposite 
to that flowing on charge as shown by the time-constant curves.

Time Constant. The time required for a condenser to charge 
or discharge is proportional to the product of R and C. If the 
voltage is high, the finally charged condenser will have a high 
voltage and more energy will be stored in it, but it will take just 
as long to charge it to 100 volts from a 100-volt supply as to 
1,000 volts from a 1,000-volt supply if C and R are the same in 
the two cases.

The product of R and C is an important factor in circuits 
consisting of R and C. This product is known as the time con
stant of the circuit and represents the actual time required to 
charge a condenser to 63 per cent of the value of the applied 
charging voltage or to discharge the condenser to 37 per cent of 
its charged value. The rate of charge or discharge is exponential, 
starting out high and becoming less and less, but not linearly. 
Any small portion of the curve representing charge or discharge 
is almost linear, however, and may be usefully employed in many 
cases where a linear change in voltage is required. Since the 
rate of change is exponential, the final value is theoretically
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Fig. 10. Universal time-constant 
chart. A shows capacitor charging 
current, and B shows condenser dis
charge current. C shows current 
build-up in inductance, and D shows 
decay of current in an inductive circuit, 

the final value is attained in

reached only in an infinitely long time. For practical purposes 

the final value may be assumed to have been attained in 5RC 
seconds, where C is in farads 
and R is in ohms.

Time-constant Chart. 
Problems in EC circuits may be 
solved easily with a universal 
time-constant chart, as shown 

in Fig. 10 where curve A rep
resents the rate of charge and 

curve B the rate of discharge. 
Suppose, for example, a re
sistor of 20,000 ohms is to be 
used with a condenser that is 
to charge to one-fifth of its 
final value in 100 micro
seconds. How large must 
the condenser be?

Using curve A it is found 
that one-fifth or 20 per cent of 
pproximately 0.2RC seconds.

Since 0.2726' represents 100 microseconds, RC will represent 500 
microseconds. Thus,

RC = 500 X 10-6 second
R = 20,000 ohms
c-^*^-0.025x16-.^

= 0.025 microfarad

Time Relations in RC Circuits. The statement will be found 
in many descriptions of RC circuits that the charge in a condenser 
cannot be changed instantly. This is correct so long as there is 
resistance in the circuit, and there is always some resistance. 
The voltage across the condenser, therefore, tends to remain 

fixed for a time determined by the value of R and C. When a 
voltage is suddenly impressed across an RC circuit, the voltage 
already across C tends to remain constant and the whole of the 
new voltage appears across the resistor. As the condenser 

charges, however, the voltage across C must change in accord
ance with the flow of current.
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Consider the series circuit RC in Fig. 11A. The switch 
has been connected to the 50-volt battery long enough for the 
condenser to be fully charged to 50 volts. Current flow has 

ceased, and no voltage appears across R. If the switch is moved 
to the 150-volt battery, the voltage applied to the series RC

Fig. 11. Effect of increasing the battery voltage in an RC circuit from 50 to 
150 volts after the condenser has been fully charged to the lower voltage.

circuit suddenly rises to 150 volts. Since the charge in the con
denser cannot change instantaneously, the 100-volt change in 

voltage must appear across R. This voltage drop occurs as a 
result of the rush of charging current that flows when the higher 
voltage is impressed across the circuit.

If the switch is held in the 150-volt position for a length of time 

equal to 5RC, the condenser will be charged to that voltage for all 
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practical purposes. If, however, the switch is returned to the 
50-volt position before such a time interval has elapsed, the 
condenser will not have sufficient time to charge fully.

For example, let us assume that the switch is returned to the 
50-volt position at a time such that the condenser has charged 
approximately 0.6 of the change in voltage, or 60 volts. At the 
instant of switching, 60 volts will appear across the resistor to 
make up for the difference in applied voltage (now 50 volts) and 
the voltage across the condenser (110 volts) which cannot change 
instantaneously. Now the condenser is the main source of 
voltage, being higher in voltage than the battery. The current 

is thus referred to as discharge current, and it flows in a direction 
opposite to that in which the charging current originally flowed. 
The voltage drop across the condenser gradually approaches the 
50-volt value, current flow gradually diminishes (as does the 
voltage drop across R) and finally ceases, again, in a time approxi
mately equal to SRC. Thus studying the voltages appearing 
across the two elements separately, curves like those shown in 
Fig. 11 can be drawn. If the voltage is held constant but the 

value of R or C decreased, the curves would be changed as shown 
in Fig. 11C. Here the charge and discharge curves are steeper. 
If R or C is increased in value, the curves will differ as shown in 
Fig. HD. Here the charge and discharge curves are more 
gradual, and less voltage change actually occurs across the 
condenser.

Waveforms in RC Circuits. Frequently it is desirable to 
employ pulses of current or voltage. For instance, when an 
operation is to be triggered, or set off, at a particular time, it is 
convenient to initiate that operation electronically by a sharp 
pulse rather than by a slow-rising voltage, such as half a sine 

wave.
Pulses may conveniently be formed by the use of RC networks. 

A sharp pulse of voltage may be formed by the simple circuit 

shown in Fig. 12 A. The time constant of the RC combination 
is made very short so the condenser charges very rapidly. When 
a voltage is applied to the input, the initial surge of current is 
very large, but it dies down rapidly as the condenser charges. 
The voltage across the resistor has the form of a sharp pulse.

This short-time-constant type of circuit, with the voltage taken 

across the resistor, is called a differentiating circuit. The voltage 
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that appears across the resistor is actually the time derivative 
of the input voltage. In other words, the output voltage across 
the resistor is proportional to the rate of change of current in the 
circuit. If the time constant is long and the output voltage is 
taken from across the condenser (Fig. 12C), the waveform will 
represent the integral of the input voltage. This type of circuit 

effectively integrates any voltage applied to its input. If a 
series of sharp pulses is applied to the circuit, the output

Differentioting circuits

Input Output Input R < Output
v \

o-- — ■ —o o ■— -1- o
(C) (D)

Integrating circuits
Fig. 12. Differentiating (A and B) and integrating (C and D) circuits. 
Integrating circuits are characterized by long time constants, while differ
entiating circuits have short time constants compared with the period of the 
applied wave.

across the condenser will be proportional to the time integral 
of the signal. In effect, the circuit distributes the pulses of 
voltage evenly, filling in the valleys and cutting off the peaks, 
and the output represents a time average of the input signal.

Inductances may be used in integrating and differentiating 
circuits, with suitable circuit modifications, as indicated in Fig. 
12B and 12D. The usual application of differentiating circuits 
is to convert a voltage waveform, such as a square wave, into a 
series of sharp pulses—one pulse for every cycle of the square 
wave. In practice, some auxiliary circuits must be used in 
conjunction with the differentiating circuit to achieve this end.
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Thus a wide variety of modifications of voltage and current 
waveforms can be achieved by proper combinations of condensers, 
inductances, and resistors. Most electronic circuits depend on 
these tricks in one form or another. Television depends to a 
very great extent on circuits of this type for the synchronization 
and timing of the scanning of an electron beam in a receiver 
with the beam in the camera equipment at the transmitter. 
Radar depends almost entirely on the creation and proper timing 
of pulses of r-f power, which have as their beginning a source of 
voltage of some convenient waveform that is converted into 
pulses by appropriate circuitry. Other applications of R, L, and 
C circuits will become evident in subsequent chapters on specific 
applications.

Inductor Applications. Where alternating current is to be 
limited to a certain value, a low-resistance inductor may be 
employed. In this manner there is little power lost in the 
inductor resistance (and hence little temperature rise) while the 
current is “impeded” or limited by the inductive reactance of 
the coil.

A transformer is a two-winding inductor, which has very useful 
properties. In conformity with the natural property of induct
ance, when the current through one winding is increasing, an 
increase in voltage occurs across the other. When the current 
through the “primary” is constant, zero voltage appears across 
the “secondary.” Therefore, if direct current flows through the 
primary, there will be no direct voltage across the secondary, and 
no direct current will flow through any apparatus connected to 
the secondary.

The transformer, therefore, can be employed to separate alter
nating and direct currents. That is, if a circuit contains both 
alternating and direct currents and if alternating current only 
is desired in another circuit, a transformer may be used to con
nect these two circuits together. Direct current will not flow 
from primary to secondary, and the second circuit is isolated 
from direct current in this manner.

If a sine wave of current flows through the primary, a sine 
wave of voltage appears across the secondary, but these voltages 
and currents are not in phase because of the inductive effect, 
resistance losses in the windings, and other causes. The trans
former, therefore, may be employed as a phase-shifting device.
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Since the same current change will produce a higher induced 
voltage through a coil of many turns than through a coil of 
few turns, the transformer may be (and usually is) employed 
to raise or lower voltages and currents without essential change 
in waveform. If the secondary has a higher number of turns 
than the primary, the voltage across the secondary will be higher 
than that across the primary, although the current through the 

secondary will be less. The product of I and E in each circuit 
must be equal since the transformer cannot increase the power 
taken from the primary source. Actually the secondary power 

(/ X E) is less than the primary power because of inherent 
transformer losses.

Up to a certain point, increasing the current through a coil 
produces corresponding increase in voltage across it; but after 
this certain point is reached, the core material “saturates” and 
further increase in current does not produce a corresponding 
voltage increase. A saturable-core reactor, therefore, is one in 
which the nonlinear relation between current and magnetization 
is employed. These devices have very important applications in 
electronics.

For example, let us place three windings upon a single iron 
core. Two of them correspond to the conventional primary and 
secondary. Through the third winding we will force a variable 
direct current. Since the secondary voltage is a function of the 
condition of the core material, it is evident that the secondary 
voltage will be a function of the direct current flowing through 
the third winding since this current has a pronounced effect upon 
the core condition.

Such a transformer may act as a current amplifier; that is, a 
small change in the direct current may produce a very great 
change in the alternating current flowing in the secondary circuit. 
This alternating current may be rectified with the result that a 
small change in the magnetizing direct current will change rad
ically the secondary-circuit direct current. The system now is 
a magnetic amplifier and as such has very great importance.

Combinations of nonlinear circuit elements and magnetic 
amplifiers will undoubtedly replace many electron tubes in future 
industrial and communication applications. The amplifiers can 
be made quite small, light in weight, and stable in character
istics; since they have no moving parts and, unlike vacuum tubes, 
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require no filament heating power, the possibilities for application 
are very great.
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CHAPTER 2

FUNDAMENTALS OF TUBES

Electron-tube technology differs from that with which the aver
age electrical engineer is familiar in that it is essentially low- 
power, low-current technology. Electron-tube circuits, in gen
eral, involve currents of the order of thousandths of amperes up 
to amperes and powers of the order of milliwatts to watts. Only 
in high-power radio transmitters and in electronic heating and 
welding does the power controlled by tubes approach the order 
of kilowatts. The industrial electronics expert must deal with 
circuits of low or high power, at low or high efficiency, with all 
manner of waveforms and with circuits of extreme simplicity or 
great complexity. In general, however, the man coming to 
apply tube apparatus for the first time must get used to working 
with small currents and low powers.

Today there are hundreds of different types of tubes. In 
general, however, they all have at least three things in common. 
Every tube must have a source of electrons, an element which is 

usually called the cathode of the tube. Secondly, there must be 
an anode or plate which is capable of attracting the electrons 
emitted by the cathode. The third requirement is the actual 
envelope (glass or metal) of the tube itself. The flow of electrons 
must be protected from the earth’s atmosphere or these electrons 
would collide with the particles of the atmosphere and most of 
them would fail to reach the anode of the tube.

Since electrons are negatively charged particles, and it is 
desired to cause them to flow from the cathode to the anode, the 
anode of the tube must be made positive with respect to the 
cathode. The electrons, attracted by the positive charge, thus 
are drawn toward the anode. When these electrons reach the 
anode, they give up their charge, with the result that a definite 
electrical current flows between the cathode and the positive

24 
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anode. The magnitude of this current is a measure of the num
ber of electrons that arrive at the anode per second.

In the amplifier tube used in radio receivers the currents 
carried by the electron stream may be of the order of milli
amperes; in tubes used to level elevators the current may not be 
much over 0.1 amp; in the largest amplifiers used in transmitting 
stations (speech and music) the maximum current per tube may 
be only 6 amp.

Small as these currents may seem to a power engineer, it 
must be remembered that they involve the mass motion of many 
billions of electrons, all under perfect control and all speeding on 
their task of converting energy of one form into another, silently, 
efficiently, with no moving parts, and with a tube life that in 
carefully operated apparatus may run as long as several thou
sands of hours. These small currents at 10,000 volts or more 
may represent considerable power.

Tube Classifications. Electron tubes may be classified in 
many ways. First of all, they may be grouped, generally, into 
(1) tubes whose cathodes give off electrons when heated or (2) 
tubes whose cathodes give off electrons when irradiated or 
illuminated with light. In the first case, the number of electrons 
that may leave the cathode is determined by the emitting area 
of the cathode and the temperature to which it is heated. This 

type of tube is known as a thermionic tube. In the second case, 
the area of the cathode and the amount of illumination deter
mine the number of electrons the cathode can emit. The tube 
is said to be photosensitive.

In each case, the electrons contained in the cathode are in a 
constant state of motion—thus they have kinetic energy. When 
the cathode is heated or when light falls upon it, this electron 
motion is increased in the same way molecular motion is increased 
when water is heated. The increase in kinetic energy supplied 
to the electrons is just sufficient to allow them to break away 
from the cathode, in somewhat the way that water molecules 
break away from the surface of water when it boils.

Vacuum and Gas Tubes. Both types of electron tubes, therm
ionic and photosensitive, may be further subdivided according 
to the nature of the medium that surrounds the elements inside 
the tube. In one type, most of the air is evacuated from the tube 
envelope so that the tube elements are effectively in a vacuum— 
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thus the term vacuum tube. In the other type, the air is evacu
ated from the tube, but a small amount of some inert gas is then 
admitted for special purposes. The pressure of the gas in such a 
tube is still but a fraction of the atmospheric pressure, but these 

tubes are called gas tubes, instead of vacuum tubes. Thus there 
are vacuum and gaseous, thermionic and photosensitive tubes.

The reasons for introducing gas into the tube envelope will be 
explained later. The type and quantity of gas admitted is 
extremely important to the proper operation of the tube, and a 
great deal of care must be taken to see that no unwanted gas is 
admitted to either type of tube.

The thermionic tubes in radio receivers are nearly always high 
vacuum tubes. The pressure in a high-vacuum tube is of the 
order of 10“8 atm.1 In tubes where inert gases are purposely 
admitted, the pressure runs from 10“6 to 10-3 atm.

A small quantity of water vapor will ruin a tube. Other gases, 
may, in time, be released from the metallic elements within the 
tube structure. Often the elements may run at red heat mak
ing it easy for gas molecules to escape and spoil the emission 
characteristic.

Tube Characteristics. The two greatest advantages of the 
electron tube in industrial applications are (1) they require 
almost no energy from the actuating phenomenon and (2) their 
action is practically instantaneous. The phototube extracts 
practically no energy from the light beam which makes it per
form its duty. Similarly, the thermionic tube may require so 
little energy to actuate it that the actuating force is unaware of 
the tube’s presence.

Considerable jargon has grown up among tube people. They 
call tubes by various names and various systems of names. A 
tube with two elements, a cathode and an anode, is called a 

diode, but since its fundamental application is that of a rectifier, 
it is also called a rectifier. A tube, therefore, may have a name 
which is related to its application or to its structure. But

1 There are several methods of rating vacuums. One standard atmosphere 
is a pressure of 760 mm of mercury; a micron is a pressure of 0.001 mm of 
mercury; a bar is one dyne per square centimeter. One bar is the equivalent 
of 0.00075 mm of mercury or 0.0133 X 10“6 atm. One micron equals 
1.333 bars. A high-vacuum tube is one in which the pressure has been 
reduced to about one bar. Even at this pressure there are about 2.56 X 1013 
molecules of gas per cubic centimeter.



FUNDAMENTALS OF-TUBES 27

whatever the tube and whatever its name, it works because man 
has found ways of releasing electrons from a metal surface, 
because these electrons are electrically charged, and because 
charged bodies may be attracted or repelled by other charged 
bodies. It is in the electron tube that man has developed his 
most direct way of utilizing electrons.

THERMIONIC TUBES

Consider a tungsten wire and a metal plate spaced a few milli
meters apart and both enclosed in an evacuated glass bulb with 
wire connections to the two elements brought out through the 
stem of the glass bulb. If the tungsten wire is heated to a certain 
temperature by passing an electric current through it, it will 
emit or “boil off” electrons.

The required temperature depends upon the nature of the 
cathode surface. At about 2400°K, a pure tungsten cathode 
will emit about 0.12 amp per sq cm of surface. If the tungsten 
wire is coated with certain oxides of the rare earths (strontium, 
barium, cesium, etc.) the temperature at which electrons escape 
is much lower.

The relation between electron emission and temperature1 is 
complicated, but small increases in temperature will cause large 
increases in emission. A cathode operating at a dull-red heat 
will have its emission doubled if the temperature is increased 
by only 100°, and a 1 per cent change in the current through a 
filamentary cathode may cause a 20 per cent change in emission 
of electrons.

Electron Speed. After leaving the cathode, electrons are 
attracted toward the anode with high velocities. The actual 
velocity depends upon the voltage existing between anode and 
cathode. In a high-vacuum tube with 100 volts between the two 
electrodes, electrons will hit the plate with a speed of about 
3,700 miles per second. The velocity for different voltages can 
be computed from

v = 5.95 X 107 VT

where v is the velocity in centimeters per second and V is the 
voltage across the tube.

1 O. W. Richardson, “Emission of Electrons from Hot Bodies,” Longmans, 
Green & Co., Inc., New York, 1921. On electron emission see also Saul 
Dushman, Electrical Engineering, July, 1934, p. 1054.
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The Two-element Tube. Figure 1 shows the schematic dia
gram of a two-element tube connected across a source of a-c 

voltage E. Actually, this tube has three elements, but it is called 
a diode, since the only function of the filament is to heat 
the electron-emitting cathode to a temperature at which it will 
give off electrons. The heater element consists of a piece of thin 
resistance wire through which heater current is passed. It 
heats the cathode by radiation. The two elements which per
form useful work are the cathode and the anode.

Electron movement

Fig. 1. Simple diode tube, consisting of a cathode and an anode acting as a 
rectifier, passes current only while the anode is positive with respect to the 
cathode.

II5-V, A-C

Electrons will move to the anode only when it is positive with 
respect to the cathode. The a-c voltage source alternately makes 
the plate positive and negative with respect to the cathode. 
Thus current will flow only during the half cycles when the 
proper polarity exists. This is illustrated by the curves shown 
in Fig. 1. Current flows only half the time, and it flows in 
only one direction, that is from cathode to anode.

If the tube were not in the circuit, the current resulting 

from the application of the a-c voltage E across the resistance R 
would be constantly reversing in accordance with the alterna
tions of the voltage. The tube converts or changes this alter
nating current into a direct (unidirectional) current, by stopping 
current flow in one direction. This conversion of alternating 
current to direct current is known as rectification. It is the 
most useful function of the two-element tube. The spurts of 
plate current may be applied directly to charging a battery or 
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any other purpose where such a pulsating unidirectional current 
is needed. Or, these pulses may first be applied to a filter which 
smooths out the current flow, limiting it during the times it does 
flow, and maintaining it during the time when the tube conducts 
no current. By proper filtering, as will be explained in Chap. 4, 
the current may be smoothed out to any degree, until the a-c 
voltage across the load (in this case, R) has been converted into 
a d-c source with an output like that of a battery.

Tube Resistance. When electrons flow between the elements 
of a tube, they encounter a certain amount of electrical resistance. 
As the electrons flow through this resistance, an amount of power 
is lost or wasted in the tube in the form of heat. This heat 
represents power loss and may be calculated by multiplying the 
anode-to-cathode voltage by the current flowing through the 
tube. The d-c resistance of the tube may be calculated by 

dividing the anode-to-cathode voltage by the current flowing 
through the tube. This resistance is analogous to the internal 
resistance of a battery or of a power generator. In a power 
generator the internal resistance must be exceedingly low or the 
thousands of amperes flowing through it would cause prohibitive 
heat loss. Unfortunately a high vacuum tube has considerable 
resistance, several thousand ohms, and thus it is not a very effi
cient device.

The voltage drop across a vacuum tube (eb) is more or less 
proportional to the current. But in a gas tube, this is not exactly 
true. Here the voltage drop is practically independent of the 
current flowing and is very much smaller than in a vacuum tube. 
For this reason gas tubes are much more efficient as rectifiers 
because they can handle and control greater power with less loss.

Space Charge. Since one electron will tend to repel another 
in its vicinity because of their similar charges, electrons already 
on their way from cathode to anode make it even more difficult 
for oncoming electrons to get to the anode. The preceding 
electrons act like a negatively charged object in the path of the 
oncoming electrons. This condition in the tube is called the 

space charge. The current to the plate, therefore, is limited by 
the space charge.

There are other limitations to the number of electrons that 
will flow to the anode. The number released from the heated 
cathode depends upon the temperature of the cathode and the 
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material from which it is made. If the temperature of a cathode 
is held constant, thus limiting the number of electrons available, 
and if the anode voltage is gradually increased from some low 
value, the number that flows to the anode will increase pro

portionally until the point where essentially all the electrons 
being emitted by the cathode are being pulled to the plate. The 
space charge is no longer the factor which determines the current 
that flows in the tube. When this condition exists, the tube is

Fig. 2. If with a given cathode 
temperature the anode voltage is 
raised, the electron current in
creases up to a point where all 
the electrons are being taken by 
the anode. Now if the cathode 
temperature is raised, more elec
trons will be available and the 
anode current will again increase.

space between cathode and anode.

said to be emission limited, and 
only an increase in cathode tem
perature will effect an appreciable 
increase in electron flow. This is 
illustrated by the curves in Fig. 2.

During the raising of the anode 
voltage as described in the pre
vious paragraph, it was the space 
charge within the tube that pre
vented emission-limited current 
from flowing as soon as the anode 
became even slightly positive with 
respect to the cathode. The space 
charge, or its effect, can be miti
gated by introducing certain 
types of gas into the tube, by an 
increase in anode voltage, or by 
interposing another element in the

If certain gases are admitted
to the tube at the proper pressure, the tube acts very much like 
a switch—it either conducts current or it does not. If the voltage 
across the tube is above a certain critical value, current flows. If 
the voltage is less than this value, no current flows.

If the space charge is controlled by raising the anode voltage, 
thus dragging more electrons through the space near the cathode, 
more current will flow. However, there are limitations to the 
extent to which control can be effected in this manner.

The Triode. The interposition of a third element between 
cathode and anode modifies the behavior of the tube tremen
dously and increases the control over the anode current to a very 

great extent.
It is the introduction of this third element, the grid, that makes 
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it possible not only to rectify—virtually the only useful function 
of a diode—but to amplify both direct and alternating currents 
and voltages, to generate all sorts of electrical wave forms of 
power, and to perform the many important jobs upon which the 
entire electronics industry is now built.

Fig. 3. Curves relating the 
typical triode, the 2A3.

grid voltage and plate current (Eg-Ip) of a

Grid Control. Let us start with a triode, then, and see how 
the tube acts in response to voltages placed upon its three ele
ments. The triode has the usual source (the cathode) and 
collector of electrons (the anode, or plate) and a control electrode 

called the grid. The grid is located somewhere between the 
cathode and the plate and has an open mesh so that electrons 
can shoot through it on their way toward the plate. The cathode 
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is operated at a constant temperature so that the number of 
electrons available per second is constant.

If the grid is positive with respect to the cathode, electrons 
will be attracted toward the grid, and some may be caught by 
the grid. But in general very few will actually hit the grid, so 
wide open is the grid mesh compared to the dimensions of the

Fig. 4. Curves showing the relation between plate voltage and plate cur
rent (Ep-Ip) for several values of grid voltage on a 2A3 triode.

electron. Also the plate is at a still greater positive voltage. 
The nearer the electrons come to the plate the more they are 
urged onward. That is, the attraction between plate and 
electrons increases as the distance between them diminishes.

If the grid is negative with respect to the cathode, electrons 
may still get through to the plate, but not as easily. The grid 
in this case acts as though it were increasing the space charge. 
The grid may be looked at as an elegant way to adjust the anode 
current by remote control. Since the grid is nearer the source of 
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electrons than is the plate, the grid has greater effect upon the 

flow of electrons.
Tube Curves. For a certain fixed anode-to-cathode voltage 

(usually referred to as plate voltage), there is a definite plate 
current for each value of grid voltage for each particular type of 
tube. Figure 3 shows a set of curves from which the operation 
of one tube type can be determined graphically. Such a set of 
curves is known as a “family,” and it shows visually how the 
plate current is related to the 
grid voltage. For example, let 
us assume a tube operating 
with a fixed plate voltage of 200 
volts. If the grid voltage is 
varied up and down between 
— 20 and —40 volts, the plate 
current will change at an iden
tical rate between 140 and 20 
ma. For another plate volt
age, but the same grid range, 
different plate-current limits 
will be observed.

Similarly if the grid voltage 
is fixed and the plate voltage is 
varied, a set of values of plate 

Fig. 5. Triode with a source of 
alternating voltage in series with 
steady grid bias. Alternating cur
rents produced in the anode circuit 
correspond to the alternating grid 
voltage.

current will result. Such data may be secured from the Ea-Ip 
(grid voltage versus plate current) curves also. With two families 

of curves, Ea-IP and EP-IP (plate voltage versus plate current, 
Fig. 4), one has all the data he needs to design a circuit for use 
with this tube.

Use of Tube Curves. In Fig. 3 note that for the greater 
portion of the curves the relation between grid voltage and anode 
current is essentially linear and that only at the lower end of 
the curve is there much departure from linearity. Similarly 
the curves in Fig. 4 showing the relation between Ep and Ip 
are essentially linear over a large part of the characteristic curve.

In practice the plate supply voltage is fixed at some definite 
value, say 250 volts, and the average grid voltage is fixed (biased) 
at some definite value, say —10 volts, both voltages being meas
ured from the cathode, as shown in Fig. 5. Changes in the plate 
current are effected by variations in the grid-to-cathode voltage.
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For example, a 60-cycle voltage from a step-down transformer 
may be impressed between grid and cathode in series with the 
10-volt d-c voltage already in the circuit, as shown in Fig. 5. 
Now the a-c voltage alternately will add to and subtract from 
the steady d-c grid voltage so that at some instants the grid is 
actually more negative than 10 volts with respect to the cathode 

voltage there is a variation in plate 
current. Here, capital letters indi
cate steady or d-c values; small 
letters are the a-c components.
Eg (actual grid voltage) = Ec + ea

and at some instants it is less 
than 10 volts negative. Natur- 
ally, the plate current will vary 
in accordance with these grid
voltage variations, as shown in 
Fig. 6.

Note that in all tube discus
sions the voltages upon the 
several electrodes are given 
with reference to the cathode 
voltage.

Grid Control of Gas Tubes. 
In a vacuum tube there is 
instantaneous and continuous 
control of the anode current by 
the grid voltage. In a gas 
tube, however, the situation is 
altogether different. The gas 
is in the form of basic molecules 
and atoms, and the spacing 
between these elementary enti
ties is very great compared to 
the size of the electron. Any 

electron which may be urged toward a positive electrode will have 
plenty of space in which to get up high speed and, therefore, to 
gather to itself considerable kinetic energy. Such a high-speed 
electron may hit a gas molecule hard enough to knock an electron 
out of the molecule. Now we have two electrons instead of one 
and both of them rush onward toward the anode. En route they 
produce other electrons by collisions with atoms and molecules, 
and thus the plate current increases.

Each molecule or atom that has lost an electron is now posi
tively charged and will attract electrons from the cathode out 
to where they come under the influence of the plate. Thus the 
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positively charged remains of these collisions between electrons 
and atoms serve to neutralize the negative space charge and in 
so doing enable the other electrons to reach the plate much more 
easily.

The cumulative effect of these collisions in producing new 
electrons and in neutralizing the space charge results in a very 
great increase in plate current.

Each positively charged atom or molecule is called an ion, 
and the process of forming ions by bombardment of gas atoms 

is called ionization. For every gas employed in a tube there 
is a critical voltage at which ionization will take place. This 
is the voltage which will impart to the electron sufficient kinetic 
energy to knock an electron out of a gas atom. For mercury 
vapor this voltage is of the order of 15 volts.

Once started, the ionization process proceeds quickly (in a 
matter of microseconds) so that once the tube conducts current 
(ionizes or “strikes”) the plate current rises quickly to its ulti
mate value. But the process is not instantaneous nor is the 
reestablishment of the original complex condition inside the 
tube when the plate voltage is removed and the plate current 
flow stopped. A few microseconds are required for the atoms to 
get back their required electrons in order to become electrically 
neutral or deionized.

Suppose that a grid is placed in such a gas tube and that its 
voltage with respect to the cathode is such that the velocity of 
electrons does not reach a value which will cause them to ionize 
the gas. No current will flow or at least so very little current 
that it is not useful. Now slowly let us cause the grid to become 
less negative or slightly positive. The electrons will get up more 
speed, and soon the point is reached at which ionization occurs, 
and the flow of plate current becomes very great. But now one 
can vary the grid voltage over a wide range and the current to 
the plate does not change at all. The grid has lost control of the 
plate current. The only way to shut off the plate current is to 
remove the plate voltage.

For every value of plate voltage there is a critical value of 
grid voltage that will cause ionization. It is the combination 
of the two voltages that controls the speed with which the elec
trons strike the gas atoms and produce positive ions which 
neutralize the space charge.
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The curves which show tue characteristics of such a tube (Fig. 

7) do not show the relation between plate voltage (or grid voltage) 
and plate current—they show the relation between grid and plate 
voltage at which the tube begins to conduct current.

Fig. 7. Characteristics of a typical 
gas triode. For each value of anode 
voltage, there is a definite grid volt
age at which the tube will “fire.” 
If the grid is more negative than this 
value, no current will flow.

Voltage-regulator Tubes. 
Since the voltage drop across a 
gas tube is practically constant, 
it may be used to regulate volt
ages. For example, in Fig. 8A 
is a source of voltage which has 

an internal resistance R (all 
devices have such resistance) 
and a load which requires con
stant voltage. If the current 
taken by the load increases, 
more current will be drawn 
through the internal resistance 
of the supply system and a 
greater voltage drop across this 
resistance will be produced. 
There will be less voltage for 
the load. What is desired is a 
constant voltage.

In Fig. 8B a gas-filled volt
age-regulator tube is shunted 
across the load and draws a 
current, along with the load 

current, through the internal resistance of the supply system. 
Now if the load requires more current, there will be more load 
current through the internal resistance but less current will go 
through the regulator tube. The voltage across resistor R will 
not change, and the voltage across the load will not change. 
Circuits for these tubes are discussed in more detail in Chap. 4.

Multielement Tubes. Additional electrodes placed between 
control grid and anode add to the versatility of the tube. Let us 
suppose that an oncoming electron gets up enough energy to 
knock another electron out of the anode upon arrival. This 
“secondary” electron may tend to go back toward the cathode 
and to increase the space charge. Such a situation would reduce 
the effective plate current. To avoid this effect, let us place
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another grid near the plate and maintain it at a voltage somewhat 
lower than the plate. Its mesh is rather wide so that it collects

Fig. 8. Effect of using a voltage-regulator gas tube. The unregulated 
power supply furnishes less and less voltage as the current taken increases; 
if regulated, the output voltage is constant even though the required current 
increases.

relatively few “primary” electrons. If this grid is somewhat 
positive or even at zero poten
tial with respect to the cathode, 
the secondary electron leaving 
the anode will encounter a 
fence through which it must 
jump before it can work back
ward into the space charge 
region. Primary electrons 
coming from the cathode are 
traveling so fast by the time 
they reach this low-voltage grid 
that they are not influenced by 
its presence. Such a grid is 
known as a suppressor grid 
since it suppresses secondary 
emission.

Another grid may be em

Fig. 9. Multigrid tube. The in
put is applied between the first grid 
and the cathode; the output is taken 
from the plate and the cathode. 
The screen grid (gi) is maintained at 
a positive potential; the suppressor 
grid (g3) forces back to the anode any 
secondary electrons produced.

ployed somewhat closer to the control grid with the following 
effects. Since any two pieces of metal separated by a dielectric 
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represent an electrical capacitance in which energy can be stored, 
there exists within the tube an electrical capacitance between the 
control grid and the anode. In high-frequency circuits this 
capacitance may couple energy back to the control grid from the 
anode and cause trouble. If a third grid is placed near the control 
grid and is maintained at a steady positive d-c voltage it may not 
only “shield” the plate and control grid but may help urge the 

electrons on their path from cathode to anode. This is a screen

Fig. 10. Electrostatic deflection in a cathode-ray tube. If the vertical 
deflection plates are alternately positive and negative, the electrons will 
trace a vertical line on the screen; similar potential variations applied to the 
horizontal plates will trace a horizontal line on the screen.

grid, so-called because of the screening effect it has between anode 
and control grid.

In general these multielement tubes have much higher internal 
resistances than triodes and are much more stable at high fre
quencies. They are employed where high amplification is 
desired. A basic pentode amplifier circuit is shown in Fig. 9.

A single envelope may be used to house the structures of 
several tubes, and in this way space is conserved. Thus the 
tube user has several double triodes or combinations of diodes 
and triodes or diodes and pentodes for use where he does not 
wish to expend the space for two tube envelopes.

Cathode-ray Tubes. The fact that electrons can bc attracted 
toward or repelled from objects by electrostatic and electro
magnetic means makes possible the cathode-ray tube—one of the 
most useful and versatile of modern instruments.

A typical cathode-ray tube configuration is shown in Fig. 10. 



FUNDAMENTALS OF TUBES 39

Again, electrons are emitted by a cathode. These electrons are 
concentrated or focused by a focusing electrode which is so 
charged that it exerts just the proper amount of force to keep 
the electrons confined in a narrow beam. Positioned along the 
narrow neck of the tube are two or more anodes which are posi
tively charged so that they will attract electrons. The focusing 
action, however, directs the electrons through small holes in 
the anode structures, so that relatively few of them actually stop 
at the anodes. Instead, the electron beam speeds on toward the 
flat glass end of the tube, which is coated with certain materials 

that fluoresce, or glow, when bombarded by electrons. Thus 
wherever an electron hits the screen, as the end of the tube is 
called, a flash of light may be seen. A steady beam of electrons 
produces a continuous spot of light.

The control grid of the cathode-ray tube can be charged nega
tive or positive with respect to the cathode. It controls the 
number of electrons that strike the screen and thereby controls 
the brilliance of a spot on the screen.

Beam Deflection. Between the electron-accelerating anodes 
and the screen we may put some device that will alter the path 
of the electrons before they hit the screen. If two plates are 
positioned on opposite sides of the beam, by applying proper 
voltages to the plates the beam can be moved back and forth 
at will. By positioning another set of plates 90 deg from the 
first set, as shown in the drawing, we may cause the beam to 
strike the screen at any desired position by proper combination 
of voltages. If, for example, the upper plate of the vertical 
deflecting plates is made positive while the lower plate is nega
tive, the electrons will hit the screen at the top. If the voltages 
on these two deflecting plates are varied, one becoming alter
nately positive or negative and the other taking on potentials 
of the opposite polarity, the beam will trace a vertical line on 
the screen. The action of the horizontal plates is exactly similar 
except that the line on the screen will be horizontal.

If the varying voltages placed on the two sets of deflection 
plates are of correct magnitude and phase, a circle or ellipse or 
other wave form will be traced out on the screen.

In practice, the voltages whose wave forms are to be examined 
are placed on the vertical plates, while a “timing” voltage is 
placed on the horizontal plates to spread out the beam as a 
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function of time. An analogy is a pendulum oscillating over a 
sheet of paper. If the pendulum carries a pencil, a straight line 
will be made on the paper. But if the paper is moved at right 
angles to the line traced out by the pencil, a sine wave will be 
traced out on the paper. In this case the movement of the paper 
corresponds to the timing function of the horizontal plates.

The beam may also be deflected by the influence of current
carrying coils instead of the deflection plates. This type is 

shown in Fig. 11. The charged-plate method is called electro-

Fig. 11. 
tube.

Basic configuration of electromagnetic deflection in a cathode-ray

static deflection, and the current-carrying coil version is known as 
electromagnetic deflection. The latter system is usually employed 
with larger tubes, since abnormally high voltages are required to 
deflect the beam over any great distance.

The cathode-ray tube is a laboratory tool of extreme utility, 
since it not only can measure electrical quantities but also can 
give the operator a visual picture of the quantities measured. 
Furthermore, by the use of high voltages, the electrons can be 
made to effect their transit down the tube in a very short period 
of time so that events taking place in time of the order of fractions 
of microseconds can be made visible. The cathode-ray tube is 
the heart of any modern television system, being employed both 
at the transmitter to pick up the picture for translation from 
light variations into electrical variations and at the receiver to 
perform the reverse function.

The cathode-ray tube is also the heart of any radar instrument. 
Here two events are made visible—the transmission of a pulse 
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from a transmitter and an echo of this pulse as returned from the 
target. Since these events may be only microseconds apart, the 
cathode-ray tube fits into the problem very nicely.

All that is required is to calibrate the face of the tube in the 
time required for an electron beam to move from left to right. 
Then any fraction of this distance will require less time, and so 

the positions of the pips caused by the transmitted pulse and its 
echo are measures of the time required for the radio pulse to go 
to the target and to return to the sender in the form of an echo. 
Since the speed of transmission through space, 186,000 miles per 
second, or 328 yd per microsecond, is known, the radar operator 
measures target distance in terms of time; and as many a man 
knows who saw radar in action during the war, he measures it 
accurately!

Some of the industrial applications of cathode-ray tubes, aside 
from their conventional laboratory measuring techniques, will 
be found in later chapters.

The cathode-ray tube is made possible by two important 
natural phenomena: the fact that electrons can be deflected by 
electric or magnetic fields, and the fact that the moving electron 
will produce a point of illumination when it strikes the screen of 

the tube. This screen is coated with materials called phosphors 
which are fluorescent so that they emit light when hit by an 
electron.

Numerous phosphors may be employed, some of them glowing 
for relatively long periods after the collision; these form “long- 
persistance” screens. Some phosphors produce a green light; 
others produce other colors. Combinations of certain phosphors 
will produce a “picture” which is practically white.

LIGHT-SENSITIVE DEVICES

In the tubes discussed so far, electrons are secured from a 
cathode by heating the cathode until the electrons have imparted 
to them sufficient energy to escape from the body of the cathode. 
In another class of electron tubes, however, the electron emission 
is controlled in another way, that is, by the action of light upon 
certain photosensitive surfaces.

Phototubes. The phototube consists of a cathode which sup
plies electrons and an anode which is the electron collector. If 
the cathode is illuminated by light of the proper wavelength, 
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electrons will be emitted and can be collected at the anode, which 
is kept at a positive potential with respect to the cathode. In 
practice, a voltage of about 90 volts or less is maintained across a 
vacuum phototube and the currents are of the order of 20 to 
50 /ta

in vacuum phototubes the output current is directly propor
tional to the intensity of the illumination applied to the cathode, 
and thus they may be used for determining light intensity. 
These currents are so low that amplification is necessary before

the device can be put to much use. Vacuum phototubes have 
come into very wide use in industrial devices and in translating 
light variations into electrical and hence into acoustic variations, 
as in the sound motion picture industry. A typical phototube 
characteristic and circuit are shown in Fig. 12.

Gas Phototubes. Through the mechanism of ionization the 
currents in a phototube can be increased materially if gas is 
admitted to the tube during manufacture. Thus with a given 
input light flux, more output will be secured.

To pay for this increased sensitivity, however, one must put 
up with certain disadvantages. For one thing, the output cur
rent is no longer directly proportional to the light intensity. For 
another, care must be taken that the anode voltage is not raised 
to the point where complete ionization of the gas takes place, 
causing a glow discharge and currents high enough to damage the 

tube.
Where linearity of output with light variations is desired, or 
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where the maximum stability is necessary, use of the vacuum 
phototube is indicated. Where the maximum response to a given 
input of light is desired, the gas tube will be preferred.

Multiplier Phototubes. A fairly recent addition to the tube 

family is known as a multiplier tube because of its peculiar and 
unique ability to multiply the action of a single phototube many 
times within a single envelope. In this tube the fundamental 
functions are two—the photoelectric effect and secondary emis
sion. In the second phenomenon electrons striking an anode

Fig. 13. Schematic of the multiplier 
dynodes, and final anode or collector.

phototube with its cathode, nine

produce additional electrons from the anode surface. In most 
tubes this is a disadvantage and means are taken to prevent the 
effects of these unwanted electrons. But in the multiplier tube 
they are put to work.

The action is basically as follows: Electrons are emitted from 
the illuminated cathode and are formed into a beam by other 

electrodes so that they fall upon an anode called a dynode. Here 
they produce more electrons, in the order of three or five per 
original electron. These electrons are again focused at another 
dynode, and here they produce still another multiplication of 
electrons. This multiplication is illustrated in Fig. 13, which 
shows the cross section of a 1P21 multiplier phototube. With 
voltages per stage of approximately 100 volts and with 9 stages, 
gains of over 100,000 can be attained theoretically.
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The sensitivity of the multiplier tube is about 2 amp per 
lumen compared with about 30 ga or somewhat greater for a 
conventional two-element phototube. This tube is most useful 
for detecting or measuring extremely low values of light inten
sity, but it has come into other practical applications. Some of 
these uses will be described in the chapter on phototubes.

Photoconductive Tubes. If a thin layer of selenium deposited 
on a gridlike structure is illuminated, the electrical resistance 
of the selenium changes, becoming lower as the intensity of the 
light increases. Tubes based on this principle have come into 
some industrial use but not to the extent to which phototubes

Contact 
ring

Crystalline 
'selenium

Evaporated
•front 
electrode

Output

_________________ I xjron
+ base

voltage
Fig. 14. Cross section of a Weston Photronic cell.

are employed. These photoconductive cells or tubes pass some 
current in the dark, which is a disadvantage, and the output 
current is not linear with respect to the illumination. The power 
output is, however, quite a bit higher than can be secured from a 
phototube.

The GE FJ-31 selenium tube will pass a maximum of about 0.5 
ma at 125 volts on the anode; its resistance will vary from 0.75 
megohm at 100 ft-candles on the selenium element to 6 megohms 
in the dark if 100 volts is across the tube.

Photovoltaic Tubes. Usually called photocells, these devices 
function on a different principle. Here electrons cross an inter
face between two metals, having less difficulty in one direction 
than in another, so that the tube acts like a rectifier. One such 
cell is made by evaporating a thin layer of gold, silver, or plati
num on a surface of cuprous oxide. Electrons will move from 
the copper oxide through an external circuit to the front surface 
of the cell.

The Weston cell, utilized in exposure meters, employs an iron 
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base covered with a thin layer of selenium. Currents obtainable 
from the photovoltaic cells are of the order of several hundred 
microamperes or more. By proper choice of external resistance 
the response in current to changes in illumination may be made 
fairly linear, or it may become proportional to the logarithm 
of the light intensity.

A cross section of a Weston Photronic cell is shown in Fig. 14. 
This type of cell is particularly stable over long periods of time, 

Fig. 15. Characteristics of a Weston Photronic cell with various values of 
external resistance.

and for this reason it is found in industrial applications where 
stability is desirable. No batteries are required for its operation; 
upon illumination it delivers a current which can be accurately 
related to the amount of the incident illumination. With proper 
filters interposed between the cell and the light source, the output 
of the cell can be made to match the response of the human eye.

Curves in Fig. 15 show typical values of output current for 
given values of illumination.
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CHAPTER 3

BASIC TUBE CIRCUITS

In the previous chapter, it was shown that all electronic devices 
are made up of combinations of tubes and certain basic circuit 
elements, or combinations of elements. These basic elements, 
such as resistance, capacitance, and inductance, are organized, 
or connected, with appropriate power sources to control the 
movement of electrons and thus to control various industrial 

processes.
The circuit diagram of a piece of electronic equipment may 

look like a hopeless maze to the uninitiated, but to the trained 
technician it represents a map of a system of wires and tubes. 
By following connections and studying values of components and 
types of tubes, he can usually tell what the circuit does and how 
it does it.

The circuit components are readily identified on circuit dia
grams by their characteristic symbols, as illustrated in Fig. 1. 
These symbols have been fairly well standardized, but the 
symbols used by industrial and electronic engineers may differ, 
and industrial manufacturers differ among themselves. The 
symbols used in this book follow the practice of electronic engi
neers and electronic periodicals.

Tubes are also readily identified by their symbols. Several 
common types are shown in Fig. 2. The dot within the circle 
of a tube symbol indicates a gas tube. The way in which the 
tube is used can only be understood by studying the components 
employed with it, as will become obvious later.

Practically all electronic devices have some external source 

of power, since the job of electronics is to control power, not to 
make it. In all circuits containing thermionic tubes a source 
of heater or filament power must be provided. Most industrial

47
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RESISTANCE

Fixed Variable

CAPACITANCE

Fixed Variable Electrolytic

Lamp
Piezo- Dry

electric rectifier 
crystal

Ammeter Microameter

I 
I
I
I

X -J_-

Ground Shielding
(chassis)

~L
Contacts

Fig. 1. Standard symbols for components of electronic schematic diagrams.

circuits use a low-voltage winding on a power transformer for 
this purpose. Quite often filament connections are omitted from 
circuit diagrams to avoid complication, but they are always 
implied. The anode-to-cathode voltage for the tubes in a circuit 
may be either an a-c voltage taken directly from some alternating 
source, or the anode may be held at some fixed positive potential 
with respect to its cathode.

Figure 3 shows the fundamental requirements for making a
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T riode Tetrode Tetrode with 
beam-forming 

plates

Filamentary 
type 
diode

Diode with 
indirectly 

heated 
cathode

Pentode Double 
triode

Cathode 
ray 
tube

Fig. 2. Various tube symbols. Wherever a tube symbol appears in a
circuit diagram, it may be considered as a signpost telling the direction of 
current flow, since electrons can flow only from cathode to plate in a tube.

tube conduct electrons. The step-down transformer furnishes 
heater current which heats the cathode of the tube and allows it 
to emit electrons. A source 
of d-c voltage is connected 
between the plate and cathode 
in such a way that the plate is 
250 volts positive with respect 
to the cathode. This voltage 
may vary over wide limits for 
different types of tubes, but the 
anode is almost always positive 
with respect to the cathode. 
Thus when electrons are emit
ted from the cathode, they will 
be attracted to the positive 
plate.

Tubes as Rectifiers. The 
basic circuit shown in Fig. 3 
may be modified to serve as a 

Fig. 3. Elementary diode circuit is 
capable of differentiating only be
tween positive and negative voltages. 
Electrons will flow from the heated 
cathode to the plate when the plate 
is positive with respect to the cath
ode, but not when the polarity of 
the applied voltage is reversed.

rectifier, that is, as a device for converting alternating current to 
direct current. The basic circuit of a rectifier is shown in Fig. 4. 
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An a-c source has replaced the original d-c source, and a resistance 
has been placed in series with the tube elements.

Since the anode current flows only when the anode is positive 
with respect to the cathode, the tube will alternately pass and 
stop the flow of electrons as the a-c source potential reverses. 
The plate current will consist of pulses of current that flow every 
time the anode of the tube is positive with respect to the cathode. 
The voltage across the series resistor will also consist of pulses 
which coincide directly with the current pulses and have the 
polarity indicated in Fig. 4. Also shown are the waveforms for 
two cycles of alternating current. Rectifiers and their associated 
circuity are treated in detail in Chap. 4.

Fig. 4. Elementary rectifier circuit contains a tube, a source of a-c voltage, 
and a load across which a pulsating d-c voltage appears as the result of 
unidirectional anode current flow.

The Tube as an Amplifier. Figure 5 shows a triode tube con
nected as an amplifier. An electronic amplifier may be com
pared to a box with four terminals. A small varying a-c voltage, 
or combination of a-c voltages, is impressed on two of the ter
minals (the input terminals), and an amplified version of that 
voltage appears at the other two (output) terminals.

We learned in the preceding chapter that the grid of a triode 
was much closer to the cathode than the anode. And, through 
the medium of families of curves, we found that greater control 
over the amount of anode current could be effected by changing 
the grid voltage than by changing the plate voltage. In Fig. 5 
a resistance, RL, is inserted between the anode and the source 
that furnishes the plate voltage which causes the electrons from 
the cathode to stream toward the anode. Whenever any a-c
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signal is impressed across the input terminals, the voltage of the 

grid varies accordingly around its bias value Ecc. The changes in 
plate current thus caused produce corresponding changes in 

voltage across RL. These output voltage changes are greater 
than the original grid-voltage changes that caused them, by an 
amount equal to what is known as the voltage gain of the tube. 

The output voltage changes may be separated from the d-c 
voltage of the circuit by means of the capacitor Co, which passes 
the a-c signal but blocks the d-c voltage. In the same way Ci

Fig. 5. Basic circuit diagram of a triode 
amplifier.

Fig. 6. Equivalent circuit of a 
triode amplifier shows internal 
(plate) resistance, rp, and load 
resistance Rl.

blocks any d-c component present in the signal applied to the 
input terminals.

In the case of the triode amplifier the voltage gain may be cal
culated from the simple mathematical formula

Cp   pR l 
eg rP d- Rl

where ep is the output voltage across Rl, eg is the signal input volt
age (the ratio indicating the voltage gain), p is the amplification 
factor of the tube as given in tube handbooks, and Rl is the total 
external resistance connected between the plate and its d-c 

voltage source. The value of rp, or the internal plate resistance 
of the tube, varies depending on the operating conditions of 

the tube. However, most tube handbooks give values for rp for 
the various types of operation for which the tube is designed, and 
these values are sufficiently accurate for all but the most special
ized tube applications.
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Figure 6 shows the equivalent circuit of the basic amplifier 
circuit of Fig. 5. This type of simplified circuit shows the 
internal tube resistance, the load resistance, and a voltage source 
which is equivalent to the signal voltage as reproduced in the 
tube plate circuit. This equivalent voltage is essentially equal 
to the grid signal voltage multiplied by the mu or amplification 

Fig. 7. Complete triode circuit 
with voltage division between the 
tube and load for a steady plate cur
rent of 6 ma. Here the plate cur
rent flowing through a 500-ohni 
cathode resistor, Rk, produces a 
3-volt drop which may be used as 
grid bias. Of the 300 volts from 
the plate battery, 180 appears across 
the load, 117 between the plate and 
cathode, and 3 volts between the 
cathode and ground. No current 
flows through RB, and there is no 
voltage drop across it.

factor of the tube. Sources 
of direct current are usually 
omitted from such equivalent 
circuits. In practice the only 
value of these “equivalent cir
cuits” is for the study of tubes 
and their operation under dif
ferent conditions. In most 
cases the circuits are only ap
proximately equivalent, and for 
all but the most simplified 
types of operations many 
allowances for discrepancies 
must be made.

In the case of multielement 
tubes, such as the pentode and 
tetrode, a different technique 
must be used for calculating 
the voltage gain of an amplifier 
stage. To obtain voltage gain 
the following formula is used:

— A p
^0

All the symbols have the same meaning as in the triode case, but 
gm, the transconductance of the tube, has been substituted for 
the ratio n/(rp + Rl). Figure 7 shows the distribution of d-c 
voltage across the load resistance and across the tube on the 
basis that 6 ma of current is flowing.

These equations require certain modifications in some instances. 
However, most of the modifications made necessary by deviations 
from the extremely basic conditions make only slight changes in 
results. In practice extreme accuracy is unimportant in most 
cases. It is sufficient to know that a stage provides a gain of 
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about 100 rather than to laboriously calculate the gain to be 
95.7. The chances are that the estimate will come as close to 
the true value as the accurately calculated value, because of 
inconsistencies in values of component parts and tube parameters.

In practice, therefore, where a definite gain must be provided, 
it is common practice to construct an amplifier capable of provid
ing more than enough gain and then provide some means for 
reducing the gain to the desired value.

Fig. 8. Waveforms show the effects of impressing an alternating voltage 
between the cathode and grid. In A the waveform of the plate current is 
like that of the grid voltage, but in B the grid is overdriven so that the plate 
current is reduced to zero (cut off) at times. In each case, Ip is the plate 
current with no grid excitation.

Classes of Amplification. In amplifier operation a great deal 
depends on the operating point, or bias voltage, of the grid. To 
understand this let us examine the typical Ea-IP curves shown in 
Fig. 8, where it will be noted that between 0 and about —20 volts 
on the grid the curve is relatively straight. If the grid voltage is 
fixed at about the middle of this curve, say —10 volts, and if, 
then, it is varied as by an additional a-c voltage superimposed 
upon the steady — 10-volt “bias,” the plate current will vary in 
accordance with the varying grid voltage. The form of the 
plate current will be very similar to that of the grid voltage. 

This is known as class A operation. The grid never becomes 
positive, never draws current from the input source, and plate 
current flows all the time.

The tube, however, may be operated under various other 
conditions. From example:
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1. Considerably increased bias. Now at some portions of the 
grid voltage cycle, the grid becomes so negative that no plate 
current flows. Under these conditions there will be a change in 
the d-c plate current when the grid voltage is applied.

2. Greatly increased signal. No matter what the bias, if the 
input signal is great enough to drive the grid so negative that 
plate current cannot flow, then the output waveform will not be 
like the input. Furthermore, it is also possible to drive the 
grid so hard that at times it becomes positive with respect to the 
cathode and will attract electrons and therefore will draw current.
The grid structure may get hot and may be damaged. If the

Fig. 9. A push-pull amplifier.

The grid bias employed

grid goes positive enough the plate 
current may tend to level off so 
that the output waveform may 
have a flat top on the upward 
swings of current as well as a flat 
bottom (zero) when the plate cur
rent decreases (Fig. 7B). With a 
sine wave of input voltage applied, 
the plate current may assume a 
trapezoid in form. In other words, 
there is considerable distortion in the 
system. This is class C operation, 
depends upon the application for 

which the amplifier is intended. In communication circuits 
fidelity of waveform may be quite important and class A ampli
fication would be used. The efficiency is low, the fidelity good. 
If greater efficiency is desired at some sacrifice of waveform 
fidelity, class AB (greater bias and greater input signal) will be 
indicated, and if high efficiency is necessary, class C must be 
used. Now distortion must be tolerated.

By proper adjustment of plate voltage, grid bias, and input 
signal, the desired compromise between efficiency and fidelity 
of waveform may be achieved. Two tubes operated in push-pull 
(Fig. 9) tend to balance out some of the distortion produced in a 
single tube, especially the distortion produced by even harmonics 
of the input signal frequency, and are often used where greatei 
power output with less distortion and greater efficiency is desired.

Grid-bias Source. The grid-bias voltage may be furnished 
in any one of several ways, or by a combination of ways. For
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example, the bias voltage may come from a battery, from a 
separate power supply (a source of rectified and filtered alternat
ing current), from the voltage drop along a filament lead if the 
tube is operated from direct current, or from a voltage drop 
along a resistor through which the d-c plate current flows. Sev
eral of these methods are shown in Fig. 10.

In Fig. 10B note that a resistor has been placed between cathode 
and ground so that the plate current flows through this resistor.

(A) '(B) '(C)
Fig. 10. Methods of fixing the grid-bias voltage with respect to the cathode. 
In A a battery is employed; in B the plate current flowing through a bias 
resistor, Rk, produces the bias voltage by raising the cathode above ground 
potential. In C the grid current flows during part of the input voltage cycle. 
This current charges capacitor C. During the time the grid draws current, 
the grid-cathode path inside the tube has low resistance so that the time 
constant of the circuit is short, enabling the capacitor to charge quickly. 
On the negative half cycle of input voltage the grid does not take current; 
the grid-cathode path of the tube is high in resistance and since Re is high, 
the capacitor cannot discharge quickly. It retains its charged condition, 
therefore, and biases the grid negative with respect to ground. This is 
known as grid-leak bias, R„ being the grid leak by which the electrons trapped 
on the capacitor seek to get to ground.

The voltage drop along the resistor may be employed as grid 
bias by connecting the grid circuit to the end of the resistor 
where the voltage polarity is of the proper direction. In this 
case, the polarity of the voltage is such that the cathode is 
positive with respect to ground. Since the grid is connected to 
ground, the cathode is also positive with respect to the grid. 
Looked at from the grid’s standpoint, the grid is negative with 
respect to cathode and this negative voltage becomes the grid 
bias.

Now if the plate current changes, a change in voltage will be 
produced along the bias resistor, and the steady grid-bias voltage 
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will also change. These changes are in such a direction (polarity) 
that they oppose the input voltages applied to the tube and for 
this reason the amplification of the circuit is reduced. This 

effect is known as degeneration, and in many cases it is desirable.
If the degenerative effect is to be eliminated, all that is neces

sary is to shunt a large condenser across the bias resistor so that 

the time constant (C X R) is large compared to the rate at which 
the plate current changes occur. Since the condenser voltage 

cannot change quickly if C is large, the actual voltage across the 

Fig. 11. Construction of the load 
line by which all the voltages and 
currents in a triode amplifier cir
cuit may be obtained. Ecc is the 
fixed grid bias; Ebb the fixed plate 
voltage.

bias resistor attains some aver
age value which does not vary 
with plate-current variations.

To reduce the degenerative 
effect to a point where it can be 
disregarded, the reactance of the 
capacitor must be only a frac
tion of the resistance of Rk at 
the lowest frequency which must 
be amplified by the tube and 
circuit.

In Fig. 1CM a battery supplies 
the bias; in B the voltage drop 
along Rk keeps the grid negative 
with respect to the cathode; and 

in C grid current which flows 
when the input voltage forces the grid positive with respect to the 

cathode produces a voltage drop along Re of such a polarity that 
the grid is kept at an essentially constant negative d-c voltage.

In Fig. IOC the time constants for charging and discharging 
the condenser are different. When the grid goes positive, the 
grid-cathode internal resistance of the tube drops to about 1,000 

ohms so that RC is small and the condenser charges quickly. 
On the negative half cycles of the input voltage, however, the 
grid draws no current and the grid-cathode resistance within the 
tube is very high, so that the condenser can now discharge only 
through this high resistance. The time constant is now high, 
and thus the condenser tends to maintain its voltage at a con
stant value, biasing the grid to this voltage.

Load Line. A very useful device by which the operation of a 
tube and its circuit may be determined is shown in Fig. 11.
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Here the curves relating the plate current (ip) as a function of 
plate voltage (eb) at several values of grid voltage (A, B, and C) 
are plotted. The straight line drawn across these curves is 

known as the load line. This line represents the load and is 
independent of the tube. Thus on one graph we have a line 
representing the tube and a line representing the load. Together 
they describe the operation of the entire circuit.

The straight load line describes the equation which states that 

the instantaneous voltage (eb) between cathode and plate is 
always equal to the plate battery voltage (E^) minus the voltage 
drop across the load resistance. Thus,

eb — Ebb * ipR l

where eb is the instantaneous voltage between cathode and plate, 
Ebb is the plate battery voltage, ip is the instantaneous plate 
current in amperes, RL is the load resistance in ohms, and ipRL 
is the voltage drop across the resistor.

If no plate current flows, ip = 0 and ipRL = 0 so that eb = E^. 
This locates the bottom of the line shown as point X. If eb = 0, 
then ip = Ebb/RL, and this locates the top end of the line, or 
point Y.

At any value of grid voltage, the plate current can be found 
by determining where the load line crosses the curve representing 
the tube at this value of grid voltage.

Since the tube is operated with a fixed grid bias (Ecc = B volts), 
the point Q gives the plate current with this bias. This is the 
steady current that will flow if the grid voltage is not changed. 

The voltage actually on the plate will be Eb until grid excitation 
is applied.

Once the load line for the particular circuit has been drawn, 
much valuable information can be extracted from the diagram. 
To determine amplification, one need only trace grid-voltage 

variations along the load line on either side of the Q point and 
study the resulting plate voltage variations on the plate-volts 
scale.

Phase Reversal in Vacuum-tube Amplifiers. Referring back 
to Fig. 5, let us compare the phase of the signal applied to the 
grid of the tube to that of the amplified waveform appearing 
at the output terminals. As the grid voltage swings positive, 
plate current increases, and the voltage drop across the load 
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resistor also increases. This voltage drop is in such a direction 

that the top end of the resistance load becomes more negative 
(less positive) as the grid voltage becomes more positive. Like
wise, when the grid voltage swings in the negative direction, the 
plate voltage swings in the positive direction.

