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PREFACE

The increasing importance of electron tubes in fields of engi-
neering other than communication has necessitated the develop-
ment of courses offered primarily for students who do not intend
to specialize in communication. Experience has also shown the
value of an introductory course for those who do specialize in
this field. - The need for a text suitable for such courses has been
apparent for some time. “Principles of Electron Tubes,” which
is essentially an abridgement of ‘Theory and Applications of
Electron Tubes,” is designed to meet this need. It should also
prove suitable for home study by students who have not had
an introductory course on electron tubes.

Asin “Theory and Applications of Electron Tubes,” the author
has attempted to present fundamental principles together with
discussions of representative practical circuits. He believes that
the material included in this book can be adequately covered in
a three-hour one-semester course, and that such a course will
enable the student to understand typical industrial and labora-
tory ‘applications of electron tubes and to design simple circuits
to meet specific needs.

The student who studies electron tubes for the first time is
likely to be confused and discouraged by the large number of
symbols necessitated by the fact that electron tubes are non-
linear circuit elements. In order to reduce the number of
symbols required, therefore, several simplifying assumptions
are made in Chaps. 3 and 4. The importance of these assump-
tions is, however, pointed out, and the interested student is
referred to rigorous treatments. The derivation and use of
equivalent circuits are emphasized. The problems on equivalent
circuits should tie in nicely with material presented in courses
on a-c¢ cireuit theory.

Because of the present great interest in frequency modulation,
even on the part of the layman, a brief treatment of the subject
is included. The entire chapter on modulation and detection
may be omitted without loss of continuity if the instructor feels
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that this material belongs only in courses designed for students
majoring in communication.

Since the symbols used in this book are included in those used
in the unabridged edition, the student who wishes to proceed to
an advanced course in electron tubes will experience no difficulty
in changing to the unabridged edition.

The author wishes to acknowledge the helpful suggestions
and criticisms of Prof. Hugh A. Brown and Dr. Gilbert H. Fett
of the Department of Electrical Engineering; and of Mr. A.
James Ebel, chief engineer of radio station WILL, University
of Illinois. The author is also indebted to the Allis-Chalmers
Manufacturing Company, the Clough-Brengle Company, the
General Electric Company, the General Radio Company, the
Ken-rad Tube and Lamp Corporation, the Radio Corporation
of America, and the Westinghouse Electric & Manufacturing
Co. for valuable information, photographs, and diagrams.

HerBERT J. REICH.

UrBana, Iin.,
Awugust, 1941.



CONTENTS

Pasge
PREFACE. . . . . . . .. . ... L. .Y
LisToP SYMBOLS . . . . . . . . . . . . « . . . .. .. .. .. xil
CHAPTER 1
PrysicalL CONCEPTS. 1
Excitation, ionization, and radlatlon 1
Ionization and excitation potentials. 3
Structure of atoms . 3
Types of ionization . 4
Ionization by collision. 5
Photo-ionization and 10n1zat10n by cosImic rays. 6
Space charge and space current. . 7
Deionization. 7
. Free electrons; electron afﬁmty 9
Contact dlfference of potential . . 10
Emission of electrons and other ions from sohds . 11
Electron dynamics . . 13
Motion of electrons in electrw ﬁelds 13
Electron transit time . 16
Motion of electrons in magnetlc ﬁelds 18
Problems . 19
Bibliography. 20
CHAPTER 2
TuermioNic EmissioN. Tee Hiee-vacovMm Drope. . . . . . . . . 21
Physical theory of thermionic emission . . . . . . . . . . . . 21
Richardson’s equation. . . . Lo .. 28
Tungsten and thoriated tungsten emltters .1
Electron microscopes in the study of activation. . . . . . . . . 27
Oxide-coated emitters. . . . . . . . . . . . . . . . ... ..29
Cesiated tungsten emitters. . . . . |
Mechanical construction of cathodes o ... .31
Effects of gas upon emission and space currents; getters T 1
Limitation of anode current by space charge . . . . . . . . . . 34
Child’s law. . . . . ... 36
Deviations from Chlld s law ob%erved in practlcal dxodes ... . 38
Plate dissipation . . . . . . . . . .. ... L0 L4
Tube classification . . . . . . . . . . . . . .. .. .. .. 41

vii



Viii : CONTENTS

Structure of typical glass and metal tubes . . . . . . . -

Bibliography .

