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PREFACf: TO THE SECOND EDIllON 

In preparing the second edition of this book the author 
has adhered to his original plan, namely, to present the 
fundamental physical phenomena involved in the opera¬ 
tion of electron tubes and to disregard external circuit 
conditions. The scope and the treatment remain essen¬ 
tially the same as in the first edition. Mistakes have 
been corrected and obscure or ambiguous sections have 
been clarified and rearranged. In a field such as elec¬ 
tronics in which progress has been so rapid there have 
been many new developments in the past three years 
and it has been necessary to add considerable new mate¬ 
rial. Sections have been added on topics such as electron 
optics, secondary-emission multipliers, ignitrons, and 
positive-ion emission. The discussions of many subjects 
which were given briefer treatment in the first edition 
have also been considerably expanded. 

The author wishes to thank Dr. J. A. Becker of the 
Bell Telephone Laboratories for the electron microscope 
picture of Fig. 40. He is particularly indebted to Dr. 
John Blewett for his painstaking reading of the manu¬ 
script and for many valuable constructive suggestions. 

L. R. Koller. 
S( HENECTADY, NeW YoEK, 

January^ 1937 
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PREFACE TO THE FIRST EDITION 

It is the aim of the author in writing this book to 
present the fundamental physical phenomena involved 
in the operation of electron tubes. The emphasis has 
been placed on what goes on within the tube and not 
upon the external conditions. Vacuum-tube circuits 
and applications have been amply discussed elsewhere. 

The writer has tried to present the subject from the 
point of view of a physicist in such a fashion that it will 
be of interest to engineers and to students of physics who 
have no special training in electronics. 

A short course given in the Massachusetts Institute 
of Technology during the summer of 1931 formed the 
basis for the book. 

The writer has drawn freely upon all the available 
published sources of information. In giving references, 
no attempt has been made to provide a complete bibliog¬ 
raphy. In many instances, the references cited are not 
the original sources, but they have been chosen because 
they summarize the material in a convenient form and 
are accessible to the majority of students. This is 
particularly so in the case of the monographs by Lang¬ 
muir and Compton and Compton and Langmuir on 
“Electrical Discharges in Gases,” and by Dushman 
on “Electron Emission” published in the Reviews of 
Modern Physics. 

The writer wishes to express his appreciation to Mrs. 
M. R. Andrews and Dr. A. W. Hull, who read the 
manuscript and made many valuable constructive sug¬ 
gestions. He also wishes to acknowledge his debt to 
Dr. S. Dushman and his other coworkers in this labora- 

ix 



X PREFACE TO THE FI RET EDITION 

tory, to whom ho owes miK^h of his ktiowhulgc^ of tho 
subject. 

He ypishes to thank Dr. B. T. Barnes, of the Nela 
Park Laboratory, for the microphotograph of Fig. 7 
and Mr. L. L. Wyman, of this laboratory, for those of 
Figs. 25, 26, and 27. 

L. R. Kolleu. 

SC'HENECTADY, NeW' YokK, 

Noremhcry 1033. 
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THE PHYSICS OF 
ELECTRON TUBES 

CHAPTER I 

THEORY OF THERMIONIC EMISSION 

1. Thermionic Emission and the Electron. 

A precise knowledge of the behavior of electrons is 
the basis of the entire art of radio communication as 
well as of many other practical applications of vacuum 
tubes. Electrons (in the sense in which the word is used 
today) were unknown as recently as 1895. For over 
two hundred years it had been known that air in the 
neighborhood of incandescent solids possessed certain 
peculiar electrical properties, such as that it was no 
longer a good insulator and that it caused charged bodies 
to lose their charge. No headway was made toward a 
comprehensive theory of this peculiar behavior until 
Sir J. J. Thomson and others showed that the charges 
emitted by hot bodies were identical with those emitted 
{roitt solids under the influence of ultraviolet light or 
those observed in cathode rays. Through the work of 
many investigators it was finally established that all of 
these charges wfere identical, i.e., electrons. 

We now know that all matter is made up of a number 
of simple units and that different kinds of matter differ 
only in the number and arrangement of these units. 
The one with which we are most concerned here is the 
electron or unit negative electrical charge. Its magni¬ 
tude is 

4.77 X 10-’" e.s.u. 
i 
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or 

1.591 X 10“*® amp.-sec. 

Electrons may be freed from matter by various 
agencies, such as heat, light, impact of other electrons, 
intense electric fields or x-rays. The functioning of all 
vacuum tubes depends first of all on one or more of these 
processes and then upon the behavior of the electrons 
when they have been freed from matter and pass out 
into space. In all types of vacuum tubes electrons are 
caused to escape from one electrode, to pass across an 
intervening space and to enter another electrode. This 
chapter will deal with the liberation of electrons from 
the surface of the cathode. 

The most common method of causing the liberation 
or emission of electrons is by heating. This phenomenon 
is commonly known as thermionic emission. While the 
complete theory is the work of a large number of investi¬ 
gators, the foundation was laid by O. W. Richardson. 

The very earliest observations of thermionic emission 
were those of the peculiar behavior of air in the neighbor¬ 
hood of charged bodies. The phenomena, however, are 
extreanely complicated at atmospheric pressure, and little 
progress was made until they were studied in vacuo. 

2. The Edison Effect. 

In 1888 Thomas Edison made a significant discovery 
of what came to be called the Edison effect. He observed 
that when a third electrode was placed inside an incan¬ 
descent lamp, between the two filament leads, and was 
connected to the positive terminal of the filament through 
a galvanometer, as shown in Fig. 1, a current passed 
through this circuit. When the connection was made to 
the negative filament terminal, no such current was 
observed;'5>.,What Edison had found was a true electron 
current. Electrons were emitted from the surface of the 



THEORY OF THERMIONIC EMISSION 3 

hot filament and were collected by the auxihary electrode, 
provided that this electrode was at a positive potential 
with respect to the filament (or the part of the filament 
from which the electrons were emitted). Fleming 
investigated this effect at great length, and Elster and 
Geitel, who later were pioneers in the field of photo^ 
electricity, made similar investigations. 

This Edison effect was not clearly understood, how 
ever, until the work of Thomson established the fact 

Fig. 1.—The Edison effect. The arrow indicates the direction uf electron 
flow. 

that the charges emitted by hot bodies were electrons. 
It remained for Richardson to derive the quantitative 
relationship between the number of electrons emitted 
and the temperature of the hot body. 

3. Electrical Images and the Work Function. 

The conduction of electricity in metals is believed to 
be due to the presence of free electrons. These are the 
valence or outermost electrons of the metallic atoms. 
In isolated atoms they are strongly bound, but in the 
closely packed metallic structure they are relatively 
free to move about within the metal. It is this mobility 
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of the electrons which accounts for the transfer of elec¬ 
tricity through the metal, that is, its conductivity. It 
is evident that strong forces must be acting at the surface 
of the metal to prevent the escape of these electrons; 
otherwise a small voltage applied to the anode of a tube 
would lead to a large flow of current from the cathode. 
The forces which prevent the escape are chiefly the 
electrical image forces. Let us assume an electron of 
charge e to be placed at a distance x from a smooth, 
infinitely conducting plane metallic surface. According 
to the theory of electrical images, due to the finite charge 
of the electron, the force acting between the surface and 
the electron will be the same as if an equal charge of 

Fio. 2.—Electrical images. 

opposite sign were induced at 
an equal distance behind the 
surface, as shown in Fig. 2. 
The force acting between these 
two charges would then be 

If this charge be moved through a small element of dis¬ 
tance dx, the work done upon it is 

(2) 

The work done in removing the charge to a distance x 
from the metal would be 

For very small values of x this integral would become 
infinite. This is not in accordance with the experi¬ 
mental facts, however, as electron emission could never 
take place at all if it required an infinite amount of work 
to remove an electron. The diflRculty is due to the 
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assumption that the inverse-square law of attraction 
between charges (which is valid for macroscopic dis¬ 
tances) applies here. It gives place to another law of 
force when we are dealing with distances of the order of 
atomic dimensions. Equation (3) then becomes 

w = Wo + (4) 

where Wo represents the work done in bringing the 
electron from the surface of the metal to a distance xi 
from the surface against a force following some unknown 
law, and Wi represents the work done in moving the 
electron from Xi to infinity against a force following the 
inverse-square law. It has been shown by Langmuir 
that the value of W does not depend greatly on the par¬ 
ticular assumption as to the law of force, which we 
assume to hold within the distance Xi, the total work W 
being always very nearly 

(5) 

where the distance Xi is a characteristic of the particular 
metal involved. W then represents the work done by 
a single electron in escaping from the surface of a metal. 
Instead of expressing this work in mechanical units, such 
as foot-pounds or ergs, it is more convenient to express 
it in electrical units as the product of the charge e of the 
electron and the potential difference through which it 
would have to move to do an amount of work W, i.e., 

W — e<t> (6) 

The quantity <(> — WIe (the work per unit charge) is 
called the work function and is proportional to the work 
done on an electron in removing it from the surface. 
The work function is a definite quantity which is charac¬ 
teristic for each substance. It is usually expressed in 
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volts. The values which are met with in practice vary 
from about 1 volt to 10 volts; Referring to Table I, 
Column II gives values for a number of commonly used 
elements. 

