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FOREWORD 

The word electronics has, only very recently, made its first appearance in the 
Oxford English Dictionary. Few modern words are, however, more firmly 
established in use, either colloquially or in the literature of applied science. The 
utility of the word is unquestionable, but its very usefulness is already rendering 
it difficult to limit it satisfactorily in scope and application. 

Essentially the subject of electronics deals with electric circuits in which the 
current is controlled in one respect or :another by devices such as thermionic 
valves, gas filled relays, or photo-electric cells, but there are now, in addition, 
the rapidly developing techniques of current control by semi-conductor devices 
such as the transistor. This book is concerned with industrial electronics and, 
by accepted convention, this means electronic circuits in applications other than 
those for purposes of telecommunication. Such a division is not only a practical 
necessity but it has long been recognised in the general field of electrical engineer­
ing that power and telecommunication constituted the two main and distinct 
branches of the applications of electricity. Overlapping territories have, however, 
become a common feature of the modern scientific scene and so with electronics 
there can be no clear boundaries of demarcation. Automatic computors which 
have been described as being concerned with the "processing" of information 
are already often associated with electromechanical systems of considerable power 
and no doubt in the future will be increasingly utilised in the automatic control 
of industrial processes. The field taken by the author of this book as his province 
is one which, important as it already is, must increase in infl.uence as time goes 
on, for, within it, lies the most potent factor for the increasing of productivity 
in indu~.rialised communities. That is a matter, the importance of which to the 
progress of civilisation, needs no argument or demonstration. 

The reader will find in the present book first a sound treatment of the scientific 
principles of vacuum and gas-filled electronic tubes and their basic circuits. It 
is the second part of the book which deals with applications and these have been 
judiciously selected to illustrate in a clear fashion the more important principles 
of application which have so far been developed. 

The book may be said to constitute a most satisfactory and trustworthy introduc­
tion and guide to a branch of electronic work which already has an extensive 
specialised literature. Coming, in authorship, from an organisation which has 
been associated in such a distinguished way with research and development in 
the electronic field, it is natural to expect-to find a treatment of the subject which 
is both illuminating and authoritative and in this expectation the reader will 
not be disappointed. 

Professor JAl\IES GREIG M.Sc., Ph.D., i\1.1.E.E., S.M.I.R.F .. 
Head of the Department of Electrical Engineering, King's College, 

University of London 
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PREFACE 

Developments during the past few years have abundantly proved how great 
are the advantages, both technical and economic, which can be gained by the 
adoption of electronic methods, that is to say processes and methods of control 
based upon the application of electronic tubes in their many and diverse forms. 

It must be admitted, however, that in certain industries the introduction of 
applied electronics is but slow. This tardiness is almost certainly due to the 
fact that there :u:e still many engineers and technologists who have not, as yet, 
been fully informed as to the possibilities, or even the nature, of industrial 
electrcnics. It is quite natural that plant and production engineers in, for example, 
the textile, steel and chemical industries, should view with a certain reserve, 
amounting almost to suspicion, processes and methods with which they are 
quite unfamiliar, and will show some reluctance to the adoption of an electronic 
aid in place of some older and well-understood device. 

It was mainly this reason that induced me to write this book, which is primarily 
-iddressed to works engineers engaged in every branch of industrial production. 
It is also hoped that those studying for entry into the technical professions will 
also find the book a useful elementary introduction to the whole subject of 
industrial electronics, a knowledge of which is today essential to every industrial 
engineer. 

To this end, much thought has been devoted to the methods of exposition and 
presentation. It has, for example, been considered especially important to include 
detailed descriptions and explanations of a number of circuits which have been 
used in industrial practice and have proved their worth. In many cases very 
comprehensive data and specifications of the values of the component parts have 
been included. 

I am greatly indebted to numerous firms engaged in industrial electronics for 
permission to reproduce photographs and to quote from their technical publi­
cations. Special thanks arc due to Philips, Eindhoven, for their valuable support, 
without which this book would never have been published. I also wish to express 
my thanks to Mr. Harley Carter, A.M.1.E.E. of Mullard Ltd., London, who 
prepared the English text, and to Mr. H. E. Kater of the Electronic Tube 
Division of Philips, Eindhoven, for his assistance in supervising the general 
lay-out and the production of the illustrations. 

Hamburg, October 1953 The Author 

TO THE SECOND EDITION 

This second edition has been considerably enlarged and is again entirely up to 
date. The recently introduced E 1 T decade counter tube, for example, is described 
in detail. Several counter circuits equipped with this tube and various applications 
of these circuits are discussed. Full particulars are given on the design of industrial 
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rectifier circuits, including the design of controlled rectifiers. The section on 
electronic motor control has been extended by including, for instance, a de­
scription of electronically controlled Ward-Leonard systems. Finally various types 
of electronic apparatus for special purposes have been dealt with, such as stabilized 
supply units, electronic dust precipitators, and so on. 

As a result of inserting this new material, the present edition is considered lo 

be so exhaustive as to justify the addition of the word HANDBOOK to its title. 

I wish to make a special acknowledgement to Mr. H. E. Kater of the Electronic 
Tube Division and Mr. D. J. Mitchell of the Translation Department - both 
of Philips Eindhoven - under whose care this edition was prepared. 

Hamburg, October 1956. The Author 

PREFACE TO THE THIRD EDITION 

As the second edition of the Industrial Electronics Handbook, like the first, has 
sold out within so short a time, the Philips Technical Library has decided to issue 
a third edition. In view of the increasingly important role played by active semi­
conductor elements in industrial electronics, it seemed a suitable opportunity to 
add a short paragraph regarding the operation and the elementary circuit technique 
of transistors. A few additional special circuit arrangements have, moreover, been 
included. I hope that the third edition will meet with the same success as the two 
previous editions. 

Hamburg, October 1958. The Author 
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INTRODUCTION 

This book deals in particular with electronic circuits employing highly evacu­
ated or ga~-filled disc_harge tube_s, i.e. devices in which electrons move through 
free space mstead of m a metalltc conductor. Such devices include not only the 
familiar amplifying tube so widely used in radio and television engineering, but 
also photocells, cathode-ray tubes, X-ray tubes, and gas-filled rectifying tubes 
with or without grid control; even fluorescent lamps should be classed as electron 
tubes. 

Durin~ the _last te~ or twcnt~ years the ~tcnt~~ies of electronic techniques 
have game_d m~reasmg recogmtion, esp~c1ally m industry. These techniques 
make possible improved and more efficient manufacturing methods and the 
accurate control and regulation of almost every kind of process. 

For example,_ by means of electronic c-ontrol, mechanical drives can be given 
almost any desired speed-torque characteristics; the control apparatus being to 
all intents . and purposes i~c:tialcss, it is practically instantaneous in action. 

,r;_..--~M"~~~~r.,,,1.!.,-!'.i\P.!1,~,~! " ~!!"" _ R~~ ._,i-:: ..... -~f. =,.,,_~_.,.,,,.1,.,_,..,..,.,1..;.;=-· "·-
.. ,•t:.--r ttttttt fi 

~ .. _ 1€SM!lllll!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII, , , ~tt(, !m;~l~J;M/," 11 :~iung;~ru-f)cctio~"'Or:::cBun'Hng~iM?la'ss~p-~o~·-·· ..................................... cai't~~mp1<"3V~a=-rar,'s!'gn'lllfiri'Jr, 
:sscs,.m transport:mon-cquipment and in other duct1on plants,-m-chcm1cal proo 
timers in conjunction with electronic switches industrial operations. Electronic 
of welding machines with high precision, and can control the process timing -
lity. Electronically generated H.F.-cnergy offers thus contribute to improved qua 
rking and plastic industries for the economical new possibilities in the woodwo 
od and plastic articles. Steel hardening and production of furniture, plywo 
• H.F.-cnergy increases the economic production soldering or smelting of metals b} 
proved quality. of metal goods and leads to im 
can assist the industrial engineer in the solution Generally speaking, electronics 
,lem; (1) the transformation of electrical energy ?f two fundamental types of pro! 
(2) the execution of processes analogous to the into «:>ther f~rms of energy; and 
e, measuring, counting, sorting, etc. exercise of mtellect, for instanc 
ns into two fundamental groups can equally A simil~r division. of problcs 
m~le, .in medicin_e (therapeutics and diagnosis), ?C found m ~thcr .fiei~s, for cx~1 
nd1cat1on) and m telecommunications (carrier m hghung (dlummauon and 1 

'.r industrial electronics, these two groups of generation and m_odula~ion). Fe 
1agram on the opposite page, which also in- problems are depicted m the d 
::al applications and their mutual relationships. dicates a large number of practi, 
~lt with in this book. Most of these applications arc de 
,ortance of electronics in the industrial field, . As result of the growing im1 
p tubes specially designed for industrial use. It has been necessary to develo 
:all mainly for voltage amplifying tubes, for Radio and telecommunications , 
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Introduction 

power amplifiers of comparatively low output, and for tubes capable of generating 
unmodulated or modulated H.F. oscillations of medium power. These re­
quirements are easily met by high vacuum amplifying and transmitting tubes. In 
industry, however, control or switching operations on comparatively large 
currents will very often be needed. For these purposes high vacuum tubes are 
less suitable, and gas-filled tubes and valves of various kinds are then employed. 

Both vacuum and gas-filled tubes and many other electron devices are used 
in industrial applications, and the first part of this book is therefore devoted 
to these tubes and their basic circuits. In the second part practical circuits and 
their applications are described. 

4 



PART I 

The Tubes and Their Basic Circuits 

t. AMPLIFYING AND TRANSMITTING TUBES 

The essential elements of a high vacuum tube are a cathode and an anode, 
which are mounted facing another and sealed in an evacuated bulb. 

The cathode consists of a material which readily emits electrons when heated. 
The cathode of transmitting tubes often consists of a wire of pure or thoriated 
tungsten which is heated by a low voltage source to the temperature required 
for electron emission. Such cathodes are said to be directly-heated. The cathodes 
of amplifying tubes are usually formed of a. nickel tube coated externally with 
a mixture of alkaline oxides - particularly barium and strontium oxide. Heating 
of this type of cathode is by a tungsten filament located within the nickel 
tube·, which is therefore termed an indirectly-heated cathode. 

The anode consists of metal or occasionally graphite. Its function is to collect 
the electrons emitted by the cathode. To ensure this, the anode is. maintained 
at a positive potential with respect to the cathode. 

ln most types of tube one or more "grids" are located between the cathode 
and anode. These ace wire spirals of suitable shape and size. Such a grid will 
govern the density of the electron stream flowing from the cathode to the anode, 
according to its potential with respect t-0 the cathode. If, for instance, the grid 
potential is negative, the electron current may be greatly reduced or even entirely 
suppressed. 

Fig. 1-1 shows the conventional diagram­
matic representation of typical tubes, that 
on the left being the symbol for a directly­
heated triode and that on the right an 
indirectly-heated pentode. 

The construction of a pentode, i.e. an 
amplifying tube containing three grids 
surrounding the cylindrical cathode, is 
shown in fig. 1-2. 

If the anode of a three-electrode tube 

Fig. f-1. Tube symbo/1 (left: dirut/_y 
heated triode, right: indirectly htattd 

pentode). 

(containing catho1e, anode and one grid) is maintained at a positive potential 
(the anode voltage V

0
) and a variable negative voltage Vg is applied to the 

grid, the value of the current /
0 

flowing to the anode can be plotted as a function 
of the grid voltage. A typical "I .. -V/' diagram is reproduced in fig. 1-3. From 
this curve the amount by which anode current will change, if the grid voltage 

s 



Th<.: tubes and their hasic circuits 

1 ·;_~. 1-2. X-ru)' pl1,t,,irnpb of a ptittod, 
amplffi'iug t11bt (EL 8-1). 

Fig. 1-J. / 0 -V, char­
a.terirtic of an am­

plifying tube. 

Part I 

l 
r.,, 

I 

is modified by a given amount, can be 
ascertained. Obviously this relation is 
equal to the slope of the curve, i.e. the 
tangent of the angle formed by the po­
sjtive x-axis of the graph and the tangent 
to the curve constructed at the point 
under consideration. The slope S may 
thus be defined as: 

S 
di,. 

= tanq:, = dV , 
• 

(1.1) 

1. ~....-~-....--.---.-~.----,--.----,---, 
mA 

JO ~-+---l--+-~--4,,;:~..--1-------1-4-----, 

Fi1,. 1-4. / 0 - V. characleri1tia of an am­
pli.f.J'ing triode. 

assuming the anode voltage to be held constant. 
The slope has the dimension of a conductance, i.e. the reciprocal of a resistance, 

and is usually expressed in mA/V. 
If the grid voltage is held constant, and the anode current is plotted as function 

of the anode voltage, the "la-Va'' diagram can be obtained (fig. 1-4) with 
I 'v as parameter. Obviously the la-V 11 diagram of a tube can easily be derived 
from its /.,- Va diagram. If a given point is chosen on an la-Va dfagram and the 
tangent to it is constructed, the cotangent of the angle formed by the tangent 



1. Amplifying and transmitting tubes 

and the positive x-axis of the graph represents the internal resistance of the 
tube at the given working point. It can be defined as 

R. = dV., 
I di, (1.2) 

the grid voltage being held constant. It should be pointed out that this resistance 
is the a.c. resistance of the tube, and must not be confused with the d.c. resistance 
which is equal to the quotient of the anode voltage and anode current at the 
working point, i.e. 

V 
R,= = -f. (1.3) 

• 
The basic circuit of a tube operated as an amplifier is shown in fig. 1-5. The 

Fig. 1-5. Bari< circuit 
of an amplifying slap. 

r, ,. 
1 

, 
• -· - • ---' lhtit 

I t:iW•fW'jllfic 
-----·· ____ J __ 

---------- dyaMtic • - - - - - • - - dww,.,_k 

_.,, v,-
Fig. 1-6. l

0
-V

0 
characteriltiu of a trioth with load lint and 

dynamic 10 - V, charatltrislic. 

control grid is given a fixed negative bias Vg; in addition the alternating input 
voltage V;, which is to be amplified by the tube, is applied to the grid. The 
anode circuit contains an external resistance R0 across which there will be a 
voltage drop l

0 
• R

0 
depending upon the instantaneous value of the anode current. 

This voltage therefore varies in sympathy with the changing value of the input 
voltage V;. The effective anode voltage is therefore: 

v .. = Vb- 1. • R., (1.4) 

where Vb is the direct supply voltage. 
Equation (1.4) shows that I,. is a linear function of the anode vcltage V,., 

which may be plotted in the 1,.-V. diagram as a straight line (fig. 1-6). Evidently 
V,. is equal to Vb only when /,. = 0, and the effective anode voltage decreases 
as the anode current increases. It is therefore clear that the "static" / 0 - V, charac­
teristic is not applicable when a signal is ·being amplified, and must be replaced 
by a "dynamic" characteristic of reduced slope. 

The gain obtainable with a circuit as shown in fig. 1-5 is: 

G- I,.. R,. (1.5) - v, • 

The alternating anode current /
0 

*) flows through the tube and the anode re­

*) Hencefonh 1. and v. symbolise the a/Jernating anode current and voltage without 
direct component. 
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The tubes and their basic circuit~ Part I 

sistance R 0 , and at the anode appears an alternating voltage V 0 which is shifted 
in phase by 180 degrees with respect to 10 and V;. The alternating anode current 
caused by V; is equal to S • V, according to equ. (1.1); furthermore the alter­
nating anode voltage produces an alternating current Va/ R; corresponding 
to equ. (1.2). These currents are additive, so that 

(1.6) 

Now 
(1.7) 

(by reason of the 180° phase shift), so that 

I = S . V - Ia • R. 
a ' Rt ' 

(1.8) 

and from equation (1.5) the gain is: 

G = S· R,. R,.. 
R;+Ra 

(1.9) 

G = S· R; =µ. (1.10) 

µ is called the amplification factor of the tube, and represents the theoretical 
limit of voltage amplification obtainable from the tube. This limit can, however, 
never be achieved because in practice Ra/(R; + Ra) is always less than unity. 

To obtain a large voltage gain a tube with a high amplification factor, i.e. 
with high slope and high internal resistance should be chosen. The slope depends 
almost entirely on the geometry of the electrode system and cannot be increased in­
definitely under usual production conditions. The internal resista!lce, however, 
can be considerably increased if a second grid, the screen grid, is mounted 
between the control grid and the anode and is maintained at positive potential. 
Fig. 1-7 shows the Ia-Va characteristics of such a tetrode. The flat trend of the 
curves in the range of higher anode voltages shows that in that region the 
internal resistance has a considerably higher value than that of the triode as 
indicated by fig. 1-4. 

r. 
mA 

I 

5 

J 

::J 

0 

a 
~ 

-~ ,--~ 

1t1J 

V1r1• IOV 

- Vgr ••(5 
- •:JV 

-1,5V 

' 
' I 
' 

;;a, 

Fig. 1-7. / 0 - V0 ,haracltriJlics of a ltlrodt. 

8 

la 
mA 

6 

::J 

0 

IVa;,.tOOV 
V,:r3• OV 

Vo,• -15~ 

r -- •:JV 

/ _,,;i 

,-
.JV 

-J~ 
-,v 

ta) ;;a, :DJ "" V v. 

Fig. 1-8. / 0 - V 0 ,harart,rirtiu of a pmtodt. 



1. Amplifying and transmitting tubes 

On the left hand side of.the diagram the internal resistance becomes negative 
within a certain range. This is due to secondary emission from the anode. To 
avoid this effect, a third grid is placed between screen grid and anode, thus 
forming a pentode. This "suppressor" grid is maintained at cathode potential, 
thus preventing the secondary electrons from flowing to the screen grid. Fig. 
1-8 shows the "la-Va'' diagram of a pentode. 

As for pentodes R; }> Ra, equation (1.9) may be simplified to 

G=S·Ra. (1.11) 

In fig. 1-9 is shown a typical pentode amplifying tube and the construction 
of its electrode system. 

Fig. 1-9. E 80 F pentode amplifying tube. On the right the bulb 
has been removed to show details of ,onstruc/ion. 

High vacuum tubes are used in industrial equipment not only for voltage 
amplification, but also for generating oscillations - often of considerable power 
output. For this application triodes are generally used or, in special cases, tetrodes. 
Generation of oscillations is achieved by compensating the attenuation of an 
oscillatory ci1cuit, tuned to the desired frequency, and connected in the anode 
circuit of t!-.e tube. This so-called tank circuit consists of a capacitor C and 
an inductor L, furthermore the circuit possc!sses ohmic resistance R which 
symbolizes the circuit losses (see fig. 1-10). 

Assuming the capacitor is charged with the polarity as shown, it can discharge 
via R and L, the inductor producing an electromotive force (e.m.f.) which 
tends to maintain the flowing current. This current then charges the capacitor 

9 



The tubes and their basic circuits Part I 

with reverse polarity and the process repeats *). The current flowing during each 
discharge of the capacitor produces a voltage drop across the resistance R and 
the energy dissipated in R "damps" or progessively decreases the amplitude 
of the oscillations. The larger the resistance R, the faster the oscillations decay. 
Fig. 1-11 shows such a damped oscillation. The resulting frequency is termed 

y 

l 
R 

Fig. 1-10. Basit os,illah,ry ,imul. 

.,,. 

_, 
7@,0 

Fig. 1-11. Damped ostillation1. 

the "resonant frequency" of the oscillatory circuit; it is given by the Thomson 
formula: 

Wo = . 
v'L·C 

(1.12) 

For the sake of simplicity, however, the loss resistance of the circuit has 
been neglected in this formula. As the influence of this resistance upon the 
generated frequency is only small, formula (1.12) is sufficiently accurate for most 
practical cases. 

If the voltage drop across R is compensated by applying an alternating voltage 
of equal amount but of opposite phase, the oscillations will be maintained. This 
can be done by a circuit such as that shown in fig. 1-12. The tank circuit consisting 
of L 1 and C1 is connected in the anode circuit of the tube, and a second coil Ls 
is inductively coupled with L 1 and is included in the grid circuit. The magnetic 
alternating field produced by L 1 induces an alternating voltage in ½· This 
voltage controls the grid of the tube, and produces the alternating anode voltage 
required to compensate the attenuation of the tank circuit. 