Thus the signal, in passing through a single-stage amplifier 
with the signal applied to the grid and taken from the plate, is 
changed in phase. For medium frequencies, this phase shift is 
almost exactly 180 deg; that is, when the voltage at the grid goes 
up the voltage at the plate goes down, and vice versa.

Relay Operation. In many industrial applications a relay 
operates when a voltage is applied to the grid circuit of an ampli
fier containing the coil of the relay in its plate circuit. A relay, 
as will be explained in detail in Chap. 7, will operate when the 
current through its coil reaches a certain value. Let us assume 
we have a relay that will operate when the current through its coil 
is increased, say, to 10 ma. Now if the tube is so biased that 
it passes less current than this, the relay will not operate unless 
a voltage is applied to the tube grid large enough in a positive 
direction to overcome the bias voltage, whereupon the plate 
current will increase to or above the required 10-ma value.

The circuit may be arranged to release the relay when the grid 
voltage is increased in a negative direction. That is, the plate 
current will drop if the bias is increased, say, from —5 to —10 
volts. This may reduce the plate current from, say, 20 to 5 ma.

Tube Parameters. To design tube circuits certain facts about 
the tubes themselves must be known. Tube manufacturers 
supply such data. The next thing is to know how to use this 
information. Obviously one must know how much voltage and 
current to feed the heater which supplies the electrons. Then 
one must decide upon a plate voltage and a grid bias. Typical 
data of this sort is given by the manufacturer.

The important things one must know about the tube and how 
it will operate in a circuit are (1) how much the plate current 
will change with a given grid-voltage change, (2) the effective 
internal resistance of the tube, and (3) how much the tube will 
amplify. These matters are controlled by three tube constants, 

or parameters.
Transconductance. The transconductance, gm, of a tube is the 

ratio of the change in the plate current to the change in grid 
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voltage which caused the plate current change. In some earlier 
books, and even occasionally today, this important tube param

eter is referred to as mutual conductance. Suppose, for example, 
that the plate current changes 1 ma for a 1-volt change in grid 
bias. The transconductance is the ratio of these changes. Thus,

_ change in plate current
9m change in grid voltage

and in this case,
1 X 10-3 ampere

9m “ iTvoit '

= 10-3 mho = 1,000 micromhos

This is actually the slope of the Eg-IP curve as shown in Fig. 12. 
Values of transconductance run from a few hundred to several 
thousand micromhos.

Fig. 12. The important tube pa
rameter, transconductance or mu
tual conductance, is the slope of the 
Ea-I? line; it is the rate at which the 
plate current varies with the changes 
in grid voltage.

Fig. 13. Derivation of the tube
internal resistance rP.

Plate Resistance. In any circuit, resistance is the ratio of the 
voltage to the current. If, therefore, one changes the plate 
voltage of a tube and notes the change in plate current (with a 
constant grid voltage), the ratio of these two changes will be a 
measure of the internal resistance of the tube. Thus,

change in plate voltage 
change in plate current

This is actually the slope of the EP-IP curve as shown in Fig. 13. 
Typical values of rp run from a few hundred ohms in certain 
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power tubes to several thousand ohms in many triodes. Tetrodes 
and pentodes have internal resistances which run upwards of a 
megohm, so that changes in plate voltage produce very slight 
changes in plate current.

Amplification Factor. The relative ability of grid and plate 
voltage changes to produce given changes in plate current indi
cates the amplification possibilities of the tube. Thus, if the 
plate voltage is changed, say 100 volts, and if this produces a 
plate-current change of 10 ma, and if, to bring the current back 
to its original value, a change in grid voltage of only 10 volts is 
necessary, the grid has ten times as much ability to control 
plate current as has the plate voltage. The amplification factor

Fig. 14. Typical triode amplifier 
problem with voltages indicated. 
Small letters indicate instantaneous 
voltages and currents.

gives these important data. 
Thus

_ change in plate voltage 
change in grid voltage

to produce a given plate cur
rent change.

It is worth noting that the 
transconductance, gm, is the 
ratio between the amplification 
factor and the plate resistance. 
Thus,

Typical Amplifier Problem. To show the straightforward way 
in which amplifier problems can be tackled and solved, let us 
connect a typical triode to a typical load and, with typical values 
of voltages, see what happens.

We will use a 6J5 tube with a plate voltage supply (Eib) of 
300 volts and with a resistance load (RL) of 8,000 ohms (Fig. 14). 
We will erect the load line upon the plate family of curves as in 
Fig. 15. First consider the tube as an open circuit, drawing no 
current. The full 300 volts then appears at the plate since there 
is no voltage drop along RL. If, next, the tube is theoretically 
shorted, then the full 300 volts of the battery appears across Rb 
and the current that will flow is 3°%,ooo or 37.5 ma, the maxi
mum possible current. The plate voltage is zero and the plate 
current (if allowed to go through the tube) would be 37.5 ma.
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These two sets of values (Eb = 300, Ip = 0 and Eb = 0, 
Ip = 37.5 ma) determine the ends of the load line.

Now suppose we place a battery bias of —4 volts on the grid 
as in Fig. 14. The intersection of the load line with the

Fig. 15. Use of the load line to determine conditions in the circuit of Fig. 13.

Eg = — 4 line shows that 12.5 ma flows (point Q on Fig. 15).1 
Projecting this point to the Eb line shows that the plate voltage 
is 200 volts. The voltage across the load must be 300 — 200, or 
100 volts.

Under these quiescent conditions—no a-c input voltage—the

1 Note that Eg = Ecc because there is no drop in d-c voltage in the input 
circuit. Otherwise Eg would be less than E„. 



62 ELECTRON TUBES IN INDUSTRY

power taken from the battery is Ebb X IP = 300 X 12.5 X 10-3, 
or 3.75 watts, and of this the amount dissipated by the tube will 
be 200 X 12.5 X 10-3 = 2.5 watts, and that dissipated in the 
load will be 100 X 12.5 X 10“3, or 1.25 watts.

Now let us apply to the grid circuit a sine-wave a-c voltage 
having a maximum value of 4 volts. This will cause the grid 
voltage to change, cyclically, from —4 to zero and from —4 to 
— 8 volts. The maximum and minimum values of the plate 
current, therefore, will be 18.25 and 7.5 ma, and the maximum 

and minimum values of Eb will be 240 and 154 volts. A grid 
voltage of 4 volts maximum (8 volts from peak to peak) has 
caused a total plate-voltage change of 240 — 154, or 86 volts 
(peak to peak), which represents a peak a-c plate voltage of 43 
volts. The alternating plate current has a peak value of approxi
mately 6 ma. Note, however, that the plate current is not 
symmetrical, since it increases from the quiescent value more 
than it decreases from this value.

The maximum and minimum values of voltage across the load 
resistor are 300 — 154 = 146 and 300 — 240 = 60 volts, which 
represents an a-c voltage with a peak value of 43 volts.

Here the tube and its load are operating under class A condi
tions; that is, the grid does not draw any current since it is never 
forced positive with respect to the cathode, and only the straight- 
est part of the Ep-Ip curve is employed. Since the same alter
nating current flows through the load as through the tube, and 
since the same peak a-c voltage appears across the load as the 
tube, the same a-c power is lost in the tube as is developed across 
the load. The system is operating at 50 per cent efficiency; one- 
half of the total a-c power is developed in the load where it is 
useful. The phase relations in such a circuit are shown in 
Fig. 16.

Impedance Matching. Every generator or source of power 
contains some internal resistance. If this were not true, a direct 
short circuit across a small battery would theoretically cause 
infinite current to flow. When a power source is connected to 
deliver power to a load, the maximum power will be transferred 
to the load when the internal resistance of the source is equal to 
the resistance of the load.

If a load of, say, 12,000 ohms is to be fed power from a tube 
with an internal resistance more or less than 12,000 ohms, then 
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maximum power will not be transferred to the load if it is con
nected directly into the plate circuit. A transformer with the 
proper turns ratio can be used to match the generator to the 
load, and once more the conditions for maximum power transfer 
can be attained.

If a resistance load higher 
in value than the internal 
resistance of the tube is em
ployed, more voltage will be 
developed across the load. 
Where maximum voltage am
plification is desired (not 
maximum power transfer), 
the load is invariably higher 
in resistance than the tube.

Power Output. For a 
triode with resistance load the 
simplest method of calculat
ing the power output is to 
construct the load line upon a 

set of Ep-Ip (Fig. 15) curves 
and to determine power out
put from

P = Fig. 16. Phase relations between
_  p wt _  t x applied grid voltage and instan- 

taneous plate current and plate volt- 
0________ age. Since the plate voltage goes

With values of grid bias, down a8 ‘he grid volta&e g°es UP 
, , ,, , .(becomes less negative), there is a

plate voltage, and exciting 18O.deg phase shift across the tube, 
grid voltage such that the
waveform of the plate current is essentially a sine wave with sine
wave input, and with resistive load, the power delivered to the 
load is

(peg)2RL
(rp + RA2

where m is the amplification factor of the tube and eg is the rms 
input voltage.

In designing a power-output tube circuit, the grid bias is 
calculated (approximately) from
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p _ Q-IEbb
CC

M

where Ecc is the grid bias, Ebb is the plate voltage, and g is the 
amplification factor of the tube.

If the steady no-signal plate current exceeds the value which 
will permit the tube to dissipate the power cited by the manu
facturer, more bias must be provided. The rest of the design 
depends upon the load resistance and is carried out by use of the 

load line and Ep-Ip curves for the particular tube to be employed.
Cathode Follower.

Fig. 17. Cathode-follower 
circuit providing very high 
input impedance, low out
put impedance, and a volt
age gain less than unity.

In general tube circuits are high-imped
ance circuits. That is, the input cir
cuit of the tube represents a very high 
impedance (thousands or millions of 
ohms), and the output looks like thou
sands or tens of thousands of ohms. 
Where a low-impedance output is de
sired to work into a low-impedance load 
(one requiring high current and low 
voltage), the cathode follower circuit is 
a useful device.

The basic circuit of a cathode follower 
is shown in Fig. 17 where it is seen that 
the input is applied between grid and 
ground and the output is taken across a 
resistor in the cathode circuit. No load 

is placed in the plate circuit, the plate voltage being fed directly 
to the plate. Under these conditions the voltage amplification 
of the circuit is always less than unity (an actual loss in voltage 
amplification), but the impedance of the tube as presented to the 
load becomes very small, actually being equal, approximately, to 

the normal rp of the tube divided by the amplification factor, or 
to the reciprocal of gm. Thus the output impedance of the tube 
may be only a few hundred ohms if gm is large.

MULTISTAGE AMPLIFIERS

Cascade Circuits. If the amplification provided by one tube 
and its circuit is not sufficient for the job at hand, the output 
of the circuit may be applied to another tube and circuit and 
additional amplification secured in this way. In this manner 
voltage gains up to the millions may be produced. If the indi
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victual stages have equal amplification, the total amplification is 
equal to the stage gain raised to a power equal to the number of 

stages.

Total gain = (stage gain)27

where N is the number of stages.
Thus if a voltage amplification of 20 per stage is maintained, 

two stages will have a gain of (20)2 or 400.

Interstage Coupling. There are several ways by which one 
amplifier may be connected to a succeeding amplifier. The 
essential idea is to pick off the output voltage of the first stage 
and to use it to drive the grid of the second stage. The “hot” 
end of the load of the first tube is the plate end, and this forms 
the point to which the hot end of the following tube input circuit 
is connected. Since the plate is at a high positive d-c voltage 
and since the following grid must be kept at a negative d-c 
voltage, some means must be provided to prevent the positive 
plate voltage from appearing between the grid and cathode of 
the following tube.

Three methods of accomplishing this objective are shown in 
Fig. 18. In A, separate power supplies are employed so that 
the two cathodes are not at the same potential. Then the grid 
of the second tube can be maintained at any desired potential 
with respect to its own cathode regardless of the d-c voltage 
of the preceding plate. Such a circuit will amplify both d-c 
and a-c voltages.

In B a condenser is inserted between the two tubes which draw 
plate current from a single battery. This condenser will pass 
a-c voltage variations but will not pass d-c voltages (provided 
its insulation is good). In either A or B whatever a-c voltage 
appears across the load of the first tube is applied to the second 
tube without loss or gain. There is a reversal of phase, however, 
in the first tube itself, so that a positive-going pulse applied 
to the grid of the first tube appears as a negative-going pulse 
on the second tube and as a positive-going pulse in the output 
of the second tube. Therefore, an odd number of stages reverses 
the phase; an even number of stages does not.

By using a transformer between stages (Fig. 18C), the d-c 
voltage of the first plate does not affect the grid of the second 
tube, and in addition the output voltage of the first tube may
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(B)

(C)

Fig. 18. Three methods of connecting one amplifier to another. In A, 
separate power supplies are used so that the grid of the second tube may be 
biased negative with respect to its own cathode, although both this grid and 
the preceding plate are connected to the positive terminal of the B battery. 
In B a capacitor between plate and grid keeps the positive voltage away from 
the second grid. In C, a transformer provides additional voltage step-up 
and isolates the second grid from the d-c voltage on the first plate. 
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be increased (step-up transformer) or decreased (step-down 

transformer).
Figure 18A shows what is known as a d-c amplifier, which in 

general is not very satisfactory. The transformer-coupled 
amplifier can be designed to amplify a narrow band of a-c fre
quencies, or a wide band of frequencies, but it will not amplify 

d-c voltages.
Other more complex interstage-coupling means are used seldom 

in industrial circuits.

WAVE-CHANGING CIRCUITS

There are numerous situations in industrial electronics where 
it is necessary, or desirable, to change the wave shape of an input 
applied signal to obtain some other wave shape in the output. 
Many electronic counter circuits are preferably controlled by 
waves of steep wave front, peaked waves for example. One 
of the jobs of the electronics engineer, therefore, is to produce 
waves of this shape.

Limiters. In some cases it is desirable to prevent the voltage 
applied to a circuit from rising above a certain value. Limiter 
circuits perform this job. There are numerous limiting or 
“clipping” circuits but only the simplest will be covered here.

Since a simple diode rectifier carries current only when the 
anode is positive with respect to the cathode, the diode may be 
used to cut off half of the input applied voltage. In this manner 
it merely acts as a switch allowing current to flow half the time. 
In Fig. 19A such a diode is in series with a source of alternating 
voltage and a load resistor. When the cathode is positive with 
respect to the anode, no current flows and there is no voltage 
across R, but when the input waveform reverses and the cathode 
becomes negative, current is passed by the tube. Thus this 
circuit will cut off (limit) negative-going pulses. If the other 
half cycle is to be cut off, the diode connections are reversed.

Diodes may be employed across the source instead of in series 
with it to produce similar limiting action, as shown in Fig. 19B. 

When the tube conducts, a high voltage drop appears across R 
and, therefore, the output voltage (from tube anode to ground) 
is low. When the tube does not conduct, no current flows 

through R and essentially the entire input voltage appears across 
the output.
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If only a portion of the wave is to be cut off, a battery (or other 
source of d-c voltage) in series with the tube (Fig. 20) will prevent 
the tube from passing current until a certain value of input is 
applied. Then the tube limits, and this portion of the input is

Fig. 19. Simple limiter or clipper circuits. In A the diode is in series with 
the load. In B the diode is across the load; in this circuit there will be low 
output when the tube conducts, since most of the voltage will be lost 
across R.

cut off. Two diodes connected back-to-back across the source 
will cut off parts of both half cycles so that an applied sine wave 
becomes trapezoidal in the output.

Limiting can take place in the input circuit of a triode as shown 
in Fig. 21. Here a resistor is in series with the input. Now when

Fig. 20. Method for cutting off part of a half wave.

the grid is driven positive, it draws current. This current pro

duces a voltage drop along R, and the more current the grid 
takes, the greater will be the drop along R. Since this voltage 
is of such a polarity that it opposes the applied input voltage, in
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effect the tube acts as though its input driving voltage had been 
reduced. Accordingly the output voltage is similarly reduced. 
During the other half cycle the entire input is applied to the

Fig. 21. In the grid circuit of a triode, limiting occurs as the result of a 
voltage drop across R when the grid draws current.

tube and the output voltage will be similar to the applied signal. 
Note the usual phase reversal across the tube.

Clampers. Clampers differ 
from limiters in that they do 
not chop off all or parts of half 
cycles. They permit the total 
variation in input to appear in 
the output, but they force the 
waveform to rise and fall from 
some reference level which is 
not that of the average value of 
the input. If the reference 
level is, say, —10 volts, and if 
the input varies from zero to 
+ 50, the output will vary 
from —10 to —60. In this 
case the output voltage never 
reaches zero and it may be said 
that some d-c voltage (—10) 
exists all the time. For this 
reason such a circuit is often 
called a d-c restorer.

A simple clamper circuit is 

shown in Fig. 22 in which R is 

Fig. 22. Simple clamper or d-c re
storer circuit in which the major 
voltage variations occur above the 
zero axis.

high so that C charges slowly, say to 50 volts, the minimum volt
age of an applied square wave. If the condenser has had time to 
charge, and if the input is suddenly increased to 150 volts, what 



70 ELECTRON TUBES IN INDUSTRY

happens? The difference (100) between the 50 volts and the 

new voltage must appear across R since the voltage across C 
cannot change instantly. Thus the output voltage rises to 100 
volts. If the new voltage is applied for a comparatively short 
time, say one-tenth RC, then the condenser will slowly rise in 
voltage, the output will slowly drop in voltage. This change 
will amount to about one-tenth of the change in voltage, and 
therefore the condenser voltage will rise to 60 and the output will 
drop to 90.

Now if the input is suddenly dropped to its original voltage, 
50, the condenser will be left with 60 volts and the difference

Fig. 23. Clamper in which the maximum output voltage is maintained at 
—10 volts.

(—10) will appear across R. Since the applied voltage is in a 
negative direction, the difference voltage across R will be nega
tive. Thus the output voltage is now —10. The job of the 
clamper is to prevent this —10 volts from appearing across the 
output.

The diode connected across R will have a low resistance in the 
conducting state and when the input suddenly decreases, the 
cathode becomes negative with respect to the anode, the tube 
conducts and shorts the circuit so that the output voltage is very 
low. This removes quickly the condenser charge of 10 volts and 

permits only a small negative spike of voltage to appear across R.
The output, therefore, rises from 0 to +100, drops slowly to 

+ 90, drops suddenly and briefly to —10, and comes back to 0. 
The clamp circuit has forced practically all of the voltage varia
tion to be above the zero reference axis, although the input has 
gone up from +50 to +150 and back to +50.

In Fig. 23 the setup is arranged to clamp the upper extreme 
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of the output voltage to —10 if time has been sufficient to charge 
the condenser before the input is applied.

Discriminator. This is a device which produces a d-c voltage 
which changes as the applied frequency varies. In other words 
it is a frequency-sensitive circuit. A possible use would be 
to reverse the direction of a motor if the frequency applied to 
the input varies up or down from the desired frequency. In this 
manner a circuit can be kept in tune to the incoming frequency. 
As this frequency changes or as the local tuning arrangements 
may vary with temperature, for example, the circuit is auto
matically kept in resonance.

Fio. 24. Discriminator circuit. The output is a function of the variation 
in frequency of the applied input.

The discriminator, whose circuit is shown in Fig. 24, is used 
in f-m radio receivers to produce an output which varies in 
amplitude as the incoming signal frequency varies as a result of 
modulation at the transmitter. In this circuit each diode gets 
equal voltages so long as the incoming frequency is equal to the 
resonant frequency of the transformer, but the diode currents 
produce equal but opposite voltages across the output. At other 
frequencies the diode input voltages are equal but out of phase 
with the input to the transformer. The diode output voltages 
are then unequal and the circuit output voltage is positive or 
negative depending upon which side of resonance is the incoming 
signal.

D-C Amplifiers. Although it is possible to arrange amplifier 
circuits which will operate at exceedingly low frequencies or 
will amplify direct currents, it is not easy. The output of a 
thermocouple or bolometer, for example, is difficult to amplify. 
Various dodges employed to get around this difficulty will be 
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discussed in later chapters. In general, however, it is customary 
to convert the slow changes in voltage, or direct current, to 
alternating current in some way before amplification. For 
example, the thermocouple voltage may be “chopped,” or broken 
up, into discrete intervals in some manner. Then these portions 
of the voltage are amplified by conventional a-c amplification 
techniques.

Negative Feedback. As will be seen later, if a portion of the 
output of an amplifier is fed back into the input in phase with the 
signal applied there, the amplification of the circuit can be 
increased up to the point where it becomes a self-excited ampli
fier, or oscillator.

If, however, the feedback is reversed in phase so that it is out 
of phase with the input voltage, then the gain of the amplifier 
will be decreased and while this may seem to be a disadvantage, 
the process has certain very useful aspects. Such feedback is 
called “negative” or “inverse” feedback. The over-all effect 
is called “degeneration.”

Let us suppose that a noise-free signal is admitted to an ampli
fier so that 100 volts of signal appear in the output. In the 
circuit itself, however, let us suppose that 20 volts of noise or 
unwanted signal is produced. The ratio of desired signal to 
noise is lo%o or 5. The signal is five times as strong as the 
noise.

Now let us feed back 20 per cent of the output to the input in 
such a way that the amplification is reduced by 20 per cent. To 
produce the 100-volt output now, we must increase the input to 
the amplifier accordingly; but the internally generated noise 
will have been reduced to 80 per cent of its former value or to 
16 volts. The signal to noise ratio now is 10%6> or 6.6, an 
obvious gain over the former situation.

If the amplifier has a nonuniformity in its frequency-gain 
characteristic, degeneration will reduce this nonuniformity; and 
with sufficient feedback one may exchange tubes with others of 
rather widely different characteristics without changing the 
amplifier performance very much. Feedback of this nature is 
employed very often to improve the operation of an amplifier, 
to increase its stability, or to make it possible to respond to a 
wider range of voltage or frequency or other conditions.

The cathode follower circuit (Fig. 17) is the simplest form of 
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negative feedback. The literature on this subject ia very exten
sive and the applications are many.

OSCILLATORS

The Tube as an Oscillator. Let us suppose that a tube is 
amplifying whatever voltage is placed upon the grid. Now in 
some manner let some of the amplified plate voltage be impressed 
back upon the grid. If this voltage “fed back” from the output 
to the input is in phase with the grid voltage so that it is increas
ing at the same time the grid voltage is increasing, the net effect 
is a greater grid voltage, and, of course, a greater grid voltage 
produces a greater plate current. The same proportion of this 
increased plate current is again fed back into the output, and 
so on, until the grid voltage has been built up very much beyond 
what was originally supplied to the tube from an external source.

The feedback voltage actually acts as though it were reducing 
the input losses. The amplitude of the grid voltage, therefore, 
will increase until all the input power losses are overcome, where
upon the applied input grid voltage may be removed. Now it 
will be found that there is still an alternating component of 
current in the plate circuit. The tube is supplying its own grid 
excitation. It is oscillating.

The frequency of the output current or voltage may be as low 
as a fraction of a cycle per second, or it may go up into the hun
dreds of millions of cycles per second depending upon the tube 
and circuit constants. The waveform may be a pure sine wave, 
it may be saw-tooth in form, or it may have practically any 
shape the designer desires. The power obtained from such an 
oscillator may run into the hundreds of kilowatts or be as low 
as a few milliwatts.

The essential conditions for oscillation are two. (1) There 
must be some feedback of voltage from the output circuit to the 
input circuit. (2) The voltage fed back must have the proper 
phase with respect to the input voltage.

The tube may feed some of the a-c power generated in its plate 
circuit to an external circuit, an antenna, for example, or a piece 
of metal that is to be heat-treated. Under all conditions it is 
worth noting that the tube itself manufactures no power. It 
only consumes power. The anode voltage source is the sole 
supplier of power, the tube merely acting as a valve or trigger 
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which controls the flow of power from the anode power supply 
to the load. This is true of all tube circuits whether they are 
rectifiers, amplifiers, or oscillators.

There are numerous ways in which the necessary feedback 
conditions can be met to make the tube oscillate and generate 
alternating currents.

In the simple circuit shown in Fig. 25, the feedback voltage 
is produced by coupling a plate-circuit coil to the grid-circuit 
inductance. If these two coils are poled correctly, a voltage

Fig. 25. Simple feedback oscillator in which a voltage is returned to the 
input from the output by means of a plate coil coupled to the grid inductance. 
In B and C are the effective input circuits for determining grid bias by means 
of grid current.

of the proper phase to produce oscillation will be fed to the grid. 
When the tube oscillates, its grid is driven positive during portions 
of the cycle, and it will draw current charging the condenser Ci. 
In this way the tube is biased so that it draws less current than 
if the tube were not oscillating. If the plate-circuit coil is 
removed from the vicinity of the grid coil, oscillations will cease 
and the plate current will rise.

Effect of Time Constant. It is worth noting in this circuit 
how the time constant of the input circuit affects the operation. 
So far as direct current is concerned the grid condenser is in 
series with the grid-cathode path inside the tube (across which 
is shunted the grid leak, Rg) and in series with the tuning coil. 
This coil has very low d-c resistance and can be neglected.

There are two conditions: (1) when the grid is driven positive 
and draws current (Fig. 25B) and (2) when the grid is negative 
and does not draw current (Fig. 25C). When the grid draws 

current, ra becomes very low, and the condenser will charge 
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quickly. When the grid does not draw current, rg is high, and 
thus the effective resistance in series with the condenser is high, 
so it cannot discharge quickly.

Since the condenser discharges at a much lower rate than it 
charges, it remains charged to a more or less fixed value and of 
such a polarity that the grid terminal is negative. In this 
manner the d-c voltage of the grid with respect to the cathode is 
maintained negative so long as the tube oscillates. If the tube 
stops oscillating, the condenser soon discharges, and the grid 
reaches the same potential as the cathode, since there is no 

current flowing through Rg and, therefore, no voltage drop along 
it. With the grid at the same potential as the cathode, the plate 
current will be high. Use is often made of this effect. Under 
normal conditions the tube is maintained in oscillation with 
corresponding low plate current. Now if some abnormal condi
tion occurs, the tube stops oscillating, the plate current rises and 
becomes sufficiently high to operate an alarm or a relay so that 
the condition which caused the change in plate current can be 
altered or the system can be made to shut itself down until 
normal conditions reoccur.

In an elevator control system employing an oscillating tube 
a metallic vane is interposed between the two coils as the elevator 
reaches the proper location in the shaft. At this moment the 
plate current rises and operates a relay which in turn controls 
the elevator motor.

The frequency of oscillation depends primarily upon L and 
C in the grid circuit. Anything that will change either L or C 
will change the frequency. If C is a condenser with two plates 
fixed in position, then any substance which is interposed between 
the plates will change the capacitance and hence the frequency. 
A very sensitive device for determining the thickness of dielectric 
materials can be made in this way. The dielectric material 

changes the capacitance of C as a function of the thickness, the 
moisture content, or some other physical quantity. A frequency 
meter can be calibrated in terms of moisture or thickness or 
whatever the quantity is that is to be measured or controlled.

DETECTION, MODULATION

Two functions performed by tube circuits in communication 
systems are occasionally useful in industrial applications. These 

are modulation, by which a high-frequency voltage is modulated 
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or changed in accordance with a lower frequency voltage, and 

detection, the reverse process, which is carried out in a detector, or 
demodulator. Here a modulated wave has the modulation 
separated from it and made applicable to the required purpose. 
Both functions take place on some nonlinear characteristic of a 
tube.

Detector. Consider Fig. 26A in which a simple diode is 
connected in series with a d-c meter and a source of alternating 
voltages. For a steady value of the alternating current, the d-c

Fig. 26. Simple diode detector which cuts off one-half of the input and pro
duces a change in the average voltage across the transformer as a function of 
the envelope of the modulation on the carrier.

meter will read a given value of current, somewhere between 
zero and a peak value corresponding to the peak of the applied 
a-c voltage. Now if the applied voltage increases, the d-c meter 
will show an increased current. If the applied voltage varies 
periodically at a frequency of, say, 1,000 cps, and if the d-c meter 
could follow a change in current of this frequency (which it 
cannot), then the meter would show a 1,000-cycle current.

Now if instead of the meter we use a transformer, the changes 
in applied voltage will cause changes in the voltage across the 
primary of the transformer, and these voltages will appear across 
the secondary where they can be picked up and amplified if 
necessary. If the changes of the applied voltage correspond to 
the output of a microphone into which a person speaks, the 
voltages across the secondary of the transformer will have all 
the characteristics of the microphone currents.

A by-pass condenser across the primary of the transformer will 
offer low impedance to the individual cycles of the applied fre



BASIC TUBE CIRCUITS 77

quency but high impedance to amplitude changes of the applied 
frequency. In such a system the incoming voltage is called a 

carrier, and the changes in its average value the modulation. 
The by-pass condenser across the transformer gets rid of the 
carrier but preserves the modulation. Note in Fig. 26B that 
as the carrier voltage rises, the demodulation voltage rises also 
and follows the envelope of the input. ■'

Detection or demodulation can occur in the grid circuit of a 
triode, utilizing the nonlinear grid voltage-grid current curve, 
whereupon some amplification of the demodulation will occur 
in the plate circuit. This is accomplished by using a grid con
denser and leak resistance of such a time constant that it is long 
with respect to the carrier frequency but short with respect to 
the modulation. The voltage across the condenser, therefore, 
follows the envelope of the carrier but not the individual cycles. 
This voltage is applied to the grid-cathode circuit of the tube.

If the grid bias is high so that the variations in plate current 
with changes in applied carrier voltage occur about the lower 

bend of the Ep-Ip curve, then there will appear in the plate circuit 
a voltage corresponding to the modulation, and detection will 
occur.

A grid-leak detector is more sensitive than a plate-circuit 
demodulator because of the additional amplification secured in 
the plate circuit; but the grid will draw some current on positive 
half cycles of the applied wave, and, therefore, it will require 
some power from the input. The plate-circuit detector is less 
sensitive but its input impedance is very high since the grid never 
draws current.

Modulation. In Fig. 27 is shown an amplifier to whose input 
is applied a carrier frequency signal of, say, 1 me. The plate 
circuit will contain a component corresponding to this frequency. 
Now if the plate voltage is varied slowly, up and down, the value 
of the 1-mc current in the plate circuit will also go up or down 
slowly. In such a process the carrier is said to be modulated. 
It now carries two kinds of information: the carrier frequency 
at 1 me and the modulation, say, at 1,000 cycles. The modulated 
carrier can be used as a means of transporting the modulation 
from one place to another over a path which would not transport 
the modulation alone. The plate current can be modulated at 
several distinct frequencies, say 1, 5, and 10 kc, and at a remote 
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point, frequency-selective circuits can pick from the incoming 
carrier the frequency to which they are tuned. In this manner 
several kinds of information can be sent over the same circuit 
without interference. In turn the individual modulation fre
quencies can be modulated, turned on or off, or actually varied 
at a rate which is slow with respect to the modulation frequency.

Mixers. It is often desirable to mix two frequencies, as in 
modulating a high frequency with a low frequency, or to produce 
frequencies which bear some integral relationship (harmonic) to 
a given frequency, or simply to add two frequencies of the same 
general order. Circuits for performing these functions are found 
in radio texts, but a brief survey of them will be given here.

Fig. 27. Modulated amplifier in which both carrier and modulation are 
impressed, one on the grid circuit and the other on the plate circuit.

A mixer is generally considered as a device for mixing or adding 
two frequencies not far apart in the frequency scale. For exam
ple, in a modern radio receiver operating on the superheterodyne 
principle, an incoming signal, say at 1,000 kc, is mixed with 
another frequency generated locally, so that the difference 
between the two is a lower frequency, say 456 kc. If the 1,000-kc 
signal is modulated with low frequencies, voice or music for 
example, the difference frequency will bear this modulation. 
The difference frequency may be amplified as much as desired 
and then passed through a detector in which the modulation 
is recovered to operate a relay or an audio amplifier and 
loudspeaker.

There are several types of tubes specially designed for this 
purpose. They have two signal grids, one for the incoming 
signal and one for the locally generated signal. Since both affect 
the electron stream within the tube, components of both fre
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quencies exist in the plate circuit. In addition components equal 
to the sum of the two frequencies and their difference also show 
up in the plate circuit. If the output of the tube is tuned to 
the difference (or sum) frequency, the other components may be 
filtered out.

The sum, or difference, frequency is called a beat frequency 
since, if the local oscillator is varied in frequency, it can be 
brought into tune with the incoming signal so that the difference 
frequency may be as small as desired. When the difference is 
within the limits of audibility, the ear will perceive it, and as 
the two circuits are brought into synchronism with each other, 
the ear will perceive a beat or throb, which will disappear at 
zero beat.

If an alternating voltage is applied to any amplifier tube which 
is so biased that the operating point is low on the plate-current 
curve where there is considerable curvature, then the plate cur
rent will contain not only a component of current equal in fre
quency to that of the applied input signal but also components 
of twice, three times, etc., this signal. The tube is acting as a 
harmonic generator. In practice, where the harmonics are 
desired instead of the fundamental component, the tube is 
heavily biased and is driven with excess input grid voltage. In 
this manner much distortion is created, which is another way of 
stating that the harmonics will be high in amplitude.

In general the output at the second harmonic will be about 
half, in voltage, of that of the fundamental. The output circuit 
may be tuned to the second, or other, harmonic, whereupon the 
fundamental will not create much voltage across the load.

Where high frequencies are desired, frequency multiplication 
is the general practice rather than that of generating the fre
quency of the desired value directly. The reasons are (1) it is 
easy to make high-stability oscillators which are very constant in 
frequency at fairly low frequencies, up to several megacycles, and 
(2) amplifiers are much more stable and will give higher gain with 
corresponding stability if the input and output are not tuned to 
the same frequency. A frequency multiplier is simply an ampli
fier that is excited with a high input voltage so that harmonics of 
the input appear in the output circuit. The input, therefore, is 
tuned to a low frequency, and the output is tuned to some 
harmonic frequency.
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In a single tube an input frequency may be tripled without too 
great decrease in output. Three small tubes used as frequency 
triplers, therefore, will produce an output at say 27 me from a 
1-mc signal.

On the other hand if a very low frequency is desired, say 10 
cycles, then it is possible to produce it by mixing two higher 
frequencies whose difference is the desired low frequency. Fur
thermore if one of the oscillators is made variable, then an output 
frequency continuously variable from zero to some higher fre
quency may be obtained. Such an instrument is usually called 
a heterodyne, or beat-frequency oscillator.

VACUUM-TUBE VOLTMETERS

Since the fundamental action of a diode is to convert alternat
ing to direct current, and since the fundamental action of a grid- 
controlled tube is to produce a change in plate current with a 
change in grid voltage, it is natural that engineers have applied 
both kinds of tubes to standard laboratory measurement prob
lems. In either case a plate current meter may be calibrated 
in terms of input voltages, and if reasonable care is used, the 
calibration will be fairly stable. The diode is very useful for 
measuring peak a-c voltages; the grid-controlled tube may 
measure both d-c and a-c voltages and currents.

D-C Measurements. The great advantage of the tube for 
measuring direct currents lies in the fact that it draws so very 
little current from the source being measured. Therefore it 
can be employed to measure voltages delivered by high-imped
ance sources or used where extremely small currents are involved.

A very simple instrument for measuring d-c voltages consists of 
a triode with the d-c voltage applied to the grid-cathode circuit 
and with a d-c current meter in the plate circuit. Any change 
in applied voltage will cause a change in plate current, the 
magnitude of which is a function of the transconductance of the 
tube. The plate-current meter may be calibrated to read volt
ages. If the operating point of the tube is chosen near the center 
of the Eg-Ip characteristic, voltages above and below this value 
may be read, and in this manner positive and negative voltages 
may be measured.

Since all that is desired is to read the change in plate current, 
the steady no-signal value may be bucked out by electrical means, 



BASIC TUBE CIRCUITS 81

as shown below, or the needle of the instrument may be mechan
ically turned so that it reads zero when no d-c voltage is applied 

to the grid-cathode terminals.
In Fig. 28 is shown the circuit of such a voltmeter with an 

additional battery voltage and resistance shunting the meter so 
that the steady no-signal plate current can be suppressed or 
balanced out. This simple circuit will measure potentials of 
the order of a few volts, from sources which can supply extremely 

little current.
If the sensitivity is not great 

enough, the same change in plate 
current can be produced by 
lower voltages by preceding the 
voltmeter tube with one or more 
stages of d-c amplification. In 
this way as little as 10 mv will 
give full scale deflection on a 
5-ma meter.

If the open input terminals of 
the tube are connected with a 
known resistance, then the volt
age across this resistance caused 
by input current flowing through 
it may be used to change the 

Fig. 28. Simple triode vacuum
tube voltmeter in which any 
change in the grid voltage pro
duces a change in the plate cur
rent. The additional battery and 
resistor are adjusted so that zero 
current flows through the meter 
when no grid signal is applied.

plate current. Since the resistance is known, the current through 
it to cause the change in input voltage can be calculated. In 
such a manner the tube-meter circuit becomes a microammeter.
A multistage amplifier plus the final voltmeter tube will permit 
measurements of currents as low as 10-11 amp. The input 
impedance presented to the circuit under test may be extremely 
high, 100 megohms or more.

Stability of the device may be increased at the expense of a 
loss in sensitivity by placing a resistance in series with the cathode 
as in Fig. 29. Now an increase in plate current produces a 
greater grid bias and this causes the loss in sensitivity. On the 
other hand such a resistor makes the circuit much more immune 
to change in calibration with changes in supply voltages or tube 
characteristics. Changing the cathode resistor will change the 
range of the instrument.

Direct-current instruments of this type are not too well adapted
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Fig. 29. Use of a cathode 
resistor to produce degener
ation and consequent greater 
stability at the cost of de
creased sensitivity.

Fig. 30. Simple diode em
ployed as a voltmeter. The 
meter reads current as a 
function of the applied a-c 
voltage.

for measuring voltages or current from low-impedance sources,' 
thermocouples for example. The expedient of interrupting the 
current or voltage to be measured so that the amplifier-voltmeter 
is really measuring a-c values is often employed to get around 

this difficulty.

A-C Measurements. If the grid 
bias of an amplifier is properly ad
justed so that the positive half cycles 
of an applied a-c voltage produce a 
greater change in plate current than 
do the negative half cycles of the 
applied voltage, a net change in d-c 
plate current will occur. This change 
can be employed as a measure of the 
applied input voltage. Furthermore 
a simple diode changes alternating to 
direct current, and such a tube can be 

turned into a useful measuring instrument with the chief dis
advantage that it will draw current from the source. That is, 
it will have a low impedance. The diode may be preceded by an 
amplifier, or a d-c amplifier may follow the diode as means of 
increasing the sensitivity.

A very simple circuit is shown in Fig. 30 where the diode is 
placed in series with the voltage 
source and a d-c meter. The current 
read by the meter is proportional to 
the average of the positive half cycle, 
but if the resistor in Fig. 30 is shunted 
with a condenser sufficiently large, the 
meter readings will be proportional to 
the peak value of the applied alternat
ing voltage. A 6H6 tube with about 
5,000 ohms in series with it and the 
meter, will deliver a d-c voltage of 
approximately 1, 2, and 3 volts for 
a-c input voltages of, respectively, 2, 6, and 10 volts.

Instead of employing a diode, a triode may be used as shown in 
Fig. 31. Here the grid draws current on the positive half cycles 
of applied input voltage and this current flowing through the 

grid-leak resistor changes the grid voltage so that a change in 
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plate current results. This device draws current from the source, 
and, therefore, its impedance presented to the source is not very- 
high. Again, the steady no-signal plate current can be bucked 
out so that the meter responds only to changes in plate current.

It is preferable to bias the tube from a battery or other source 
and to so adjust this bias that the change in plate current for the 
desired input a-c voltages is greatest. Thus if a 9-volt peak is to 
be measured, the bias on the tube can be somewhat more than 
this. The tube, therefore, will 
not draw grid current, and its 
input impedance will be high. 
Then the plate voltage can 
be adjusted to produce the 
greatest deflection for the 
9-volt-peak input, or the plate 
voltage can be adjusted so that 
the applied 9 volts will bring 
the plate current meter to full 
scale deflection.

Other Voltmeter Types. 
The literature on this subject is 
extensive; much work has been 
done with tubes as measuring 

Fig. 31. Grid-leak detector em
ployed as a voltmeter. As the input 
voltage increases, the plate current 
goes down because of greater bias on 
the grid as it draws greater current 
on positive half cycles of the applied 
input voltage.

tools. Some circuits are arranged so that the no-signal deflection 
is maximum. Then no matter what signal is applied, the cur
rent meter reading goes down. In this manner a sensitive meter 
in the plate circuit cannot be damaged by applying excessive 
voltage to the input of the tube. Some circuits have been 
arranged in which the tubes are in a bridge circuit so that the 
meter may read the difference of the two tube currents as a 
function of the applied input voltage, or in which the effects of 
variations in supply voltage in one tube are compensated in the 
other, and so on.

The tube may be used in the following way instead of operating 
it as a calibrated device. After the input voltage has been 
applied and the plate-current reading taken, the unknown applied 
voltage is removed and another voltage supplied from a potential 
divider across a known battery voltage is substituted. When 
the same plate-current reading is attained, the unknown voltage 
is equal to the standard volt potential.



84 ELECTRON TUBES IN INDUSTRY

In another technique the applied voltage is permitted to create 
any desired plate current, whereupon the bias is adjusted until 
the no-signal current is again attained. The change in bias is a 
measure of the applied voltage.
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CHAPTER 4

RECTIFIERS AND POWER SUPPLIES

In preceding chapters it was stated that the job of electronics is 
to control power, not to produce or manufacture it. In almost 
all electronic devices a source of power is required—the tubes and 
other components only transform this power into some useful 
form for doing a specific job at some desired time.

In most parts of the world power is furnished in the form of 
an alternating voltage. This type of power, where the voltage 
and current are actually building up in one direction and then 
periodically reversing in a sinusoidal fashion, is useful directly in 
some electronic applications. In most circuits, however, the a-c 
voltage is converted electronically into a source of d-c voltage.

The circuit that accomplishes this a-c to d-c conversion is 
known as a rectifier circuit, and the actual elements in the circuit 
that do the converting are called rectifiers. In some cases the 
rectifying elements are vacuum or gas-filled electron tubes, and 
in others dry or metallic type rectifiers are used. In both 
instances rectification is made possible by virtue of the property 
of all rectifiers to pass current in only one direction.

As might be expected, d-c power can be converted back to a-c 
power by electronic means, but this application of electronics 
finds limited practical use in industrial applications.

Rectifier Circuits. The most basic rectifier circuit is shown 
in Fig. 1. Here are three circuit elements, all connected in 
series: the rectifier itself, a source of a-c voltage (shown as the 
secondary winding of a step-up transformer), and a load (indi
cated by a resistance) through which it is desired to pass a 
current in one, and only one, direction. When the source voltage 
is in the proper direction (Fig. 1A), the rectifier passes current 
through the load, and a voltage drop appears across the load.

86
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When the source voltage reverses (Fig. IB), which it does once a 
cycle, the rectifier refuses to pass current, and all the voltage 
appears across the rectifier. No current flows in the load, and 
there can be no voltage drop across it. Since the source voltage 

(A)

Holf wove 
(0

Fig. 1. Half-wave 
rectifier circuit. The 
arrows indicate the 
direction of current 
flow. The tube con
ducts current when, 
and only when, its 
plate is positive with 
respect to its cathode.

WYYYA
Full wave 

(C)
Fig. 2. Full-wave 
center-tapped trans
former rectifier circuit. 
Two tubes take turns 
conducting current, 
but the direction of 
current through the 
load (voltage across 
the load) is always 
the same.

Fig. 3. A bridge recti
fiercircuit. Here full-wave 
rectification is provided 
without a center-tapped 
transformer. Current 
through the load is unidi
rectional, but pulsating, as 
shown in C.

is varying sinusoidally, the current that flows is a half sine wave. 
It rises from zero to some maximum value, and then returns in a 
like manner to zero, where it remains during the nonconducting 
halves of the cycle. This is illustrated by the curves in Fig. 1C.

The rectifier, then, acts like a variable resistance, being very 
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high during one half cycle and very low during the other half. 
Ideally, the value of tube resistance should alternate between 
zero and infinity, but actually this is not the case. There is 
always a voltage drop across the tube, thus indicating that its 
resistance never drops to zero. The value of this tube voltage 
drop in a vacuum rectifier is roughly proportional to the current 
being drawn through the tube. In the case of the gas tube, 
however, the tube voltage drop is always some low value, say 
of the order of 15 volts, regardless of the current. The gas 
rectifier thus has the advantage of being more efficient, since 
less voltage is lost in the tube itself.

Full-wave Rectifier. Now consider Fig. 2, which shows the 
full-wave rectifier complete with transformer windings, rectifiers, 
and load resistance. Each tube will pass current only when its 
anode is positive with respect to the cathode. On one half 
cycle, therefore, the cathode of one tube is positive, the plate is 
negative, and no current is furnished the load by this tube. 
During this same half cycle, however, voltage of the proper 
polarity is applied to the plate of the other tube which passes 
current to the load. On the next half cycle these conditions 
are reversed so that the two tubes alternately pass current and 
refuse to pass current. The end point is a continuous flow of 
current through the load. The magnitude of this current varies 
from instant to instant but its direction of flow is always the 
same. In a full-wave rectifier, then, each tube handles current 
half the time, but the load has current passing through it all the 
time.

The full voltage developed across the secondary of the trans
former will not appear across the load, because there is some 
voltage drop in the rectifier, the actual amount depending upon 
the type of rectifier tube and the current flowing through it. 
Therefore, in order to supply, say, 300 volts to the load the 
transformer secondary must produce 300 plus the voltage lost 
in the tube. If the tube drop is 50 volts, then at least 350 volts 
must be available to supply 300 to the load.

Another type of full-wave rectifier is shown in Fig. 3. This 

type, called the bridge rectifier, furnishes full-wave rectification 
without a transformer center tap. It has the disadvantage, 
however, of requiring four rectifier tubes instead of two. Its 

action is as follows: When A is positive with respect to B, elec
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trons flow through tube 1, the load, and tube 2. When the 
source voltage reverses, electrons flow through tube 3, again 
through the load in the same direction as before, and thence 
through tube 4. Again current flows through the load during 
both halves of the a-c cycle, but the load current is always uni 
directional. The voltage at the junction of tubes 2 and 4 is 
always positive with respect to the voltage at the junction of 
tubes 1 and 3.

Current Required and Choice of Circuit. The type of rectifier 
circuit used for a particular application is dependent on a number 
of factors, the most important of which is the amount of d-c 
power that must be supplied by the circuit. In general, circuits 
of low power requirements are single phase; when larger amounts 
of power are required, three-phase circuits may be used.

Filter Circuits. After the alternating current is rectified, it is 
usually filtered to supply the load with a constant value of d-c 
voltage. Filters employ shunt capacitance and series induct
ance to smooth out the rectifier-circuit current pulses and pro
vide as pure direct current as is desired. In low-level cir
cuits, such as those used in the first stages of amplifiers where 
considerable amplification follows, the d-c source voltage must 
be almost completely free from a-c ripple. Otherwise, any ripple 
introduced in the input of the amplifier stage would experience 
the same amplification as the signal, and its presence in the out
put of the amplifier would be objectionable.

Filters have two general forms, depending on whether a capaci
tance is placed directly across the rectifier output or whether a 
series inductance is placed between the rectifier and the first 
filter capacitance. Thus we have the terms condenser input 
filter and inductance or choke input filter. Examples of both 
types are shown in Fig. 4.

The condenser input circuit produces a higher d-c output 
voltage for a given a-c input. It is also more economical than 
the choke input filter, since it requires one less component, that 
is, the input choke. However, when a rectifier circuit employing 
a condenser input filter is first turned on, the uncharged input 
condenser presents practically a dead short across the rectifier, 
and extremely large current values may flow until the condenser 
becomes charged. This effect makes the condenser input filter 
unusable with gaseous-type rectifiers but satisfactory for vacuum-
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Unfiltered 
D-C from 

rectifier 
;

(A)Single section choke input filter

Unfiltered 
D-C from 

rectifier

(B) Single section condenser input

------ J------

Unfiltered __
D-C from -pC
rectifier

_ 1___________
(Cl Double section choke input filter

L
xQQSLr

output

D-C 
output

D-C 
output

Unfiltered 
D-C from 
rectifier

I

(D) Double section condenser input

D-C 
output

Fig. 4. Inductance-capacitance filters smooth out fluctuations in the output 
of rectifier circuits.

type circuits where current limiting due to space charge within 
the tube prevents damage to the tube electrodes.

Though the choke input filter provides a slightly lower output 
voltage, its filtering action and regulation characteristics are 
superior to those obtainable with a condenser input. Also, the 
peak values of current through the tube are much lower, thereby
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decreasing the peak loads on the rectifier tube and increasing 
tube life. The choke input filter is most common in industrial 

circuits.
Bleeder Resistors. In most cases a fixed resistor is placed 

across the output of a rectifier-filter power supply. It is called 
the bleeder resistor since it continuously bleeds off a portion of 
the current supplied by the power supply. This resistor usually 
has such a value that with the load disconnected it will draw 
about 10 per cent of the total load current. Its function is to 
keep some current flowing through the rectifier and filter at all 
times, thus improving the regulation of the supply. It also 
acts as a safety measure to discharge the filter capacitors when 
the load is disconnected and the a-c power to the rectifier is 
turned off.

Filter-circuit Design. Filter-circuit components are usually 
selected by compromise after determining the approximate 
values required for a certain degree of filtering action. It is 
common practice, and not in most cases too impractical, to 
provide much more than adequate filtering, just to be sure. At 
first glance this practice might seem slipshod and careless and a 
disgrace to accepted engineering principles, but a study of the 
problem will reveal the merit of such a scheme.

Filter components are usually available in values of inductance 
and capacitance in whole integral numbers. So, if it is found 
that a choke of 8 henrys is needed in conjunction with a con
denser of 4.5 gf, one might have to settle for 10-henry chokes 
and perhaps 8-gf condensers.

The percentage of ripple1 that may be expected from the single
section filter shown in Fig. 4A may be approximated by the 
equation 

Percentage ripple =
100
LC

where L is the input choke inductance in henrys, and C the 
capacitance in microfarads. The above equation assumes a 
full-wave rectifier circuit which has a ripple frequency of 120 
cycles per second when operated from a 60-cycle source. If it is 
desired to calculate filter-component values for other types of

1 The amount that the d-c voltage varies in percentage of the average 
value around which it varies.
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circuits, suitable adjustment to the L and C values must be 
made. For instance, if the circuit to be used is a half-wave 
rectifier, as shown in Fig. 1, the ripple frequency is 60 cps, and 
twice as much as inductance and capacitance will be required for 
the same amount of ripple, as calculated by the equation. Simi
lar formula adjustments can be made for other circuits.

It would seem that if a sufficiently large value of capacitance 
were chosen for a single-section filter, for which the above equa
tion applies, a very small inductance could be used. However, 
there are limitations that must be applied. The input choke 
must be large enough to limit to a safe value the peak current 
that must be passed by the rectifier tubes. An approximation 
of the smallest choke that can be used in the input of a single
section filter can be made as follows:

T _ load voltage 
-^min q i 7

load current

where L is in henrys, the load voltage in volts, and the load cur
rent in milliamperes. It is best to select an input choke with a 
value of about twice the value calculated above, although a 
value approximately equal to the calculated value will prevent 
the filter from acting like a condenser input system.

SELECTION OF POWER-SUPPLY COMPONENTS

In designing a power supply for a given voltage and current 
rating, many factors must be considered. Cost is usually one 
of the main items, and among the others are size, weight, flexi
bility, regulation, amount of ripple that can be tolerated, depend
ability, chances of short overloads, and so on. Each application 
presents a new set of requirements.

There are many transformers available on the market, but 
they cover only typical requirements. It would be impossible 
for transformer manufacturers to stock units for the infinite 
number of combinations that might be required. Tubes are also 
usually selected as a matter of compromise. If a given trans
former is on hand that has a 6-volt filament winding for a recti
fier, rather than a 5-volt winding, it is common sense to choose 
a 6-volt rectifier tube rather than to buy a separate filament 
transformer.

These compromises are best made by a systematic check of the 
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factors involved. It is impossible to set down a rule for designing 
power supplies. A general idea of components will be presented, 
however, with the details accompanying individual cases left to 
the imagination of the reader.

Efficiency is not too often an important factor in power-supply 
design, since abundant power is usually available. In most 
factories and plants where industrial electronic equipment is 
employed, the power required by the electronic control equip
ment is usually a negligible amount compared to the power 
required for running the equipment being controlled.

Choosing a Circuit. Of the three general types of single
phase power-supply rectifier circuits, the full-wave rectifier with 
a center-tapped power transformer is by far the most common. 
The reasons for this popularity are (1) full-wave rectified current 
(as opposed to half-wave) is easy to filter into pure direct current, 
(2) a wide selection of power transformers is available for this 
type of circuit, (3) moderately high currents can be drawn from 
such a circuit, since each tube works only half of the time, (4) a 
wide selection of double-diode rectifier tubes is available for 
medium power ratings, and (5) the peak values of voltage applied 
to the rectifier tubes need not be so great as in the case of the 
half-wave circuit.

The half-wave circuit is popular, however, where (1) current 
drains are low, (2) not too much filtering is required, (3) where 
an existing transformer is to be used which has no center tap, and 
(4) only one rectifying diode is desired.

Bridge rectification may be used where the disadvantage of 
needing at least three separate filament transformers is not 
objectionable or where full-wave rectification is desired and an 
un-center-tapped a-c source must be used.

Reducing Charging Current. The high-surge current caused 
by charging the input capacitor can be reduced by using a small 
value of input capacitance, but the filtering action is reduced as a 
result. Several schemes have been used for limiting the charging
current surges. Two of these are shown in Fig. 5. In each case a 
second switching action is required each time power is applied 

to the filter. In Fig. 5A a current-limiting resistor is placed in 
series with the filter. It limits the charging current. However, 
once the input capacitor has charged up, the resistance must be 
shorted rut if the full advantage of the voltage increase made
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possible by the condenser input filter is to be realized. Other
wise, the voltage drop across the limiting resistor would lower 

the output voltage. The other scheme, that shown in Fig. 5B, 
shows the condenser switched from one side of the filter choke 
to the other after it has been charged through the choke. The 
choke, of course, limits the charging current when power is first 
applied to the filter, and the charged capacitor is then switched

Unfiltered 
input

Filtered 
output

■ (A)

Unfiltered 
input'

(B)
Fig. 5. Condenser-input filters provide somewhat higher output voltages, 
but when these filters are used with mercury-vapor rectifiers, precautions 
such as those shown must be taken to see that the charging current is not 
high enough to damage rectifier tubes.

to the input side of the choke where it acts to increase the voltage 
output in the usual manner.

One disadvantage of the condenser input filter is the fact that 
the many variables involved make calculation of the output 
voltage quite involved. Trial-and-error methods are usually 
required. In many applications this is not a serious disadvan
tage, since the additional voltage afforded by a condenser-input 
filter allows some leeway. Any excess voltage can be reduced by 
a series resistance between the filter output and the load.

If choke input is used, the d-c voltage output will be approxi
mately 90 per cent of the rms value of the voltage across one-half 
of the secondary (assuming a full-wave rectifier and neglecting
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any voltage drop due to the internal resistance of the transformer 
and filter choke). For the capacitor input filter the output 
voltage will depend to a great extent on the values of filter com
ponents and the amount of load current drawn. Curves are 
available in tube handbooks for calculating the voltage output 
of a circuit using specific tubes and specified filter components. 
A pair of typical curves for this purpose are shown in Fig. 6

OPERATION CHARACTERISTICS OPERATION CHARACTERISTICS

Fig. 6. Typical curves provide all essential information for figuring the 
performance or rectifier tubes. This example (from the “RCA Receiving 
Tube Handbook”) shows characteristics for the 5Y3G high-vacuum dual
diode rectifier tube.

(from the “RCA Receiving Tube Handbook”). Here are given 
curves for the popular 5Y3G tube.

As an example, let us suppose we must supply 300 d-c volts 
at 100 ma. From the curves (Fig. 6) we see that if we use a 
choke input filter, the rms voltage supplied by the power trans
former will have to be 400 volts either side of center tap. But 
if we use condenser input, only 300 volts are required.

Choosing a Power Transformer. Many factors are involved 
in the selection of a proper power transformer for a particular 
supply. Here more than anywhere else in the power-supply 
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circuit compromises are bound to be made. A transformer is 

chosen that will deliver at least the required voltage at the 
required current. Any excess voltage can be reduced by series 
resistances or voltage dividers (explained later in detail), and 
excess current rating is never harmful.

The current rating of a transformer is based on the transformer 
being used at rated voltage. The important thing is not to 

exceed the product of the voltage and current, which gives the 
volt-ampere rating. If a circuit is used to produce a d-c voltage 
equal to twice the rms input voltage (voltage doubling), the 
current that can be drawn from the transformer is just half the 
rated value. In multiple-winding transformers where both high 
voltage and filament windings are included, the volt-ampere 
rating is the sum of the ratings of each separate winding. As an 
example, if a transformer is rated at 300 volts rms at 50 ma and 
it has a filament winding for 5 volts at 2 amp, the total volt
ampere rating is 300 X 0.050 + 5 X 2 = 15 + 10, or 25 watts. 
If, for some reason, one of the windings is not used, slightly 
higher power can be drawn from the other winding without 
damage. Heating is the power-limit-determining factor.

Because the windings of the transformer have finite resistance, 
a different output voltage will appear for each different value of 
output current. For example, in the above-mentioned case, the 
transformer is rated at 300 volts at 50 ma. If twice the rated 
current were drawn from the transformer (assuming it did not 
burn up in the meantime because of the increased power loss), the 
output voltage might drop to 250 volts. From these two sets of 
data, the actual resistance of the transformer secondary winding 
may be determined, since the change in current and a correspond
ing change in voltage are known. The resistance in this case 
would be 50/0.050, or 1,000 ohms. Now the voltage at 25 ma 
or any other current can be calculated. (Output voltage at 

25 ma is Vo = 300 - 1,000 X 0.025 = 300 - 25 = 275 volts.)
It is important in choosing a transformer to select one, if 

possible, with proper filament supply windings. Usually trans
formers have a 5-volt winding for the rectifier filament and a 
6.3-volt winding for other tubes.

If a separate filament transformer is used for the rectifier, it 
must be remembered that the filament of a conventional rectifier 
tube is usually held at B-|- potential and that the insulation from 
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the filament-transformer secondary winding to ground must be 
sufficient to withstand the BR voltage.

In some circuits shielding of the transformer is important. 
Shielding is usually provided by a metallic case that houses the 
transformer. One of the most vulnerable pieces of equipment 
to unshielded or poorly shielded power transformers is the 
cathode-ray tube. Low-level amplifiers are also easily disrupted 
by unshielded transformers. The theory behind shielding is as 
follows: A transformer is an electromagnetic device that depends 
for its operation on the production of strong magnetic fields. 
Induction between primary and secondary is caused by a field 
building up and collapsing across the windings of the secondary. 
In a like manner, currents are induced in any other conductors 
lying in the transformer field. Shielding tends to localize the 
field in the vicinity of the transformer by providing a low- 
reluctance path for the lines of force. But some lines will always 
escape. There is no perfect shield.

Color Coding. The wire leads from a power transformer are 
color coded so that the various filament windings and high-volt
age windings can be identified. The RMA color code for power 
transformers is as follows:

Primary leads............................................................................ Black
High-voltage secondary ends................................................ Red
High-voltage secondary center tap...................................... Red and yellow
Rectifier filament winding..................................................... Yellow
Rectifier filament winding center tap (if used)................ Yellow and blue
Filament winding No. 1......................................................... Green
Filament winding No. 1 center tap (if used).................... Green and yellow
Filament winding No. 2......................................................... Brown
Filament winding No. 2 center tap (if used).................... Brown and yellow

The filament windings are usually readily identifiable because 
they are much thicker. This is to be expected, since filaments 
draw currents of the order of amperes, but a few hundred milli
amperes is fairly heavy current for a high-voltage winding.