Since <f> = W/e = e/2xi, if we know <f>, we can calculate 
Xi. It has been found that Xi is of the same order of 
magnitude as the atomic radius. In general, the lower 
the value of <f} the greater is Xi, or, conversely, the sub¬ 
stances having the largest atomic radii have the smallest 

Table I.—Work Functions and Atomic Radii for Various 

Elements 

Element 

Work 

function, (d») 

volts* 

1 Atomic 

radii, 
centimeters 

Calcium *. 2.24 1.96 X 10"8 

2.37 Caesium *. 1.81 
Molybdenum *. 4.44 1.47 
Nickel*.! 2.77 1.25 
Platinum*. 6.27 1.39 
Tantalum *. 4.07 1.41 

Thorium*. 3.35 I 1.77 
Tungsten *. 4.52 1.36 
Zirconium *. 4.13 1.59 
Columbium f... 3.96 

* Values taken from Dusfaman, Rev. Mod. Phya., 8, 394, 1930. 
t WiiHLXN and Soroarl, Phya. Rev., 45, 886, 1934. 

values of <i>, i.e., it is easier for electrons to escape from 
substances having large atomic radii. This serves as 
one criterion for the choice of suitable electron emitters. 
The values of the atomic radii for a number of the ele¬ 
ments are given in the last column of Table I. From 
this table it can be seen that the elements with the 
largest atomic radii are those with the smallest values 
of work function. 

According to the theory just developed, an electron 
cannot escape from a metal surface unless it has sufficient 
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energy to overcome the forces at the surface. Its kinetic 
energy must be in excess of 

W = <pe 

4. Richardson’s Equation. 

At low temperatures relatively few electrons have high 
enough velocities to enable them to escape, but as the 
temperature is increased a relatively larger number have 
velocities in excess of the required amount. In order 
to escape they must have velocities such that their 
kinetic energy 

^ W (7) 

The higher the temperature the larger will be the fraction 
of the total number of free electrons which will be able 
to satisfy this requirement. Accordingly, the higher the 
temperature the more electrons will escape, so that ther¬ 
mionic emission increases with increasing temperature. 

Richardson* derived a quantitative relation for the 
number of electrons emitted as a function of temperature 
based on these considerations. This expression is 

I 5= (for derivation see Appendix A) (8) 

where /• == amperes of electron current per square centi¬ 
meter of cathode surface 

T = absolute temperaturef 
a and b = constajits for any given material 

e = Napierian base. 

In deriving this expression Richardson assumed that the velocity 
distribution of the free electrons Within the metal was Maxwellian. 
It is now fairly certain that this is not the case and that the velocity 
distribution is described by the Fermi Dirac statistics. The Richard¬ 
son equation, however, remains a good empirical statement of the 
expoimental facts. 

t Absolute temperature in d^pees Kelvin equals temperature in 
i^prees Centigrade + 273. 
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n it. is evident that the electron 
substance increases very rapidly 

Since the term b is proportional to 
it can also be seen that for different 

same temperature the emission is larger 
value of the work function. This expres- 
veniently used in the form 

log a - (9) 

|r/ vT against l/T will give a ;|rtraight line 
^lope 6/2.303 and an intercept log 
lotion between 6 and <t> is 

6 = 
<f)e 

T 

where 0k is the Boltzmann constant, 
numerical values we find 

b = 4>X 11,600 

whMre d) is expressed in volts. 

(10) 

s ipbstituting 

(11) 

6. Musiunan’s Equation. 

.^hardson suggested another form for his equation. 
LatBDushman derived the same form, basing his deriva- 
tionl^n thermodynamic considerations. This equation 
is 

I = (12) 

This equation can also be expressed in the form 

log rpt - log A 2.303T (13) 

which is the equation of a straight line with ordinates 
long J/JT® and abscissae l/T. 
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The slope of this line is 6o/2.303. In this case A is a 
constant which is the same for all pure metals, and bo 
differs from b in that 

bo 
<t>oe 

k (14) 

where 0o is the work function at the absolute zero. 
From a practical standpoint this equation is more con¬ 
venient to use since we can determine bo from a single 
observation. According to this theory A has the value 
60.2 amp. per square centimeter per degree per degree 
for all pure metals. Recent theory taking into account 

Table II.*—A and 60 Fob Various Elements 

Element A 6o 
I emission,' 
amperes per 

square centimeter 

Calcium*. 60.2 26,000 4 X 10-» (3) 
Caesium *. 162 21.000 
Molybdenum*.... 60.2 51.500 1.6 X 10-^ (2) 
Nickel*. 26.8 32,100 
Platinum *. 1.7 X 10-^ 72,500 9 .2 X 10-“ (1) 
Tantalum *. 60.2 47,200 1,38 X 10-* (2) 
Thorium *. 60.2 38,900 4.3 X 10-’ (1) 
Tungsten *. 60,2 52,400 1 X 10-’ (2) 
Zirconium*. 330 47,900 8.5 X 10-“ (1) 
Columbium f. 57 46,000 2.3 X 10-® (2) 
Thoriated tung¬ 
sten*. 3 30,500 2.75 (2) 

(1) Measured at 1600®K. 
(2) Measured at 2000°K. 
(3) Measured at 1100°K. 

* Values taken from Dushman, Rev. Mod. Phys., 2, 394, 1930. 
fWAHLiN and SoRDAHL, Phtfs. Rev.f 46, 886, 1934. 

the electron spin gives a value for A ot 120. Experi¬ 
mentally determined values for different metals, however, 
vary over the range from 3 to 100. Table II gives some 
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values of A and 6o for various materials. The relation 
between ho and the h of Richardson’s equation is 

6 = 6o + (15) 

Either form of the equation fits the experimental facts 
equally well since the slope of the curve is chiefly deter¬ 
mined by the exponential term, but the form of Eq. (12) 
is more convenient and will be used throughout this book. 
This equation is of great importance in vacuum-tube 
design. 

6. Experimental Determination of Constants. 

The simplest and most direct method of determining 
ho is by experimental measurement of values of emission 
at various temperatures, ho can then be calculated from 
the slope of the log I/T^ against \/T plot. Once the 
value of ho is known, the emission per unit area of fila¬ 
ment surface at any temperature can be calculated or, 
if the filament area is fixed, the temperature required 
to give a definite value of emission, etc.* 

Figure 3 gives experimental values of emission from 
a tungsten filament at different temperatures and a plot 
of the data from which ho is calculated. The work func¬ 
tion can be obtained from ho by Eq. (11). 

Values of the work function have also been obtained 
by a calorimetric method. This method is based on the 
analogy between the thermionic emission of electrons 

* For example: What will be the emission from a tungsten filament 

10 cm. long and 0.025 cm. in diameter at a temperature of 2200°K.? 
Filament area = 2jrri = 2ir X 0.0125 X 10 = 0.786 sq. cm. 
For tungsten, 6o = 52,400 (from Table II) 

A = 60.2 
I = 

= 60.2 X (2200)>t-‘* «»/«®» = 0.01324 amp. per 
square centimeter of filament surface. 

Therefore, 
i *= 0.01324 X 0.786 = 0.0104 amp. 
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Fig. 3.—Plot of the emission equation for tungsten from the experimental 
. data given below. 