The tank circuit presents an impedance for the alternating anode current / 0 • 

At resonance (i.e. if the frequency of the alternating current is equal to the 
resonant frequency of the tank circuit), this external anode load will be 

L 
R,, = C · R' (1.13) 

It then has the character of an ohmic resistance, i.e. the current and the voltage 
across it are in phase. For the sake of simplicity this condition will be assumed 
in the following explanation. A part of the alternating voltage V 0 appearing 
across the external load R

0 
will be fed back to the grid circuit. This feed-back 

voltage can be written 
V,=-k· V,,. (1.14) 

•) The oscillatory circuit consisting of capacitance and inductance can he compared 
with the balance of a watch, C corresponding to the helical spring and L to the flywheel. 
R is comparable to the friction resistance. 



1. Amplify~~-~nd transmitting_ t_ubes 

The negative sign is necessary if the oscillations are to be maintained because, 
as already explained, the phase of the input voltage has to be shifted by 180 
degrees with respect to the anode voltage. The feed-back factor k denotes the 
amount of coupling between anode and grid circuits necessary for maintaining 
the oscillations. Its value can be calculated from equations (1.6) and (1. 7). 

Thus 

or 

k = 2_. R; + Ra, 
S R;· R0 

k . S . R; • Ra = 1. 
R;+ R0 

(1.15) 

(1.16) 

It is essential that, when the self-excited oscillations start, the left side of 
equation (1.16) is greater than unity. This is ensured automatically by the fact 
that, when first switched on, the tube bas no negative grid bias, and therefore 
operates on a part of the / 0 -V 0 characteristic at 
which the slope is comparatively high. Due to the 
occurrence of grid current the capacitor C0 is charged 
by the positive half cycles of the alternating grid 
voltage with the polarity shown in fig. 1-12, and will 
then discharge slowly through the resistor R0 • The 
voltage drop across this resistor consti-tutes the nega­
tive grid bias of the tube. This bias will increase if Fip_. 1-12. Basic circuit 

the amplitude of for a 111bt aJ 01rillalor. 
the alternatinggriJ • 
voltage increases 1 and the working point on 
the /

0
-V

0 
characteristic is -therefore shifted 

into a region of lower slope until equation 
(1.16) is satisfied, and the alternating grid 
and anode voltages assume constant values. 
Usually the working point is then situated 
so far down in the region of negative 
grid voltage that only the crests of the 
positive half cycles of grid voltage drive 
the grid positive, causing grid current to 
flow (see fig. 1-13). Similarly, anode 
current flows only during a part of the 
positive half cycles of the alternating 
grid voltage. 

This condition is termed "class C opera­
tion". It has the advantage of high 

_. un, efficiency and is therefore used in practic-
-[- ally all H.F. generating circuits for in­

dustrial service. 
It should be ·distinguished from what is 

termed "class B operation", in which the 
Fig. 1-13. Clau C operating condition k' .. 1· • I h I 

of a sdftxcited tube oscillator. wor tng point 1esapprox1mate yatt e ower 
bend of the /

0
-Vu characteristic, so that 

anode current flows during the whole of the positive half cycles of the grid vol­
tage. The efficiency of class B operation is much lower than that of class C, but 

11 



The tubes and their basic circuits Part I 

the generation of harmonics, i.e. the distortion of the amplified voltage caused 
thereby, is considerably smaller. Class B operation is therefore used in power 
amplifiers for modulated H.F. (pre-stage modulated radio-transmitters). 

The working point of a "class A" amplifier lies on the straight part of the 
la-Vo characteristic. In this case anode current fl.ows during the full cycle of 
grid voltage. Such amplifiers are used for H.F. or L.F. voltage amplification. In 
class A operation the amplitude of the grid voltage is usually limited to a value 
at which grid current does not flow and therefore no driving power is needed. 

However, there is no need to employ the comparatively inefficient class A 
mode in oscillators and power amplifying transmitting circuits, because sufficient 
driving power for class C or class B operation is always available either by feed­
back from the tube itself or from a separate driver stage. Transmitting tubes 
are therefore constructed in such a way that they may be operated at higher grid 
voltages at which grid current flows. 

Operating conditions for transmitting tubes may be well illustrated by V
0
-V

4 

diagrams which are known as "constant current" characteristics, they show the 
curves of constant anode and grid current for the tube as a function of the grid 
and anode voltages. An idealized diagram is plotted in fig. 1-14. For the sake 

V,· 

v, 

of simplicity an ohmic resistance 
Ra is assumed as the load in the 
anode circuit of the tube. Across 
Ra appears a voltage drop cor­
responding to the value of the 

___ } anode current / 0 ._ If this current is 
_,.,.----- zero the voltage drop is also zero 

-- _______ ig:con,t and the first point of the load 
- -- ______ line can be plotted on the anode 

_ _ - ---- current curve Ia= 0 at the anode 
(supply) voltage V~. The further 
points may be constructed ac­
cording to equation (1.4). To 
prevent the anode voltage from 

lo~t. dropping below the grid voltage, 
which would give rise to excessive 
grid currents (see below), the 
maximum peak anode current is 
limited by the line Va = V

0
• The 

Fig. 1-14. Idealized V,-V 0 chara<leri1tic1 ~1 a load line, which is a straight one 
tran;milling lube. in this case, will be traversed once 

in each direction during each cycle 
of the alternating grid voltage. Point A is the working point of the tube under 
class A conditions. For every instant the corresponding values of voltages and 
currents may be taken from the graph; the instantaneous values of grid current 
and anode current are determined by the intersections of the load line and the 
curves; the corresponding values of grid voltage and anode voltage can be read 
off they- and x-axis of the graph. 

The conditions under class C operation are shown in fig. 1-15 by the Vg-Va 
diagram of the P_hilips triode transmitting tube TBL 6/6000 (see fig. 1-17). The 
anode load is formed by a tank circuit tuned to the operating frequency; it 

12 



1. Amplifying and transmitting t~bes 

therefore represents, at this frequency, an ohmic resistance Ra according to 
equation (1.13). The load line is therefore again a straight line. In class C operation 
the working point, A in fig. 1-15, 
corresponds to such a large value of 1~ 1 

negative grid voltage V, that anode 
current Aows during only a part of 
the positive half cycles of the grid i I 

0,(>I~! /. • C 
,. ----lg. C 

voltage, i.e. from B to C. The anode I 
current impulses during this time :m 
contain the fundamental wave of the ,0 

anode current /a 1 and a large number ~• 
of harmonics. The angular duration 
of anode current flow 0, which cor- I'; . • 

responds to half the time during 
which current Aows, measured in I 
degrees, can be ascertained easily v, 
from the diagram. It would obviously 
be 90 degrees if current flowed during 
the complete half of the load line AC. 
As, however, current flows only 
during the part BC, 

.AB DE 
cos 0 = AC= DP' (1.17) 

9 

,t 

-----v, 

In the case of fig. 1-15, 8 is 67 degrees. 
From 0 and the anode peak current 

J
0

P the amplitude of the fundamental 

Fig. 1-f 5. Con1l•nt '""'"' ,har,uJeriJliu o 
th, Philips TBL 6/6000 tran1milling triod, 

•iJh load lin1. 

current wave /a1 can be determined. Normally, 

(1.18) 

In the case of a tube with an idealized linear 1,.-V, characteristic (this sim­
plifying assumption can be made in most cases) Fourier analysis of the anode 

,
1 
cei current impulses gives : 

41 
f (f:J) = 9 - ½ • sin 20. 

1 n (1-cos 0) ~ 

(1.19) 
s 

, ..... 
/ 

I 

I 
I 

41 j 

a., I 
I 

0 
(1' 1(/' .,. .,. OIi' ,.,. ,.,. 8 

Fig. f-16. Graph ,bo-.,ing f1(9) 
ar a JNNtion of 9. 

This function is plotted in the graph of fig. 1-16. 
The alternating anode voltage V,. may be 

taken easily from the diagram fig. 1-15; in this 
case it will be nearly 5.6 kV. With f1 (8) = 0.42 
and I,.P = 4.8 A, / 41 = 2 A. The output power 
of the tube 

w = 1.1 v.. 
0 2 ' 

(1.20) 

which in the case considered gives 5.6 kW 
approximately. 

The grid direct current I, can be determined 
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The tubes and their basic circuits Part I 

Fi~. 1-17. Philips lra11J111itting Jriode TBL 6/6000. 
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1. Amplifying and transmitting tubes 

by integrating the grid current curve which can be constructed from the in­
stantaneous values of ig derived from the graph: 

2,r 

l, = ~ • rg • dq;,. (1 21) 
0 

Similarly the necessary input power will be 
1 2!' 

W,g = 2,i • ji,v. · dq., ::::::: 0.9 V,I,, (1.22) 
II 

where vg denotes the instantaneous value of the alternating grid voltage. 
When an electrode, anode or grid, is positive with respect to the cathode, 

the possibility of current flowing to thi~ electrode exists. When electrons strike 
the electrode they release their kinetic energy in the form of heat. This heat 
thus generated is called the power dissipation and must be removed to avoid 
overheating and finally destruction of the tube. This can be done in several 
ways. Small tubes can be cooled sufficiently by natural heat radiation which 
may be facilitated by giving the electrode: a suitable form and surface. To dissipate 
larger quantities of heat this form of cooling docs not suffice, and forced cooling 
by water or air must be used. For this reason large transmitting tubes are often 
so constructed that the anode, which has the largest dissipation, forms a part 
of the vacuum-tight envelope of the tube. On the external side of the anode a 
cooling radiator may be mounted. Fig. 1-17 shows a commercial air-cooled trans­
mitting triode with external anode for industrial service (Philips TBL 6/6000). 

For every tube the maximum ratings of anode and grid dissipation arc published 
by tube manufacturers. These ratings should never be exceeded; otherwise the 
life of the tube will be greatly reduced. 1he danger of overloading occurs, for 
example, with transmitting tubes operating in industrial H.F. generators if the 
load varies greatly, i.e. if the generator is operated under no-load condition 
or short-circuited. In the latter case the resistance of the tank circuit becomes 
very small and the efficiency of the tube decreases until oscillations are no longer 
maintained. Consequently the anode dissipation increases to a point at which 
the maximum rating may be exceeded. On the other hand, under no-load con­
ditions the anode impedance will rise considerably, and in consequence the 
amplitude of alternating anode voltage also increases. Due to feed-beck, the 
alternating grid voltage rises and grid current may exceed the limiting value. 
This effect will be aggravated by the fact that grid and anode voltages are out 
of phase by 180 degrees, so that the anode may be at a lower potential than the 
grid during the positive half cycles of grid voltage. The grid current may then 
increase until the grid wires melt and the tube is destroyed. 

Even if, as in modern industrial H.F.-equipment, fuses and protection circuits 
are included to switch off the generator in case of overloading, it is recommended 
that the above possibilities arc kept in mind when operating a generator under 
severe conditions. 

Estimation of the grid loading is comparatively simple. Obviously the grid 
dissipation is equal to the difference between the H.F. driving power and the 
power losses in the grid voltage source or the grid resistor. Thus: 

w. = wi. - 1. vg, (t.23) 
1. being the d.c. grid current and Vg the grid biasing voltage. 
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The tubes and their basic circuits Part I 

Fig. 1-18. Automatic ualing of miniature amplffying t11bu. 
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2. Rectifying tubes 

From equation (1.22) 

W, = I, (0.9 V, - V,) ;::.s I,· v,, (1.24) 

where v, denotes the peak value of positive grid voltage (sec fig. 1-15). 
The cathode heating supply for tubes in industrial apparatus is usually provided 

by a transformer from the a.c. mains. Maximum and minimum values of heater 
voltage are usually published by tube manufacturers; in the interest of long 
useful tube life they should not be exceeded. In many cases these tolerances 
are so large that normal fluctuations of the mains voltage may be disregarded. 
Where this is not the case voltage stabilizing devices should be provided in 
order· to reduce the fluctuations to a permissible level. 

Sometimes a hand-operated adjustable resistor or variable-core transformer 
with voltmeter etc. will suffice for heate.r regulation, but in this case careful and 
continuous supervision is necessary in order to maintain the nominal values of 
heating power. 

Fig. 1-18 is a picture of an automatic machine employed in the manufacture of 
amplifying tubes, and shows the automatic sealing of miniature tubes. 
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2. Rectifying tubes 

2. RECTIFYING TUBES 

Rectifying tubes arc diodes or two-electrode tubes, containing only a directly 
or indirectly heated cathode and one or more anodes. In industrial equipment 
such tubes a.re mostly used for changing the alternating voltage and current 
delivered by the mains into d.c. power. 
Rectifying tubes are either highly 
evacuated or gas-lilied. Vacuum tubes 
arc used for the rectification of com­
paratively small powers; they are found 
chiefly in single- or two-phase circuits. 

Fig. 2. f. T ubt 1,1.mbols (lift: ID!o-anode 
direcl/y healed gas-ft/led reclifying tube, righl: 
single-anode indirectly heated gar-filled tube). 

In fig. 2-1 the conventional symbols 
for a two-anode, directly heated tube 
and a single-anode indirectly heated 
tube are shown. The gas filling is in­
dicated by a spot beside the cathode *). 

The basic circuit of a single-phase rectifier using a single-anode tube is shown 
in fig. 2--2. The secondary of transformer Tr produces an alternating voltage 
V,, which is applied to the rectifying tube in series with the reservoir capacitor 
C across which the rectified voltage appears. The current can pass only in one 
direction as the negative electrons can flow only from the cathode to the anode 
when the anode potential is positive. This is the case only during one half of 
each cycle of the alternating voltage (half-wave rectification); during these 
periods -the capacitor is charged with the polarity shown in fig. 2-2. In the 
following half cycle no current can flow and the capacitor will be discharged 
partially during this period by the load resistance R (for the sake of simplicity 
an ohmic resistance is assumed). In the following positive half cycle the process 
is repeated. 

*) Instead of marking the tube symbols by a spot, they arc often hatched to indicate 
the gas filling. 
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The tubes and their basic circuits Part I 

In fig. 2-3 this voltage variation is shown as a function of time. Obviously 
the voltage across the capacitor is opposed to the positive half cycles of the 
voltage delivered by the transformer, 
so that charging current can flow only 

C R 

Fig. 2.2. Basir cim,il of a singlt-pba1t 
half-wave re,li jitr. 

--, 

Fig. 2-J. Output voltage of a sinJ!le-phase 
half-wave re.Ii fter. 

during the time <p2 - 'Pi when the transformer voltage is predominant. During 
the negative half cycles, however, the voltage across the capacitor is added 
to the transformer voltage; in this period, therefore, a considerably higher "in­
verse voltage" is applied to the tube. 

The rectified output voltage is not constant but has superimposed on it an 
alternating voltage having a frequency equal to that of the mains. This "ripple" 
voltage may be undesirable in the load circuit and should therefore be suppressed 
as far as possible. It is obvious that the ripple voltage will be smaller if the 
reservoir capacitor is chosen larger or if the load current is smaller. Moreover 
a considerable reduction of the ripple voltage can be obtained if a smoothing 
tilter is added consisting of a choke (inductance) and a smoothing capacitor 
(fig. 2-4). Assuming a sinusoidal ripple voltage, the amount of smoothing, i.e. the 
ratio of the ripple voltage amplitude5 following and preceding the filter will be 

V2 1 
V

1 
= w-2-Lc--C-! ___ 1. (2.1) 

Two single-anode rectifying tubes can be connected in such a way that the 

r, 

Fig. 2-4. Single-phase half-wave mtifter wilh 
smoolhingftlter. 

C 

I 

~R 
5 

Fig. 2-5. Two-pha11 half-wave 
re.lifter cir.uil. 

reservoir capacitor will be charged by both half cycles. In that case it is often 
convenient to use tubes containing two anodes and :a common cathode. Fig. 2-5 
shows the basic circuit of a two-phase half-wave rectifier *) incorporating 

*) This circuit is often called a "fu1l-wave rectifier" in literature, but to avoid 
confusion, preference is given to the term "two-phase half-wave rectifier", the rectifier 
being fed by an alternating voltage having two opposite phases to which half-wave 
rectification is applied. The term "full-wave rectification" will be reserved for bridge 
circuits, which arc discussed later. 
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2. Rectifying tubes 

such a two-anode tube; the single-phase mains voltage is converted into two 
voltages which arc in 
antiphasc. 

Fig. 2-6 indicates the 
voltage waveform across 
the capacitor in this cir­
cuit. Obviously the rip­
ple voltage now has 
twice the frequency of 
the mains, and therefore, 
as can be shown from 
equation (2.1), a given 
tilter will give four times 

'ftr 

r 

\ /\ / \\ /\ !\ 
I / \ / ' / \ / \ 
\ ,, ,, ,, /\ 
\/\I ',t \I\ 
\...,,../ \, .. _/ , .... .,1 \,_~' \...,_/ 

_, 

Fig. 2-6. Output 110/lage of a l'll'o-pha1t half-wave rutifter. 

the smoothing in a two-phase circuit compared with a single-phase circuit. 
Moreover, the ripple voltage percentage is smaller than in a single-phase rectifier 
because the discharge times of the capacitor are much shorter. Also the peak 
current drawn from the cathode is smallc:r because the current Row is distributed 
over the whole cycle. For these reasons two-phase rectifying circuits are generally 
used when high vacuum tubes arc employed. A commercial type of two-anode 
rectifying tuhe for two-phase rectification is illustrated in fig. 2-7. 

In contrast to high vacuum rectifiers, there arc the gas-filled rectifying tubes 
which arc wi<icly used in industrial electronics. Like 
vacuum tubes, they have a directly or indirectly 
heated oxide-coated cathode and one or more 
anodes, but the envelope is filled with one of the 
inert gases argon, xenon or helium at low pressure, 
or with mercury vapour or with a mixture of both. 

If a positive potential of only a few volts is applied 
to the anode of such a tube only a very small current 
will Aow. If the anode voltage is increased 
beyond a certain value termed the "ignition voltage", 
Vi,n, the tube suddenly fires and the a.node current 
rises to a value which may be considerably higher 
than that in a vacuum tube of comparable size. This 
effect is caused by the ionisation of the gas atoms; 
at the ignition voltage the electrons achieve such 
a high speed that, when colliding with the gas 
atoms, they eject other electrons from the atoms, 
leaving the gas in the form of positive ions. The 
newly produced electrons are attracted to the anode, 
thereby increasing the anode current, and the 

Fig. 2-7. Two-a110tk rulif.y- positive ions move towards the cathode, where they 
ing tub, type EZ 80. neutralize the "space charge" or cloud of electrons 

which exists in the region of the cathode and limits 
the number of electrons which can leave the cathode. Due to this neutralizing 
action the anode current is funhcr increased. 

When this condition is reached the value of the anode current is determined 
almost entirely by the values of the anode voltage and the external resistance 
in the anode circuit. The voltage drop across the tube itself, i.e. the so-ca.lied 
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The tubes and their basic circuits Part I 

"arc voltage", V., 0 , arises mainly in the vicinity of the cathode, and is practically 
independent of the value of the anode current. Its value depends upon various 
factors, but mainly on the gas used for the filling and its pressure. The gas 
pressure in the case of a mercury-vapour tube is greatly dependent upon the 
temperature, so in these tubes the arc voltage is influenced by the working 
temperature. The arc voltage ranges from 8 to 32 volts according to the type 
of gas-filling; mercury-vapour filled tubes have an arc voltage of approximately 
16 volts. It will thus be seen that the losses generated in the tube, i.e. the product 
of arc voltage and average anode current are comparatively small, and the higher 
the anode voltage the lower will be the percentage loss. 

If the effective anode voltage becomes smaller than the arc voltage, the 
discharge is extinguished and the flow of anode current ceases. This occurs, 
for example, if the external anode circuit is interrupted. 

Rectifying circuits using gas-filled tubes do not greatly differ from those 
for high-vacuum tubes except that the reservoir capacitor should be omitted. 
This is necessary because owing to the very small internal resistance of the gas­
filled tube, such high peak currents would flow while th:! 1;apacitor is charged 
that the cathode would be seriously damaged. The smoothing filter circuit 
will therefore commence with a choke. 