If the leads are not color coded or if the identification of the 
leads has been lost, the several windings may be tested as follows: 
Connect a 60-watt lamp in series with the power circuit and the 
windings, one at a time. The heavy leads indicating low-voltage 
high-current filament windings will present virtually no imped
ance to the current, and the lamp will light up strongly. The 
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winding to be connected to the power line will have considerable 

impedance and will allow the lamp to light up only dimly. The 
high-voltage windings are still higher in impedance (being made 
up of many turns of small wire) and may permit so little current 
to flow to the lamp that it will not light up at all.

Many other factors are often of vital importance in transformer 
selection. Frequently physical shape and mounting facilities 
are important. During the war a large number of 400-cps 
transformers were built, and they will not operate properly on 
line frequency of 60 cps. If a transformer is designed for opera
tion with the full-wave circuit using two tubes and a center tap, 
it is possible that the same transformer may not be suitable for 
operation with a half-wave rectifier circuit. The secondary 
windings of the full-wave transformer are insulated from the core 
and shield of the transformer to withstand the peak voltage 
expected from center tap to either end of the secondary. If this 
transformer is used with one end of the secondary grounded 
(connected through the chassis to the shield), the “hot” end 
of the secondary is actually at a voltage which is twice the design 
value, and breakdown of the insulation may occur. Many 
transformers of good design are insulated with a safety factor 
that will permit their use in such service. However, where 
dependability is important, the transformers used should be 
designed for the type of service intended.

Choice of Tubes. The most valuable aid in choosing a tube 
or tubes for use in a power supply is the wealth of information 
compiled in the various tube handbooks. Probably the most 
complete listing of tubes that is readily available in this country 
is published in the yearly edition of the American Radio Relay 
League’s book “The Radio Amateur’s Handbook.” This collec
tion has the advantage that it includes tubes of all manufacturers. 
However, in many cases, sufficient information can be obtained 
from the various manufacturers’ tube manuals. The RCA tube 
manual is especially complete in this respect. Also, loose-leaf 
volumes are available (Tung-Sol, RCA and GE) on a subscription 
basis so that it is easy to make additions as new tubes are devel
oped and as characteristics of others are changed.

With the aid of a tube manual, the selection of a tube for a 
particular circuit is relatively simple. The manuals provide 
tube data for various types of circuits and with different types 
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of filters. All that need be considered, in most cases, is that the 
tube have ratings equal to or greater than the desired service 

requires.
The plate-to-plate voltage rating refers to the rms voltage 

appearing across the entire secondary of the power transformer. 
Data are also given as to regulation and output voltages for 
typical filter components. It goes without saying that the 
filament ratings, both voltage and current, must be satisfied.

Fig. 7. Most electronic devices obtain their d-c voltage from a circuit of 
the type shown, with typical component values.

The peak inverse voltage rating given tubes is an important 
factor in most cases. A study of the condenser-input-filter 
full-wave rectifier circuit of Fig. 7 will show that when one-half 
of the tube is conducting, the voltage across it is fairly low. 
However, when the tube current is cut off by the voltage being 
of the wrong polarity, the full-peak half-secondary voltage and 
the charge on the input capacitor are in series and impress a 
voltage across the tube equal to

Binv = Erm. X 1.4 X 2

The factor 1.4 converts the rms voltage to peak value. Actually 
this value is the maximum voltage that can occur, so the tube 
must have sufficient insulation in the base and spacing between 
elements to stand up under that voltage.
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Where mercury-vapor tubes are concerned, a peak permissible 
value of current is given. This is always greater than the maxi
mum-output current rating. It is the current that the tube 
can stand for short periods of time, such as the current surges 
that occur when the filter condenser charges when the circuit is 
first turned on. This peak value is the value used in calculating 
any series resistance to be used to limit the charging current. 

The maximum current value is the current that can be drawn 
under normal continuous circumstances.

In the case of mercury-vapor tubes a warm-up period must be 
allowed before high voltage is applied. This time varies from 
tube to tube, but most mercury-vapor tubes can safely be oper
ated after a warm-up period (filament current turned on) of a 
few minutes. Some circuits employ time-delay relays which 
prevent the application of high voltage until the tubes have had 
a chance to warm up sufficiently.

Another point to keep in mind is the temperature rating of such 
tubes as the 866 mercury-vapor rectifiers. Low temperatures 
increase the voltage that must be applied before the tube con
ducts current. High temperatures lengthen the filament life 
somewhat, but when operated at elevated temperatures, the 
peak inverse rating is reduced. The temperature that is impor
tant is the actual temperature of the gas inside the bulb. This 
can be measured with sufficient accuracy by measuring the 
temperature of the bulb. For example, a thermocouple can be 
taped or tied to the bulb when temperature is an important factor 
and must continuously be measured. Manufacturers’ tube data 
give different sets of operating information for temperatures 
likely to be encountered in practice.

In designing a power supply, the characteristics of the a-c 
voltage source must be taken into consideration when sudden 
voltage surges are likely or possible. A sudden increase in 
voltage at the terminals of a high-voltage transformer primary 
may produce many times that voltage increase to the rectifier 
circuit, and damage to the tubes may result.

Choice of Filter Condensers. The primary factor in filter 
condenser selection is, of course, the capacitance value of the 
condenser. The second factor of importance in choosing filter 
condensers is the voltage rating. This factor is equal in impor
tance to the capacitance rating—if a condenser is rated at too 
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low a voltage, it might break down and render itself and the 
rest of the circuit useless. Filter condensers are rated in a 
number of ways. Most common is a working voltage rating, 
which is usually stamped on the body of the condenser. This 
rating infers that the condenser will operate in a d-c power supply 
whose average output voltage is the voltage shown. However, 
the condenser must be able to withstand considerably more than 
this value.

Again, in practice, voltage values are a matter of compromise. 
Most filter condensers are marked in even hundreds of volts, that 
is, 400, 450, 600, 1,000, 25,000, etc. Any condenser will fit a 
given application if it has at least the calculated capacitance 
rating and at least the proper voltage rating. Where long-term 
dependability is required, many designers install condensers with 
voltage ratings many times the anticipated voltage, thus allowing 
a safety factor. This is common practice in military equipment.

Many of the condensers used in low-power d-c power-supply 
filters are of the electrolytic type. One important thing to 
remember in using them is polarity. That is, these condensers 
must be used in a circuit in which there are direct currents. If 
the proper operating polarity is not observed, the thin films 
forming the dieletric may be destroyed. These types of con
densers are marked either with plus and/or minus signs, or by 
a black band that indicates the negative terminal. Often the 
colors red and black are used to denote positive and negative 
terminals respectively. In a conventional power supply the 
negative side of the condenser is connected to the center-tap 
lead, which is usually grounded to the chassis. So common is 
the practice of connecting the negative side of filter condensers 
to the chassis that most metal-can capacitors have the negative 
electrode connected to the can internally. When the capacitor 
is mounted on a metal chassis by normal means, the negative 
side of the capacitor is automatically grounded.

In cases where the negative side of the condenser is not to be 
connected to ground (as in a negative-voltage power supply such 
as might be used as a bias supply for the grid of a power tube), 
care must be taken to see that the negative side is not inad
vertantly grounded by connecting the can surrounding the 
condenser to the grounded chassis. Thus, in certain cases 
mounting facilities may enter into the selection of capacitors.
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Where extremes in temperature and humidity may be encoun
tered, special condensers should always be employed. Several 
companies make condensers just for such purposes. These units 
are hermetically sealed so that weather elements cannot damage 
them. To further enhance reliability, capacitors are available 
that will actually heal any punctures that occur due to sudden 
surges of voltage in excess of the voltage rating of the capacitor. 
These are called metallized capacitors, and they are available at 
somewhat greater cost.

Selection of Filter Chokes. In selecting filter chokes at least 
three important factors must be considered. First of all the 
choke must have sufficient inductance. Next in importance in 
most cases is the current rating of the choke. The third impor
tant factor is the resistance of the choke. These filter chokes 
are made up of many turns of wire wound on cores made of iron. 
The long lengths of wire involved have fairly high resistance, and 
the voltage drop due to the passage of current through the choke 
causes the output voltage to vary with output current. The 
chokes with high current ratings will almost always be more 
expensive than smaller chokes because of the increased weight of 
wire required. The resistance of the larger chokes, wound with 
large diameter wire, will be lower than for small chokes, but 
since the currents involved are larger, the voltage drop across 
the choke may be no less than that across a low-current high- 
resistance choke. The inductance contributed by a given choke 
may vary for different values of current. As more and more 
current flows through the winding, the core material undergoes a 
change in electrical characteristics. A core material can carry 
just so much magnetic energy until it saturates. At this point 
its magnetic properties are different, and since the inductance 
of a choke is dependent on the magnetic properties of the core 
material, the inductance values may change correspondingly.

This property is used to advantage in a special choke designed 
for use with a choke input filter circuit. Its function is to act 
as a large value of inductance when a large value is desirable and 
then to change to a low value of inductance when not so much 
inductance is required. The inductance thus swings from a high 
to a low value—thus the term swinging choke. When low values 
of output current are required, the value of inductance of a 
swinging choke is quite high, but when the current value rises, 
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the inductance is reduced. Such chokes are marketed with two 
ratings; one for each current value.

Also to be considered in choosing a choke is its insulation. 
This is again most important when the choke housing is to be

p E1 E2

(C)

R E1~E3

R E3
I2+IB

R3=IB

Fig. 8. When more than one voltage is to be furnished by a single d-c power 
supply, voltage-dropping or voltage-dividing resistors may be used.

mounted on a metal chassis to which the negative side of the 
power supply has been grounded. The insulation between the 
actual choke winding and the chassis must be sufficient to stand 
the same peak-voltage value as the input condenser.
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In many cases shielding is an important factor. In circuits 
where high magnetic fields may be detrimental, good shielding 
should be used. The reasoning behind this was explained under 
power-transformer shielding.

Choice of Bleeder Resistors. The method for calculating the 
required bleeder resistance has already been given. In short, 
the resistance should be sufficiently low to draw a current equal 
to one-tenth the total load current. Here again considerable 
leeway is permissible.

Wire-wound resistors are almost invariably used in this applica
tion. The most important rating to be observed is that of 
power. The resistor dissipates considerable heat, and it should 
always be located physically as far as possible from any other cir
cuit components where heat may cause damage or malfunctioning.

The minimum power rating for a bleeder resistor may be 
calculated by Ohm’s law.

Voltage Division. Where a single power supply is called upon 
to furnish several voltages, voltage-dropping or voltage-dwfdm^ 
resistors are usually incorporated. Examples of each are shown 
in Fig. 8. In calculating the value of a voltage-dropping resistor, 

the amount of voltage to be dropped is divided by the total current 
that will be drawn through the dropping resistor. In some 
applications the simple voltage-dropping resistor has the dis
advantage that, when the load stops drawing current, the load 
voltage immediately rises to the supply-voltage value, unless 
some preventative measures are taken.

The voltage divider system has several advantages, including 
a degree of regulation of the effect described above. In calculat
ing voltage-divider resistance values, total currents must be 
used, as shown in Fig. 8B and 8C. Where numerous voltages 
are to be taken from a single supply, each resistance must be 
calculated separately. Also care must be taken to see that 
resistors of sufficient power rating are used.

ELECTRONIC VOLTAGE REGULATORS

Certain types of electronic equipment require a constant value 
of d-c voltage to be applied at all times. A simple rectifier cir
cuit is incapable of supplying a steady d-c voltage because of two 
main factors. First, because of the internal resistance of a 
rectifier circuit and its filter inductances, any change in external 
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load current will cause a change in the output voltage of the 
rectifier circuit. Second, if there is a change in the a-c input 
voltage—and the voltage of most a-c distribution lines is subject 
to variations—the output voltage of the rectifier system varies 

accordingly.
Glow-discharge Voltage Regulators. A series of special gas- 

filled diodes, known as glow-discharge tubes, can be used to regu
late a d-c voltage across a load, as shown in the circuit of Fig. 9. 
These tubes contain a gas which ionizes when a sufficiently high 
voltage is impressed across the tube electrodes. After the gas

Fig. 9. Glow-discharge voltage-regulator tubes are readily available for 
holding constant voltages of 75, 90, 105, and 150 volts, where low current 
requirements exist.

ionizes, the tube conducts current. The amount of current the 
tube conducts will be just enough to make the voltage drop 

across the tube equal to the rated voltage for that particular tube. 
And, since the tube and load are connected in parallel, the load 
will also have that voltage applied to its terminals.

In Fig. 9 the unregulated d-c supply voltage is 250 volts, and 
a load voltage of 150 volts is desired. Then there must be a 
drop of 100 volts across R, as shown in the circuit. If the load 
draws 10 ma of current, then the voltage-regulator tube will draw 

10 ma, so that the voltage drop across the series resistance R, 
which is 5,000 ohms, will be the required 100 volts and the volt
age at the load will be 150 volts.

If for some reason the load current should drop to 5 ma, the 
voltage-regulator-tube current would automatically rise to 15 

ma to bring the total current through R back to 20 ma to produce 
the required voltage drop and load voltage. Without the 
voltage-regulator tube, if the load current dropped as mentioned 
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above, the voltage drop across R would be less, and the load 
voltage would rise above the desired 150 volts. If the load 
should be disconnected entirely (load current zero), the voltage
regulator tube would conduct 20 ma to maintain its 150 volts.

There is, of course, a limit to the amount of current these 
tubes can draw in order to maintain their constant terminal 
voltage. For most types currents of the order of 30 to 40 ma 
can safely be counted on through the voltage-regulator tube. 
The maximum allowable current for each type can be found in 
tube handbooks, along with other pertinent informatio pertain
ing to the tube characteristics.

These glow-discharge tubes are available in several different 
operating voltage ratings, such as 75, 90, 105, and 150 volts. 
They may be used in combinations. For instance, two VR 
105’s may be used in series to regulate a load voltage of 210 volts.

In the tube manuals two voltage ratings for each type are 
usually given. One is the operating voltage, which is the voltage 
that will appear across the tube terminals after the gas in the 
tube is ionized. The other is the starting, or ionizing, voltage, 
which is the voltage that must be applied to the tube terminals 
initially to ionize the gas and allow the tube to conduct.

The starting voltage is usually about 20 or 30 per cent higher 
than the operating voltage, so that actually in a circuit such as 
Fig. 9 the load voltage will rise to, say, 180 volts when the circuit 
is first turned on, but when the tube ionizes, the load voltage will 
return to the desired value.

The main disadvantage of voltage-regulator circuits using 
glow-discharge tubes as shown, is the fact that the regulated 
voltages must be some integral sum of the available voltage 
ratings. As mentioned above, the amount of current the glow
discharge tubes can draw to regulate voltage is limited. Where 
continuously variable and heavier current ratings are required, 
more elaborate systems must be incorporated.

Variable-voltage Regulator. A simple voltage-regulator cir
cuit capable of producing regulated voltages over a range of 
about 100 to 400 volts with fairly good regulating ability is 
shown in Fig. 10. A similarity between the previous type of 

circuit and this circuit will be noted in the resistance R, which 
again is in series with the lead from the unregulated power supply 
to the load.



RECTIFIERS AND POWER SUPPLIES 107

The triode shown connected across the load is of the vacuum 
type, and its internal resistance is determined by the position of 
the tap on the voltage divider connected across the unregulated 
supply. The bias battery shown in the grid lead provides the 
proper negative grid voltage. Actually, the grid-to-cathode 
voltage is the sum of the negative voltage supplied by the bat
tery and the positive voltage appearing between the voltage 
divider tap and the cathode of the tube.

Assuming the circuit is operating properly and the desired 
voltage appears at the load (and across the triode), the voltage

Fig. 10. Simple variable regulator tube maintains constant load voltage by 
varying the current through the series resistor R.

drop across R, caused by the flow of tube and load currents, will 
be equal to the difference between the supply voltage and the 
load voltage.

If now the value of voltage supplied by the unregulated supply 
should rise, as it might if the a-c voltage applied to the rectifier 
increased, the total voltage across the input voltage divider 
would increase. A portion of this increase would occur between 
the grid of the triode and its cathode in such a way that the grid 
becomes more positive with respect to the cathode.

As the grid goes more positive the tube conducts more current, 
and the increased current flow through R causes the voltage drop 
across R to increase. Therefore, the load voltage is not affected 
by the change in input voltage.

A somewhat lesser degree of regulation occurs for load current 

changes. If the load current drops, the current through R 
drops, and the voltage at the plate of the triode rises. This, 
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too, causes more current to flow through the triode, and the 

increased voltage drop across R as a result of increased regulator
tube current flow brings the load voltage back down.

The circuit of Fig. 11 will be recognized as the same as that 
of Fig. 10, with the exception of the fact that the bias for the 
regulating triode, instead of being obtained from a battery, is 
developed by the flow of tube current through a glow-discharge 
voltage-regulator tube of the type discussed in the previous 
section of this chapter. The results are the same, however.

Fig. 11. Glow-discharge regulator provides fixed reference-voltage bias for 
the variable-voltage regulator, thus eliminating the bias battery shown in 
Fig. 10.

Series or Degenerative Voltage Regulators. The basis of 
operation of the electronic regulating systems described thus far 
was, in effect, the connection of a variable-resistance constant- 
voltage element across the load and varying the current drawn 
through a fixed series resistor. Another means by which the 
output from a rectifier can be regulated is illustrated in Fig. 12A. 
Here the series resistance used previously has been replaced by 
a control element which can be adjusted to supply the proper 
load voltage by changing the amount of series resistance through 
which the load current must flow. This form of regulating 
action may be performed automatically by the circuit shown in 
Fig. 12B. The variable resistance element is the plate-cathode 
resistance of a type 2A3 triode. Its resistance is varied by the 
grid voltage, which is in turn determined by the voltage divider 
connected across the output. The bias supply voltage is assumed 
to be constant. In the actual circuit the battery will be replaced 
by a glow-discharge tube.

If the load voltage should drop, the voltage between points



RECTIFIERS AND POWER SUPPLIES 109

A and B becomes less, and the grid of the control tube becomes 
less negative, or more positive, with respect to its cathode. Thus 
the voltage drop across the tube decreases, since more tube 
current can flow, and the output voltage rises to its original 
value. This regulating action occurs almost instantaneously.

Fig. 12. Voltage-regulator circuit maintains constant load voltage by 
varying the resistance of the control tube in series with an unregulated 
source.

Combination Voltage Regulators. In the circuit of Fig. 13 
the series-control-tube principle is used to regulate the load 
voltage, and the parallel regulator system is used to supply 
the regulated bias for the con
trol tube. This system has the 
advantage of providing a con
tinuously variable current and, 
with proper design, as will be 
described later, the current 
variations caused by load 
changes may be of a relatively 
high order, say several hundred 
milliamperes.

The series control tube, Vt, 
acts as a variable series rheo
stat and the effective resistance

Fig. 13. Combination voltage regu
lator provides good regulation over a 
wide range of voltages.

it adds to the circuit is determined by the voltage drop between 
its cathode and grid. By studying the circuit and figuring the 
voltage drops and rises between the grid and cathode of the con
trol tube, the operation of this circuit is easily understood. 

Triode Vi is referred to as the regulator tube. Where good regu
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lation is required, V2 will be a pentode instead of a triode, since the 
regulating circuit must have high gain to produce the proper cur
rent variations in response to small changes in voltages.

Simple Degenerative Voltage Regulator. The circuit of an 
extremely simple but effective voltage-regulated power supply is 
shown in Fig. 14. This degenerative circuit compensates changes 
in output voltage resulting from line-voltage changes and varying 
load current.

Fig. 14. Circuit of simple but 
effective variable-voltage regu
lator using standard receiving
type tubes as control elements.

Fig. 15. Practical circuit of a combi
nation voltage regulator with a high 
degree of regulation.

For instance, an increase in output voltage, as might result 
from an increase in input voltage or a decrease in load current, 
increases the current through the cathode resistor across the out
put terminals. This causes the bias voltage of Fi to be increased 
and the plate current to be decreased. This action tends to 
return the output voltage to its original value.

For best regulation, tubes with a high amplification factor are 
recommended; but this requirement limits the plate current, since 
tubes with high amplification factors in general have low current 
ratings.

Where a simple method of manual voltage control is required 
with not too rigid voltage regulation, tubes such as the 2A3, 
6B4, or 6L6 may be used. The cathode resistor majr be replaced 
by an amplifier having a high amplification factor so that in 
addition to manual voltage control a high degree of automatic 
regulation may be obtained.
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Triode-pentode Regulator. A type 2A3 triode serves as an
automatically adjusted variable 
leg of the full-wave rectifier cir
cuit shown in Fig. 15. The 
circuit is designed to deliver 
approximately 180 volts of regu
lated output for precision elec
tronic circuits.

A type 6J7 sharp-cutoff pen
tode adjusts the bias on the 2A3 
in response to output-voltage 
variations, and a small neon 
lamp provides fixed bias for the 
pentode. For additional pro
tection against line-voltage vari
ations, an automatic voltage 
regulator can be employed 
between the power line and the 
power-transformer primary 
winding.

Wide-range Voltage Regu
lator. The voltage regulator 
shown in Fig. 16 can produce a 
continuously variable voltage 
output over a range of from 
about 3.5 to 300 volts at 300 ma,
and up to .500 volts with reduced current, as shown by the curve

Fig. 17. Output curve for the 
voltage regulator shown in Fig. 16.

required to maintain constant output voltage.

series resistor in the positive

Fig. 16. Wide-range voltage regu
lator provides constant voltages 
from a few volts to several 
hundred volts.

of Fig. 17. An unregulated 
supply capable of furnishing 
480 volts at 300 ma is needed 
for the regulator-circuit input. 
The control tube, in this case, 
consists of four 807 beam-power 
tubes connected in parallel. A 
single 6AC7 operated below 
ground voltage serves as a d-c 
amplifier that is capable of 
swinging the grids of the con
trol tubes over the wide range
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The amount of energy the control tube must dissipate is impor
tant in obtaining low-voltage high-current operation. It is cal
culated by using the highest voltage drop and the largest current 
through the control tube. In this particular supply the largest 
voltage across the control tubes is about 470 volts and the great
est current 0.3 amperes. The four 807’s must therefore dissipate 
approximately 140 watts.

Since the highest output voltage occurs when the tube voltage 
drop is lowest, the internal resistance must be kept low. The 
double requirements of high heat dissipation and low internal 
resistance are most economically met by using tubes in parallel 
rather than using one large tube having sufficiently low internal 
resistance. The 807 tube will dissipate 35 watts without over
heating; thus four 807’s in parallel will handle 140 watts and 
will have only one-fourth the resistance of a single tube.

The low output voltage is obtained by operating the d-c 
amplifier below ground instead of above ground, as in the circuits 
previously discussed. When the grid potential of the control 
tube is highly negative with respect to the cathode, the tube is 
cut off, limiting the voltage developed between cathode and 
ground.

To cut off the control tube, the regulating tube acting as a 
d-c amplifier is operated somewhat below ground. A negative 
potential for the d-c amplifier is obtained from a power trans
former and half-wave rectifier, and regulated with voltage
regulator tubes. Cathode and screen voltages for the 6AC7 are 
taken from this negative supply, but the plate voltage comes from 
the unregulated positive supply. The control grid is made 
variable from —3 to —5 volts with respect to cathode by getting 
its voltage from a bleeder across the regulated output voltage 
to the negative supply voltage. The grid potential of the 6AC7 
decreases with increasing load on the power supply, thereby 
cutting off the plate current and raising the plate potential. 
Since the plate of the 6AC7 and the grids of the 807’s are con
nected together, the 807 grids become more positive and build 
up the output voltage again. Unloading the power supply has a 

reverse effect.
The maximum output voltage of this type of supply is the same 

as the maximum voltage rating of the control tubes, since at low 
output voltage nearly all of the potential drop in the system is 
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across these tubes. If it is desired to obtain a higher output 
voltage, a higher unregulated input must be supplied. If it is 
desired to increase the current rating of the supply, more 807’s 
can be added in parallel, providing the unregulated supply has 
sufficiently high current rating.

DRY OR METALLIC RECTIFIERS

Much attention has been turned toward dry or metallic recti
fiers for converting a-c line power into d-c power for use with 
electronic circuits. This trend can be traced to several advan
tages which these types of rectifiers hold over gaseous and high- 
vacuum rectifiers.

Probably the most obvious advantage is the fact that these 
rectifiers require no filament power. Hence a great saving can be 
realized by eliminating filament transformers and their associated 
complication. Also, having no filament to warm up, these types 
produce a d-c output almost instantly when the a-c input is 
applied. In almost every case the metallic equivalent to a tube 
rectifier represents great savings in space and weight, thereby 
offering additional advantages for many applications.

Metallic rectifiers are of three basic types: copper oxide, 
magnesium copper sulfide, and selenium. In each case current 
flows through the rectifier in one direction only. And in each 
case the basic unit is a disk of the rectifying material in physical 
contact with another conductor.

Copper oxide rectifiers are built up from copper disks oxidized 
on one side with lead washers between or from plates oxidized on 
both sides. Disks have an output of about 4.5 volts d-c with 
current ratings of 0.4 amp per sq in.

In the copper sulfide units the basic element is a disk of cupric 
sulfide in intimate contact with magnesium washers. It will 
deliver considerable current at low voltages.

Selenium rectifiers are made up of aluminum or steel disks 
or plates coated with selenium, each disk delivering about 18 
volts direct current at current ratings of 0.32 amp per sq in.

Of the several metallic rectifiers available, selenium and copper 
oxide are by far the most used in commercial applications. 
These two types have some similar ratings and some very dis
similar ones. In selecting one or the other for some particular 
application, it is wise to study the characteristics of both.
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Disk Construction. Both selenium and copper oxide rectifiers 
are produced in numerous sizes and shapes; some are rectangular, 
and some are round or oval. The factor which dictates the area 
of the disk is the magnitude of the current which it is to carry. 
The voltage rating depends upon the materials used. For 
instance, a selenium disk has a voltage rating of around 18 volts, 
while a copper oxide disk is usually rated in the neighborhood 
of 8 volts. Where it is desired to operate these units at ratings 
other than those prescribed for a single element, they may be 
connected in series or parallel. For instance, selenium units 
for rectifying 110-volt a-c power consist of several disks (usually

Barrier 
layer

Copper oxide 
layer

Aluminum or 
steel plate

Selenium

Copper—► 
plate

Front electrode 
(counterelectrode)

-1— Graphite-treated 
copper oxide 

surface

*—Lead washer

Fig. 18. Dry disk rectifiers offer numerous advantages over electron tubes 
in certain applications.

five) connected in series so that only a portion of the total voltage 
appears across each.

All copper oxide cells are made with a metal base of copper. 
Selenium cells, on the other hand, may be made with a base of 
aluminum, steel, or possibly other metals. The aluminum-base 
cell weighs about one-fourth as much as steel-base cells of the 
same ratings. Cross sections of both types of rectifiers are 
shown in Fig. 18.

Copper oxide cells sometimes consist of a lead washer in con
tact with a graphite-treated copper oxide surface. With this 
system the cells are mounted on a bolt, with suitable insulation, 
to form a “stack,” and the proper pressure is applied by tighten
ing a nut on the end of the bolt. The pressure is maintained by 
means of a tempered spring washer.

Another system makes contact to the oxide surface by plating 
nickel directly on the surface. The pressure is then maintained 
by a spring contact washer. Contact to selenium disks is made 
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either by means of a spring washer or by a solid continuous 

contact. '
In either type of stack, cooling is usually provided to increase 

the current-carrying capacity of the unit. Because disk-type

Fig. 19. Comparative data on a per-cell basis for A, IJ-^-in. copper oxide 
rectifier with no cooiling fins; B, same as A but with wide spacing and large 
cooling fins; C, copper oxide cell 4% by 5 in., with oxide on both, sides, 
assembled with normal spacing and operated with cooling fins; D, aluminum- 
base selenium cell with natural draft cooling; and, E, same as D except that 
E has an iron base instead of an aluminum base.

rectifiers may be affected when exposed to excessive humidity, 
corrosive vapors, or fumes, it is customary to treat the assembled 
stacks with a varnish or similar protective seal. For some appli
cations the rectifier units are enclosed in an oil-sealed assembly.

Figure 19 shows some interesting comparative data on a per
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disk basis for several different types of selenium and copper 
oxide rectifiers. Both types are assumed to be connected in a 
full-wave single-phase bridge circuit and to be operating at 

normal temperatures. A represents a copper oxide disk 1/^ in. 
in diameter used in an assembly with close spacing and no cooling 

fins. Natural draft cooling is employed. B represents a disk

Fig. 20. Forward and leakage volt-ampere characteristics of copper oxide 
and selenium cells at different temperatures.

similar to A but with wide spacing and large cooling fins. Again, 
natural draft cooling is employed. C is a copper oxide unit 4% 
by 5 in. with oxide on both sides, assembled with normal spacing 

and operated with a cooling fan. D represents an aluminum- 
base selenium disk assembled with normal spacing and operated 
with natural draft cooling. E is the same as D except that it 
has an iron base instead of an aluminum base.

Disk Characteristics. To compare the characteristics of these 
two types of rectifiers, let us examine the curves shown in Fig.
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20. Although the forward resistance of a single copper oxide 
disk is less than that of the selenium disk, it would be necessary 
to use two copper oxide units in series to operate at the same 
voltage as that of one selenium unit. On that basis, the copper 
oxide forward resistance may be equal to or greater than that of 
the selenium disk.

It will be noted that the leakage of both types tends to increase 
rather rapidly beyond rated voltage. The leakage also increases

Per cent of rated output voltage 
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D.C. output voltage
Fig. 21. Efficiency curves showing comparison to typical motor-generator 
set.

rapidly with an increase in temperature. The importance of 
staying within these voltage and temperature ratings is apparent.

Rectifier ratings are based on a number of factors, such as the 
spacing of the individual disks, their size and shape, the size and 
type of cooling fins, the expected temperature in which they are 
to be operated, the length of life expected, and the type of 
application.

The life of a copper oxide rectifier is extremely long—prac
tically limitless. In fact, the first practical application of a 
copper oxide rectifier was made in 1924 when such a unit was 
used to supply direct current to a railroad relay. That same 
unit is still in use today. During the first few months of opera
tion there is some aging, after which the characteristics become 
stabilized. Since this aging is partially a function of tempera
ture, it is always desirable to operate the copper oxide rectifier 
at as low a temperature as possible. In positioning the stacks on 
a piece of electronic equiDment it is best to choose a place far
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01 I I I I
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D.C. amp./in2 load

Copper oxide with resistance 
load full wave single unit bridge

Copper oxide with battery load Selenium with battery load
full wave single unit bridge full wave single unit bridge

Fig. 22. Regulation characteristics of copper oxide cells and selenium cells 
on a per-cell basis.
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from any heat-producing elements, such as tubes and high-power 
resistors, and at a place where ventilation will be sufficient.

Efficiency. The efficiency of both copper oxide and selenium 
stacks does not vary greatly with wide variations in load, particu
larly from 25 per cent load rating to full load. An interesting 
comparison between the efficiency of copper oxide electroplating 
rectifiers and a motor-generator plating setup can be drawn from 
the efficiency curves given in Fig. 21. This is a low-voltage high- 
current application, and the curves for the rectifier performance 
cover the complete unit, including transformer and controls. 
The values for both setups are somewhat similar from three- 
fourths to full load, but below three-fourths load it will be noticed 
that the motor-generator combination falls off rapidly in effi
ciency, while the rectifier efficiency stays fairly high at reduced 
loads.

Both selenium and copper oxide stacks are rated on the basis 
of their stabilized condition. Thus when new, their d-c output 
voltage may be somewhat higher for a given input voltage than 
when they have completely aged. Normally where this d-c 
voltage variation with aging would be undesirable, the trans
former used to provide the a-c input voltage to the rectifier 
should have taps or otherwise be variable to allow adjustment for 
the desired output.

The regulation characteristics of both types of rectifiers are 
shown in Fig. 22.

Operation. The operating temperature of selenium rectifiers 
is largely limited by the melting point of the low-temperature 

alloy called the counter electrode. This counterelectrode is 
deposited on the surface of the rectifier to serve as a currents 
collecting electrode. The melting point of this alloy may b(; in 
the neighborhood of 100°C, and to provide a factor of safety, 
most ratings call for a limit of 75°C.

Copper oxide rectifiers must be operated at much lower tem
peratures. The temperature rise of a copper oxide unit is usually 
held to about 12°C. Both copper oxide and selenium rectifiers 
have temperature ratings based on an ambient temperature of 
35°C for full rated output. For higher operating temperatures 
it is necessary to reduce the rating of both types of rectifiers 
according to the curves given in Fig. 23. To obtain increased 
output ratings it is sometimes customary, particularly with the 
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copper oxide types, to employ fan cooling, thus maintaining 
lower operating temperatures.

Overload Effects. There are many applications for rectifiers 
in which the power demand is for short intervals of time, followed 
by long off periods. For this type of operation it is possible to 
operate metallic rectifiers at higher current densities than would 
be used for continuous operation. With the higher permissible 
temperature rise of the selenium rectifier it is possible to operate 
it for longer increased output intervals than with the copper 

Fig. 23. Reduced rating curves for unusual temperature conditions.

oxide units. However, with the selenium units it is not permissi
ble to increase the a-c applied voltage above the normal rating, 
with the result that the higher current densities mean less d-c 
output voltage.

Copper oxide rectifiers, on the other hand, can be operated 
at higher than normal continuous-rated a-c voltage, with the 
result that the d-c voltage can be increased, and in turn the power 
output can be increased proportionally for intermittent operating 
conditions.

An example of intermittent operation is the use of a rectifier 
in circuit-breaker operation, where it may be called upon for 
only a few seconds duty cycle at a time. Manufacturers’ data 
should always be referred to when selecting a rectifier for inter
mittent operation.

Stand-by Service. For applications where the rectifier is used 
only occasionally, between long stand-by periods, the copper 
oxide rectifier offers advantages. It does not undergo any 
physical changes, so that rated output voltage can be expected 
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as soon as a-c power is supplied to the circuit, regardless of the 
length of stand-by time.

The selenium rectifier, on the other hand, undergoes a change 
when no a-c power is applied. The accompanying decrease in 
the leakage resistance of the rectifier, or a reduction in the ratio 
between the forward and the leakage resistance, results in a 
relatively low-resistance path to the a-c input terminals. Usu
ally no apparent harm is done to the selenium rectifier by allowing 
it to remain inoperative, but before loading it again at rated 
voltage, a selenium stack should be fed first a low a-c voltage and 
then a gradually increasing voltage until full a-c voltage is 
applied. Reforming takes place quite rapidly with the leakage 
current rather high at the beginning and falling off rapidly as 
the voltage reforms the selenium cell.

Typical Circuits. Figure 24 shows the circuit of a selenium 
stack being used as a half-wave rectifier to provide a d-c voltage 
from the a-c distribution lines. This type of circuit is frequently 
found in small radios and pieces of electronic equipment where 
only 100 or so volts is required. It differs from the conventional 
thermionic rectifier tube circuit mainly in the absence of a 
rectifier filament connection and in the addition of a series protec

tive resistance Ri.
The stack terminal marked “K” (for cathode) or + should be 

connected to the positive side of the electrolytic filter capacitors 
and to the B+ line. This terminal, if not marked, can be 
identified by the crystalline appearance of the alloy. Series 

resistance Ri, a minimum of 5 to 22 ohms, is placed in the circuit 
to protect the stack and capacitors against the effects of current 
surges during operation and to limit the value of rms rectifier 
current to not more than 2.5 times the rated d-c output current. 

The minimum value of Rt depends on the load current rating of 
the stack, being 22 ohms for 100 ma and below, 15 ohms for 100 
to 200 ma ratings, and 5 ohms for above 250 ma.

In this half-wave circuit the physical condition of the selenium 
rectifier and that of the input filter capacitor are somewhat 
interdependent. For instance, if the input filter capacitor is 
leaky, the excessive current through the capacitor may cause 
the stack to overheat. If the rectifier is not sufficiently formed, 
the electrolytic capacitor may in turn overheat and possibly 
decrease in capacitance because of internal changes.
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Typical values for the filter capacitors are 40 to 100 pf, but 
very large input capacitors should not be used without increased 
values of limiting resistance, since the charging current would be 
very high and would tend to overheat the selenium rectifier, 
accelerating aging or possibly causing failure.

Fig. 24. Basic selenium-rectifier power-supply circuit provides approxi
mately 100 volts d-c output. Series resistor R, limits the initial current.

The selenium rectifier circuits shown in Fig. 25 are voltage
doubler circuits. Here again the series protective resistor is 
important and should have a value of from 25 to 50 ohms depend
ing on the input-capacitor value and the load conditions.

Most commercially available selenium stacks are rated for 
service in circuits such as these. They are rated to withstand a

Fig. 25. Selenium rectifiers may be used in the voltage-doubler circuits 
shown to produce approximately twice the voltage of the line.

maximum of 380 volts peak inverse voltage and 900 volts across 
the insulation between each terminal and the mounting fixtures. 
In all cases the applied a-c voltage should not exceed 130 volts 

rms.
The copper oxide rectifier usually consists of four units con-
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nected in bridge form for full-wave rectification. A typical 
circuit is shown in Fig. 26 along with a drawing showing a simple 
physical layout for such a rectifier. The value of current avail
able from copper oxide circuits is practically limitless. Units 
have been designed for currents as low as a few microamperes 
and up to tens of thousands of amperes for plating applications. 
However, the fundamental circuit usually remains the same with 
the size and number of disks or plates changing to meet the 
current and voltage requirements.

Fig. 26. Bridge circuits are frequently used in conjunction with dry disk 
rectifiers.

(B)

General Comparisons.1 The copper sulfide rectifier is lowest 
in first cost, life, and efficiency, and best in regulation. The 
selenium rectifier has the smallest size and weight for a given 
rating and better efficiency and longer life than the copper 
sulfide. The copper oxide rectifier has the longest life, is equal 
in efficiency to selenium, is best for instrument use and for inter
mittent load, and does not unform during idle periods.

HIGH-VOLTAGE POWER SUPPLIES

The need for very high voltages at comparatively low current 
values is often found in industry. Some typical applications are 
dust precipitation, electronic spraying, nuclear instrumentation, 
and cathode-ray oscillography. Cases may be found where 
voltages as high as 50,000 might be required, but the current 
need be no more than 1 ma or so.

There are several general types of high-voltage supplies, all

1 "Radio Engineering Handbook,” 4th ed., McGraw-Hill Book Company, 
Inc., New York, 1950.
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performing a similar function, that is, converting readily available 
power into the desired high-voltage low-current d-c power.

60-cycle Power Supply. The 60-cycle power supply is rela
tively simple and straightforward. As shown in Fig. 27, it 
consists of a transformer with a high voltage secondary, a winding 
for the filament of the rectifier, and, of course, the rectifier tube 
itself. The tube is connected in a half-wave circuit, and the 
filter components indicated in the diagram are usually adequate 
for most applications.

The main disadvantage of the 60-cycle system is its weight, 
since iron-core transformers are almost always used at 60 cycles. 
Also, because of the high ripple content of the output of the

Fig. 27. The simplest form of high-voltage supply is the 60-cyele version 
with appropriate high-voltage step-up transformer, rectifier, and filter.

rectifier and the relatively low frequency of the ripple, large 
filter components must be used. And where a power line supply 
is not available, the supply is useless unless some kind of inverter 
is used in conjunction with a battery supply.

R-F High-voltage Supplies. Another type of high-voltage 
low-current d-c power source is the radio frequency, or r-f, sup
ply. In this case an r-f oscillator feeds the primary of a special 
transformer which steps up the oscillator output to the desired 
voltage value for the rectifier.

A typical high-voltage r-f power supply circuit is shown in 
Fig. 28. This circuit uses a small beam-power tube (6V6) as 
an oscillator, the output of which is coupled to the primary of 
an air-core step-up transformer. This primary winding is the 
inductance of the tuned circuit of the oscillator.

A well-insulated two- to four-turn loop is usually included on 
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the step-up transformer for the purpose of providing current for 
the high voltage rectifier (F2) filament. The tube usually used 
in this type of circuit, the 1B3GT, requires only watt of 

filament power.
Such power supplies may be built to supply voltages as high 

as 50,000 volts, with good regulation. Since they operate in 
the range of 50 to 500 kc, the filter capacitors used need only 
be a few thousandths of a microfarad, with appropriate voltage

Fig. 28. The r-f high-voltage power supply has the advantage of light 
weight and light filter requirements, but it requires shielding and fairly 
critical adjustment and design.

ratings. A series resistance is used instead of the filter choke 
incorporated in heavier current filters, since, with the low current 
involved, the d-c voltage drop across the filter resistance is quite 
low.

The main disadvantage of this type of supply is the fact that 
it must be carefully shielded or the strong r-f field set up around 
the step-up transformer will be radiated and might cause inter
ference to television and other electronic equipment in the 
vicinity. Also, as may be seen from a comparison of the circuit 
diagrams of typical r-f and 60-cycle systems, there are more 
components in the r-f supply that might fail.
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Radio-frequency supplies are exceptionally light in weight, 
and they effect a saving in space required for filter capacitors. 
They can be operated from any power source capable of supplying 
the required voltages to the r-f oscillator. The efficiency of a 
typical power supply with a well-designed step-up transformer is 
fairly good.

Pulse-type High-voltage Supplies. The pulse-type high- 
voltage supply is not found so often in industrial applications 
as the two previously mentioned sources. Its most common use 
is in television receivers, where high-current pulses in the sweep 
circuits may be transformed into high-voltage pulses. A typical 
circuit of a pulse-type supply would include a blocking oscillator 
so arranged that its pulse output is fed to the primary of a step-up 
transformer. This is very similar to the r-f supply, but the 
frequency of operation is usually lower, being determined by 
the blocking-oscillator transformer and oscillator voltages. 
Extremely sharp pulses exist in the plate circuit of a blocking 
oscillator. Thus extremely high secondary voltages can be 
expected from the output of the step-up transformer. These 
pulses may be rectified and filtered, but attention must be given 
to the fact that the high voltage is derived from very steep pulses, 
and accordingly adequate filtering is a bit more difficult.

Charged Capacitor Supplies. If we apply a d-c voltage 
across the two plates of a capacitor and then remove the voltage 
source, a charge will remain fixed on the two plates and will 
diminish only slowly, the rate depending on the leakage resistance 
of the capacitor and the leakage of any external connections.

One high-voltage power supply system takes advantage of this 
effect. Let us assume that 1,000 volts d-c is desired, and a 
source of, say, 200 volts d-c is readily available. If we charge 
five capacitors in parallel with the low voltage, as shown in Fig. 
29, then each one will have a charge of approximately 200 volts. 
Now, if we remove the charging voltage and connect the capaci
tors in series, the voltage across the series combination will be 
equal to the sum of the voltages across each capacitor, or in this 

, case, 1,000 volts. Of course, when a load is applied to the series 
combination, the voltage drops very quickly, but when only low 
current values are needed, this system is useful. The capacitors 
are usually arranged with a switching system so that they are 
periodically charged in parallel and discharged in series. Then, 
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with suitable filtering, the output of the system becomes a d-c 
voltage with a ripple content depending on the size and type of 
filter employed.

Each capacitor chosen for this type of service should have a 
voltage rating somewhat higher than the low voltage to which 
it is to be subjected during charging. The capacitance should 
be as large as possible, because better regulation will be obtained, 
since a larger capacitor loses its charge more slowly than a small 

one.

Fig. 29. High voltage may be derived by charging a series of capacitors in 
parallel and discharging them in series so that their charges add.

900 Volts—0 to 4 Microamperes. Figure 30 shows the circuit 
of an extremely simple high-voltage power supply useful in 
portable applications where approximately 900 volts are required, 
with load currents in the neighborhood of a few microamperes. 
The circuit consists of a pulse-type oscillator coupled to a minia
ture rectifier.

The frequency of operation is determined (1) by the time con
stant of the RC combination in the neon-tube supply circuit, (2) 
by the particular characteristics of the plate circuit choke, and 
(3) to a lesser extent by the supply voltage. This supply voltage 
may be furnished by two 67^-volt batteries.

The choke used in the original circuit1 is a UTC 0-5 hearing-

1 Alexander Thomas, High Voltage Supplies for G-M Counters, Elec
tronics, December, 1948, p. 100.



128 ELECTRON TUBES IN INDUSTRY

aid transformer with the primary and secondary connected in 
series. The NE-2 neon bulb may be replaced by a NE-51, which 
is a based type of identical characteristics. In operation the 
neon bulb glows sufficiently to be used as a pilot light to indicate 
that the supply is operating.

Fig. 30. Simple pulse-type high-voltage power supply for portable equip
ment.

BATTERY VOLTS

Fig. 31. Output curves for the supply shown in Fig. 30 show the effects of 
an aging battery.

A 0.04-pf capacitor, selected for the smoothing filter capacitor, 
is low in cost and convenient in size. With the circuit delivering 
900 volts the ripple voltage using the filter shown will be of the 
order of 0.3 volt. A circuit similar to the one shown but using a 
miniature type 1U4 tube and higher plate and screen voltages is 
capable of delivering 1,900 volts.



RECTIFIERS AND POWER SUPPLIES 129

A set of curves showing how the output voltage varies as the

batteries age is shown in Fig. 31.
Adjustable Output 60-cycle Supply. The high-voltage sup

ply shown in Fig. 32 has an output adjustable from 0 to 30,000 
volts, and currents as high as 0.5 ma can be drawn with approxi
mately 5 per cent ripple at full load. The high voltage output is 
available in either polarity with respect to ground simply by 

changing a few connections.

Fig. 32. Reversible 60-cycle high-voltage supply with a continuously 
variable output.

Continuous voltage control is effected by use of a filament 
transformer that energizes the rectifier filaments continuously 
and a Variac by means of which the input voltage to the high- 
voltage transformer can be varied smoothly from zero to 
maximum.

A voltage-doubler circuit is used. The peak voltages gener
ated by or developed across the various components are indicated 
in the diagram. This particular voltage doubler permits certain 
reductions in component ratings.1

In the original model2 special open-core transformers were used

1 Waidelich and Gleason, Proceedings of the Institute of Radio Engineers, 
December, 1942,

2 Victor Wouk, Portable High-voltage Power Supply, Electronics, July, 
1949, p. 108.
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but any transformers with the required ratings can be employed 
instead.

As shown in the diagram, the supply can be divided into two 
parts, a console for remote operation and the supply itself. For 
this arrangement the meter, switching, and adjustment facilities 
are mounted on the remote console.

To avoid corona, sharp points at high voltage are avoided. 
Where they cannot be avoided, these regions should be sur
rounded by anticorona shields. This is particularly important 
around the filaments of the rectifier tubes.

Converting Direct Current into Alternating Current Using a 
Thyratron. The circuit of an electronic converter that supplies

Fig. 33. Simple inverter circuit converts 6-volt d-c power to 110-volt a-c 
for portable use.

alternating current for powering a-c equipment from a d-c source 
is shown in Fig. 33. It operates from a 6-volt battery and con
tains no moving parts. It incorporates a type 2051 thyratron 
and a small output transformer, only the secondary of which is 

used. Li is the 0- to 8-ohm tap, while L2 is the 8- to 500-ohm 
tap. Of course the output of the transformer may be rectified 
and filtered to provide a high d-c voltage from a low d-c voltage. 
The unit described has been used to run a regular radio receiver 
with a 6V6 output tube, and there is no noise or hum present in 
the output.

With the switch S2 closed and 5 depressed momentarily, 
current will flow from the battery through Li and R. The cur
rent is limited in value by R and the resistance of the inductive 
winding. When 8 is opened and left in that position, an induced 

voltage appears across V and C. This voltage will be in series 
with the battery voltage on each alternate cycle.
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When both of these voltages are in a positive direction with 
respect to the anode of the tube, the gas will ionize and the 
tube will conduct current in that one direction. The gas-filled 
tube can be considered as a switch of zero resistance in this 
direction. Therefore both the induced current and the current 
from the battery will flow in the circuit.

When the induced voltage plus the battery voltage falls to 
about 12 volts, the tube will extinguish and effectively open the 

circuit. With the circuit open, the field in Li will collapse, the 
induced voltage will ionize the tube, and the cycle will repeat 
until S2 is opened. The entire circuit is analogous to that of an 
ordinary automobile ignition circuit, with the exception that the 
breaker points are replaced by the gas-filled tube.

D-C Power for Portable Equipment. Batteries may be used 
when d-c power is needed at a location remote from a-c power. 
High operating voltages can be obtained through the use of 
batteries in series, but this method is expensive, and the batteries 
are heavy and bulky and must be replaced very often. How
ever, these disadvantages are often overlooked in the interest of 
portability, since a dry battery can be operated in any position 
and its operation is quite dependable.

Storage batteries are capable of furnishing considerably more 
power than dry batteries. In addition, they can be recharged. 
However, rechargeable batteries usually give relatively low 
voltages, and in order to use them with electronic equipment 
requiring relatively high plate voltages, means must be provided 
for stepping up the battery voltage. A transformer cannot be 
used directly to step up a d-c voltage, because a transformer 
depends on a changing voltage and a changing current for its 
operation. However, through the use of a vibrating switch, the 
d-c current from a battery can be caused to flow through a 
transformer primary, first in one direction and then in the other 
direction. The voltage appearing at the secondary terminals 
is not sinusoidal, but it is suitable for conversion into direct- 
current by rectification to obtain a d-c voltage. There are two 
general types of vibrator circuits. Both are illustrated in Fig. 
34. The voltage appearing at the secondary of the transformer 
must be rectified to be presented as d-c to the filter circuit. In 
Fig. 34A rectification is accomplished by a dual-diode rectifier 
tube. In B, however, advantage is taken of the fact that the 



132 ELECTRON TUBES IN INDUSTRY

secondary voltage varies in time synchronism with the vibrator 
reed that reverses the direction of current in the primary. An 
additional pair of contacts on this reed serve to rectify the 
secondary voltage by making the current flow through the load 
in only one direction. The “synchronous” vibrator is somewhat 
more complex than the nonsyn chronous type and requires fairly 
critical adjustment. The nonsynchronous vibrator requires a 
tube or some other form of rectifying element.

(B)
Fig. 34. Vibrator circuits of the type shown are usually used for powering 
mobile communications equipment.

The chokes and condensers used in the vibrator circuit help 
to reduce the external radio interference caused by the constant 
making and breaking of the high current involved. The value 
of the condensers is best determined by experiment, and can 
be found by starting with something in the neighborhood of 
0.005 jtif and increasing the size until the least interference is 
noticed. The optimum filter condenser can be determined even 
more accurately by the use of an oscilloscope to check for irregu
larities in output waveform.
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If vibrator power supplies are to be used in conjunction with 
radio receiving equipment, care must be taken to see that all 
power supply wiring is shielded and that r-f chokes are placed in 
series with output leads which can not be shielded. The voltage 
surges create large amounts of noise throughout a large part of 
the radio spectrum, and will cause interference on almost any 
signal. The degree of filtering and shielding required to eliminate 
this racket is best determined by experiment under actual operat

ing conditions.
Voltage-multiplier Circuits. Figure 35 shows a series of cir

cuits capable of producing d-c output voltages greater than the 
peak values of the impressed a-c input voltages. In each case a 
capacitor is first charged and then allowed to discharge through 
the load in series with another voltage, the total effect being 
additive.

In Fig. 35A let us assume that the first half of the impressed 

a-c cycle makes terminal A positive with respect to B. Ci 
charges through Vi, but V2 is cut off, because its cathode is 
positive with respect to its anode. When the input voltage 

reverses, Vi is cut off. But the output voltage is equal to the 
instantaneous input voltage plus the voltage across Ci, since 
both voltages are in series. Thus electrons flow through the 
load in the direction indicated, under the compulsion of twice 
the peak voltage of the a-c input voltage. This current flow 

occurs during only half the cycle, but C2 stores up a charge during 
that half cycle and delivers it to the load during the other half. 
A suitable filter will iron out any fluctuations.

The circuit shown in Fig. 35B is another voltage doubler, 
which provides full-wave rectification, instead of half-wave as in 
the case of Fig. 35 A. The main disadvantage of this type of 
circuit is the fact that neither side of the d-c circuit may be 
connected to the a-c line. This is a handicap when the input 
a-c voltage is supplied directly from the a-c distribution lines, 
because, if the chassis of the power supply and its equipment is 
connected to B —, as is the usual practice, the chassis will be 
“hot” with respect to any external grounds such as water pipes 
and the like. An isolation transformer placed between the line 
and the doubler circuit will remove this hazard.

Another doubler circuit is shown in Fig. 35C. This circuit is 
recommended where the a-c input is in the form of sharp pulses
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(A)

Fig. 35. Voltage-multiplying circuits: A, half-wave voltage doubler has the 
advantage of permitting grounding of the input line and the output negative 
terminal. B, full-wave voltage doubler. C, alternate voltage doubler. 
D, voltage tripler. E, voltage quadrupler.

rather than sinusoidal waves, a situation that is becoming more 
and more common, since pulse-type power supplies are used in 
almost all modern television sets, and voltage-doubler circuits 
are usually employed where voltages of the order of 10,000 volts 
or more are required. In this circuit (Fig. 35C) the pulse input 
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appears across Vi and Ci charging Ci nearly to the peak-to-peak 

pulse voltage. Condenser C2 is charged through Rx to the 
same value as Ci. Its charge adds in series with the applied 

voltage and the sum is rectified by V2, thereby charging C3. 
Nearly twice the pulse input voltage appears at the cathode 

of V2.
Figure 350 illustrates a typical tripler circuit which is more 

suitable for a-c voltages of the more symmetrical type, that is, 
the sinusoidal or semisinusoidal voltages produced in 60-cycle 
supplies or r-f supplies. In operation, as the plate of 7i swings 

positive, Fi conducts, charging Ci. On the negative swing 7i 
is nonconducting and C2 is charged through V2 by the amount of 
charge on Ci plus the negative peak voltage. On the next posi
tive swing Vs conducts, charging C3 by the amount of the charge 
on C2 plus the peak positive voltage swing, while at the same 
time Ci is again charged to its original value.

If the rectifier voltage between the cathode of Vi and ground 
were E volts, then a voltage three times E would appear across 
the output terminals, resulting from E across Ci in series with 
2E from C3. It should be observed that C2 and C3 must be rated 
to stand twice the peak voltage of the rectifier, while the rating 
of Ci need only be equal to that of the peak a-c voltage.

A voltage quadrupler is shown in Fig. 35B. It consists essen
tially of two half-wave doublers in series. The idea of connecting 
doublers in series is not limited to quadrupling. Higher multi
plications may be made in applications where the inherent poor 
regulation can be tolerated.

The doubler condensers shown should be of relatively high 
capacitance, at least 16 gf and preferably more. Voltage ratings 
in terms of input voltage E are indicated on the diagrams.

Voltage-multiplier circuits have certain limitations which 
prevent their use in many applications. Most important is the 
poor regulation and inability to supply large amounts of current. 
To get full output voltage from a type of supply that depends on 
charging condensers in a chainlike fashion, the condensers must 
store quite large quantities of energy. Also, where the B — side 
of the rectifier cannot be connected to chassis ground, a definite 
hazard exists, and in many cases where equipment may not 
always be handled by experienced personnel, this factor may 
present an extremely serious danger.
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CHAPTER 5

LIGHT-SENSITIVE TUBES

Thermionic electron tubes have heat as their immediate source 
of energy—a cathode is heated by an electric current, and when 
the proper temperature is attained, electrons are emitted. 
In another large class of electron tubes a cathode is radiated 
with a beam of light. The cathode thus illuminated emits elec
trons. Here again the electrons, after escaping from the cathode, 
are directed toward a positively charged plate and upon arrival 
there give up a quantity of electricity. The summation of 
the arrival of these carriers per unit of time constitutes an 
electric current measurable in amperes or fractions of an ampere.

There are several classifications of light-sensitive tubes, as 
indicated below. The terminology used in dealing with this 
group of tubes is exceedingly loose. In popular language the 
light-sensitive tube is an electric eye, but it is far from that. It 
will be seen later that the photocell seldom sees as the human eye 
sees.

For years the three widely used types of light-sensitive tubes 

were called indiscriminately photocells, photoelectric cells, or 
phototubes. Recently, however, the word phototube has become 
associated with tubes of the photoemissive type, and when refer
ence is made to either of the other two types, they are specifically 
described and listed under the general heading of photocells.

Value of Light-sensitive Tubes. From a practical viewpoint 
the light-sensitive tube provides the industrial engineer with 
another element or medium of control. Other electron tubes 
secure their impulse largely from variable electrical quantities; 
the phototube enables an engineer to use a beam of light and 
places at his disposal the vast science of optics. Thus the photo
tube adds one more fundamental property of nature, that of 
light, to the repertoire of the control engineer. The microphone 

137
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and amplifier make it possible to use sound for purposes other 
than communication; the phototube makes it possible to employ 
light for purposes other than illumination. The beam of light 
now controlling many processes, many of them complex, requires 
no space and when not in use may be simply put out of the way 
by turning off the light source; it is instantaneous in its action, 
having no inertia; it is inexpensive to maintain, and has two 
degrees of control—magnitude and wavelength.

Types of Light-sensitive Tubes. The general types of electron 
tubes utilizing a beam of light to control electrical energy are as 
follows:

1. Photoemissive, in which a beam of light causes a surface to 
emit electrons. An analogy is the thermionic tube in which a 
heated cathode emits electrons. In the latter case heat energy 
is converted into electrical energy (at very low efficiency); in 
the former case light energy is converted into electrical energy 
(also at very low efficiency). These electrons are attracted 
toward a plate maintained at a positive potential by an external 
source of voltage; this electron-carried electric current is ampli
fied (usually) by means of thermionic tubes which, in turn, con
trol relays or perform other useful functions involving power.

2. Photoconductive, in which the resistance of a material to the 
flow of current is materially altered when it is illuminated by a 
beam of light. Selenium is an example of this type of light- 
sensitive material. An analogy is a conductor whose electrical 
resistance varies with temperature.

3. Photovoltaic, in which a passage of electrons from one mate
rial to another is accelerated by illuminating the surface with 
light. Like phototubes, these devices act as rectifiers, the 
electrons passing more readily from one plate or surface to the 
other than they do in the opposite direction. The voltage 
developed by these surfaces is independent of the area illumi
nated; but the power output varies as the area. The analog 
is a wet or dry cell or chemical battery in which current flows 
from one electrode to another and in which the terminal voltage is 
independent of the area of the active material. The Weston 
Photronic cell, widely used in light intensity meters, and the 
General Electric copper oxide cell, similarly employed, are 
typical (see Chap. 2 for typical data).
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Photoelectricity. The light-sensitive cell is about 65 years 
old. The fact that certain surfaces emitted electrons when 
illuminated with ultraviolet light has been known since the time 
of Hertz, 1887, but most of the rapid development of the photo
tube into a rugged, uniform, long-lived product has taken place 
within the last 15 years.

The phototube is not by itself able to do much. The currents 
taken from it are so feeble (millionths of an ampere) that usually 
they must be amplified before being put to use. Although photo
tubes have increased in sensitivity so that they are ten times 
better than those of 15 years ago, the maximum current is only 
a matter of about 60 pa when a tube receives about 1 lumen of 
light, about what an average tube gets from a 50-watt lamp at a 
distance of 6 in.

The meagerness of the photocurrents is due to the small amount 
of energy that is absorbed by the light-sensitive surface from the 
beam of light. A cathode of a thermionic tube may be heated 
by several watts of energy, much more than is absorbed by the 
phototube cathode. Thus the former emits electrons to the 
extent of milliamperes or even amperes while the latter emits 
only microamperes. Even if the currents obtainable from a 
phototube are so small, the tube is of tremendous importance. It 
is a light valve of incredible speed and remarkable accuracy. 
By means of intermediate apparatus it will control vast quan
tities of power, although the actual energy derived from the 
beam of light directed on it may be infinitely small.

The laws of photoelectricity emission were derived by Einstein 
in 1905 and have proved to be of vast importance to physicists 
in setting up modern atomic and quantum theories. These laws 
state simply that (1) the number of electrons emitted from a 
cathode surface depends exactly and linearly upon the intensity 
of light falling on that cathode and (2) the velocity of the elec
trons thus emitted depends only upon the surface of the cathode 
and the wavelength of the light but not upon its intensity or any 
other factor. This phenomenon can be explained only by the 
quantum theory; in fact the photoelectric effect forms one of the 
foundations of this theory.

Fundamentals of the Phototube. A phototube consists essen
tially of two elements in an exhausted container in which there 
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may or may not be an inert gas at a low pressure. The cathode 
has the property of emitting electrons under the action of light. 
The most common materials used for this purpose are the alkali 
metals.