Experimental Data fob the Plot op Fig. 3 

r*. K 1/T i / //r* 

1600 
1600 
1700 
1800 

0.666 X 10“» 
0.625 X 10“* 

' 0.688 X 10~a 
0.666 X 10-* 

8.0 X lO"* amp. 
8.0 X 10-» 

6.6 X 10~^ 
4.0 X 10-* 

8.0 X 10~* amp./cm* 
8.0 X 10-^ 
0.5 X 10-« 
4.0 X 10-6 

3.65 X 10-'* 
3.13 X 10->» 
2.26 X 10 •* 
1.28 X 10“*i 

Filament area » 0.1 sq. cm. 
bo 

I « AT^'T 
log l/T* - log .A ~ bo/2.30ar 

Alog//r« 2.303 
09 — 

, 1 0.438X10-* 
2.3032* 
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and the evaporation of molecules from the surface of a 
liquid. The heat of evaporation of the eleelrons Is 
analogous to the latent heat of evaporation of the mole¬ 
cules from the liquid. The work done in transporting 
an electron across the surface of the metal, i.e., the latent 
heat of evaporation per electron, is 4>e. This energy is 
derived from the thermal energy of agitation of the 
electrons within the metal. Accordingly the emission 
of electrons from a metal results in a cooling of the metal. 
Davisson and Germer made use of this fact to determine 
the work function of tungsten. They measured the 
energy input to a filament, with the usual anode made 
negative, i.e., with no electrons escaping from the fila¬ 
ment. They then made the anode positive so that an 
electron current i passed, and again measured the energy 
input to the filament. The difference in energy input 
required to maintain the filament at the same tempera¬ 
ture as before represented the heat of evaporation of the 
electrons: 

E = ne<t> (16) 

The value of <{> determined by this method is in excellent 
agreement with that obtained by other methods. 

Owing to the large effect of the bo term in the emis¬ 
sion equation, bo serves as a good indicator of the rela¬ 
tive emitting powers of different materials. The lower 
the value of bo the higher the emission at any given 
temperature. 

The effect on the emission of a small change in tem¬ 
perature is given by 

Thus in the case of thoriated tungsten {bo = 30,500) a 
1 per cent change in temperature at T = 2000°K. will 
result in approximately a 17.25 per cent change in emis¬ 
sion, Accordingly it is of great importance to be able 
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(,o determine temperature accurately and to be able to 
maintain it constant in making emission measurements. 
Thermionic emission has a larger temperature coefficient 
than any other physical property of matter except vapor 
pressure. It has been suggested for this reason that 
thermionic emission be used as a measure of temperature. 

7. The Schottky Effect. 

So far we have not considered the effect of the acceler¬ 
ating field due to the anode voltage but have considered 
only the electrical image forces. This accelerating field 
is, of course, acting in opposition to the electrical image 
force. At some distance Xo from the cathode the two 
fields must just balance each other. Nearer the cathode 
the image force predominates, and nearer the anode the 
external field predominates. Any electron with sufficient 
energy to reach this critical plane can escape. The 
greater the field due to the anode, the nearer to the 
cathode will the critical surface lie and accordingly 
electrons with smaller initial velocities will be able to 
reach this plane and escape. The result is that the 
voltage applied to the anode has a slight effect on the 
work which an electron must do to escape, i.e., on 
the work function. By lowering the work function this 
field makes it possible for electrons, which would not 
otherwise be able to do so, to escape. The result is that 
there is an increase in emission with increasing anode 
voltage. This effect is not large for ordinary voltages. 
Its magnitude has been calculated by Schottky; hence it 
is known as the Schottky effect. The formula derived by 
Schottky is 

i = i^*.3B9Syi/T (18) 

(for derivation see Appendix B) where i, represents the 
electron current at 0 field strength and i represents the 
current at any field strength E. 
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By measuring the current at various anode voltages 
and plotting values of log i against V^, a straight line is 
obtained. If this is extrapolated back to O volt, the 
value of i at 0 field strength may be determined. In 
order to increase the emission 10 per cent {T — 2000) 
over the 0 field value the field strength required at the 
surface of a filament would be 1890 volts per centimeter. 
To increase it 20 per cent would require a field of 7000 
volts per centimeter. Fields of this strength would be 
produced at the surface of a wire 0.01 cm. in diameter 
inside a cylindrical anode 1 cm. in diameter by applied 
potentials of 65.4 and 242 volts, respectively. Thus 
the Schottky effect, although easily measiu’able, is not 
of great importance at low voltages. The Schottky 
equation holds for clean metals but is not valid for 
thofiated or oxide-coated or other composite filament 
surfaces. At low voltages these show marked deviation 
from the Schottky equation and the emission decreases 
much more rapidly with field strength than the equation 
predicts. 

8. Field Currents; Cold-cathode Emission. 

From quantitative considerations it would be expected 
that the greater the field strength the more pronounced 
the effect would be. i^entually a limiting value is 
reached at which the^work function vanishes and the 
current increases to 

I = AT\ (19) 

This field current is very large compared with thte mag¬ 
nitude of thermionic currents at ordinary temperatures. 
For timgsten the limiting field is 1.44 X 10® volts per 
centimeter. At this field strength the current from 
tungsten even at room temperature would be 5.4 X 10® 
amp. per square centimeter. 
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Fowler and Nordheim have developed a theory on the 
basis of wave mechanics according to which the field 
current 

_b 

i = aEH ^ (20) 

where E = field strength 
a and h — constants for the metal. 

This expression for field current or cold-cathode emis¬ 
sion, as it is sometimes called, is in good agreement with 
the experimental facts. The field current has been found 
to be practically independent of temperature and its 
logarithm is proportional to the reciprocal of the field 
strength. 

The intense fields necessary to produce these phe¬ 
nomena do not necessarily involve excessively high 
voltages. High fields may be obtained at relatively low 
voltages by having the electrode surfaces very close 
together, particularly if one of the electrodes is a point 
and the other a plane. The surface condition of the 
cathode is a very important factor since the field at a 
small irregularity may be ten times greater than the 
average value over the surface. 

9. Initial Velocities. 

At zero anode potential, electrons having just sufficient 
energy to overcome the forces at the surface will esaape 
from the metal with zero initial velocities. Electrons 
having larger amounts of kinetic energy will not only be 
able to get away from the surface but will escape with an 
excess of energy. The result is that these electrons will 
have appreciable initial velocities and will be able to 
move against a retarding voltage. The consequences of 
these initial velocities will be discussed further in Chap. 
VIII. jft is due. to the initial velocities of the enoitted 
electrons that small currents are observed in vacuum- 
tube cifeuits at zero or even at negative voltages. 
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. It is customary, for convenience, to state the velocity 
of the electrons in terms of the opposing voltage against 
which they can just travel, instead of expressing it in 
centimeters per second. Thus an electron which has 
sufficient energy to enable it to travel against an opposing 
field of 1 volt is said to have a velocity or energy of 1 
volt. Actually its velocity is determined by the equation 

}imv^ = Ve 

Similarly an electron which has acquired its velocity by 
moving in a field between two points whose potential 
difference is 1 volt is said to have a velocity of 1 volt}' 
The higher the temperature of the cathode the more 
electrons will be emitted with any given velocity and the 
higher will be the mean energy of the emitted electrons. 
The mean energy of the electrons in a direction normal 
to the surface is 2kT* or 0.052 volt at 30G°K., 0.41 volt 
at 2400 and 0.63 volt at 3655°K. 

The fraction of the emitted electrons having velocities 
in excess of any given value V can be calculated from 
the Boltzmann equation 

i-.n. (21) 

For example, only one out of 1000 electrons from a cath- 
ode«at 2400°K. has an initial velocity greater than 1.43 
volts. 

10. The Schioteffekt (Small-shot Effect). 

The passage of the thermionic current in a vacuum 
tube is not a smooth continuous flow. Owing to the 
atomic constitution of electricity," the electrons pass from 
the cathode to the anode as a hail of elementary charges. 

* The average energy of the electrons in a given volume is 3ikT 
while the energy of the electrons which cross a surface is 2kT. (,Cf. 
Compton and Ianghttib, Rev. Mod. Phya., 2, 205, 1930.) 



THEORY OF THERMIONIC EMISSION 17 

If the rate of emission of these elementary charges were 
uniform, they would give rise to small regular variations 
in the thermionic current and the frequency of these 
variations would be determined by the number of elec¬ 
trons per second. Stated in another way, the space 
current in a vacuum tube is lumpy because of the granu¬ 
lar nature of electricity. 

The emission of electrons does not take place at a 
uniform rate. In very short consecutive time intervals, 
there are sometimes more and sometimes fewer charges 
emitted than the average number as determined over a 
long time interval. Thus for each small arbitrary time 
interval there may be considered to exist an alternating 
component of the discharge current. 

The random positive and negative variations from the 
mean in the number of electrons emitted in successive 
intervals correspond to the amplitude of this alternating 
current. 

Let be the actual number of electrons escaping in a 
single time interval At, and let n be the average number 
of electrons escaping per unit time. Then the average 
number escaping in time At will be nAi. According to 
the probability theorem the mean square of the devia¬ 
tion from the average value is 

(n^ — = nAt (22) 

Multiplying by (e/Aty: 

— nAtye^ 

Ae- 
= ni (23) 

The left-hand side of this equation represents the mean 
square value of the variations of the short-period average 
current from the long-period average «o. Therefore, 
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From this equation it can be seen that these deviations 
increase with the size of the elementary unit of electricity. 
Thus if electricity were an infinitely fine-grained fluid, 
the fluctuations would be zero. 