In the remainder of this chapter some factors which :ire of importance in 
the design of rectifiers employing gas-filled tubes will be dealt with. The simplest 

R 

] 
~ 

Fig. 2-8. Simple single-phase halj­
u•ave rectifier circuit with ,a,­

fi/led t,ibe and counter e.m . . 

circuit is the single-phase, half-wave rectifier 
shown in fig. 2-8, from which the multi-phase 
and full-wave rectifying circuits illustrated 
in fig. 2-16 can be comparatively easily derived. 

It can be imagined that a counter-electro­
motive force V., is inserteg in the circuit, and 
is independent of the value of the current 
flowing (this is the case for instance when 
batteries are charged by the rectifier). The load 
is symbolized by an ohmic resistance R which 
also includes the resistance of the transformer 
winding. If Vign is the ignition voltage, it is 

obvious that ignition will occur only if 

i.e. if 

(2.2) 

It is reasonable to choose V 1r so that the value of k is between 1,15 and 1,2 
to ensure that ignition of the tube wm occur with certainty even where the 
mains voltage is subject to fluctuation. The tube having ignited, the voltage 
across the tube decreases to the arc voltage Va,c· The instantaneous value of 
the current flowing then is 
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2. Rectifvinp; tubes 

Making use of the concepts of firing angle ({11 and extinguishing angle f/12 
of the tube (see fig. 2-9), the mean anode current 
per phase /

0 
is obtained by integrating the current 

from <p1 to <p2 and dividing by the whole cycle h: 

<pt Vo 

/ 0 = ~ • f i • d<p = 
<1'1 

'P• 

= -
1
- • f<v2v · sin<p- V - V) • d<p hR tr arc o • 

Fig. 2-9. Voltage curve of a 
(2.4) reclifitr ac,ording lo fig. 2-8. 

'Pt 

If a denotes the voltage ratio ( Varc + V 0)/y'2 V 1, (a obviously always being 
less than unity), equation (2.4) becomes: 

'P• 

/ 0 = V!~'' • f (sin <p - a)· dtp. (2.5) 

The following approximations are admissible (see fig. 2-9): 

<p1 = sin- 1 a, 
(2.6) 

'Pt = ::re - sin- 1 a, 

If the integration is carried out, it will be found that the mean current per 
phase is: 

v'2 V .1--
1. = nR tr (v 1 - a2 - a• cos- 1a), (2.7) 

or 

I = v'2 V,, ·Q 
0 nR • (2.8) 

In fig. 2-10 Q is plotted as a function of a. The maximum permissible mean 
current of the tube is specified in 
the published data; it can be shown 
from equ. (2.8) that the total 
resistance of the rectifying circuit 
must be 

Cl' 
0 

QJ 

¢2 

0,1 

0 

' 

(!,5 

I',,,. 

Fig. 2-10. 
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R ~ V;2 V,,. Q. (2.9) 
- :'t /~ 

When designing a rectifier, 
therefore, resistors Ra should be 
inserted in the anode leads in 
order to limit the current. The 
values of these resistors can be 

0,6 111 • QI determined from equation (2.9) 
after deducting the transformer 

Graph showiflg Q as a j1111Clion of a. and load rel-istances. 
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The tubes and their basic circuits 

The peak value of the current 

. vfv1,(sin91-a) 
I = --~---'-----'-

R 

obviously occurs at <p = 90°, and is 

so that 

, vz v,. c1 - a) 
R 

(1- a)n 

Q 

Part I 

(2.10) 

(2.11) 

When using a rectifier tube of a given type it is necessary to check that the 
maximum permissible peak anode current as calculated from equations (2.10) 
and (2.11) is not exceeded under working conditions. 

In many cases the load of a rectifier is inductive. If the ohmic resistance of 
the rectifier circuit is then neglected the basic circuit will be as fig. 2-11 and 
the following equation applies: 

di -
L • dt = -v' 2 V,, • sin wt - Vare - V 0 , (2. 12) 

t 
Vare from which 
I 

t ] 
i= ½f (V2 V,,· sinwt-Varc - V,,)· dt, (2.13) 

Fig. 2-11. Si11gle-pha11 half­
wave r"li far with iNiurlive load 

and ,01111/er t,1".f. 

or 
11 

From equation (2.12) it follows that the maximum of current, which occurs 
at di/dt = 0, is reached at a point at which: 

V2 v,. · sin wt = v.rc + Vo. 

This means that there is a phase difference between voltage and current as is 
shown in fig. 2-12. Moreover it follows from equation (2.14) that i = 0 if the 
integral becomes zero, i.e. if the two shaded areas above and below the horizontal 
line Varc + V

0 
in fig. 2-12 are equal. Curve b shows the voltage VL appearing 

across the inductance L, and curve c shows the :.node current i. 
It is to be seen that the current is m'aintained beyond the instant at which 

the transformer voltage V,, has passed the zero line and has become negative. 
This may be strange at first sight because, as has already been stated, a gas­
filled tube ceases to conduct when the anode voltage falls below the value of 
the arc voltage. However, the inductance L produces a voltage tending to 
iru.intain the current flow, and this voltage is sufficient to keep the anode of 
the tube positive with respect to the cathode by an amount equal to the arc 
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voltage. Thus the current continues to 
flow until the energy stored in the in­
ductance has discharged, when the 
voltage collapses and the current ceases. 
This, as already stated, occurs when the 
shaded areas in fig. 2-12 are equal. 
However, if an additional ohmic re­
sistance R 1s present in the circuit (this 
will always be so in practice) the current 
flow ceases somewhat earlier. The differ­
ence in the two shaded areas is then 
determined by the voltage drop across 
the resistance R caused by the current 
flow. 

Equation (2.14) can be written 

wt 

i = ~:,r • J (sin wl - a)· dwl, (2.15) 

"''• 
whence 

. V2 v,r 
I=~· 

\ ? tosw/ 1 -cos <.t>l-a (wl-wti))' (2.16) 

Considering wt 1 = sin- 1a, and intro­
ducing the conducting time 

T=<.t>l-w/ 1 : 

I 
I 
I 
I 
I 
I 
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Rectifying tubes 
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Fig. 2-12. Voltage and mrrent CUT"llts of 
a rulifier according lo fig. 2-11. 

i= ~:tr ~Vt a2 (1 - cos T) +a· sin T -OT~. (2.17) 

It has already been stated that the conducting time of the tube is considerably 
extended by the inductance. This can easily be shown mathe111atically if the 

JtiD· 
't" 

ur 
. "" ., . 
. 

0 

'\ 

'' "-

'"' 
.... 

..... 

" 
' 

O Ql CU qs 41•(0 

Fig. 2-1}. Conducting lime T 

as a j1tnCtio11 of a. 

.v 
z, 
2/, 

"' tf 
(2 

41 
q, 
0 

\ 
' Q' 

'\ 

"' ' 
r-.. 

~r--- I 
0 q2 II' qs Qt•" 

Fig. 2-14. Graph sho»·in.~ 
Q' as a (1111clion of a. 

23 
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angle at which the current reaches its peak value is determined. This can be 
done by putting equation (2.12) equal to zero: 

(2. 18) 

The current reaches its peak value at a point where it would have already 
become zero if the load had been purely resistive. The actual conducting time 
T can be calculated by putting equation (2.17) equal to zero; it is a function 
of a (see fig. 2-13). 

The peak value of the current, i, can be determined easily from equation 
(2.16) and is: 

; = 2 V2 v,r (V 1 a2 - a . cos -la) = 2 V2 v,r . Q. 
wL wL 

(2.19} 

Furthermore, the mean anode current I,, can be calculated from equation 
(2.14); i.e.: 

1 = V2 v,r·Q', 
0 1r,wL 

(2.20) 

fl being another function of a which is plotted in fig. 2-14. 
A matter of great importance is the average rectified direct voltage V 0 which 

can be obtained from an m-phase rectifier if the r.m.s. transformer voltage per 
phase is V,r· Because the ,,, phases are equivalent, each phase contributes to 
the output voltage during the time interval 2n/m, as is shown in fig. 2-15. On 
this assumption it may be written: 

~ + !. 
2 m 

V 0 =; · f V?. V,r • sin qi· dqi; 
1f ,,. 

2-;;; 

integrating across the interval Zn/ m gives : 

The term 
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is called the phase factor. In the following table the values of M are indicated 
for several values of m: 

m 2 3 4 6 12 18 ... 00 

M 0.900 1.170 t.273 1.350 1.398 1.407 vi 
1 - 1.111 0.855 0.786 0.741 0.715 0.711 0.707 M 

In equation (2.22), however, the voltage losses arising in the transformer 
windings and across the rectifying tubes are neglected. 

The most common rectifying circuits are shown in fig. 2-16. The following 
table gives values for the output voltages and currents in terms of the tube 
voltages and currents which may be used in approximate calculations. 

V,, is the transformer voltage per phase (r.m.s. value) and /
0 

the mean current 
per anode. The table indicates the theoretical values, transformer reactanccs 
being neglected; in practice the voltage losses in the transformer and across 
the tubes should be taken into account. Moreover, a certain voltage loss arises 
during the commutation period, the time required for the current to be 
taken over from one anode to the next. Generally, the over-all voltage losses 
caused by these factors at full load arc approximately 10 to 15 per cent of the 
output voltage. 

Circuit Rectifying Mean output i\lean output Inverse voltage 
(peak) per tube No. circuit voltage ·v. current / 0 V1nv 

t two-phase 0.318 V.nv 21. 2.828 v,, 
half-wave 0.900 v,, 3.142 v. 

2 two-phase 0.636 Vtnv 2 / 0 1.414 Vt, 
full-wave (bridge) 0.900 v., 1.571 v. 

3 three-phase 0.478 V1a,· 31. 2.450 V., 
half-wave 1.110 v·., 2.094 v. 

4 three-phase 0.956 Vtnv 3 / 0 2.450 v,, 
full-wave 2.340 v., 1.047 v. 
(bridge) 

5 three-phase 0.478 V.nv 61 0 2.450 v,, 
half-wave 1.170 v., 2.094 v. 
(double Y) 

6 four-phase 0.450 Vinv 4 ,. 2.828 I ·,, 
half-wave 1.273 v,, 2.221 v. 

7 six-phase 0.478 Vin\' 61. 2.828 Vt, 
half-wave 1.350 v,, 2.094 v. 

For even values of m the maximum value of the inverse voltage per tube can 
be calculated from the formula: 

Vinv = 2 V2 V 1, = 2,828 V,,. (2.24) 
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2. Rectifying tubes 

For three-phase circuits: 

Vin .. = V3 · v2 v,, = 2,4so v,,. (2.25) 

The inverse voltage as a function of the mean rectified output voltage V 0 for 
even values of ,,, is given according to equation (2.22) by: 

2 
V;nv = . V 0 , ,,, . :n: 

-•s111-
:n:· ,,, 

and for three-phase circuits by: 

(2.26) 

(2.27) 

For full-wave (bridge) circuits the inverse voltage per tube is only half of 
these values, so that the values given bv equations (2.26) and (2.27) should 
be divided by 2. 

The life to be expected from gas­
filled tubes is generally very high. Two 
circumstances may influence life: bom­
bardment of the cathode by positive ions 
and the gas "clean-up". The components 
of the tube assembly tend to absorb 
gas atoms during life. For instance in 
rectifying circuits the anode attains a high 
negative potential during the inverse 
period, so that gas ions may reach the 
anode with a high speed and partially 
penetrate it. Due to the slowly decreasing 
gas pressure in the tube the electrical 
data ultimately change so greatly that 
the tube must be replaced. However, 
gas clean-up is of importance only in 
inert gas-filled tubes because mercury­
vapour filled tubes contain excess mer­
cury in liquid form which maintains 
the pressure during the life of the 
tube. This is one of the reasons why 
mercury-vapour filled tubes arc usually 
preferred for use in industrial equipment. 

Bombardment of the cathode by 
positive ions occurs when the tube 
is conducting and increases as the 
anode current and thus the gas ionisation 
increases. As the cathode can be ulti­
mately destroyed by continuous heavy Fig. 2.11. L~-~g-lif: ,-.,,.1i(ii11g 11tbr, Philips 
ion bombardment, the maximum per- Typr 1849. 
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Fig. 2-18. Gas-filled mtifying t11bn in ,011ru of mn,if~hm. 
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3. Thyratrons 

missible value of the mean anode current and the peak anode current specified 
by the tube manufacturers should neve:r be exceeded. By special constructional 
measures inside the tube, particularly by good screening of the cathode, ionic 
bombardment under normal working conditions can be kept very low. For 
instance, the two-anode rectifying tube shown in fig. 2-17, which is designed 
for a mean anode current of 25 amperes, attains a useful life of 20 00(_) to 30 000 
hours. 

If mercury-vapour filled tubes have been in stock for a considerable time, or 
have been exposed to heavy mechanical shocks (for instance during transportation 
etc.), it may happen that some of the liquid mercury inside the tube has splashed 
on the anode or other parts of the electrode system. If the tubes were immediately 
put into service in this condition there would be a risk of arc-back, i.e. a 
current flow in reverse direction. To :avoid this, it is recommended that the 
cathodes of the tubei, should be run at working temperature for a short length 
of time without applying anode voltage before the tubes are put into operation, 
thus allowing all mercury to evaporate from the anode and condense in the 
lower, cooler part of the tube. Recommendations on these lines will usually be 
given by tube manufacturers; they should be observed carefully in order to 
ensure a long useful tube life. 

Fig. 2-18 shows gas-filled rectifying tubes in course of manufacture. 
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3. Thyratrons 

3. THYRATRONS 
A thyratron is a gas-filled discharge tube containing a heated cathode, one 

or more grids and an anode. The influence of the 
grid gives the thyratron characteristics very different 
from those of the gas-filled rectifying tubes described 
in the preceding chapter, and makes it one of the 
most important components of industrial electronic 

Vg 
apparatus. If a sufficiently great negative voltage 
is applied to the grid of a thyratron, a positive 

Vo 

voltage being applied via a resistor to the anode Fig.- J.f. Batie thyratron 
(fig. 3--1), practically no anode current flows and circuit. 
the tube remains cut off, even though the anode 
voltage may be several hundred volts o:r more. If the negative grid bias is now 
progressively reduced, a point is reached at which the tube fires instantaneously 
and a large anode current flows, the value of which is dependent on the anode 
resistance and the applied anode voltage. The thyratron then behaves just like 
a gas-filled rectifying tube without grid. 

For each value of positive anode voltage there is a corresponding value of 
negative grid voltage at which firing of the tube occurs. This connection between 
anode voltage and grid ignition voltage is usually plotted in a graph, termed the 
critical control characteristic of the tube. There are tubes with negative, positive 
or transition control characteristics, according to the values of grid voltage 
required for igniting. 

Fig. 3-2 shows the three possibilities for mercury-vapour filled tubes. Under 
conditions corresponding to the region to the left side of the characteristics 
the tubes remain non-conducting; on the right-hand side ignition will occur. 

It must be understood, however, that a tube, once ignited, cannot be cut 
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off by increasing the negative grid voltage as in the case of high vacuum tubes 
where the anode current may be continuously controlled by the negative grid 
voltage. In the thyratron a sheath of rositivc gas ions screens the grid so that 
it can no longer exercise control. The anode current therefore continues to 

,o '° ;;o•c ,o ~ 2'rC 

~\ 
o ...... __ ....._....._ ........ _.~ ·g--_.o----•~-

Fig. J-2. Control ,harat'ltrillicr of men11ry-vapo11r filled thyratron,. 

flow until the voltage between anode and cathode is reduced below the arc. 
voltage value *). 

If it is desired that the tube should remain non-conducting after the discharge 
has been interrupted, the anode voltage should not be allowed to reach its full 
value until after a certain short time interval has elapsed. This interval is the 
"de-ionisation time", i.e. the time needed for the grid to regain control of the 
tube; it is in the order of microseconds and commences at the moment when 
the anode current ceases. As the de-ionisation time depends on the intensity of 
ionisation, and this is again a function of the value of the anode current; it is 
specified for a given maximum mean a.rtode current and a condensed mercury 
temperature of 40 °C. It will be shortened if the mean anode current is reduced, 
or the mercury temperature is decreased. 

The maximum mean anode current is equivalent to the direct current which 
may continuously flow through the tube. As the current flow in thyratrons 
is usually discontinuous and often takes the form of impulses, the maximum 
mean anode current is stated as well as the maximum peak anode current in 
the published data. The latter is that value of anode current which may be per­
mitted during a short period without overheating the anode or destroying the 
cathode by excessive ion bombardment. Usually two values arc stated; one 
for an anode current with a frequency above 25 cycles per second, and the other 
for a frequency• below 25 cycles per second. Because the duration of a current 
impulse is greater at lower frequencies, more heat is generated and also the 
cathode is bombarded by a greater number of ions. The maximum permissible 
peak anode current is therefore smaller. 

The maximum mean anode current is a decisive factor in determining the 
load which may be applied in the anode circuit of a thyratron. In case of dis­
continuous load the mean c.1rrcnt should be calculated from the averaging 
time stated in the published data. Assuming that the technical data of a certain 

*) This is not correct in case of the so-called gas triodes which can be used for 
instance for generation of saw-tooth oscillations. These tubes can be rendered non­
conducting by increasing the negative grid current, so that the ion cloud is absorbed 
by the grid. This can be achieved by increasing the negative grid bias, or by reducing 
the resistance inserted in the grid circuit. 
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3. Thyratrons 

thyratron tube specifies a maximum mean current of 3 amps, a peak anode 
current of 20 amps and an averaging time of 10 seconds, this means that during 
one averaging time a tube current of 20 amperes for 1,5 seconds, or a current 
of 10 amperes for 3 seconds, or 3 amperes for 10 seconds is permissible. The 
product la • T,,, = 30 A • sec should therefore not be exceeded. Generally the 
following condition must be satisfied: 

t+T •• 

f i • dt ~ T.,, • T ••. 
I 

(3.1) 

with the additional condition that the anode current i never exceeds the maximum 
permissible peak value. 

As stated before, tubes with different gas fillings behave in different ways. 
For example, the control characteristics of mercury-vapour filled thyratrons 
are dependent on temperature; with increasing temperature the characteristics 
are shifted toward the region of increasing negative grid voltage (fig. 3-2). 
The de-ionisation time is rather high (approx. 1000 µs), so these tubes can be 
used only in circuits working at low frequencies (up to approximately 500 c/s). 

The tubes should be mounted vertically, socket downwards, in order that 
the liquid mercury shall flow to the bottom of the tube. The cathode should 
be switched on for several minutes before switching on the anode circuit in 
order to evaporate sufficient mercury. 

The advantage of mercury-vapour filled tubes, however, is the reduced risk 
of arc-back, and long life. This type of thyratron is generally preferred in in­
dustrial equipment handling large powers. 

If the thyratron is filled with inert gas (argon, helium, neon or xenon) the 
::ontrol characteristics are practically independent of temperature, as the gas 
pressure changes but little over the range of temperatures encountered in 
practice. As the life of inert gas thyratrons is considerably shortened by gas 
clean-up, the manufacturer endeavours to put a sufficient amount of gas into 
the tube. This may be done by increasing either the gas pressure or the dimensions 
of the bulb. For practical reasons the first method is chosen. 

The maximum permissible inverse voltage decreases, however, as the gas 
pressu1e is increased, and for inert gas-filled thyratrons with normal dimensions 
and good life expectancy it is usually not greater than approximately 1300 V. 
On the other hand, mercury-vapour filled thyratrons can easily be made suitable 
for inverse voltages up to 30 kV. Inert gas-filled thyratrons have very short 
de-ionisation times (in the order of some microseconds), so they are suitable 
for circuits working at fairly high frequencies (up to 150 kc/s). These tubes 
may be operated in any position. 

In addition to single-grid thyratrons (triodes) there arc gas-filled tubes having 
two grids (tetrodes). The advantages of tetrodes arc: low control-grid current, 
small capacitances between anode and control grid, and the possibility of altering 
the control characteristic by varying the screen-grid voltage. 