A potential of 15 or 20 volts on the anode is sufficient to attract 
all the electrons that are emitted

Fig. 1. These curves show the princi
pal differences between gas and vac
uum phototubes. Gas tubes produce 
greater current differentials for a given 
illumination change, but vacuum-tube 
changes are more linear.

classified as vacuum or gas-filled.

; an increase of anode voltage 
above this value will cause 
little or no increase in current 
in the high-vacuum tube. 
When a low pressure of an 
inert gas is present, however, 
the original current is in
creased by the ionization of 
the gas by as much as ten 
times. The amount of ioniza
tion increases rapidly as the 
anode voltage is increased 
until a point is reached at 
which the tube breaks into a 
glow discharge. Since this 
glow discharge will destroy 
the tube, it is always neces
sary to limit the anode volt
age to well below this value 
and to use a resistance in 
series with the cathode for an 
additional protection.

Phototubes, therefore, are 
In general, the vacuum types

are the most stable in their characteristics and give an output 
directly proportional to the light flux incident on the cathode. 
The gas-filled tubes have the advantage of greater output per 
unit light flux due to the ionization of the gas.

Gas versus Vacuum Tubes. The vacuum tube has a linear 
relation between current and light intensity; the gaseous tube 
does not have this linear relation. This is illustrated in the 
curves of Fig. 1. For general control uses, the gaseous type is 
frequently applied because of its greater sensitivity; for the 
purposes of measuring light intensities vacuum tubes are used 
because of linearity and ease of calibration.
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The gaseous tubes usually use argon. The gas must be inert 
so that it does not react with the sensitive surface, and it must 

not clean up. In the latter process positive ions acquire sufficient 
speed under the action of the electric field in the tube to be 
permanently driven into the walls of the tube, and thus the gas 
pressure is decreased by a decrease in the number of gas mole
cules. Neon and helium are used in some tubes.

The amplification due to ionization may be considerable; in 
practice a ratio of 10 (the “gas-amplification” ratio) is about as 
high as is consistent with stability.

Phototube Ratings. Maximum anode current is the maximum 
instantaneous value of current that should be allowed to pass 

through the tube.
Maximum anode voltage is the maximum instantaneous value 

of voltage that should be impressed on the tube.

Gas amplification ratio is the ratio of the current that flows 
when ionization exists to the current due to primary electrons 

only.
Sensitivity is expressed as the current in microamperes per 

lumen of light flux. It is usually measured at a light intensity 
of 0.1 to 0.5 lumen.

Table 1 gives characteristics of several of the commercial 
phototubes in use at the present time, the figures in the column 
“cathode surface” representing a classification drawn up by the 
Radio Manufacturers Association and the National Electrical 
Manufacturers Association and defining the spectral response 
of the several cathode surfaces. An approximate sensitivity 
curve for each of these surfaces is given in Fig. 2.

Phototube Characteristics. In the upper left-hand corner of 
Fig. 2 a curve showing the spectral response of the human eye 
is presented for comparison. The eye can “see” light wave
lengths approximately within the range of 4,000 to 7,000 ang
stroms. The eye is most sensitive to light at 5,550 angstroms 
(green) and its sensitivity falls off on either side of this maximum. 
(As the wavelength of the light decreases through blue and ultra
violet, it passes out of the visible range, as it does when the wave
length increases through red to infrared.)

So it is with phototubes. Each particular type of surface has 
its own spectral response curves and its own wavelength of peak 
sensitivity, as shown by the RMA curves. It will be noted that



142 ELECTRON.TUBES IN INDUSTRY

Table 1

Type Cathode 
surface

Cathode 
area, 
sq in.

Sensitiv
ity, 

/lumen 
(2870°K 
source)

Max
avg 

current 
density, 

/xa

Max 
voltage

Inter
electrode 
capaci
tance, 1

Vacuum phototubes

9171
919/ 8-1 1 20 10 500 2

922 8-1 0.4 20 5 500 0.5
925 8-1 0.4 15 5 250 1.5

PJ22 8-1 20 500
926 8-3 0.4 6.5 5 500 0.5
9291

IP39/ 8-4 0.5 45 5 250 2.6

934 8-4 0.3 30 4 250 1.5
IP42 8-4 0.03 25 0.4 150 1.7

935 S-5 0.8 20 8 250 0.6
FJ405 8-6 0.8 12 8 200 5.0

Gas-filled phototubes

TPon 8-3 0.78 40 5 100 9zy
TPQ7 8-4 0.78 120 5 100 5.5iróí

OHQ 8-1 0.78 90 5 90 8ÖOÖ
918 8-1 0.78 150 5 90 10.5

IP40| 8-1 0.5 135 3 90 10
930 J

8-4 0.5 135 3 100 5.5ODol 
nni S-l 0.44 135 3 90 10yzi

8-4 0.44 120 2 100 5.5OüoZ
S-l 0.3 125 2 90 10yz/

r KQ9 8-4 0.3 135 2 100 5.5
TP4 1 S-l 0.25 83 1.5 90 8.5

noo S-l 0.5 65 3 90 10yzo S-l 2 X 0.3 100 2 90 9920 S-4 2 X 0.3 120 2 100 5.55584

1 Maximum gas amplification factor for gas-filled types.
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the S-5 curve and the S-6 curve indicate sensitivities in the ultra
violet range. They can, in fact, see light to which the human 

eye is insensitive.
The cathode area column of Table 1 is useful in converting 

amounts of light into intensity units, or vice versa. The sensi
tivities of the phototubes are given in microamperes per lumen, 
based on a light source made up of an incandescent tungsten 
filament at a color temperature of 2870°K. This value was

b Wavelength in Angstrom units

3,000 7,000 11,000 2,000 6,000 10,000 2,000 6p00 10,000 3,000 7P00 iipOO

Wavelength in Angstrom units

Fig. 2. Curves of the sensitivities of several phototube cathodes at different 
wavelengths of light.

adopted simply as a basis for comparison of the various types. 
Actually this column is of little value for the S-5 and S-6 photo
tubes, for they are almost invariably used in the ultraviolet 
region at or around their sensitivity peaks.

The remaining columns show maximum average current den
sities (microamperes per square inch of cathode surface) and 
the maximum voltages that should be used across the phototube. 
In practice these voltages are seldom used. In fact in most 
cases voltages of the order of 10 or 20 volts are used, because 
higher voltages may produce certain physical changes within 
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the tube that gradually change the response characteristics of 
the cathode surface.

The interelectrode capacitance of the phototubes is of impor
tance only when the phototube is considered as a circuit element 
and the effect of the capacitance between the cathode and anode 
of the phototube might affect the operation of the circuit in 
which the tube is used. For the gas-type tubes the maximum 
gas amplification factor is listed in the last column instead of 
interelectrode capacitance, because in the application of these 
tubes, with their relatively nonlinear characteristic curves, their 
interelectrode capacitance is seldom of importance. These 
capacitances must be taken into account only when the illumina
tion changes at the cathode surface occur at a high rate, in the 
higher audio-frequency region, or with a steep wave front and 
where accurate current variations corresponding to these illumi
nation changes are required.

Phototube Circuit Design. To specify the circuit constants 
for phototube operation, one must know the luminous intensity 
of the light source to be employed. This may be determined by 
measurement, or by comparison with a standard lamp by means 
of a phototube, or by comparison with a Mazda C lamp by means 
of a phototube. Mazda C lamps of 50 to 100 watts are rated 
at approximately 1.0 candle power per watt at normal voltage. 
This is accurate to within 10 to 20 per cent.

When the candle power of a point source is known, the light 
flux in lumens on a given area is found from

_ candle power X area 
(distance)

where the distance and area use the same basic units, and area 
is measured perpendicular to the direction of light flux.

Phototube Circuits. The fundamental operation of the photo
tube is to produce a flow of electrons through the tube and the 
voltage source when the cathode is illuminated. Therefore, the 
simplest phototube circuit consists only of a tube, a battery, and 
a sensitive current meter. If the tube is a vacuum type, the 
current through the meter will be directly proportional to the 
amount of light falling on the cathode. Since the average photo
tube produces current of the order of a few microamperes only, 
the indicating instrument in such an illumination meter must 
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be of the proper sensitivity, say 100 pa full scale. Figure 3 
shows such a simple circuit.

This simple arrangement will measure light quantities from

0 up to about 5 lumens.1
Phototube-relay Circuits. 

The current changes brought 
about by varying amounts of 
light falling on the light-sensi
tive cathode of a phototube are 
very seldom of sufficient magni
tude to do much work. In gen
eral, current changes of the order 

of 5 or 10 pa might be expected. 
Currents of this low order are 
incapable of operating most 
relays and/or solenoids. Even 
the most sensitive relays require 
currents of 50 to 100 pa for relia
ble operation.

Fig. 3. Basic phototube circuit. 
The battery provides current, 
and the microammeter measures 
changes brought about by differ
ent light intensities on the photo
tube cathode.

The need for one or more stages of vacuum-tube amplification 
is apparent. A simple circuit capable of amplifying the light- 
sensitive effect of a phototube is shown in Fig. 4. As the amount 
of light falling on the cathode increases, more electrons are 
emitted, and the current flowing around the circuit composed 

of the phototube, battery B, and resistor R will increase.
The vacuum-tube bias may be adjusted so that little or no

1 The several important light units are as follows:
Luminous flux is the rate of flow of light energy. The unit is the flux on 

a surface of unit area all points of which are at equal distances from a point 
source of one candle.

Luminous intensity is the amount of light on a given surface divided by 
the solid angle subtended by the surface. It is light density. The common 
unit is the candle; and candle power is luminous intensity expressed in 
candles.

Illumination is the density of light flux on a surface, that is, the amount 
of light divided by the area of the surface. When the foot is the unit of 
length, the unit of illumination is the foot-candle. It is the amount of 
illumination on a surface all points of which are one foot from a point source 
of one candle. It is also the illumination on a surface one square foot in 
area on which the uniformly distributed flux is one lumen.

Other units are used, depending upon the basic units of length employed, 
but those given here are customarily employed in this country.
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current flows in the plate circuit when the phototube is not 
illuminated. Then, when light falls on the phototube, plate 
current flows in the amplifier circuit, and the relay closes. This 
type of circuit is capable of initiating simple control functions 
where certain action is to be effected when the light rises above 
a certain level. For example, this circuit could be used to ring

(B)
Fig. 4. Simple phototube circuits. The position of the phototube in the 
circuit depends on the type of operation desired. In A, the relay closes with 
increased illumination. In B, the relay opens with increased illumination, 
or it closes when illumination is decreased, depending on the initial setting, 

an alarm when a door into a darkroom is opened, or to turn off 
street lights when daylight returns in the morning.

To reverse the action, that is, to give an alarm when illumina
tion fails, the phototube and resistor are interchanged as in Fig. 
4B. This circuit will actuate the relay when illumination falls 
below some predetermined value. With a normal amount of 
light falling on the cathode, a certain amount of current flows, 
and the voltage drop across the phototube is equal to the voltage 

of the battery minus the drop across resistor R. If the illumina



LIGHT-SENSITIVE TUBES 147

tion on the phototube cathode decreases, less current flows in 
the battery circuit, the voltage drop across the phototube 
increases, as does the positive voltage of the vacuum-tube grid 
with respect to its cathode. Thus the vacuum-tube plate current 
decreases. If the vacuum-tube grid bias is adjusted so that the 
relay is closed under the first condition of illumination, the relay 
contacts will open as a result of decreased illumination.

This is the type of circuit required for opening doors when a 
light beam is broken. The switch which would normally actuate 

Fig. 5. Simple gas-tube relay circuit. A lamp in series with the cathode 
can be used as the light source for the interrupter system.

the door-opening mechanism is replaced by the relay contacts 
of the amplifier circuit. When the beam is broken, the amount 
of light on the phototube decreases, the current in the phototube 
decreases, the voltage drop across the phototube increases, 
thereby decreasing the negative bias of the vacuum tube. This 
causes more amplifier plate current to flow and the relay in its 
plate circuit to operate.

Simple Thyratron Circuit for Phototubes. Since a thyratron 
will pass more current than a high-vacuum amplifier tube, it is 
sometimes useful to employ a combination of phototube and 
thyratron as in Fig. 5, which shows the simplicity of a most 
useful circuit.1 The entire unit may be enclosed in a small case. 
If a mirror is employed with such a setup to reflect the light to 
the phototube, the light source, a 60-watt lamp, may be in the 
same enclosure with the phototube and thyratron. The lamp 
itself should be of the movie projector type since the illumination 
is concentrated in a small space.

1 Gilbert Smiley, Control Circuits for Industry, Electronics, January, 1941, 
p. 29.
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Note that the lamp and the tube heater are in series across the 
115-volt line. The lamp reduces the line voltage to the proper 

value for the tube heater. The phototube in series with R2 is 
placed across the tube heater. As the illumination changes, the 
voltage drop along this resistance is applied to the grid of the 

thyratron. Resistor R2 serves to absorb the inductive kick of 
the relay coil during the nonconducting half cycle of the applied 
line voltage. In this example both phototube and thyratron

(A)
*lf a vacuum type phototube is used Rt is omitted (shorted) ond its value of resistance is 
added to R2.

Fig. 6. Refined phototube circuits include adjustments for setting initial 
conditions.

operate from alternating current without benefit of a transformer 
or rectifier.

Somewhat more refined phototube-thyratron circuits are shown 
in Fig. 6. In Fig. 6/1 a relay closes when the illumination exceeds 
a certain amount, as determined by the phototube sensitivity 

and the value of Ri. In Fig. 6B the relay closes when the 
illumination falls below an amount determined by the setting 

of R2. In this circuit Ri is necessary only if a gas tube is 
employed; its value should be approximately 3,000 ohms. Its 
function is to limit the current through the tubes to their safe 
operating values. Negative bias for the thyratron is furnished 
by Rs. Capacitor C prevents relay chatter during the negative 
half cycles when the thyratron does not conduct current. The 
circuits of Fig. 6 will operate relays with closing current ratings 
as high as 25 ma.
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Phototube-amplifier-thyratron Circuit. If the voltage changes 
brought about by the illumination changes are not sufficient to 
operate the thyratron properly, they can be amplified before 
being impressed upon the thyratron as shown in Fig. 7. Lower 
illumination level changes will now produce more positive relay 
action than can be attained by the simpler circuits of Fig. 6. In 
this circuit one-half of the 6F8G tube rectifies the alternating 

current. The rectified current is filtered by the RC combina
tion and is applied to the phototube as smooth direct current. 
Changes in amplifier plate current produce voltage changes along

Fig. 7. This improved circuit for detecting smaller light variations employs 
an additional stage of amplification. Half of the 6F8G rectifies alternating 
current for the phototube power source.

Ri and thus affect the thyratron. By adjusting the bias on the 
amplifier by the potentiometer R2, the firing point of the thyra
tron can be made to coincide with the desired illumination change.

Other Simple Phototube Circuits. An a-c operated vacuum
tube relay circuit is shown in Fig. 8. This circuit has the dis
advantage of requiring a special transformer. This drawback 
is eliminated by the circuit of Fig. 9, where a vacuum-tube 
amplifier is operated directly from the a-c line. The only trans
former necessary supplies tube heater current, and it could also 
supply power to the light source. This circuit is often used as a 
safety device to protect an operator whose hands may get into 
dangerous zones. So long as the illumination on the danger 
area is not eclipsed by the operator’s hands, the machine will 
work.

An exceptionally fast-acting and simple rectified a-c operated
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115 V 
A-C

Fig. 8. This a-c operated phototube circuit provides good action with 
extreme simplicity. The only special requirement is the transformer.

Fig. 9. This a-c operated phototube circuit employs a conventional filament 
transformer and a relatively inexpensive relay.

phototube circuit, which can easily be applied to a wide variety 
of applications, is shown in Fig. 10. This particular circuit is 
taken from “Phototubes,” an RCA book containing much 
information for the designer of phototube and control equipment.

The circuit incorporates standard receiver-type tubes whose 
filaments are connected in series across the line with a series
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voltage-dropping resistor of 200 ohms. The 25Z6 operates as a 

voltage doubler and provides about 300 volts across R3. Either 
position of the phototube may be used, depending on whether 
an increase or decrease in illumination is to be detected. The 
circuit can be used to operate a relay or to provide an indication 

on a d-c milliammeter.
Circuit adjustments are as follows: Set Rz and Re at their 

maximum positive extremities and adjust Rd until the maximum

200
& 115 V, A-C

Fig 10. Simple phototube circuit using conventional receiving-type tubes 
to obtain good sensitivity and stability.

desired plate current (load current) is being passed by the 
25L6-GT. This value depends on the rating of the relay coil 
used or on the meter used as an indicator. Next the tap on 

R 6 is moved toward the negative end until the plate current of 
the 25L6 begins to decrease. Then with the phototube fully 
illuminated R3 is adjusted until the 25L6 plate current is affected.

If meter indication is used, it can be employed in adjusting the 
circuit initially as described above. For the alternate position 
of the phototube appropriate changes in initial adjustment must, 
of course, be made.
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Remote Coupling to Phototube. If the amplifier and indicat
ing device used with a phototube are to be located at some dis
tance from the phototube itself.

+300V

Fig. 11. The cathode-follower cir
cuit is useful where the phototube 
is located some distance from the 
amplifying circuit.

almost linearly from 0 to about

as is often the case, interesting 
problems arise. Such applica
tions require special attention, 
since just connecting long wires 
between the phototube and its 
amplifier would introduce cer
tain difficulties.

A simple means for matching 
a phototube to a long line is 
shown in Fig. 11. The photo
tube is a type 934, and its out
put is transformed to low im
pedance by a triode acting as 
a cathode follower. For the 
component values given, Fig. 
12 shows that the output varies 

10 volts while the phototube cur-
rent increases from 0 to 1 pa as a result of increasing illumination.1 

This type of circuit can be used where space limitations prevent
the amplifying equipment from 
being integral with the phototube. 
Further amplification of the photo
tube signal, if required, may be 
accomplished by any d-c amplifier 
with sufficient stability and gain. 
The microammeter is only for ad
justment purposes and need not be 
included after the device is set up.

MULTIPLIER PHOTOTUBES

We have seen how the addition 
of gas within the envelope of a 
phototube will increase its sensi
tivity by the process of ionization.

Phototube current in pA
Fig. 12. Curve showing line
arity of output obtained from 
the cathode-follower circuit of
Fig. 11.

Another scheme by which the phototube output current can be 
increased, this time by a very great extent, is to use secondary

1 Norman Alpert, Phototube Amplifier with Low Output Impedance, 
Electronics, October, 1949, p. 108.
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emission. The photomultiplier tube gets its tremendous sensi
tivity by application of this phenomenon in which additional 
electrons are produced when “primary” electrons strike a target, 
in this case the anode of a phototube.

In the multiplier phototube a conventional cathode emits 
electrons when illuminated, and these electrons are collected by 
an anode. But in the process additional secondary electrons 
are produced, perhaps several times as many as the primaries 
which strike the anode. The secondary electrons are directed

Fig. 13. View looking down from the top of a multiplier phototube. Light 
strikes the cathode, and the electrons emitted as a result strike the first 
dynode. This in turn causes secondary electrons to be emitted, and these 
strike the next dynode, and so on. The result is a multiplication of the 
number of electrons originally freed by the light hitting the cathode.

so that they do not impede the oncoming primaries and actually 
strike a second anode where they produce a still greater number 
of secondaries. This process continues until the electrons have 
gone through eight stages of amplification and are collected at 
the final anode.

Between the two elements of any one stage is maintained about 
75 to 100 volts so that the total voltage from the cathode to final 
anode is of the order of 700 to 1,000 volts. In practice the 

individual anodes are called dynodes to distinguish them from 
the final anode from which the output is taken.

Table 2 gives data on four such tubes which are physically 
similar with cathode areas of 0.3 sq in. and an output capacitance 



154 ELECTRON TUBES IN INDUSTRY

of 4 ppi. The voltages given in the table are maximum values 
and are seldom if ever employed. Note in the table the column 
marked “dark current.” All phototubes emit some electrons 
even without measurable illumination. In the conventional 
diode tubes this dark current is of no importance. With the 
photomultiplier, however, the dark current must be taken into 
account when the tubes are required to indicate or measure the 
existence of light of very low levels and where the output current 
may be of the same order as the dark current. In such cases the 
dark current must be balanced out before any readings are made.

Table 2

Sensitivity and gain Max voltage

Max

Type Sur
face

75 volts 
per stage

100 volts 
per stage

anode 
cur
rent, 
ma Total

Sens., 
amp/ 
lumen

Gain
X 10«

Sens., 
amp/ 
lumen

Gain
X 10«

Last 
stage

Dark 
cur
rent 
max,

Ma

Max 
tem
pera
ture, 
°C

931-A
1P21
1P22
1P28

S-4
S-4
S-8
S-5

1.5 0.15 10
6 0.3 40
0.09 0.03 0.6
0.45 0.03 3

1.0
2.0
0.2
0.2

1.0
0.1
1.0
0.5

1,250
1,250
1,250
1,250

250
250
250
250

0.25
0.1
0.25

75
75
50
75

Multiplier Phototube Circuits. Circuits for the multiplier 
type phototube have special requirements. For the progressive 
secondary emission amplification to take place, each stage of the 
nine in a typical tube must be progressively higher in voltage 
than the preceding one. Therefore some source of high voltage 
is required. Figure 14 shows two basic circuits.

For greater accuracy, voltage regulation must be employed. 
The circuit of Fig. 15 is of the self-compensating type. The 
voltage-regulator tubes form a voltage-dividing network so that 
voltage variations caused by line-voltage fluctuations are larger 
at the seventh dynode than the changes felt by the others. This 
different voltage is sufficient to counterbalance the original 
voltage change. This circuit will serve satisfactorily where 
extreme accuracy is not essential, and the anode current may be 
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measured by a microammeter without further amplification. 
The over-all voltage required is 900 volts; 75 volts appear between 
the elements of each stage.

It will be noticed that the positive side of the power supply is 
grounded. The 20,000-ohm resistor serves to filter the full-wave

Fig. 14. Typical methods for furnishing stepped voltages for multiplier
phototube operation.

rectified current output from the rectifier. It should be kept in 
mind that when measuring the voltage at any point in this circuit 
the positive side of the voltmeter should be grounded, because 
the polarity is reversed compared to usual practice.

Fig. 15. Circuit for providing stable operation of a multiplier phototube by 
regulating part of the voltage applied to the dynodes.

The output of this circuit can be increased by about ten times 
by increasing the voltage steps to about 120 volts. With about 
100 volts between stages, however, a similar degree of output 
current augmentation can be derived by using a 931A multiplier 
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phototube instead of its predecessor, the 931, for which the 
circuit was developed.

Stabilized Control. Where a great deal of measurement of 
low-intensity illumination is anticipated, the circuit shown in 
Fig. 16 may prove helpful. It incorporates controlled and 
stabilized voltages for the dynodes of the photomultiplier, a 
balancing circuit for dark-current adjustment, and a stable 
amplifier for still further increasing the sensitivity of the multi
plier tube. The circuit is designed so that line-voltage fluctua-

Fig. 16. Complete circuit of a multiplier-phototube unit with attenuators 
and a stable amplifier.
tions produce negligible effect on the reading of the meter. Two 
power supplies are used, one full-wave and one half-wave.

Two VR150 tubes are used as a reference voltage source for the 
6J7 control tube in the multiplier-phototube high-voltage supply. 
The total voltage and thus the sensitivity of the dynodes can be 

varied by potentiometer P,. The time-delay relay delays appli
cation of high a-c voltage to the 816 rectifiers until their filaments 
have come up to safe operating temperature.

The low-voltage power supply voltages are stabilized by 
voltage-regulator tubes, as shown. This supply furnishes operat
ing voltages for the 5693 tubes and the anode voltage for the 
multiplier phototube. Notice that the ninth dynode is grounded 
so that it is connected to the positive extremity of the high- 
voltage power supply. The anode, however, is kept at a still 
higher voltage than the ninth dynode because it gets its voltage 
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from the separate power supply which is positive with respect 

to ground. The dark-current adjustment P2 is across a portion 
of the voltage-regulator-tube voltage divider. The polarity of 
the voltage it selects is such that the effect of the ZB-dr op in the 
anode circuit of the multiplier phototube can be balanced out.

The multiposition switch enables different degrees of sensitivity 
to be selected. A multiplying factor of 5 for each step gives a

Meter deflection
Fig. 17. Curves showing differences between 1P22 and 1P21 phototubes 
used in the circuit of Fig. 16.

The multiplier tube is coupled directly to the first 5693 ampli

fier stage. Potentiometer P3 is used to balance the bridge-type 
amplifier with the sensitivity switch set for maximum sensitivity.

The useful range of this instrument can best be appreciated by 
studying the curves presented in Fig. 17 for two typical tube 
types which may be used in this circuit. Before making meas
urements the instrument should be allowed to warm up for 15 
to 30 minutes. After that only small changes in calibration will 
occur from tube fatigue or other circuit instabilities. This 
slight drift effect can be compensated for by occasional readjust

ment of P2, with no light falling on the phototube cathode, and 
with Pj and some small light source of predetermined brightness.1

AVOIDING D-C AMPLIFICATION

One of the most difficult problems in phototube work is the 
stabilization of the information derived from the phototube 

1 Plymale and Hansen, Stabilized Circuits for Photo-multipliers, Elec
tronics, February, 1950, p. 102.
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currents which are inherently unstable and quite small. For 
this current-change information to be of value, it must be ampli
fied, and in many applications the amplification of such phe
nomena as a gradual rise in current or a change in current from 
one steady value to another is difficult.

In other words light is inherently a d-c phenomenon. That is, 
as far as electronic circuitry is concerned, two different values of 
light flux represent two different currents flowing through 
some circuit. Whenever an amplifier is designed to amplify a 
single change like that, certain precautions must be taken. 
Direct-coupled amplifiers, or some suitable substitute, must be 
employed.

Direct-coupled amplifiers are naturally unstable devices. To 
maintain the plates of tubes positive with respect to other ele
ments in the same tube and yet connect the grid of the tube 
directly to the plate of the preceding tube, wide ranges of volt
ages are required. These are not readily available, and they are 
difficult to control and regulate, especially when appreciable 
current must be drawn from them.

Light-chopper Systems. Many ingenious methods for elimi
nating the necessity for d-c amplifiers with their difficulties have 
been devised. Probably the most simple and economical is the 
use of a chopper in the light beam which falls on the phototube. 
Schematics of several typical systems are shown in Fig. 18. In 

A the light passes through a motor-driven toothed wheel, which 
periodically interrupts the light beam as it rotates. Thus the 
phototube alternately sees light and dark. Since the phototube 
reacts practically instantaneously, the phototube current result
ing from the on-and-off light beam is in effect an on-and-off 
current, or alternating current (actually the current may be said 
to be a pulsating direct current, but if this type of current is 
passed through a capacitor or transformer, the d-c component is 
removed, and an a-c voltage results). This fluctuating voltage 
may be amplified by conventional band-pass amplifiers without 
direct coupling.

The magnitude of the alternating current produced by the 
chopped light beam will depend on two things: First, the low- 
ourrent swing will depend on the incidental light that falls on 
the phototube cathode when a tooth of the chopper wheel is 
between the light source and the phototube. Second, the high-
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current period will depend on the brightness of the source it 
views when there is nothing between it and the source. If the 
chopper wheel is so positioned that no external light hits the 
phototube when a tooth passes the phototube window, the low- 
current swing will always be some low, fixed value. The magni
tude of the difference between low- and high-current values and 

Fig. 18. Light-chopper methods frequently used to avoid d-c amplification 
in phototube work.

thus the magnitude of the fluctuating current will depend almost 
entirely on the illumination produced by the source.

The pulsating current thus produced has the form of a square 
wave, but its waveform may be made sinusoidal by suitable 
filters, or by passing it through a transformer or some other 
similar type of circuit. This alternating voltage may be ampli
fied by conventional capacitor or transformer-coupled circuits.

The other chopper systems shown in Fig. 18 operate on sub

stantially the same principle. In B, the light is chopped by a 
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vane connected to a rotating shaft, whereas in C it is interrupted 
periodically by a rotating wheel and mask arrangement. The 
slots in the mask are identical in width to those of the rotating 
wheel. Thus when the slots of the wheel and the mask are 
aligned, light passes through. When the wheel moves so the 
wheel slots are aligned with the opaqued portions of the mask,

Fig. 19. Circuits for light comparison. B makes use of two multiplier 
phototubes with regulated voltage steps.

the light is cut off. Figure 18Z) shows the use of polarized glass. 
As the rotating disk changes its angular relationship with the 
fixed disk, the light is alternately cut off and allowed to pass. 
With this scheme two pulses of light will be transmitted for each 
rotation of the disk.

Light Comparison. If it is only necessary to compare the 
intensity of illumination of one source to that of another, d-c 
amplification can be avoided. By the use of a suitable set of 
standards or some calibrated and variable source of illumination, 
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measurements can be made with extreme accuracy by the com

parison method.
A circuit in which a pair of phototubes comprise two of the 

legs of a d-c bridge is shown in Fig. 19A. As long as the illumina
tion falling on the cathodes of the two phototubes is identical, the 
bridge will be balanced, and no voltage will be read by the 

voltmeter.
Higher sensitivity can be obtained by substituting multiplier

type phototubes in the circuit, as shown in Fig. 19B. The 
100,000-ohm potentiometer in series with the d-c power supply 
can be set so that different degrees of light unbalance will cause 
different vacuum-tube voltmeter deflections. This adjustment 
is especially helpful in calibrating the meter for different purposes.

source
Fig. 20. Variable-slit attenuator for adjusting the illumination from a 
standard light source for comparison measurements.

The voltages for the multiplier phototube dynodes are stabil
ized by VR90 tubes. In some applications the high degree of 
stability thus afforded might not be necessary, since the bridge 
system relies on the comparison of two values and not on the 
measurement of a single value.

In using the bridge system, some standard of illumination is 
exposed to one phototube, and the unknown is applied to the 
other. To get a quantitative measurement of the unknown, the 
light emitted by the standard must be changed to correspond to 
that emitted by the unknown, as indicated by bridge balance. 
If the standard is a lamp, its light output might be recorded in 
terms of the current flowing through its filament, but more often, 
some kind of calibrated attenuator is used in conjunction with 
the standard. A typical shape for the attenuator is shown in 
Fig. 20. It is connected to a dial of some sort, which is calibrated 
in light units. As the narrow part of the attenuator is moved 
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between the standard light source and the standard phototube, 
only a portion of the light emitted by the source is seen by the 
phototube. For this system an excess of light is required; that 
is, to measure intermediate values of illumination in a photo
bridge, the standard must be somewhat brighter so that attenua
tion can be introduced for making the actual measurement.

To save the expense of using two phototubes in a bridge for 
comparison of illumination, the system shown in Fig. 21 has been 
devised. It is used primarily for comparing the light-transmis
sion characteristics of materials, but by slight rearrangement it 
could be used to compare reflectivity, or to compare light sources.

Fig. 21. The tilted mirror attached to the motor shaft shifts light back 
and forth between the calibrated attenuator or sample and the unknown for 
comparison measurement.

A motor-driven reciprocating mirror shifts the light back and 
forth periodically between the two substances whose light-trans
mission characteristics are being compared. After the light 
passes through the substances, it emerges and is combined into a 
single beam again by a lens. The beam that reaches the lens 
will be a steady value only if the light-transmission characteristics 
of the two substances are equal. If one substance allows more 
light to pass than the other, more light will hit the phototube 
during the time the light passes through that substance, and the 
phototube current will be a pulsating direct current with a 
frequency equal to the frequency at which the light beam is 
shifted. This pulsating direct current can be converted into an 
a-c voltage and amplified by conventional amplifiers.

A much simpler circuit for use in comparing two values of 
illumination is shown in Fig. 22. Here two identical vacuum
type phototubes are connected in series across a 200-volt d-c 
power supply, which must be well-regulated for stable operation 
of the circuit. If the amount of light falling on the cathodes of 
these tubes is equal, the voltage drop across the tubes will also 
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be equal. If, however, the light falling on tube 1 becomes greater 
than that falling on tube 2, an additional current will tend to flow 
through tube 1. The voltage across tube 1 decreases. The net 
result is a rather large change in voltage which is brought about 
by a very small change in current.

The circuit contains a vacuum-tube voltmeter for measuring 
the voltage across one of the tubes. The use of a standard volt
meter would, of course, load the phototube circuit prohibitively. 
For very stable operation the vacuum-tube voltmeter tube must

Fig. 22. Simplified system for light comparison where extreme sensitivity 
of the multiplier-phototube circuit is not necessary.

be shielded from light, since it will show slight photoelectric 
tendencies at high illumination levels.

This circuit has been operated1 for hours without deviating 
from balance position by a tenth of a microampere, as read in 
the vacuum-tube voltmeter plate circuit.

Unusual Phototube Applications. Many applications of 
phototubes are quite obvious, such as devices used to measure the 
optical characteristics of materials. Setups for determining 
transparency, translucence, gloss, reflectivity, density, and 
fluorescence should be fairly easy to imagine. Also, devices for 
determining light output from various sources under varying 
conditions are straightforward applications.

By the use of suitable filters, it is possible to check the spectrum 
of light transmitted, and by a variation of this scheme using the 
comparison method, it is possible to evaluate paints and dyes

1 D. G. Fink, Precise Light Measurement, Electronics, June, 1934, p. 190. 
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and to match them. This application is of extreme importance 
to industries such as printing, cloth making, decorating, paints, 
advertising, etc. For example, certain manufacturers of com
mercial products insist that their packages be of a specific color 
and that all of their advertising be printed showing the product in 
exactly its natural color. Color comparators are required in 
such cases to determine the mixture of the primary colors involved 
in making the desired color.

Frequency Measurement. The speed of rotation of a machine 
can conveniently be measured by photoelectric techniques. 
Electric impulses can be generated for each revolution by allowing 
a phototube to pick up light reflected from a rotating machine. 
The phototube signal is then applied to an amplifier and sub
sequently to a counting mechanism, such as an electronic counter, 
or a cathode-ray tube.

Much research is now being carried out to determine relation
ships between solar disturbances and anomalies of radio trans
mission. Years ago expeditions set out to photograph the sun’s 
corona from remote parts of the earth where total eclipses were 
expected. The moon served to block out the light of the sun 
and permitted the photographing of the sun’s corona. Modern 
means employ a scanning system that allows a phototube to look 
at small portions of the sun’s atmosphere in some definite pattern 
that can be reconstructed and subsequently studied. The 
amount of information available by these means is much greater, 
and the expense is but a fraction of that involved in the old 

system.
A form of photoelectric device provides the basis for modern 

television. A scene is scanned, and light energy is transformed 
into electrical energy to form a television signal.

Simplified Television. The diagram of Fig. 23 illustrates the 
use of a phototube in a simplified television system. Here a line 
pattern (raster) is formed on the face of a regular cathode-ray 
tube—the brighter the better. Then, this raster, consisting of 
uniform-intensity lines, is used to illuminate a subject. For 
example, imagine that a negative is placed before the raster. 
Where the photographic negative is transparent (where it would 
print black in photographic processing) the light may pass 
through easily. However, where the negative is black, the light 
is interrupted. Thus a phototube looking at the light passing 
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through the negative would see the dot of light as it scanned 
transparent areas, but the light would be cut off when the dot 

passed black areas.
If the cathode-ray tube is scanned in some regular manner in 

an exactly timed fashion, the phototube signal will bear a rela
tionship to both time and to the negative used. By providing 
another cathode-ray tube with the same scanning signals as the 
first, but causing the beam of the second tube to vary in intensity 
with the phototube signal, the raster of the second tube will show

Fig. 23. This simplified television system uses a phototube to pick up varia
tions in light from a cathode-ray-tube flying-spot scanner.

a reproduction of the negative applied to the first. This system 
is actually used in a simplified form of television transmission for 
certain industrial applications. Some amateur radio operators 
are employing this system for the transmission of television 
picture signals.

The idea of scanning, that is, using a dot that covers an area in 
some accurately timed fashion, is not limited to television. One 
bank uses this system to send reproductions of signatures from 
teller to file clerk for verification. Facsimile equipment operates 
on the same principle and allows news services to transmit photo
graphs over great distances, simply by scanning and picking up 
an electrical signal that corresponds to the information presented 
in the picture.

Waveform Generators. Phototubes may be used to generate 
almost an unlimited variety of voltage or current waveforms.
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Figure 241 shows a disk with a number of slots cut in it. When 

the disk is rotated, the slots alternately illuminate and shade the 
phototube. The phototube output signal will in this case be a 
square wave. The frequency of the square wave will, of course, 
depend on the speed of rotation of the disk. By shaping the 
holes in the disk, different waveforms can be generated.

Another version of the same principle involves a window 
through which the light passes on its way through the wheel slits 
to the phototube. This system is illustrated in Fig. 24B. As

(A)
Fig. 24. Methods for producing a-c waveforms by means of a phototube.

the slit crosses the window, the amount of light reaching the 
phototube depends on how much of the window is covered by a 
mask. Here again a wide variety of waveforms may be obtained 
by using different shaped masks.

A highly refined version of the latter principle is illustrated in 
simplified form in Fig. 25.1 This instrument is known as the 
Photoformer. It employs considerable electronic ingenuity; a 
complete circuit explanation is presented in the reference.

The path traced by a cathode-ray tube beam, as we have 
already learned, depends on the voltages applied to the vertical 
and horizontal deflection plates. To explain briefly the opera
tion of the Photoformer, let us assume that a voltage is applied 
to the horizontal deflection plates that makes the dot travel from 
left to right on the face of the tube at some regular rate and then 
back again. In other words a triangular wave is applied to the 
horizontal plates.

1 D. E. Sunstein, Photoelectric Waveform Generator, Electronics, Febru
ary, 1949, p. 100.
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Now, let us place a mask in front of the cathode-ray tube face 
and a phototube in front of that. Then, let us take the phototube 
signal and feed it through an amplifier into the vertical deflection 
plates of the oscilloscope in such a way that the beam moves up 
when the dot is hidden from the phototube and down when the 
phototube sees the dot. Thus the voltage applied to the vertical 
deflection plates will vary in accordance with the mask shape and 
keep the dot always right on the line. If a sine-wave mask is 
used, the voltage applied to the vertical plates will be sinusoidal,

---------  Amplifier ---------
Fig. 25. A phototube and a cathode-ray tube provide a wide variety of 
available waveforms. The spot on the tube screen follows the contour of 
the opaque mask.

and so on. This voltage may, of course, be used for any purpose, 
and by substituting different shapes of masks, a wide variety of 
waveforms may be obtained.

Sound Reproduction. Moving pictures make use of a system 
similar in principle. Sound is nothing more than a combination 
of waveforms applied to a transducer capable of setting the air 
in motion. The sound track on modern movies is simply a 
moving mask that determines the amount of light that can pass 
between a source and a phototube. The phototube signal is 
amplified and applied to loudspeakers.

The applications of phototubes are numerous. They have 
found practical places in almost every branch of science and 
industry today.
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CHAPTER 6

THYRATRON TUBE CIRCUITS

The basic differences between high-vacuum amplifier tubes 
(pliotrons) and gaseous triodes and tetrodes (thyratrons) are as 
follows: Amplifier tubes are, in general, high-voltage low-current 
tubes; thyratrons are high-current low-voltage tubes, although 
the voltage can be quite as high as those employed in high- 
vacuum tubes circuits. The voltage drop across an amplifier

Typical characteristics of vacuum tubes (A) and gas tubes (B).Fig. 1.

tube is high compared to that across the thyratron, and there
fore, the power wasted in the amplifier is much greater than that 
lost in the gas tube. In an amplifier tube the grid has complete 
and continuous control over the plate current—it can modulate 
the plate current to any degree. In the thyratron the grid can 
only control the starting of the anode current; it cannot stop it. 
High-vacuum triodes are essentially amplifiers of voltage, cur
rent, or power. The gas tubes are essentially relays, acting 
much as a mechanical contactor but without moving parts and 
without contacts to pit and wear out. Thyratrons may also be 
considered as grid-controlled rectifiers.

169
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The reason for the vastly greater power-controlling ability of 
the thyratron lies in the fact that the space charge of the electrons 
does not exist once conduction through the tube has started. 
The electron density (current) between cathode and anode in a 
thyratron may be as high as 1012 or 1013 electrons per cubic 
centimeter compared to 102 in a highly evacuated tube.1

The largest triode amplifier tubes in general use may have a 
plate current as high as 6 amp and a plate voltage of 15,000. 
This represents about 100 kw of power. On the other hand a 
thyratron may have a rated current of 600 amp maximum and 
an average current of 100 amp at 1,500 volts. A mercury-arc 
type of tube has been built which has 12 anodes, each of which 
will handle 4,000 amp at a d-c voltage of 1,500.

Thyratron Characteristics. In Fig. 2 is represented a typical 
thyratron tube characteristic. The curve shows the relation 
between anode and grid voltages necessary for conduction to 
start. That is, if the anode is 1,000 volts positive with respect 
to the cathode, no current will flow until the grid voltage has been 
decreased (made more positive) from some high negative value to 
about — 5 volts or less. If the grid voltage is fixed, then raising 
the positive anode voltage above the critical value will cause the 
tube to conduct. Control can be exercised in two ways: either 
by lowering the negative grid voltage, or by raising the positive 
anode voltage.

In practice the grid is biased not at the critical point, but at a 
point somewhat more negative than this value, so that slight 
changes in the applied voltages, transients, changes in charac
teristic due to age or other factors cannot fire the tube when it is 
undesirable.

When current flows, it is actually limited only by the ability 
of the cathode to supply electrons and by the resistance in the 
external circuit of the tube. Once conduction has begun, there is 
only one way to stop it—that is to remove the anode voltage. 
After a time interval which varies from tube to tube, but which 
is of the order of 10 to 1,000 microseconds, the grid regains con
trol and prevents flow of current. This time interval is required 
for the gas ions to recombine with electrons and to lose their 
charge, and for the electrons to lose their freedom. Similarly, a

1 A. W. Hull, Fundamental Processes in Gaseous Tube Rectifiers, Elec
trical Engineering, August, 1950, p. 695.
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brief time is required for ionization to occur, but in industrial 
circuits where the power is the conventional 60-cycle type, these 
periods of lack of control are usually of little consequence.

Comparison of Vapor and Gas-filled Tubes. Several gases 
have been used in grid-controlled rectifiers, or thyratrons. For 
tubes to be operated on low voltages, neon or other inert gas is

Fig. 2. Typical thyratron characteristic shows the relationship between 
grid and plate voltages necessary for firing.

used, whereas for higher voltages, mercury vapor is generally 
employed. The neon or gas-filled tubes have the advantage that 
they are unaffected by temperature, whereas the mercury-vapor 
tubes are critical to temperature changes. Neon tubes have 
a considerably higher voltage drop than mercury tubes. Argon- 
filled tubes, however, have a drop of only 1 or 2 volts more than 
mercury-vapor tubes. The FG-81 is a good example of an argon 
tube. Because of their tendency to flash-back, or conduct cur
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rent during the part of the cycle when the anode is negative, neon 
or other gas-filled tubes are restricted to the lower voltages.

The power lost in thyratrons is very small and proper choice 
of tube and circuit will produce efficiencies as high as 99 per cent. 
The sum of the cathode power and voltage-drop loss for a mer
cury-vapor tube with a thermionic cathode is about 7 watts per 
amp under favorable conditions. With a mercury-pool cathode 
the loss is about 20 watts per amp.

Temperature Effect. Since the ionization voltage of mercury 
vapor depends upon temperature, it is natural that tubes employ-

Fig. 3. Curve shows the effect of temperature on thyratron characteristics, 

ing mercury vapor as the source of ions have variations in charac
teristics depending upon the ambient temperature. A typical 
set of curves for such a tube is shown in Fig. 3.

Tube Types. Owing to the fact that there are negative-control 
and positive-control tubes, as well as three-element and four- 
element tubes, the number of combinations of characteristics 
possible at any given current or voltage rating may be large.

Since the bias voltage on a thyratron is always somewhat 
greater than that required to prevent the tube’s firing, and since 
design experience teaches that the firing of a thyratron must be 
positive, it is usual practice to drive the grid well beyond the 
critical point when firing. This practice creates the need for a 
finite amount of grid power, and any circuitry devoted to feeding 
the grid must be capable of delivering this power. The grid 
current after discharge is many times the value before discharge. 
This is not generally detrimental, since the tube has already been 
conducting before grid-current flow. Under certain conditions 
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grid current may upset a weak grid circuit, causing incorrect 
firing of associated tubes, or it may result in saturation of the 
grid transformer which may occur after the tube has ceased 
firing and the grid is again trying to exercise its control function, 
thus distorting the grid input voltage. The grid current before 
discharge, however, is a real limitation upon the tube when used 
with very high impedance grid circuits such as are frequently 
encountered in photoelectric or other control arrangements. 
This grid current invariably produces a loading effect on these 
circuits that tends to reduce the actual grid voltage. In very 
high impedance circuits this effect tends to make the operation 
of the tube independent of the intended actuating voltage. In 
addition this loading effect may vary; for example, as the tube 
warms up, its characteristics change.

Shield-grid Thyratrons. To overcome some of these diffi
culties, four-element or shield-grid tubes are available. Under 
the same conditions the shield-grid tube will pass much less grid 
current than the three-element tube. The shield grid protects 
the control grid from cathode material sputtered or evaporated 
from the cathode. The discharge is protected against extraneous 
charges which may accumulate on the walls of the tube envelope, 
which may sometimes be troublesome. The shield closes all 
possible paths between anode and cathode except the opening in 
the grid baffles adjacent to which the control grid is situated. 
The control grid can be made smaller physically, which results in 
less grid current both before and after discharge. Thus the 
power required by the grid circuit to control the starting of the 
discharge is reduced.

There is another advantage of the four-element grid-controlled 
rectifier. The starting characteristic can be varied by varying 
the potential at which the shield grid is held, making it possible 
to have a tube whose starting characteristic can be made either 
positive or negative. By impressing a fluctuating potential on 
the shield grid, the tube can be made to have a negative control 
characteristic over some portion of the cycle and a positive con
trol characteristic over the remainder of the cycle. By varying 
the phase relation between the two grid voltages, interesting and 
valuable control effects can be worked out.

Furthermore, the shield-grid construction tends to prevent 
transient conditions in the plate circuit from affecting the grid
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Grid voltage

Fig. 5. Control-grid current after start of discharge in a four-element gas 
tube.
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circuit and the operating conditions of the circuit. The grid is 
protected from heat from the anode, cathode, or ion stream, and 
therefore there is less tendency toward secondary emission of 
electrons by parts of the tube other than the cathode.

The sole disadvantage of the more complicated tube is simply 
its greater complexity (one more terminal).

Methods of Rating Three-element Gas Tubes. Like all elec
trical and mechanical machines, gas and vacuum tubes have 
definite ratings which differ among tubes of different types. The

Fig. 6. Curves show grid currents in three- and four-element tubes, hot and 
cold, at start of discharge.

following ratings and terms relating to grid-controlled rectifiers, 
or thyratrons, are in general use.

The maximum peak inverse voltage is a rating common to both 
rectifiers and controlled rectifiers. It is the highest instantaneous 
voltage that the tube will safely stand in the direction opposite to 
that in which it is designed to pass current. In other words it is 
the safe arc-back limit with the tube operating within the speci
fied temperature range. The relations between the peak inverse 
voltage, the direct voltage and the rms value of alternating 
voltage depend largely upon the individual characteristics of the 
circuit and its power supply. The presence of line or keying 
surges, or any other transient or waveform distortion, may raise 
the actual peak voltage to a value which is higher than that 
indicated by normal design formulas. The maximum rating of 
a tube, therefore, refers to the actual inverse voltage and not to 
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the calculated values. A cathode-ray oscillograph or a calibrated 
spark gap across the tube may be used to determine these actual 
peak values. In single-phase circuits the peak inverse voltage 
on a rectifier tube for sine-wave conditions is approximately 
1.4 times the rms value of the anode voltage applied to the tube. 
In polyphase circuits the peak inverse voltage must be deter

mined vectorially. This rating is often abbreviated mpiv.
The maximum peak forward voltage applies only to controlled- 

rectifier types. It is the maximum instantaneous voltage that 
can be held back by the action of a suitable grid voltage.

The maximum instantaneous anode current is the highest instan
taneous current that a tube will stand under normal operating 
conditions in the direction of normal current flow. This applies 
to both rectifying tubes and grid-controlled rectifiers. The 
length of time which a given tube will stand this instantaneous 
current or the frequency with which it will stand an instantaneous 
current surge of a given duration depends upon tube heating.

The maximum surge current rating is a measure of the ability 
of a tube to stand extremely high transient currents. This rating 
is intended to form a basis for set design in limiting the abnormal 
currents that occur during short-circuit conditions. It does not 
mean that the tube can be subjected to repeated short circuits 
without the probability of a corresponding reduction in life and 
the possibility of failure.

The maximum average anode current is a rating based on tube 
heating. It is the anode current as measured on a d-c meter, and 
it represents the highest average current which can be carried 
continuously through the tube. In cases where current surges 
are not of sufficient frequency to operate a conventional meter, 
it is necessary to calculate the average current over a period 
not to exceed a definite interval of time which is specified for 
each design of tube. For example, a tube with a maximum 
instantaneous anode current of 15 amp, a maximum average 
anode current of 2.5 amp, and an integration period of 15 seconds 
could carry 15 amp for 2.5 seconds out of each 15 seconds, or 
7.5 amp for 5 seconds out of every 15 seconds.

The grid-current ratings are given in terms of the maximum 
instantaneous grid current and the maximum average grid current, 
and the integration period is the same as for the plate current.
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Cathode Protection. When a vapor tube of the hot-cathode 
type is placed in operation by accident or inadvertence before 
the cathode has reached operating temperature, damage may be 
done to both the tube and the circuit in which it operates. To 
prevent this damage,1 cathodes must have ample heating time to 
ensure operating emission current before the tube is placed in 
service. Accordingly, gas tubes are given two ratings: an initial 
preheating period and a reheating period after power interruptions.

It is obvious that short interruptions require less time for 
reheating, owing to the heat storage in the cathode. Protective 
relay devices should, therefore, be judged by their ability to pro
tect under all operating conditions and by whether they conserve 
all operating time compatible with safety by appropriate reheat
ing characteristics and by responding to voltage changes.

The time delay for heating or reheating must be accomplished 
by keeping the tube nonconducting either by grid control or by 
holding the anode circuit open until maximum emission current 
is available. The former is accomplished by a bias arrangement 
or a phase-shift scheme, whereas the latter uses anode contactors 
operated by a time-delay relay. Time-delay relays used with 
the preceding methods of control may be classified in the order 
of increasing desirability as follows:

1. Thermal timers
2. Mechanical timers
3. Thermionic timers

The thermionic time delay is very effective, since it is possible 
to use a cathode-anode space characteristic similar in heating and 
cooling to the tube that is to be protected. Figure 7 shows a 
diode heater shunted across the vapor-tube heater and a relay 
which closes the power to the anode of the vapor tube when the 
diode cathode has reached proper emission value. A series of 
diodes has been developed for this type of protective service.

Controlling Anode Current. In a two-element rectifier, anode 
current flows whenever the anode is positive with respect to the 
cathode. In the gas triode, another variable controlling factor 
enters; the voltage of the grid. Of course, current to the anode

1 L. D. Miles and M. M. Morack, Thermionic Delay Relays for Cathode 
Protection, Electronics, April, 1935.
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can flow only when that anode is positive, but unless the grid has 
the proper voltage, no current will flow, even if the anode is 
positive.

There are two general methods of controlling the flow of cur

Fig. 7. Circuit for obtaining time 
delay before applying high voltage 
to a vapor diode.

rent in such tubes, an amplitude 
method and a phase method. 
In the amplitude method the 
voltage amplitude applied to 
the grid is varied until conduc
tion starts, or, with a fixed grid 
voltage, the anode voltage is 
increased until current flows. 
The phase method implies the 
application of alternating cur
rent to anode and grid. When 
the phase between these a-c 
voltages is such that the grid of 
the tube is given the proper 
critical voltage at some portion 

of the half cycle during which the anode is positive, current will 
flow during the remainder of that cycle.

If sinusoidal alternating voltage is applied to the circuit in 
Fig. 8, and if the grid voltage is adjusted so that current flows 
during the entire positive alternation, the tube merely acts as a 
half-wave rectifier. Since the 
grid voltage is fixed, it is not 
possible to cut the flow of cur
rent to less than a quarter of an 
a-c cycle. If the discharge is 
not initiated during the first half 
of the positive alternation, it will 
not begin at all. Therefore the 
possible anode current values are 
three: (1) no current, caused by 
the adjustment of the grid volt
age too low to start the anode 

Fig. 8. Basic thyratron circuit 
illustrates grid control of plate 
current.

current at the peak value of anode voltage, or (2) current flowing 
during the entire half cycle when the anode is positive with 
respect to the cathode, and (3) current flowing for some period 
between the complete half cycle and the quarter cycle.
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The above method of controlling the flow of current may be 
termed an amplitude method of control. The point in the first 
half of the positive alternation at which current begins to flow 
is governed by the adjustment of the grid-voltage slider on the 
potentiometer so that this voltage bears the required relation to 
the anode voltage.

The same effect may be secured by using alternating current 
on both anode and grid but where the frequency of the grid 
voltage is lower than that of the anode. This method of control 
is still an amplitude method—if the grid potential is always so
low that it does not attain the 
critical voltage, current will never 
flow. As soon as the grid voltage 
is so adjusted that it reaches this 
critical voltage, the current starts 
and will continue until the end of 
the positive half cycle of anode 
voltage when the grid will regain 
control through the deionization 
of the gas. Here again it is im
possible to limit the current to a 
value less than one-quarter cycle.

By increasing the frequency of 

Fig. 9. Capacitor serves as a 
voltage-storage device in a d-c 
thyratron circuit.

the grid voltage, the average current may be made to approach 
a continuous current to any desired degree. The method is 
essentially one of permitting the current to flow during any 
desired number of cycles and, depending upon the starting charac
teristic of the tube, controlling the point in the cycle at which 
conduction starts.

Control by Direct Current. Because of the distinct, though 
small, time required for the ions to diffuse after the discharge has 
been cut off by shutting off the plate voltage, when the tube is 
controlled by direct current, the plate voltage must not only be 
reduced to zero, but it must be maintained there for a small 
fraction of a second. This may be accomplished in several ways. 
One is by the capacitor shown in Fig. 9. When the tube carries 
current, the drop across it will be of the order of 15 volts. The 
rest of the line voltage, say 250 volts in this case, is impressed 

across the resistance R2. Thus at the terminal of the capacitor 
attached to the anode the voltage is +15, while the other terminal 
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of the capacitor is at +250 volts, being charged from the line 

through the resistance Ri. Now if the switch is closed, the 
250-volt terminal of the capacitor will become zero, and the other 
terminal will suffer an instantaneous drop in voltage equivalent 
to 15 — 250 volts or to the value of —235 volts.

It is worth noting carefully what happens in this circuit, since 

the action is characteristic of all RC circuits. Before the switch 
is closed, the terminal of the capacitor connected to the tube is 
+ 15 with respect to ground but —235 with respect to the other 
terminal—which is maintained at +250 from the line. When 
the switch is closed this difference of potential still exists across 
the capacitor, since there has not been time for the charge to 
leak off. Thus the one terminal goes to zero, and the other must 
still be negative with respect to this terminal. In other words 
it must go —235 volts. Because the tube anode is connected to 
this terminal, it too must go negative by 235 volts with respect 
to ground or cathode potential.

Thus the plate becomes negative, the anode current ceases, and 
the grid has regained control. If the time of deionization is less 

than the time required to recharge the capacitor through R2, the 
grid has regained control and the anode current will not restart.

A Self-stopping D-C Circuit.1 The circuit of Fig. 9 can be 
made to start and stop automatically by putting a glow tube 
across or in place of the switch. Then as soon as the capacitor 
potential equals the breakdown potential of the glow tube, the 
latter begins conducting, and the potential across its terminals 
drops. The potential of the anode with respect to the filament 
is therefore suddenly lowered by an amount approximately equal 
to the difference between the breakdown and extinction potentials 
of the glow tube. The capacitor discharges until the potential 
across its terminals equals the extinction voltage of the glow 
tube, which then goes out allowing the capacitor to recharge. If 
the discharge is slow enough to give the rectifier time to deionize 
before the anode again becomes 15 volts positive, then the anode 
current can be cut off by making the grid sufficiently negative. 
Just as long as the grid is more positive than the critical control 
value, the only effect of the glow discharge is to cause a periodic 
interruption of tube current.

1 H. J. Reich, Self-stopping D-C Thyratron Circuit, Electronics, Decem
ber, 1931, p. 240.
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Since the condenser does not discharge completely, it is neces
sary to use higher capacity than when a switch is used. The glow 
tube should have a breakdown voltage which is slightly lower 
than the load voltage and the extinction potential should be as 
low as possible. No ballast resistance should be used in series 
with it. A 10-gf condenser in conjunction with a UX-874 voltage
regulator tube will cut off a 1-amp current through an FG-67 
tube. Greater care in the choice of the glow tube would without 
doubt make possible the reduction of condenser size.

The average time interval between the setting of the grid 
voltage and the extinction of the arc is controlled by changing 
the value of the resistance which may well be the plate resistance 
of a vacuum tube. If the rectifier grid is made positive for only 
an instant, it will pass current for a short interval of time the 
average length of which may be adjusted by changing the value 
of the resistance.

Vacuum-tube Control of Gas Tube. In many control circuits 
the action of a variable resistance is desired but the usual types of 
rheostats, involving sliding contacts and mechanical movement, 
are not applicable. The ideal type of control device is repre
sented by the vacuum tube in which the plate current may be 
controlled by the magnitude of the voltage applied to the grid 
and in which only a negligible amount of power is required to 
exercise this control. Unfortunately high-vacuum tubes are not 
available which will furnish the amounts of power (at convenient 
voltages) frequently required in connection with regulating prob
lems encountered in power engineering. The gas type of tube, 
on the other hand, has the disadvantage that the anode current 
cannot be controlled continuously by the magnitude of the 
grid voltage. Circuits involving combinations of these two 
types of tubes will furnish the required amounts of power (at 
convenient voltages). All that is necessary is that variations in a 
control voltage be made to cause a phase shift of the voltage in 
one part of an electric circuit with respect to that in another part.

Tube-controlled Circuit. A second thyratron may also be used 
instead of the switch of Fig. 9 to force the anode negative. The 
circuit is in Fig. 10 where the plates are connected to each other 
by a condenser. To limit the current to the tube, a resistance 
is in series with each anode and the line. Suppose one of the 
tubes to be conducting and the other idle. The voltage of the 
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anode of the conducting tube is 15 while that of the other tube 
is 250. Now if the nonconducting tube grid is raised to the point 
at which current flows, its anode voltage drops from 250 to 
15 volts, a drop of 235 volts. The anode voltage of the first tube 
must fall an equal amount since they are connected together by 
a condenser which cannot discharge instantaneously. Thus the 
first anode is reduced from 15 to —220 and the flow of current

Fig. 10. Circuit showing the use 
of a second thyratron instead of the 
switch in Fig. 9 to force anode 
negative.

ceases.
If the time constant of the 

condenser circuit is high enough 
to prevent the voltage across the 
condenser from rising to the 
value at which the first anode 
will be positive until the ions lose 
their charge, the grid of the first 
tube has control and current will 
not flow. In this process the 
discharge shifts from the first to 
the second tube. The grid volt
age may be impressed by a trans
former as shown in the figure, or 
in any other desirable way. A 
most important application is 
derived from this circuit by 
using one winding of a trans
former instead of the plate resist

ances to limit the rate of charge of the anode condenser. Across 
the secondary of this transformer will be alternating voltages 
because of the shift of discharge from one tube to the other and 
of course this alternating current can be used for any desired 

purpose.
This is the function of inversion, the conversion of direct cur

rent into alternating current.
Phase Control of Anode Current. A more elegant method of 

controlling the average current consists in varying the phase 
between the grid and anode voltages. This method determines 
how much current is permitted to flow in each cycle. The 

method of control is shown in Fig. 11. Here Ep is the anode 
potential, assumed to be a sine wave, and Es the grid voltage, 
positive above and negative below the line, that will just allow
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the tube to fire at the corresponding value of Ep. Voltage Va is 
a sine wave applied to the grid (VB need not be a sine wave or of 
the same frequency as Ep). 
Consider that this wave be 
moved along the horizontal 
axis so that it may be moved 

into or out of phase with Ep. 
The tube will fire at the 
earliest point in the cycle at 

which Vg crosses Ea (in the 
figure, point P). When the 
grid and anode voltages are 
out of phase, no current flows. 
If the grid voltage is ad

Fig. 11. Basic circuit illustrates 
phase control of anode firing.

vanced, current flows during part of the cycle, and by advancing 
the grid voltage until it is in phase with the anode voltage, the 
current can be made to flow during the entire half cycle.