This hypothesis is based on the assumption that the 
electrons are emitted independently of one another and 
that the emission of any one electron does not affect in 
any way the emission of the next electron. 

The consequence of this Schroteffekt upon radio tubes 
is of interest, for it is one of the factors which sets a limit 
to the degree of amplification attainable. ^ l^h'ese vari¬ 
ations in current, when suflSciently amplified, give rise 
to a noise in the output circuit. The nature of the effect 
demands that, for it to be a maximiun, the emission 
must be limited by temperature. Ordinarily, however, 
the emission in amplifiers is limited by space charge which 
tends to reduce the effect. 

If the space current is passed through the inductance 
and resistance of a resonant circuit, the voltage fluctu¬ 
ations due to the Schroteffekt will set up oscillations in 
this circuit which may be amplified further by additional 
stages and finally measured by suitable means. By 
measuring the magnitude of the Schroteffekt, Hull and 
Williams have deteimined the value of e, the electronic 
charge. Conversely, other experimenters using the 
already known value of e have used the phenomenon as 
a means of studying the basic assumptions underlying 
the theory. 

11. Positive-ion Emission. 

Under certain conditions filaments may emit positive 
ions. These may be collected by an electrode which is 
maintained at a negative potential with respect to the 
filament. Positive ions of the alkali metals may be 
emitted when their vapors come, in contact with heid»d 
filamente. This type of ion emission will be discussed 



THEORY OF THERMIONIC EMISSION 19 

in Chap. IV. Tungsten, molybdenum and many other 
metals emit ions of the alkali metals and other elements 
which are present in them as impurities. This emission, 
however, is usually small and takes place only during 
the initial heating of the filament. It disappears as 
the impurity is distilled out. 

A different type of positive-ion emission has been 
observed by Smith, who found that timgsten and molyb¬ 
denum filaments emit positive ions even after the fila¬ 
ments have been heated to 3000°K. and then been well 
aged. This treatment would remove any traces of 
alkali which remained in the wire from the processing. 
Examination with the mass spectrograph showed that 
the ions were actually those of tungsten and molyb¬ 
denum. The emission with temperature follows an 
equation of the Richardson form with <t> = 6.55 volts for 
tungsten and 6.09 volts for molybdenum. At 2500°K. 
the ion current from tungsten was 18.3 X 10^* amp. per 
square centimeter. 

Kunsman has found that certain catalysts which are 
used to promote the synthesis of ammonia from nitrogen 
and hydrogen are also emitters of positive ions. One of 
these catalysts is formed by fusing a mixture of very pure 
magnetite, and 1 per cent of alumina with about H per 
cent of alkali or alkali-earth metal. This material can 
be finely ground up and suspended in paraffin and applied 
to a filament in the same way as oxide coating. At 
800°K. positive-ion currents of 3 X 10^ amp. were, 
obtained from caesium. The relation between tempera¬ 
ture and positive-ion current followed an equation of 
the Richardson form. The mass of the ions was found 
to be the same as that of the alkali or alkaline-earth 
metal. > 

The most efficient sources of ions of the alkali metals 
have been fonned by coating filaments with synthetic 
alkali aluminum aiUcates. One which has been studied 
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in detail by Blewett and Jones is /8-eucryptite (lLi20- 
lAl203'2Si02). A paste is made by mixing Li2C03, 
Al2(N03)39H20 and powdered quartz in the proportions 
73 g. Li2C03, 375 g. Al2(N03)39H20 and 120 g. SiOj. 
This mixture is coated on a platinum filament and heated 
in air to about 1400°C. where it forms a glassy coating. 
When heated in vacuum the filament emits positive 
lithium ions. Currents of 10~'’ amp. per square centi¬ 
meter are easily obtained. At this efficiency the life 
of the filament is about 30 hr. Similar sources are used 
for the other alkalis. 

Synthetic sources of this kind give ion currents almost 
exclusively of the desired element free from more than 
1 or 2 per cent impurity of other alkalis provided that 
pure chemicals have been used in their preparation. In 
this respect they are superior to the natural minerals 
whose emissions often include 10 per cent or more of 
ions of the other alkalis. Positive ions of Mg, Ca, Sr, 
Ba, A1 and In can be obtained from coatings of the oxides 
of these metals. The currents obtained are of the order 
of 10“® to 10“* amp. per square centimeter. Sources of 
this kind are very useful for work in mass spectroscopy. 
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CHAPTER II 

THORIATED TUNGSTEN CATHODES 

12. Emission and Vapor Pressure. 

It was shown in Chap. I that substances differ greatly 
in their thermionic emitting properties. Table II gives 
values of bo and I for various elements, measured, where 
possible, at the same temperature. From this table it 
can be seen that substances such as thorium, calcium, 
bariiun, strontium or caesium are much better thermionic 
emitters than substances such as tungsten, molybdenum, 
tantalum or platinum. In the choice of an electron 
emitter, however, other considerations than the efficiency 
of emission alone play a large part. For example, an 
element such as calcium has a low work fimction, 
2.24 volts, and is a fairly good emitter as compared Avith 
many other substances at the same temperature. The 
vapor pressure of calcium, however, is so high that its 
evaporation becomes appreciable at relatively low tem- 
I>eratures. The result m that it is not possible to operate 
a calcium surface at a high enough temperature to obtain 
large electron currents without having excessive evapora¬ 
tion. A substance such as tungsten on the other hand, 
although a comparatively poor emitter, can be operated 
at very high temperatures. Accordingly it can yield 
high electron currents, although its efficiency in terms 
of milliamperes of electron current per watt of heating 
energy may be very low. Fortunately it is sometimes 
possible to use a combination of a material with low 
emis^n but which can operate at hi^ temperatures, 
apd smother subst^ce .with hi^ emission but a hi^ 
vhiripr pr^ure. 
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13. Thoriated Tungsten. 

The best known instance of such a combination is 
thoriated tungsten. The melting point of tungsten is 
3655°K., and its work function is 4.52 volts. At a 
temperature of 2000°K. a tungsten filament can be oper¬ 
ated for tens of thousands of hours without appreciable 
evaporation, but its emission at this temperature is 
only 10“® amp. per square centimeter. Thorium has a 
low work function of 3.35 volts and is a very good 
emitter, but it melts at 2118°K. Fortunately it is pos¬ 
sible for tungsten to adsorb strongly a layer of thorium 
on its surface and hold it there at temperatures far above 
the point where pure thorium would melt and evaporate 
rapidly. Such a thoriated filament has the mechanical 
properties of tungsten, yet as an electron emitter its 
properties are greatly modified by the thorium. Thus 
such a filament can be operated at 2000°K., which is 
near the melting point of thorium, and yield an electron 
current of 2.86 amp. per square centimeter, 1000 times as 
much as pure tungsten. Similar principles are involved 
in the caesium emission and the oxide-coated filament 
which will be discussed in Chaps. Ill and IV. 

It is common practice to introduce a small percent¬ 
age of thoria into the tungsten used for incandescent 
lamp filaments in order to prevent offsetting.* It was 
found that when suitably treated these filaments gave 
values of thermionic emission far in excess of that nor¬ 
mally to be expected for pure tungsten. This phenome¬ 
non was studied in great detail by Langmuir. 

14. Activation. 

If a thoriated filament is flashed heated for a 
short time) at a temperature of about 2800°K. and the 
em^ioh is measured immediately afterward, it will 

* ^ipjnag hf crystals in the direoti<m at right angira to the l^^th 
ofthefflanu^t. 
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correspond very closely to that from a pure-tungsten 
surface. If the filament is then held at a temperature 
in the neighborhood of 2100°K., the emission will gradu¬ 
ally increase until it reaches a value about 1000 times 
that for pure tungsten at the same temperature. 

The explanation of this behavior is that at 2800°K. 
some of the thoria in the wire is reduced to metallic 
thorium. The metallic thorium diffuses through the 
wire, mostly along tJie grain boundaries, to the surface 
where it evaporates. At temperatures somewhat below 
2800°K., where the rate of evaporation from the surface 
is not so high, the thorium can accumulate at the surface 
where it forms a layer one atom deep. " This modifies 
the electron-emitting properties of the wire without 
altering its mechanical properties. 