CHAPTER 3
GRID-CONTROLLED HigH-vacuum TuBEs.

Value of the grid . . . . . .

Theory of grid action in tnodes Co
Funectional equations for plate and grid currents R
Time of transit of electrons . .

Static and dynamie characteristics .

Tube factors. .
Relation of tube factors to characterls‘mc curves. .
Sharp-cutoff and remote-cutoff grids; variable-mu tubes
The screen-grid tetrode . . .

The space-charge tetrode .

The suppressor pentode . . .

The beam pentode . .

Duplex and multigrid tubes .

Applied voltages in grid and plate cucults load 1mpedance. o

Form of alternating-plate-current wave .
Static and dynamic operating points . A
Symbols for electrode voltages and currents . . .

Voltage and current relations in grid and plate circuits .

Harmonie generatlon .
Series expansion for alternatlng plate current
Intermodulation .

Relation of series coefﬁments to characterlqtlc curves . .

Dynamie plate resistance .
Problems .

CHAPTER 4

,
METHODS OF ANALYSIS OF VACUUM TUBES AND VACUUM-TUBE CIRCUITS

Equivalent electrode circuits.
Tube capacitances and admittances.
Static load line.

Dynamic path of operatlon dynamxc load hne e

The plate diagram . .

Applications of the plate dlagram L
Graphical analysis of electrode currents . . . .
Percentage distortion and distortion factor.
Graphical determination of power output . .
Problems . o
Supplementary blbhography .

CHAPTER 5

AMmpLIFIER DEFINITIONS, CLASSIFICATIONS, AND CIRCUITS . . . .

Types of amplifier distortion.
Voltage, current, and power ampllﬁers

102
. 103
. 109
. 110
. 110
. 112

Page
45
46

89
89

96
98
99

. 114

. 114
. 117



CONTENTS ix

Page
Amplifier circuits. . . . . O § £
Frequency range of amphﬁers S . §214
Class A, Class AB, Class B, and Class C amphﬁers I b4
The declbel and the volume unit . . . .. T 1
CHAPTER 6
ANALYSIS AND DESIGN OF AMPLIFIERS. . . . . e e e e 132
Single-tube amplifier with impedance load . . . . . C L 132
Direct-coupled amplifier. . . . . P £ 151
Impedance-capacitance—coupled amphﬁer ... ... .. 136
Resistance-capacitance—coupled amplifier . . . . . . . . . . . 137
Transformer-coupled audio-frequency amplifier. . . 143
Comparison of resistance-coupled and transformer-coupled audlo—
_ frequeney amplifiers. . . . . . P ¥
Inductance-coupled audlo-frequency amphﬁer oL . 148
Choice of tubes for audio-frequency voltage amplifiers. . . . . . 148
Control of amplification of audio-frequency amplifiers. . . . . . 149
Tone control. . . . T 14
Tuned radio-frequency amphﬁers L .. .. .. .10
Use of by-pass condensers to prevent oscﬂlatlon .. . . . . . 151
Limitation of amplification. . . . T %1
Measurement of voltage amphﬁcatlon R B Y.
Determination of frequency response of amphﬁers ... ... . 155
Current amplifiers . . . . . . . . . . . ... . . ... .155
Trigger circuits. . . oo . ... ... 156
Methods of analysis of power amphﬁers . 1Y 4
Power relations in vacuum-tube plate circuits . . . . .. . 158
Plate dissipation, power output, and plate-circuit efﬁclency. ... 159
Optimum power output . . . . . . . . . . .. . . . . . . .16l
Class Al triode power amplifiers . . . . . . . . . . . . . . . 162
Class Al pentode power amplifiers . . . . 163
Graphical determination of the performance of Class Al power
amplifiers . . . . B LT
Measurement of power output S 167
Experimental determination of optlmum power output and optl—
mum load . . . . . . . (.1 4
Push-pull power amphﬁers e 189
Class AB power amplifiers. . . . . . . . . . . .. . . 170
Turn ratio of output transformer. . . . . . . . . . . . . . . 171
Inverse-feedback amplifiers. . . . . . . . . . . . . . . .. . 171
Problems . . . . T £
Supplementary blbhography e T (]
CHAPTER 7
MobpuLaTION AND DETECTION . . . . 119
Need for modulation; definition of modulatlon . VAt