The introduction of the additional screen grid considerably reduces the 
current flowing to the control grid when the tube is non-conducting. This 
may be as low as a few microamperes, which may be of importance in cases 
where a high resistance is inserted in the grid circuit. If the control grid current 
is large a considerable voltage drop will appear across this resistance, shifting 
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the ignition point and thus changing the operating conditions of the tube. 
A tetrode will therefore be preferred in those circumstances. 

Due to the small capacitance between anode 
and control grid, the grid circuit of a tetrode 
is almost independent of the anode circuit, so 
the risk of unintentional firing is small. For 
instance, in circuits where thyratrons are ignited 
by impulses applied to the control grid via a 
transformer, and the thyratron is a triode with 
a high grid-to-anode capacitance C4 ,, it could 
happen that an impulse occurring unintentionally 
in the anode circuit is transferred via C0 , to 

-v,, _____ __.____ the grid, thus firing the tube. In such a circuit 
Fig. J.J. Control characterillia a tetrode would give a better performance. 

of a tetrode thyratron. The third advantage of a tetrode is the pos-
sibility of shifting the control characteristic over 

a certain range. This can be done by adjusting the screen grid voltage V g2, as 
is shown in 6g. 3-3. It is of value in special circuits where it may be necessary 
to match two tubes having slightly different characteristics., Furthermore, 
small alterations of tube characteristics occurring during life can be compensated 
by screen-grid voltage adjustment. 
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3. Thyntrons 

Finally, in special cases the screen grid can be used as an additional control 
electrode for igniting the tube. 

In the published data of thyratrons the muimum permissible anode voltag-: 
is always stated. This value must not be exceeded during operation, otherwise 
the tube may ignite even though a high negative grid bias is applied. The inverse 
voltage limitations (anode .negative with respect to the cathode) must be 
observed. If the inverse voltage exceeds the permitted value, current may flow 
through the tube in the reverse direction (arc-back). The occurrence of arc­
back depends, among other factors, on the density of gas ionisation, and this 
again depends on the frequency of the anode current, so the maximum per­
missible inverse voltage is lower when operating at high frequency. Further­
more, because the inverse voltage is influenced by the gas pressure, the per­
missible inverse voltage of tubes with mercury vapour filling is to a certain 
extent dependent upon the temperature, being considerably reduced as the 
temperature rises. 

Fig. 3-4 shows the internal construction of a tetrode thyratron. The bulb 
consists of thick glass to withstand the rough treatment which may be encountered 
in industrial service. The anode is made of metal or graphite and is specially 
shaped to provide good heat dissipation :llld thus to avoid excessive temperature 
rise and the consequent risk of secondary emission. The cathode is oxide coated, 
and is capable of giving high emission. Directly or indirectly heated cathodes 
may be used, their construction differing, however, from those used in high-

shieldglid 

control grid 

shield grid-----fr,~~:.,\ 

ScrHlling cyfiflder 

cathodt ------t'--+. 

Fig. J.J, Tube 0111111blier with negativt (left) oNl porili11e (right) ronlrol ,bara,terirti,. 

vacuum tubes. As the electron paths in gas-filled tubes need not be straight 
lines, the cathodes may be for instance helical, thus increasing the thermal 
efficiency of the cathode by reducing radiation losses. 

The warming-up time ranges from some seconds to several minutes according 
to the kind and size of the cathode. It should be noted that a longer warming-up 
period is required in the case of mercury-vapour filled tubes, to ensure that a 
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sufficiently high gas pressure has been reached before load is applied to the 
anode circuit of the tube. 

The control grid generally takes the 
form of a ring or screen and consists 
of graphite or metal. Thyratrons with 
negative control characteristics have 
an annular control grid with a rather 
wide aperture. Tubes with positive con­
trol characteristics usually contain a 
system of perforated metal screens (see 
fig. 3-5). It is obvious that on account 
of the screening thus provided, firing 
occurs only at positive values of the 
control-grid voltage. 

In tetrode thyratrons, the additional 
grid, screening the control grid from 
anode and cathode, also consists of per­
forated metal screens. The construction 
of tetrode assemblies is illustrated in 
tigures 3-4 and 3-5. Fig. 3-6 shows a 
tetrode thyratron (Philips PL 105) 
designed for an average anode current 
of 6.4 amperes. 

In most practical applications, thy­
ratrons will be used as rectifying ele­
ments and fed with.an alternating volt­
age. The anode voltage is therefore 
sinusoidal, as is shown in fig. 3- 7. 
Obviously the instant of firing can then 
be determined by the value of the 
negative bias applied to the control 
grid. In the example shown, the thy­

Fig. J-6. Philip, PL 105 tetrode thyratro,r. ratron will ignite at V
9 
= O V (d) only 

with a small delay (d'), but this delay 
will increase as the negative grid voltage is increased ((, b). 

If for every value of the sinusoidal anode voltage the corresponding ig­
nition value of the grid voltage is plotted as a function of time, the "igniting 
characteristic" of the thyratron is obtained (fig. 3-8, broken line). By means 
of this igniting characteristic the retarded firing of the tube as a consequence of 
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varying the negative grid voltage can be well illustrated. The straight line corre­
sponding to the grid voltage Vg U> intersects the igniting characteristic at 
the point A, so firing takes place and anode current will flow from this point 
to the end of the half cycle. If the grid voltage is increased to Vv <t> the control 
characteristic is intersected at the point .B, and it can be seen that the conducting 
time is then shorter. Since the hatched area is a measure for the power passed 
by the thyratron, it is obvious that, for instance, the output power of a rec­
tifier equipped with such tubes can be controlled by varying the grid voltage. 

Fig. J-8. Firing delay up lo 90 tkgrm by negative diml grid 
volt:agu. 

However, it can be seen from fig. 3-8 that control is possible only until point C 
is reached, i.e. up to a "firing angle" of 90 degrees, if only direct voltages arc 
applied to the control grid. To extend the firing range up to 180 degrees, an 
alternating voltage is applied to the grid, the phase of this voltage with respect 
to that of the anode voltage depending on the desired firing angle (fig. 3-9). 

Fig. J-9. Horizontal '°"lrol by pha1t-1hifted alur­
nating grid IIO!ta1,e up lo 180 tkgrm. 

This method of controlling the ignition point is called horizontal control, be­
cause the alternating grid voltage is shifted horizontally on the time axis. 

In many cases grid control by a sinusoidal voltage is not quite sufficient to 
obtain accurately timed firing on account of the inevitable tolerances on the 
igniting characteristic due, for instance, to its dependency on temperature etc. 
In these circumstances ignition can be initiated by impulses which arc super­
imposed on a neg11tive grid bias. The phase of these impulses is shifted with 
respect to the anode voltage by the firing angle a (fig. 3-10). The impulses arc 
often generated by a special peaking transformer schematically shown in fig. 3-11. 
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Fig. J-10. Horlt,011/al co11/r.ol by phare-rhifted impu/m. 

This transformer has a primary windingp and one or more secondary windings s. 
The transformer core is of a material having low magnetic saturation and small 

ip 

I\. , .. 

cross section, so that it is saturated at low 
magnetic field strengths. Any further increase 
of the magnetic flux will be diverted to the 
by-pass and the air gap g. The magnetic 
flux B • induced in the core of the secondary 
w~ding has the shape illustrated in fig. 3-11, 
and produces the peaked voltage V, in the 
secondary winding. 

Obviously the primary current lags with 
respect to the supply voltage by a certain 
angle, because of the inductance of the 
primary winding; similarly the secondary 
voltage peaks arc shifted in phase by the 
same angle. However, it is often desired that 
the peaks appear at the beginning of the 
positive half cycles of the supply voltage. 
This can be ensured by inserting a resistor 

Fig. J-11. Schematic reprermlalio11 of a 
peaking lra11rjormtr, 

Fig. ). t 2. Vu tor diagram rhowi11g 
phart condilionr of ptaking 
lranrfor111tr primary when a 

rtritr reristor R is inrerted. 

R in series with the primary winding. If this resistor is large in comparison 
with the reactance of the winding, the voltage J/ 11 appearing across the winding 
will lead by nearly 90 degrees with respect to the supply voltage J/ 4 , as is shown 
by the vector diagram of fig. 3-12. Thus the angle of lag of the peaks can be 
compensated. 

Fig. 3-13 shows a typical peaking tra.nsformcr together with a small rectifier 
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unit which serves as the voltage source for biasing the thyratrons. 
Another method of controlling the firing angle is the so-called vertical control 

Fig. J-1 J. Philip, µa/eing traniform,r tyµ 84590 (right) and rtrtifier 11nit tyµ 1289 (lift) 
for grid control of tlifratronr. 

which is often used in industrial apparatus because it requires few components 
(fig. 3-14). An alternating voltage Jagging about 90 degrees behind the anode 
voltage is applied to the grid, superimposed on a direct voltage which can be 
varied between negative and positive values. As can be seen, the firing angle 

su~impos~ olt.-not~ 
grid rolt• logging /10 

Fig. J-14. Vtrlical control of thyratron,. 
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Fig. 3-15. Ba,ic circuit, for grid control of lhyralron1. 

Part l 

can be varied between approximately O and 180 degrees, but it must be noted 
that the amplitude of the alternating grid voltage must not be too small, or 
it may not intersect the ignition characteristic, particularly at large firing angles. 

A djsadvantage of the vertical control is that the cathodes of simultaneously 
controlled thyratrons must have the same potential as the control is exercised 
by a direct voltage. Trus presents no difficulties in the case of multi-phase rec­
tifiers, but if two tubes connected "back-to-back" are to be controlled, as is 
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the case in electronic welding contactors, light-dimming equipment and the 
like, vertical control cannot be used. In these cases horizontal control has to 
be adopted or one of the special circuits described later. 

A number of typical basic circuits for retarded firing of thyratrons are re­
produced in fig. 3-15. Circuit (a) shows a simple horizontal control by a phase­
shifted alternating voltage. The anode circuit of the thyratron includes an 
impedance Z representing the load. The grid voltage is taken from a phase­
shifting network consisting of the transformer secondary winding, a capacitor 
C and a variable resistor R. As shown by the corresponding vector diagram, 
the voltage across the capacitor lags about 90 degrees behind the voltage ap­
pearing across the ohmic resistance. As the sum of both voltages must always 
be equal to the transformer voltage V,r, the top of the vector symbolizing the 
output voltage V 0 moves on a semi-circle whose diameter is the vector of the 
transformer voltage V 1,. The magnitude of the output voltage V, remains 
constant and is equal to the half of the transformer voltage, but its phase is 
shifted by an angle <p which may be varied over the range of approximately 
0 to 180 degrees by altering the value of R. As will be shown later, if the load 
is inductive (which is generally the case), a much SIJlllller range of firing angle 
is needed to control the tube current from zero up to its full value. The curves 
of the grid and anode voltages present in a circuit according to fig. 3-15a have 
been already shown in fig. 3-9. 

Circuit (b) shows the horizontal control by phase-shifted peaks illustrated 
in fig. 3-10. Here again a phase-shifting network is employed. It consists of an 
ohmic resistor R1 and an inductance L. The corresponding vector diagram is 
shown at the side and needs no further explanation, The output voltage of the 
phase-shifting network is applied to the primary winding of a peaking trans­
former Tr via a resistor R2 which serves for phase correction. The grid circuit 
of the thyratron consists of the secondary winding producing the peaks and a 
d.c. source supplying the negative grid bias. 

In circuit (c) is shown vertical control using a variable direct grid voltage 
and superimposed alternating voltage which lags by about 90 degrees. The 
latter is generated by a network consisting of C and R1, in which R1 = 1/wC. 
The direct grid voltage, which may vary between positive and negative values, 
is taken from the slider of the potentiometer R2 which forms a bridge circuit 
together with the equal resistors R 3 and R 4. With this circuit also a firing angle 
range up to 180 degrees is obtainable. For the sake of simplicity in the illustration 
of the voltage curves the igniting characteristic of the thyratron is assumed to 
coincide with the zero axis. 

In circuit (d) a device is shown which is neither a vertical nor a horizontal 
control. The tube is given a positive grid bias by a d.c. source. During the 
negative half cycles of the alternating anode voltage the capacitor C will be 
charged via a selenium rectifier Se/ with the polarity indicated. In the following 
(positive) half cycle the capacitor will discharge through the variable resistor R. 
The form of the voltage present at the tube grid is shown at the side, and as is seen 
the voltage curve intersects the zero axis at a definite instant as determined by 
the value of the discharge resistor R, whereupon the tube becomes conductive. 

Circuit (e) illustrates a grid control which may be used successfully when 
several thyratrons whose cathodes have not the same potential arc to be con­
trolled, for instance, in welding control devi1.:es. The amplifying tube V is 
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connected in such a way that it passes current during the negative half cycle 
of the anode voltage, so that during this period a current impulse flows through 
the primary winding of transformer Tr. As a result, a voltage is induced in the 
secondary winding and has the form shown at the side. It will be seen that the 
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Fig. J-16. Voltage and ,urrenl fllf'lltl al diff,renl firing angles 
(a) 111itb rtsi11i11t load, (b) 'IPilh mi.wd resisli1't and ind11&ti,,e load. 

thyratron is blocked at the beginning of the following positive half cycle ot 
anode voltage. But the grid voltage again passes through the zero axis because 
of the positive bias applied to the grid circuit, and the thyratron fires. The firing 
angle may be varied by adjusting the negative control voltage V, applied to 
the grid of the amplifying tube V. If the current through this tube is reduced 
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3. Thyratron& 

by increasing voltage V 1, a smaller current impulse flows through the primary 
winding of Tr, and the voltage appearing across the secondary winding swings 
negative for a shorter time, thus passing- the zero axis at an earlier moment and 
reducing the firing angle of the thyratron. 

All circuits shown in fig. 3-15 contain :a protective resistor R9 which is inserted 
in the grid circuit of the thyratron. It serves to limit the grid current and will 
usually have a value between 10 k.Q and 50 k.Q. 

The methods of grid control described above arc widely used in electronic 
equipment. There are numerous variants, of course, but they are all derived 
from one or other of these basic circuits. 

The way in which the anode voltage and current are affected by change of firing 
angle must now be considered. In fig. 3-16 the voltage and current curves are 
depicted for several values of the firing angle 'I'· At (a) pure ohmic load is assumed 
whilst (b) shows the curves when the load is inductive. In the first case current and 
voltage are in phase, so the current half wave will be "cut" if the firing angle 
increases. Moreover it is seen that the whole firing angle range from 180 to 0 
degrees is needed for current control from zero up to its full value. In case· 
of an inductive load the current wave lags with respect to the voltage curve, 
so the full current wave may pass the thyratron even if the firing point is retarded 
by a certain angle 'Pt· On the other hand the average current approaches zero 
for firing angles <p2 which arc smaller than 180 degrees, so it is evident that 
the firing angle range needed for full regulation is considerably smaller than 
in the case of a purely resistive load. When the load is entirely inductive the 
current flow ceases at the moment when the area CDE is equal to the area ABC. 
However, if there is a resistive component of load (which will always be so in 
practi:e) the current flow ceases earlier. The difference between ABC and CDE 
is then equal to the voltage drop resulting from the resistive load component. 

As mentioned before, it is possihle 
to construct rectifiers with thyratrons 
in which the output power may be 
easily adjusted by grid control in any 
way desired. The basic circuits used 
in this application arc the same as 1000 

described in the preceding chapter. 
Practically all that was previously said 
concerning the behaviour of gas-filled 
rectifying tubes is equally valid for 
thyratrons because as soon as they be­
come conductive they behave just like 
gas-filled diodes. The various control Fig. J- t l. Blork diagram of a ,o,rtrolleJ 
circuits, however, will be described in thru-phare rectifier. 
detail in the second part of this book. 

In fig. 3-17 the block diagram of a controlled three-phase rectifier is shown. 
Assuming firstly that the load is purely resistive, an output voltage is obtained 
which, plotted as a function of the firing angle 'Po (now measured from the 
intersection of two successive anode voltage waves) is of the form depicted 
in fig. 3-18 for three different values of ,p0. On the left of this figure the output 
v0ltagc is shown for the case of unretarded firing. Each tube passes current 
during the time interval T = 2,tr,/111, m being 3 in the case considered. In the 
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centre of the diagram the voltage curve is shown for a firing angle cp0 = "ip, 
where the output current is not yet interrupted, and the conducting time -r per 

I I :·•Jl'a -;-· 
1:•0 ; •• , -• -

Fig. J-18. Output w/Jage cif a 11111/li-phan ruli/ier at 
different firi,ig a,ig/es (resistive load a1111111eJ). 

anode is still not reduced. On the right the output voltage is plotted for a larger 
firing angle. As is seen, the conducting time -r' has become shorter, and the 
output current is no longer continuous. but is interrupted at regular intervals. 

The general expression for the output voltage of an m-phase controlled rectifier 
with ohmic load, in terms of the firing angle cp0, is: 

~+~+.,,. 
2 "' 

V/ = ;:c - f V2 V" • sin ip • dip = 

~ _: +'1'• 
2 "' 

= V2 · ~ • sin :! - V,, • cos 'Po = M V1, • co5 'Po• (3.2) n ,,, 

This voltage differs from the output voltage of an uncontrolled rectifier 
only in respect of the factor cos 'Po· However, the equation (3.2) is valid only 
when the conducting time T is not reduced, i.e. cp0 ~ "ip, where qi obviously 
is given by 

- n n 33 cp = 2-:;;;· (.) 

If the firing angle is 'Po > q,, the reduced conducting time per anode is 

-r' = ~ + ; - <po, (3.4) 

and the output voltage of an m-phase rectifier becomes : 

" 
V0 ' = ;:cf V2 V 1, • sin ip • dcp = v.2;:i · [ 1 - sin (cp0 - ;)1 · V 1,. (3.5) 

" ,, 
2-;;; + 9'• 

As can easily be seen from fig. 2-15, m a two-phase rectifier the anode con­
ducting time will always be reduced if 'Po> 0. This conducting time is T' = n -q, 0• 

T!1e output voltage of a controlled two-phase rectifier isaccordingtoequation (3.5): 

V.' = VZ • (1 + cos cp0) • V,,. (3.6} 
n 
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3. Thyratrons 

If the firing angle <p0 is not measured from the intersection of two successive 
anode voltage waves, but is referred to the point at which the anode wave crosses 
the zero axis (sec fig. 3-10), then: 

(3.7) 

as can be seen from fig. 3-18. 
Things are quite different, however, if the load of the rectifier is mainly in­

ductive. In this case the current from each anode continues until the following 
anode becomes conductive. This is shown in fig. 3-19 for different firing angles, 

' ' ' ~.,:: 
Fig. 3-19. 01'tpu1 voltage 4 a multi-phast rutifar al 

di/ftrml firing anglts (inductive load asmmtd). 

m = 3 assumed. A'!t the hatched areas below the zero axis must be subtracted 
from those above the zero axis, the output voltage is lower than in the case 
of a resistive load. For a firing angle <po = 90° the resulting output voltage is 
zero for inductive load, although in the case of a resistive load an output 
voltage will still appear, and will be equal to: 

180' 

v; = 3 
:/;' • f sin <p • dO? • V 1, = 0,34 v,,. 

120° 

(3.8) 

In tlie case of two-phase rectification and an inductive load the mean output 
voltage is: 

'I'• + " 
v , v'2 • v,~j . d 

0 = 3? Sln<p <{', (3.9) 

'I'• 

since in this case each tube conducts <luting t 80°. Integration gives: 

, v'Z·V j ~ 2\1'2 V
0 

= '' • cos 'Po- cos (<ro + :t) = -- • V,, • cos f/'o· 
n n 

(3.10) 

It is thus seen again that for <po = 90° the output voltage becomes zero, whereas 
in the case of a resistive load, an output voltage of 
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(3.11) 

will still be present according to equ. (3.6). 
Parallel connection of thyratrons in order to obtain higher powers is usually 

not practicable unless special precautions arc taken. The reason is that one 
tube will always fire first and, as the arc voltage is lower than the ignition voltage 
of the other tubes, the first tube to fire will take over the whole load. To avoid 
this, resistors R0 can be inserted into the anode leads (fig. 3-20). When the first 

Fig. J-20. Para/It/ ,onnection of two thyratro111. 

tube fires, a voltage drop appears across the resistor in its anode circuit; this 
voltage may be large enough to equal the difference between ignition voltage 
and arc voltage, thus permitting the second tube to fire also. A still better 
arrangement is the use of a balance choke. When the first tube fires, a voltage is 
induced in the other half of the winding by the sudden current rise, and this 
ensures immediate ignition of the second tube. Moreover, the power lost in 
the balance choke is much smaller than that in anode resistors. Fig. 3-20 shows 
schematically the construction of such a choke; the two halves of the winding 
are cross-connected for better performance; the iron core has no air gap. 