The monatomic layer of thorium can be formed only 
under favorable conditions. The filament temperature 
must be high enough so that the thorium will diffuse to 
the surface in appreciable quantities, yet not so high 
that the thorium will all evaporate from the surface. 
If the filament temperature is too high, the thorium will 
evaporate from the surface as fast as the process of 
diffusion brings it therer At very low temperatures the 
rate of evaporation becomes smaller, but at the same time 
the rate of diffusion toward the surface becomes still 
smaller.' Furthermore, if the temperature conditions 
are right, other causes must not be operating to tend to 
remove the active layer. For example, in an oxidizing 
atmosphere the thorium will be converted to thoria as 
fast as it arrives at the sixrface, while in the presence of 
inert gases at sufficiently high anode voltages it may be 
removed from the surface by the sputtering action of 
positive ions. The optimum condition (for most com¬ 
mercial thoriated filaments) for the formation of a mon¬ 
atomic thorium surface on tungsten is a high vacuum and 
a filament temperature between 2000'TC. and 2200*^K. 
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16. Fraction of Surface Covered. 
< 

The surface condition of a thoriated filament, t.e., its 
activity, is studied by measuring the electron emission 
from it. The laws governing the behavior of such 
filaments are best determined from the activation curves. 

. Minu+cs 
Fig. 4.—Activation curve for thoriated tungsten. Activation temperature 

2100^K.; testing temperature 1500^K.; filament area 0.142 sq. cm. 

These are simply the curves showing the change in emis¬ 
sion with time under various operating conditions. 

The procedure for taking an activation curve is as. 
follows. The filament is first flashed at 2800°K. for 
1 min. It is . then operated at some lower temperature 
and readings of emission are made at frequent intervals. 
The readings are all made at a low-filament temperature 
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such as 1500°K., because at this temperature all the proc¬ 
esses involved are sufficiently slowed down so that no 
change takes place during the course of a reading. 
Figure 4 shows an activation curve obtained by operating 
a filament at 2100°K. and taking readings at 1-min. 
intervals, the readings all being made at a temperature of 
1500°K. The initial reading shows a very low value of 
emission corresponding to that for a pure-tungsten sur¬ 
face. The curve then rises rapidly and finally approaches 
a limiting value as the surface becomes completely 
covered with thorium. The general nature of this curve 
is the same for different temperatures of activation, 
although the limiting value of emission varies somewhat 
with the temperature of activation. The emission from 
a thorium-covered surface is greater than that from 
tungsten, and this gradually increasing emission indi¬ 
cates an increasingly large proportion of the surface 
covered with thorium. The activity of the surface must 
depend upon the fraction of the surface covered. If half 
of the surface is completely covered with thorium while 
the other half is clean tungsten, then, of course, the 
emission will be the arithmetic mean between the value 
for thorium and the value for tungsten. If, however, 
the filament surface is half covered with thorium, but the 
latter is distributed uniformly j>ver the entire filament, 
this will no longer be the case, xhe effect of the thorium 
in increasing the emission is not due to a specifically high 
emission from its surface but is due to the fact that the 
thorium atoms on the surface raise the potential at the 
critical surface, thu^ permitting more electrons to pass 
this critical region. 

The activation curve of Fig. 4, however, does not 
directly give the relation between emission and amount 
of thorium on the surface. This relation has been 
obtfuned by other means and is of the form shown in 
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as ordinates against the fraction of the surface covered. 
The best available evidence at present indicates that the 
maximum emission, that is the point M in the figure, 
corresponds to a surface 0.7 covered with thorium. As 
the surface becomes more completely covered the emis¬ 
sion passes through a maximum, finally reaching a steady 
state for a surface completely covered with a single 

Fia. 6.^—Relation between emission and fraction of surface covered with 
thorium. 

monatomic layer. This maximum is not always observed 
in practice. At high activation temperatures evapora¬ 
tion from the surface may be so great that the surface 
never becomes covered to the optimum extent, and equi¬ 
librium may be established at some value of surface 
coverage less than 0.7. On a fully covered surface there 
are 7.12 X 10'* atoms of thorium per square centimeter. 

The fraction of the surface covered is designated as 0. 

It is often deras^Ie to mqiress the activity ctf the fiia^ 
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meat in terms of the fraction 6 instead of merely stating 
its emission. 0 can readily be determined by means of 
Fig. 6 which gives the relation between’ 0 and another 
constant 0' which is calculated from the relation 

9' - ■'<- - (26) 
log - log 

where iv, == emission from a clean tungsten surface. 
— emission from a surface completely covered 

"(vith thorium. 
igt = emission observed. 

Fig. 6.—Relation between 0^ and 0, the fraction of the surface covered. 

0' must not be confused with the fraction of the surface 
covered. A small change in the amount of thorium 
on the surface produces a relatively large change in 
emission as can be seen from Fig. 5. When 0 is small, 
a 5 per cent increase in 0 results in a tenfold increase in 
emission. 

During the early stages of activation 0 increases prac¬ 
tically linearly with time, but during the later stages the 
rate decreases. This is largely because the evaporation 
of thorium from the surface increases exponentially with 
the fraction covered. Thus even though the rate of 
arrival at the surface remains unchanged the rate of 
accumulation on the surface decreases as the surface 
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heoomee more fully covered because of the more rapid 
evaporation. 

16. Diffusion. 

The rate at which thorium arrives at the surface 
depends upon the concentration gradient of thorium in 
the wire and on the rate of diffusion of thorium through 
the wire. The concentration gradient depends upon the 
amount of thorium produced, i.e., upon the nature of 
the wire and the time and temperature of flashing. The 
rate of diffusion depends in part on the crystal structure 
since most of the diffusion is now believed to take place 
along the grain boundaries rather than through the 
metal itself. A fine-grained wire offers more paths by 
which the thorium may come to the surface than one 
composed of large grains or crystals. 

Diffusion over the surface is also an important factor. 
It has been shown that thorium, caesium and barium 
can move over the surface of tungsten relatively easily 
at high temperatures. Thus the thorium which comes 
to the surface along the grain boundaries spreads out 
over the surface at a rapid rate so that a uniform surface 
distribution is maintained. This surface migration takes 
place at an appreciable rate at temperatures as low 
as 1500°K. 

17. Evaporation. twww«^Lf 

, The rate of evaporation is a function of the tempera¬ 
ture and of the fraction of the surface covered. The rates 
for two different temperatures as functions ot^he fraction 
of surface covered are shown in Table III. The number 
of atoms evaporating per second from a fully covered 
surface is more that 1000 times the number from a sur¬ 
face one-tenth covered. 

At high temperatures where the rate of evaporation 
is large compared with the rate of diffusion to the surface, 
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Table III.—Kvapokation fhom a Thoriated PTlambnt at Different 

Temperatures as a Function of tub Fraction of the Surface 

Covered with Thorium 

e 

Number of atoms evaporated per 

S(iuare centimeter per second 

2000°K. 2400°K. 

0.00 0.0 0.0 

0.035 0.3 X 10^ 5.26 X 10'« 

0.07 1.5 2.55 

0.14 9.1 14.7 

0.21 30.0 46.5 

0.28 76.0 114.0 

0.35 170 250 

0.42 357 513 

0.49 742 1,040 

0.56 1,592 2,228 

0.63 10,950 15,150 

0.70 47,300 66,000 

0.77 540,000 

the filament surface can never become completely covered 
with thorium, i.e., 6 is always less than 1 and the filament 
never becomes completely activated. In practice this 
holds true for temperatures of about 2300°K. or more. 

18. Equilibrium Conditions. 

The behavior of thoriated filaments can best be sum¬ 
marized by stating the three most important processes 
which are taking place during operation: 

1. Reduction of thoria to metallic thorium. 
2. Piffusion of thorium toward the surface. 
3. Evaporation of thorium from the surface. 
The relative importance of these' three processes 

depends upon the temperature of the filament. At 
temperatures of 2800°K. or above, thoria is rapidly 
being reduced and diffuses toward the surface. The 
rate of evaporation is so rapid, however, that the sur- 
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face cannot become covered, and the filament behaves 
essentially as though it were pure tungsten. 

At temperatures below 2800°K. the rate of reduction 
of thoria is low. The rate of evaporation is low enough 
so that the surface may be maintained partly covered 
with thorium. At temperatures below 2300°K. the dif¬ 
fusion to the surface and the rate of evaporation both 
decrease, but the latter more rapidly than the former so 
that the surface may become covered with thorium and 
the filament emission will be the high-value characteristic 
of thorium. 

For any filament temperature,, then, there is an equilib¬ 
rium condition of the surface, a balance between the 
rate of supply and the rate of loss of the thorium. This 
equilibrium may be approached from either side. For 
example, suppose that a filament is completely activated, 
i.e., the surface is entirely coated with thorium. If the 
temperature of the filament is raised to 2400°K., it will 
deactivate until only a fraction of the surface remains 
covered. On the other hand, if we start with the fila¬ 
ment in a deactivated condition and operate it at 
2400°K., it will activate until the same fraction of the 
surface is covered as in the previous case. 