Basic theory of amplitude modulation. . . . . . . . . . .. 180



X CONTENTS

Pace

Amplitude modulation by characteristic curvature . . . . . . . 183
Amplitude modulation by complete rectification . . . . . . . . 186
Linear-plate and linear-grid modulation . . . . . . . . . . . . 189
Detection of amplitude-modulated waves . . . ... 190
Detection by curvature of current-voltage characterlstlcs ... L 190
Detection by complete rectification; linear diode detection. . . . 193
Linear plate detection and linear grld detection. . . . . 197
Radio communication by means of amplitude- modulated waves . 198
Basic theory of frequency modulation. . . . . . . . . . . . . 199
Phase modulation. . . . e o208
Frequency-modulation clrcults e e e o204
Detection of frequency-modulated voltages A .. 206
Advantages of frequency modulation in radio commumcatlon .. 210
Problems . . . 3 § |
Supplementary b1b11ography e e e e 212

CHAPTER 8
VACUUM-TUBE OSCILLATORS . . . . . . . . . . . . . . . . . . .214
Types of oscillators. . . . e o214
Negative resistance osclllators o215
Feed-back oscillators . . . . R £
Limitation of amplitude of oscﬂlatlon S .. 222
Frequency stability; crystal and magnetostrlctlon osc;]lators .. 224
Beat-frequency oscillators . . . . . . . . . . . . . .. . . . 226
Resistance-tuned oscillators . . . . . . . . . . . . . . . . . 227
Relaxation oscillators . . . . . ... . 229
Use of relaxation oscillators in frequency transformatlon L. 231
Problems . . . . . . . . . . ..o, 232
CHAPTER 9

GLOWwW- AND ARC-DISCHARGE TUBES . . . . . . . . . . . . . . . . 233
Current-voltage characteristics of glows . . . . . . . . . . . . 233
Physical aspects of the glow discharge. . . . . . . . . . . . . 237
Potential distribution in the glow discharge . . . . . . . . . . 239
Normal and abnormal glow. . . . . . . . . . . . . . . . . .240
Applications of glow tubes. . . . o241
The glow tube as a voltage stab)hzer C e 242
The glow-tube relaxation oscillator . . . . . . . . . . . . . . 242
Grid control of glow discharges. . . . . . . . . . . . . . . . 245
Grid-glow-tube circuits . . . . . . . . . . . . . . . . . . . 248
Starter-anode glow tubes. . . . . . . . . . . . . . . .. .. 250
Arc discharges . . . . . . ... ... 250
Arc-discharge tubes with separately heated cathodes ... .. . 252
Tungar rectifier. . . . . . ... . 258
Cathode structure of low-pressure hot-cathode arc tubes ... . 254
Choice of gas or vapor forarc tubes. . . . . . . . . . . . . . 256
Grid control of ares; the thyratron . . . . Coe 287