» Rectified 
output

Phase Angle Advance

Averaged output 
as a function 
of phase angle

Fig. 12. Handy reference chart for determining average current for the 
circuit of Fig. 11.

The average current flowing may be found from the expression
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where <f> is the angle at which the tube starts to conduct current.
Figure 12 gives the value of (1 + cos <£) as a function of />.

Circuits for Obtaining Phase Control. There are many ways 
of obtaining phase shift between anode and grid voltages. The 

Fig. 13. Resistance-capacitance 
phase-shift circuit.

combinations of resistance and 
capacitance, or of resistance and 
inductance, are legion. For ex
ample, in Fig. 13 a combination 

of R and C is used. The cathode, 
grid, and anode voltages are all 
obtained from a transformer. 
The grid connection being at the 
opposite end of the transformer 
winding from the anode has an 

opposite polarity with respect to the cathode. Thus when the 
anode is positive, the grid is negative. This need not be the 
case, of course. The grid can be maintained positive with respect 
to the cathode if desired.

Fig. 14. Inductance and resistance phase-shift circuit.

The voltages across C and R are 90 deg apart. Combining 
them vectorially gives the total voltage appearing across the 

transformer winding. By making R very large the phase differ
ence between the grid and the anode is great with consequent 

decrease in the time per cycle the tube conducts; by making R 
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equal to zero the grid and anode become in phase and the tube 
will conduct current throughout the positive half cycle.

A circuit in which an inductor and a variable resistor are used 
and the corresponding relations between the grid and anode 
voltages are shown in Fig. 14. In 
both Fig. 13 and Fig. 14 the varying 
degrees of control are secured by 
changing a resistance. Of course, 
this change can be accomplished 
manually as by turning a dial on 
a resistor (as in illumination con
trol) or automatically by any vary
ing process, function, or moving 
part, or it may be effected by the 
varying resistance of a light-sensi

Fig. 15. Plate current is varied 
by changing phototube current.

tive tube under different intensities of illumination.
For example, in Fig. 15 is a phototube between grid and plate. 

Here the varying control is made possible by the varying rate at 
which the capacitor is charged through the phototube. The 

Fig. 16. Use of transformers in an a-c circuit extends the versatility of 
control.

current through the phototube varies continuously and uniformly 
as the illumination varies.

Current Control by Transformer and Phase Shift. The circuit 
and curve in Fig. 16 show an example of the ability of the con
trolled rectifier to pass more or less average current to a load by 
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means of a phase-shift circuit (resistance and inductance), by 
changing the impedance of a transformer in series with the load.

Bridge Circuit Phase Control. The phase relation between 
grid and plate may be controlled by a bridge incorporating resist
ances, or resistance and reactance. If the resistance or the 
reactance is varied, the grid phase will shift and control will be 
obtained. One such system of control uses for the reactance a 
small solenoid with a movable core. When the free-hanging 
solenoid is raised or lowered, the grid phase is shifted and the 
tube output is varied accordingly. In another type a resistance 
is varied by making one side of the bridge a resistance ther
mometer, thereby providing heat regulation. Another form uses

D-C load

Fig. 17. Typical arrangement for obtaining switch-type control through 
the use of thyratrons.

a stack of carbon disks under variable pressure. A movement of 
1/100,000 in. serves to actuate the system.

Thyratrons as Switches. The simplest and one of the most 
important functions of a thyratron is that of a simple switch, 
turning current off or on. Compared to an ordinary switch or 
contactor the tube has greater sensitivity; that is, it will control 
a given amount of power with a small expenditure of power. 
It has greater speed and may have a life of 10,000 hours or 
more. It is quiet in operation, and there is no spark hazard 
as from a switch.

A typical circuit is given in Fig. 17, in which the controlling 
element may be a manually operated switch, a clock, thermostat, 
or a phototube. The load may be for either direct or alternating 
current. The control voltage is shown as direct voltage, but 
usually it is an alternating voltage. The bias voltage is usually 
from rectified alternating current obtained from a copper oxide 
rectifier.
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Such a circuit may be used to control motors, magnets, con
tactors, or to saturate the core of a reactor as in illumination or 
welding control. Applications such as turning lights on at dusk 
and off again at sunrise by a phototube, cutting hot steel bars 
to desired lengths, opening doors at the approach of a person, 
wrapping packages, dispatching products to predetermined sta
tions, sorting objects, counting—all of these applications and 

many others are in daily use.
When the load is in the a-c output, for example in welding, 

and when the tubes are not conducting, the transformer has a

Lood
Fig. 18. Industrial circuit using two thyratrons.

high impedance, and little current will flow in the a-c load. 
When the tubes take current, this impedance decreases so that 
full power will flow into the load.

Figure 18 shows a d-c circuit using two thyratrons, one to 
energize the circuit and the other to deenergize it. The upper 
tube with the resistor with a capacitor across it carries only a tran
sient current which interrupts momentarily the current in the 
second tube so that its grid gets control. This capacitor-resis
tance circuit will be found in many vacuum and gas-tube circuits. 
It is a most useful tool.

Controlled Rectifiers as Relays. There is an analogy between 
certain mechanical and tube relay systems, as pointed out by 

Rolf Wideroe in the October, 1934, Electrical Engineering. He 
starts with a simple overload and underload relay, showing how 
a tube may be used in place of a mechanical circuit breaker. The 
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first, naturally, consists of a rectifier whose grid permits the flow 
of current when a certain voltage is reached. The next step 
toward making an under-voltage relay is to rectify the voltage 
to be controlled, using it to overcome a positive bias put on the 
grid from a battery or other source. When the voltage falls too 
low, the bias battery will permit the tube to fire.

By combining the over- and under-voltage relays, a percentage 
differential relay or an under-impedance relay may be made. 
Still other more complex circuits are given in the reference cited 
in the previous paragraph. Also discussed are the effects of 
disturbances and temperature upon such relays, noting that the 
mercury-vapor tubes will be at a disadvantage in such circuits 
because of their temperature characteristics. Argon-filled tubes 
have fired at a grid voltage within approximately 0.2 volt over a 
long period, and varying the anode voltage by 10 per cent will 
not cause a variation of more than + 5 per cent in the firing grid 
voltage.

The literature on this simple function of thyratrons is very 
extensive and indicates that this phase of thyratron development 
is now fairly stable.1

The Inverter. In the earlier days of the application of tubes 
to industrial processes the inverter was thought to be of very 
great potential value. The inverter is a tube mechanism for 
converting direct current power into alternating current power. 
To date the inverter has not come into very great use except for 
small amounts of power. The dream of transmitting power at 
high direct voltages rather than in the form of alternating current 
has not come to fruition. The advantages are great and a glance 
at the literature will show the bases for early work on this subject.2

The Inversion Process. Any scheme for converting direct cur
rent into alternating current may be called inversion. Thus a

1 W. K. Kearsley, A Vacuum-tube Time Switch, General Electric Review, 
February, 1931; C. C. Holloway, Electronics, August, 1933, p. 220, on 
a time-delay relay for a coil-winding machine. Additional circuits and data 
will be found in A. W. Hull, General Electric Review, December, 1932, p. 628; 
Baker, Fitzgerald and Whitney, Electronics, April, 1931, p. 581; and George 
Mucher, Electronics, April, 1936, p. 38.

2 See C. H. Willis, B. D. Bedford, and F. R. Elder, Transactions of 
the American Institute of Electrical Engineers, January, 1935; General 
Electric Review, February, 1935, and May, 1936; see also talk delivered by 
C. W. Stone before the American Society of Civil Engineers, New York, 
Feb. 15, 1933.
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simple vacuum-tube oscillator may be considered as an inverter; 
but in the stricter use of the term, an inverter is a thyratron or 
several such tubes used for converting large amounts of d-c 

power to a-c power.
In the simplest form of gas-tube inverter direct current is fed 

into it; then by some means the grid voltage is varied so that 
alternating current will flow in the anode circuit. In the high- 
frequency oscillator this commutation is produced by the tuned 
circuit which is an electrical analog of the fly wheel in mechanical 
systems. It is, in effect, an energy-storage device. In thyratron 
inverters some form of energy storage is necessary, and this may 
be the charge stored in a condenser, or the field built up around 
an inductance. With two-tube inverters, a commutation system 
is necessary to shift conduction from one tube to another. Thus 
one tube may be used to shut the other off when it conducts. 
If the tubes are arranged back-to-back, the total plate current 
will resemble that produced by an a-c generator.

Although most inverter circuits involve two tubes, there are 
several single-tube circuits for performing the function of getting 
alternating current from a d-c source.1 Consider Fig. 19A. 

Assume the switch to be closed on a d-c source at a time when C 
is discharged. Since no voltage exists across C, the cathode of 
the tube is at the same voltage as b, the negative side of the line. 
The grid is positive because of its position on the voltage divider, 

a-b. If this positive voltage is of the proper magnitude, the tube 
starts to conduct.

The current passes through L, the tube, and C shunted by 
R2 and back to the line. If R2 is high enough, and Ri is low 
enough, C will charge quickly, and the voltage across it will soon 
equal the line voltage. Ordinarily the current flow would cease 
at this instant, but because of the inductance, current will con
tinue to flow because of the collapsing flux about the coil which 
induces an emf, forcing current to flow through the condenser.

As a consequence of this continued flow, because of the induct
ance, when the current finally ceases, the condenser is charged 
higher than line voltage and the anode is now more negative than 
the cathode by this voltage. Therefore, until this charge leaks 

off through R2, the tube will not conduct current again. When, 
however, the voltage across C has decreased to the point where

1 See Lord and Livingston, Electronics, April, 1933. 
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the difference in potential between grid and cathode is equal to 
the critical voltage, the cycle will be repeated.

The overcharging of the condenser enables the grid to retain 
control of the discharge for a period long enough for deionization 
to take place. Thus the tube commutates the flow of current.

The second fundamental single-tube inverter is shown in Fig. 
19B. In this case when the switch is closed, the cathode and 
anode are at almost the same potential (the condenser is

uncharged), and the grid is at a negative voltage by the amount 
of the drop along a-b. While C is charging through R2, the tube 
does not conduct. Charging C lowers the voltage of the cathode, 
and when it reaches the value which will give the grid-cathode 
potential the critical value, the tube will conduct. At this point 

the condenser discharges through the inductance and Ri. The 
voltage across C is now reversed, because of the overcharging 
effect, making the anode negative long enough for deionization 

to occur and give control to the grid again. Now C charges 
again and the cycle is repeated.

Occasionally the circuit is used without the potentiometer, the 
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grid being connected to the negative side of the line. The lack 
of the potentiometer removes the ability to control the frequency 
with which the condenser and tube discharge and it tends to 
make the timing more susceptible to error.

In Fig. 19C are typical constants of a single-tube inverter 
circuit described by E. D. McArthur, General Electric Review, 
November, 1933.

Single-tube Inverter Applications. After setting R2 and 
Ri (Fig. 19) to produce the proper frequency, a small syn
chronizing voltage introduced in series with the grid circuit will 
maintain the proper frequency of inversion so that the tube may 
be run in synchronism with some other circuit. Multiple or 
submultiple frequencies may be synchronized in this manner.

In practice L and Ri would probably be a transformer, from 
the secondary of which would be taken the desired alternating 
current. The leakage inductance is usually sufficient to over
charge the condenser. If the voltage ratio of the transformer 
is of the correct order, the circuit may be used to light neon 
signs, the circuit then becoming an interrupter induction coil.

If R2 is replaced with an emission-limited vacuum tube to 
maintain a constant charging or discharging current through the 
condenser and the time of conduction is made very small, a saw
tooth wave form will be secured, useful in cathode-ray tube work, 
for television, or for other purposes where a sharp break is 
desired. In welding control by grid-controlled rectifiers this 
method of timing is used.

A d-c potential may be used in series with the saw-tooth wave 
which, varied in amplitude according to some desired time func
tion, will control the proportion of the time the resultant voltage 
is positive. This voltage applied to the grids of other tubes will 
control the ratio of the time that current is passed to the time it 
is off. The number of welding spots per second may be varied 
by changing the frequency generated by the inverter.

Another use of the inverter technique is for stroboscopic work. 
If a gas tube illuminates the rotor of a motor and if, acting as 
an inverter, it is synchronized from the source which drives the 
motor, the shaft and rotor will seem to stand still; or the 
rotor of an induction motor will seem to run backward at a speed 
proportional to the slip frequeney. If a shaft to be observed is 
not running in synchronism with any a-c source, a small synchro
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nizing voltage may be introduced into the grid circuit by the use 
of small contacts or by inducing a voltage in a small pick-up coil 
once a revolution.

There is a very extensive literature on inverters, and the refer
ences at the end of the chapter will give one the essential 
background.1

The Ignitron. A new and highly important type of controlled 
rectifier resulted from the discovery by Slepian and Ludwig of 
a new method of initiating the discharge in a gaseous controlled 
rectifier. Tubes making use of this discovery are called ignitrons. 
By immersing certain materials, a carborundum crystal, for 
example, in a mercury pool and then passing current from the 
crystal to the mercury the start of an arc is forced. At a definite 
value of voltage and current a small spark occurs at the junction 
and immediately grows into the cathode spot of an arc. If an 
anode is properly placed and held at a positive potential with 
respect to the arc, the latter will be transferred to the anode and 
thereby initiate the discharge. This process may require only 
25 microseconds. Thus the discovery made possible a mercury- 
pool controlled rectifier with the advantage of practically 
unlimited emission and therefore a high overload capacity. 
Furthermore, it requires no delay when put into service. The 
life of the cathode, and therefore the tube, is longer than the hot 
cathode, or thermionic type. Compared to the conventional 
mercury-pool tube, the ignitron is simpler and has much less 
tendency to arc back.

Each pool of a conventional pool-type rectifier requires a 
starter of some kind to form the arc and a keep-alive transformer 
and reactor to maintain the arc. At least 5 amp is required in 
the keep-alive circuit to insure stability. In addition to the 
consumption of energy, this keep-alive circuit tends to produce 
ionization in single-anode tubes, and therefore on the inverse 
cycle it tends to increase troubles from arc-back. The anodes 
are placed in anode arms to prevent arc-back, thereby compli
cating the structure and increasing the size, especially since each 
pool requires keep-alive equipment.

The ignitron has no keep-alive and no anode arms. Three 
such tubes (one for each phase) will replace a conventional recti-

1 Some very useful material will be found in the “Engineering Manual” 
of Electrons, Inc., Newark, N.J.
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her with less auxiliary equipment, lower replacement cost, and 

better performance.
Silicon carbide and boron carbide are the two materials most 

generally used for igniters, although other materials may be used. 
The igniter current for starting the cathode spot is usually less 
than 20 amp, and the igniter voltage for this current about 

50 volts.
In use, a properly timed current pulse is given to the igniter at 

the beginning of each desired current-carrying period. At the 
end of each period the cathode spot automatically goes out and 
is not reestablished until the current pulse is given again to the

Fig. 20. High-current ignitrons are generally employed in industrial cir
cuits requiring control of extremely high currents.

igniter at the beginning of the next following current-carrying 
period. Thus in each current-obstructing period there is no 
cathode spot on the mercury to induce arc-backs on the adjacent 
anode.

Ignitrons are now used extensively for controlling the currents 
used in spot welding stainless steel, aluminum, and other metals. 
In this application, pulses of current of large magnitude but care
fully controlled short duration must be fed into the weld. Two 
ignitrons placed in the primary circuit of a welding transformer 
as in Fig. 20 permit the large currents to be controlled by merely 
controlling the grid potentials of the auxiliary thermionic cathode 
tubes. Glass ignitrons can pass single-cycle pulses of 1,000 amp 
for making spot welds at 60 spots per minute. For larger powers, 
water-cooled metal ignitrons are used. These can pass single
cycle pulses of 3,500 amp sixty times per minute.

The most convenient method of obtaining the proper current 
pulses to the igniter is usually to connect the igniter terminal to 



194 ELECTRON TUBES IN INDUSTRY

the anode externally through a small thermionic cathode tube. 
For example, in a simple rectifier circuit, as in Fig. 21, the igniter 
tubes may be simple rectifiers. When a main anode becomes 
positive, current flows through the auxiliary thermionic cathode 
to the igniter, and at 10 to 20 amp a cathode spot forms on the 
mercury, and the arc in the ignitron shorts the thermionic 
cathode tube out of the circuit. When the main anode becomes 
negative, no current flows to the igniter, and no cathode spot forms. 
Thus the current-obstructing property remains unimpaired.

Fig. 21. Ignitron circuit especially useful in electrochemical applications.

The current carried by the auxiliary thermionic cathode tube 
need never exceed that sufficient to start a cathode spot upon 
the mercury. In case of a short circuit in the external circuit, 
for example, the heavy current is all carried by the ignitron 
with mercury-pool cathode. The auxiliary tube is then pro
tected from any severe duty by the ignitron itself, and its life 
is very long. At the same time, because of its small size, its 
renewal is inexpensive.

If the auxiliary thermionic cathode igniter tube is provided 
with a control grid, then additional possibilities in power con
version become available. Now, for sending current to the 
igniter it is necessary not only for the main anode to have the 
proper positive polarity but also for the grid of the auxiliary 
thermionic tube to have the proper excitation. Thus, for exam
ple, by retarding the moment of excitation of the igniter, the 
current-carrying intervals in the circuit of Fig. 21 can be short
ened, and the current supplied by the rectifier controllably 
reduced, with control equipment that needs to handle only the 
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minute currents of the grids of the auxiliary. This characteristic 
should be extremely valuable in electrochemical applications.

With control of the grid of the auxiliary thermionic cathode 
tube, we may not only control rectification or conversion of 
alternating current into direct current but also effect inversion 
or conversion of direct current into alternating and also conver
sion of alternating current of one frequency into that of another 
frequency. Circuits for accomplishing these functions are well- 
known and have frequently been described using discharge tubes 
with grids interposed between the main electrodes for controlling 
the initiation of the current-conducting interval. The ignitron 
with its small grid-controlled auxiliary igniter tube may be used 
in all these circuits in place of the directly grid-controlled power 
tubes, with the great advantage that the controlling grid is no 
longer in the path of the main discharge so that loss in efficiency 
due to the presence of this grid is avoided.

REFERENCES

Alexanderson, E. F. W., and A. H. Mittag, Thyratron Motor, Electrical 
Engineering, November, 1934, p. 1517.

Alpert, N., Linear Thyratron Control Circuit, Electronics, December, 
1949, p. 184.

Bowlus, O. E., and P. T. Nims, Thyratron Frequency Changers, Elec
tronics, March, 1948, p. 126.

Cage, J. M., Theory of the Immersion Mercury Arc Ignitor, General 
Electric Review, October, 1935, p. 464.

Craig, P. H., Electronics, May, 1933, p. 639.
Dow, W. G., and W. H. Powers, Firing Time of an Igniter Type of Tube, 

Electrical Engineering, September, 1935, p. 942.
Hafner, H., Grid-controlled Mercury Valve Used as Rectifier and D.C.- 

A.C. Converter, Bulletin Oerlikon, August-September, 1932, 
pp. 725-728.

Heins, H., Hydrogen Thyratrons, Electronics, July, 1946, p. 96. 
Ignitron, Electrician, June, 1934, p. 792.
Improved Welding Timer Expands Spot-welding Use, Electrical World, 

Mar. 24, 1934.
Inverter for Projector Lamps (in German), Allgemeine Electricitãts- 

Gesellschaft Mitteilungen, January, 1932, pp. 11-13.
Jaeschke, R. L., Thyratron Braking for Oil Drilling Rigs, Electronics, 

April, 1948, p. 92.
Knowles, D. D., and E. G. Bangratz, The Ignitron, Electric Journal, 

December, 1933.



196 ELECTRON TUBES IN INDUSTRY

Knowles, D. D., The Ignitron—A New Controlled Rectifier, Electronics, 
June, 1933, p. 164.

Laub, H., Discharge Tubes for Rectification, Inversion and Frequency 
Changing (in German), Elektrotechnik und Maschinenbau, vol. 50, 
pp. 317-325, May 29, 1932.

Ludwig, L. R., F. A. Maxfield, and A. H. Toepfer, An Experimental 
Ignitron Rectifier, Electrical Engineering, January, 1934, p. 75.

May, J. C., H. J. Reich, and J. G. Skalnik, Thyratron Phase-control 
Circuits, Electronics, July, 1948, p. 107.

McArthur, E. D., General Electric Review, November, 1933.
Prince, D. C., Direct-current Transformer Utilizing Thyratron Tubes, 

General Electric Review, vol. 31, pp. 347-350, July, 1928.
Reich, H. J., Review of Scientific Instruments, October, 1932; March, 

1933; Electrical Engineering, December, 1933.
Silverman, Daniel, and J. H. Cox, A High Power Welding Rectifier, 

Electrical Engineering, October, 1934, p. 1380.
Slepian, J., and L. R. Ludwig, A New Method for Initiating the Cathode 

of an Arc, Transactions of the American Institute of Electrical Engi
neering, vol. 52, p. 693, June, 1933.

Stoddard, R. N., A New Timer for Resistance Welding, Electrical 
Engineering, October, 1934, p. 1366.

Technical Principles and Applications of Controlled Rectifiers and 
Inverters (in German), Electrolectinische Zeitschrift, vol. 53, pp. 
770-786, Aug. 11, 1932.

Tompkins, F. N., The Parallel Type of Inverter, Electrical Engineering, 
April, 1933.

Wagner, C. F., and L. R. Ludwig, Ignitron Type of Inverter, Electrical 
Engineering, October, 1934, p. 1384.

Westendorp, W. F., An Inverter-lamp for the Conversion of 60-cycle 
Power into 1,000-cycle Modulated Light, Physics, vol. 3, No. 4, 
pp. 193-202, October, 1932.

Willis, C. H., Harmonic Commutation for Thyratron Inverters and 
Rectifiers, General Electric Review, December, 1932.

Willis, C. H., A Study of the Thyratron Commutator Motor, General 
Electric Review, February, 1933, p. 76.



CHAPTER 7

RELAYS AND RELAY CIRCUITS

It has been pointed out that electron tubes are, in general, low- 
power devices. For vacuum tubes, currents of several hundred 
milliamperes may be considered high. Gas tubes can control 
currents of the order of amperes. Many industrial applications, 
however, require the control of higher values of power than can 
economically be handled by electron tubes.

The relay is an electromagnetic device; that is, it contains a coil 
of wire wrapped around a core so that a magnetic force will be 
exerted when a current is passed through the coil. The magni
tude of magnetic force produced by an electromagnet is propor
tional, among other things, to the product of the amount of cur
rent flowing through the coil and the number of turns of wire that 
make up the coil. By using relatively large numbers of turns of 
wire on the coil only small currents are required to produce a sub
stantial electromagnetic force. Thus large pieces of magnetic 
material can readily be caused to move by the flow of small cur
rents, such as those associated with vacuum tubes. As might be 
expected, the large pieces of magnetic material that are made to 
move are the contacts of a high-power switch. The larger the 
cross-section of any current-carrying element, the less will be the 
losses occurring in that element, so of course large contacts have 
advantages for the large current values involved in high-power 
applications.

The power-multiplying capabilities of a relay are limited by 
the resistance of the wire that forms the relay coil. A relay that 
can be operated by currents of the order of microamperes 
(extremely sensitive relays) can only be expected to control cur
rents in the neighborhood of a few hundred milliamperes, because 
the amount of power supplied to the relay coil is small, and thus

197
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the electromagnetic force available to move the relay contacts is 
small. In fact, relays of this type consist primarily of sensitive 
indicating-meter elements, the pointer of which serves as the 
moving contact. Relays that require several milliamperes for 
their operation will handle contact currents of a few amperes, and 
so on. These values are given for general cases. Many times 
certain factors enter into the picture that limit the power-multi
plying capabilities. In these cases the power-multiplication 
ability of the relay is not the important property, as will also be 
explained later.

Relay Terms. In the relay business there are a great number 
of terms with special meanings applicable to relays only. A 
few of the most common of these are presented here.

Armature—The movable part of a relay that is mechanically 
coupled to the moving contact.

Break—The opening or interruption of a circuit.
Chatter—Undesirable opening and closing of relay contacts.
Cycle—With reference to relays a cycle is the complete program 

of operation required to make a relay perform its desired function 
and then return to its original condition.

Deenergize—This means to disconnect from a power source. 
In relay talk this means interrupting flow of current in relay coil. 
The relay is then said to be deenergized.

Drop-out—In relay language drop-out refers to the time when 
the relay coil current decreases to a point where the electromag
netic force is no longer sufficient to attract the armature. For 
instance, when the coil is deenergized, the relay “drops out.”

Duty cycle—The working time compared to the idling time of a 
piece of equipment. The power rating of the equipment, such 
as the coil of a relay, is based on the load it will carry without 
overheating. Where a device is only called on'to carry a load 
for a few seconds once every few minutes, for example, it has a 
relatively long time to cool between operations. Therefore while 
it is operating it can carry a larger load than it could carry con
tinuously. A small device, such as a relay, will achieve its maxi
mum temperature after about 20 minutes of continuous opera
tion. Thus for periods of 20 minutes or more, operation is said 
to be continuous despite the length of subsequent idling periods. 

Duty cycles are usually given as momentary (working period so 
brief that almost no temperature rise occurs), intermittent (where 
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the device must dissipate excessive heat during idling periods), 

and continuous.
Make—Two contacts are said to “make” when they touch so 

as to establish an electrical circuit.
Normal position—This term refers to the position of the relay 

contacts when the relay coil is deenergized.

Normally open—A term used to describe a pair of relay con
tacts that are open when the relay is in its normal position.

Normally closed—A term used to describe a pair of relay con
tacts that are closed when the 
relay is in its normal position 
(see Relay Symbols).

Pull-in, or pick-up—This 
term refers to the energizing of 
the relay by application of 
power to the relay coil to oper
ate the contacts. The relay 
picks up -when it is energized.

This list is incomplete, but it 
presents the relay terms most 
commonly used. There are 
actually many more terms1 
that will be encountered by 
anyone specializing in relays 

Fig. 1. The symbols for relays 
shown in A are. used extensively in 
industrial power circuits; those in B, 
in periodicals dealing in general 
electronic circuits.

and circuits involving relays.
Relay Symbols. There is considerable disagreement as to how 

relays should be represented in schematic diagrams. Figure 1 
shows several different symbols that are in common use in modern 

industrial schematics. The type shown in A has the advantage 
of making diagrams look less complicated because the contacts 
can be placed anywhere that is convenient on the drawing. The 

type shown at B presents a more involved problem to the drafts
man, but it gives a clearer presentation of the relay function. In 
the first system the relay contacts are associated with their 
respective coils by numbers and letters, and contacts and coils 
are located wherever convenient on the diagram.

Figure 2 shows several of the multitude of possible contact 
combinations. As might be expected, a large number of com-

1 Charles A. Packard, “Relay Engineering,” Struthers-Dunn, Inc., 
Philadelphia.
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binations of contacts are available. The type shown in Fig. 3 
illustrates the use of a locking circuit with a relay. By the use

Single pole 
Single throw 
(Normally open)

Single pole 
single throw 
(Normally closed)

Single pole 
double throw

Double pole 
single throw 
(Normally open)

Double pole 
single throw 
(One pole nor
mally open; 
one pole nor
mally closed)

Fig. 2. A wide variety of contact 
arrangements is possible. Several 
typical combinations are illustrated 
here.

of this device, which merely con
sists of an extra pair of contacts 
that are closed when the relay 
is energized, the relay may 
be energized by a momentary 
switch and held in its energized 
position until the coil circuit is 
interrupted by an auxiliary 
switch (reset) that is normally 
closed.

Contact Arcing. Most high- 
power industrial circuits, in 
which relays are used to inter
rupt the flow of current, have 
some inductance; that is, they 
have the property of trying to 
maintain whatever current is 
flowing through them. If nor
mal rated current is flowing 
through an inductive load and 
also through the closed contacts 
of a relay, the inductance of the

circuit will tend to keep that current flowing even when the relay

Reset switch 
(normally closed 

pushbutton)

To 
external 
circuit

Fig. 3. The left-hand contacts on this relay form a locking circuit. When 
the relay closes, these contacts short the momentary actuating contacts, and 
the relay remains closed until the reset (momentarily open) switch is 
actuated.

contacts are opened. This action takes place because a certain 
amount of energy is stored up in the electromagnetic field of the 
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inductance. When the flow of current is interrupted, this field 
collapses and generates a voltage that tends to maintain current 
flow. When this voltage appears at the contacts of a relay, a 
certain amount of power must be dissipated. The resistance 
across the open, or partially open, contacts is high—the resistivity 
of air being high. Thus all of this power is dissipated when the 
contacts first part. This rapid discharge takes place in the form 
of an arc between the terminals until the stored energy is dis
sipated in the form of heat in the arc.

This heat, if excessive, can damage the contacts of the relay. 
Thus the inductance of the circuit being interrupted also enters 
into the design or selection of a relay for a particular application. 
The amount of heat produced by an arc is dependent on the 
amount of current that flows during the arc and the time dura
tion of the arc. Special contacts are available for breaking cir
cuits that have extremely high inductances—one system uses 
two separate breakers, one pair actually breaks the circuit, while 
the other is designed to withstand the arcing and takes the heat 
produced by the arc. This type is called the double-break type. 
A relay whose action is very fast will be better suited for breaking 
high inductance circuits, because the arc is quickly extinguished 
as the contact spacing increases.

A-C versus D-C Relays. Relays are available for operation on 
either alternating or direct current. An a-c relay operating on 
a 60-cycle source will actually attract its armature 120 times a 
second, once for each half cycle of current through the coil. The 
characteristic of the armature must be such that it will be at
tracted on both halves of the cycle (will have low residual mag
netism), and the contacts connected to it must have inertia and 
flexibility to stay closed continuously while the coil is energized.

Most a-c relay coils are only rated for voltage. In most cir
cuits involving a-c relays a fixed source of a-c power is used, and 
a small switch used to connect the relay coil to this source. In 
electronic applications, a-c relays may either be operated by low- 
voltage power from filament voltage supplies or directly from 
115-volt power lines. Of course, contact ratings for both types 
of relays must be sufficient for any specific application.

Where a source of d-c voltage of the proper magnitude is avail
able, d-c relays are preferable. An a-c relay is prone to vibration 
and sometimes to chatter, when the frequency is sufficiently low.
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Fig. 4. Dotted lines repre
sent the position of resistance 
and capacitance sometimes 
included in tube-relay circuits 
to prevent chatter and other 
undesirable effects.

Resonant Relays. One special version of the a-c relay is the 
resonant relay, which will operate only if the voltage applied to 
its coil is of a certain frequency. Relays of this type are useful 
in multiple-circuit remote-control applications and telemetering 
devices. For instance, if two relays are available, one resonant 
to 200 cps and the other to 400 cps, then a single pair of wires 
may be used to operate either relay at some remote point by the 
application of a voltage of the desired frequency at the sending 

end.
These relays operate as simple 

tuned circuits. The inductance of 
the coil is resonated with enough 
capacitance so that the combination 
has a low impedance at the proper 
frequency. Thus high current flows 
at resonance, and the relay is ener
gized. When the coil is not resonant 
to the frequency of the applied volt
age, the relay is not energized.

D-C Relay Operation. It should 
be mentioned that since the current
carrying contacts are independent of 
the current actuating the electro
magnet, a d-c relay can control alter

nating or direct current by its contacts, and, of course, an a-c relay 
can also control either direct or alternating current. Relays 
having d-c coils may be operated from a-c lines by the addition of 
simple rectifying circuits. Such a setup is shown in Fig. 4 which 
shows a diode rectifier and the coil of a d-c relay. If 60-cycle a-c 
voltage is applied to the input terminals of this circuit, the cur
rent flowing through the relay coil will consist of pulses of d-c 
current flowing for second once every second. Depend
ing on the design of the relay, chatter may occur. The armature 
will actually only be attracted half of the time and to varying 
degrees. To avoid chatter, the armature may be made quite 
heavy so that its inertia will be sufficient to prevent movement for 
the short intervals when no current flows through the coil. 
Another means for using this type of circuit with a d-c relay and 
avoiding chatter is to provide some filtering, that is, to smooth out 
the pulsations. The inductance of the relay coil itself provides 
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a certain amount of filtering, and the addition of a capacitor 
across the terminals will usually provide more than sufficient 
protection from chatter. The capacitor charges up on voltage 
peaks and provides the coil with current during the interval when 
the source current supply is cut off.

A typical value for this filtering capacitor is 4 yf. Larger 
values will further reduce tendency toward chattering but the 
relay will become increasingly sluggish in pulling in upon appli
cation of power. The reason is that the voltage across the relay 
coil cannot rise quickly when shunted by the large capacitor. 
The capacitor voltage will rise at a rate depending on the size of 
the capacitor and the resistance in the circuit in series with the 
applied voltage. When voltage is first applied, most of the drop 
occurs across the series resistance (which may be the internal 
resistance of the source) due to the flow of current that charges 
the capacitor. As the capacitor charges, more and more of the 
source voltage appears across it (and the relay coil) and less 
appears across the resistance, until the relay finally pulls up.

Time-delay Relays. The effect mentioned above is frequently 
used where an intentional time delay is desired between the appli
cation of power and the pulling up of a relay armature. By plac
ing resistance in series with the power lead and by putting 
capacitance across the relay coil, a wide range of relay closure 
time delays may be obtained. Sometimes a small resistance 
must be placed in series with a capacitor-filtered relay to limit 
the surge current that would otherwise be prohibitively large 
when power is first applied to the capacitor. The maximum cur
rent rating of the rectifier must not be exceeded.

Another type of time-delay relay device takes advantage of the 
time required for the filament of a rectifier tube to heat after 
current has been applied. The rectifier tube is connected in the 
circuit in the usual manner and when energy is applied to the 
filament, it slowly heats up and starts making electrons available. 
Thus the closure of the relay contacts is delayed by the length of 
time required for the filament to heat sufficiently to produce 
enough electrons to energize the relay coil. This is an unortho
dox application of an electron tube, and the performance of tubes 
in such an application must be measured experimentally by the user.

Uses of Time-delay Relays. There are many uses of time
delay devices. One particularly useful application is overload 
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protection. Relays or a form of relays are frequently used to 
prevent overloads to pieces of equipment. The coil of the relay 
is placed in series with the electrical load, and when the load 
current exceeds a specified limit, the relay armature moves and 
disconnects the load from its power source. In most cases 
instantaneous overloads can be tolerated—in fact they are 
expected, for instance when the load is initially applied. In this 
case if one uses a delay device which has a delay period longer 
than the expected instantaneous overload that can be tolerated, 
the relay will not interrupt the circuit at all, unless the overload 
is sustained. Any place where some action is required for 
sustained conditions but not for momentary conditions dictates 
the use of a delay relay of some sort. There are, of course, delay 
circuits using tubes which are capable of more accurate time 
delays than are possible with relays. However their accuracy 
is only an advantage in certain applications, and where relay 
control is of sufficient accuracy, the added complication of the 
tube versions is seldom justified.

There are also a great many thermal and mechanical delay 
devices in use. A bimetallic strip will bend when heated and may 
thus be used as a relay. Current may be allowed to run through 
the strip and thus heat it, or the current may be run through a 
heating coil that heats the strip indirectly. In either case the 
strip bending occurs gradually, and thus a time delay occurs 
between the application of the high current and the closing or 
opening of the contacts.

Mechanical delay devices may take many forms. A heavier 
armature will move more slowly than a light one, and an arma
ture that has to move over a considerable distance will make (or 
break) more slowly than one whose contacts are separated only 

by a small distance. Another device, called the dashpot, resem
bles an automobile shock absorber. A piston is mechanically 
coupled to the moving contact. When the armature moves, the 
moving contact (which is usually connected to the armature 
through a spring) tends to follow the movement. However, the 
piston is placed in a closed cylinder, and before it can move, the 
air pressure (sometimes liquids are used) must equalize. As the 
air slowly creeps around the tight-fitting piston, the piston 
slowly moves and allows the moving contact to move.

Fail-safe Operations. In many applications it is essential 
that the equipment provide some sort of indication when anything 
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is wrong. In other words it must be self-policing. Relays pro
vide a convenient means for doing this.

Consider, for example, a burglar alarm. It would have rela
tively limited use if it were ineffective when the power was dis
connected. A thief could simply pull the plug or disconnect the 
power to the circuit by some other means. Most devices of this 
kind employ an alarm relay that is always energized under normal 
conditions. As a burglar trips the detecting device, the relay is 
deenergized through the auxiliary equipment and an alarm is 
sounded. Thus in the event of power failure, the relay will auto
matically be deenergized and the alarm will again be sounded. 
The cause of the alarm is then determined and appropriate action 

taken.
Many such fail-safe devices are used in modern aircraft devices, 

where correct operation is essential to safe flight.

Supersensitive D-C Relays. As mentioned before, relays are 
available for closing circuits as the result of the flow of a few 
microamperes of current through their coils. These types are 
modified coil-type microammeters, with platinum-iridium con
tacts mounted on the moving pointer and with adjustable con
tacts on either or both sides of the pointer. Platinum contacts 
are used because platinum does not oxidize or tarnish in air. For 
less expensive relays, contacts made of silver are often used.

The principle of a sup er sensitive relay of the type described is 
shown in the drawing of Fig. 5. The arrangement shown is 
designed to provide an indication whenever the current flowing 
through the coil rises above or falls below a certain specified level. 
When the current is exactly at this desired level, the pointer 
(moving contact) is midway between the upper and lower limit 
contacts. When the current varies either way, contact is made 
with one or the other.

Even though platinum-iridium alloys are good conductors, the 
current that can be passed by these contacts is small because of 
their relatively small cross-sectional area and that of the wires 
connecting them to the external circuit. The customary prac
tice is to use a second relay between the supersensitive unit and 
the device to be controlled. Several millamperes of current can 
be controlled by the contacts of the supersensitive relay, and such 
a value is ample to operate the larger relay.

By proper placement of the fixed contacts on a relay of this 
sort, other functions can be obtained. A fixed contact at the 
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high-current end of the meter movement will act as a normally 
open relay ; and a fixed contact at the no-current end will be con
tacted when the flow of current through the coil is interrupted so 
that it operates as a normally closed relay.

Relays of this kind have numerous disadvantages. In the 
first place they are intricate and require protection against 
mechanical damage, jarring, and so on. They are also quite 
prone to chatter when the current in the coil is just enough to 
close the contacts. This may cause undesirable operation of the

Hairspring

Permanent 
magnet

Soft iron 
core

- Moving coil

Moving arm 
attached to 
moving coil

Flexibe
leads to

moving coil

Connected 
to moving 
contact 
through 
hairspring

adjusting screws’

Fig. 5. A supersensitive relay is essentially a current-meter movement with 
contacts arranged to be opened or closed by the “needle.” 

device being controlled, and it may also cause damage to the 
contacts by arcing. This disadvantage is overcome in the 
Weston Sensitrol relay, the basic contruction of which is similar 
to that shown in Fig. 5 except that a piece of soft iron replaces the 
moving contact, and a small, but powerful permanent magnet 
replaces the fixed contact. When the arm swings toward the 
closed position, the permanent magnet attracts the moving ele
ment and draws it into contact with a solid snap. In this way 
permanent and sure contact is made. To release, or reset, the 
relay, the moving contact is either returned to its off position 
manually or by means of an electrically operated solenoid. 
Relays of this sort are available in many different types, with a 
variety of current ratings and contact arrangements. Of course, 
they have their greatest advantage where positive, but not con
tinuous, control is necessary.
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Applications of Supersensitive Relays. These supersensitive 
relays find somewhat limited use in industrial applications 
because of their fragility and cost, but they are very useful where 
no other relay will serve the purpose.

For example, certain types of photocells generate sufficient cur
rent when irradiated with light to energize a supersensitive relay. 
In botanical and agricultural research accurate records of the 
length of time certain temperatures or certain values of illumina
tion are maintained are of vital interest and value. By connect
ing a photocell and a supersensitive relay so that the relay turns 
on a clock whenever the critical value is exceeded, accurate 
records may be made.

Sensitive Relays. Sensitive relays usually refer to those that 
require currents from 0.5 to 3 ma for their operation. They are 
the most common types in the field of electronics, because they 
may be used directly in the plate circuits of vacuum tubes, which 
may in turn be caused to conduct the required values of current 
by the application of small values of voltage on the grid of the 
tube. The operation is fundamentally the same as with the 
supersensitive relays, but in this case the extra sensitivity is 
supplied by tube amplifiers instead of by the increased sensitivity 
of the relay movement.

Figure 6 shows a drawing of a typical “telephone-type” sensi
tive relay. The armature is made of soft iron and is allowed to 
pivot. In effect, as in most relays, the function of the relay is 
to overcome the force exerted on the armature by a Spring.

The force that is exerted by the spring is, for all practical pur
poses, constant. However, as the current increases in the relay 
coil, the force exerted by the electromagnet increases propor
tionally. As the electromagnetic force approaches the force of 
the spring, the armature begins to move. At the moment when 
the armature first begins to move, the space between the arma
ture and the electromagnet decreases. This further increases 
the electromagnetic force applied to the armature (the distance 
being smaller) and increases the unbalance in favor of the electro
magnet, until the armature snaps into its energized position.

When relay current decreases, the electromagnetic force 
decreases, but the armature does not spring back immediately, 
as in the case of the supersensitive relay. The current must 
decrease considerably before the spring tension will overcome 
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the electromagnetic force, which is high because of the small 
spacing between coil and armature.

The difference in current between the value required to ener
gize a sensitive relay and the value at which the relay will drop 
out is called the operating differential. This value is often given 
as a percentage; for example, the drop-out current may be 20 per 
cent of the pull-in current.

These sensitive relays are capable of pulling up on relatively 
low current because of the great number of turns of wire. The 
large number of turns causes the resistance of the coils to be high.

Insulation

Contacts

Spring adjustment

Normally closed 
contact adjustment

Normally open 
contact adjustment

Electro
magnet 
coil 

leads

Connected to moving contact 
through frame and armature

Fig. 6. Typical “telephone-type” sensitive relay construction.

In fact, resistances of 10,000 ohms are common. A mean value 
might be in the neighborhood of 8,000 ohms. For maximum 
efficiency in utilizing sensitive relays, it is best to select a relay 
whose coil resistance is equal to the output plate resistance of the 
vacuum tube with which the relay is to operate. Under these 
conditions a maximum transfer of energy will occur between 
source and load.

Relay coils are generally given a power rating which must not 
be exceeded in normal operation. In designing a tube circuit for 
a sensitive relay, it is important that the current flowing under 
maximum current conditions, that is, with the tube conducting 
the most current expected, does not exceed the power rating, 
which can be computed by the formula

E2W = = I2R
Lb
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where W is the power in watts, and E the voltage that appears 
across the relay coil (which is equal to the power supply voltage 
minus tube voltage drop and the drop across any other resistance 
in the circuit). The relay coil voltage will be maximum when the 
voltage drop across the tube is lowest, that is, when the tube is 
conducting and allowing current to flow through the relay coil.

Sensitive Relay Adjustments. There are three basic adjust
ments which must be made for optimum operation of sensitive 
relays. They are:

1. The amount of force exerted by the spring (spring tension)
2. The position of the normally closed contact
3. The position of the normally open contact

The tighter the spring tension, the greater the electromagnetic 
force (coil current) required to energize the relay. Also, the 
greater the spacing between the armature and the electromagnet, 
as set by the position of the normally closed contact, the greater 
the required electromagnetic force for relay operation. Finally, 
the position of the normally open contact will determine the dis
tance over which the armature, and moving contact will have to 
move to establish the energized position.

The best setting for these three adjustments is determined by 
experiment under operating conditions. For example, a manu
facturer may provide an 8,000-ohm relay to be operated with a 
current of 2 ma. By reducing the spring tension the relay can 
be made to pull up at much lower values than 2 ma. But the 
drop-out current will be raised considerably, and undesirable 
chatter may result.

An excellent discussion of sensitive relay adjustment is pre
sented by Fisher.1 He reports that the best way to achieve 
maximum contact pressure for rated current conditions is to 
make use of a paper gauge. The procedure is as follows: (1) 
Insert the paper gauge between the armature and magnet. 
Energize the coil sufficiently to hold the armature firmly against 
paper and magnet. (2) Move the normally open contact until 
it just closes (electrical indication, such as small lamp and battery 
or ohmmeter may be used). See that the paper is still held firmly 
between armature and magnet. A working air gap for the

1 R. T. Fisher, Adjusting Sensitive Relays, Electronics, February, 1947, 
p. 71.
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energized position is now set. The normally open contact is not 
moved again. (Any convenient gauge may be used if the paper 
thickness is not right.) (3) Pull out paper gauge and reduce 
coil current until the value is reached at which relay drop-out is 
desired. Then reduce spring tension until armature actually 
does drop out. Reenergize, and check again. (4) Now increase 
the coil current until the desired pull-up value is reached. Now 
adjust the normally closed contact until armature pulls in open-

Fig. 7. Use of electron tubes permits control of fairly rugged relays by 
extremely low power switches.

ing normally-closed contacts. Reduce coil current, deenergize 
relay, then increase again to check for desired operation.

The relay is now completely adjusted. The currents for 
adjustment can be provided by the actual circuit into which the 
relay is to be placed, or by an auxiliary circuit consisting of a 
battery, a current-indicating meter (milliameter), and a variable 
resistance to set the proper current flow.

Relays in Vacuum-tube Circuits. Figure 7A shows the basic 
circuit of a vacuum tube with a relay coil as its plate load. Tube 
curves may be consulted to determine the correct operating volt
ages for proper relay operation. In the circuit, switch 5 is 
thrown up to energize the relay. When this switch is closed, it 
removes the grid bias of the tube, which has been limiting the 
flow of anode current to some low value. When this bias is 
removed, the anode current immediately rises, and the flow of 
current through the relay coil causes the relay to pull up. This 
circuit is shown with a d-c plate-voltage supply.

A modification of this circuit is shown in Fig. 7B. Here an a-c 
plate-voltage supply is furnished by a transformer. This system 
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can be connected directly to the a-c power lines. Here the triode 
not only controls the relay coil current, but it rectifies the a-c 
voltage and sees that the current through the relay coil is 

unidirectional.
Both of the foregoing examples are on-off control types. 

Actually most vacuum-tube and relay circuits employ one of these 
two principles, the only differences being the way in which the 
grid voltage of the relay control tube is varied. It might be 
varied gradually by means of a variable resistance in place of the 
switch, which might in turn be adjusted by a liquid level float. 
When the float reaches a predetermined low level, the contacts 
of the relay close and turn on the supply to refill the tank. 
Many applications of this nature are in daily use.

Usually power pentodes and tetrodes, rather than triodes, are 
used for relay control tubes, because their current ratings are 
higher, and the ratios of plate-current change to grid-voltage 
change (transconductance) are greater.

To determine ahead of time how a particular tube will work 
with a certain relay, it is only necessary to construct on the 

Ev — Ip characteristic curves a load line corresponding to the 
relay-coil resistance, as explained in Chap. 3. Once the load fine 
is located, it is possible to determine plate current values for 
various values of grid voltage.

As an example, assume that a pull-up current of 10 ma and a 
drop-out current of 5 ma are given as ratings for a particular 
relay, whose resistance is, say, 8,000 ohms. The load line is 
first drawn, and then the values of grid voltage corresponding to 
these two plate-current values are determined. The activating 
device must, by some means, cause the grid voltage to change 
between these two limits.

Special Relays. Certain applications preclude the use of 
standard types of relays for one reason or another, and a great 
many special types of relays have been developed for specific jobs. 
Telephone relays, which may be classified broadly as the sensitive 
type, make use of mechanical coupling between armature and a 
moving contact. The mechanical coupling is performed by an 
insulating material in a way that the armature of the relay is not 
involved electrically with the contact system.

Some relays make use of complicated systems of springs and 
ratchets to accomplish certain tasks. Most sensitive relays use a 
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system of mechanical levers either to amplify the distance over 
which the moving contact moves, or to insure good contact by 
amplifying the pressure exerted by the relay coil.

Relays are available with contacts sealed in a vacuum to pre
vent fires where severe contact arcing might be expected. Power 
relays capable of handling many kilowatts of power are some
times made of an evacuated capsule, with contacts at either end 
and a globule of mercury, which is free to move within the capsule, 
depending on its position. The capsule is then coupled mechani
cally to the armature of a relay or solenoid so the mercury 
establishes contact between the two terminals for one position 
and breaks the contact in another.

The number of specialized types is almost as limitless as the 
number of applications that have been found for relays. Basi
cally all of them perform the same function—their contact sys
tems control an electrical circuit.

Care of Relays. Care should be taken to see that sparking 
does not occur at the contacts of a relay, or at least that it is held 
to a minimum. Sparking will drastically reduce the life of a set 
of relay contacts if allowed to occur regularly.

Contacts must be kept clean. This will prevent burning of 
foreign matter that may form a high resistance on the contacts. 
If relays cannot be kept in a dustproof housing, they should be 
cleaned periodically with a good solvent, such as carbon tetra
chloride. Pitted or worn contacts may be refinished by the use 
of a flat file held between the contacts and drawn back and forth 
while exerting slight pressure to hold the contacts together. 
Crocus cloth can also be used to advantage in rejuvenating worn 
or pitted contacts.

Moving parts of relays are designed to operate without lubri
cants, and the application of oil or graphite may be very damag
ing. Supersensitive relays must be treated like fine watch move
ments, and their care should be entrusted only to a trained expert.

Capacity Relay Circuit. The introduction of a device known 
as the capacity relay caused quite a sensation in the early days of 
electronics. Store owners put signs in their windows asking 
passers-by to place their hands near a metallic plate attached to 
the window pane. As they did this, a display in the window 
started to move, with obvious attention-getting results.

The capacity relay has since been applied to many a useful job.
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It is especially useful as an alarm circuit, for it is capable of 
detecting the approach of objects. Certain burglar alarms oper
ate on this principle, and safety devices for some types of machin
ery use the capacity relay idea to remove power from the machin
ery when the body of the operator is in a dangerous position.

The circuit of a capacity relay is shown in Fig. 8. Actually, 
there is more than just a relay involved—two tubes are used. A 
feeler, or antenna, is attached to the grid of the oscillator tube. 
Standard broadcast-receiver oscillator coils may be employed. 
The frequency of oscillation is determined by the coil in the grid

Fig. 8. Capacitance relay circuit. The relay is closed until an object 
approaches the antenna. This type of circuit is used widely in window dis
plays and in burglar-alarm applications.

circuit of the 12J5 and by Ci and C2. When the coil and con
denser in the plate circuit of the oscillator are tuned to the 
resonant frequency of oscillation, the plate current will be very 
low. If the frequency is changed, the plate current of the oscil
lator circuit rises sharply, and the voltage across R, increases in 
such a direction as to cause the current flowing through the 
50L6 to increase to a value sufficient to close relay RE3.

The circuit is adjusted as follows: Set Ci at maximum value 
(all the plates meshed). Then adjust C2 for minimum plate cur
rent (which indicates that the plate circuit of the 12J5 is tuned 
to the frequency of oscillation). The relay is then adjusted (the 
spring tightened or loosened) until it just fails to make. Then 
Ci is decreased slightly until the relay makes.

Whenever a body comes near the antenna, the capacitance is, in 
effect, increased, the frequency of oscillation goes down and 
approaches the value at which the relay will drop out. Here a 
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fail-safe feature has been incorporated. In the event of a power 
failure the relay will close (drop out) and an alarm will sound. 
The relay should be a d-c type with a pick-up rating of 3 ma and 
a drop-out value of about 1 ma. The rating of the contacts are, 
of course, dependent on the size and type of alarm used.

R-F Operated Remote-control Relay. The circuit of Fig. 9 is 
very useful in that no standby power is required. The relay is 
actuated by energy supplied by a radio transmitter. Thus when 
the circuit is deenergized, no power is supplied to it, which means 
that it can be left for long periods of time without wasting power.

The basis of the instrument is a Weston supersensitive relay 

that closes with a current of 2 pa flowing through a 1,000-ohm

Fig. 9. Circuit using a supersensitive relay requiring no stand-by power and 
actuated (powered) by the energy contained in radio waves.

coil. The contacts of this type of relay are capable of carrying 
50 ma. Where additional current must be controlled, another 
relay can be used with its coil current furnished by the a-c power 
line through the contacts of the supersensitive relay. This device 
is useful as a monitor that warns radio station engineers when the 
carrier of the station is off. In this case the antenna input circuit 
would be tuned to the carrier frequency.

The crystal diode rectifies the r-f power and supplies d-c current 
to the relay coil. Since signals of widely varying strength may be 
encountered, a sensitivity control is provided. This is in the 
form of an adjustable shunt across the relay to reduce its sensi
tivity by factors of 10, 100, or 1,000 times. The phone jack 
permits the use of headphones for initial adjustments and for 
identifying the carrier to which the circuit is tuned.
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Additional details on this circuit are given by Fink.1
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CHAPTER 8

ELECTRONIC MOTOR CONTROL

In the past 10 years electronic motor control has come out of the 
laboratory and into the shop, where today it is in evidence in 
practically every phase of industry. Through the use of elec
tronics innumerable machine operations of every conceivable 
description have been simplified, and the quantity and quality 
of processed materials have undergone marked improvement with 
reduced first costs and operating expense.

Electron tubes with appropriate circuits can be used to control 
practically any motor function, such as speed, acceleration and 
deceleration, starting torque and current, overloads, and so on. 
The following paragraphs will describe methods for controlling 
some of the more common motor characteristics—the types of 
control most frequently needed in industry.

D-C Shunt Motor Control. By far the most commonly used 
motor control setup is built up around a d-c shunt-wound motor 
fed from a tube rectifying system which is in turn fed from stand
ard a-c distribution lines. The reasons for the popularity of this 
motor control system will become evident when its versatility and 
efficiency are understood.

Basically these d-c motor control setups are comprised of three 
main parts: the motor itself, with its armature and field windings; 
and two tube-rectifier units, one for supplying the necessary field 
power, and the other for rectifying the necessary armature power. 
The control circuits are usually incorporated as integral parts of 
the rectifying systems.

Shunt-motor Theory Review. Before the operation of an elec
tronic motor control can be understood fully, it is necessary to 
review the general theory of the shunt-wound d-c motor. The 
circuit for such a motor is shown in Fig. 1. The field coil actually 
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consists of a large number of turns of relatively small wire wound 
on radial poles around the periphery of the motor. It is shown 
schematically, however, simply as a single coil. As d-c current 
is forced through these field coils by the application of a voltage 
across them, a magnetic field is set up along the axis of the poles 
around which the coils are wound.

Fig. 1. Diagram of a shunt-con
nected d-c motor, showing the field 
coil and armature.

The armature winding consists of several turns of relatively 
heavy wire or strap wound on the rotatable member of the motor, 
and as d-c current is forced through this winding another mag
netic field is produced. These 
two fields are of such magni
tude and direction that they 
cause the armature to rotate 
about its axis.

The armature winding offers 
very low resistance to the flow 
of current while the motor is 
standing still. When it begins 
to revolve, and the segments of 
the armature winding begin cutting the magnetic lines of force set 
up by the field coils, a voltage is induced in the armature winding 
which opposes the original voltage applied to the armature and 
acts to cancel out the effect of a portion of that applied voltage. 
This opposing voltage or “back emf” limits the current through 
the armature by reducing the effective voltage that causes the 
flow of current.

The speed of the motor is determined by the balance point at 
which the effective armature voltage (which is approximately the 
applied voltage minus the induced voltage) is just sufficient to 
cause enough armature current to flow to drive the mechanical 
load and make up for friction losses in the motor and transmission 
system.

Speed Control. It can be seen that if the magnetic field set 
up by the field winding is decreased, the induced canceling volt

age in the armature winding will be less. Thus the effective 
armature voltage will be greater, the armature current will 
increase, and the motor will speed up.

On the other hand if the armature applied voltage is reduced, 
the effective armature voltage is decreased, and less current flows. 
The motor will thus slow down.
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These two speed-changing phenomena are the basis for motor 
speed control. Where it is desired to have a motor run at some 
speed slower than its normal speed, control of the armature cur
rent may be used. Where the speed is to be increased, field cur
rent control may be used. Combinations of both types of control 
are commonly employed to obtain speed regulation over very 
large ranges.

Typical Speed-control Circuit. A greatly simplified motor 
speed-control circuit is shown in Fig. 2. Here the d-c voltages

Fig. 2. Schematic for controlling the speed of a d-c motor by using gas 
rectifiers to convert a-c line power to direct current.

for the field and armature are supplied by two separate rectifier 
systems. The voltage applied to each may be varied by the 
addition of resistance in series with the windings. Special power 
rheostats are available for this type of circuit, but these com
ponents are usually bulky and expensive. They are also difficult 
to maintain because of the large amounts of power they must 
dissipate.

By substituting thyratrons for the diode rectifiers shown in Fig. 
2 and adding suitable electronic circuits to control the rectifying 
action of the thyratrons, armature and field currents can be 
adjusted at less expense and with numerous other advantages.

Figure 3 shows a basic electronic control system, again greatly 
simplified. The thyratron grids are connected to phase-shifting 
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devices. The phase of the grid voltage is made variable so that 
the thyratrons may be caused to conduct for different portions 
of the half cycle during which the thyratron anodes are positive. 
Note that when diode rectifiers were used to supply direct current 
to the field and armature, they conducted current for the full 

positive half cycle, affording no control.
If a thyratron grid is allowed to swing positive at a time when 

the plate of the tube is just going positive, the tube will conduct

Fig. 3. Simple circuit showing the use of grid-controlled gas tubes to vary 
voltages applied to the motor field and armature.

over the entire positive half cycle. Any load connected to that 
tube will draw power during these positive half cycles. If the 
grid voltage is retarded, however, so that the grid is in some por
tion of its negative half cycle at the time the plate voltage starts 
its positive half cycle, the firing of the tube will be delayed until 
the grid voltage swings to a value which will permit the tube to 
conduct. Thus the tube conducts during only a portion of its 
positive half cycle, and current in the load will flow for shorter 

intervals of time. The average current, that is, the total of the 
instantaneous current divided by the time, will decrease. If it 
is the armature current which is decreased in this manner, the 
motor speed will decrease.
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It is worth noting that if a single thyratron is used to control 
the armature or field, current cannot flow more than half the 
time, because the tube will not conduct during the half cycles of 
the applied a-c voltage which make the anode negative with 
respect to the cathode. This, then, is the condition which will 
produce the maximum average current through the tube and the 
load. With two tubes in a full-wave rectifier circuit it is possible 

Fig. 4. Diagram of means for retard
ing the phase of thyratron grid voltage 
for varying the current supplied to the 
motor armature.

to force current through the 
load at all times if desired.

Phase-shifting Methods. 
The armature portion of an 
electronic control system 
which uses the phase-shift 
principle is shown in Fig. 4. 
Here the d-c armature current 
is obtained from the a-c dis
tribution lines by means of a 
single thyratron rectifier cir
cuit. The grid of the thyra
tron is connected to a trans
former whose primary is 
connected across the output 
terminals of a special phase
shift bridge circuit.

In such a circuit, as the 
value of the variable reactance 
is increased, the a-c grid volt

age is retarded in phase. Thus instead of being positive when the
plate becomes positive, the grid voltage lags behind by a certain 
amount. The tube does not conduct as soon as the plate goes 
positive but at some time later in the positive plate excursion as 
determined by the time when the grid voltage goes positive. 
This latter is determined by the tube characteristics. The result 
is that the thyratron will conduct for shorter and shorter periods 
of time and the average current will be less as the phase lag 
increases.

If the armature were rotating in a fixed field, its speed of rota
tion would be decreased by increasing the amount of reactance 
in the phase-shift bridge.