To some extent this condition will be modified by the 
history of the filament. For example, a filament which 
has never been flashed at 2800°K. will not show any 
activation phenomena because no thorium has been 
produced in the body of the wire, although in some 
cases a small amount of thorium may be present as the 
result of the wire-drawing process, A wire which has 
been flashed for only a few seconds will not contain the 
same reserve supply of thorium as one which has been 
flashed for perhaps a minute so that the amount of 
thorium diffusing to the surface in a given time will be 
less and may not be sufficient to replace the loss by 
evaporation. Similarly, if a filament has been operated 
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for a long time so that the reserve of thorium is used up, 
diffusion will not be able to make up for evaporation 
lossps so that the activity of the surface will be low. 

19. Emission Life of Thoriated Filaments. 

The exhaustion of the reserve supply of thorium is 
one of the common causes of the termination of the life 
of thoriated-filament vacuum tubes., The filament can 
be restored to its initial condition by flashing again for 
a brief period at 2800°K. and then operating at a tem¬ 
perature of about 2200°K. to give this renewed supply 
of thorium an opportunity to cover the surface. This 
process may be repeated many times as the quantity of 
thorium reduced is only a very small fraction of the total 
quantity of thoria present. ' ^ 

The emission life of a thoriated filament depends upon 
the reserve of thorium available and on the rate at which 
it is used up. The reserve is merely the concentration 
Originally in the wire. The temperature at which the 
wire is operated determines the rate at which it is used 
up by diffusion to, and evaporation from, the surface, 
-thoriated filaments in electron tubes usually contain 

not more than 1.5 per cent by weight of thoria. A larger 
quantity than this makes the drawing of the wire diffi¬ 
cult, while a smaller quantity may not yield a sufficient 
supply of thorium. Different ways of treating the wire 
in the processing also affect the ease of reduction of 
the thoria to thoriuni.^ The effect of the grain size of 
the wire has already been discussed. "Since the diffusion 
of thorium takes place along the grain boundaries rather 
than through the metal itself, it is necessary to have a 
wire constituted of fairly small grains in order to furnish 
a sufficient number of paths along which diffusion can 
take place. Large-size grains would cut down the num¬ 
ber of paths and so decrease the rate of arrival of thorium 
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at the surface while not affecting the evaporation from 
the surface. 

20. Effects of Gases. 

In the presence of gas the equilibrium conditions are 
altered. Inert gases such as the rare gases argon, helium 
and neon may remove atoms of thorium from the surface 
by sputtering,* while a chemically active gas such as 
oxygen, water vapor or carbon dioxide will rapidly oxidize 
the surface film. 

The effect of oxidation is completely to alter the elec¬ 
tron-emitting properties of the surface. A tungsten 
filament which is completely covered with oxygen has a 
value of A = 5 X 10*' and feo = 107,000; i.e., the work 
function for an oxidized surface is very much higher 
than for a clean surface, so that the emission from an 
oxidized tungsten surface is one-millionth that of a clean 
surface. 

21. Relation between A and Q. 

The constant A of the Richardson equation was given 
in Chap. I as 60.2 for all pure metals. For composite 
surfaces, however, such as thoriated tungsten and oxide- 
coated or caesiated filaments, A is no longer a constant 
but depends upon the condition of the surface, i.e., on 
the value of O', as defined on page 28. This relation 
is shown graphically in Fig. 7. This curve may be 
represented by the empirical formula 

A,- = [7*' -b - l]Ao (26) 

where Ao = 1 amp. per square centimeter. 
Thoriated tungsten has been discussed in great detail 

because of its importance in the vacuum-tube art and 
because its behavior is typical of a great many other 
electron emitters. It has been possible to study electron 

* See paragraph 60. 
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emission from pure substances only in the case of the 
few metallic elements which have high melting points 
and low vapor pressures and can readily be made into 
wires. Other substances must be studied by coating 
them upon wires or incorporating them in the wires, as 
has been done with thoria. In this fashion, elements 
such as cerium, zirconium, lanthanum, yttrium, uranium. 

Fio. 7.—Relation between A and 0' for thoriated tungsten. 

calcium, magnesium, strontium, barium and others have 
been investigated. The principles involved are the same 
as those just discussed, but the quantitative relation¬ 
ships depend upon the properties of the elements in 
question. The metallurgy of such combinations is often 
very difficult and imposes limits upon the investigation. 

22. Carbonization. 

A very interesting process which greatly improves 
the performance of thoriated filaments is carbonization. 
If a tungsten filament is operated at a temperature 
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above 1600°K. in the vapor of naphthalene (CioHs), every 
molecule of naphthalene which strikes the hot surface 
of the filament decomposes into carbon and hydrogen. 
The carbon deposited on the surface diffuses into the 
tungsten forming the compound, tungsten carbide. 
This behavior is not limited to naphthalene but takes 
place with any convenient hydrocarbon such as alcohol, 
benzol, benzene, toluene, anthracene, methane, acetylene 
or illuminating gas. 

At very low pressures and high filament temperatures 
the rate of formation of carbide is limited only by the 
rate at which molecules strike the surface. The rate of 
diffusion into the filament is more than able to keep 
pace with the number of atoms of carbon formed on the 
surface. At high pressures of the hydrocarbon vapor 
and low filament temperatures the process is limited by 
the rate of diffusion; i.c., carbon is formed faster than 
the wire can take it up and there is a tendency to form 
a shell of carbon on the surface of the wire. 

The electrical resistance of tungsten carbide is higher 
than that of tungsten. This provides a very convenient 
indicator for controlling the carbonization process. As 
the carbon diffuses into the wire, forming carbide, it 
forms .a shell which can readily be seen under the micro¬ 
scope, as shown in Fig. 8. The filament thus consists of 
a core of tungsten surrounded by a concentric shell of 
tungsten carbide (W2C). Since the specific resistances 
of these two substances are known, it is a simple matter 
to compute the resistance of the filament corresponding 
to any degree of carbonization. The relation between 
the degree of carbonization and conductivity of the 
filament is shown in Fig. 9. The initial conductivity is 
taken as 100 per cent. As the filament is converted to 
tungsten carbide, the conductivity decreases linearly 
\mtil it reaches 6 per cent of its initial value. This has 
been found experimentally to correspond to a carbon 
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Fio. 9.—Relation between conductivity and carbon content of carbonised 
tungsten filament. (Af. H. Andrews, J. Phys, Chem., 27. 276, 1923.) 
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content of 3.16 per cent by weight, which is the amount 
of carbon required to convert the entire filament to 
W2C. If the carbonizing process is continued beyond 
this point, the conductivity increases again because the 
filament is being converted to another carbide of tung¬ 
sten, WC, which has a higher conductivity than WoC. 
This stage of the process is quite similar to the first. An 
outer shell or ring of this higher carbide is formed which 
gradually works in toward the center as the carbon 
diffuses until the entire filament is converted to WC. 
At this point the conductivity is 40 per cent of its initial 
value and the carbon content is 6.12 per cent by weight. 
If the process is continued, there is only a very slight 
increase in conductivity which is due to the solution of 
carbon in the carbide. 

This process can be reversed and the filament decar¬ 
bonized by pumping out the hydrocarbon vapor and 
heating the filament to 2400°K. or higher. The carbide 
decomposes and the carbon is vaporized off the filament 
surface restoring it to its original condition. 

Carbonization has a remarkable effect on the operation 
of thoriated filaments. It has been found that the rate 
of evaporation of thorium from a carbonized filament at 
a temperature of 2200°K. is only about one-sixth of 
that for a tungsten surface at the same temperature. 
Carbonized filaments can therefore be operated at higher 
temperatures than uncarbonized filaments without deac¬ 
tivating the surface by evaporation of thorium. Since 
the operating temperature can be raised, the accom¬ 
panying increase in the rate of diffusion results in an 
increased amount of thorium being brought to the sur¬ 
face, while the evaporation at the higher temperature is 
no higher than for a plain filament at the same tempera¬ 
ture. The result is that carbonized filaments can be 
operated imder adverse conditions, such as an oxidizing 
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atmosphere or positive-ion bombardment, where uncar¬ 
bonized filaments would fail to give thoriated emission. 

Tungsten carbide is brittle, so that in order not to 
weaken the filaments excessively it is customary not to 
carbonize beyond the point where the conductivity is 
80 per cent of its initial value. 