Grid current of thyratrons previous to ﬁrmg S .. 259



CONTENTS xi

Pace
Control of arc-tube firing by means of an external grid . . . . . 260
Magnetic control of thyratrons. . . . . . . . . . . . . . . . 260
Deionization in thyratrons. . . . ... . 260
Voltage and current ratings of thyratrons and phanatrons L. 262
Electrode structure and characteristics of thyratrons . . . . . . 263
Comparison of thyratrons and high-vacuum tubes. . . . . . . . 268
Precautions required in the use of arc tubes . . . . . . . . . . 269
Applications of hot-cathode arc-discharge tubes. . . . . . . . . 270
The hot-cathode arc diode as a rectifier . . . . . . . . . . . . 271
The thyratron as a d-c¢ control deviee . . . . . . . ... . . . . 271
The parallel arc-extinction circuit. . . . . . . . . . . . . . . 272
Thyratron inverters. . . . o273
The thyratron as a, saw-tooth—wave generator e 27T
A-c operation of thyratrons; phase control. . . . . . . . . . . 280
Phase-control circuits . . . . L. .. 284
Use of saturable reactor in phase—control mrcul’cs ...... .. 289
Applications of phase-control cireuits . . . . . . . . . . . . . 290
Thyratron welding control. . . . . . . . . . . . . . . . . .29
Mereury-pool are-discharge tubes. . . . . . . . . . . . . . . 202
Arc initiation by means of an igniter . . . . . . . . . . . . . 204
Ignitron structure. . . . e e e 295
Comparison of thyratrons and 1gn1trons e ... 297
Ignitron cireuits . . . . . . . . . . . . . . . . .. ... . 298
Applications of ignitrons. . . . . . . . . . . . . . . ... . 300
The strobotron. . . . . . . . . . . . ... ... ... ..30
Stroboscopes. . . . . . . . . . . . . . . ... ......802
Problems . . . . . . . . . . ... ... ... .. ... .30
CHAPTER 10
LiGAT-sENSITIVE TUuBES AND CBLLS. . . . . . . . . . . . . . . . 305
Types of photoelectric phenomena O 1151
Historical survey. . . - {1151
Laws of photoelectric emission . . . . . . . . . . . . . . . . 306
Current—wave-length characteristies. . . . . . . . . . . . . . 807
Light units. . . . . . ... . 309
Current-voltage characterxstlcs of the vacuum phototube ..... 309
Phototube sensitivity . . . . . . . .. 311
Theory of the gas phototube; gas phototube charactemstlcs ... 312
Phototube circuits . . . . .. . . .3l
Sensitivity of phototube and dlrect-coupled amphﬁer L3820
The anode diagram and itsuse. . . . . . . . . . . . . . . . 321
Design of phototube circuits . . . . . . . . . . . . ., . ., 323
Photoconductive cells. . . . . . . . . . . . . . . . . . . .34
Photovoltaic cells. . . . . 327
Comparison of phototubes, photoconductlve cells and photovoltalc
cells...............4.4,..,‘.AA332
Problems . . . . . 832

Supplementary blbhography - . &



xii CONTENTS

CHAPTER 11
REecriFiERs AND FILTERS .

Definitions. . . . . . o
Wave form of rectified current ........
Choice of rectifier tubes and circuit .
Characteristics of rectifier circuits. . . . . .
Smoothing filters . . . . . . . . . .
Analysis of condenser filter. . . . . . .
Voltage doublers . . . . . . . L
Design of choke-condenser (L—sectlon) ﬁlters ........
Voltage stabilizers . .
Illustrative problem. . . . . .
Problems . . . . . .
Supplementary blbhography .........

CHAPTER 12
ELECTRON-TUBE INSTRUMENTS . . . . . .

Advantages of vacuum-tube voltmeters . . . . |
Plate-detection voltmeters.
Diode voltmeters. . .
Slide-back voltmeters . . . . . . . . . o
Cathode-ray tubes and oseillographs. . . . . . . .
Electron-ray tubes . . .
Problem. . . . .

APPENDIX . . . . . . + « « v v v 4 .

Chart for the determmatlon of reactance. . . . . . . .
Chart for the determination of decibel gain. . . . . . . .
Plate characteristics of typical amplifier tubes . . .
Operation characteristics of typical rectifier tubes. . . .
Operating data for typical amplifier tubes . . . . . .

AvutHOR INDEX . . .
SusiecT INDEX. . . .

ANSWERS TO PROBLEMS .. . . . .

Pace

. 336

. 336
. 338
. 339
. 341
. 344
. 345
. 346
. 347
. 349
. 351
. 353
.- 353

. 354
. 354
. 354
. 358
. 362
. 364
. 369
. 370

. 371

. 3N
. 372
. 373
. 378
. 379

. 381
. 387
. 395