Actually the circuit shown in Fig. 4 is applicable only to small 
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motors, since only half-wave rectification is employed. To 
supply adequate armature power for larger motors, high values 
of peak rectified current would be required. The circuit in Fig. 
5 employs a full-wave rectifier with exactly the same type of 
phase-shift arrangement but with a more practical type of vari
able reactance in the bridge.

Saturable Reactor Phase Shifter. The variable reactance 
shown in Fig. 5 is a saturable reactor. The inductive reactance

Fig. 5. The use of saturable reactors greatly increases, or amplifies, the 
amount of control possible.

introduced into the circuit by the saturable reactor is determined 
by the amount of d-c current flowing in the d-c winding.

The advantage of the saturable reactor is that only a small 
change in d-c power is required to cause a large change in its 
inductance. The small d-c change can be achieved by a poten
tiometer connected across a source of d-c voltage, or it may be 
derived electronically by a circuit such as the one shown in Fig. 6, 
where a potentiometer is used to determine the amount of bias 
on a control tube. As the arm of the control rheostat is moved 
up, making the grid more negative with respect to its cathode, 
the plate current of the tube will decrease, reducing the current 
which flows through the d-c winding on the reactor. The a-c 
side of the reactor will present more inductance in a grid phase-
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shift circuit, causing less armature current to flow and the motor 
speed to decrease.

Fig. 6. Simple circuit for varying the direct current applied to the d-c 
winding of a saturable reactor.

Thus we have effectively added resistance in the armature cir
cuit. However instead of requiring a large power rheostat with a 
great power loss, we have accomplished the same effect with a 

Fig. 7. Basic phase-shift 
circuit shows a bridge 
configuration.

a variable resistance or

small potentiometer having almost 
negligible power loss.

Variation of Resistance. In ex
plaining the phase-shift bridge used to 
control the armature current in the pre
vious section, it was shown that the 
phase of the grid voltage was changed 
by varying the inductance of one of the 
arms of the bridge. Phase-shift varia
tion also may be accomplished by vary
ing the resistance in the arm containing 
the reactance.

This system is illustrated in Fig. 7. 
The circuit is shown connected to the 
field winding of a motor. The basic 
phase-shift bridge is still present, but in 
this case the reactance used for phase 
shift is a capacitor, and the element 
used to vary the phase shift is actually 
rheostat in series with the capacitor.

In the chapter on basic circuits we saw that the voltage across 
a capacitor was 90 deg out of phase with the current flowing 
through it. Therefore, since the voltage across a resistance is in 
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phase with the current flowing through that resistance, the volt
age across the capacitor and the voltage across a resistor in series 
with it are 90 deg out of phase with each other.

Thus if the value of the resistor Ri in Fig. 7 is chosen so that 
its effect is very much greater than that of the capacitor Cx, the 
voltage across that arm of the bridge will be practically in phase 
with the current flowing through it and consequently in phase 
with the voltage across the other arm of the bridge which is made 
up of R2. The voltage between A and B is then nearly in phase 
with the voltage across points C and D, since little phase shift 
occurs around the bridge.

If now the value of Ri is decreased, so that its effect is quite 

small as compared to the reactive effect furnished by Cx, then 
the voltage across that arm of the bridge will be made up pri
marily of the voltage across the capacitor, and it will be out of 
phase with the voltage across the other arm of the bridge which 
is still caused by the pure resistance R2. Thus decreasing the 
value of Ri effects a phase shift in the voltage output taken from 
points A and B.

So by decreasing the resistance in the capacitor arm of the 
phase-shift bridge, the field current can be decreased and the 
motor speed increased.

Continuous Control. We have seen that the speed of a motor 
can be increased by lowering the field voltage and decreased by 
lowering the armature voltage. In many cases a given d-c motor 
with a certain rated speed is to be used in a system where speed 
control above and below the rated speed is desirable. It is possi
ble to maintain smooth control over the entire range of speeds 
with a single speed-changing knob by using the rheostat shown 
in Fig. 8.

If the motor is designed to run at its rated speed when the full 
voltage is applied to both the armature and the field, it will 
operate under this condition when the arms of the rheostats are 
straight up and no resistance is in either circuit.

Moving the knob counterclockwise places some resistance in the 
field circuit, but at the same time makes the arm of the armature 
rheostat move onto a copper segment which provides a direct path 
to the power line. The armature circuit will continue to have 
full voltage applied to it. However, the resistance added to the 
field circuit reduces the field current, and the motor speeds up.
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To decrease the motor speed the knob is rotated clockwise, 
thereby taking resistance out of the field circuit. When the 
rated speed point is passed, resistance is added in the armature 
circuit, while the field current remains unchanged.

Speed Regulation. We have seen that motor speed can be 
controlled by a d-c voltage. We have also seen that the speed of 
rotation of a motor determines the amount of induced voltage in 
the armature and thus the effective voltage across the armature. 
It would seem that we should be able to devise a loop arrange
ment such that if the motor speed were reduced, due to some

Fig. 8. Special dual potentiometer provides continuous speed control with 
a single knob for low-power applications.

external load change for instance, the voltage change in the arma
ture winding caused by the speed change could be used to restore 
the motor to its original speed, thereby providing a degree of 
regulation.

A circuit capable of doing this is shown in Fig. 9. The volt
ages shown applied at the left side of the diagram are assumed to 
be provided by some regulated source—they serve as reference 
voltages in the speed-regulation circuit, as will be explained 
shortly.

Fi is a triode connected across the upper half of the regulated 
voltage supply, with the d-c winding of a phase-shift saturable 
reactor in its plate circuit. The grid voltage of Vi is determined 
by the three-resistor voltage divider which is connected across the 
entire regulated voltage supply. For the moment let us assume 
that Vi is conducting, because its grid voltage is relatively posi
tive with respect to its cathode. The current flowing through 
the d-c winding of the saturable reactor reduces its a-c reactance, 
and the armature rectifier thyratrons conduct over a maximum 
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portion of the positive half anode cycle. Suppose that the motor 
tends to speed up, as might happen if its load were decreased. 
As the armature accelerates, the induced voltage increases, caus
ing the total voltage across the armature to increase. A portion 

of this armature voltage increase is applied to the grid of V2 
through Ri in such a way that the grid becomes more positive. 
As the grid of Ts becomes more positive, that tube conducts more 

current. The V2 plate current flowing through Ri lowers the

Fig. 9. Circuit providing regulation of the speed of rotation of a d-c motor.

voltage at the grid of Vi causing that tube to conduct less current. 
Thus the current in the d-c winding of the saturable reactor 
decreases and the reactance in the phase-shift bridge is increased, 
causing the grid voltage of the rectifier thyratrons to be retarded 
in phase and the armature current to be decreased. The motor 
speed drops until the original speed (before the load decrease 
occurred) is attained.

It is well to remember that the speed regulation is accomplished 
by comparing the voltage across the armature with a known fixed 
voltage. To have perfect regulation the armature voltage would 
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necessarily have to vary exactly linearly with the armature speed. 
Such is actually not the case, because the total armature voltage 
is determined by the applied voltage, the opposing induced volt
age, and the IR drop caused by the current flowing through the 
armature resistance. This third factor, the IR drop, is directly 
proportional to the armature current, since the resistance is con-

Fig. 10. Speed regulation and /B-drop compensation are provided by this 
circuit.

stant. It is the factor which prevents the armature voltage from 
deviating in direct proportion to motor speed.

IR-drop Compensation. The discrepancy in speed regulation 
caused by the armature IR drop may be compensated by the cir
cuit shown in Fig. 10. Another transformer, Ti, has been intro
duced. Its primary windings are connected in the armature cir
cuit in such a way that the voltage across its secondary increases 
as the armature current increases. The secondary transformer 
voltage is rectified by Fi and the portion of the resulting d-c 

voltage appearing across the lower portion of Ui is applied in 
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series with the armature voltage divider in the speed-regulation 

circuit. By proper adjustment of R,, the voltage added in series 
to this circuit will be exactly equal and opposite to the voltage 

discrepancy caused by the armature IR drop (since both are 
proportional to armature current). The voltage tapped off for 
the regulator circuit will be exactly proportional to machine 
speed.

This ZR-drop compensation circuit also serves as an armature 
current-regulating device, since a large armature current will 
cause the addition of a large negative voltage into the speed
regulator voltage divider across the armature. The result will 
be a reduction in armature current through the speed-regulation 
circuit.

An armature current-regulating circuit operating on the above 
principle is shown in Fig. 11. Here the armature current flows 
through the regulation transformer primary as before. However, 
instead of using the rectified regulating voltage in series with the 
armature voltage divider, as in the IR-drop-compensation cir
cuit, here the voltage is used directly to control the firing time of 
the armature thyratrons through V\ and the saturable reactor 
connected in its plate circuit. The circuit of Fig. 11 shows the 
field of the motor being supplied by the same anode transformer, 
but with straight diode rectifiers and a series potentiometer for 
controlling field current.

Motor Reversing. If the voltage applied to either the field or 
the armature of a d-c motor is reversed, the direction of rotation 
will be reversed. However, this reversal cannot be accomplished 
instantaneously.

For instance, quickly reversing the polarity of the armature 
voltage would cause the armature current immediately to rise to 
a dangerously high value. The reason for this high current is 
that the applied voltage (having been reversed) would now add 
to rather than oppose the induced voltage in the armature. 
This induced voltage depends upon the direction of rotation, and 
the armature would not immediately reverse.

Several methods for avoiding this heavy current have been 
devised. Probably the commonest and simplest method makes 
use of a large magnetic contactor which disconnects the armature 
voltage and connects a resistance across the armature, giving the 
effect of dynamic braking. Once the armature has come to rest,
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Fig. 11. Circuit providing adjustable speed control with IR-drop compen
sation and armature-current regulation.

the same, or another, contactor may be operated to apply the 
reverse polarity voltage to the armature circuit, thereby causing 
the motor to begin accelerating in the opposite direction.

Where more rapid direction changing is required, a regenerative 
system is employed whereby the kinetic energy stored up in rota
tion of the armature is forced back into the power lines. This 
system is found more frequently in nonelectronic setups, how
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ever. It becomes quite involved in electronic versions because 
of the fact that electrons can flow in only one direction in a tube 

rectifier.
Additional Refinements. Thus far we have discussed only 

general motor control circuits. It must be kept in mind that in 
commercial control units many additional refinements are neces
sary to provide protection against overloads and make it possible 
for inexperienced personnel to operate the motors without damage 

to the equipment.
In many cases thermally-operated overload relays are integral 

parts of electronic control units. They are seldom necessary 
with fractional horsepower motors, since usually these motors 
have sufficient internal impedance to limit the starting and accel
erating currents to values which will not damage the motor or 
paralyze the d-c power supply.

Starting-current limiting devices may be placed in the circuit 
in a number of different ways. Some setups use a starting 
button which is depressed and held until the motor reaches a cer
tain speed, at which time the button is released. With this type 
the limiting device is connected in the circuit while the start 
button is depressed.

An automatic system involves a centrifugal switch or some 
other means for cutting the starting-current limiting device out 
of the circuit when the motor reaches some safe speed. These 
starting-current limiting aids may be separate units, such as a 
resistance in series with the armature, or they may be part of the 
speed-control or speed-regulation systems.

Throughout this chapter we have been pointing out various 
ways to change motor speed and other characteristics by the use 
of electronic circuits. It must be kept in mind that in almost 
every case the alteration of one motor characteristic will be 
accompanied by an alteration of some other characteristic; this 
may be unimportant, advantageous, or extremely disadvantage
ous, depending on the application.

For instance, when we say the speed range of a d-c motor is 
extended by the use of current-reducing devices in series with 
the motor elements, we must understand that the rated horse
power available for rated speed may not be available when the 
motor is slowed down. At very low speeds the armature current 
must be reduced below its normal value, because the air cooling 
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usually produced by armature rotation is reduced. However, 
this would be true not only of electronically controlled motors 
but of all types running at reduced speeds.

The twisting effort, or torque, will remain constant in a motor 
the speed of which is regulated by variation of the armature 
voltage alone, but the horsepower varies. If, on the other hand, 
speed control by variation of the field is employed, the horse
power output available remains constant, but the torque decreases 
as the field is weakened and the speed increases.

It will be noticed that in d-c machinery circuits the armatures 
and fields are supplied directly from the rectifying system. No 
d-c smoothing reactors or other external means are used to absorb 
the instantaneous differences between the output voltage of the 
tube and the counter voltage produced in the armature. Thus 
the armature current actually flows in pulses during the interval 
when the instantaneous applied voltage exceeds the counter 
voltage in the armature. The armature winding reactance 
affords some filtering of these pulses. Some circuits incorporate 
a separate reactance in the armature circuit to smooth the pulses.

In some cases filter sections are required to prevent hunting. 
Electronic circuits are almost instantaneous in operation, whereas 
the equipments they control usually have finite time delays before 
they respond to control. These circuits are often found between 
the grids and cathodes of rectifying thyratrons.

In this electronic motor control discussion we have limited 
descriptions to single-phase applications in the interests of 
simplicity and ease of explanation. The circuits described are 
applicable to larger multiphase equipment with, of course, corre
spondingly more electronic components. In fact motors up to 
200 hp in rating have been furnished with electronic control 
devices.

Reversible Motor Control. Many types of industrial machin
ery, such as milling machines, shapers, lathes and variable-depth 
boring machines, require motors which move work repeatedly 
between two points—in other words the drive motor is continu
ally reversing.

The electronic circuit shown in Fig. 12 is capable of reversing 
a motor when the load on the motor reaches a preset limit. Thus 
it qualifies for the job described above. Either limit can be set 

without regard to the other by means of potentiometers Ri and R2. 
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Potentiometer R3 is geared to the turning mechanism of the load 
so that its full resistance is traversed with the complete range.

Relay 1 controls the direction of travel of the motor. The 
load will move one way when it is energized and return the other 
way when it is deenergized. With the potentiometers in the 

positions shown, RE, will initially be deenergized and the motor 
will move the load to such a position that R3 picks oft a voltage 
equal to that set on Ri. RE], will then be energized by the firing

Fig. 12. Circuit for rapid reversal of the direction of rotation of a motor

of Fi and the motor will reverse. The other extreme reversal 
will occur when the load moves to a point where the voltage 
tapped by R3 equals that set at R2 causing V2 to conduct and 
REi to be deenergized again. The values shown were chosen to 
reverse the direction of an automatically rotated radio dial, but 
by proper alteration of components it could easily be adapted to 
heavier operations—in fact any reversible motor setup which 
can be controlled by the action of a relay can be used in conjunc
tion with such a circuit. A more detailed description of the 
operation of the circuit is presented by Stephenson.1

1 J. G. Stephenson, Reversible Motor Controller, Electronics, September, 
1947, D. 93.



232 ELECTRON TUBES IN INDUSTRY

Tachometer Speed Regulation. Figure 13 shows a circuit 
containing a tachometer generator mechanically coupled to the 
motor which is being electronically controlled. The output of 
such a generator is a d-c voltage which is directly proportional 
in magnitude to the speed of rotation of the motor.

A little imagination will reveal a simple means for controlling 
and regulating motor speed by taking advantage of this type of 
device. The voltage may be applied to the circuit supplying 
motor current in such a way that a decrease in the tachometer

Fig. 13. Tachometer generator provides the reference signal for this speed
regulation circuit.

output, such as might be caused by a decrease in motor speed, 
would cause an increase in armature current so that the motor 
will regain its original speed.

Of course the setup shown in Fig. 13 would have extremely 
limited usefulness because of the small power handling capabili
ties of a tube which might be controlled by the voltage of the 
tachometer generator. Actually, the voltage derived from the 
tachometer would be used in one of the circuits discussed pre
viously to control the motor.

REFERENCES

Alexanderson, E. F. W., M. A. Edwards, and C. H. Willis, Electronic 
Speed Control of D-C Motors, Electrical Engineering, June, 1938.

Cockrell, W. D., Electronic Control . . . Maintenance and Trouble
shooting Tips, General Electric Review, September, 1943, p. 489.

Dalton, B. J., Electronic Motor Control, General Electric Review, May, 
1945, p. 12.

DeWolf, F. T., D-C Motor Operation with Rectifier Power Supply, 
General Electric Review, April, 1947, p. 15.



ELECTRONIC MOTOR CONTROL 233

Fendley, S. D., Electronic Motor Control, General Electric Review, April,
1943.

Fendley, S. D., Motor Control by Means of Tubes, Electronics, March, 
1943, p. 138.

Harris, W. B., Industrial Applications of Rototrol Regulators, Electrical 
Engineering Transactions, March, 1946, p. 118.

Heumann, G. W., Speed Control Systems for High-speed Squirrel-cage 
Motors, General Electric Review, February, 1948, p. 28.

Leigh, H. H., Simplified Thyratron Motor Control, General Electric 
Review, September, 1946, p. 18.

Livingston, O. W., Constant Current Systems for Electronic Control 
of D-C Motors, General Electric Review, May, 1947, p. 38.

Moyer, E. E., Electronic Control of D-C Motors, Electronics, May, 
June, July, September, and October, 1943.

Poole, A. B., Flea Power Industrial Synchronous Motors, Electrical 
Manufacturing, January, 1949, p. 74.

Puchlowski, K. P., Electronic Motor Control, “Industrial Electronic 
Reference Book,” John Wiley & Sons, Inc., New York, 1948.

Ryder, J. D., Electronic Control Circuits for D-C Motors, Electronics, 
December, 1938, p. 20.

Schmidt, A., Jr., Operating D-C Motors from Controlled Rectifiers, 
Electrical Engineering, June, 1948, p. 516.

Stephenson, J. G., Reversible-motor Controller, Electronics, September, 
1947, p. 93.



CHAPTER 9

ELECTRONIC MEASUREMENT AND CONTROL

A large part of the rapid progress that has been made in industry 
in the past 50 years is due to man’s ability to produce great quan
tities of commodities. The key to mass production is standard
ization. The key to standardization is measurement. The 
requirements for making accurate measurements quickly and 
without interruption of the manufacturing process presented a 
logical problem to electronics engineers.

The science of measurement is sometimes as incomprehensible 
as is the extent of the universe. There is no end point. Nothing 
is perfect. All physical measurements as we know them today 
are relative. For instance, our units of length are based on a set 
of arbitrary standards. In effect, when we say that a piece of 
string is a yard long, we imply that the piece of string is as long as 
the distance between two scratches on a certain piece of platinum
iridium in a temperature-controlled room in Washington, D.C. 
Of course we don’t know if this is true, but we do know that the 
string compares in length with, say, a yardstick, and we assume 
that the yardstick was originally scaled after an accurate steel 
yardstick which might have been calibrated from a standard 
yardstick which was once calibrated from the world standard in 
Washington.

Our units of the presence or absence of heat are based arbi
trarily on the temperature at which water freezes under certain 
fixed conditions. Some industrial processes require very exacting 
temperature measurements. But, to set a process in operation 
in Chicago in accordance with plans drawn up in Cleveland, again 
we must compare. The convenient basis for temperature com
parison was logically chosen as the freezing point of water, since, 
under prescribed conditions, water always freezes at the same 

temperature.
234
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The Electronic Measuring Stick. In introducing electronics 
into the field of measurement, we simply add another intermediate 
comparison like the steel yardstick. Sometimes this electronic 
measuring stick takes the form of a voltage which exists between 
two points. The magnitude of this voltage must in some way be 
related to the magnitude of the phenomenon being measured. 
As an example, suppose we have a system for producing a voltage 
of 12 volts which corresponds to a distance of 1 ft in some elec
tronic distance-measuring system. Suppose that through appro
priate circuitry, we have established the fact that the voltage is 
exactly proportional to the distance being measured. Having 
established these two conditions, we may safely say that if the 
voltage drops to 11 volts, something has happened to the spacing 
of our two reference points and they are now 11 in. apart instead 
of 12.

The electronic measuring stick can actually be any phenomenon 
which is capable of being measured. Instead of the 12-volt 
example, the distance information mentioned above might have 
been converted into a currrent of 12 ma, and the same proportion 
used. Or the 12 in. could be converted into a measurable time 
interval, say 12 milliseconds, between two electrical impulses of 
current or voltage.

In other words whether the basis for comparison is a voltage, 
current, unit of time, change in frequency or phase, change in the 
tuning of an LC circuit, or a change in resistance, inductance, or 
capacitance, as long as it is measurable and as long as it bears 
some definable relationship to the magnitude of the phenomenon 
being measured, we have a workable system.

The advantages of introducing the electronic measuring stick 
are numerous and will become more and more evident. For a 
brief example, however, consider convenience. Measuring the 
depth of liquids in a large number of widely dispersed storage 
tanks can be accomplished at some central station. Measure
ment of the fuel in automobiles is a good example of an extremely 
simple electrical measuring system, but consider the time, energy, 
and danger that is eliminated by having such a remote indicator 
of fuel depth.

One of the great virtues of the use of tubes in measurement and 
control operations is the fact that the measuring device can be 
arranged to have almost no effect on the quantity being measured. 
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For example, a low-resistance voltmeter of the conventional type 
will not read voltage correctly unless the voltage source has low 
internal resistance. Otherwise the current required by the volt
meter, flowing through the internal resistance of the source, will 
produce a voltage drop so that the meter actually indicates a 
value that is lower than the voltage that exists under normal cir
cumstances without the meter load.

A vacuum-tube voltmeter has an extremely high resistance, 
which means that the current required for its operation is prac
tically zero. Therefore it will read the open-circuit voltage of 
any source much more accurately than will a conventional meter.

Electron-tube meters can bs located at a distance from the 
quantity being measured, they act instantly (no lag), they con
sume extremely little current, and they can be arranged to meas
ure practically any physical, chemical or electrical quantity.

Measuring light Intensity. The phototube is one of the most 
universally used electronic measuring aids. The phototube pro
duces an electrical change which is proportional to the illumina
tion falling upon it. Once the tube and its circuit have been 
calibrated, they form a very simple and accurate measuring 
device for determining illumination levels.

It is a simple step to go from the measurement of illumination 
to the control of illumination. Suppose that the circuit is 
arranged to ring a bell when the output of the phototube falls 
below or increases above some arbitrary limit. Then an attend
ant can adjust the illumination to the desired value. The next 
step is to make the circuit turn on more light if the illumination 
has fallen below the desired value and turn off lights if the illumin
ation has become too high. In this manner street lights may be 
turned on when daylight falls below a desired limit. Another 
simple application of this general idea is to open one’s garage 
doors when the headlights of the car are turned on.

Dimension Control. Since the phototube responds to light, 
many devices have been developed for controlling physical 
dimensions by its use. For example, the length of an object 

can be controlled as follows: In Fig. IA is shown a method for 
cutting sheets of uniform length from a continuous strip of 
material. Here the material is fed into a cutter from the left. 
As soon as the end of the strip interrupts the beam of light 
between the light source and the phototube, a relay in the photo
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tube unit operates a cutter. The accuracy of such a system 
depends on a number of factors. This system is applicable to 
any job where a large piece of material is to be divided into small 
equal-size units. Variations of this simple scheme are often 
necessary. For example, suppose it is impossible to position the 
light source and the phototube on opposite sides of the sheet. A 

mirror may be used to reflect the light as shown in Fig. IB, or a 
light-absorbing background may be used and the reflectivity of a 
glossy material employed to actuate the cutter. In this case the

Fig. 1. Example of an electronic control setup. When the strip interrupts 
the light beam, a phototube signal actuates the cutter through the cutter 
control unit. Thus sheets are cut to uniform lengths.

circuit is so arranged that an increase in illumination falling on 
the phototube surface would cause the relay to act.

The problem just described is more than a measurement prob
lem. In fact it is a good example of the compatibility of elec
tronic measuring and electronic control systems. Once the 
quantity to be measured is translated into an electrical quantity 
—voltage, current, frequency—or into time intervals, it can be 
measured by electronics. Control devices are initiated by this 
measured electrical quantity.

THICKNESS GAUGES AND CONTROLS

Imagine a continuous process in which a material is being 
shaped into sheets and the thickness of these sheets must be 
held within close limits. The thickness might be controlled by 
the pressure exerted between two rollers through which the 

material passes as shown in Fig. 2 A. This pressure is controlled 
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by a motor-driven screw arrangement such that if the motor 
turns in one direction the pressure will be increased with resultant 
decrease in thickness of the sheet. When the motor reverses 
its motion, the thickness increases.

By using the system of Fig. 2 A, automatic thickness control is 
possible. The type of thickness gauge employed depends on 

Fig. 2. Control setup for maintaining constant thickness of strip material. 
When the thickness gauge “tells” the control circuits that the strip is too 
thick, more pressure is applied to the rollers, which in turn squeeze the strip 
to the proper thickness.

several things: the type of material being measured, the desired 
thickness, the speed of travel, its roughness or surface configura
tion, and the degree of accuracy required. A simple rider wheel 
connected to the arm of a potentiometer might suffice (see Fig. 
2B). In some cases the double phototube arrangement would 
have some advantage (Fig. 2C). When the material passing 
through the inspection point is of the desired thickness, the 
reflected light beam falls between the phototubes. If then the 
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thickness increases, the angle of incidence between the light 
source and the reflecting surface changes, and the light beam 
falls on one of the phototubes. A signal will result, and with 
suitable electronic circuitry this signal can be used to vary the 
mechanical adjustment which controls the thickness in such a 
way that the thickness is corrected to the proper value.

These simple systems provide limited accuracy. Numerous 
mechanical-movement amplifiers can be applied to increase the 
electrical variation caused by the mechanical variation.

Radioactive Thickness Gauge. A simplified diagram of a 
radioactive thickness gauge especially suited for the measure-

Fig. 3. Radioactive substances give off particles that pass through the 
materials and form the basis for measuring the strip thickness.

ment of sheets traveling at high speeds is shown in Fig. 3. A 
small sample of some radioactive substance is placed in a con
tainer below the surface of the moving material. The amount of 
radiation which passes through the material to the radiation 
detector is directly dependent on the thickness of the material 
and its absorption characteristics. The choice of the radioactive 
material depends on the application.

Ultrasonic Applications. Another type of thickness gauge 
makes use of a relatively new branch of the science of electronics 

called ultrasonics. Sound waves travel away from their point 
of origin at a uniform speed, the exact speed depending primarily 
on the material through which the sound transmission is taking 
place. It has been known for some time that sound waves are 
reflected by any change in density of the medum. If you yell 

across an open canyon, the sound of your voice will travel until it 
reaches the other side which represents a wall of material with a 
different physical make-up than the air through which the sound 
has been traveling. When these sound waves reach such a plane 
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of different density, an echo will occur, and some of the sound 
energy will be reflected back toward the origin. The principle 
is the same as that used in radar, but in this case radio waves are 
used instead of sound waves. The frequencies most commonly 
used for this type of measurement lie in and just above the limit 
of human hearing.

A simplified diagram of an ultrasonic thickness gauge is shown 
in Fig. 4. The sound waves originate as electrical impulses in 
an ultrasonic oscillator. These impulses are amplified elec
trically and applied to a transducer which converts them into 
mechanical sound vibrations and passes these sound vibrations 
into the material whose thickness is to be measured. The sound 
waves are sent out in the form of short-duration pulses. When 
these pulses reach the other side of the material, they meet a

Fig. 4. Block diagram of an ultrasonic thickness gauge.

plane of different density, and an echo results. A portion of 
the reflected sound energy finally returns to the transducer, which 
is also capable of converting such reflected echo pulses back into 
an electrical impulse. Thus we have two electrical impulses— 
the one sent out originally, and the one caused when the trans
ducer picks up the returning echo. By electronic means, the 
time elapsed between the two pulses can be accurately deter
mined. If the speed of sound within the material is known, the 
distance the original sound pulse traveled can be calculated. The 
thickness of the material will be equal to half of that distance, 
since the sound energy had to travel out and back.

This sounding system can be used for detecting and locating 
internal flaws, such as bubbles and impurities in a material, 
whether it is transparent or not, since any flaw or impurity 
represents a different density and gives rise to an echo. The 
position of the foreign particle or flaw in the material can be deter
mined the same way the thickness of the material is calculated.

Portable Ultrasonic Thickness Gauge. This is an instrument 
designed primarily for determining the thickness of tanks, pipes, 
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process vessels and similar structures.1 It also employs ultra
sonic energy for thickness measurement, but a slightly different 
and less complicated technique is used. The basic circuit is 
shown in Fig. 5. It comprises a variable-frequency self-excited 
oscillator which generates an alternating voltage. This voltage 
is applied to an X-cut quartz crystal. When this crystal is held 
against the surface of the material whose thickness is to be meas
ured, it transmits a continuous ultrasonic wave into the material.

Fig. 5. Basic circuit of an ultrasonic thickness gauge.

If the oscillator is tuned to a frequency that is an integral multiple 
of the fundamental frequency of the wave in the thickness of the 
material, there will be a sharp increase in the amplitude of the 
mechanical vibration in the part of the material directly beneath 
the crystal.

This condition is indicated by an increase in the current meas
ured by the milliammeter. When this increase is detected, the 
frequency of the wave is noted. From the frequency the thick
ness of the material can be determined, since the thickness or 
physical size of an object determines its resonant frequency, just 
as the frequency of the organ pipe depends on its length. The 
velocity of sound waves in a material is easily determined from 
tables or by running test measurements on known thicknesses 
of the same material.

The circuit used for the actual instrument employs five minia
ture tubes and is powered by self-contained batteries. Instead 
of a meter, earphones are used as a resonance indicator. Since

1 Norman G. Branson, Portable Ultrasonic Thickness Gage, Electronics, 
January, 1948, p. 88.
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the frequencies employed lie within the audio range, the operator 
can easily tell when critical frequencies are reached.

X-ray Thickness Gauge Another system for measuring 
thickness without contact makes use of X rays and the fact that 
these rays are capable of penetrating opaque materials such as 
metals. Such a system was designed by W. L. Lundahl1 of 
Westinghouse for measuring the thickness of cold-rolled steel 
and cold-rolled copper.

Fig. 6. Setup of an X-ray comparison thickness gauge. The amount of 
X-ray absorption by the strip material is compared to the amount of X-ray 
absorption by the standard or sample.

The gauge consists of two X-ray sources and a phototube 

pickup, as shown in Fig. 6. The phototube unit sees two pieces 
of fluorescent material which emit light when bombarded by 
X rays, the amount of light being proportional to the intensity 
of the X rays. The two X-ray tubes are energized alternately 
so that for one moment the phototube views light resulting from 
the radiation of one tube and at the next instant, of the other 
tube.

To reach the fluorescent material, the X rays coming from

1 W. L. Lundahl, X-ray Thickness Gage, Electronics, March, 1948, p. 154. 
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the bottom tube must pass through the material being gauged. 
Thus a certain amount of ray attenuation will be expected. The 
rays from the top tube are attenuated by a calibrated standard 
which interrupts a known amount of X radiation. If the stand
ard is of the same material as that being gauged, and its thickness 
is made equal to the desired thickness, then the amount of radia
tion and illumination reaching the phototube will be equal from 
both sources. If the thickness of the moving strip varies, for 
some reason, the ratio between the signals from the two sources 
will be changed, and the change in phototube signal may be used 
to indicate the error or to introduce corrective measures.

With this type of system a calibrated, tapered-disk attenuator 
may be used as a standard. This consists simply of an X-ray- 
absorbing wedge that can be moved in and out between the 
standard X-ray tube and the phototube unit. By placing in 
the gauging beam a known thickness of the material to be meas
ured and sliding the wedge to a point where the phototube 
signals are balanced, calibration is accomplished.

Thus the device is an exact analog of the density-measur
ing instruments (densitometers) employed by photographers, 
engravers, and spectroscopists to determine the amount of light 
that can pass through photographic materials.

Contact Thickness Gauge. In certain applications it is possi
ble to make actual contact in determining thickness measure
ments. Where the material is a conductor of electricity, it is 
possible to tell when contact is established by allowing a current 
to pass from one contact to the other through the material. 
This system is especially valuable in gauging soft metals where 
extreme accuracy is required. Where contact is determined by 
feel, the pressure exerted by a gauge might deform the piece.

Figure 7 shows an example of an electron tube micrometer 
which was devised for measuring the movement of loud-speaker 
elements. This combination of a vacuum-tube voltmeter and an 
Ames gauge1 permits determination of physical position to 
within 0.000025 in. The Ames gauge is graduated in 0.0001-in. 
divisions and is mounted on a suitable fixture with its movable 
foot in a position to come in contact with the piece being gauged. 
When contact is established, the grid circuit of the vacuum-tube

1 R. P. Glover and T. A. Hunter, Loud Speaker Deflection Measurements, 
Electronics, January, 1931, p. 474.
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voltmeter circuit is grounded and current flows in the plate 
circuit meter.

In the course of developing the electron-tube micrometer 
described above, a low-voltage lamp and battery were tried as a 
means for contact indication. It was found, however, that the 
lamp would glow over a range of about 0.002 in., which was not 
sufficiently accurate for the application. The heavy current 
that must flow through the contacts causes this difficulty. The 
less the current, the more accurate will be the contact indication.

(A) (B)
Fig. 7. Use of an electron tube for detecting mechanical contact between 
two metallic parts. The flow of current through the contact points is 
negligible when a vacuum-tube amplifier is used between the contacts and 
the indicating instrument.

The vacuum-tube arrangement provides a very definite indica
tion with an extremely small current flow through the contact. 
Many applications of tubes to micrometer measurements will be 
found in the literature.

Loop Control. The thickness of a strip of material can be 
adjusted by controlling the tension or pulling force applied to it 
and thereby controlling the stretching experienced by the mate
rial. One of the most common systems for applying the proper 
reel torque for winding or pulling the material at the proper 
tension is shown in Fig. 8A. The system is described basically 
as a loop-control system, since tension is measured by determin
ing the amount of slack or the size of the loop which appears in 
an unsupported section of a strip of the material. Of course, a 
big loop, or a great amount of sag, indicates low tension. The 
reeling motor must be speeded up to increase the tension. A 
small loop means too much tension.
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Several systems are available for translating sag into electrical 
energy capable of automatically adjusting reeling motor speed 
and thus maintaining constant tension. The first method, 
shown in Fig. 8A, is the simpler of the two shown and affords 
only an on-off type of control. If the phototube sees its light 
source, a relay is actuated which will slow down the reeling motor. 
If the loop sags, however, so that the light beam is interrupted,

Fig. 8. Phototubes may be used to maintain tension in strip operations. 
When tension is too great, the sag decreases, allowing the phototube to “see ” 
the light source. This produces a signal which decreases the pulling tension 
and restores proper tension.

the phototube initiates a speeding-up process which will reduce 
the loop by increasing the tension on the strip. Thus the control 
system is either on or off depending on whether or not the photo
tube sees its light source. The motor is constantly in the process 
of speeding up or slowing down, depending on the path between 
phototube and light source. Actually, in this system the motor 
runs at the proper speed for only short periods of time as it 
passes through that value in speeding up or slowing down. But, 
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the average speed and thus the average tension on the strip will 

be the desired value. Figure 8B shows a slightly more elaborate 
system. No motor-speed correction is applied when sag is 
within desired limits.

Most electronic control systems are instantaneous in operation, 
but quite often the mechanical processes they control are not. 
As in the case just cited, there is a certain amount of mechanical 
lag. When the phototube sees its light source, it sends an 
electrical impulse to the motor control unit, which in effect tells

Light 
source
Fig. 9. Comparison system for measuring the thickness of wire continu
ously while the wire is traveling at high speeds. The same principle may be 
used to maintain constant thickness by use of proper control circuits.

the motor to slow down. But the motor, having a certain 
amount of momentum, can’t slow down instantaneously, so for 
a brief instant the loop continues to decrease until the motor 
speed decreases.

Wire or Tube Thickness. The thickness of any wire or tube 
can be measured accurately, continuously, and without physical 
contact by the system shown in Fig. 9. It consists of a light 
source, a scanning wheel, three windows, a phototube and its 
control circuits, and an oscilloscope, which serves as an indicator.

The system employs the comparison technique. The scanning 
wheel rotates at a uniform speed and directs light from the light 
source periodically and in sequence through the three windows. 
The top window contains a sample wire the diameter of which 
corresponds to the smallest wire that can be used, while the lower
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window contains a wire which represents the maximum allowable 
thickness. The wire being measured passes by the center 

window.
The phototube signal will depend on the amount of obstruction 

offered in each window. A line is produced on the screen of a 
cathode-ray oscilloscope, the height of which depends on the 
phototube signal. For example, when the thin wire window is 

illuminated, the line might appear at A, and the thickest wire 
might cause a line at C in Fig. 9. Then the line representing the 
thickness of the test wire will fall somewhere between these two 
limits if its size is between the required limits.

This system is able to measure with splendid accuracy regard
less of the speed of the wire passing the center window. Varia
tions in supply voltages will not seriously affect the operation, 
since sensitivity changes will be felt also by the standard channels. 
Care must be exercised in aligning the scanning wheel, the win
dows, phototube, and light source for accurate operation. This 
equipment is manufactured by the Wilmotte Manufacturing 
Company of Washington, D.C. The example shown in the 
figure is, of course, simplified for the purposes of explanation.

Reluctance Thickness Gauge. It is well known that a current 
will be induced in a closed coil which is positioned with certain 
physical relationships to another current-carrying coil. The 
amount of induced current will depend on a number of factors, 
among them being the nature of the material which separates the 
two coils. This fact suggests another system for measuring 
thickness. Consider the diagram of Fig. 10A.1 The alternating 
current in coil 1 induces alternating currents in coils 2 and 3. If 
the induced currents in these two coils are equal and opposite in 
phase, their effects will be cancelled in the primary of trans

former T, and no current will be induced in its secondary. If, on 
the other hand, something happens to disturb this balance condi

tion, a current will flow in the secondary of transformer T, and 
its magnitude will be proportional to the degree of unbalance. 
Such unbalance might be caused by introducing some foreign 
material between coil 1 and one of the two pickup coils, as shown 

at X. The degree of unbalance depends on the nature and 
thickness of this foreign material. By putting a piece of known

1R. C. Walker, “Electronic Equipment and Accessories,” Chemical 
Publishing Company, Inc., Brooklyn, 1945. 
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thickness at Y, we again have a comparison system for determin
ing the thickness of materials without physical contact.

Elevator Leveling. In effect the GE elevator leveling system 
utilizes a variation in reluctance. The circuit is shown in Fig. 
10B. Here a tube as an oscillator draws grid current in the 
oscillating condition. This grid current flows through a resistor 
which biases the tube so that the plate current is low. If the 
tube stops oscillating, the plate current increases.

The various devices comprising a single tube, the necessary 
coils, condensers, etc., are mounted in a single box carried by

(A) (B)
Fig. 10. Reluctance thickness gauges. The coupling between coils is 
varied by the presence of metal.

the car. As the car approaches the proper floor, a metal vane 
mounted in the hatchway is brought between the plate and grid 
coils by the movement of the car, thus shielding them from each 
other. This shielding removes the feed-back voltage from the 
grid circuit. The tube thus ceases to oscillate, and the plate 
current goes through a change of approximately 15 to 1. This 
change in current operates a relay which in turn controls the 
elevator motor. The vane enters the space between the plate 
and grid coils, and at approximately the center line of the coils 
a maximum movement of in. is required to cause the relay 
contacts to open or close. As the car movement varies directly 

as the position of the vanes, a car movement of y^ in. maximum 
is sufficient to cause the control to function.
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Use of a phototube and light beam is a natural method of 
elevator control and levelling. The phototube is also employed 
to keep the doors from closing until they are clear of traffic.

Register Control. The literature on this subject is volumi
nous, and many ingenious and complex arrangements have been 
developed for keeping the flow of cloth or paper through a process 
even and free from wobble. Where labels are to be cut at a 
definite place so that the pattern is not cut into, register control 
comes into use; and in multicolor printing, phototubes have 
performed some of their most elegant jobs.

Fig. 11. Phototube setup for maintaining the correct position of a strip on 
a roller.

For example, in a sheet-reeling operation, electronic devices 
can be put to good use. The setup shown in Fig. 11 shows how 
a phototube will keep a web of material from moving sideways 
so that the coil formed will have straight sides. Its application 
is widespread, especially in the textile and paper industries where 
the material cannot be kept even by mechanical guides.

Here again control is an on-off process. If the phototube sees 
its light source, the reeling shaft is moved axially until the 
material interrupts the light beam. Then the opposite axial 
motion is imparted to the reeling shaft, and so on. The overall 
effect is to keep the sides of the coil even, since the material 
always enters the coil at the same place.

The mechanism for moving the shaft axially may take any of 
several forms. Again, we work from an electric signal, or voltage; 
in this case the signal from the phototube may be used to operate 
a double-throw relay to reverse the direction of a motor. Suit
able gearing is then applied for converting the rotational energy 
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into lateral motion, as suggested in the drawing. A hydraulic 
piston and a pump could be rigged up so that the phototube relay 
controls the opening and closing of a suitable hydraulic valve.

Photoelectric Contour Tracer. Another ingenious industrial 
electronic device makes use of the same principle. Where a 
large number of pieces are to be cut from sheet stock according 
to a template, automatic contour tracing can be accomplished 
by the system shown in Fig. 12. Here a paper template is made 
of the desired shape. A motor-positioned phototube head is 
mounted above the white template, which is placed on a dark

beom
Fig. 12. Photoelectric contour followei. Cutting tools automatically trace 
out the contour represented by the paper pattern on the table.

table. When the phototube is over the white template, light is 
reflected from the light source, and the phototube signal is used 
to activate the motor-positioning setup in such a way that the 
phototube moves toward the edge of the template. When it 
reaches the edge, the light reflected to the phototube decreases. 
The resulting decrease in phototube signal causes the motor 
control to move the phototube unit toward the template again. 
The phototube unit therefore effectively follows the contour of 
the template, though actually its path consists of a zig-zag line 
around it. The accuracy with which it follows the pattern is, 
however, adequate for rough work. If a series of cutting torches 
is connected mechanically to the scanning phototube unit, as 
shown in the drawing, the pieces cut out will be practically 
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identical in shape to the template used. Once started, the 
equipment is self-operating.

MECHANICAL MOTION GAUGING

In a sense, when we measure the thickness of anything, we 
measure the physical position of one of its sides with respect to 

the other. If we set up a device that will detect a change in the 
thickness of the piece, we in effect have a device capable of 
measuring mechanical position or change of position, which is, of 
course, motion.

There are three general classifications of devices for detecting 
mechanical motion—capacitance, inductance, and resistance 
gauges. Photoelectric systems, in which motion is measured by 
a change in the angle of reflection of a beam of light, are discussed 
elsewhere. Of the three general types, capacitance and induct
ance are usually applied to the more specialized applications in 
which for some reason the more widely used resistance gauges are 
unsuitable.

A capacitance gauge, as might be expected, measures mechan
ical motion in terms of a change in capacitance. For instance, 
two plates separated by a dielectric such as air form a capacitor. 
If the distance between the plates is decreased by the movement 
of one plate toward the other, the capacitance increases. Thus 
any device capable of measuring this change in capacitance may 
be calibrated in terms of mechanical motion and used to indicate 
relative position.

Inductance gauges are of two types. One makes use of a coil 
of fairly springy wire, which is caused to move by the mechanical 
motion to be measured. The movement imparted to the coil 
is such that the individual turns of the coil change position with 
respect to other turns and thus change the effective inductance. 
Another system couples the mechanical motion with a piece of 
some material whose permeability differs from that of air. A 
simple example is shown in Fig. 13A. An iron vane is connected 
to the moving element in such a way that if the element moves to 
the right, the vane moves farther into the coil. A movement in 
the opposite direction will cause the vane to move away from the 
coil. Iron in the presence of a coil of wire will increase the value 
of the coil inductance. Thus if we can measure the coil induct
ance, we can determine how close the iron vane is to the coil.
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A slight variation of this scheme is the transformer version in 
which the energy coupled from the primary of a transformer to its 
secondary is changed by a vane moving in and out between the 
two windings. In this case, however, the transformer is not of 
the physical appearance one generally associates with trans
formers. It has two coils, usually wound on the same axis, with 
a space between them through which the iron vane can pass as a 
result of motion of the element to which it is connected. An

Fig. 13. Differential transformers provide a good link between mechani
cal and electrical phenomena.

alternating voltage is applied to the primary winding. The 
magnitude of the current induced in the secondary is measured 
to determine the position of the vane.

Differential Transformers. Another motion-measuring device 
is the differential transformer, which is illustrated in Fig. 13B 
through 13F. These are only a few of the possible configurations, 
but they are representative of the setups used in industrial 
instrumentation to detect the position of objects.

The differential transformer consists essentially of a primary 
coil, two secondary coils, and an armature of magnetic material. 
The armature is coupled mechanically to the object whose motion 
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is being observed. The primary coil is energized by some source 
of a-c power, and the two secondary windings usually are con
nected (except for the setup shown in Fig. 13C) so that the 
voltages induced in them are 180 deg out of phase.

If the coupling between the primary and each of the secondary 
windings is equal (the armature centered), no voltage will appear 

between points X and Y. If, however, the magnetic armature is 
moved slightly toward one of the secondary windings, it will 
increase the coupling to that secondary, and decrease the coupling 
to the other. Thus the voltage induced in the first secondary will 

predominate and a voltage will appear between X and Y. If 
the armature moves in the other direction, a similar voltage will 
appear, but since that secondary is 180 deg out of phase with the 
voltage in the first secondary, the over-all voltage will bear that 
phase relationship.

These characteristics of the differential transformer make it 
very useful in the measurement of mechanical displacement. If 
an object is to be kept in position at some given spot, it can be 
coupled to a differential transformer, and the voltages generated 
when the object moves can be used to initiate the mechanical 
positioning devices to bring the object back to its proper position. 
An excellent discussion of differential transformers as applied to 

the measurement of straight-line motions is presented by W. D. 
MacGeorge in the June, 1950, issue of Instruments.

Resistance Motion Gauges. As implied in earlier paragraphs, 
resistance gauges are the type most generally used. They are, in 
general, less sensitive than the capacitance and inductance type. 
That is, the percentage change in signal which is produced by the 
movement of a resistance gauge element is smaller than the 
change in signal that would be produced by an equal mechanical 
movement of the elements of one of the other types.

However, because of their low cost, the ease with which they 
may be attached to equipment, and their reliability and adapta
bility, they have won great favor among instrumentation and 
measurement engineers. Properly applied, resistance strain 
gauges can be relied upon to detect and measure mechanical 
motion of less than 0.001 in., provided the necessary signal 
amplification facilities are employed.

Figure 14 shows a group of resistance devices which have some 
important characteristics in common. In each case there is a 
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pair of terminals and a mechanical arrangement that converts 
motion into a change in resistance between these terminals.

Figures 14A and 14B are similar—both depend on a sliding 
conductor moving along a piece of material which represents a 

finite and measurable resistance. For instance in A, if one 
terminal is the supporting block at the left and the slider the 
other, the resistance measured between the two terminals will be 
directly proportional to the distance between the place where the 
contact rests on the slide wire and the end of the slide wire which 
is connected to the left-hand terminal.

Figure 14C shows a stepped device, as contrasted to the con
tinuous devices just described. Here we have set up a means for 
determining the height of a bar L. The resistance between M 
and N, if none of the contacts are immersed in the mercury, will 
be the sum of the resistances connected in series between the two 
points. The same will be true when just the left-hand contact 
touches the mercury. When the second one makes contact, the 
resistance between 0 and P is shorted out (since mercury is a 
good conductor of electricity), and the total resistance between 

M and N decreases. As the bar L moves down, the resistance 
between the terminals decreases and constitutes a means for 
determining the height of the bar. If L were stationary, this 
would provide a means for measuring the level of the mercury.

A modification of this arrangement is shown in Fig. 147).
Figure 14® through 147 shows resistance gauges which employ 

carbon as the resistance-changing element. Carbon has the 
property of changing its resistance radically when it is com
pressed. The carbon particles are irregular, and they contact 
adjacent particles only on the tips of the ragged points and rough 
edges. Compression squeezes these sharp points into better 
contact with adjacent particles, and the cumulative effect is to 
lower the resistance of the over-all mass to the flow of electric 
current. The four carbon gauges differ only in the form that the 

carbon element takes. In E it is in the form of granules, in F 
disks, and in H and I it has the form of a strip. The way the 
conducting terminals are connected to the strip is the only dif

ference between H and I.
Figure 14G shows a device for detecting and measuring rota

tional motion. A piece of resistance wire is fused to the inside 
of a doughnut-shaped glass tube, which is half filled with mercury.



Fig. 14. Typical schemes for converting mechanical changes into resistance changes.
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When the doughnut is rotated in such a way that the resistance 
wire is completely out of the mercury, the resistance measured 

between the two terminals A and B is the resistance of the wire. 
If the doughnut is rotated so that part of the wire is immersed in 
the mercury, the resistance of the immersed portion is effectively 
shorted out. Thus the resistance appearing between terminals 

A and B is less.

STRAIN GAUGES

A movement between two points on a common piece of solid 
material represents a strain in the material. Strain gauges 

Fig. 15. Placement of resist
ance strain gauges along a beam 
under test provides valuable 
information about stresses and 
strains resulting from weighting 
and other influences.

therefore find their most common 
use in measuring the amount of 
strain experienced at different por
tions of materials as they are sub
jected to various types and degrees 
of mechanical loads.

Wire strain gauges may be of 
either of the forms shown in Fig. 

14J and 14K. A length of gauge 
wire is securely fastened to a piece 
of flexible cardboard or some kind 
of cloth in such a way that if the 
cloth is stretched or compressed, a 
physical deformation will be felt by 
the gauge wire. Gauge wire has 
the property which makes its resist
ance increase as the wire is stretched, 
and decrease when compressed.

An example of a typical use for this type of gauge is shown in 
Fig. 15. A steel beam is being made to support a weight IF at 
one end, while the other end is assumed to be fixed. By placing 
strain gauges at convenient intervals along the steel beam, it is 
possible to determine the effects of the loading at those points as 
the weight IF is applied to the end of the beam.

Frequently, it is desired to study strains at different portions 
of such a beam simultaneously. For this purpose, and other 
more elaborate applications, many ingenious commutating 
devices have been devised. In fact one packaged unit1 contains

1 Electron Tube Corp., Philadelphia.
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a four-channel oscillograph outfit for just this purpose. It is 
used primarily in testing aircraft parts. Needless to say, such 
testing devices have been responsible for the saving of many 

lives and much property.
Resistance Measuring Circuits. None of these devices whose 

resistances change as a result of mechanical movement would be 
of value if we couldn’t measure the resistance changes. Some
times the resistance changes involved are a small percentage of
the resistance of the gauge being used. For 
example, a 10,000-ohm gauge under one condi
tion might be called upon to register a sub
stantial mechanical motion for a change in 
resistance of say 100 ohms, or a 1 per cent 
change.

A basic circuit for measuring resistance is 
shown in Fig. 16. The gauge and a sensitive 

current-measuring galvanometer G are con
nected in series with a voltage source, which 
may be a simple battery or some other source 
of voltage. The choice of voltage source de

Fig. 16. Simple 
circuits for meas
uring changes in 
resistance.

pends on the type of current-measuring device used. In the 
following discussions d-c galvanometers are indicated for simplic
ity. The main requirement is that the indicating device show 
different readings for each possible change which might occur in 
the resistance.

The disadvantages of the simple circuit shown in Fig. 16 are 
many whenever very accurate and dependable operation is 
required. It will be remembered that the resistance of materials 
changes as the temperature of the air surrounding them changes. 
If for some reason a warm current of air were to pass over the 
resistance gauge element, the effect would be to raise the resist
ance of the gauge, and the indicator would register an erroneous 
movement. Likewise, a temperature change along the wire 
connecting the gauge to the measuring equipment can have an 
effect. Another source of error in the simple circuit is the fact 
that whenever the voltage of the source changes, the instru
ment will go out of calibration, and the readings will become 
meaningless.

The circuit of Fig. 17 overcomes these difficulties to a certain 
extent. The gauge might be of the type illustrated in Fig. 14B, 
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with both ends of the resistance element and the slider connected 
to the measuring equipment through long wires or perhaps slip 
rings if the measuring gauge were mounted on a piece of rotating 
machinery.

Let us assume that when this instrument is first put into opera
tion it is calibrated so that when a voltage of three volts is 
impressed on the gauge the voltmeter will read 1.5 volts when the 
slider is in the center of the resistance element. If the variable 

resistance R were not in the circuit, the entire voltage of the

Fig. 17. A more accurate method for measuring remote resistance values. 
Three wires must be used between the resistance element and the measuring 
circuit, but a calibration or checking circuit is provided.

battery would be impressed across the gauge. If the battery 
voltage happened to be 3 volts, the instrument would be in 
calibration. But suppose the battery ages, and its voltage drops 
to 2 volts. Then the voltmeter will indicate half of that value, 
or 1 volt, when the slider is at the center of the resistance element.

To compensate such voltage fluctuations the two-position 
switch is added and a variable resistor placed in series with the 
voltage source. Before a measurement is made, the switch is 

turned to the check position. This places the terminals of the 
voltmeter across the resistance gauge. The voltage across the 

gauge may now be set by means of R to the desired value, say 
3 volts. When the switch is turned to the test position, the 
calibration of the indicator dial will be accurate.

Wheatstone-bridge Circuit. The circuit shown in Fig. 18 is 
known as a Wheatstone bridge. The basic components are four 
resistors, one of which is the resistance element of the measuring 
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device; a voltage source, which may again be either alternating 
or direct current; and a current-indicating instrument.

The circuit shows the voltage source connected across the top 
and bottom of two sets of resistors in series. The other two 

junctions (A and B) are connected by the current-reading instru
ment which, if a battery is used, may be a sensitive milli
ammeter, or where better accuracy is desired, a microammeter 
or galvanometer.

If all four of the bridge resistors had exactly the same value, the 

voltage at points A and B would be equal to each other and also 
equal to half of the voltage 
applied to the circuit. Since 
the voltage applied across the 
terminals of the current
measuring device is zero, no 
current will flow through it, 
and the circuit is said to be 
balanced.

Now assume that R3 is the 
resistance gauge whose value
we wish to determine. If its ,, 1Q „- j _____riG. 1». linage circuit for measur- 
value is lower than that of, say, [ng unknown resistance values. 
Ri, then the voltage drop across
it will be less than that across Ri, and a voltage difference will 
exist between points A and B. The galvanometer will deflect 
and the bridge is said to be unbalanced. If we change the value 

of Ri until the galvanometer again reads zero current, we know 
that the value of Ri has been set to equal that of the unknown 
resistance. If we know the value of Ri, we know the value of R3. 
Accurately calibrated resistors are available for such purposes.

Although the bridge circuit shown is perfectly usable, and if 
proper care is taken it will yield extremely accurate measure
ments, a great many refinements can be added to increase its 
usefulness. If a highly sensitive indicating instrument is used, 
the full-scale or full-current limit is a very small value. If a 
high degree of bridge unbalance is brought about by a large 
change in the gauge resistance, a large amount of current will 
flow, and it might prove fatal to the instrument. Shunt resist
ances are frequently employed to by-pass part of the current 
around the meter until the bridge is brought near balance.
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When the bridge is nearly balanced, the shunt resistance is 
removed and the full sensitivity of the meter employed.

Also it may be useful to have more than one value of resistance 

available for R2 and R4. Different values of R, might be needed 
if a wide variety of gauge resistances must be measured with the 
same bridge.

Many ingenious systems for automatic balancing of bridges 
have been devised. A few of these are mentioned in the chapter 
on phototube applications. An exceptionally complete treat
ment of bridge circuits and the mathematical equations for them 

can be found in Volumes 17 (1944) and 18 (1945) of Instruments 
in a series of articles by H. C. Roberts.

Fig. 19. The mercury shorts out sections of the resistance wire in differen
tial fashion. Note the similarity to the circuit shown in Fig. 18.

Differential Resistance Gauges. Figure 19 shows a slightly 
different type of gauge. The application illustrated is that of 
determining pressure by means of a manometer. As the pressure 

on the surface of the mercury in tube A becomes greater than 
that applied to the surface of B, the mercury will tend to rise in 
tube B and consequently to fall in A. As this happens, more of 
the resistance between B and C is shorted out by the mercury, 
while less is shorted between C and A. Thus we have in effect 
a Wheatstone bridge in which R3 (the resistance of the wire 
from B to C) decreases, and at the same time R, (A to C) 
increases. The bridge is thus unbalanced twice the amount that 
it would be if just one resistance changed.

With this type of indication the bridge is balanced when the 
two mercury columns are equal, and the voltage, or the values of 

R2 and Ri, is adjusted so that the indicating instrument is 
approximately at maximum when the pressure difference is a 
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maximum. By this means the meter reading becomes a direct 

indication of the pressure difference.
Compensation for IR Drop. Although very small in compari

son, the resistance of the wires used to connect the resistance 
gauge to the measuring circuit has a finite value, which may cause 
an erroneous reading. This is especially true when the resistance 
gauge is located some distance from the reading station. Figure 
20 shows two schemes which can be used to compensate this 

error.
Study of Fig. 20A will reveal that basically it is still the same 

Wheatstone bridge. If, however, the right-hand side of the

Fig. 20. Two schemes for compensating for disturbing influences caused by 
variations in conditions between an unknown resistance element and the 
measuring equipment.

voltage source were connected at point C instead of point D, the 
resistance between points C and A would be greater than that 
between C and E by an amount equal to the resistance of AB 
plus CD. By the arrangement shown the wire resistance is 
shared equally by the two arms of the bridge, and the effect of 
this undesired resistance is canceled out. If we simply added a 

resistor in series with CE equal to that of the connecting wires, 
we would accomplish a degree of compensation for the IR drop. 
But any temperature change that occurred along the connecting 
wires would cause a change in their resistance and destroy the 
compensating effect. The circuit shown in effect places the 
compensating resistor in the same circumstances as the wire 
resistance, so temperature-effect compensation is automatic. It 
is a simple matter to cut a piece of the same type wire to the 
right length—much easier than trying to set a resistor to the 
proper value. Figure 20B is similar but uses one extra wire.
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RCA Triode Transducer. Figure 21 shows a special type of 
vacuum tube which provides a direct link between mechanical 
motion and an electrical signal. Called the 5734, the device 
contains a cathode and grid, which are similar in function to the 
corresponding elements of a conventional vacuum tube. The 
plate is suspended at only one point—the center of a metal 
diaphragm which forms the end of the tube. This diaphragm 
is thin and flexible, though its rim is firmly connected to the

walls of the tube. A short nipple juts out from the diaphragm 
and can be moved within small but finite limits. Movement of 
this nipple results in movement of the diaphragm which in turn 
causes the plate of the triode to move within the tube. The 
mechanical motion is thus translated directly into a change in 
current through the tube. The amount of current that flows 
depends on the spacing between the cathode and the plate, so 
when the plate moves toward the cathode, the current increases, 
and vice versa.

The sensitivity, that is the change in voltage which results 
from a given deflection of the plate shaft, is 40 volts for every 
degree through which the plate shaft moves. The maximum 
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deflection possible due to the construction of the tube is deg. 
This tube is especially applicable to studies of vibration and, 
among other advantages, offers extremely small size and low 
inertia of the moving element. The movable plate structure 
has a mechanical resonance near 12,000 cps, which places an 
upper limit to its usefulness as a vibration measuring device.

Power-line Fault Locator. The use of a varying-frequency 
alternating current to determine the location of grounds and of 
open and short circuits in power transmission lines has been 
made by many power companies. An oscillator and amplifier 
capable of supplying frequencies from 1 to 100 kc are connected 
to the faulty line, and the frequency is increased while the current 
in the line is recorded on a graphic milliameter, which auto
matically records variations.

It will be found that sharp peaks occur at equally spaced inter
vals as the frequency is increased. The frequency interval is 
then measured. This interval indicates the distance between 
the fault and the application of the voltage in terms of the equa

tion L = V/2d, where L is the distance in miles, V the wave 
propagation in miles per second (determined for each circuit by 

test), and d is the average difference in frequency between current 
peaks. By means of such measurements the accuracy of location 
in most cases can be made within 2 per cent. The cause of the 
current peaks is the reflection and phase shift which the alternat
ing current undergoes at the fault in the line, the result being 
that certain frequencies are reinforced by the reflection, while 
certain others suffer destructive interference. In the apparatus 
used, the entire oscillator-amplifier, power supply and recording 
instruments are mounted on a portable truck containing all the 
necessary apparatus.