23. Crystal Structure of Filaments. 

The important r61e which the physical structure of the 
cathode plays in the operation of vacuum tubes is often 

Fig. 10.—Longitudinal section of raw tungsten filament showing fibrous 
structure. 

not realized because the structure is only apparent upon 
examination by microscope. The ductility of tungsten 
and other materials used for filaments is due to the fact of 
their fibrous structure. Figure 10 shows a longitudinal 

Fig. 11.—Longitudinal section of equiaxed thoriated tungsten filament 
showing granular structure. 

section of a tungsten filament highly magnified. This is 
the so-called raw wire as it comes from the manufacturing 
process. The process of working by which this structure 
is arrived at is discussed in standard texts on metallurgy. 
When a filament having a fibrous structure is heated 
above a certain temperature (called the equiaxing temper¬ 
ature), its structure changes from fibrous to granular, as 
shown in Fig. 11. This change is not dependent on tem¬ 
perature alone but is a function of temperature and time. 
The long fibers tend to break up and form small grains 
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which gradually increase in size with time. Below this 
temperature the structure of the wire is relatively stable. 

The final size of the grains is determined in part by the 
chemical nature of the filament and in part by the treat¬ 
ment which it has received in the wire-drawing process, 
as well as by the subsequent heat treatment. A small 
percentage of thoria has the peculiar property of inhibit¬ 
ing the growth of crystals in tungsten filaments. In 
fact, thoria was first introduced into incandescent lamp 
filaments for this purpose. Figme 12 shows a longi¬ 
tudinal section of a pure-tungsten filament which has 
I'eceived the same heat treatment as the thoriated fila- 

Fig. 12.~ - Longitudinal section of pure-tungsten filament (given same treat¬ 
ment }i.s section shown in Fig. 11) showing large grains. 

ment shown in Fig. 11. The larger size of the grains is 
plainly evident. This change from a fibrous structure 
to a crystalline one changes the wire from a ductile to a 
brittle condition. The crystal structme of the wire 
influences the thermionic emission, as has been discussed 
in paragraph 16. By suitable treatment it is possible to 
grow grains of the entire cross section of the wire and 
several centimeters long. 
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CHAPTER III 

OXIDE-COATED CATHODES 

24. Preparation of Cathodes. 

One of the first and most widely used types of ther¬ 
mionic emitters was the oxide-coated or Wehnelt cathode, 
so called after its discoverer. In 1904, in the course of 
some measurements of cathode drop in gaseous dis¬ 
charges, Wehnelt found that the oxides of barium, 
strontium and calcium, coated upon platinum, were 
particularly effective in lowering the cathode drop, i.e., 
they were good electron emitters. 

Although the oxide-coated cathode differs greatly 
from the thoriated filament, it resembles it in that the 
emitting material is a coating upon a core of some other 
material. Various methods of making oxide-coated cath¬ 
odes have been devised and are at present use(>commer- 
(iially. They are all similar in that the end result is a 
coating composed primarily of oxides of barium and 
strontium adhering to a metal core. 

In one of the earliest commercial processes the car¬ 
bonates of barium and strontium are mixed in approxi¬ 
mately equal proportions with a carrier such as resin 
or paraflBn. This is then applied to the hot wire in air. 
The carrier is then burned off by raising the temperature 
of the wire, and successive coats are applied in a similar 
manner until the desired thickness is attained. 

Other methods involve passing the wire through a 
paste containing a mixture of the carbonates, which is 
then baked on to the surface at a temperature well below 
red heat, usually in an atmosphere of carbon dioxide. 

. 41 



42 THE PHYSICS OF ELECTRON TUBES 

This paste may be a suspension of the salts either in water 
or in an organic binder. The binder is burned off in the 
process of activating the filament. 

Another method consists in dipping the filament into 
an aqueous solution containing about 3 per cent of 
barium nitrate and then evaporating the water by heat¬ 
ing in an atmosphere of carbon dioxide; then dipping 
into a strontium nitrate solution and heating in carbon 
dioxide and repeating the process through as many as 
40 cycles or sometimes even more. 

Another process makes use of barium azide (BaNe).* 
A few drops of a solution of the azide is placed upon the 
inside of the anode of the vacuum tube and evaporated 
to dryness at 100°C. Barium azide decomposes above 
130°C. into metallic barium and nitrogen. During the 
exhaust process this temperature is exceeded and decom¬ 
position takes place. The nitrogen is pumped out, 
leaving a deposit of pure barium on the inside of the 
anode. When the latter is heated by high-frequency 
induction the barium vaporizes, and some of it condenses 
on the filament. In order to insure the barium adhering 
to the filament and giving satisfactory emission life, the 
surface of the filament must be oxidized. The filaments 
used in this process are for the most part either tungsten 
or platinum with an electrodeposited layer of copper. 

The difference in emission between barium and stron- 
tiiun is slight, but it has been found that coatings con¬ 
taining strontium adhere better to the fQament surface 
than those of barimn alone and seem to have a longer 
life. Accordingly a mixture of the two is used, usually 
in the proportion of 3 parts of barium to 2 parts of stron¬ 
tium. It is customary in the literature on this subject 
to use the word “barium” where both barium and stron¬ 
tium are meant. 

* Barium azide is an unstable compound and under some conditions 
may be a very dangerous explosive. 
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A wide variety of core materials are used. Platinxim, 
usually in the form of platinum-iridium or platinum- 
nickel alloy; nickel; tungsten and tungsten electroplated 
with copper; and an alloy of nickel, cobalt, iron and 
titanium known as konel. The effect of the core mate¬ 
rial will be discussed later. 

26. Activation. 

A freshly prepared oxide-coated cathode does not 
show any appreciable electron emission. It must first 
be activated. The activation process assumes different 
forms, depending upon the coating process which has 
been used. In general, it consists in heating the filament 
for several minutes at a temperature from 1000°K, to 
1500°K., or well above the operating range. This is 
followed by a period of operation at a lower temperature 
for a longer time with anode voltage applied. During 
this treatment the filament emission increases rapidly to 
its maximum value. The exact procedure varies greatly 
for the different types of coatings. 

The phenomena underlying the activation process in 
the case of coated filaments are very different from those 
in thoriated filaments. Diffusion to the surface probably 
is an important factor, but it is not determined by tem¬ 
perature alone as in the case of thoriated filaments. The 
fact that the activation is dependent upon anode voltage 
shows that it is partly electrolytic in nature. At any 
given anode voltage and filament temperature the emis¬ 
sion from a coated filament will reach an equilibrium 
value. On raising the anode voltage (keeping the fila¬ 
ment temperature constant) the emission will gradually 
increase to a new value. On further increasing the 
voltage a further increase in emission will result. A 
decrease in voltage will result in a decrease in emission 
although not necessarily to the same value as observed 
before. This effect shows an appreciable time lag, and 
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several minutes inny lie retjuired to eslablish equilibrium. 
The magnitude of this effect varies for different types of 
coated filaments, but the general trend is the same for all. 

In some processes the application of anode voltage 
during the activation is essential, and in the earlier 
processes it was even necessary for a glow discharge to 
take place before the filament could be activated. In 
other processes such as those where a konel wire core is 
used, the activation appears to be purely thermal. 

In the case of nickel cores it has been found that a 
fraction of a per cent of titanium or magnesium alloyed 
with the core increases the thermionic emission, while 
manganese and iron decrease it. It is probable that this 
increase is due to an increase in the concentration of free 
barium as the result of reduction of the oxide by these 
substances. Aluminum, which is also a strong reducing 
agent, has the same effect. 

26. Measurements. 

' Comparison of the efficiency of different types of 
oxide-coated cathodes is rather difficult owing to the 
difficulty in determining the constants in the emission 
equation. For pure metals these are relatively easy to 
determine, but in the case of oxide-coated filaments the 
temperature cannot be accurately measured owing to 
lack of knowledge of the thermal emissivity of the sur¬ 
face. This depends not only upon the chemical nature 
of the surface but also upon its physical state, which is 
influenced by the process which has been used in pre¬ 
paring it. The simplest comparison, therefore, is on an 
energy basis, i.e., in terms of amperes of electron current 
per watt input of heating energy. 

A very convenient form of cross-section paper has 
been devised by Davisson for representing data in this 
form. This paper, which is commerciably available, is 
called power emission paper and is shown in Fig. 13. If 



9*0 



46 THE EHYSWE OF ELEVTRON TUBER 

values of emisvsion per s(}u:ire cent.imeter arc plotted 
against watts per square eentiniet.er (energy input to 
the'cathode) on this paper, a straight, line will result for 
any substance whose thcrmionii^ emission follows Rich¬ 
ardson’s equation. For practical purposes this paper 
is very convenient, as it is not necessary to know tem¬ 
peratures or radiation constants in making use of it. 
Any two points will determine a straight line from which 
values corresponding to other operating conditions may 
be obtained. Values for pure tungsten, thoriated tung¬ 
sten and oxide-coated nickel are .shown in the figure. 