The burning life of thyratron tubes is approximately the same as that of gas­
filled rectifying tubes, as far as the effects of ion bombardment of the cathode 
and gradual reduction of gas pressure are concerned. The cathode is either of 
the shielded type or a special cathode is used in which the emitting oxide coating 
is located on the inner surfaces of a multiple subdivided hollow cylinder. 

There is, however, a further risk which must be guarded against. If a portion 
of the emissive cathode coating should evaporate and be precipitated on the 
grid, the grid will emit electrons (grid emission). It will then lose its ability 
to control the tube. By special treatment of the grid surface and other con­
structional features, however, the danger of grid emission can be practically 
eliminated. Moreover this effect is less likely to occur in tetrodes, because in 
these tubes the control grid is well shielded from the cathode by the screen 
grid (see fig. 3----4). 

As already mentioned, the control of thyratrons often is affected by phase­
shifting networks containing both resistance and inductance or a capacitance. 
In fig. 3-21 is given an abac for determining the phase angle <p of such networks. 
A more exact calculation, however, can be made by applying the formula 

<p = 2 tan- 1 (wRC) (3.12) 
for RC networks, and 
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3. Thyratrom, 

(3.13) 

for RL networks. 
Attention is drawn to the fact that in all circuits equipped with thyratrons 

provision must be made to ensure that the tubes arc given sufficient time to heat 
up. The anode voltage may therefore not be applied before the filament current 
has been switched on for a certain time as specified in the data published bij the 
tube manufacturer. 

L to, x,. RL-~• networks Cto, R 
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Fig. 3-21. Tab 't and abac for delmnining the phase angle of RL and RC nt/Dlorlu. 
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4. SENDITRONS 
Another type of tube often employed in industrial applications as a quick­

acting electronic switch or relay is the senditron. It is able to carry instantaneously 
very heavy currents - up to several thousand amperes. Compared with me­
chanial contactors, contactor devices equipped with senditrons arc much more 
reliable, more precise in operation, and often less costly. Unlike that of the 
thyratron, the cathode of the scnditron consists of liquid mercury, as in the 
familiar mercury-pool rectifier valve. There is, however, an important difference 
between the method of starting the scnditron and of starting the mercury-pool 
rectifier. 

In starting the latter, the connection between the mercury pool and an igniting 
electrode has to be interrupted - usually by mechanical means, for instance 
by tilting the tube - when the arc so produced initiates the main discharge 
between athode and anode. During operation a small hot spot is produced 
on the cathode, and moves at high speed over the surface of the mercury. Since 
this cathode spot disappears, and the discharge ceases immediately the discharge 

l 

0 

current falls below a certain value, one or more auxiliary 
anodes arc usually provided in order to maintain the 
cathode current should the main discharge current become 
too small. Repetition of the rather complicated starting 
process, which would otherwise be necessary, is thus 
avoided. However, this device has the disadvantage that 
it involves additional current consumption by the auxi­
liary anodes. There is also the risk of arc-back as the 
result of permanent ionisation. 

In the senditron, however, it is not necessary to main­
tain the cathode hot spot. The firing procedure is sim­
plified in such a way that the tube can be fued practically 

Fig. 4-1. Diag,ammatk I 1 d · d d 
,,;,., of a nnJitro1t. instantaneous y at an accurate y etermtnc time, an 

the fuing cycle may be repeated at very small intervals 
of time up to a specified upper limit of frequency. 

The scnditron contains a capacitive igniter, the operation of which can be 
explained by reference to fig. 4-1. An igniting electrode Z extends downwards 
into the mercury pool k, but is insulated from the mercury by a thin layer of 
dielectric material. ff a sufficiently high voltage is applied between the igniting 
electrode and the cathode, the electric field strength will be sufficient to produce 
a small amount of electron emission ("field emission") *). 

A high voltage momentarily applied to an auxiliary electrode a
11 

accele­
rates these electrons, which attain sufficiently high speeds to ionize the mercury 
vapour atoms by collision, thus starting the main discharge. As in all gas-filled 
discharge tubes, the discharge will be interrupted when the anode voltage drops 
below the value of the arc voltage. 

") Until recently it was thought that the field strength between the igniting electrode 
and the mercury cathode was not sufficient to produce field emission. Later investigation, 
however, suggests that the field causes the mercury su.rface to deform; small peaks 
of mercury arise and cause local concentration of the field up to the intensities necessary 
for field emission. The theoretically calculated time needed for deformation agrees 
well with the small time delays, in the order of 10- 6 seconds, observed by actual 
measurement. 
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4. Scnditron$ 

Not only the cathode k, but also the anode a and auxiliary electrode a,. consist of 
liquid mercury. If other materials were used, the anode material would slowly 
erode during the life of the tube, and might contaminate the mercury surface 
of the cathode, causing irregular firing. 

The advantage of senditrons over thvratrons with heated cathodes is that 
the mercury pool cathode is able to 
deliver currents up to many thousands 
of amperes. In some applications a 
high but only momentary current im­
pulse is desired, the duration of which 
is small compared with the subsequent 
pause, so that the mean current, 
averaged over the complete cycle, is 
much smaller than the peak value. 
Since it is the product of the mean 
current and the arc voltage which 
constitutes the effective power dissi­
pated in the tube, senditrons of small 
dimensions can switch very large 
current pulses of short duration. 

A senditron, Philips type PL 5, of 
a type normally used in electronic 
equipment is illustrated in fig. 4-2. 

Fig. 4-2. Philips PL 5 stndilro11. 

The great advantage of the capa­
citive ignitor used in senditrons is the 
very small energy required for starting 
the main discharge (approximately 
6 milliwatt-seconds). Scnditrons are therefore particularly suitable for controlling 
small welding machines when the ignitron tubes, described in the next chapter, 
would be too expensive. 

One of the most important applications of the senditron is in resistance welding, 
and particularly in spot-welding control systems. To ensure optimum quality 
of the weld, accurate control of welding time is necessary. This may be effected 

I\, 

by the arrangement shown in fig. 
4-3. Two senditrons S1 and S1, 

connected in inverse-parallel (hack­
to-back) are included in the pri­
mary circuit of the welding trans­
former, and function as an inertialess 
contactor. One tube carries the cur­
rent during the positive half-cycles 
and the other during the negative 
half-cycles (see fig. 4--4). Firing is 
controlled by a special timer, the 
operation of which is explained 
in Chapter 12. Fig. 4-J. B,ui, ,imlil of a11 e/uJro,,i, wtldi11g 

,011/at"lor 111ing 1»10 ifllltrn-paralltl ,01111ute,l 
stnditro111. A welding control device using 

two senditrons is particularly sui­
table for spot welding of thin material in mass-production, for instance in the 
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toy industry and in the manufacture of precision apparatus, measuring instru­
ments, watches, musical instruments and so forth. 

A further application is the control of electronic flash-lamps for observing 
or recording the motion of high-speed rotating or moving objects such as 
propellers, motors wheels etc. The basic circuit of such a stroboscope is shown 
in fig. 4-5. Its action is as follows. 

Assuming the flash-tube L to be 
extinguished, the capacitor C is charged r-:,,.::_=-,--~ 

,,.... ... .,. 

'Ollffllt ,,_,,,, 

IVN.2 

Fig. 4-4. Wanforms of "'"'"ts flowing 
through hl>o im,er11.paralltl ro,,Mrttd 

senditrons. 

Fig. 4-J. Baik ,imnt of a strobos,op,. 

by the d.c. source via resistor R. To initiate the flash the scnditron is nade 
conductive, allowing the capacitor to discharge, so that a heavy current surge 
passes through the senditron and the flash-lamp L. By adjusting the value of the 
capacitor, the duration of the flash may be varied between 5 and 10 microseconds. 
The minimum interval between consecutive impulses will depend upon the 
time constant of the RC circuit, i.e. upon the values of R and C, the lower limit 
corresponding to the highest permissible switching frequency of the senditron, 
which in turn will depend upon the de-:ionisation time of the gas filling. 

The timer, once set, automatically controls the flash frequency by continuously 
switching the senditron. It will usually he synchronised at a standard frequency. 
The basic circuit of a timer suitable for stroboscope control is shown in fig. 4--6. 
lt is a relaxation oscillator, the operating principle being as follows. 

When the H. T. supply is switched on, the capacitor C charges up to the full 

Fig. 4-6. Timer dr,uit suitable for the stro-­
boi.op, 1ho11111 in fig. 4-7. 

potential of 400 volts. During the 
charging period the charging cur­
rent causes a voltage drop across 
R, so that the grid of the thyratron 
EC 50 becomes negative with 
respect to the cathode. When C 
is almost fully charged the charging 
current becomes practically zero 
and the negative bias almost disap­
pears, permitting the thyratron to 
fire. The thyratron in its conductive 
condition virtually short-circuits the 
capacitor C which discharges very 

rapidly through the tube and the primacy of the ignition coil, thus inducing a 
very steep-fronted voltage pulse at the transformer secondary. 
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4. Senditrons 

In order to obtain the required 8 to 10 kV for firing the senditron the trans­
former should have a primary winding of 230 turns and a secondary of 18 000 
turns. 

When capacitor C is fully discharged the thyratron is extinguished and the 
cycle repeats. The speed of operation of the circuit depends upon the settings 
of R and C, and with the values specified in fig. 4-(i it is possible to vary the 
frequency of the impulses transferred to the ignition circuit of the senditron 
over the range 0.5 to 250 cycles per second. 

The great advantage of the capacitive igniter with which scnditrons arc equip­
ped consists in the extremely small energy (approx. 6 mW· sec) required for 
initiating the main dischatge. In this respect these tubes compare favourably 
with the ignitrons, discussed in the following Chapter. Senditrons are therefore 
particularly suitable for small apparatus and equipment, in which the use of 
ignitrons would be economically impracticable. 

s 

c, 

Tt : OCG 4/1000 
Tht,Thz: EC 50 

Vt: AZ41 s1,s1 , Pt.s 

g 
U V 

Fig. 4-7. C!,mpleu firing ,irnal for IIIIO ifllltrse-paralltl ,on111,1ed smditrons mitable for small 
welding t(f"ipmml. 

The complete firing circuit for two inverse-parallel connected scnditrons, 
designed for a small spot-welding equipment, is shown in fig. 4-7. Its operation 
will be explained assuming switch S to be closed. A single-phase rectifier em­
ploying the gas filled tube T1 charges capacitor C3 via resistor R,, thyratrons 
Th1 and Th1 being prevented from firing by a negative grid bias derived from 
the two-phase rectifier incorporating the high-vacuum tube Vl' The firing 
of Th1 and Th1 is controlled by the peaking transformer Tr,, the secondary 
of which is included in the grid circuit of the thyratrons. The firing angle ii: 
controlled by the phase-shift method, the phase-shift circuit being formed by 
the primary of transformer Tr1, the capacitor C1 and the variable resistor Rl' 
The operation of such a phase-shifting network has been explained in the pre­
ceding Chapter. 

Because the secondary of Tr, produces a positive and a negative peak during 
each qcle, which differ in phase by 180" (see fig. 3-11), the grid of Th1 attains 
a positive peak potential during the first half cycle and the grid of Th, during 
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the second half cycle, thus causing alternate firing of the tubes. When Th1 is 
ignited, capacitor C3 discharges rapidly through Th1 and the primary of trans­
former Tr2, and the steep-fronted current surge through this winding produces 
a high voltage peak of about 8 to 10 kV at the secondary, thus igniting sen­
ditron S1. 

Due to the inductance of the primary winding of Tr2, the discharge current 
will be maintained long enough for C3 to charge momentarilly with reverse 
polarity, so that for a short time a negative voltage is applied to the anode of 
Th1, causing cxtincton of the tube. 

In a corresponding manner, thyratron Th1 and senditron S1 arc fired in the 
following half-cycle, and the process will repeat as long as switch S is closed. 
On opening the switch the generation of impulses ceases and S1, St cease to 

,,m,ins volt,tge 
/ 

6re. By varying R1 the phase angle, 
and hence the mean anode current 
flowing through S1, S1 and the primarr 
winding of the welding transformer 
can be adjusted (see fig. 4-8). 

--'--'':'---,-"',..._~"Tr-..,----f7f""-~~~ The value of the alternating current 
flowing through two inverse-parallel 
connected senditrons can be derived 
from the average current per tube stated 

Fig. 4-8. I, 'o/tagt and current c11rvt1 n•ith in the published data. Obviously the 
and without retarded firing. mean anode current, In, is equal to the 

integral over one half cycle of the 
alternating current divided by its base n, thus: 

ff 

l 0 = : • f I,.· sin q, • dq, = ! · Ip, (4.1) 

0 

where I"' is the crest value of the alternating current. Since cich tube carries 
current only during alternate half-cycles, twice the value of the mean anode 
current may be assumed, and the r.m.s. value of the resulting alternating current 
flowing through the inverse-parallel connection is: 

n 
I,_= v'l • I.. (4.2) 

For example, the alternating cdrrent through two type PL 5 scnditrons, 
which may carry an average current of 70 amperes each during 0.05 sec, will 
be 70n/v'2 = 154 Anns during this time. 
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5. IGNITRONS AND EXCITRONS 
lgnitrons, which arc often used in industrial equipment for controlling or 

rectifying very large alternating currents, arc discharge tubes consisting essen­
tially of a mercury pool cathode, an anode, and an ignition clcctrodc which 
extends down into the mercury, A sectional drawing of an ignitron is rr.produccd 
in fig. 5-1. The envelope is of stainless steel and bas double walls to permit 
the circulation of cooling water. The anode and cathode leads arc of large 
cross-section since they have to carry very heavy currents. The mercury pool 
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5 Ignitrons and Excitrons 

cathode is at the same potential as the steel jacket, and the anode lead is in­
sulated by a glass-metal seal. 

The ignition electrode or ignitor, which is a rod of refractory material (boron 
carbide), and is shaped like the pointed end of a lead pencil, dips into the mercury 
pool but is not wetted by the mercury (sec fig. 5-2). If a positive potential of 
about 150 volts is applied to the ignition electrode, a momentary current of 
approximately 10 to 40 amperes will flow, and will cause a tiny arc at the junction 
between the ignitor and th~ mercury. This arc immediately initiates the main 

0 

/gllit/OII rod 

- ,rw,ury pool catlt«H 

Fig. 5-1. S,,tional diagram of an ignitron tub,. 

discharge between the mercury 
cathode and the positive anode, 
the familiar small cathode hot spot 
appearing on the surface of the 
mercury. Ignition takes place by 
virtue of the very strong electric 
field which arises at the junction 
of the ignitor rod and the mercury 
pool, thus drawing electrons from 
the mercury. 

The main discharge ceases and 
the cathode spot disappears if the 
anode voltage falls below the "arc 
voltage" value or if the anode 
current falls below a certain critical 
value. The arc voltage value is 
in the order of 12 to 18 volts as 
in the case of mercury vapour 
thyratrons, so the tube losses arc 

rifn//or 

arc 

Fig. 5-2. D,tail of the 
firing arrang,mml in an 

ig11ilron tub,. 

small compared with -the output power, and the overall efficiency, even at 
low output voltages, is high. Two general types of ignitron tubes arc available -
those designed for high peak anode currents at comparatively low voltages in 
the order of 250 to 600 volts, and those designed to deliver high average currents 
at high anode voltages up to 2400 volts. The former arc mainly intended for the 
control of welding equipment and the latter for the rectification of heavy currents. 
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Rectifier igrutrons differ from welding control ignitrons in that they have 
additional built-in baffles between cathode and anode in order to withstand 
high inverse voltages up to several thousand volts. They also have a second 
ignitor electrode, which may be held in reserve, and an auxiliary anode is also 
fitted in order to maintain the cathode spot should the main anode current 

0 0 
fall temporarily below a value 
of about 10 amperes, as may 
happen, for example, in rec­
tifier circuits if the connected 
load produces a counter elec­
tromotive force. 

Fig. 5-3 is a sectional 
drawing of a rectifier igni­
tron. Rectifier ignitrons can, 
of course, be used also in 
welding equipment if con­
nected in inverse-parallel. 
Similarly, a welding control 
ignitron may be used for 
rectification if due precau­
tions are taken. 

The limiting operating 
conditions for ignitron tubes 
are determined by the max­
imum permissible values of 
the anode voltage and of 
the instanuneous anode cur­
rent. Another important fac­
tor is the temperature and 
the rate of flow of cooling 
water, for these not only 
determine the amount . of 
power which can be dissi­
pated but also the mercury 
vapour pressure within the 
tube. For example, the 
Philips Ignitron Type PL 
5555 may carry an average 
anode current of 200 am­
peres. Since the arc voltage is 

Fig. 5-J. Cont/ruction of a rertiji,r ignitron. about 17 volts, power losses 
of approximately 3.5 kW have to be dissipated, and because the heat capacity of 
the electrodes of ignitrons - as of all electron tubes - is comparatively small, 
temperature equilibrium is reached very quickly. Moreover, high momentary 
current peaks cause a rapid rise of vapour pressure in the tube, approximately 
0.75 grammes of liquid mercury being v:aporised for an electrical quantity of 100 
ampere • seconds. Care must therefore b~ taken that adequate water cooling is 
provided to keep the gas pressure low enough to avoid arc-back or loss of control. 
Roughly speaking, the mercury vapour pressure is doubled for every 10 °C of 
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temperature rise, so that the maximum permissible pressure is reached very rapidly. 
The lower temperature limit is determined by the freezing point of the cooling 

water and by such a low vapour pressu.re that adequate generation of ions cannot 
occur. The ignitor, however, will operate successfully even in a pool of frozen 
mercury. 

The published data of an ignitron include the values of current and voltage 
required for ignition and the maximum permissible positive and negative 
potentials at the ignitor. The positive voltage is usually equal to the anode 
voltage; the negative voltage must not be more than ~ few volts, since an invcne 
current would cause a cathode spot to form on the rod which would become 
damaged after a very short time. For this reason, a rectifying element, which 
passes current in one direction only, is always inserted in series with the ignitor. 

An importllnt field of application for ignitrons is the control of resistance 
welding equipment. The electrical portion of this equipment consists of a trans­
former, and means for closing and interrupting the primary circuit in order 
to control the duration of the welding time. The devices previously used were 
chiefly switches and mechanical contactors, but in many cases these have proved 
unable to withstand the heavy duty demanded. For example, even the currents 
flowing in the primary circuit are fairly large, and trouble quickly arises due to 
burned contacts. Again, mechanical 
contactors possess considerable in­
ertia, and this affects the accuracy 
of timing, and thus the quality of 
the weld. Ignitrons, however, do 
not suffer from either of these 
defects. A 

The basic circuit for welding 
control is shown in fig. 5-4. Herc, ,r.,ams "' 

~hi:~d a;~ ::nn:h~c~w~act1:~:ct 11 

$el 

in the primary circuit of the welding Fig. 5-4. Basic circuit <?f an igflitron welding 
transformer; R

1 
and ~ are resistors, contactor. Rtsistors R1, R.i art often rtplaftd by 

selmium rectifiers in order to hep lot itt111rse 
Se/1 and Seli arc selenium rectifiers, "'"'"' through tht ignitors /ow. 
and S1 is an automatic safety switch 
which interrupts the circuit if the flow of cooling water is insufficient. 

Resistor R3 across the primary of the welding transformer has two functions. 
The discharge in an ignitron may he considered as a number of small discharges in 
parallel, each carrying a current of about 10 amperes. When the current decreases, 
towards the end of a half-cycle, the individual discharges arc extinguished in 
succession, until finally the last one breaks down, the current thus suddenly 
interrupted amounting to approximately 10 amperes. A voltage surge thus arises 
at the transformer primary, and might cause damage but for the fact that the 
primary is by-passed by R8. Furthermore, R3 , by providing additional load, 
assists in maintaining the discharge if the current in the primary winding drops 
below the critical value. 