Measuring Commutator Roughness. An interesting applica
tion of the grid-controlled rectifier is the measurement of com
mutator roughness by determining the voltage variations when 
current is passed through a brush riding the surface of a com
mutator. If the surface is smooth, the voltage variations across 
the brush and commutator are of the order of 2 volts with 110 
volts applied. If a complete break occurs, as would happen if 
the brush were lifted from the surface and let fall on the com
mutator, the voltage variation would be 110 volts.

The tube is supplied with grid voltages varied in steps of 1 
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volt from 0 to 100 volts. The brush voltage drop is in series 
with this voltage and in opposition to it. If the grid voltage is 
slowly decreased from some high negative value until the tube 
glows, it is easily possible to determine the brush-voltage drop 
by noting the voltage at which the tube broke down and by 
referring to a curve showing the required grid voltage, for the 
particular plate voltage used, to make the tube conduct.

This device will measure roughness of the order of 0.0001 in. 
when the commutator is rotating at a peripheral speed of 5,000 to 
10,000 ft per minute and at a temperature of about 100°C.

Watch-tick Amplifier. Many attempts have been made to use 
electronic circuits for the rapid regulation of time pieces. A 
chronograph system,1 making use of the techniques of facsimile 
transmission, has been developed into a watch-analyzing mecha
nism which checks timepieces and automatically prints a case 
history of any trouble. By this means the timekeeping capacity 
of a watch, to an accuracy of within 1 second per day, can be 
determined in 1 minute. The device uses a temperature-con
trolled tuning fork as a standard of time. The fork controls 
the speed of a driving motor which rotates the paper upon which 
the record is to be kept. The watch ticks are picked up by a 
microphone and are amplified to operate a printer recorder which 
makes marks on the paper. An error of one part in a million 
may be recorded and measured in about 1 minute.

TEMPERATURE MEASUREMENT

The importance of measuring and controlling temperature in 
industrial processes has increased in recent years. In many cases 
temperature can be measured adequately by liquid or metallic 
thermometers. Temperature is actually measured indirectly by 
measuring its effect on certain substances which demonstrate 
known characteristics under varying degrees of the presence or 
absence of heat.

A few examples of such effects are:

1. Expansion of solids, liquids, or gases by increased molecular 
activity in the presence of heat

2. Generation of an electric voltage by a thermocouple
3. Change in electrical resistance of a material in the presence 

of heat

1 C. J. Young and Maurice Artzt, Electronics, July, 1935, p. 220.
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4. Difference in the amount of expansion between two mechan
ically bonded dissimilar metals

5. Changes in radiation characteristics. It is well known that 
a piece of white hot iron is hotter than a similar piece which 
is only red hot. The accompanying table provides a rough 
means for estimating temperature by eye.

Degrees 
Fahrenheit

Degrees 
Centigrade

Color

2200 1200 White
1975 1070 Light yellow
1820 1000 Yellow
1550 840 Light red
1370 740 Cherry red
1250 675 Medium cherry red
1160 630 Dark cherry red
1050 560 Blood red
990 530 Black red

By proper calibration, instruments capable of measuring any 
of these changes can be made to measure temperature, or more 
strictly speaking, changes in temperature.

A common temperature-measuring device is the glass ther
mometer in which a column of mercury rises as the temperature 
increases. In cheaper thermometers alcohol or some similar 
liquid is used. Another type of liquid expansion thermometer 
frequently used for remote indication of temperature uses a tube 
completely filled with mercury and fitted with a gas-filled spiral 
at the indicating end. When the temperature increases, the 
mercury volume increases and consequently the pressure of the 
gas in the spiral. The increased pressure causes the spiral to 
open somewhat and to move a pointer on the scale of an indicating 
dial.

Thermocouples. Thermocouples are extensively used in the 
measurement of industrial temperatures. A thermocouple con
sists of a pair of dissimilar wire conductors. These wires are 
joined, as shown in Fig. 22. The free ends are connected to a 
high-resistance voltmeter. When the temperature at the meas
uring junction differs from the temperature at the voltmeter 
(reference junction), a voltage appears at the terminals of the
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Reference 
junction

^'Measuring 
junction

Fig. 22. Basic ther
mocouple circuit for 
measuring tempera
ture.

in or on materials.

voltmeter. The magnitude of the voltage is proportional to the 
difference in temperature at these two locations. This voltage 
might be a few millivolts. The measuring junction may be 
brought in contact with the material whose temperature is being 
measured, or the heat energy can be conveyed to the thermo
couple by conduction or radiation through air or some other 

medium.
Modern thermocouple instruments employ 

many refinements for increasing the speed 
and accuracy of indications. Since the 
thermocouple voltage depends on the differ
ence between the temperature at the measur
ing junction and the reference junction, some 
accurate means must be provided for deter
mining the temperature of the reference junc
tion. A standard thermometer will usually 
suffice.

Thermocouples are especially valuable in 
determining temperatures at very small spots 
Where the voltage of one junction is insuffi

cient for a particular job, several such units may be connected in

Materials Range, 
°C

Degrees per 
millivolt

Constantan and iron........................................ -200 to 1000 24 to 17
Chromel and P-alumel.................................... -200 to 1400 35 to 25
Constantan and copper................................... -200 to 400 36 to 19
Platinum and platinum with 10 % rhodium 0 to 1750 0 to 95

series. A few typical thermocouple characteristics are listed in 
the accompanying table.

Resistance Thermometers. The electrical resistance of metals 
changes as their temperature changes. Thus for a given piece 
of metal wire the temperature surrounding it may be determined 
by measuring its resistance. Converting the resistance values to 
temperature units may be accomplished either by calibration 
curves, or by the formula R2 — Ria(T2 — Tf), where R2 is the 
resistance of the wire at the measured temperature T2, and R, 
is the resistance of the wire at some known temperature T,.
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The factor a is the temperature coefficient for the particular 
type of metal used.

Platinum and nickel have very desirable characteristics for use 
in resistance thermometers. They are probably the most widely 
used metals for that purpose. Because corrosion is accelerated 
by exposure to high temperatures and also because it decreases 
the cross-sectional diameter of the wires thereby increasing the 
resistance permanently, the resistance thermometer is limited to 
measurements below about 300°F. The low limit is about

Fig. 23. Bimetallic strips transform temperature changes into mechanical 
changes.

— 150°F. The nickel version is generally incorporated in a 
Wheatstone bridge arrangement in conjunction with some null
detecting device.

Bimetallic Strips. The difference of expansion of various 
metals is often used as a yardstick to measure temperatures, 
especially in domestic heating systems. The home thermostat 
is of this type. A strip made of two pieces of metal having 
different expansion coefficients welded or bolted back to back 
will curl with a change in temperature. If one end is held 
stationary, the other end will move. The reason for this move

ment is illustrated in Fig. 23A. Metal X, let us say, expands 
more than metal Y for a given change in temperature. Thus 
metal X will push metal Y, and metal Y will pull metal X. The 
strip may also be coiled in a spiral, as shown in Fig. 23B, and a 
spiral or rotational motion will result. A pointer connected as 
shown may then be used to indicate temperature on a circular dial.

A very simple and early use1 of a tube for temperature control

1 C. H. Sharp, Electronic Devices in a Testing Laboratory, Electronics, 
September, 1932, p. 284.
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is illustrated in Fig. 24. Here the tube serves only to reduce the 
current that must be handled by the bimetallic strip, so that a 
slight movement of the latter is sufficient to operate the control. 
Although this system will control temperature to within 0.1 °C,

Fig. 24. Basic circuit for using a bimetallic strip with a relay. Movement 
of the strip resulting from a change in temperature causes part of the grid 
resistor to be shorted out, with a resulting increase in plate current and the 
closure of the relay.

more complex electronic circuits will enable much greater control 
to be effected.

Radiation Pyrometers. The temperature of a body may be 
determined by observing its radiation characteristics. A

Fig. 25. Basic optical pyrom
etry arrangement.

thermocouple, a phototube, or a 
thermistor may be used to meas
ure radiation and thus tempera
ture. Another scheme makes use 
of direct comparison. Here the 
current flowing through an in
candescent filament is adjusted 
until the brightness of the filament 
is the same as that of the hot body. 
By measuring the current and 
referring to a calibration chart, 

the temperature of the filament (and the body) can be deter
mined. The calibration chart is made by comparing the filament 
at different temperatures with known temperatures. This 
system is called optical pyrometry and is, of course, limited 
to bodies which are sufficiently hot to give off visible heat 
radiation.
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Electronic Control. Electronic circuits are used in tempera
ture control for the same reason they are used in other applica
tions. They can perform certain types of operations better, 
faster, more reliably or cheaply than mechanical or straight 
electrical methods.

As in other electronic control problems, temperature control by 
electronics requires the temperature to deviate from the desired 
value before the controlling action goes into play. Corrective

Fig. 26. Simple method for maintaining a fixed temperature. When the 
mercury rises in the tube, it cuts off the light to the phototube. The photo
tube circuit releases the relay and turns off the heater.

control measures may then be applied. The simplest tempera
ture-control instrument permits heat to be applied until the 
temperature reaches the desired value or a little higher. Then 
the heat supply is removed until the temperature falls to some 
lower predetermined point, at which heat is again applied and 
the cycle repeats. The temperature then varies periodically 
between a pair of upper and lower limits.

Another system is that of proportional control in which heat 
input is proportional to the demand. Then if heat is being lost 
at a low rate, heat is applied at a low rate. If heat is being lost 
rapidly, thereby reducing the temperature by a considerable 
amount, the heat input is automatically set at a correspondingly 
high rate. The system is continually balancing itself at some 

temperature.
Phototube System. An extremely simple system of tempera

ture control is shown in Fig. 26. It uses a phototube in conjunc
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tion with an amplifier and a simple mercury thermometer. A 
light source and lens system is mounted on one side of the ther
mometer and the phototube on the other side at a level corre
sponding to the desired temperature. If the mercury column is 
below that level, the phototube sees its light source and passes a 
current which causes the relay to operate. The heat is then 
turned on. When the mercury column rises above the phototube 
level, the light beam is cut off, as is the heat source, since the 
relay is deenergized.

Fig. 27. Another simple means for actuating control functions at some 
desired temperature. The needle of the thermometer cuts the light beam.

This type of phototube device may also be used on circular 
scale thermometers as shown in Fig. 27. Here a hole is placed 
in the thermometer scale at the desired temperature. As the 
temperature rises, the pointer covers the hole, thereby cutting 
off the light beam. The relay is then deenergized and the heat 
source disconnected.

Another electronic device is shown in Fig. 28. A light metallic 
vane is attached to the arm of some conventional temperature
measuring device. As the temperature increases toward the 
control temperature, this vane moves between two coils of a 
simple feedback oscillator. Under normal conditions the circuit 
is not oscillating, but the presence of the vane increases the 
feedback from the plate coil to the grid coil, and the circuit starts 
to oscillate. In so doing, the plate current of the tube, which 
flows through the coil of the relay, decreases from about 10 ma 
to 5 ma, and the relay is deenergized, turning off the heater.

In another oscillating-tube system the presence of the vane in 
the coil area shifts the frequency of oscillation, which again 
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causes a difference in the plate current flowing through the relay 
coil.

Self-balancing Potentiometers. Probably the most precise 
method for measuring temperature makes use of a potentiometer 
to measure the voltage generated by a thermocouple. A typical

Fig. 28. A metallic vane attached to the temperature element moves into 
the coils as the temperature rises and completes the feedback circuit which 
causes oscillation. The accompanying drop in plate current lets the relay 
drop out.

Fig. 29. When the voltage picked off by the potentiometer slider equals the 
thermocouple voltage, current flow ceases in the thermocouple circuit, and 
the position of the slider is the measure of the thermocouple voltage, or 
temperature.

circuit is shown in Fig. 29. The thermocouple voltage is accu
rately determined by measuring the length of a slide wire 
whose voltage drop is equal to the voltage generated by the 
thermocouple.

When the slider is set to a place where no current flows through 
the indicating instrument, the circuit is balanced. This type of 
circuit offers maximum accuracy, because there is no voltage 
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drop due to current flow, since no current is flowing when the 
reading is made.

Self-balancing potentiometers are available for keeping per
manent records of changing temperatures. The undesired 
current flowing in the indicating circuit is used to initiate mechan
ical correction forces on the potentiometer arm. Thus when the 
circuit is balanced, no force is applied.

An electronic system is illustrated in Fig. 30. The indicating 
instrument is a light-beam galvanometer, which indicates current

/Light beam galvanometer

Fig. 30. Phototubes initiate controls to restore balance conditions when the 
light beam reflected by the galvanometer mirror moves from its position 
between the phototubes.

flow by deflecting a small mirror. A thin beam of light is 
reflected from the mirror in such a way that very small changes 
in the position of the mirror will cause the reflected light beam 
to move several inches or so.

As shown in Fig. 30, the reflected light beam falls between 
the two phototubes when there is no current flowing through the 
galvanometer. Thus no mechanical force is applied to the 
potentiometer driving motor. If a current begins to flow, as 
might occur if the thermocouple voltage changed, the mirror 
will be deflected one way or the other, depending on the direction 
of the current flow. The reflected light beam will fall on one 
of the phototubes and the phototube control circuits will cause 
the potentiometer drive motor to reposition the slider until 
balance is again achieved.
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This system can be used to maintain very accurate continuous 
measurement of temperature. It may be altered to provide 
similarly accurate control of temperature. In the control 
application the phototube signals are used to turn on heat or to 
turn on a cooling system so that the temperature of the specimen 
changes and brings the circuit to balance.

Another system uses the unbalance voltage indirectly. Tech
niques discussed in the phototube chapter are used to convert

Fig. 31. Another form of control circuit for use with a light-beam galvan
ometer. Relays control the functions to restore balance once it is disturbed.

the d-c unbalance voltage to an a-c voltage, which may be ampli
fied by conventional amplifiers and used to initiate control 
devices.

Figure 31 shows the light-beam type. During periods of 
temperature change small currents pass through the galvanom
eter and deflect the light beam away from its balance position. 
When the light beam is partly on and partly off the phototube 
cathode, the current is such that one of the relays is open and the 
other is closed. Thus both motors are inoperative. When the 
light beam is entirely off the cathode of the phototube, or when 
it is entirely on it, the relays are either both open or both closed, 
and the proper motor is energized to correct the position of the 
arm on the potentiometer. As described, this system is simply a 
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measuring circuit. To effect control, the relays are not con
nected to balancing motors but to temperature controlling devices 
such as a combination of fan and electric heater. Bridge unbal
ance causes one or the other to operate to return the bridge to 
balance by lowering or raising the temperature and thus the 
voltage read by the thermocouple.

Figure 32 shows a system which converts the unbalance voltage 
into alternating current for effecting bridge balance or operating

Fio. 32. Unbalance voltage is converted into a-c voltage which is amplified 
by conventional means and applied to control devices.

control devices. An interesting feature of the circuit shown is 
the tachometer, which causes control to be made smoothly and 
positively without undue lag or hunting back and forth around 
the desired value. The motor speed control is such that the 
speed of the motor is proportional to the degree of unbalance of 
the system. Thus, as the balance point is neared, the balancing 
motor slows down and comes to a smooth stop at balance.

To explain the operation, consider the circuit to be unbalanced 
so that a d-c voltage exists between the thermocouple and the 
potentiometer. This d-c voltage is converted into alternating 
current by means of a simple carbon microphone which is furn
ished with a 60-cps sound wave by a vibrator or oscillator. The 
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resulting a-c voltage is stepped up by transformer T and a 
voltage amplifier and applied to the thyratrons.

Depending on phase, one or the other thyratron will fire and 
drive the balancing or control motor in the proper direction to 
rebalance the circuit. The anodes of the two thyratrons are 
connected directly to the two field windings of a d-c series-wound 
commutator motor. The tachometer voltage is introduced into 
the circuit so that the speed of the motor is controlled to main
tain the sum of all three voltages at zero. This system is used by

Fig. 33. Version of an. automatic potentiometer system for measuring 
thermocouple voltages.

Leeds and Northrup in a temperature-measuring unit. A 
similar unit is made by the Brown Instruments Company.1

In the photoelectric potentiometer manufactured by the 
Weston Electrical Instruments Corporation, a variable current is 
passed through a fixed resistor, the voltage drop across which is 
used to balance the thermocouple voltage, as shown in Fig. 33.

The plate current of a pentode amplifier flows through a 
standard resistor in opposition to the thermocouple voltage. 
When the two voltages are balanced, the galvanometer is unde
flected. If unbalance occurs, the galvanometer deflects and its 
mirror reflects a light beam to one of the phototubes through a 
system of prisms. The phototubes act as variable resistances 
in the grid circuit of the pentode amplifier to vary the grid 
voltage depending upon the direction and amplitude of the

1 R. D. Towne and D. M. Considine, Continuous Balance Potentiometer 
Pyrometer, Electronics, August, 1942, page 92. 
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unbalance. This causes more or less current to flow through 
the tube and also through the standard resistor to rebalance the 
circuit. The milliammeter in the plate circuit measures the 
current required to balance the input voltage and may be cali
brated directly in temperature units. Or this circuit may be 
used to operate control relays, as in previous examples.

Gas-tube Voltmeter. A method using a gaseous triode for 
measuring small a-c voltages has been described by Hughes.1

Fig. 34. Peak voltmeter using a gas triode.

This makes use of the fact that the characteristic of such a tube, 
that is, the relation between grid voltage and plate voltage for 
current to flow, is very steep. The voltage to be measured is 
added to a fixed grid bias, which is then reduced until the tube 
fires. The circuit in Fig. 34 shows the arrangement for deter
mining the peak value of an alternating current through a given 
load. The alternating current is passed through a standard 
shunt (resistor) S. By means of a two-way switch Sw the 
alternating potential across the shunt can be applied to the grid. 
The function of potentiometer A is to give a constant negative 
bias such that when Sw is on a, only a very small extra bias is 
required from another potentiometer B to prevent the anode 
glow appearing in the tube.

The test procedure is as follows: with switch N open, Ep is 
adjusted to, say, 100 volts, and the grid bias of B is made greater 
than the critical value. Then N is closed and B reduced until

1 Hughes, Edward, The Measurement of Peak Values of Alternating Cur
rents and Voltages by Means of a Thyratron, Journal of Scientific Instru
ments, June, 1933.
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the tube suddenly glows. The reading on Eg just before the 
appearance of the glow is noted. Once the ionization has com
menced, positive ions are attracted to the grid, and consequently 

there is a decrease in the reading on Eg. The critical voltage on 
B may be checked, however, by opening N, thereby eliminating 
the grid current.

Switch Sw is next moved over to b and the test repeated. The 
difference between the readings on Eg with Sw on a and b respec
tively gives the maximum potential difference across 8.

This method has been used with frequencies varying from 20 

to 500 cycles. With a low-reading voltmeter for Eg it is possible 
to determine the critical grid voltage within 0.01 volt.

The method has been used mainly for measurement of the 
potential drop across a standard shunt; this did not exceed 2 
volts and could be determined within 0.02 volt. There appears 
to be no reason, however, why the same method could not be 
applied to determine (1) the maximum value of much larger 
alternating voltages either directly or indirectly by connecting 
two unequal condensers in series and measuring the maximum 
potential difference across the larger unit (2) the maximum value 
of a current of any magnitude in a high-voltage circuit by means 
of a current transformer having the standard 5-va secondary 
loaded by a noninductive resistance of about 1 ohm. With only 
a 5-va load on a standard transformer, it has been found that 
even for very distorted wave forms the shapes of the primary and 
secondary currents are practically identical. Hence the maxi
mum value of the primary current can be determined by sub
stituting the secondary load of the current transformer for 8 in 
the circuit diagram.

Tube Control of Wire Drawing. An example of the control of 
electric equipment during operation by means of grid-controlled 
rectifiers is found in the GE wire-drawing shops. Very fine wire 
is reeled under a strain that is a large percentage of its ultimate 
strength.

The wire must be kept at the proper tension while it is being 
reeled, and this tension is maintained by the use of electron-tube 
equipment as described below.

The wire passes from a large reel through the wire-drawing 
equipment where it is drawn down to the desired size, and thence 
to a small spool where it is rereeled. As the wire is drawn at a 
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constant rate, the speed of the rereel spool must be constantly 
decreased to compensate for the increasing diameter of the 
surface on which the layers of wire are being wound.

The rereel spool is driven by a small d-c motor, the armature 
of which is supplied with power by the rectifying action of 
gaseous triodes. A small reactor is included in the grid circuit 
of these tubes. The reactance of this solenoid determines the 
phase relationship between grid and plate of each tube and 
thereby governs the average current taken by the motor through 
the tubes.

To correlate the tension of the wire and the reactance of the 
coil, the wire passes under a pulley that is held down by an 
adjustable spring so that the pulley goes up when the tension 
increases. To the pulley is attached the core of the reactor, the 
coil of which is in one side of the grid-control bridge. The loop 
on which the rider pulley rides decreases when the rereel motor 
runs too fast, drawing the core into the reactor, increasing its 
reactance, and varying the phase of the grid so that the tubes pass 
less current, thus slowing down the motor. Hence the motor 
torque varies instantly with the wire tension. Copper wire 
three mils in diameter is reeled at 4,000 ft per minute. So far 
as the reeling device is concerned, a speed of 80,000 ft per minute 
could be attained.

Conveyor Synchronization. A similar application has been 
made in the processing of rubber by the B. F. Goodrich Company. 
In a number of the operations, conveyors are used and it is 
important that the speeds of the various conveyors in a chain be 
synchronized. On a loop of the material between conveyors 
(Fig. 35) ride wheels similar to the rider pulley in the wire-reeling 
operation. Solenoids actuated by these wheels govern the 
current rectified by the thyratrons and thus synchronize the 
speeds of the motors driving the conveyors.

Another application of the solenoid-grid-control bridge circuit 
is found in plants where two conveyors are feeding dissimilar 
materials to a hopper and it is necessary to maintain the pro
portions within close limits. The conveyor carrying the varying 
amount of material passes over a balanced weighing roller. 
When the roller is depressed by excess weight, it lowers a solenoid 
into the reactor coil and causes the tubes to speed up the motor 
on the other conveyor, thus maintaining the proper proportions.
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Electron-tube Impact Meter. By making use of the difference 
in inertia of two masses and a grid-controlled rectifier, Westing
house engineers have constructed an impact meter. The measur
ing part of the instrument consists of a small cylinder, 2 in. in 
diameter and 4 in. high and having two terminals, one at the top 
and one on the side. The cylinder contains a body of relatively 
high inertia, which is partly supported by a helical spring and 
partly by the electrical contacts. These contacts are located 
below the body and are normally closed. The contacts are con
nected to the two terminals mentioned above.

Fig. 35. System widely used for converting mechanical motion into elec
trical information. The slack in the web causes the core to move inside the 
reactor, thereby changing the reactance and speed of the conveyor motors.

This unit is placed on the object upon which the impact is to be 
measured. Under the force of the impact the cylinder tends to 
drop away from the body of higher inertia, so that the contacts 
between the two are momentarily drawn apart. The impact 
necessary to cause the contacts to open may be varied by chang
ing either the mass of the inner body or the size of the spring.

Each of six of these mechanical units is connected to a phone 
jack which is plugged into one of the six receptacles in the meter. 
Six tubes are used, one for each unit. For each of the six circuits 
a potentiometer composed of small fixed resistors is connected 
across the power supply. These resistors are adjusted to keep 
the grid, which is connected to an intermediate point, at a poten
tial too low for breakdown. However, when the external unit is 
subjected to an impact of sufficient intensity, its contacts open, 
thus opening the negative end of the potentiometer and throwing 
the grid more positive and causing momentary breakdown of the
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Fig. 36. Contact detector circuit. 
Electrons pile up on the floating grid 
and discharge when the probe comes 
in contact with a conducting object, 
causing the relay to operate.

tube. The fixed capacitor across the potentiometer also dis
charges, so that when the contacts are again closed, the voltage 
across the tube is very low, thus stopping the discharge. This 
cycle of operation is repeated for each of the impacts which opens 
the contacts. By noting the tube or tubes flashing, the value of 
impact is determined.

Floating Grid Circuit. The circuit in Fig. 36 is a sensitive 
device for micrometer work or for detecting contacts or changes in 

electrical or mechanical quanti
ties. The grid piles up a charge 
of electrons which cannot leak 
off to the cathode provided the 
condenser is of good quality. 
If, however, the grid terminal is 
touched or closely approached, 
electrons leave the grid, permit
ting its negative potential to 
decrease, with the result that 
plate current flows, and the 
relay operates. A phototube 
can be connected across the 
condenser so that the circuit 
operates as a standard light 
relay.

If a metal probe is connected to the grid terminal, inspection 
of objects for size can be carried out very effectively by this cir
cuit. The fixture holding the object to be inspected is grounded, 
and the grid terminal connected to the probe is brought to contact 
the work piece when the tube conducts. If the piece is under
size, the tube does not conduct; if it is correct, the tube conducts; 
and by the use of more than one probe, pieces may be sorted 
to within 0.00005 in. for under-, correct, and oversize.

Illumination Control. The grid-controlled rectifier operating 
through the medium of the saturable-core reactor has proved 
to be of considerable importance in the control of lighting whether 
for the stage, for show windows, for signs, for floodlighting 
exteriors of buildings or other out-of-door objects, and for the 
interior decoration of assembly halls, roof gardens, etc.

Such uses of electron tubes seem to offer unlimited possibilities 
in the art of decorative lighting. By dimming and mixing the 
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primary colors in any desired sequence, a stage may be bathed in 
any hue of the rainbow, and these hues may be changed at the 
will of the set designer. Delicate pastel shades obtainable in no 
other way are possible by the proper mixing of colors obtained 
from banks of lamps of three colors.

The change in color can be effected by an operator at consider
able distance from the object to be illuminated, or it may be done 
automatically by a presetting arrangement. Use of tubes and 
their associated saturable-core reactor effects considerable saving 
in power over a straight resistance-variation method.

The maximum effective variation of the voltage of incandes
cent lamps is from maximum to 20 per cent of maximum, or 
for Mazda C lamps from maximum current to 39 per cent of 
maximum. In case the lamps are directly visible, greater varia
tion is necessary; in this case the minimum voltage may be as 
low as 8 per cent or the current may go as low as 22 per cent.

In controlling lamp intensity by resistance, much power is 
wasted in the control rheostats. For example, if the load current 
is reduced to 20 per cent, 92 per cent of the total power taken is 
being wasted in the rheostats. The purpose of the rheostat in 
the older equipment is to reduce the proportion of power taken by 
the lamps. Thus the rheostat acts as a “losser,” all the power 
being consumed in the lamps at full brilliance and none of the 
power going into the resistances. At lower intensity some of the 
power goes into the resistance and the remainder into the lamps.

In a typical controlled rectifier installation two buttons control 
the direction of rotation of a small electric motor, which changes 
the position of an iron core in a small solenoid-type inductor, 
thus varying the impedance of the solenoid and consequently 
varying the voltage drop across it. The adjustable voltage 
from this motor-operated inductor controls the flow of anode d-c 
current through a saturable reactor.

For each bank of lamps to be controlled there is a panel of 
three tubes, a two-element gaseous rectifier, a controlled rectifier, 

and in the system to be described below (known as the feedback 
system) a full-wave high-vacuum rectifier. The gaseous rectifier 
is used to permit current to flow during the interval between 
pulses of current supplied by the controlled rectifier.

The Feedback Circuit. In Fig. 37 tube V (the controlled 
rectifier) supplies power in pulses to the d-c winding of the 
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saturable-core reactor SR. Then, during the half cycle when V 
cannot pass current, the energy in the saturable-core inductance 

forces current through the mercury-vapor tube P; thus full-wave 
rectified current flows in the d-c winding of the reactor.

The amount of current flowing in the d-c winding is governed 
by the voltage supplied to the grid of the controlled rectifier tube 
from the feedback circuit, indicated in Fig. 37 by the diagram 
within the dotted lines. A remotely located intensity control, 
usually an inductor but here represented by the potentiometer

R, produces a voltage whose magnitude may be varied but whose 
phase is of no consequence, since the two-electrode high-vacuum 

tube rectifies this voltage and charges capacitor C,. The 
voltage across Cj for any given input from R is practically con
stant because of the long time constant of C, and its discharge 
resistor A in comparison with the supply-system frequency. If 
at the instant under discussion C2 is assigned a zero charge, the 
voltage existing across C, carries the grid of V positive, and the 
latter tends to pass maximum current.

This increases the saturation of the d-c winding of the reactor, 
causing its impedance to decrease and the lamp voltage to rise. 
With the rise in lamp voltage the control transformer CT, which 
is in effect connected across the lamp bank, charges C2. The 
polarity of the voltage across C2 is opposite to that across C,. 
Hence, if the voltage of C2 rises sufficiently high, the net voltage 
applied to the grid of the tube V is negative, and V will cease to 
pass current, thus causing the lamp voltage to drop.
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Because the time constant of C2 and its discharge resistor is 
nearly comparable to a half cycle of the system frequency, there 
is produced in effect an a-c voltage superimposed upon the 
difference between the two d-c voltages across the capacitors. 
The phase of this a-c voltage is such that as its axis is shifted by 
a change in the value of the difference between the d-c voltages, 
the phase angle at which it intersects the critical grid voltage of 
the controlled rectifier is shifted, thus producing phase control 
of the latter. Hence, as the lamp voltage nears the correct value, 
the tube regulates and finally passes the value of current to hold 
the lamp voltage at the desired value.

Potentiometers are provided to adjust the circuits properly 
when the intensity control is set at maximum, and at zero. These 
adjustments are made easily at the time of installation and are 
fixed thereafter.

The feedback circuit compares the voltage on the lamps with 
the voltage from the intensity control and acts on the grid of the 
controlled rectifier to hold the lamp voltage constant for any one 
setting of the intensity control.
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CHAPTER 10

COUNTERS AND DIVIDER CIRCUITS

Long before electronics entered industry to any extent, tubes 
were used to count events which occurred more rapidly than 
could be isolated and counted by mechanical devices. Tube 
circuits for high-speed counting and for controlling high-speed 
processes are now a very important tool in the electronic engi
neer’s kit. These circuits are in common use in computers, in 
radiation detectors, in communication applications, and in many 
industrial processes where timing and synchronization of events 
are important.

Basically an electronic counter is the same in function as its 
mechanical counterpart. It is a storage device. It is quiescent 
until it gets an impulse of some sort; it reacts to this stimulus, 
and it maintains whatever condition it is left in after the arrival 
of the stimulus until another impulse is received. But it is 
inherently faster in operation than a mechanical counter since 
it has no inertia; and having no weight it cannot “load” the 
circuit to which it is attached and thus affect the operation of 
that circuit.

An electronic counter really acts as a slowing-down device. 
It can be arranged to react to every 2d, 4th, 16th, or every 100th 
impulse so that by interposing it between the events to be tallied 
and a mechanical counter, the latter simple instrument can be 
made to count events occurring 100 times as fast as it can handle 
without the addition of the electronic circuit.

Impulse Storage. If the arm of a mechanical counter is 
tripped twenty-three times, the number 23 appears on its indica
tor and will remain until another event is to be counted. It will 
store this number indefinitely. Of course there is a limit to the 
number of impulses it will record before it starts counting over 
again. At this point a second counter comes into action, record-
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ing the fact that the first counter has reached its limit and is 
starting over. The second counter is now quiescent until the 
first has again reached its limit whereupon the second counter 
records the number 2.

In the decade counting system the first counter can count up 
to 9, the next impulse bringing up 0 (zero). When this occurs, 
the second counter records number 1 so that the two will indicate 
that 10 events have taken place. Two counters can tally 99 
impulses before they repeat.

Electronic Counters. In tube counters the actuating impulse 
is a voltage or other electrical stimulus and not a mechanical 
movement. Because the impulse is electrical, wires can connect 
the counter with apparatus at the place where the events occur, 
and a huge number of events per second can be recorded at 
almost any distance. An electronic counter is usually much 
more complex than a simple mechanical system, but it is faster 
and just as accurate. For each count on a mechanical counter 
a mechanical force must be applied to the arm of the counter. 
Many processes do not have sufficient physical force to trip the 
counter arm, thereby prohibiting the use of mechanical counters.

Electronic counters are built up from a basic unit which has 
only two degrees of freedom, like an electrical on-off switch. If 
two such switches are mechanically coupled so the second moves 
only when the first is turned on (and does not move when the 
first is turned off), then the second switch moves only half as 
often as the first. The counting rate has been cut in half. Addi
tion of more switches can divide the counting rate still further.

Pulse Generators. Before any phenomenon can be counted 
by electronic means, it must somehow be converted into or cause 
a pulse of electrical energy for actuating the counter circuits. 
Many ingenious methods have been devised for converting 
mechanical processes into electrical pulses. A few are shown in 
Fig. 1.

In A a system is shown where small pieces are allowed to fall 
upon a plate which is attached to a microphone. The impact 
of the piece upon the plate causes a sound, which, by means of 
the microphone, is converted into an electrical voltage. In B 
the assembly-line motion is sufficient to operate a switch as each 
piece passes a counting point.

In C and D a phototube and light source setup is used. In C 
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the light beam is interrupted as objects pass the inspection point, 

whereas in D a small amount of light is reflected onto the photo
tube as each paper drinking cup passes a certain point. A means 

for counting revolutions of a rotating disk is shown in E. The

Fig. 1. A microphone or switch may be arranged to convert some mechani
cal phenomenon into an electrical signal for counting purposes, as shown in 
A and B. In C and D a phototube circuit detects movement and creates the 
counting signal. A means for obtaining electrical signals for counting revo
lutions of rotating machinery is shown at E.

disk can be attached to any piece of rotating equipment. Each 
time the steel slug passes the electromagnetic pickup, an electric 
signal is formed.

Counter Applications. Electronic counting, timing, and con
trol instruments are mainly used in industry to measure and 
control such things as quantity, length, time, sequence, fre-
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quency, and revolution. A typical application is illustrated in 

Fig. 2. Here pills are being counted, but any object large enough 
to block a portion of the light in the phototube system could be 
handled in the same manner. When the desired number of pills 
falls into the container on one side, the counter sends a signal to 
the deflection door, which diverts the flow of pills to the other 
side of the moving belt. At the same time a solenoid is operated 
which allows the filled container to pass to a subsequent opera

—Pills exit in single file at 
rate of 15,000 per minute

Solenoid operated 
gate holds packages 

until full

Conveyor belt-^

Pills counted I 
interruption af 
photo-electric 
light beam

Pills in 
hopper

Deflector plate 
controlled by 
solenoid

Photo-electric 
count detector

Out put

Electronic counter
Input

Solenoid operated 
gate holds packages 

until full

Fig. 2. Photoelectric setup for counting pills and portioning them into lots 
of a predetermined number.

@ oooo
2 Duct 
channel

Belt
motion

tion. Thus the flow of pills is not interrupted and the passage of 
containers along the belt is continuous.

A similar system now in use at a shingle manufacturing plant 
stacks shingles in groups of predetermined quantity. The 
shingles are moved on overhead conveyors and are held in place 
by suction or vacuum cups. The shingles from the main assem
bly line cross two packaging conveyors. A counter setup is used 
to divert the shingles to a second conveyor when the desired 
number has been sent to the first. Thus while one stack is being 
bound together, another is being formed without loss of time.

The system shown in Fig. 3 is often used to measure linear 
footage on a continuous process. The friction wheel or roller is 
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brought in contact with the moving material, and its diameter is 
chosen so that its circumference bears some integral relationship 
to the desired linear dimension of the material. Thus the count
ing (measuring) of these dimensions is simple.

Time and speed can be measured with extreme accuracy by the 
use of counters. Very high speeds (thousands of feet per second) 
and very short lengths of time (down to a few microseconds) can 
be measured as readily as low speeds and longer lengths of time.

In measuring time intervals the counter circuit is usually 
used in conjunction with an extremely stable high-frequency

Fig. 3. Electromagnetic pickup counts the revolutions of the wheel geared 
to the roller riding on the strip to actuate the cutter.

oscillator. If the output of the oscillator is applied to the input 
of the counter for the interval of time to be measured and the 
frequency of the oscillator is known, then by counting the number 
of pulses or cycles the oscillator produces during the time interval 
to be measured, the time interval can be determined.

This is the exact system which is used to measure high veloci
ties. So far the science of ballistics has made the most use of the 
speed-measuring capabilities of electronic counters. For exam
ple, a shell is fired past two points. As it passes the first point a 
pickup arrangement starts a high-frequency oscillator. As the 
shell passes the second point, the oscillator is turned off. All 
that is needed for accurate determination of shell velocity is an 
accurate measure of the distance between the two points, the 
frequenov of the oscillator, and an accurate count of the number 
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of cycles that occurred during the time it took the shell to pass 
from one point to the other.

The use of high-frequency oscillators in conjunction with 
counter circuits brings up another interesting group of ideas, that 
is, the substitution of electronic equipment for mechanical cams 
and gears. By using predetermined counters to initiate opera
tions after certain numbers of cycles, very accurate timing of 
operations can be achieved.

Through the use of any one of a number of simple auxiliary 
devices, speeds of revolution can be determined accurately and 
without the loading presented by less accurate and less depend
able mechanical means.

The more counter applications one studies, the more possi
bilities he imagines. However, it is to be remembered that in 
many cases mechanical counters will do the job, and the cost and 
complication involved might be far less than that of the electronic 
counter. When high speed and versatility are required, how
ever, the electronic version usually turns out to be the most 
dependable tool.

There are many industrial applications in which the basic 
counter circuits can be employed where the job of actually count
ing something does not occur at all. In other words the counting 
circuits have uses other than in counting. Basically they are 
“dividing” circuits; that is, they give output impulses which are 
some integral submultiple of the input impulses.

Numerous packaged units are available commercially but often 
one must build up his own system, experimentally at least, and 
therefore a knowledge of how such systems work is important.

Basic Circuits. The basic circuit is like an electrical switch 
in that it has two degrees of freedom; it can count up to 2 before 
it repeats. That is, it divides the number of incoming impulses 
by 2, thus cutting in half the rate at which the final tally must 

be made. In Fig. 4A tube A is either conducting or it is not. 
When it conducts, tube B does not. If something makes tube 
B conduct, then tube A goes out (ceases to conduct).

Let us suppose that before the first impulse comes along tube 
A is conducting, the lamp in its cathode circuit is lighted, and 
tube B is not conducting. Now the first impulse can be arranged 
to make tube B conduct, whereupon tube A and its light go out. 
The next impulse will make tube A go on and tube B go out. 
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Thus the lamp in the cathode circuit of tube A indicates every 
other impulse and actually notes the arrival of the even-numbered 

events, that is, the second, fourth, sixth, etc.
Now a second set of two tubes may be connected in place of 

the lamp in the circuit of tube A and arranged so that a stimulus

(B)
Fig. 4. Basic flip-flop circuits show counter-indication method and cascad
ing of basic circuits for counting higher than the basic 2.

is passed onto the second set of tubes only when tube A of the first 
set is changed from a nonconducting to a conducting condition.

The important thing in these circuits is not actual conduction 
or lack of it but the shift from one state to the other. Now let 
us look at our four-tube system (Fig. 4B) and see how it works.

Consider Fib only as a switch to turn on or off tube V1A- Vm. 

then, is the critical counting tube. The second set of tubes is 
connected to tube V1A and only registers when this tube is 
changed from a nonconducting to a conducting condition. 
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Nothing happens in the second set of tubes when Via goes out— 

only when it goes back on. Under these conditions V2A will 
register the arrival at V1A of every fourth impulse. And if a 
third set of tubes is connected to V2a or V2B, it will record every 
eighth stimulus that has caused something to happen in the 
circuits of the first set of tubes.

Now in Fig. 4B the initial condition is that tubes Via and V2a 

are conducting. The first impulse causes tube V1B to conduct 
and Via to go out. But since V2a receives an input impulse 
only when tube Via reverts to its original conducting state, the 
arrival of the second pulse at the input of the first two-tube 
circuit, causes no change in the condition of the second set of 
tubes.

The second impulse cuts off Vib and fires Via, which fires V2B 
and cuts off V2a- A counter in this tube circuit will not indicate 
until this tube again conducts—which it will do upon the arrival 
of the fourth impulse at the input to the first set of tubes.

The manner in which tube V2a counts every fourth impulse 
can be seen from the table below, remembering that the counter 
in V2a circuit is set at zero at the beginning when tubes Via and 
V2a are conducting, that nothing happens to the counter when 
tube V2a cuts off and only indicates when it goes back on. A

Tubes

Impulse Via V1B V2a F 2B

0 On Off On Off
1 Off On On Off
2 On Off Off On
3 Off On Off On
4 On Off On Off

third counter circuit connected to receive a pulse every time V2B 
returns to its original state, would return to its original condition 
after every eighth pulse, and so on.

Eccles-Jordan Pair. A simple circuit of this type just de
scribed is shown in Fig. 5. It is known as the Eccles-Jordan 
circuit and consists of two vacuum triodes. The circuit has two 
completely stable sets of operating conditions, and it has the 
further property that it can be switched from one condition to
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Fig. 5. Basic Eccles-Jordan pair 
has two completely stable sets of 
operating conditions.

the other by the application of an electrical pulse. The switching 
action is almost instantaneous.

To understand these two completely independent sets of 
operating conditions and the way the circuit may be switched 
from one to the other, a detailed study of this circuit will be made.

The circuit shown in Fig. 5 is symmetrical; that is, the com
ponents in the circuit of one tube are identical to those in the 
other circuit. At the beginning 
let us assume that a 2-ma cur
rent is flowing through each 
triode. The resulting voltage 
drop in each plate resistor will be 
100 volts (0.002 amp X 50,000 
ohms) and the voltage at each 
plate will be 100 volts positive 
with respect to ground, or cath
ode, potential.

Suppose the transconductance 
of each tube is 1,000 micromhos 
(for each volt change in grid 
voltage the plate current will 
change 1 ma). If perfect circuit 
symmetry existed, the currents 
in the tubes would remain equal. 
However, if some change takes 

place that causes the plate current of V i to increase slightly, its 
plate voltage would drop accordingly. Let us say that the plate 

voltage of Fx drops 0.1 volt. The grid of V2 experiences a drop 
of 0.02 volt, because it is connected on the tap of a voltage divider 
circuit formed by two resistors (400,000 and 100,000 ohms) in 
such a way that it experiences one-fifth of any changes at the 
plate of Vi.

The plate current in V2 will then drop, because its grid becomes 
more negative, 0.02 X 1,000 X 10“6, or 0.02 ma.1 Then the 

plate voltage of V2 will rise 0.02 X 50,000, or 1 volt. As before, 
because of voltage divider action this time involving RP2 and 
Roi, one-fifth of this voltage, or 0.02 volts, rise will be felt at the 
grid of Vi. This voltage rise causes the plate current of Vi to 

1 Grid voltage change multiplied by transconductance.
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rise by 0.2 ma. The resulting plate voltage drop is 0.2 X 50,000, 
or 10 volts. The original change has thus been augmented.

The current in V, thus continues to increase (and that of V2 
to decrease) until stability occurs. Let us assume the full con

ducting plate current to be 3 ma. Then the plate voltage of Vi 
will be 50 volts, and there will be 70 volts across the 400,000- and 
100,000-ohm resistors, allowing 0.14 ma to flow through the 
combination. The grid voltage with respect to the cathode 
voltage is then 20 — 0.14 X 10~3 X 100,000, or —6 volts. Cur-

Fig. 6. Eccles-Jordan pair with double-controlled triggering connections 
for changing from one stable condition to the other.

rent through the plate load resistor of V2 is found by dividing 
220 volts (200 + 20) by 550,000 ohms (50,000 + 400,000 + 
100,000) to be 0.4 ma, assuming the tube to be completely cut 
off. This establishes the plate of F2 at a potential of 180 volts.

Triggering. To flip the circuit to its other set of stable operat
ing conditions, the original balance condition must be reached 
and then a little more voltage added so that the circuit behaves 
in the reverse of the example given above.

This change-initiating process is known as triggering, and it 
may be accomplished in a number of ways. For example, by 
applying strong enough negative voltage pulses on the plate of 
the conducting tube, triggering could be accomplished. How
ever, because of the large magnitude of the required pulse, this 
system is seldom used.

The generally accepted method of triggering the Eccles-Jordan 
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circuit is to apply a pulse of voltage to one or both of the grids, 
negative to the conducting grid or positive to the grid of the 
cutoff tube. This could be accomplished by shorting the grids 
to the cathode. The circuit diagram for double-controlled 
triggering is shown in Fig. 6. Either side may be triggered by 
the application of a pulse of the proper polarity and sufficient 

amplitude.

Fig. 7. Addition of commutating capacitors Ca and Cb permits the use of a 
single triggering input.

A circuit for single-controlled triggering is shown in Fig. 7. 
The only modification to the basic Eccles-Jordan circuit is the 

addition of Ca and CB, called commutating capacitors.
To explain the action of these capacitors, let us assume the 

circuit to be in a stable condition with Vi conducting and V 2 cut 
off. If a negative pulse is applied to the grids of the tubes, it 

will have no effect on V2, since that tube is already cut off. The 
negative pulse will, however, decrease the plate current flowing 

through Vi, and its plate voltage will rise in the form of a positive 
pulse. This entire positive pulse is applied to the grid of Vn 
since the voltage across Ca cannot change instantaneously. The 
positive pulse thereby delivered to the grid of V2 is great enough 
to overcome the original negative input pulse, so V2 will start 
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conducting. When V2 conducts, the voltage at its plate decreases 
rapidly. This decrease is felt at the grid of Vi as a negative 
pulse which is sufficiently strong to cut that tube off. Both 
negative and positive pulses will trigger this circuit if they are 
large enough. Positive pulses, however, must be larger than 
negative pulses for proper triggering action.

Failure to Trigger. When a circuit fails to trigger upon the 
application of a pulse of the proper polarity, several factors may 
be responsible. The pulse may have insufficient amplitude to 
push the circuit past its balanced condition. The pulse time 

must be less than the time constant of the input RC combination, 
or the capacitor will charge and the grid will not receive enough 
triggering voltage.

The size of the input capacitor is subject to limitations. If 
it is small compared to the input capacitance of the tube, the 
pulse voltage is divided and may be too small at the tube. Also, 
the smaller the input capacitor, the steeper the required pulse 
front edge. In other words the trigger voltage must rise to the 
required value almost instantaneously. Steep-front pulses are 
often hard to produce and are inconvenient to handle.

If the input capacitor is made too large, it will tend to prevent 
changes in the grid voltage of one tube when a pulse is applied 

to the other. In other words assume V\ conducting and V2 cut 
off and the coupling capacitor of Vi too large. A positive pulse 
of sufficient amplitude applied to the grid of V2 will cause it to 
conduct, and its plate voltage will drop. This drop would 

normally be enough to decrease the value of grid voltage at Vi 
to a point where it would cease to conduct, but because of the 
large input capacitor the grid voltage is held fixed, and when the 

pulse to V2 ends, the circuit reverts to its original untriggered 
condition.

There is also a limit to the closeness of adjacent pulses, but 
in most industrial applications this limitation is of little conse
quence. By proper choice of components most of these circuits 
can be made to operate from input repetition rates of 100,000 per 
second and higher.

Counter Output. There are several methods of taking output 
signals from these counter circuits. The method employed 
depends on the purpose for which the output is used. If the 
circuit is to be followed by another counter circuit, it is usually 
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desirable to have the output in the form of sharp pulses, one pulse 
for every two input pulses. For other purposes it might be 
advantageous to take out a square wave, that is, a voltage which 
fluctuates between two definite values, one while the circuit is in 
one condition and the other when in the opposite state.

Figure 7 shows a method for taking either kind of output—the 
constants Co and Ro determining the nature of the output wave. 
The plate voltage of V2 is high when V2 is cut off and low when 
V2 is conducting. If Co is quite large, it will tend to maintain a 
constant voltage drop across itself, and when the plate voltage 

of V2 rises, so will the output voltage. If the plate voltage 
remains at this raised value for any length of time, the condenser 
will eventually charge up (assume a voltage drop) to that value, 
and charging current will cease to flow. When this happens, the 
output voltage becomes zero. The output signal has thus sud
denly gone positive and then gradually decreased to zero.

If the plate of V2 stays positive for a brief time only, as would 
be the case if the input pulses were applied at a fast rate, the 
condenser would not have time to charge on each cycle, and the 

output would be almost the same as the plate voltage of V2. 
That is, the output voltage would be high while V2 is cut off and 
low when F2 is conducting. This constitutes a square wave.

By making the value of Co very small, the charging time may 
be reduced to a very low value, so the output has the form of 

short pulses of positive voltage occurring whenever V2 is cut 
off. When V2 starts conducting again, its plate voltage decreases 
rapidly, but the condenser is still charged to the high voltage. 

When the condenser discharges through Ro, a negative output 
pulse occurs. Also, the choice of Ro will have an effect on the 
shape of the output signal. A smaller value of Ro will allow Co 
to charge and discharge faster and will provide a sharper pulse.

Thus for every two input pulses to the circuit of Fig. 7 we have 

a single output pulse which occurs when V2 returns to its original 
condition. Actually, there will be two pulses: a negative pulse 

when V2 conducts and the desired positive pulse when it is again 
cut off. However, either of these pulses can be removed from 
the output. Subsequent counter stages may be used that are 
sensitive only to pulses of one type, and in this way either the 
positive or negative pulses may be counted. This circuit actually 
registers every other pulse, or in other words, is a device for 
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slowing down the necessary counting rate by two. A second 
two-tube circuit connected similarly will count every fourth 
input pulse and so the number of counts per second can be 
increased geometrically while the number of tubes goes up 
arithmetically. Since both triodes can be included in one enve
lope (and usually are used this way), the number of counts 
actually possible is 2A', where N is the number of double-diode 
tubes employed. Thus five such tubes will count every thirty- 
second pulse.

Pentode Trigger Circuit. The circuit shown in Fig. 8 is sensi
tive only to negative pulses because, even though a positive pulse

Fig. 8. Pentode trigger circuit is sensitive only to negative trigger pulses.

is applied to the control grid of the cutoff tube, the suppressor 
will hold the tube cut off. Interchanging the control and sup
pressor grid connections makes the circuit sensitive to positive 
pulses. Changing the cutoff voltage of the tube is accomplished 
by changing the suppressor voltage. With this circuit, single 
input triggering is possible as in the triode circuit, and triggering 
will occur with as little as volt.

Thyratron Counters. The circuit shown in Fig. 9 employs 
thyratrons and will count up to 4 million pulses an hour, or about 
1,000 per second. Counters of this type are frequently used 
between high-speed recurring phenomena and mechanical count
ers which are too slow-moving or require too much energy to be 
actuated directly by the phenomena being counted.
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Fig. 9. Thyratron counter circuits. In B is shown how one thyratron 
counter circuit may be connected to a following stage.

In each unit the steady bias potential applied to both grids is 
slightly more negative than the critical negative potential 
required to prevent thyratrons from firing.

In explaining the circuit operation, let us assume that Vi is 
conducting. As V2 is fired by the application of a positive pulse 
at the input, the plate voltage of V2 drops. This resulting volt
age drop is transmitted through a capacitor to the anode of Vi, 
stopping the current flow in that tube. Since each thyratron 
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responds to every other input pulse, scale-of-two operation is 
effected. Two tubes per stage are required. The coupling 

betw’een stages is accomplished as shown in Fig. QB. One of the 
thyratrons in each stage is coupled to the preceding unit by

Input 
pulse 

number

Pair 
A

Pair 
B

Pair 
C

Pair 
D

Pair 
E

L R L R L R L R L R

0 X X X X X

1 X X X X X

2 X X X X X

3 X X X X X

4 X X X X X

5 X X X X X

6 X X X X X
X indicotes conduction

Fig. 10. Block diagram of ring counter. The chart shows the condition of 
each tube section during progression through six counts. The counter shown 
is a ring of five.

connecting the input side of the grid capacitors to the plates of 
one of the thyratrons through high resistances.

Ring Counters. Divisions greater than 2 may be achieved by 
the use of several basic counters in what is known as a ring
counter circuit. A typical ring-counter block diagram is shown 
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in Fig. 10 along with an operating schedule for a complete cycle 
of operation. In this circuit, division by 5 is possible.

In the initial condition the left side of pair A is conducting, 
while the left sides of the other four pairs are cut off. Upon 
receipt of the first negative pulse at the input terminals, the left 

side of pair A is cut off, the voltage rise at its plate causes the 
right side to conduct. The voltage drop at the plate of the 

right side, which is coupled to the right side of pair B, causes 
that circuit to flip. The next pulse applied to the input terminal

Fig. 11. Binary decade counter circuit used commercially in many applica
tions. This system provides decade (10) counting with binary indication.

will return pair B to its original cutoff condition and flip pair C. 
Subsequent pulses will pass this flipped condition around the 
ring so that it is present at each tube once for every five input 
pulses. Thus an output taken from any one of the five stages 
will be one-fifth that of the input. Output may be taken from 
the plate of either of the paired tubes, depending on the polarity 
of the desired output.

The Binary Decade. The circuit shown in Fig. 11 has found 
wide application in industrial electronics because of the ease 
with which it may be incorporated into such an extensive variety 
of counting problems. Its simplicity (it contains only four tubes 
and four indicating bulbs) and its dependability are among its 
other advantages.
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In presenting a number, four neon bulbs are required for each 
digit of the number. The binary progression 1-2-4-8 is used. 
This system of number presentation is best understood by study
ing the examples shown in Fig. 12. The numbers corresponding 
to the lighted neon bulbs are added vertically to get the indicated 
number. The appropriate neon bulb or bulbs are ignited in their 
proper order, since two pulses from one circuit cause one pulse to 
be passed to the succeeding circuit.

The counter decade consists of four stages, each employing an 
ordinary dual-triode vacuum tube (such as the 12AT7) arranged 
in an Eccles-Jordan trigger circuit in conjunction with an indicat

80 80 80 80 80 80 80 80 80
40 40 40 40 40 40 40 40 40
eo 20 20 20 20 20 20 20 20
10 10

1
10 10 10

12
10 IO

10
IO

80 e* 80 8 0 8 O 8* 80 8 O 8 O
4 0 4 0 4 0 40 40 4 O 40 4 O
Ê 0 2 O 2 O 2 O 20 2 O 20 2*

10
999

10 10 1 O

568
1 O IO

473
1*

Fig. 12. Six examples of binary indication of numbers used in the circuit 
of Fig. 11.

ing neon bulb. The basic functioning of all stages is alike and is 
dependent on shifting of operating potentials of each stage back 
and forth between the two sets of values indicated in stages 1 and 
2 of Fig. 11.

Considering Vi, note first that a fixed potential of +150 volts 
is applied to the cathode of the tube at all times by the power 
supply. Grid and plate voltages are obtained from the resist
ance network included in the basic circuit and depend on relative 

currents through the two branches of the network RiRsR^ and 
R2RiRq.

To explain circuit operation, let us again make an initial 

assumption that the right hand side of Vi is essentially at cathode 
potential (zero bias) and that no signal pulses have arrived. At 

this zero value of bias the right hand side of Vi will conduct 
strongly, and its plate voltage will drop to a low value, actually 
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about 20 volts, lower than the extinction voltage of the neon lamp 
connected across this particular section. For this condition, 
then, the neon bulb for the first stage is out.

As the right hand side of Vi conducts, the voltage drop across 
R6 is greatly increased. This leaves less voltage for R, and R2, 
and hence point b is driven negative with respect to the cathode. 
A shift of 25 volts is actually produced by the resistance values 

shown.
The grid of the right-hand side of Fi is connected to point a, 

which is at cathode potential as assumed for this explanation and 
required for full conduction of that portion of the tube. The 

grid of the left-hand portion of V, goes to point b, which is at 
-|-125 volts with respect to ground and —25 volts with respect 
to the cathode. Thus the cutoff bias is applied to the left hand 
side of Fi.

The circuit can remain in this condition indefinitely until a 
negative pulse is applied to the input circuit. Any positive pulse 
has no effect, because it is dissipated in the low impedance of the 
conducting triode section. When a negative pulse arrives at the 
input circuit, however, both grids swing in a negative direction. 
There is no direct effect in the cut-off side (the left-hand side), 
but the negative grid swing on the right-hand grid stops the plate 
current of that side. The resulting redistribution of the voltage 

drops across Rs, Ri, and R2 places point b at cathode potential, as 
indicated in stage 2. The grid of the left-hand side of V, swings 
positive to zero bias, and that side starts conducting. Point a 
goes 25 volts negative with respect to the cathode, keeping the 
grid of the right-hand triode negative once it is driven negative 
by the negative input pulse. Thus the circuit conditions in 
stage 2 are reversed.

With the right-hand triode of stage 2 cut off, its plate voltage 
goes up to about 110 volts, above the striking value of the neon 
lamp. Thus the lamp glows.

The arrival of a second negative pulse again triggers the stage, 
the lamp goes out, and the succeeding lamp is lit, since the voltage 
drop at the plate of the right-hand portion of F2 appears at the 
input of the third stage in the form of a negative pulse.

Count Indication. A complete counter decade consists of four 
identical stages with neon lamps as shown in the circuit diagram. 
These stages are numbered 1, 2, 4, and 8 according to the binary 
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system; the number assigned to each stage is equal to the number 
of negative pulses required at the input of the decade to make the 
neon lamp in the stage come on the first time.

In preparation for a count a momentary displacement of the 

reset switch inserts a common dropping resistor R-, in the voltage 
supply line to all right-hand triodes. This drives the grids of 
all left-hand sections negative, so that the decade is preset 
with all right-hand triodes conducting and all neon lamps 
extinguished.

When the tenth pulse is being counted, a negative pulse goes to 
the succeeding decade and at the same time resets the zero condi
tion, where all lamps in the decade are out. In the binary system, 
however, lamps 2 and 8 should be on, and this is undesirable 
when indicating counts in the decimal system. Remembering 
that pulse 9 was indicated by lamps 1 and 8 being lit, for the 
count of 10 in the decimal system, lamp 8 must be extinguished 
and lamp 2 prevented from lighting.

After the ninth pulse the left-hand sections are conducting in 
both stages 1 and 8. When stage 1 is reversed by the tenth 

pulse, a negative pulse obtained from a tap on Re in stage 1 is 
fed through C9 to stage 8, causing point b of stage 8 to swing 
negative. This drives the grid of the left-hand side of stage 8 
negative, causing the flip of stage 8 and extinguishing the lamp 
corresponding to the number 8. The negative pulse taken from 
the tap on Rb must be large enough to cause switching, but not 
too large, because at the eighth count it must be overpowered by 
the negative pulse that comes from stage 4 and correctly triggers 
stage 8 to turn its lamp on.

In a similar manner a positive pulse from R$ of stage 8 fed 
through Cio to point a of stage 2 overwhelms the negative pulse 
sent to it from stage 1. Since the lamp corresponding to stage 2 
was out for the count of 9, it stays out.

This type of counter operates reliably at pulse rates as high 
as 100,000 per second. It is simply necessary to supply negative 
pulses of approximately the proper shape and amplitude. A 
commercial packaged version of this circuit is available (Potter 
Instruments Company).

Gas Tube Counters. One extremely small commercial plug-in 
counter (Sylvania) uses miniature thyratrons. The unit con
tains 11 tubes, 80 resistors, and 23 capacitors and is capable of 
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counting from 0 to 5,000 pulses per second. The entire circuit 
is contained in a package about the size of a vacuum tube, and 
it can be plugged into a socket like a tube. Ten of the eleven 
circuits are identical, and for that reason only three of these 
will be studied in detail. The last stage is responsible for recy
cling the circuit when it reaches its limit. ■

The basic and typical operation of three of the tubes in this 
counter is illustrated in Fig. 13. The resistor network composed 

of Ri, R2, and R3 is a voltage divider which places the cathode 
voltage to tubes V2 and U3 at about —4 volts and puts the grid

Fig. 13. Partial diagram of a commercial (Sylvania) gas tube counter of 
miniature design.

voltage of V3 at about —38 volts. Assume that Vi is conducting 
and that the current through it and Rs is such that the cathode 
of Fi is at about +37 volts, as indicated. The voltage divider 

RiR2 in the circuit of Vi then places the grid of V2 at —13 
volts. The bias becomes —34 volts for Vs but is only —9 volts 
for V2. Since the pulse input line is connected to all the grids, 
each tube grid will receive the same pulse, but V2 will be fired by 
a much lower pulse than Fs, say a pulse of +15 volts. This still 

leaves a considerable margin of safety, so that V3 is still biased 
to about —34 +15, or —19 volts.

