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PREFACE

This book is a revision and extension of notes prepared by the authors
for courses given to the Communications Development Training Program
at Bell Telephone Laboratories. This study program is given to all new
members of the technical staff who have completed their university training
at the B.S. or M.S. level. Thus the book is primarily intended for use
at the senior or first-year graduate level.

The book should also be useful to graduate engineers working on electron-
tube development and manufacture and to engineers using electron tubes
as circuit elements. Detailed descriptions are included of practical electron
tubes as examples.

Throughout the text an effort has been made to present a coherent
picture of the use of electron-field interactions to obtain useful device
performance. The first 13 chapters relate primarily to vacuum tubes, and
the last four chapters are concerned with gas-discharge devices. The text
first considers the basic laws of electron motion in fields and electron emis-
sion. This is followed by a discussion of electron lenses and electron guns.
Next, grid-controlled vacuum tubes are examined, and their equivalent
circuits are derived. High-frequency limitations of grid-controlled tubes
are explored through the concept of induced currents. This is followed by
a detailed study of microwave tubes. A final chapter on vacuum tubes
considers the noise performance of these devices. The last four chapters of
the text consider first the Townsend discharge in a gas diode, followed by a
discussion of cold-cathode and hot-cathode gas tubes, and finally a descrip-
tion of gas lasers.

Although considerable mathematical detail is included, an effort has
been made to stress the physical principles of each device. Problems are
included at the ends of most of the chapters to illustrate further concepts
relative to the text material. References are cited for those who wish to
pursue particular subjects in more detail. A notation has been adopted
which is consistent with the symbols used in the literature, insofar as this is
possible in a coherent presentation. No attempt has been made to include
any historical comments concerning electron tubes. For the most part,
tubes are discussed in configurations that are in practical use today rather
than in those originally conceived.
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QA o Ee >R
Il [ I [l

o
I

D,D =
d =

EE=
El(x;y;z) =

H,=
b=
I=

area
initial loss factor, see Equation (10.1-62)

space charge loss factor, see Equation (10.1-68)

radius of a helix-type slow-wave circuit

magnetic flux density; B = amplifier bandwidth

magnetic flux density within a permanent magnet material
susceptance term in electron beam admittance; velocity
parameter, see Equation (10.1-40)

capacitance; small-signal gain parameter, see Equation
(10.1-36)

= velocity of light in free space

electric flux density; D = diffusion coefficient

molecular diameter; electrode spacing in a planar device;
circuit loss parameter, see Equation (10.1-41)

electric field intensity

a vector function of position having the dimensions of
(meters)™, see Equation (6.1-5)

= electric charge of the electron

noise figure; F, F: = focal points of an electron lens
frequency of a sinusoidally varying quantity; fi, f: = focal
lengths of an electron lens

conductance; average number of metastables striking the
cathode for each electron leaving the cathode (Chapter 14)
available power gain

= conductance term in electron beam admittance

transconductance
ratio of de beam current to de beam voltage

= magnetic field intensity; H = average number of meta-

stables produced by the release of a single electron from the
cathode (Chapter 14)

magnetic field intensity in a permanent magnet material
Planck’s constant; hub thickness in a magnetron

electric current; average number of ions generated by the
release of a single electron from the cathode (Chapter 14)

xiii
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I, = dc beam current; Isr = de starting current in a backward-
wave oscillator

i = Rele®t = instantaneous current, where [ is a phasor quantity having

magnitude, phase, and the dimensions of an electric current

electron convection current phasor (Chapters 10,11)

J = current density; J, = dc beam current density; cathode
emission current density; Jr = total current density
(convection + displacement)

=4 —1

J
K = beam-coupling impedance
k
L

W
I

= Boltzmann’s constant; wave number, k = w\uuseo
= inductance; periodic length; mean free path
[ = length
M = mutual inductance; beam-coupling coefficient
My = gap factor for the nth space harmonic; see Equation
(10.2-20)
My = impedance reduction factor for the nth space harmonic, see
Equation (10.2-21)
m = mass of the electron
N = number of wavelengths, see Equation (10.1-70); number of
molecules in one gram molecular weight

n = index of refraction; number of atoms or molecules per unit
volume

P = average power; probability; pressure in mks units

p = pressure in mm of Hg

Q = ameasure of quality of a resonant circuit or resonant cavity,
see Equation (6.4-2); Q. = external Q; Q: = loaded @;
Q. = unloaded @

QC = space-charge parameter, see Equation (10.1-37)

g = electric charge

R = resistance; universal constant for one mole of gas, R = Nk
= PV/T

r = radius; r = a radial vector of length r

r. = dynamic anode resistance, or “‘plate” resistance

# = dr/dt; # = dir/de?; ¢’ = dr/dz; 7" = dr/dz?

S = surface area; beam cross-sectional area

S = Poynting vector

T = temperature in °K; T, = electron temperature; T, =
standard reference temperature of 290°K

t = time

u, u = velocity; u, = dec beam velocity
V = electric potential, voltage; volume
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V. = dc beam voltage
v = ReVe®! = instantaneous voltage, where V is a phasor quantity having

magnitude, phase, and the dimensions of voltage

v, = group velocity; v, = phase velocity
W = energy, average stored energy; Wr = electron-volt equiva-

R NNE M

To

Be

I‘2

Tn

lent of kT; W, = emission energy parallel to the cathode
surface; W, = emission energy normal to the cathode sur-
face; W = average stored energy in a unit cell of length L;
W = average stored energy per unit length

bunching parameter, see Equation (9.2-9).

rate of growth of the growing wave (Chapter 10)
admittance

impedance; Z, = characteristic impedance

ionization coefficient per centimeter; circuit attenuation per
unit length

phase shift per unit length along the axis of a slow-wave
circuit; coefficient expressing the average number of meta-
stables produced by a single electron in advancing one
centimeter through a gas under the influence of an applied
field (Chapter 14)

w/uo; B = propagation constant for the nth order space
harmonie; 8, = w,/u,

complex propagation coefficient

space-charge smoothing factor for shot noise

average number of electrons emitted from a cold cathode per
incident ion

\BaZ — k? = transverse decay parameter for the fields in a
slow-wave structure

ratio of secondary electrons emitted from a surface to
primary electrons; skin depth; dimensionless complex
growth constant of a wave (Chapters 10 and 11); gap length
in a periodic structure (Chapters 10 and 11)

relative dielectric constant; ¢, = permittivity of free space
base for natural logarithms

efficiency; ionization coefficient per volt; y = e/m = ratio
of charge to mass of an electron; 5, = electronic efficiency;
7. = circuit efficiency

¢ = angular coordinate in a cylindrical or spherical coordinate

system; dc transit angle in a klystron amplifier

A = wavelength; \, = wavelength in free space ; A, = guide

wavelength; )\, = free-space wavelength at the cutoff
frequency
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relative permeability ; amplification factor; a dimensionless
coordinate which varies from zero on the beam axis to unity
at the beam edge (Chapter 4); ion mobility; s, = perme-
ability of free space; .. = electrostatic amplification factor
frequency of light radiation

charge per unit volume

charge per unit area; conductivity of a medium; distance
from the trajectory of a nonthermal electron to the trajecto-
ry of a thermal electron emitted from the same point on the
cathode with transverse velocity VkT/m (Chapter 4)
charge per unit length

work function in electron volts; magnetic flux

magnetic potential; pitch angle of a helix

radian frequency; w, = plasma frequency in radians/sec,
see Equation (9.3-23); w, = reduced plasma frequency in
radians/sec, see Equation (9.3-30); w. = eB/m = radian
cyclotron frequency