The operation of the circuit reproduced in fig. 5-4 may best be followed 
by assuming that terminal B of the mains is positive at the instant switch S2 
is closed. Current then flows from B through the load to the cathode of ignitron 
/ 1, and then via the selenium rectifier Sels, through S2, S1 and resistor R1 to the 
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ignitor of Ii- The current impulse now flowing through the ignitor is sufficiently 
great to produce a cathode spot, thus initiating the main discharge, the anode 
of / 1 being positive. 

When the current flow through / 1 ceases, a positive potential appears at the 
anode of / 2 due to the inductance of the •ransformer winding, so that / 2 is ready 
to ignite as soon as the direction of the current reverses. In this way tubes / 1 
and / 2 conduct alternately until the circuit is interrupted by S2• Inst~ad of S2 
a special mechanical or electronic timer may be employed to provide exact control 
of the welding time. Suitable timers will be fully described in a later chapter. 

The selection of suitable ignitrons for a given welding equipment is determined 
1~,oc by the maximum kVA demand. The 
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output pow.::r of each type of ig­
nitron can be ascertained from the 
diagrams published by the tube 
manufacturers. In these diagrams 
the kV A output obtainable from two 
tubes connected back-to-back is plot­
ted as a function of the maximum 
average c-,.irrent per tube (see fig. 
5-5). These diagrams are usually 
valid for mains supply voltages 
between 250 and 600 V rms• For lower 
supply voltages the values '.lt 250 
volts apply. The diagram for the 

A.,.,-a~5~";;•Zo'!~7! 1W tcoe PL 5555 is valid for 2400 V rms 

only. 
Fig. 5-5. Dt111and kV A ratings of ignitrons 

for .,,/ding equipment. If the supply voltage is V and 
the kVA demand P, the r.m.s. 

value of the current through a pair of inverse-parallel connected tubes is: 

/d = 1000P' (5.1) 
V 

and the average value of the current per tube is: 

l - V2 . l - 1000 V2 p 
m- :,r: d- :n:V • (5.2) 

The corresponding averaging time, Tav, can be calculated from the average 
current per tube I mu. corresponding to the maximum kV A demand at the given 
supply voltage, which is assumed to flow during 0.5 seconds, and the corres­
ponding maximum average anode current per tube, /

0
, which can be taken 

from the diagram. Thus: 

(5.3) 

and 

T - 0 225 · Jdmu 
av- • T" (5.4) 

The time, I, in each averaging time, during which a current of the average 
value per tube, / 11., may flow is therefore: 
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5 Ignitrons and Excitrons 

(5.5) 

The ratio of / to Tav is the "duty factor", D. In the form of a percentage, 

D = _!_ • 100 = 10 
• 1003/o. (5.6) 

Tav Im 
As an example, the kV A demand of a welding machine may be P = 1200 kV A 

at a supply voltage of 500 V,m,• Two ignitrons, Philips Type PL 5552 are used, 
and are capable of controlling a maximum load of 1200 kV A. From equation 
(5.1) the r.m.s. value of the demand current is: 

1200 000 
Id = 

500 
= 2400 amperes. 

From fig. 5-5 it is seen that the maximum kVA demand corresponds to a 
maximum average anode current per tube of 75.6 amperes. So the averaging 
time will be: 2400 

Tav = 0.225 • 
75

_
6 

= 7.1 seconds. 

The average value of the demand current per tube is: 
1.41 X 2400 

Im= 
3
_
14 

= 1080 amperes, 

the maximum conducting time per averaging period is: 
_ 75.6 X 7.1 _ O 

5 t -
1080 

- . second, 

and the corresponding duty factor is: 

D = 0.5 X 100 = 7%. 
7.1 

This means that two PL 5552 tubes may carry an alternating current of 2400 
amperes at a supply voltage of 500 volts with a duty factor of 7%. The same 
information can be obtained from the corresponding characteristic shown in 
fig. 5--6 in which the current through two inverse-parallel connected tubes is 
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plotted as a function of the duty factor, for different supply voltages and types 
of tube. 

In some cases it may be desirable to control the power, and consequently 
the amount of heat applied to the work, by delaying the instant at which the 
ignitrons fire in each half cycle. Adjustable delay can be applied by controlling 
each ignitron by a separate thyratron as shown in fig. 5-7. The thyratrons T1 
and T2 arc connected in series with the ignition electrodes of 11 and 11 respectively. 
Assuming terminal B to be positive, T1 will be fired by a positive peak applied 

4 

8 

Fig. 5-7. lgnilron welding contaclor with heat control. 

to its control grid, and a current surge of approximately 40 amperes will flow 
through T1 and the ignition electrode of 11, firing the ignitron. In the same 
way 12 will be fired via T2 in the following (negative) half cycle. The igniting 
peaks applied to the grids of T1 and T2 are taken from the peaking transformer 
Tr 3, and arc in anti phase. The primary ofTr 3 is fed from a phase-shifting network, 
the chief components of which are the primary of Tr1, the capacitor C5 and the 
variable resistor R1• The operation of this type of phase-shifting network has 
already been explained in Chapter 3. The thyratrons are also given an adjustable 
negative grid bias supplied by two rectifiers comprising the tubes V1 and V2 
and their associated circuits. By means of R1 the phase delay of the peaks applied 
to the thyratron grids can be adjusted in order to control the mean current 
flowing through the ignitrons and the primary of the welding transformer, in 
a similar way to that previously shown in fig. 4-8. 

Fig. 5-8 again shows the voltage and current curves appearing in such a 
drcuit, with and without phase delay. For the sake of simplicity the theoretical 
case in which cos <p = 0 has been assumed. 

Another important application of ignitrons is in industrial rectifiers, where 
continuous control of the output power can be obtained by phase-delayed 
ignition. Such rectifiers are employed, for example, for power supply to rolling 
mills, conveyor belt installations, electri<: locomotives and so forth. The basic 

56 
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circuits for these applications are similar to those already described in Oupters 
2 and 3. The special firing circuits, however, will be described in a later chapter. 
An ignitron, Philips Type PL 5555, designed for rectifying currents up to 200 
amperes, is illustrated in fig. 5-9. 

The life of ignitrons may be expected to be even greater than that of normal 
gas-filled tubes. When ultimate failure occurs it may be due to air leakage or 
to ignitor failure. Air leakage may be recognised by the tube passing current 
under certain circumstances without the ignitor being operated. 

m11i111'IOII. 

curr#lt .,;tit ,,,,,.-,rt•rd«J i(lflition 
(11aum«f COi 'f' • OJ 

a,rrw,t tllrwglt luM r, 

cur,w,I llnug/, 11/M 12 

wo/t11g. IICl'OSI ignitrott t~• 
.,;tit ,rt.,_ ignition 

w,lt11g. ll<l'OU w.lding ,,.,,,fotrrw 
(llfC r'Ollag,lou•• n«Jl~IN) 

Fig. 5-8. Voltage mtd ""'1'tll'J anvu of a tkvifl ammJi11g lo 
jig. 5-7 r,,iJb and r,,itboui pbare tklay (cor q> = 0 auumetl). 

The vacuum may be tested by applying a potential of from 5 to 10 kV betw:en 
cathode and anode, a series resistor being included to limit the current to fr0m 
5 to 10 milliamperes. If the tube passes current for longer than one miuutc, 
gas "clean-up" may be attempted by operating the tube carefully under reduced 
load. If the tube again passes current when the high tension test is repeated, 
the tube should be replaced. Another simple test for air leakage can be made 
with a low frequency spark coil, connected to the anode lead. If a continuous 
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reddish glow is seen in the interior of the tube, it has become "gassy" and should 
be replaced. Air leakage often causes arc-back, which is usually accompanied by 
severe flashing or showers of red-hot sparks visible through the anode seal. 

Ignitrons with burned igniting electrodes, caused for example by reverse 
current, arc inclined to misfire. This failure can be confirmed by measuring 
the resistance between the ignitor and the mercury cathode, for instance with 
a "Philoscope". The cold resistance in a good tube is usually between 10 and 
150 ohms. but may be as low as 5 ohms or as high as 500 ohms. It may also 

Fig. 5-9. 200 ampere redifar ignilro,r. 

happen that the igniting rod has become "wetted" by the mercury. This may 
occur if the tube has carried excessive current, when cathode spots may form 
on the steel wall of the envelope. Metal may then be vaporised and will ultimately 
enter the mercury pool, later to be re-evaporated by the arc appearing in each 
cycle between the ignitor and the mercury pool. The metal will then be deposited 
on the igniting rod and will form an amalgam with the mercury. A simple 
method of testing for this condition is to measure the resistance between ignitor 
and cathode, tipping the tube slightly to withdraw the ignitor slowly from the 
mercury pool. If the ignitor is in good condition a gradual increase of resistance 
should take place, but if the ignitor is "wet" the resistance will remain constant 
for a rime, and then suddenly jump to a higher value. 

When a tube approaches the end of its useful life it becomes "hard-starting", 
that is to say a longer and higher current impulse through the igniting electrode 
is required to start the main discharge. In the firing circuit described above, 
this defect may be rccogni~cd by intense flashing of the thyratrons during each 
firing operation. Careful supervision of the performance of the equipment will 
indicate when it becomes necessary to replace a hard-starting tube. 
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Another tube occasionally used in industrial electronic equipment is the 
Excitron. This is also a gas discharge tube with mercury-pool cathode, ignition 
electrode and an auxiliary anode. Unlike the ignitron, however, the ignitor 
of the excitron is operated only once when the equipment is switched on, the 
cathode spot thus generated being maintained continuously by the auxiliary 
anode which is fed from a d.c. source. 

Furthermore, the cxcitron has both an anode and a control grid, so that, the 
auxiliary discharge once started, it behaves in a similar way to a thyratron. Since 
the envelope is usually made of stain­
less steel, the mercury pool cathode is 
surrounded by a ring of insulating 
material to prevent the continuously 
maintained cathode spot approaching ;:J:, -
the side walls. In addition, special 
shields and baffles are provided 
between cathode and anode to render 
the tube capable of withstanding a j.=:,, 
high inverse voltage. 

Excitrons are chiefly employed in 

--------

o--..----gtid 

rectifiers handling large currents. In igt,/tor----+-+--­

many cases, however, ignitrons or 
multi-anode rectifying valves arc pre- ~illf 
ferred, so that the range of application 
of the excitron in the industrial field 
is not extensive. 

Fig. 5-10 is a sectional diagram of 
an cxcitron. The electrical data of F.,,0 • 5-10. s 1• I d. if ·, 

6 u ,ona 1agra111 o an exa ron 
this class of tubes are very similar tube. 
to those of ignitrons and thyratrons, 
and a fuller description is therefore n.ot necessary. 

59 
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6. VOLTAGE STABILISING TUBES 
Voltage stabilising tubes are gas-filled discharge tubes which can be used 

for maintaining a voltage at a constant value or for smoothing voltage fluctuations 
caused by variations of the load or of the mains voltage. They may also be 
employed as voltage limiters and for generating oscillations of saw-tooth wave­
form. It will thus be seen that these tubes have a wide field of application in 
electrotechnics, in radio and television, and in industrial electronics. 

The voltage reference tube is a special type of stabilizing tube. It has the 
advantage of keeping the voltage extremely constant within narrow current 
limits (a few millivolts only) even after prolonged use, which makes it par­
ticularly suitable for providing a reference voltage, for example in stabilizing 
equipment, thus rendering the use of standard cells superfluous. As a rule voltage 
reference tubes arc designed for currents up to a few milliamperes only. 

The special properties of voltage stabilising tubes arise from the sh2pc of 
the curve relating the voltage across a cold cathode glow discharge and the 
current flowing through it. This curve is of the form illustrated in fig. 6-1. 

If a direct voltage of a certain critical value (known as the "ignition voltage", 
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V i«u) is applied between the cathode and anode of the tube, the electrons emitted 
by the cathode ( negative electrode) attain sufficient speed to ionise any gas 

,. ,. 

atoms with which they may collide. The positive 
ions thus produc:cd are attracted to the cathode, 
which they strike with sufficient force to liberate 
further electrons. Eventually a continuous dis­
charge is set up. If, now, the current through the 
tube increases, the amount of ionisation also in-
creases to a point at which the discharge can be 
maintained by primary electrons travelling at much 
lower speeds, that is to say the voltage across the 

Fig. 6-1. Voltage-,"""'' dut- tube necessary to maintain the discharge is reduced 
1"4 "' 01 ad/0/:; ,albode g/oa, to a value known as the "operating voltage". 

" rg,. Further increase of current. through the tube in-
volves only a small increase of the voltage across the tube, this is mainly the 
voltage drop occurring between the cathode and a positive ion space charge. 

It is upon this fact - that over a given range of current values the voltage 
across the tube is substantially constant - that the operation of the voltage 
stabiliser is based, the actual value at which the voltage is stabilised being the 
average value (V..) of the operating voltage. It should be stated, however, that 
if the current is increased beyond a certain value Imu, the voltage rises again 
and the nature of the glow discharge changes to an arc discharge. Under this 
condition, the heat generated by the rapidly increasing current damages the 
tube, and it is therefore essential that a protective resistor of suitable rating be 
connected in series with the stabiliser tube unless the voltage sourc.c: bas a 
sufficiently high internal resistance to limit the tube current to a safe value. 

It will be obvious that the flatter the curve between the points / 0 and lmu 

in fig. 6-1, the more accurate will be the stabilising effect. If this part of the 
curve is assumed to be linear, it may be described by the equation: 

V= V,+ tJI· R. 
R is the so-called a.c. resistance and is: 

LIV 
R= Al° 

Obviously a small value of R is desirable for good stabilisation. 

(6.1) 

(6.2) 

Fig. 6-2 is the basic circuit for stabilising a direct voltage which is subject 
to fluctuations. It is, of course, essential that the supply voltage V 6 is greater 
than the ignition voltage of the stabiliser tube. If 
v. changes by an amount ± LI v., there will be a 
corresponding change in the current through R1 ; 

but since the voltage V., across the tube is practically 
constant and independent of the current through the 
tube, the whole of the variation in v. will appear 
across Ri- The change in the current through R1 Fig. 6-2. Bari, 110ltag, sla-
is therefore: bi/iring ,imat. 

AI - tJ V. (6.3) 
- R1. 

Because the voltage across the load ~. and thus the current /1 flowing through 
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it, arc practically constant, the change ,1/ in R1 is almost entirely carried by the 
tube, so that the nett voltage change across the load is, according to equation (6. 1): 

R 
JV,= JI· R =-·LIV •. R, 

(6.4) 

In order to ensure good stabilisation, R1 should therefore be as large as possible. 
However, an upper limit is imposed for R1 by the minimum current / 0 required 
to maintain the discharge (sec fig. 6-1). The following condition must therefore 
be fulfilled: 

(6.5) 
or 

R :5:: Vb-AVb- v.. (6.6) 
l - lo+ Ia • 

A further limitation is imposed by the necessity of ensuring that ignition 
of the tube can occur. When the tube is non-conducting, 
the supply voltage Vb appears across the resistors R1 

and R,. in series, and care must be taken that the put 
of this voltage appearing across R,. is greater than the 
ignition voltage V;gn. The following condition must 
therefore be satisfied: 

v,-Llv. 
R1 + R,. • R1 > V;,,.. (6.7) 

or, with 

v. 
Hi= 7· a 

R (Vi- LI Vi - Vi,,.) V., 
1 < V1cn /

1 
• 

(6.8) 

Experience shows that a lower limiting value of R1 
results from condition (6.8) than from condition (6.6). 
This means that, due to tube ignition requirements, the Fig. 6-J. Philips 85A2 

li 
110ltagt r~(,rtnct tube. 

stabi • sing effect obtained is less than that which would 
be possible if R1 could be chosen solely by consideration 
of the minimum tube current requirement. 

Finally R1 must be chosen with due regard to the maximum permissible 
current I,,_ through the tube. If the supply voltage changes from Vb - LI Vb 
to Vb + LIV&, the current through the tube increases, but must not be allowed 
to exceed the value Imn• Since the voltage across R,., and thus the value of / 1 
are practically constant, the following condition must be satisfied: 

R1 ~ V, + LIV, - v.. (6.9) 
- lmu. + I, 

This gives the lower limit for the series resistor Rr 
The following calculation for a practical case will serve by way of example. 

Let it be assumed that a stabilised direct voltage of 85 volts at a load current 
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of 2 milliamperes is required, and that the nominal mains voluge of 200 volts 
is subject to fluctuations of ± 15% - a percentage fluctuation which is ,,uite 
typical of present-day conditions. Further, let it be assumed that a voltage 
reference tube Type 85 A2 is selected *). This tube, which is illustrated in fig. 6-3 
has the following characteristics: 

Operating voltage ( V.,). . . . . . . 
Ignition voltage ( l/ign) . . . . . . 
A.C. resistance (R) (average value). 
Maximum tube current (l m.u) . 
Minimum tube current (!Cl) . . . 

According to condition (6.6): 

R ~ 200 - 30 - 85 = 28 kQ 
l- 1+2 , 

However, according to condition (6.8): 

R (200 - 30 - 125) X 85 = 15 3 kQ 
1 < 125 X 2 • ' 

and according to condition (6.9): 

200 + 30-85 
R1 ~ l0+ 2 = 12.1 kQ. 

85 V 
125 V 
300 Q 

10 mA 
t mA 

A value of 15 kf.? for R1 will therefore be chosen, and ch(- fluctuation of the 
output voltage, LI V1 will be, according to equation (6.4). 

V 
{V) 
8(J 

86 

84 

tu 

H-->-

-

0 

•t-

-

,I-:~-~' I I 

I I 

I ' I II I I I 
.,-, 'I 

- ---- Voltage limits 

-
~ 

l 4 

1R01104 
.....!. 
' 4--

I I I' ' I I 
I'. I I 'I 

I• I 

I I I 

I 

6 8 I1m.1 

Fig. 6-4. Voltag,-rurrent ,haraeltrillk of th, 85 A2 1tabili1i11g tube. 

K) 

*) Instead of the voltage reference tube 85 A2 a voltage atabiliecr such as the 90 Cl 
can be u~ if the requirements imposed on the voltage stability arc not too stringent. 
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300 X 30 
LIV 2 = 

15 000 
= 0.6 V. 

It is thus seen that a variation of about ± 15% in the input voltage results 
in a change of only about ± 0,7% in the output voltage across the 85 A2 tube. 

If a higher stabilised voltage than that according to the operating voltage 
of a given tube is required, two or more stabilising tubes may be connected 
in series. The overall characteristic of such a combination can be calculated by 
adding the voltages across the several tubes for the appropriate current, while 
the overall a.c. resistance is, of course. the sum of the a.c. resistances of the 
individual tubes. 

The voltage required for igniting such a chain of tubes need not, however, 
be the sum of the ignition voltages of all 
the tubes. If, as shown in fig. 6-5, one of the 
tuhcs is by-passed by a resistor R3 of high 
value, the remaining two tubes will ignite 
first, after which a voltage equal to twice V,. 
appears across them, and the remaining part 
of the input voltage suffices to ignite the R2· 

by-passed tube. 
When it is desired to stabilise the voltage 

between very close limits, the multiple 
stabiliser circuit shown in fig. 6-6 may be 
employed. Here, tubes I and II produce a Fig. 6-5. Series ,011111&/ion of 1ta-
ccrtain degree of stabilisation so that a sub- bilising 11,bts 
stantially constant current flows through tube 
III which, in turn, finally stabilises the voltage appearing at the slider of the 
potentiometer. The stabiliser Type 85 A2 is particularly suitable for this appli-

215V 
(m-100v, 

I 
I 

Fig. 6-6. M11/tip/1 stabilising rir,uit. 

+ 
Vo 

D ... ISV 

cation, and using three such tubes in the circuit shown, the fluctuations in V 
0 

are only ± 0.005% for a ± 100/o variation of the input voltage. 
It should be mentioned that it is not permissible to connect stabiliser tubes 

in parallel in order to operate at a higher current. In such circumstances tubes 
having a larger current range must be used. 