After F! has been conducting for a few microseconds, C2 is 
charged to the cathode potential, or —37 volts. When V2 fires, 
an additional current flows through the common plate resistor 
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Rs, and this causes a sudden drop in plate voltage, but the 
capacitor tends to hold the cathode at —37 volts. This allows 
the plate voltage to drop below the critical value long enough 
so that conduction stops, thus permitting the grid to regain 

control. The count has now advanced from Vi to V2 and con
tinues through the tubes until Va is conducting. The circuit for 
V9 is shown in Fig. 14.

When Vg is conducting, it sets up the bias for both Vo and 
the transfer tube Vio in exactly the same fashion as before.

Fig. 14. Circuit showing the return of the pulse to the first stage after the 
count of ten.

When the next or tenth pulse comes along, Vo and Vi0 will both 
conduct for a few microseconds and then go out, because R6 + Ra 
is quite high. A pulse is thus sent through the output to the 
next circuit for every 10 pulses applied to the input.

The pulses used with this type of circuit may be in the vicinity 
of 15 to 25 volts, and the rise times may be slightly lower than 
required in many commercial circuits.

Another Decade Unit. Another arrangement which pro
duces an output pulse for every 10 pulses it receives is shown in 
Fig. 15. As the diagram indicates, this circuit employs a ring
type circuit, but it will be noticed that a ring-of-five circuit is
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used for division by tens. This is accomplished by following the 
ring-of-five circuit with a scale-of-two circuit, so that for every 
two output pulses from the scale-of-five circuit only one is 
applied to the output on the succeeding stages. Thus divi
sion by ten is accomplished. This circuit has the advantage of 
requiring fewer tubes for decade division. For a straight ring-of- 
ten circuit, ten tubes are required. Another advantage of this 
type of circuit is the fact that neon lights (NE 51) may be 
arranged to read the accrued number of input pulses directly, and 
several such decades may be arranged to indicate counts of 
very high numbers.

In the circuit diagram of the complete unit shown in Fig. 16, 

the cathode resistor R2 is chosen to produce the desired voltage

two
Fig. 15. Block diagram of a simple ring-of-five scale-of-two decade counter, 

on the common right-hand cathode bus with only one right-hand 

section conducting. Resistor Ri produces the same voltage 
drop with four left-hand sections conducting. The left and 
right hand cathodes are split in this manner to assure that the 
odd condition will exist in only one element at a time.

Assume that Vi is the odd tube. (By “odd” we mean that 
the right-hand section of the tube is conducting and the left side 
is cut off. The tubes are said to be in their normal condition 
when the reverse is true.) It is desired to advance the odd condi
tion to W This can be done by a negative pulse either at the 

right side of Vi or the left side of V2. The negative input pulse 
through Ci appears at both places, initiating the desired change 
in both Vi and V2. The flip-flop action in both tubes aids the 
input pulse in this respect. Since the cathodes are by-passed, 

input pulses through C2, Cz, Ct, and Cb are effectively shorted 
out through the respective left-hand plates of V2, V3, V4, and 
V5 before the transition, while during transition the pulse through 
C5 is still shorted out by the left-hand plate of V3. Any tendency 
for the input pulse at the left-hand grid of V3 to appear via 
C2, Cb, and Ct to cut off the left-hand side of V3 is overcome by



NOTE;
UNLA0LED COMPONENTS FOR V, TO V$
STAGES, INCLUSIVE, ARE THE SAME A3 
THOSE SHOWN FOR V,

Fig. 16. Complete schematic of the counter whose block diagram is shown in Fig. 15.
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the input pulse at the right-hand grid of V3, in addition to being 
overridden by the positive pulse from the left-hand plate of V2.

As long as the input-pulse rise time (before or after the pulse 

is differentiated by C2 and C3 through the left-hand side of V2 
and F3) is short enough in comparison with the transition time 
and the pulse is of sufficient amplitude, wide variations may be 
permitted in pulse height and shape as well as in the values of 
interstage and input coupling capacitors.

The scale of two represented by is coupled to the ring by 

the diode V7. The diode cathode will switch from +250 volts 
to 195 volts after the fifth count, and back to 250 volts after the 
tenth count. A complete description of the operation of this 
circuit is given in the reference.1 The circuit was developed for 
use with radiation counting devices, but it is completely adapt
able to industrial applications where high-speed counting is 
required.

Ring-of-three Counter. A counter circuit designed to give one 
output pulse for every three applied to its input is shown in Fig. 
17. Only one tube is conducting at any one time. The trigger

ing pulses are applied across Rg. Each tube has associated with 
it a potentiometer network R2-R3 to repeat a fraction of the 
plate voltage suitable for the following tube grid. The grids 
are connected into the plate circuits of the preceding tubes by 

resistors R^. (All similarily labeled components have the same 
values for each stage.)

All of the circuits have identical component values. There
fore, when the circuit is first turned on, any one of the stages can 
start conducting and the remaining stages must remain cut off 
until the stable operating condition of the circuit is interrupted 
by the application of an input pulse. Assume that Vi is con
ducting initially. All of the stages share resistor Rk in their 
cathode circuits. The value of this resistor is chosen so that 
when any one of the tubes conducts current, the voltage drop 
across the resistor will be sufficient to hold the remaining tubes 

cut off. The voltage drop across Rk is, of course, positive at the 
cathode end of each tube, thus making the grid negative with 
respect to the cathode.

If, then, at a particular instant Fi is conducting, V2 and V3
1 R. Weissman, Stable Ten-light Decade Scaler, Electronics, May, 1949, 

p. 84.
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are cut off. The voltage at the plate of Vi is less than that at the 
other tubes, so we may say that the voltage at the plate of Vi 
is negative with respect to the voltage at the plates of V2 and 
V2. The grid of V2 is connected by R4 to the positive (relatively 
speaking) plate of V3 and the negative plate of Vi. The grid of 
Vs is connected to one positive plate (V2) and the negative plate 
of Vi. The grid of Vi is connected to the positive plate of V2 

and to the positive plate of V3 and is positive with respect to the

Fig. 17. Ring-of-three counter produces one output pulse for every three 
input pulses.

other two grids by an amount sufficient to ensure that Vi con
tinues to conduct.

To change this initial condition and pass the count on to a sub
sequent stage, something must be done to cut off Vi and make 
V2 conduct, while V3 experiences no change. A positive pulse 
applied at the input terminals (which are connected directly 
to the cathodes of all tubes) will cause Vi to be cut off momen
tarily because its cathode becomes positive with respect to its 
grid. As current stops flowing through the load resistance of 
Vi, its plate voltage will rise abruptly, and a positive pulse will 

be sent via R2 to the grids of V2 and V3. But the grid of V2 
receives a greater share of the Vi plate voltage rise because of 



COUNTERS AND DIVIDER CIRCUITS 315

the capacitor between these two points. When the input pulse 

subsides, the grid of V2 is left momentarily more positive than 
any of the other grids. Thus V2 conducts, and the voltage drop 
across Rk prevents either of the other tubes from conducting.

Subsequent pulses pass the conducting condition first to V3 
and then back to V1 and so on, so that each tube conducts once 
for every three input pulses. Output may be taken from the 
plate of any one of the stages by coupling to the plate of the tube 
comprising that stage.

A ring of greater number than three can be imagined by simply 
adding more stages before feeding back to the first stage. The 
only limitation to the number of stages that can be incorporated 
in a circuit of this kind is the fact that the plate current of one 
tube must be large enough to hold all the other tubes cut off (the 

plate current must cause cutoff voltage to appear across Rk when 
one tube is conducting).

In practice, rings of five are usually sufficient and they are used 
in conjunction with scale-of-two circuits for decade counting. 
Many different combinations are, of course, possible.

Piug-in Counters. The circuit shown in Fig. 18 is a modifica
tion of the Eccles-Jordan circuit discussed earlier. It is a com
mercial version which may be used wherever scale-of-two division 
is desired. All of the necessary connections are brought out 
through a 9-pin plug base, and through the use of appropriate 
connections, the circuit is adaptable to a variety of industrial 
applications.

The operation of the circuit is as explained in the beginning of 
this chapter. This circuit will retain the last count it receives; 
thus it may be used for scaling random counts and for division 
ratios greater than two; a number of units may be incorporated 
and counts as high as 20,000 or 30,000 may be accommodated.

The circuit employs a single miniature 6J6 twin triode and a 
neon indicator, which is connected to show which side of the 
circuit is cut off. The neon lamp will glow only when connected 
across a tube which is cut off, since the voltage drop across a 
tube drops below its striking voltage when that tube is conduct
ing. The neon bulb can be connected to either side by external 
connections. The circuit may be reset to its original conditions 
by the application of a bias voltage at pin 6 of the 9-pin plug or 
by removing B+ voltage from the plates.
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The Multivibrator. According to definition, a counter circuit 
is one which receives pulses at some regular or irregular rate and 
produces an output which is an integral submultiple of the input 
pulse frequency. Divider circuits differ from counter circuits in 
that their inputs must be at a regular or very nearly regular rate. 
In other words there must be a fairly equal time interval between 
pulses.

Fig. 18. Circuit of basic plug-in unit for scale-of-two operation. All con
nections are brought out through a standard 9-pin plug so that the units 
may be replaced quickly.

The multivibrator is probably the most common example of a 
divider circuit. It is a combination of counter circuit and oscilla
tor. Like the counter circuit it has two sets of operating condi
tions, but instead of waiting for an input pulse to change from 
one set to the other, this switching action is accomplished auto
matically by the circuit itself. In other words it oscillates back 
and forth from one state to the other.

The usefulness of this circuit lies in the fact that this switching 
process can be synchronized with, for example, the voltage output 
from another oscillator. The resulting output from the syn
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chronized multivibrator will be some submultiple of the synchro
nizing oscillator frequency, and the shape of the output wave will 
have certain characteristics that are advantageous in some appli
cations. The operation of the multivibrator will be explained 
by considering actual circuit values and operating conditions. 
The basic multivibrator circuit is shown in Fig. 19.

If switch Sw! in the cathode circuit of y2 is open, no current 
will be flowing through y2 and its plate voltage will be equal to 
that of the supply, or 200 volts. 
If the switch is closed, current 
starts flowing and the plate volt

age of V2 drops. This drop is 
applied through C2 to the grid of 
Vi. Thus the current through 
Vi drops. This causes a rise in 
the plate voltage of that tube 
which is applied to the grid of 
y2. This grid voltage rise 
causes more current to flow in 
y2, and so on.

Let us assume the full con
ducting current to be 3 ma. 

The plate voltage of V2 will be 
+50 volts (the supply voltage of 
200 minus the drop across the 
50,000-ohm plate resistor). 
Then the voltage at the grid of 

Fig. 19. Symmetrical multivibra
tor circuit. This circuit has two 
unstable sets of operating condi
tions, and it automatically flips 
back and forth between them.

Ti is 150 volts negative with
respect to the plate of y2. As C2 charges, the negative grid volt
age approaches zero, or ground potential. When the value of 
grid voltage (Ti) is reached which permits the tube to pass cur
rent, that tube will again start conducting, and the voltage drop 
at its plate, coupled to the grid of V2, will cause that tube to be 
cut off.

The following formula may be used for determining the period 

T of oscillation (frequency = l/T):

where T is one-half of a cycle of oscillation, Rg is the grid 
resistance and RL is the load resistance. In unsymmetrical 
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multivibrators the time constants are calculated for each side. 
The ratio of time of one-half of a cycle to the other half may vary 
as much as 10 to 1.

Synchronization of Multivibrators. The circuit described 
above is called a free-running multivibrator, since it will shift 
periodically from one set of operating conditions to the other 
without any external stimulus once it has started. The rate of 
this natural shifting back and forth is called the free-running 
frequency. Often it is desired or necessary to synchronize a 
multivibrator with some external source, such as a regular 
recurring series of phenomena to be counted. This may be 
accomplished by the injection of a synchronizing pulse, or signal. 
Synchronizing signals may be applied either through the plate, 
grid, or cathode of the tubes in the multivibrator.

These synchronizing pulses are usually introduced to the 
circuit at a rate which has an integral relationship to the free- 
running frequency. Since the free-running frequency is deter
mined by the length of time the circuit spends in each of the 
two sets of operating conditions and the flip from one set of 
conditions depends on a change in grid voltage caused by a 
discharge of a capacitor, any change in that grid voltage will 
effect a change in the free-running frequency of the multivibrator. 
Synchronizing pulses are used to alter the normal change in 
voltage caused by the capacitor discharge so as to advance the 
time when the flip occurs. In practice, when a free-running 
multivibrator is to be synchronized with some signal, the syn
chronizing signal is first converted into pulses, say positive pulses, 
and these are applied to the grid of the nonconducting side of the 
multivibrator.

The free-running frequency of the multivibrator is adjusted to 
be slightly lower than the frequency of the desired submultiple 
of the triggering frequency. Now, as the multivibrator attempts 
to run at its normal frequency, the synchronizing pulses super
imposed on the grid voltage cause the flip to occur in synchronism 
with the triggering source.

This action is best understood by studying the waveforms 

shown in Fig. 20. The natural discharge curve is shown in A. 
When the grid voltage rises above the cutoff value for the tube, 
the tube will start to conduct, and the circuit will flip. Under 

untriggered conditions the circuit will flip at Ti. Figure 20B 



COUNTERS AND DIVIDER CIRCUITS 319

shows the normal grid voltage altered by the superposition of the 
synchronizing pulses. Again, the grid voltage must reach cutoff 
value for triggering. As the first pulse appears on the natural 
curve, we see that it is too small to affect triggering. The same 
applies to the second and third pulses, but the fourth pulse 
moves the grid voltage past cutoff just long enough for the circuit 
to trigger, and slightly sooner than it would have triggered in 

the absence of the triggering pulse.
With the triggering setup illustrated in Fig. 20 division by 

eight is accomplished. That is, for every eight input or syn

Fig. 20. Waveforms showing triggering of a free-running multivibrator.

chronizing pulses, one output pulse can be derived by taking the 
output from one of the plates of the multivibrator. The multi
vibrator operates at its free-running frequency between triggering 
pulses, but any deviation from the submultiple of the triggering 
frequency is compensated when the triggering pulses take charge 
of the flipping. In other words, in the example shown in Fig. 20 
the whole period is “tied down” once for every eight input pulses.

In Fig. 20 the synchronizing pulses are applied to the grid of 
one of the multivibrator tubes. Actually, the synchronizing 
pulses may be applied to the plate or cathode. The requirement 
is that the desired pulse causes the multivibrator to flip slightly 
before it would under untriggered conditions.

Figure 21 shows several methods of injecting the synchronizing 
signal. Cathode synchronization is very similar to grid syn
chronization, whereas plate synchronization has the advantage 
that the impedance of the pulse source does not affect the opera
tion of the multivibrator.

The amplitude of the triggering pulses must be just right, and 
amplitude control becomes more critical as the ratio of input to
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output frequency increases. This can be appreciated by study
ing Fig. 20. If the amplitude of the synchronizing signal in this

Fig. 21. Three methods for applying synchronizing pulses to a multi
vibrator circuit.

case were slightly larger than shown, triggering might occur on 
the pulse preceding the desired pulse, and improper division 

Fig. 22. Connecting the grid to 
B -f- creates more positive triggering 
action.

would result.
A multivibrator circuit often 

used is shown in Fig. 22. Here 
the grids are tied through a 
high-value resistance to B+; 
however, in operation the grid 
voltages never actually reach 
B+, because the tube triggers 
when the grid voltage reaches 
the cutoff value. Because of 
the strong pull toward B+ and 
the conducting value of the grid 
voltage, the free-running fre
quency of this circuit may be 

much higher than the other circuit shown, and the accuracy of 
control is improved. This may be explained by referring to Fig.
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23. Here are shown the normal grid voltage rise of the basic 
multivibrator and the steeper rise found in the circuit of Fig. 22. 
The reason for increased accuracy lies in the fact that the grid 
voltage approaches the cutoff value at a much steeper angle.

A similar circuit, with the grids returned to a separate voltage 
oource, might be desirable for certain applications.

Fig. 23. Waveforms illustrating differences of triggering for different rates 
of grid-voltage rise.

Another circuit frequently found in industrial counters and 
frequency dividers is the cathode-coupled multivibrator shown 

in Fig. 24. Here V2 is coupled to Vi through a common cathode 
resistor Rk. In explaining the operation of this circuit, assume 
Vi to be conducting. The circuit constants are chosen so that 

IkRk, the voltage drop across the common cathode resistor due 
to the current flowing through Vi, is sufficient to hold V2 cut 

off. As V2 starts to conduct, because the capacitor between the

plate of Vi and the grid of V2 charges making the grid of V2 

positive, IkRk increases reducing the plate current of Vi. The 
voltage at the plate of Vi increases bringing the grid voltage of 
V2 up and increasing the current through V2. When the capaci

tor discharges, the plate current through V2 drops and IkRk drops 
until Vi begins to conduct again. The time constant is deter
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mined by the capacitor between the plate of Pj and the grid of 

V2 and the resistors through which it charges and discharges.
In this particular circuit the free-running frequency is some

what erratic, because while the bias is dropping, the grid voltage 
is actually rising. This conducting combination is hard to 
control. Since the one time constant determines both halves of 
the cycle, the output is symmetrical.

Single-shot Multivibrators. A single-shot multivibrator is 
one which has one stable and one semistable set of operating 
conditions. An input pulse causes the circuit to flip, as in

Fig. 25. Basic single-shot multivibrator undergoes one complete cycle for 
every pulse applied to the input.

regulator multivibrator circuits, but when the single-shot multi
vibrator reverts to its original condition, it remains in that state 
until the next synchronizing pulse is applied.

Probably the most obvious single-shot multivibrator would 

be that shown in Fig. 25, where one tube Vi is held cut off by 
a separate negative voltage source. This type of circuit can be 
triggered by a positive pulse. The duration of the oscillation 
depends on the multivibrator circuit elements. The circuit flips 
itself back into its initial set of operating conditions as the 

capacitor to the grid of V2 discharges.
The length of a period is determined in the same manner as 

that used in finding the half-cycle periods of the free-running 
multivibrator. The frequency-determining EC-network time 
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constant is again limited and must be shorter than the period 

of the pulse so that triggering will occur.
The circuit shown in Fig. 26 is another single-shot multi

vibrator. Here the grid of V2 is held high enough, by its connec
tion to +B, to conduct strongly enough to hold Vi cut off until a 
positive pulse arrives. The pulse makes Vi conduct, its plate 
voltage drops, and this voltage drop is felt at the grid of V2 and 

causes that side to cut off. As soon as Ci charges and V2 starts 
to conduct, the voltage drop across Rk, caused by the current 
through both tubes, is sufficient to cut off Vi. The circuit will

Fig. 26. Cathode-coupled single-shot multivibrator circuit.

remain in this original condition until the next positive pulse is 
applied.

This circuit has the advantage of not requiring a separate bias 
supply. The steeper return of the grid of V2 to conduction 
increases the accuracy. The major disadvantage of this type 
circuit is the short output pulse formed by the small value of 
Ra of V2. This causes excessive grid current and short tube life.

Another single-shot circuit is shown in Fig. 27. Assume V2 
to be conducting. When it is cut off, its plate voltage rises. 
However, Vi goes to cutoff bias voltage immediately, and the 
circuit is quickly returned to its original condition ready for the 
next pulse. The length of time the circuit spends in its triggered 

condition is determined by the values of RLl, C, and Ra,. The 
waveshape is the same as in the other circuits, and the bias 
supply must be fairly large to overcome the divided plate voltage. 
For square-wave output a 250,000-ohm resistor may be placed in 
series with the grid, thereby increasing the positive grid time 
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constant. Cathode coupling produces a low-impedance square

wave output.
Single-shot Applications. Single-shot multivibrators find 

many applications in industrial electronics where a specific time 
delay is required. For instance, imagine that some extremely 
short operation is to be started at a particular instant and stopped 
a few milliseconds after it is started. A pulse applied to a single- 
shot multivibrator would cause it to flip, and the time constants 
of the multivibrator would eventually return the circuit to its 
original condition. By differentiating (see Chap. 1) the output 
of the multivibrator, a pulse of one polarity may be derived at

Fig. 27. Alternate single-shot multivibrator circuit capable of square-wave 
output.

the beginning of the flipped condition and used to initiate the 
operation being controlled, and a pulse of the opposite polarity, 
which accompanies the return of the circuit to its original condi
tion, could be used to terminate the operation.

These circuits are also extremely valuable in oscillographic 
applications where the beginning of the output voltage pulse is 
used to start the horizontal sweep, and the end initiates the 
operation the characteristics of which are to be viewed. The 
desired waveform is thus centered on the scope, and any delays 
which might otherwise be present in the starting of the sweep 
will not be objectionable.

Actually, the single-shot multivibrator is neither a counter nor 
a divider, but because of its similarity to the free-running multi
vibrator, it has been discussed here.
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Step-type Counter. The step-type counter circuit shown in 
Fig. 28 is recommended for use in television applications but 
may be adapted to many industrial circuits. The repetition 
of pulses to this circuit may be interrupted momentarily or vary 
slightly in time, but they cannot be interrupted indefinitely, or 
the circuit will fall out of synchronization with the incoming 
pulses. Positive pulses of constant amplitude are required.

Operation is as follows: Ci and C2 are charged on the first pulse 
and Ci discharges through V, between pulses. Succeeding

Fig. 28. Step-type counter circuit used in certain television applications, 

pulses charge C2 in steps until the cutoff voltage of the blocking 
oscillator V3 is reached, at which point C2 is discharged and the 
sequence repeated.

One of the outstanding advantages of this type of circuit is the 
sharp-pulsed output, which is particularly useful for timing 
operations or driving subsequent counters. Another of its 
advantages lies in the fact that it may be used in high division 
ratio applications. It has the disadvantage that input pulses 
must be of constant amplitude and then must be quite large in 
some cases.

■ Pulse Amplifiers. In describing individual counter circuits 
it has been pointed out that pulses of proper amplitude and 
shape were required. The voltage pulse produced by most 
detection devices is strong enough to trigger the counting circuit 
directly, but some use a multivibrator between the detecting 
device and the counter input as mentioned above.

However, when the detection device yields an impulse that is 
too small even for use as a trigger for a multivibrator or of the 
wrong polarity, one or more stages of pulse amplification may be 
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necessary. It must be remembered that in conventional ampli
fiers a 180-deg phase shift occurs; that is, if a positive pulse is 
fed to a single-stage amplifier grid, the resulting pulse at the 
plate of the amplifier will be negative. Therefore if a positive 
pulse is desired for triggering the counting circuits, another stage 
of amplification is necessary. For most industrial applications, 
where pulse repetition rates are reasonably low, conventional 
amplifier circuits will usually work.
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CHAPTER 11

HIGH-FREQUENCY HEATING AND WELDING

High-frequency heating and welding equipments account for a 
major portion of the money that is spent in the industrial elec
tronics field each year. Through these somewhat less glamorous 
branches of electronics, many industrial processes are made 
possible and profitable which would otherwise be unthinkable.

The circuits and techniques used in electronic heating and 
welding applications are quite specialized and of limited general 
interest. Therefore, only the general-interest aspects of this 
branch of electronics will be presented here. The bibliography 
at the end of this chapter will provide the reader with ample 
sources of additional, more thorough and specialized information.

ELECTRONIC HEATING

Basically there are two types of high-frequency heating: 
induction heating and dielectric heating. Both methods share a 
common principle: power in the form of alternating current is 
transferred from an electrical circuit, where it originates, into the 
material where it is converted into heat by the resistance of the 
material and raises the temperature of all or part of that material. 

The heat actually originates inside the body of the material being 
heated, but the energy which causes this heating is furnished 
externally.

There are two basic differences between these methods. Only 
conductors of electricity can be heated by induction heating, 
whereas dielectric heating applies only to nonconducting mate
rials. The second difference lies in the apparatus used to trans
mit the energy from the electric circuit into the material. In the 
case of induction heating, the heating element is a coil of copper 
wire or tubing through which the alternating current flows. 
Energy is transferred by induction—thus the name induction

327



328 ELECTRON TUBES IN INDUSTRY

heating. In dielectric heating, on the other hand, the material 
to be heated is placed between two metallic plates which are 
alternately charged to positive and negative voltages with respect 
to each other. The entire apparatus resembles a condenser with 
the material acting as the dielectric—thus the term dielectric 
heating.

Cooling 
water 

in

(B)
Fig. 1. Basic induction heating setup. High-frequency alternating cur
rent passed through the coil heats the metallic charge. The depth of heat
ing depends on the frequency of the heater current.

Induction Heating. In induction heating apparatus the mate
rial to be heated is placed in an alternating electromagnetic field. 
The nature of the field required depends on the size, shape, and 
material of the work.

Figure 1A shows a typical case. A metallic bar is to be heated 
for purposes of hardening. The coil surrounding the bar is 
referred to as the work coil. Its function is analogous to the 
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primary winding of a transformer. The work or charge, being a 
conductor, acts as a short-circuited secondary. When the 
primary, or work coil, is energized, a current is induced in the 
secondary, or work. The magnitude of this induced current will 
depend on the amplitude and frequency of the alternating current 
flowing in the work coil. It is the induced current that causes 
the heating of the material.

The lines of magnetic flux which are set up in the charge by the 
current-carrying coil are parallel to the charge axis in the case 
cited, as shown by the cutaway drawing in Fig. IB. The dis
tribution of this flux (and thus the distribution of heating) within 
the work will depend on several factors: (1) the electric and 
magnetic properties of the material, (2) the dimensional cross 
section of the work itself, and (3) frequency of the applied alter
nating current.

Frequency. The first two of these factors are usually fixed by 
the job at hand. The remaining variable is the frequency of the 
alternating current which is made to flow in the work coil and 
which determines the rate at which the magnetic field within the 
charge builds up and collapses and then builds up in the other 
direction.

The selection of frequency for a particular job depends on the 
application. If, for instance, a piece of metal is to be melted, it 
may be placed in a suitable crucible, which is surrounded by a 
fairly low-frequency work coil. As the charge experiences the 
regularly reversing magnetic field, it begins to heat uniformly 
and continues until the desired temperature is attained.

If the frequency is raised, skin effect (in which the current 
tends to flow only in a thin shell on the charge surface) comes into 
play, and the secondary currents induced in the charge tend to 
remain on the outside. Since more heating occurs in the vicinity 
of the high-flux density, only the outside is heated by induction. 
This sort of arrangement is advantageous where the outside of 
the material is to be heat-treated for high surface hardness and 
the interior is to remain soft. Uniform hardening would cause 
the piece to be brittle, no hardening at all would cause the piece 
to be easily damaged. Such a piece might be used in the bearing 
of a crankshaft. By the same means, the cutting tip of a lathe 
tool may be hardened, while the main part is left soft and strong.

The induction heating effect may be noticed when frequencies 
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as low as standard 60-cycle power line are used, but higher 
frequencies almost always are employed in actual practice. As 
might be expected, the production of relatively large amounts of 
power at middle-high frequencies usually presents a job for 
electron tubes. In some processes where only a few hundred 
cycles per second are required, frequency-multiplying rotating 
machinery operating from regular 60-cycle input can be used to 
better advantage.

Hysteresis Effect. In metal pieces containing iron an addi
tional heating phenomenon will occur. The minute particles of 
which iron is composed become magnetized when the iron is 
brought into the influence of a magnetic field. These minute 
particles tend to align themselves with the magnetic field that 
charges them. In a rapidly alternating field the particles are in 
a continuous process of trying to realign themselves each time the 
direction of the field reverses. This particle motion generates 
heat within the material. The heating thus produced is described 
as the hysteresis effect.

The hysteresis effect disappears when the temperature of the 

iron reaches the point known as the Curie temperature. At that 
point the iron can no longer be magnetized. The temperature 
can be raised higher, however, since the eddy-current or straight 
induction heating continues as long as the alternating field is 
applied.

Work Coil Design. Induction-heating work coils may take on 
a number of shapes. The example shown in Fig. 1 is typical 
but by no means a standard form. The technique of designing 
a work coil that will produce just the right amount of heat in 
just the right portion or portions of the charge is a highly special
ized science, and to explain all its fine points here would be 
impossible. A few typical configurations are illustrated in 
Fig- 2.

In A the induction heating coil passes inside the bearing shown. 
Thus the inner surface is heated by the flow of high-frequency 

current within the coil. In B the coil is concentrated around 
the corner of the piece of tool steel. Thus only that corner is 

heated. In C the surface of the piece immediately under the 
spiral-wound work coil is heated. A system for applying heat 
in two different portions of the piece simultaneously is shown in 
D. Here the induction heating current flows through two coils, 
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and each coil imparts a certain amount of heating in the desired 
locations.

Very special work coils are sometimes required. In applica
tions where induction heating is used in soldering or brazing, as 
in Fig. 3, it is usually important that only the portions which 
actually come in contact with the solder or brazing material be 
heated. Otherwise distortion of the assembly may occur. In 

(D)
Fig. 2. Many special induction-heating coil forms are used. In A the 
inside of the connecting-rod bearing is to be heated. Drawings B, C, and D 
show other special cases for localized heating.

cases like these the work coil may take the form of a knife-edged 
single-turn loop, which fits snugly around but does not touch the 
immediate vicinity of the proposed joint.

Since the work coil is also part of an electrical circuit, its 
electrical properties must be considered. As a coil it has induct
ance—and, of course, resistance. These factors must be con
sidered when choosing work coil shape and material. Low 
resistance is advantageous, since less power will be wasted in the 
work coil and the over-all operation will be more efficient. 
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Where moderately high frequencies are involved, the diameter 
of the wire or tubing used in the work coil should be large because 
of the skin effect.

In most high-powered induction-heating equipment provisions 
are made for circulating cooling water through the work coil 
tubing. Care is taken to see that this does not hinder the opera
tion of the device by shorting out the ends of the coil where the 
water enters and leaves.

Fig. 3. When induction heating is used for soldering or brazing, the heat 
produced must be concentrated in a small area surrounding the proposed 
joint to prevent distortion of the work.

Frequently in the production of strip materials where con
tinuous processes are employed, the material is passed through an 
induction heating coil where it is brought up to the proper tem
perature. In regulating and controlling this type of process the 
speed of travel through the coil may determine the amount of 
heating.

Dielectric Heating. In dielectric heating nonconducting 
materials are placed between a pair of conducting plates which 
are electrically charged by a high-frequency a-c potential. The 
basic setup is illustrated in Fig. 4.

The effects which are responsible for the heating of the non
conducting material were known for many years before the 
phenomenon was actually employed to do useful work. It was 
noticed that condensers in high-powered radio stations heated in 
use and that as the frequency of operation increased, so did the 
amount of heat generated.
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The first commercial use of dielectric heating had to do with 
introducing artificial fevers into various parts of the human body. 
The most desirable characteristic of the artificial fevers thus 
produced was that the fever spread uniformly and extended well 
below the surface of the body, which was not the case with simple 
heat-radiation devices.

Modern Applications. Dielectric heating is applicable to 
almost all nonconducting materials, such as wood, plastic, certain 
liquids, etc. The use of dielectric heating for jobs which could 
not otherwise be done is even more prevalent than in induction 
heating, though, at present, there is more induction heating 
equipment in existence.

One of the most common applications of dielectric heating is 
the preheating of plastic materials. By this means much time 
is saved in the plastics industry. Originally the material had to 
be heated very slowly in order that it be heated uniformly. By 
dielectric heating, only a few moments are required, instead of 
hours.

Dielectric heating is also widely used in the processing of both 
natural and synthetic rubber products. Again, even heating is 
required—and obtained—by this method. Where heat is 
required for drying, such as in the printing and dyeing industry, 
dielectric heating serves very well. In the lumber industry and 
its associated fields dielectric heating is often used to process 
lumber and to speed and perfect the drying of glued joints. In 
fact, the applications for dielectric heating are too numerous to 
compile, and their number is constantly increasing—even more 
so than for induction heating.

Fundamental Theory of Dielectric Heating. All matter is 
made up of tiny particles called molecules. These molecules 
are in turn composed of organized groups of the three fundamen
tal subparticles: electrons, protons, and neutrons. The arrange
ment and number of these particles within the molecule 
determines the physical and electric characteristics of the 
material.

Nonconducting materials have no free electrons, in contrast to 
conducting materials whose molecules have free electrons. In 
the conductor these free electrons are the carriers of the electric 
current within the material. The nonconductor, not having 
them, obviously cannot conduct electrical currents.
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This fact accounts for the dielectric heating effect. When the 
molecules of a nonconducting material are placed in an electric 
field, they tend to line up physically with the lines of force of 
that field. If the field is reversed, these particles tend to reverse 
themselves to line up with the field. If the field is periodically 
reversed at some fairly high rate, these particles will be con
stantly realigning themselves. In doing so, heat is created, and 
the temperature of the material rises.

The examples illustrated in Fig. 4 are typical of the dielectric 
heating work. Between the two plates is a homogenous piece 
of the nonconducting material. At any one time, when a certain 
voltage exists between the two plates, a share of the voltage 
difference is assumed by each minute section of the material. 
In other words if the top plate is positive with respect to the 

bottom, the bottom half of each particle will be slightly more posi
tive than the top half.

When the material being heated is not homogenous, a different 
situation exists. Depending on the electrical characteristics of 
the different materials, a larger or smaller share of the voltage 
difference will be assumed by each material. The voltage that 
each material is responsible for determines the amount of heating 
that will occur in that material.

Figure 4 shows a system for applying even heat to speed the 
drying of a glued joint. The voltage change is gradual through
out the thickness of the material, since there is no change in 
the type of material between any two opposite points on the 
electrodes.

Where other than rectangular work is to be heated by the 
dielectric method, air gaps can be permitted, as long as their 
share of the voltage drop is taken into consideration and enough 
voltage is applied between the plates to allow sufficient drop 
across the material. Air acts just like another material (which 
it is) and must be treated as such.

High-frequency Generating Circuits. The electrical power 
required for both types of high frequency heating is usually 
provided by some sort of oscillator, although the power could be 
obtained from an amplifier driven by an oscillator. The basic 
theory of such oscillators is given in Chap. 3 and will not be 
repeated here.

What is needed in dielectric heating is a high voltage. This
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Fig. 4. Dielectric heating apparatus may take many forms. Basically, all 
of these contain two metallic plates that are alternately charged at some 
high rate. Here glued joints are heated.

is provided at the terminals of the condenser in the tuned circuit 
of an oscillator. In inductive heating the need is for high current 
at some desired frequency. This high current is provided by the 
current flowing through the inductance of the tuned circuit of an 
oscillator. Therefore, a tube oscillator provides both kinds of 
electrical energy for high-frequency heating. The major engi
neering is in the design of the oscillator circuit to provide the 
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proper energy and in the design of the applicators by which the 
energy is imparted to the work piece to be heated.

It is worth noting, however, that high-frequency heat is expen
sive heat and that it should not be employed except when more 
conventional methods are impossible to use or where the less 
economical tube method of supplying the heat is prefer
able. Tube-supplied heating power is expensive, because the 
losses in the system are high. The tube itself consumes much 
energy; energy is lost in transferring it from the tube oscillator 
to the work; and energy is lost in radiation from the connecting 
wires in the system.

ELECTRONIC WELDING CONTROL

Resistance Welding. Heat caused by the flow of current 
through materials is usually considered to be power lost and is, of 
course, undesirable. Many of our modern-day industrial proc
esses depend on just such heating for the accomplishment of 
useful and productive work. Such an application is resistance 
welding.

Resistance welding is the process of joining two pieces of metal 
together by passing a heavy current through them in such a 
way that intense heat is generated at exactly the spot where the 
desired joint is to be formed. This heat causes a small portion of 
each piece to melt. The molten portions flow together, and 
when the current is turned off and the metal cools and solidifies, a 
permanent bond or weld is formed.

All resistance welding systems consist of three general com
ponents—a power source, a system of electrodes for applying 
power to the pieces being welded, and a control system for timing 
the application of power. The design of any of these components 
depends on the materials and type of weld.

Types of Welding. Spot welding, as its name implies, is a 
method of joining two metals by concentrating welding current 
on a relatively small area, using small electrodes. Such welding 
can be accomplished with portable tools, such as gun welders, 
in which the electrodes are connected to the power source by a 
pair of heavy conductors. There are many types of spot welders. 
A number of spot welder electrodes may be connected in series 
to form a series weld.

Seam welding is similar to spot welding except that current
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carrying wheels replace the small spot-welder electrodes. The 
two pieces (usually sheet materials) are overlapped and fed 
through the welding electrodes at speeds varying from 2 to 100 ft 
per minute. Seam welding is illustrated in Fig. 5. The wheels 
are pulsed regularly with welding current, so the seam weld 
resembles an even series of closely-spaced spot welds.

A third type of resistance welding is the projection method. 
This is of two general kinds—butt and flash welding. In butt 
welding two pieces to be joined are held together firmly and 
current passes through the joint. When sufficiently heated the 
two are forced together under high pressure, giving a solid joint.

Fig. 5. Seam welding is accomplished by passing the two materials to be 
welded through a pair of alternately charged wheels which serve to apply 
welding pressure as well as welding current.

In flash welding the pieces are held together only lightly while 
current is passed through them. Owing to irregularities of the 
metal surfaces considerable flashing occurs and the surfaces are 
“burned” smooth, as well as heated. They are then joined 
under high pressure.

Power Source. The heat generated in any material may be 

determined by the simple mathematical formula W = PRt, 
where W is the total amount of heat, I is the current flowing, R 
is the resistance of the material, and t the length of time the 
current flows. Since the current in this equation is squared, any 
change in current in a welding process will cause even more of a 
change in the heating. For instance, if the current is doubled, 
the heat generated will be four times as great.

In welding two pieces of metal, the resistance factor in the 
heating formula is very low—two pieces of metal brought together 
under pressure usually form a good contact. The time element is 
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usually quite short, as determined by other considerations, so the 
remaining factor of the equation (the current) must be quite 
large if enough heat is to be generated to cause portions of each 
piece of metal to melt and run together. In practice welding 
currents run into hundreds of amperes, though the voltage 
required to cause such large currents need not be high—a fraction 
of a volt to 15 or 20 volts being typical values. The current is 
usually applied through a transformer which has a voltage step
down ratio from some readily available voltage to the desired 
welding voltage. The electrodes for connecting this low-voltage 
high-current power source must make extremely good contact 
with the materials to be joined. If more resistance appears at 
the electrodes than between the two pieces of material, more 
heating will take place at the electrodes, and they will melt and 
fuse before the proposed weld forms.

Mechanical pressure plays an important part in the operation. 
To be effective the application of pressure must be timed just 
right with respect to the application of the welding current. In a 
properly executed welding cycle full electrode pressure must be 
exerted before the welding current is turned on. This pressure 
must be maintained until after the current is interrupted and the 
molten “nugget” has cooled to a temperature at which it regains 
a large portion of the inherent strength of the metal from which 
the weld is formed. This delay in releasing pressure is called the 

hold, and it helps to prevent cracks and faulty welds. The 
period before welding current is applied, while the electrodes are 
approaching the proper pressure, is called the squeeze time.

Welder Control. Accurate timing of the squeeze, weld, and 
hold times is very important. Squeeze time must be sufficient 
to allow sufficient mechanical pressure to be built up but not 
unnecessarily long, for economic reasons. The weld time must 
be just enough to form the desired nugget, and the hold time 
must be right to prevent too rapid cooling and resulting flaws in 
the weld.

Resistance-welding control circuits are of two general types. 
The first type puts the equipment through its proper cycle at 
random times as initiated by the operator. In other words, as 
the operator positions the materials to his satisfaction, he 
actuates a device which initiates the welding cycle. The second 
type of control runs through squeeze, weld, and hold intervals 
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and then after a fixed period of “off” time, automatically ini
tiates the next welding cycle. In this case some positive means 
for positioning the proper areas between the welding electrodes 
at the proper time is a necessity. In seam welding the second 
type of control is used, and the electrode wheels are arranged to 
move the materials a fixed amount during each off period.

Welding control circuits are nothing more than interval timing 
circuits. Figure 6 shows a typical example. The time interval 

is started by closing Swi, which connects the thyratron circuit 
across the a-c supply line. The thyratron grid voltage at that 
instant assumes a value depending on the position of the tap on 
the resistor R across the line. The thyratron conducts on por-

Fig. 6. Basic circuit of typical welder time-interval control.

tions of the a-c cycle when its anode is positive with respect to 
its cathode, and a small amount of cathode current flows to the 
thyratron grid, which is slightly more positive than the cathode. 
This current flow charges the grid capacitor with a voltage of the 
polarity shown. At a certain time, depending on the values of 
grid resistor and capacitor, the voltage across the condenser will 
make the grid sufficiently negative that on the next positive 
excursion of the a-c supply voltage, the thyratron will no longer 
conduct, thereby ending the interval. The smaller the grid 
capacitor, the shorter the charging time required for the grid to 
regain control, and vice versa.

The length of interval can easily be adjusted by setting the 
tap on the resistance network, which determines the voltage at 
the supply side of the grid capacitor. After the thyratron ceases 
to conduct on positive half cycles of the supply voltage, there is 
no longer any charging current in the grid circuit, and the capaci
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tor loses its charge by forcing current through the parallel 
resistor, which dissipates the charge in the form of heat. The 
time required for this discharging process depends on the value 
of the resistor—a high ohmic value offering more resistance to 
the discharging current and thus taking a longer time.

If the switch is still depressed when the capacitor discharges 
sufficiently to again allow thyratron conduction during positive 
excursions of supply voltage, the circuit will again operate, and 
so on. Relays in the anode circuit of the thyratron may be used

Fig. 7. Enormous values of welding current can be controlled by this 
circuit. Actual control is applied to the primary of the welding transformer 
by a combination of thyratron firing tubes and ignitrons.

to control the primary circuits of welding transformers, or as 
in the usual case, these smaller tubes are used to control the 
conduction in ignitrons, which in turn control the extremely 
heavy welding currents.

Ignitron Circuit. A typical circuit employing thyratrons as 
firing tubes for the larger ignitrons is shown in Fig. 7. The 
ignitrons are connected so that they will conduct current in both 
directions through the primary of the welding transformer. 
Each ignitron will conduct on half of the a-c cycle when its anode 
is positive with respect to its cathode, if the thyratron connected 
to its grid is conducting. The firing time of the thyratrons is 
easily controlled by circuits of the type discussed in the chapter 
on motor control. Some smaller types of welders use what might 
be called half-wave controls, which employ only one control tube, 
which conducts current only on every other half of the a-c cycle.

Synchronous and Asynchronous Control. Resistance welder 
circuits do not present a pure resistance load to their power 
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sources. In other words the current in the line does not reach 
its maximum value at the same instant that the applied voltage 
does. This is the result of a finite amount of reactance being 
in the circuit.

If welding current is turned on at any random portion of the 
a-c cycle, certain undesirable effects may take place. Most 
serious of these is the production of unwanted voltage or current 
surges known as transients. These transients can be eliminated 
by making sure that the welding current is always applied at the 
proper instant in the a-c cycle. In other words the current rises 
from zero to maximum at a definite time relationship with the 
voltage wave. This relationship depends on the amount of 
reactance in the welding circuit.

Synchronous welder timers take this condition into considera
tion. In addition to controlling the amount of heat applied to 
the weld, the control system delays the application of the current 
(after the switch is closed) until the voltage wave is at the proper 
point in its cycle. From that point at which the welder current 
is applied the delay circuit loses control, and the interval timer 
determines how long the current will flow.

The elimination of these transients is most important in large 
size welders where, for economy, equipment must run very close 
to its limit. Another factor that is taken into consideration in 
designing control circuits is the fact that the core material in the 
welder transformer will become saturated if a predominance of 
current in a certain direction flows through its windings. This 
effect is overcome by alternating the polarity of the first current 
surge applied to the transformer.

Capacitor Discharge Welder. Most resistance welds are 
accomplished in a relatively short period of time. The shortness 
presents a rather difficult design problem. Whenever large 
amounts of power must be delivered, certain precautions must 
be taken to prevent equipment failure. In resistance welding 
tremendous amounts of power may be required to flow during a 
period which may be no longer than a fraction of a second. The 
average power is low, but the equipment must be designed to 
withstand the peak power.

The capacitor storage type of welder by-passes this difficulty 
and is suitable for a great many industrial welding applications. 
A typical capacitor storage circuit is shown in Fig. 8. There 
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are two phases to the welding operation. First, the switch is 
thrown (either automatically or manually) to the left, where it 
connects a capacitor, a d-c voltage source, and a resistor in series. 
The capacitor receives a charge from the power source through 
the resistor, which limits the current flow to a reasonable amount. 
In the welding step the switch is thrown to the right, and the 
capacitor dumps its slowly accumulated charge into the weld 
almost instantaneously.

The voltage source need supply only enough power to charge 
the capacitor slowly, while the weld still receives its extremely 
high power surge over the desired short period of time.

R

Fig. 8. Capacitor discharge welding equipment works on the principle 
shown. A capacitor is charged by a d-c power source and discharged 
through the welding transformer.

Electronics enters the welding picture chiefly through the 
control of welding time. A vast amount of engineering design 
has gone into this phase of the applications of tubes to industrial 
operations, and as a consequence the circuits developed may be 
highly complex. It is doubtful if the average individual in 
industry can effectively study and understand these complex 
circuits for his own use—it would be better to make use of the 
accumulated knowledge and techniques developed by the elec
tronic-welding engineers. In other words seldom would it pay 
an engineer to try to develop a system for his own use; it would 
be cheaper in the long run to buy existing equipment.

An idea of the engineering involved in modern welding control 
systems may be gleaned from a brief perusal of a series of articles 

published in Electronics in 1942 and 1943 on the general subject 
of welding controls. These references will be found below in the 
list of articles and books which one interested in the general 
subject should see.
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A

Alternating current, 2-3
A-c measurements, 82-83
Amplification, classes of, 53-54
Amplification factor, 51, 60
Amplifiers, cascade, 64-65

d-c, 67, 71-72
problems, 157-163

magnetic, 21
multistage, 64-67
pulse, 325-326
triode, equivalent circuit, 51
tubes as, 50-53
vacuum-tube, phase reversal in, 

58
watch-tick, 264

Amplitude method, 178
Anode, 24
Anode current, maximum average 

and instantaneous, 176
Anode current control, thyratron, 

177-179
Attenuator, tapered-disk, 243

variable-slit, 161

B

Ballistic applications of electronic 
counters, 293

Beam deflection, cathode-ray tube, 
39-41

Beat frequency, 79
Bimetallic strip, 204, 267-268
Bridge, d-c, 161

phase-shift, 222
Bridge circuit phase control, 186
Burglar alarm, 205, 213

C

Candle power, definition of, 145
Capacitance, 7-8

Capacitance, in d-c circuit, 8-9 
and inductance, compared, 11 
interelectrode, of phototube, 144

Capacitor discharge welder, 341- 
342

Capacitor power supplies, charged, 
126-127

Capacitors, commutating, 299 
metallized, 102

Carrier, 77
Cascade circuits, amplifier, 64-65
Cathode of tube, 24
Cathode follower, 64, 152
Cathode protection, 177
Cathode-ray tubes, 38-41
Chatter, relay, 202
Choke, filter, selection, 102-104 

swinging, 102
Choke input filter, 89
Clampers, 69-71
“Clipping” circuits, 67
Coils, work, design of, 330-332
Color coding, transformer, 97-98
Color measurement, bibliography, 

285
Commutator roughness, measuring, 

263-264
Components, standard symbols, 48
Condenser discharge, 15
Condenser input filter, 89
Condensers, electrolytic, 101
Conductors, 1
Contour tracer, photoelectric, 250- 

251
Converter, electronic, 130
Conveyor synchronization, 278
Copper oxide cell, 138
Copper oxide rectifier, 116
Count indication, 307-308
Counter circuits, basic, 294-296 

and divider circuits, 289-326
347
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Counters, applications, 291-296 
in ballistics, 293

output, 300-302
plug-in, 315 
ring, 304-305 
ring-of-five scale-of-two decade,

311
ring-of-three, 313-315 
step-type, 325 
thyratron, 302-304

miniature, 308-309
Coupling, interstage, 65-67
Curie temperature, 330
Current, 1-2
Current control, transformer and 

phase shift, 185-186
Current flow, direction, 2

D

Deflection, beam, 39-41 
electromagnetic, 40 
electrostatic, 40

Degeneration, 56, 72
Deionization time, 35, 170
Demodulator, 76
Densitometers, 243
Detection, 75-80
Dielectric heating, 327-334 

theory, 333-334
Differentiating and integrating cir

cuits, 18
Dimension control, 236-237
Diode, 26, 28
D-c thyratron circuit, self-stopping, 

180-181
Discriminator, 71
Door opening, 147
Dynode, 43, 153

E

Eccles-Jordan circuit, 296-298
Electron emission and temperature,

27
Electron speed, 27-29
Electronic measurement and con

trol, 234-288

Electronic motor control, 216-233
Elevator leveling, 248-249
Emission, secondary, 37

F

Facsimile equipment, 165
Feedback, negative, 72-73
Filter, choke input, 89

condenser input, 89
Filter-choke selection, 102-104
Filter circuits, 89-91

design of, 91-92
Filter-condenser selection, 100-102
Flaw detectors, bibliography, 285
Flip-flop circuits, 295
Floating grid micrometer circuit, 280
Fluorescence, 39
Foot-candle, definition of, 145
Frequency measurement, 164

G

“Gas-amplification” ratio, 141
Gas tubes versus vacuum tubes, 25-

26, 140-141, 181
Gauges (see under specific title, e.g., 

Strain gauges)
Generating circuits, high-frequency, 

334-336
Generators, harmonic, 79

waveform, 165-167
Glow-discharge tubes, 105
Grid, screen, 38

suppressor, 37
Grid-bias sources, 54-56
Grid control, 31-33

of gas tubes, 34-36
Grid current, thyratron, 173
Grid-leak bias, 55
Grid-leak detector, 83

H

Harmonic generator, 79
Heating, electronic, 327-336 

and welding, high-frequency, 327-
345



INDEX 349

Heterodyne, 80
Hysteresis effect in induction heat

ing, 330

I

Ignition, 192-195
Ignition welding circuit, 340
Illumination, control of, 280-283

definition of, 145
low-intensity, measurement, 156

Impact meter, 279-280
Impedance, 7
Impedance matching, 62-63
Impulse storage, 289-290
Inductance, 4

in a-c circuit, 6-7
and capacitance, compared, 11
in d-c circuit, 4-6

Induction heating, 327-332 
frequency, 329-330 
hysteresis effect in, 330

Inductor applications, 20-22
Insulators, 1
Inversion, 182
Inverter, 130, 188-192
Ionization, 35

L

Leveling, elevator, 248-249
Light-chopper systems, 158-160
Light-comparison circuits, 160
Light intensity, measuring, 236
Light-sensitive devices, 41-46
Light-sensitive tubes, 137-168
Light units, definitions of, 145
Limiters, 67-69
Liquid level float, 211
Load line, 56-57

use of, 61
Luminous flux, definition of, 145
Luminous intensity, definition of,

145

M

Magnesium copper sulfide rectifier, 
113

Measurement and control, electronic, 
234-288

Mercury-vapor rectifier practice, 100
Micrometer, electron tube, 243
Mixers, 78-80
Modulation, 75-78
Motion gauges, resistance, 253-256
Motion gauging, mechanical, 251- 

256
Motor control, d-c, shunt, 216 

electronic, 216-233 
reversible, 230-231

Motor reversing, 227-229
Multivibrator circuit, cathode-cou

pled, 321
symmetrical, 317

Multivibrators, 316-324 
applications, oscillographic, 324 
formula, 317 
free-running, 319 
single-shot, 322-324 
synchronization, 318-322

N

Nucleonics, bibliography, 286

O

Ohm's law, 1-2
Opening doors, 147
Oscillators, 73-75 

beat-frequency, 80
Overload protection, relay, 203-204

P

Pentode trigger circuit, 302
Phase control, bridge circuit, 186 

thyratron, 182-184
Phase control circuits, 184-185
Phase control method, 178
Phase reversal in vacuum-tube am

plifiers, 57-58
Phase-shift and transformer current 

control, 185-186
Phase-shift bridge, 222
Phase-shift circuits, 184
Phase shifter, saturable reactor, 221-

222
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Phase-shifting methods, 220-221 
Photoconductive tubes, 33, 138 
Photoelectricity, 139
Photoelectricity emission laws, 139
Photoemissive tubes, 138
Photoformer, 166
Phototube circuits, design of, 144 

multiplier, 154-156
Phototube-relay circuits, 145-147 
Phototube-thyratron circuits, 148 
Phototubes, applications, 163-164 

characteristics, 42, 141-144 
control of thyratron, 185 
fundamentals, 139-140 
gas, 42-43 
interelectrode capacitance, 144 
multiplier, 43-44, 152-157 

voltage regulation, 154 
ratings, 141-144 
remote coupling to, 152

Photovoltaic tubes, 44-45, 138
Photronic cell, Weston, 44-46, 138
Plastic materials, preheating, 333 
Plate resistance, 59-60
Pliotrons, 169
Polarity, 101
Positioning control, bibliography, 

284-285
Potentiometers, photoelectric, 275 

self-balancing, 271-276
Power, 1-2

d-c, for portable equipment, 131— 
133

Power-line fault locator, 263
Power output, 63-64
Power supplies, charged-capacitor 

type, 126-127
components, 92-97 
high-voltage, 123-130 

pulse-type, 126, 128 
r-f, 124-126

and rectifiers, 86-136 
60-cycle, 124 
vibrator-type, 131-133

Power transformer selection, 95-97 
Pulse amplifiers, 325-326
Pulse formation, 18
Pulse generators, 290-291

Pulse-type high-voltage supplies, 
126, 128

Pyrometers, radiation, 268

R

Radiation pyrometers, 268
Raster, 164
RC circuits, 14-15

time relations, 16-18
transient effects in, 8

Reactance, capacitive, 9-11
inductive, 7

Reactor, saturable-core, 21
Rectifier circuits, 86-88

elementary, 50
typical, 121-123

Rectifiers, 3, 26
bridge, 87-88
controlled, as relays, 187-188
copper oxide, 113
dry or metallic, 113-123
full-wave, 88-89

center-tapped transformer, 87 
grid-controlled, 169-196
half-wave, 87
magnesium copper sulfide, 113
mercury-vapor, practice, 100
overload effects, 120
pool-type, 192
and power supply, 86-136
tubes as, 49-50

Register control, 249-250
Relays, adjustments, 209-210

a-c versus d-c, 201
capacity, 212-214
care of, 212
chatter in, 202
contact arcing, 200-201
contact arrangements, 200
contact care, 212
d-c operation, 202-203

supersensitive, 200-207
double-break, 201
duty cycle, 198
fail-safe operation, 204-205
locking circuit, 200
operation, 58
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Relays, percentage differential, 188 
and relay circuits, 197-215 
remote-control, 214 
resonant, 202 
sensitive, 207-210 
supersensitive, 214 
symbols, 199-200 
“telephone-type,” 207 
terms, 198-199 
time-delay, 203 
under-impedance, 188 
in vacuum-tube circuits, 210-211 
Weston Sensitrol, 206

Reluctance thickness gauge, 247-248
Resistance, 1

plate, 51, 59-60
tube, 29

Resistance gauges, differential, 260- 
261

Resistance-measuring circuits, 257- 
258

Resistance motion gauges, 253-256 
Resistance thermometers, 266-267 
Resistance welding, 336 
Resistors, bleeder, 91, 104 

nonlinear, 3
Resonance, 11-12 

series, 12-13
Resonant circuit, parallel, 13-14 
Resonant relays, 202
Restorer, d-c, 69
R-f high-voltage supply, 124-126 
Ring counters, 304-305
RL circuit, transient effects, 5 
Rotation of machine, measurement, 

164

8

Scale-of-two, 316
Screen grid, 38
Selenium, 113
Selenium cells, 116
Selenium tubes, 44
Servo systems, bibliography, 286
Shingle stacking, 292
Silicon carbide, 3
Soldering or brazing, electronic, 332

Sound reproduction, 167
Space charge, 29-30
Speed regulation, 224-226 

tachometer, 232
Stand-by rectifier service, 120-121
Strain gauges, 256-261

bibliography, 285-286
Stroboscope, 191
Surge current, maximum, 176 
Switches, thyratrons as, 186-187 
Symbols, for components, 48

tube, 49

T

Tachometer speed regulation, 232
Telemetering, bibliography, 287 
Television, simplified, 164-165 
Temperature, Curie, 330
Temperature control, electronic, 269 

phototube, 269-271
Temperature measurement, 264-276 

and control, bibliography, 284
Thermistors, 4
Thermocouples, 265-266
Thermometers, resistance, 266-267
Thickness gauges, contact, 243-244 

and controls, 237-251 
radioactive, 239 
reluctance, 247-248 
ultrasonic, 239-242 
X-ray, 242-243

Thyratron circuits, 169-196
Thyratron control, by direct current, 

179-180
phase, 182-184
phototube, 185

Thyratron counters, 302-304 
miniature, 308-309

Thyratrons, 169 
characteristics, 170-171 
electrochemical applications, 195 
grid current, 173 
shield-grid, 173-175 
as switches, 186-187 
temperature effect on, 172

Thyrite, 3-4
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Time constant, 15-16 
chart, 16 
effect of, 74-75

Time delay, 324
Time-delay circuit, 178
Time-interval control, 339
Time-interval measurement, 293 
Time relations in RC circuits, 16-18 
Timers, bibliography, 285 
Transconductance, 58-59 
Transducer, RCA triode, 262-263 
Transformer color coding, 97-98 
Transformer and phase-shift current 

control, 185-186
Transformers, 20 

differential, 252-253 
shielding, 97

Trigger circuit, pentode, 302
Triggering, 298-300
Triode, 30-31

gas, 36
Triode transducer, RCA, 262-263
Tripiers, frequency, 80
Tube circuits, basic, 47-81 

thyratron, 169-196
Tube curves, 33-34
Tubes, as amplifiers, 50-53

cathode of, 24
cathode-ray, 38-41 
characteristics, 26-27 
control of wire drawing, 277-278 
diode, 28
fundamentals of, 24-46
gas, versus vacuum, 25-26, 140- 

141
vacuum-tube control of, 181 

glow-discharge, 105 
light-sensitive, 137-168 
multielement, 36-38
parameters, 58
photoconductive, 44, 138 
photoemissive, 138 
photosensitive, 25, 138 
photovoltaic, 44-45, 138 
ratings, 99
as rectifiers, 49-50 
resistance, 29 
selection, 98-100

Tubes, selenium, 44
symbols, 49
thermionic, 25, 27-41
three-element gas, methods of 

rating, 175-176
vacuum and gas, 25-26, 140-141
vapor and gas-filled compared, 

171-172
voltage-regulator, 36

U

Ultrasonics, bibliography, 285

V

Vacuum tubes, and gas tubes, 25-26, 
140-141, 181

rating, 26n.
voltage drop, 29

Varistor, 3
Velocities, high, measurement of, 293
Vibrator, “synchronous,” 132
Vibrator power-supply circuits, 131— 

133
Volt-ampere characteristics of cop

per oxide and selenium cells, 116
Voltage, 1-2

maximum peak, forward, 176
inverse, 175-176

Voltage-dividing resistor, 103-104
Voltage-doubler circuits, 122, 129, 

133
Voltage-dropping resistor, 103-104
Voltage-multiplier circuits, 133-135
Voltage quadrupler, 134
Voltage regulators, combination, 

109-110
degenerative, 110
electronic, 104-113
for multiplier phototubes, 154 
series or degenerative, 108-109 
triode-pentode, 111
variable-, 106-108
wide-range, 111-113

Voltage tripler, 134
Voltmeter, gas-tube peak, 276-277 

vacuum-tube, 80-84, 163
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w
Wave-changing circuits, 67-69 
Waveform generators, 165-167 
Waveforms in RC circuits, 18-20 
Welder, capacitor discharge, 341-342
Welder control, 338-340

electronic, 336-345
ignitron, 340
synchronous and asynchronous, 

340-341
Welding, projection resistance, 337 

resistance, 336 
seam, 336-337

Welding, spot, 193, 336
squeeze time, 338

Wheatstone bridge, 258-260
Wire drawing, tube control of, 277- 

278
Work coil design, 330-332

X

X-ray applications, bibliography, 
286-287

Z

Zero beat, 79




	Electron Tubes in Industry

	CONTENTS

	347


		1	

	CHAPTER 9

	ELECTRONIC MEASUREMENT AND CONTROL