Voltage stabilising tubes arc occasionally used for generating saw-tooth 
oscillations. The basic circuit is shown in fig. 6-7. The tube is connected to a 
direct voltage source via the series resistor R1, and is also shunted by the ca­
pacitor C. The capacitor charges via R 1 until the voltage across C is equal to 
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the ignition voltage of the tube, when the tube ignites and the capacitor discharges; 
the initial value of the discharge current corresponding to point 2 on the tube 
characteristic is also reproduced in fig. 6--7. The voltage across the capacitor there-

~ 

Fig. 6-7. Saw-loolh ouillalor ,imal. 

fore decreases, and so docs the discharge current. The value of the voltage 
follows the curve from point 2 towards the point 3. At the same time, however, 
current also flows from the supply source to the capacitor through R1, thus 
charging it once more. 

If the discharge current through the tube is equal to the charging current 
through R1, a condition of equilibrium is set up so that the voltage across the 
capacitor becomes constant, and no oscillations will be generated. This will 
be the case if the line corresponding to the equation: 

"=- V• - IR1 (6.10) 

intersects the curve at the point 3. If, however, the value of R1 is sufficiently 
high, the intersection will be at some such point as 4, the chuging current via 
R1 will be less than the discharge current through the tube, and the voltage 
across C will continue to fall until the tube is extinguished. The capacitor will 
then charge up again to the value of the ignition voltage. and the cycle repeats. 
To make the circuit opentive, therefore. the value of R1 must be so chosen that 
the intersection of the line and the tube characteristic curve falls on the left­
hand side of the lowest point of the curve. 

In electronic regulators, where some variable physical quantity" such as a 
pressure, temperature, velocity e•c .• is represented by a voltage. a very constant 
reference voltage is required for the purpose of comparison. Such a constant 

+ 

voltage can be obtained by using voltage 
reference tubes, such as Philips Type 
85 A2. This tube bas a cathode of pure 

+ molybdenum, and in order to avoid 
damage to the cathode surface and conta­
mination of the gas filling, the inner 
surface of the glass envelope is coated 
with a layer of molybdenum. This coating 

,..,.,.! . .a ......... ~r, serves as a screen between the bulb 
and the gas discharge. ensuring high sta­
bility of the operating voltage throughout 
life. 

Fig. 6-8. Vollag4 11abilili,rg tirnul 
11Ji,rg a,r 85A2 refm,ia ltiht. 

Fig. 6-8 is the basic circuit for this 
application. the 85 A2 being used as a 
voltage reference tube. Its operation is 
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as follows: Increase of the input voltage V 1 causes a corresponding increase of the 
output voltage V2, so that the control grid of the E 83 F pentode, which is 
fed from a potentiometer across V2 becomes more positive. The anode cur­
rent of the E 83 F therefore ri,;es, and the potential at its anode and thus at 
the control grid of the power pentode E 80 L decreases. The voltage drop across 
the E 80 L therefore increases, thus tending to stabilise the value of the output 
voltage V2• 

The effectiveness of the stabilising process depends upon the constancy of 
the potential at the cathode of the E 83 F, and it is the function of the 85 A2 
to ensure the constancy of this reference voltage. 

The maximum current output of this circuit is determined by the maximum 
permissible anode current of the E 80 L. Higher outputs may be obtained by 
using a power tube of higher anode current rating. 

When using voltage stabilising tubes it is important to remember that the 
electrodes have been polarised in the course of manufacture. The electrode 
marked "Anode" must therefore always be connected to the positive terminal 
of the voltage source. 
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7. PHOTOCELLS 
During recent years the practical applications of the photoelectric cell, or 

photocell as it is more usually termed, have greatly multiplied. In addition 
to their familiar use in sound-film equipment, they are now employed in a 
wide variety of devices for automatic control, signalling and w.arning, partic­
ularly in connection with counting, and checking the uniform quality of finished 
products. They are also used in alarm and protective circuits in banks, museums, 
shops, offices and so forth. 

Photocells arc diode tubes consisting of an anode and a cathode sealed into 
a glass envelope which is either highly evacuated or gas-filled. Unlike that of the 
thermionic diode, the cathode of a photocell is photo-emissive, that is to say 
it emits electrons when irradiated by light. The cathode is usually semi-cylindrical 
in form, while the anode is usually a single wire 5ituated approximately at the 
centre of the half-cylinder. The chemical structure of the photo-emissive cathode 
is rather complex, and usually consists of a layer of pure silver on which is 
deposited a thin layer of the oxide of one of the alkaline metals such as caesium, 
throughout which there is distributed a certain quantity of the free atoms of 
the metal. 

When light falls upon such a cathode, the free atoms are ionised, electrons 
being liberated. These electrons then move towards the positive anode. The 
amount of light energy required to ionise a given atom depends upon the location 
of that atom with respect to its neigbouring atoms. 

Owing to the random nature of the structure of a photo-emissive cathode, 
its sensitivity is not uniform over its whole surface. If, however, the light beam 
operating the cell is made divergent by means of a suitable lens, so that the 
whole of the cathode surface is irradiated, the cell will operate at a constant 
mean sensitivity. Errors due to the non-uniform distribution of the free atoms 
over the cathode surface cancel each other out, and furthermore, the risk of 
local overloading of the cathode will be avoided. 

The spectral response of a photocell depends upon which alkali metal is 
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employed in the cathode. For example, caesium cathodes have a maximum 
sensitivity when irradiated with light having wavelengths between 7000 A 
and 9000 A, that is to say in the red and infra-red region of the spectrum as 
shown in fig. 7-1. Such cells arc usually preferred in industrial devices since 
their spectral response corresponds to the more commonly used sources of 
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Fig. 7-1. S p,ctral responre cl/nit of a photocell with caesium cathode. 
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illumination. A very good blue-sensitive cathode is the caesium-antimony 
cathode. As seen from the spectral response curve reproduced in fig. 7-2, the 
greatest sensitivity of the caesium-antimony cathode is the range of wavelengths 
between 3800 A and 4500 A, that is to say for violet and blue light. Ultra­
violet rays which have wavelengths below 3850 A are absorbed by the glass 
envelope of the tube, so the curve does not continue below this value. If photo­
cells sensitive to ultra-violet radiations arc required the bulb must be provi<!ed 
with a quartz window through which these rays may pass and reach the cathode. 

The maximum permissible cathode current for a particular type of tube is 
specified in the published data, and is the maximum permissible current when 
the entire cathode surface is uniformly illuminated. If, however, the operating 
conditions are such that only a part of the cathode surface is illuminated, t~e 
cathode current must be correspondingly reduced. 

Even when a photo-cathode is not illuminated it will emit a small number 
of electrons, the emission depending upon the ambient temperature. The "work 
function" of the cathode surface is so low that even at room tcmperatu.rc some 
thermionic emission is observed. This "dark current" is, however, very small, 
being of the order of to- 8 amperes per square centimeter for a caesium cathode. 
For normal industrial applications, the.refore, the dark 
current can usually be neglected since fairly high light + 

intensities will be used, so that the ratio of photo emission 

II 

to dark current will be large. Only in very sensitive ap- rb 

paratus where great accuracy is required will the dark 
current introduce appreciable errors, but this can be 
corrected by compensating circuitry. 

Fig. 7-J. Ba1ir <ir­
mit of a high-11aa111111 

photocell. 

In the basic circuit reproduced in fig. 7-3, a high­
vacuum photocell is connected in series with a resistor R. 
If a sufficiently high positive potential (approximately 
80 volts) is applied to the anode, all the electrons emitted by the cathode will 
pass to the anode. Further increase of the anode voltrage docs not result in any 
increase in the tube current - in other words the tube operates as a saturated 
diode. 

This is shown in the characteristic curve, f;g. 7-4. If, however, the voltage 
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Fig. 7-4. Characlerislirr of a high-vac1111m 
photou/1 111ilh load lines. 

applied to the anode is less than the sa­
turation value, not all the electrons emit­
ted by the cathode will reach the com­
paratively small anode, a proportion of 
them returning to the cathode, so that the 
value of the anode current is smaller 
than the saturation current, i.e. the 
sensitivity of the tube is reduced. To 
obtain full sensitivity, the photocell 
should be operated at an anode voltage 
of between 90 and 100 volts. 

The sensitivity of vacuum type photo­
cells is somewhat low - in the order 
of 20 to 40 micro-amperes per lumen. 
If, however, the tube conuins a small 
quantity of an inert gas, the sensitivity 
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will be considerably increased by "gas :amplification", which may be explained 
as follows. When electrons pass from the cathode to the anode in a gas-filled 
tube, a proportion of them will collide with the gas atoms. If the velocity of the 
electrons is low, such collisions will not affect the anode current, but if the 
electrons have traversed a potential which exceeds the ionisation voltage of the 
gas, they will have attained sufficient momentum to ionise the gas atoms with 
which they collide. This means that at each collision a positive ion is produced 
which moves towards the cathode, and a free electron is released which, together 
with the original electron, moves towards the anode. These two electrons may 
now ionise further gas atoms, so that for one electron emitted from the cathode, 
several electrons ultimately reach the anode. Moreover, the positive ions reaching 
the cathode strike it with sufficient force to release further electrons, and these, 
in their turn, ionise further gas atoms. It will be clear that by this process, the 
original photo-electric current is considerably amplified, and that the gas am­
plification factor increases with the tube voltage since the velocity of the electrons 
is directly proportional to the voltage gradient traversed. 

There is, however, an upper limit beyond which the anode voltage may 
not be increased. Excessive voltage will result in the setting up of a glow dis­
charge across the tube; the anode current is then limited only by the value of 
the series resistor, and may reach a value at which the bombardment of the 
cathode by positive ions results in damage to the photocell. Care must therefore 
be taken that the maximum voltage specified by the tube manufacturer is never 
exceeded. Since the ignition voltage of gas-filled photocells ranges from about 
100 volts to 150 volts according to type, the maximum permissible anode voltage 
is usually in the order of 75 to 100 volts. The gas amplification factor obtainable 
is in the region of 5 to 10. 

A typical Ia-Va characteristic of a gas-filled photocell is shown in hg. 7-5. 
Over the curved parts of the characteristic the voltage developed across the 
load resistor R will not be exactly proportional to the amount of light falling 
on the cathode. Gas-filled photocells are not, therefore, very suitable for appli­
cations in which very accurate measurements are required. They are, however, 
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very suitable for sound reproduction 
in sound-film equipment because, with 
load resistors of values normally used 
in this application, distortion due to 
the non-linearity of the characteristic is 
negligible. 

Gas-filled photocells are also usually 
preferred for those industrial appli­
cations in which great sensitivity is 
more important than strictly linear 
response. The sensitivity of gas-filled 
cells normally ranges up to about 150 
micro-amperes per lumen. 

It is now necessary to consider the 
Fig. 7-5. Typical J0 -V 0 characltristic of behaviour of a gas-filled photocell 

a gas-/illtd pholoctff rvith load finis. when the light falling upon the cathod~ 
is subject to very rapid fluctuations. It 

is found that, at the higher frequencies, the gas amplification decreases. This is 
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because the positive ions resulting from the ionisation of the gas arc so much 
heavier than the electrons that their velocity is relatively low. When, there­
fore, the light is suddenly interrupted, there arc still some ions reaching the 
cathode and these release new electrons capable of ionising further gas atoms. 
The number of newly formed positive ions is, however, insufficient to maintlin 
the anode current at its original value, and the current will therefore decrease. 

Similarly, the anode current will not reach its final value immediately the 
illumination of the cathode is restored. This means that at the higher frequencies 
the response of the cell is unable to follow the light fluctuations, and at fre­
quencies above 1000 c/s the amplification begins to fall off. However, this 
decrease of sensitivity is not serious for frequencies below 10 kc/s, so that over 
this frequency range the variation in amplification does not sensibly affect practical 
applications. 

When using photocells it must be borne in mind that the photo-electric current 
is in the order of a few micro-amperes only. Good insulation of the tube socket 

IIOV 
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Fig. 7-6. Simple ligh/.conlrolltd rtla_i• 

,ircurl. 
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Fig. 7-7. RtlaJ' ormit u1ing a lh)'ralron. 

and of the wiring is therefore essential in order to avoid leakage. Where a very 
large load resistor, or a high gain in the following amplifier is necessary, care­
ful screening of the cell and of the wiring is recommended. In addition, care 
should be taken that the ambient temperature does not exceed 50 °C, other­
wise the cathode emission may decrease, and thus the sensitivity of the tube. 
The sensitivity will also decrease temporarily if the cell has been exposed to 
very intense illumination, for example direct sun-light, even if no anode voltage 
was applied. The possibility of this must be considered in installing photocell 
equipment. 

A circuit for a simple light-controlled relay is given in fig. 7-6. It uses a gas­
filled photocell, and an amplifying pentode Type UL 41. A voltage divider 
consisting of het resistors R1, R 2 and R 3 is connected across the 110 volt d.c. 
supply, R

3 
being at the positive end of the chain. The voltage across R3 is applied 

between the cathode and anode of the UL 41 via relay Rel, and the control grid 
of the pentode receives an adjustable negative bias via potentiometer P. The 
photocell F (Philips Type 3546) obtains its anode voltage from the voltage 
appearing across R1. 

If the cathode of the photocell is illuminated, the photo-electric current flowing 
through R, produces a voltag~ drop of such a value that the UL 41 is almost 
cut off. If, now, the light falling upon the cell is interrupted, the photo-electric 
current ceases, so that the negative control grid voltage falls, and the anode 
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current of the UL 41 increases and energises the relay, closing the main control 
circuit. Obviously the relay will open again if light once more falls upon the cell. 

In applications such as alarm devices, in which it is desired that the alarm 
circuit closes on interruption of the light beam and remains closed until the 
circuit is opened by hand, even if the light beam is restored after a short interval, 
a special type of relay may be used. But a simpler solution is to use a small thy­
ratron in place of the power pentode. The circuit for this arrangement is shown 
in fig. 7-7, and differs but little from the previous circuit. 

As explained in an earlier chapter, a thyratron, once ignited, remains con­
ductive until extinguished by reducing the anode voltage to a value less than 
the arc voltage, or even to zero. Thus, in the circuit shown in fig. 7-7, the 
thyratron, having been ignited by the action of the photocell, will remain con-

ductive so that relay Rel continues 
to be energised until switch S is 

Rer opened, even if the cell is il­
luminated again. 

Where a vacuum type photo­
cell is preferred or where the 
amount of light falling on the 
cell is very small, a pre-amplifier 
stage should be interposed be­
tween the photocell and the relay 
tube, as shown in fig. 7-8. The 
voltage amplifying pentode EF 40 
receives a negative control grid 

Fig. 7-8. Light-controlled relay cimlil with 
pre-amplifor rlag,. 

bias from potentiometer P1 as 
before. If the photocell F is illuminated, the grid potential becomes less 
negative, and the EF 40 passes current. thus producing a voltage drop across 
resistor R, with the polarity indicated. The grid of the gas triode EC 50 is thus 
driven negative, and thi£ tube is cut off (see note on page 30). If now the light 
beam falling upon photocell F is interrupted, the grid potential of the EF 40 
becomes more negative, the anode 
current of the EF 40 falls and the 
potential at the grid of the EC 50 is 
driven positive causing the tube to 
ignite and energise the relay. 

In this circuit, of course, the gas 
triode will extinguish and become non­
conducting, thus de-energising the relay 
as soon as the photocell is once more 
illuminated, sir.cc the positive ions will 
be neutralised by the increasing negative 
voltage on the grid of the EC 50. If 
it is desired that the relay should remain 
energised, the gas triode EC 50 should Fig. 7-9. Pfolotltclri, rt'4y cir.11il optrated 
be replaced by a suitable thyratron such by a.,. supply. 
:is Philips Type PL 20 21. 

A somewhat similar circuit, operated from an alternating current supply, 
is shown in fig. 7--9. Both the thyratron and the photocell are fed from the 
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a.c. supply, but since these tubes do not operate during negative half cycles 
the response may be delayed by a maximum of 1/100 second. The circuit is 
so designed that the thyratron ignites, energising relay Rel, when light falls 
upon the photocell. By a slight modification of the circuit, however, the reverse 

Fig. 7- f 0. (/tjl) Ga1-filled pholoce/J 
u,ith cani11m ralhode. 

Fig. 7-11. (right) Modern hig!Hacu,;111 
pholo.-el/ with mt1i11111-a11limofl)' ,athodt. 

operation can be obtained, that is to say the relay is energised when the light 
beam is interrupted. 

Fig. 7-10 shows a typical gas-filled photocell with caesium cathode sensitive 
to red and infra-red light, and in fig. 7 -11 is seen a modern high-vacuum cell 
with caesium-antimony cathode, sensitive to the blue region of the spectrum. 
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8. TRIGGER TUBES 

The name "trigger tube" is sometimes applied to all those forms of gas 
discharge tube which may serve as relays for starting a process by means of a 
comparatively small signal. Thus thyratrons, senditrons and the like are some­
times called "trigger tubes". In this book, however, "trigger tube" is reserved 
for one particular class of tube, namely cold cathode thyratrons, which are 
particularly suitable for this type of application. An important .advantage of the 
cold cathode thyratrons is that, as they require no cathode heater supply, they 
arc ready for instantaneous operation at all times. They .are therefore often used 
in signalling and controlling equipment which must always be ready for immediate 
service. 

A cold cathode thyratron contains a specially prepared cathode, a main anode 
and an auxiliary anode or "starter", all scaled into a gas-filled bulb. If a positive 
potential of a certain value (the ignition voltage) is applied to the starter, 
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electrons arc emitted from the cathode and ionise gas atoms by collision. The 
positive ions thus produced bombard the cathode and release further electrons, 
aod if a positive potential is applied to the anode the main discharge between 

cathode and anode is set up. 
The voltage drop between cathode and anode is 

then practically independent of the value of the 
anode current, so that the anode current is governed 
only by the applied anode voltage and the resistance 
in the external circuit. The circuit must therefore 
be so desig.ned that the anode current can never 
exceed the maximum rated value specified in the 
tube data. 

The main advantages of the trigger tube are as 
follows: 
(1) As already stated, the tube is always ready 

for instant operation, and requires no warming­
up time. 

(2) It consumes no energy when not operating -
a matter of particular importance if the equip­
ment is fed from batteries. 

(3) There is no wear and tear on the tube unless 
during operation, and so a long working life 
may be expected. 

( 4) The auxiliary voltage 
tube does not depend 
anode voltage. 

required to ignite the 
upon the value of the 

Fig. 8-1. Phifip1 PL 1267 
trigger tube. 

A typical trigger tube, Philips Type PL 1267, is 
illustrated in fig. 8-1. This tube is rated for an 
average anode current of 25 milliamperes, so that 

a relay having a coil wound for this current may be connected in the anode 
circuit. However, as the useful life of the tube largely depends upon the average 
load current, it is advisable to operate the tube at a current somewhat less than 
the maximum rated value. 

The behaviour of a trigger tube under any operating conditions can be 
ascertained from its ignition characteristic, which is always of the form in­
dicated in fig. 8-2. At any combination of anode and starter voltage within 
the closed loop no discharge will occur if the boundary of the curve has not 
been crossed previously. If, however, the tube is subjected to conditions cor­
responding to a point upon the curve itself or outside the loop, a discharge 
will be initiated and will be maintained even if the conditions are changed to 
values corresponding to some point within the loop, the particular electrodes 
involved in the discharge and the direction of the discharge depending upon 
the values of the anode and starter voltages when the discharge is initiated. 

Thus, section (1 of the loop corresponds to a discharge between starter and 
cathode (direction of positive current). It is seen that the ignition voltage is 
independent of the value of the anode voltage. 

A discharge from anode to cathode occurs when conditions corresponcling 
to a point on section b of the curve are applied. Section , corresponds to a 
discharge from anode to starter; section d to a discharge from cathode to starter; 
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section e to a discharge from cathode to anode; and section f to a discharge from 
starter to anode. 

As, however, the potentials V,. and V,.11 applied to the anode and the starter 
respectively arc usually both positive, the tube will normally operate in quadrant 
I of the closed loop. 

The basic circuit of a light-controlled relay which may be operated direct from 
the 110 volt a.c. mains is shown in fig. 8-3. This circuit is particularly suitable 
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for warning or signalling equipment 
which must remain ready for operation 

JO() over a period of several years without 
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vJ maintenance. A similar device may be ( 

ioo used for such purposes as the automatic 
switching of street lighting, the lighting 
of business premises and so forth, where 

,oo the apparatus has to be installed in 
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Fig. 8-2. Ignition characterirti< of a trigger 

tube. 
Fig. 8-J. Barie circuit of a light-controlled 

re/a:, uring a trigger lube. 

inaccessible posltlons such as on the roof, .chimneys etc. 
The operation of this circuit is as follows: Capacitor C2 is charged via selenium 

rectifier Se/ to a voltage which is applied via resistor R2 to the photocell P -
which should preferably be of the gas-tilled type. When the photocell is illu­
minated, the photo-electric current produces a voltage drop across R,., a po­
sitive potential appearing at the upper end of the resistor. This positive direct 
potential, added to the alternating voltage drop across Rs, is applied to the 
starter of the trigger tube Pl 1267 via R 1, and causes the tube to fire during 
every positive half cycle. Resistor R, is a limiting resistor of sufficient value to 
prevent the anode current of the trigger tube exceeding the maximum per­
mitted value. It is advisable to shunt the relay coil by a capacitor of from 1 
to 2 µF to prevent the relay fluttering by reason of the intermittent nature of 
the anode current. 

A variant of this circuit, in which the trigger tube is ignited if the light con­
tinuously falling upon the photocell is interrupted, is shown in fig. 8--4. 

By using a suitably designed potential divider or a transformer, the~c circuits 
may be operated from 220 volt a.c. mains. If a direct current supply is available 
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the circuits may also be used as alarm devices. In this case, however, once 

I I 
I I 

L-*-J 

ignited, the trigger tube remains 
conductive, and the circuit has to 
be opened by hand. If this is not 
convenient, a gas triode may be 
substituted for the trigger tube; the 

~ circuit will then be interrupted when 
the grid of the gas triode is made 

.t! 
c, $ R, g negative. 

o.osp ~ ~ A very interesting application of 
~ the trigger tubes is in "ring" counter 

circuits for counting impulses. These 
circuits may form part of such 
devices as electronic computors. The 

,...._ ______________ .., basic circuit is given in fig. 8-5. If 

Fig. 8-4. I 'ariant of tht circuit sho11,n in switch A is closed, a positive po-
jig. 8-J. tential which is, however, insufficient 

to cause ignition, is applied to the 
first trigger tube V 1• If, now, a positive impulse is superimposed on the auxiliary 
electrode potential, V1 ignites, and a positive potential due to the discharge 

+ 

input 
50-SOV , __ ..._ ______________ ..._ ____ _ 

C3 

Fig. 8-5. Basic circuif of a counting circuit. 

current Rowing through R3 is applied to the auxiliary anode of V2, but again 
is of insufficient value to cause ignition. If, however, switch A is re-opened 
and a second positive pulse is applied to the circuit, V2 will ignite, thus increasing 
the current through R1 and the voltage drop across it. Because at that instant 
capacitor C1 still holds its charge, the voltage across V1 is reduced below the 
operating voltage and V1 will be extinguished. Similarly, a third impulse will 
fire V3, since this is now the only tube having a positive bias, and simultaneously 
V2 will be extinguished. Thi~ process will continue until the nth pulse fires V ,.. 

In fig. 8-6 the nth stage of the counter circuit is shown, and it will be seen 
that the nth tube provides the positive bias for the first tube, V1, so that the 
(n + l)lh pulse fires f/ 1 again, thus closing the ring. Another operation of switch 
A is therefore not necessary. The (n + 1)1b pulse simultaneously fires tube V. 1, 

which forms the input to the next counter circuit. This tube passes current only 
while capacitor C, discharges, and becomes non-conductive before C, can 
recharge via resistor R,. In this way a positive voltage ?Ulse appears across 
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resistor R8 , causing ignition of the first tube in the second ring of the counter 
circuit. Further impulses applied to the circuit will cause the tubes of the first 
ring to fire again in succession until the (2n + 1)01 impulse fires the second tuhe 
of the second ring counter circuit via V 111• 

COMKtioll to IM frst tub• 

+n--nn, 

Rg 

impul•• to nut 
courdirtg rinr, 

Fig. 8·6. Circuit of the nth stage of the ring ,011nter circ11il. 

The whole or a part of the resistors R3 may consist of suitable relays, signal 
lamps or the like which can indicate the number of pulses counted. 

If, in fig. 8-5, the resistor R1 and the capacitors C1 are omitted, the preceding 
tube will remain conducting after every impulse until, after n impulses, all the 
tubes in the first counter ring are ignited. In this arrangement, which also has 
practical applications, the anode voltage line has to be interrupted shortly after 
each complete cycle, thus extinguishing all the tubes. This can be done, for 
example, by a relay operated by tube V,,1. 
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9. CA THODE-RAY TUBES 

Although the cathode·ray tube is seldom employed in electronic industrial 
control equipment, it is an essential component of a most important instrument 
- the cathode-ray oscilloscope - which is widely used for measurement and 
for checking and maintaining industrial electronic devices. It is for this reason 
that a description of the cathode-ray tube is included in this chapter. 

Briefly described, a cathode-ray tube is a thermionic tube in which electrons, 
emitted from an indirectly-heated cathode located at one end of the tube, are 
focused into a convergent beam which, impinging on a luminescent screen 
at the other end of the tube, produces a light spot at the point of impact. By 
deflecting the electron beam simultaneously in the vertical and horizontal direc­
tions, the light spot can be moved to any point on the screen. If the horizontal 
deflection of the spot is made, say, a linear function of time, and the vertical 
deflection is made proportional to the instantaneous values of a variable voltage 
which it is desired to examine, then the light spot will trace on the screen a 
graph showing the voltage under examination as a function of time. 

In the cathode.ray tube,. free electrons are emitted from an indirectly-heated 
cathode, the actual emissive area of which is very small. Surrounding the cathode 
is a small cylindrical electrode to which is applied a negative biasing potential. 
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The tubes and their basic circuits Part I 

Its main function is to control the intensity of the electron beam. Since this 
function is analogous to that of the control grid of an amplifying tube, this 
electrode is also termed the "grid". 

The electrode assembly, known collectively as the "gun", also includes two 
electrodes to which positive potentials are applied. These electrodes, which are 
usually hollow cylinders or discs with a central aperture, not only accelerate the 
electrons in the direction of the screen, but also focus the beam into a narrow 
pencil. This is achieved by the form of the rotation-symmetrical electric field 
produced by these electrodes. Since the effect of this field upon the electron 
stream is similar to that of an optical lens upon a beam of light, this part of the 
electrode system is commonly termed an "electron lens". Correct focusing of the 
beam on to the luminescent screen is obtained by adjusting the potentials applied 
to the focusing electrodes. 

In order to obtain a sharp, bright trace upon the screen, the positive potential 
at the final anode must be high, so that the electrons attain a high velocity. The 
electrons forming the beam mutually repel each other, so that the beam tends 
to diverge. If, however, the velocity of the electrons is sufficiently great, the 
electrons will reach the screen before their mutual repulsion has resulted in 
serious defocusing. 

Deflection of the electron beam can be effected in two ways - by means 
of electric fields applied between pairs of plates within the tube, or by magnetic 
fields produced by a coil system outside the tube. The second system has the 
advantage that deflection over a wide angle can be attained so that the overall 
length of the tube can be comparatively small. It is for this reason that the picture 
tubes used in television receivers are always arranged for magnetic deflection, 
since for this service large pictures are required. Furthermore, the focusing 
of the electron beam in these tubes is usually also achieved by a magnetic field. 
Magnetic deflection, however, becomes ineffective at high frequencies, ind, 
moreover, requires rather complicated circuitry. Therefore the electron beam 
in cathode-ray tubes used for oscilloscopes is always electrostatically deflected. 
Since generally much smaller images arc required in oscilloscopes, a deflection 
angle of about 20° suffices; and this can be easily obtained by electrostatic 
deflection, the length of the tube still being reasonably small. 

Two pairs of deflecting plates are provided, mounted mutually at right 
angles. The first pair, nearer the cathode, serves for vertical deflection, and 
it is to these plates that the voltage to be measured is applied. The second pair of 
plates, nearer the screen, provides horizontal deflection. A saw-tooth voltage, 
generated by ".l special oscillator, is usually applied to these plates in order to 
obtain the time-base. A photograph of the electrode assembly of a i.ypical 
oscilloscope tube, together with its symbol, is reproduced in fig. 9-1. 

If, between the two plates of a pair, is applied a voltage Vd, the electron 
beam is deflected by the resulting electric field in the direction of the positive 
plate. The amount of deflection is given by the following formula-: 

LI 
a= t · Vd • v.,, (9.1) 

where ca 
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a = distance of the deflected spot from the centre of the screen, 
I = length of plates in the direction of the beam, 
L = distance between the centre of the pair of plates and the screen, 
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Fig. 9-1. Electrode ammbly of a cathodt-ra.:, tubt. 
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The tubes and their basic circuits 

d = distance between the plates. 
V,. = anode voltage, 
vd = voltage between plates. 

Part I 

From this formula it will be seen that the amount of deflection, i.e. the 
deflection sensitivity, decreases as the anode voltage is increased - in other 
words the beam becomes "stiff". The conditions for good brightness and for 
high sensitivity arc therefore conflicting. However, tubes of normal construction 
have adequate deflection sensitivity and brightness for most types of measure­
ment. When very high scanning speeds arc required, special tubes are used 
which incorporate an additional electrode to which a very high potential is 
applied. This electrode accelerates the el~ctrons after they have left the deflecting 
plates with a comparatively low velocity. 

The simplest way of measuring a voltage is to earth one deflecting plate of 
each pair, and also the anode, and the positive pole of the high tension unit, 
and to apply the voltage to be measured and the saw-tooth voltage supplying 
the time-base to the other two plates respectively. This circuit, however, being 
asymmetrical with respect to earth, results in certain inaccuracies in the trace 
unless special precautions are taken. The reason is that the potential at the mid­
point between the deflection plates is not constant, but consists of a steady 
voltage upon which is superimposed an alternating voltage component equal 
to half the voltage to be measured. The electron velocity is determined by this 
potential, so that the effective anode voltage is dependent upon the voltage 
to be measured. Thus, the relation between the voltage to be measured, Vd, 
and the deflection, a, is not constant and the measurement is not accurate. The 
iraccuracy is, however, not very serious, and seldom exceeds about 4%. 

A somewhat more disturbing consequence of the asymmetrical deflection 
voltage is trapezoidal distortion. This is due to the fact that the electron beam 
deflected by the first pair of plates is re-deflected towards the centre of the screen 
when the potential at the non-earthed plate of the second pair is positive, and 
towards the periphery of the screen when this plate is negative. This means 
that the sensitivity of the first pair of plates depends upon the voltage applied 
to the second pair and this results in trapezoidal distortion. 

Both the above faults can be climina.tcd if the voltages are applied symme­
crically to the deflecting plates, but in this case the circuits used for generating 
the time-base voltage and for amplifying the voltage to be measured are more 
complex. There are cathode-ray tubes, however, which arc specially designed 
for asymmetric deflection. In these tubes the trapeziodal distortion is com­
pensated by the special shape given to the second pair of plates. The alternating 
voltage to be measured is applied to the first pair symmetrically, and the time­
base voltage is applied to the second pair asymmetrically. In these circumstances 
the only inaccuracy is that due to the fact that the deflection sensitivity of the 
second pair depends upon the time-base voltage and results in a slight non­
linearity of the time base. 

The circuit for asymmetrical operation is so much simpler, however, that 
where only qualitative examination of electrical magnitudes is required and 
no accurate measurement is needed, both the voltage to be examined and the 
time-base voltage are applied asymmetrically. This is quite satisfactory, for 
example, in cathode-ray oscilloscopes used for the checking and maintenance of 
industrial electronic equipment. 
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9. Cathode-rat tubes 

Cathode-ray tubes for oscilloscopes arc made with screens giving green or 
blue short-persistence traces or with a long-persistence fluorescent screen. 
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Fig. 9-2. Chara<ltri1liu of 1.Jpi.cal ptr1i1lenl 1creen pho1phor1. 

Generally tubes giving a green trace will be preferred, since this colour is very 
suitable for direct observation and for photographs taken on negative material. 
For observing single phenomena or slow-speed processes, a tube with per­
sistent screen should be used, since the trace, once made, remains visible for an 
appreciable time. 

There arc several types of screen with different degrees of persistence. Fig. 
9-2 shows the performance curves of the Philips type N, R and P screen ma­
terials. If pictures arc to be recorded directly upon sensitised photographic paper, 
a blue fluorescent screen is recommended. The spectral responses of green, 
blue and persistent screens 
are illustrated in 6g. 9-3. 

The complete circuit of a 1001---+--,..+.:-..+-~-+......,,..,.,--1---+--+---i 

simple cathode-ray oscillos-
cope suitable for industrial "' 
applications is given in fig. 
9-4. A Philips DG 7-6 
cathode-ray tube with a 7 cm ,0~1-+--+--+-..'l.-l--l+---l----"..+-+>.,--+----l 

Fig. 9-J. Sptclral re1pon1e characltri1tiCJ of green (I), 
blue (II) and ptr1islenl 1cmn pho1phor1 (Ill). 

diameter screen is used. The 
equipment includes a pre­
amplifier stage for the volt­
age to be measured, the am­
plifying tube being e.g. a Type 
EF 42 high-slope pcntodc. 
The amplifier is designed to 
give almost uniform gain over a frequency range from 4 c/s to 130 kc/s. With 
such an equipment it is possible to amplify and to record with small distortion 
even voltages with a form greatly differing from a sine wave; e.g. square-topped 
waves, saw-tooth voltages etc. The input voltage is applied between terminal 
0 and either terminal £ 1 or terminal £ 2 ; the sensitivity at E 1 being 0.14 V nm 

per centimetre picture height and at £ 2, 2.8 V mur• 
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9. Cathode-ray tubes 

Potentiometer P, serves for controlling the output of the amplifier. The 
amplified voltage is applied to the vertical deflection plates of the cathode-ray 
tube via capacitors C2 and C12. A part of this voltage is taken from potentiometer 
P~ and is applied to the control grid of the gas-filled triode EC 50 via S1 and C,, 
thus effecting synchronisation of the time-base oscillations. The time-base 
voltage is generated. by an oscillator consisting of the gas-filled triode EC 50 
and the pentode EF 40. 

To explain the operation of this oscillator it should first be assumed that 
capacitor C, (4000 pF), which is connected to the circuit by switch S2 (in 
position 3), is discharged. The cathode of the EC 50 is now at the same potential 
as the anode, and the control grid is at a negative potential with respect to the 
cathode via P,. Capacitor C, now charges slowly through the EF 40 tube and 
the voltage across the capacitor increases linearly. The potential of the cathode 
meanwhile falls at the same rate, and the grid becomes more positive until 
finally ignition of the gas-filled triode occurs and C7 rapidly discharges through 
the EC 50 and resistor Rw After the discharge the tube again becomes non­
conducting, and the cycle repeats. The 
voltage developed across C7 during v,f 
the cycle is of saw-tooth waveform, 
as depicted in fig. 9-5, and this voltage 
is applied to the pair of plates for 
horizontal deflection, via the capacitors 
C1 and C13. _, The frequency of the saw-tooth 
voltage can be approximately adjusted Fig. 9-5. Saw-tooth i•o/tagt a,roJJ capacitor 
by connecting different capacitances c, of fig. 9-4. 
C7 by means of switch S2. Fine ad-
justment is obtained by varying the screen-grid voltage of the EF 40 tube by 
means of potentiometer P1. The capacitance switched in by position 5 of S1 

consists of the capacitance between the heater winding W8 on the power trans­
former and the core, and also the stray capacitance of the circuit. 

In position 6, the saw-tooth voltage generator is switched off, and switch 
S3 is simultaneously opened, so that an external voltage for the time base can be 
applied at the terminals marked "time base". 

As previously mentioned, synchronisation can be effected by applying a part 
of the voltage to be measured to the control grid of the EC 50 tube. Synchro­
nisation can also be achieved by an alternating voltage from an external source, 
applied to the terminals marked "Sync". For this arrangement switch S1 must 
be opened. 

The amplitude of the saw-tooth voltage, and hence the width of the picture 
appearing on the luminescent screen, can be varied by adjusting the grid voltage 
of the gas triode EC 50 by means of potentiometer P6 • The value of the grid 
voltage determines the voltage between cathode and anode at which ignition 
occurs. The range of adjustment of the time-base voltage which can be obtained 
in this way is from 170 to 300 volts, corresponding to variations in picture width 
between 3.5 and 6 cm. 

During the discharge of capacitor C7 a heavy current surge occurs through 
the gas triode. The anode resistor R11 limits the value of this current, so that 
it does not exceed the permitted maximum value of 750 mA. At the same instant 
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The tubes and their basic circuits Part I 

a voltage peak is developed across R18, its polarity being such that the anode 
of the gas triode becomes negative with respect to the positive 410 volt supply. 

This negative pulse is applied to the grid of the DG 7-6 cathode-ray tube 
via Cu, and suppresses the beam during the flyback. The grid of the cathode­
ray tube also receives a permanent negative bias which is taken from the po­
tentiometer P 3 • By varying this bias the brightness of the picture may be adjusted. 
The positive potential applied to the focusing electrode ,,fa potentiometerP, 
can also be varied, for adjusting the sharpness of the image. 

The power supply is obtained from two rectifiers, equipped with rectifying 

Fig. 9-6. Photograph of th, ,athod,--ray ord/101,op, afrordiflg to ftg. 9-4. 

tubes AZ 41, one producing 410 volts, the other 300 volts. The 410 volt supply 
feeds the pre-amplifier s•age and the time-base generator, and the two rectifiers 
connected in series produce a voltage of approximately 700 volts for the anode 
of the cathode-ray tube. The resistors R 1t, Rm P,, R10 and P3 form a voltage 
divider which supplies the various auxiliary voltages and the anode voltage. 
Potentiometers P 1 and P2 serve for vertical and horizontal adjustment of the 
position of the picture on the screen. 

The complete equii,ment is illustrated in fig. 9-6. Both rectifying tubes, the 
gas triode and the charging tube are visible, but the pre-amplifier tube is on 
the other side of the chassis. 

82 



9. Catho<lc-ray tubes 

When operating a cathode-ray tube care should be taken that the light :;pot 
is never allowed to remain stationary or to move nnly slowly, unless the beam 

a b 

C d 

Fig. 9-7. I ·o/lagu and mrrm/s al an ind11<"1ive load.for two ini·rrse-parallel wnn,a,d t4)'ratrons 
as functions of thr firin1, angle (a) 1200 mA, (b) 60() m.-1, (r) JOO 111.4, (d) 75 mA 

(r.111.I. ra/11es). 

current is first very greatly reduced. Otherwise the sc_reen will be damaged. 
It is recommended that the time-base generator be kept operating if no voltage 
is applied to the plates for vertical deflection, so that the spot will not be sta­
tionary but will trace a horizontal line. 

Fig. 9-8. Voltage and ,Nrrent of a fluoru­
un/ lamp connected in strie,· with on in­

dwtance. 
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The tubes and their basic circuits Part 1 

Ambient light falling on the screen reduces the picture contrast. If it is not 
convenient to shield the screen from stray light, it is recommended to use a 
filter of a colour similar to that of the light emitted by the screen. Some types 
of scr'!en fluoresce when ultr.i-violedight falls upon them. If this occurs a suitable 
filter should be provided. 

To avoid interference by magnetic 6elds it will generally be necessary to 
fit the cathodc-uy tube with a screen of high-permeability metal, adapted to 
the shape of the tube. Such a screen can be seen in fig. 9-6. 

A good example of the use of the cathode-ray oscilloscope is shown in fig. 9- 7. 
Here, the voltages and currents for two inverse-parallel connected thyratrons 
operating with an inductive load, uc plotted as functions of the firing angle. 
It may be of interest to compare these photographs with the drawings reproduced 
in fig. 5-9. Another example is given in fig. 9-8 showing the waveform of current 
and voltage of a fluorescent lamp connected in series with a choke, which may 
be compared with fig. 14-5. 
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