One feature of the behavior of (mated filaments which 
is particularly noticeable is the lack of saturation of the 
emission with increasing anode voltage. This is prob¬ 
ably due in part to the electrolytic nature of some of the 
phenomena involved and in part to the fact that the 
cathode surfaces are rough so there are many crevices 
from which the electrons do not escape at low voltages, 
but from which they are pulled out in increasing num¬ 
bers as the voltage is raised. 

27. Theories of Behavior. 

The theory of the behavior of coated filaments is in 
a very unsatisfactory state. Different observers obtain 
radically different results. This is partly because of 
the variety of types of cathodes which have been used in 
the investigations. Furthermore, it is very difficult to 
get reproducible results, even with any one type of 
cathode. Factors, such as the fineness of the powders 
used for the coating, and the method of applying it, 
exert a very great effect which, as yet, has not been 
completely determined. 

According to one view, the emission is due to a mon- 
atonoic film of barium on the surface of the filament, much 
as in the case of thoriated filaments. Accorciing to 
another view, the emission is due to a highly emitting 



OXIDE-COATED CATHODES 47 

layer at the interface between the core and the coating, 
electrons finding their way out through the porous coat¬ 
ing. The former view is the most widely accepted 
one. 

The fact that metallic barium is necessary for an 
active surface is shown by the fact that, when metallic 
barium from another source is deposited upon an oxide- 
r^oated surface, the surface be(;omes active. A very 
slight trace of oxygen is sufficient to “poison” the emis¬ 
sion from a coated cathode. This is additional evidence 
in favor of the view that the activity is due to the pres¬ 
ence of metallic barium as it is difficult to see how oxygen 
could be harmful to a barium oxide surface. The fact 
that coated filaments cease to be active as electron 
emitters while there is still a large amount of coating 
left is one of the many difficulties which remain to be 
explained. This indicates that the life of coated cath¬ 
odes is terminated by some change in physical structure 
rather than by ejchaustion of the barium supply. 

The crystal structure of the filament certainly must 
ha'’^e an important bearing on its behavior, since diffusion 
is one of the important phenomena in coated filaments. 
Diffusion takes place most readily along grain bound¬ 
aries.. Growth of grains, with consequent reduction 
of the number of boundaries and paths along which 
diffusion can take place, has been suggested as one of 
the causes of the loss of emission of coated filaments. 
The conditions, however, are not simple as in the case 
of thoriated filaments, and the evidence in favor of this 
theory is not entirely conclusive. 

28. Production of Barium. 

Any theory to account for the behavior of oxide- 
coated cathodes must explain the formation of metallic 
barium. It has been shown by several experimenters 
that metallic barium evaporates from the surface of 
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oxide-coated cathodes during their operation, and, fur¬ 
thermore, it has been shown that the characteristic emis¬ 
sion is obtained when barium from another source is 
evaporated on to the surface of a filament. The three 
possibilities for the production of metallic barium are: 

1. Thermal decomposition of the oxide 
2. Chemical reduction 
3. Electrol5d.ic reduction. 
Calculations based on thermodynamic considerations 

indicate that i1 is highly improbable that barium oxide 
would be dissociated to a sufficient extent by heat alone 
in accordance with the equation 

BaO —» Ba -t- O 

Chemical reduction probably takes place, due to a 
reaction between the core material and the coating. 
This is especially true of the konel wire core where the 
titanium is the active reducing agent. Reducing mate¬ 
rial, such as nickel powder, is sometimes added to the 
coating mix. Carbon particles from the organic binder 
also probably assist in the reduction. 

Electrolytic reduction almost certainly takes place. 
One very convincing piece of evidence of this is the 
liberation of oxygen, during the activation, when an 
electron current is drawn from a coated cathode by the 
application of anode voltage. 

This is not a simple electrolysis of the coating, how¬ 
ever, which would merely result in an accumulation of 
barium near the surface of the core. The barium prob¬ 
ably takes part in the process repeatedly, moving toward 
the core in the form of barium ions which lose their charge 
and diffuse back as atoms. 

Another effect of the anode voltage in activating coated 
cathodes is ion bombardment. Electrons from the cath¬ 
ode in passing to the anode ionize some of the gas in the 
space between the electrodes. The positive ions formed 
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are driven toward the cathode. This positive-ion bom¬ 
bardment of the cathode surface has a marked effect in 
activating the filament. This is probably due to a dis¬ 
sociation or reduction of the oxide by the ions. 

29. Core Material. 

The core material has two functions. One of these is 
simply to act as a carrier for the active coating. The 
only requirement here is that the core must not evaporate 
and must have sufficient mechanical strength at the 
temperature at which the cathode is operated. Several 
metals are able to meet this requirement. The other 
function, which is less clearly understood, is that of a 
reducing agent for the (ioating. Several observers found 
l,hat the material of the core had no effect on the emission 
from the filament. Later measurements, however, are 
not in agreement with this and indicate that the core 
may, under some conditions, profoundly affect the emis¬ 
sion. For example, Lowry finds that the emission from 
coated konel wire at 775°C. is as high as from coated 
platinum at 950°C. 

30. Work Function. 

The most accurate determination of the work function 
of coated filaments is that of Davisson who gives <^ = 1 
volt. This corresponds to bo — 11,600. The emission 
for this surface was 91.8 milliamp. per square centimeter 

;t 1000°K. 

31. Indirectly Heated Cathodes. 

Oxide-coated cathodes are particularly well suited for 
forms of cathodes other than filaments. Where it is 
desired to operate the tube from an alternating-current 
supply, it is necessary to separate the cathode from the 
heater element and to heat the cathode indirectly. 
When this is done, the potential of the cathode is uniform 
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over its surface and for this reason such cathodes are 
sometimes called unipotential cathodes. Two types of 
indirectly heated cathodes have been used. 

In the firet type, shown in Fig. 14, a tungsten filament 
is threaded through a small hole in an insulator of refrac¬ 
tory material. Over this insulator is a tightly fitting 

Fig. 14.—Indirectly heated 
oxide-coated cathode. 

Ftg. 15.—Radiator- 
type cathode. 

sleeve of nickel which is coated with the oxides. The 
tun^ten filament heats the oxides indirectly by conduc¬ 
tion through the refractory. This is a very effective 
means of heating a large cathode surface. For example, 
a receiving tube having an indirectly heated cathode 
2.3 cm. long and 0.204 cm. in diameter requires an ener©r 
input of 4.376 watts in order to operate at the proper 
temperature. This energy is obta,ined by passing a 
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current of 1.75 amp. at 2.5 volts through a 6-mil tung¬ 
sten filament 5 cm. long. In order to radiate this same 
amount of energy from a solid-nickel filament of the 
same dimensions as the cathode, a current of 60 amp. 
would be required. The high specific resistance of the 
hot tungsten makes it possible to obtain this energy at 
reasonable values of current and voltage. 

The requirements for a refractory for this purpose are 
high heat conductivity, high electrical resistance and, of 
course, sufficient mechanical strength. The refractory 
must also have a high melting point and must not react 
with the filament material at any temperature within 
the operating range. Magnesium oxide is very com¬ 
monly used as it has a very high melting point, 2800°C. 
Aluminum oxide and beryllium oxide have lower melting 
points than magnesium oxide, but up to their melting 
points they do not react with the hot filament. 

Where larger sizes of cathodes are used, the indirect 
heating is attained by radiation alone. This type of 
cathode is shown in Fig. 15. A helical tungsten filament 
is placed inside of a nickel cylinder which is coated on 
the outside with the emitting material. The principle 
involved is the same. In these large cathodes, however, 
it is possible to make the component parts sufficiently 
rigid so that the support afforded by the insulator is not 
necessary and the heating takes place by radiation alone. 
This type of cathode is discussed more fully in Chap. VI 
on Determination of Temperature. 
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CHAPTER IV 

THERMIONIC EMISSION FROM CAESIUM 

32. Vapor Pressure of Caesium. 

Perhaps the most interesting thermionic emitter of all 
is the caesiated cathode. This type of cathode consists 
of a layer of the alkali metal, caesium, deposited on a 
surface of tungsten. The difference in the physical 
properties of these two elements is even more striking 
than in the case of thorium and tungsten. The melting 
point of tungsten is the highest of any of the known ele¬ 
ments, 3370°C., while that of caesium is 26.4°C., only a 
few degrees above room temperature. The caesium is 
not incorporated in the wire as in the case of thorium, or 
applied as a coating as in the case of barium, but is 
deposited from the vapor. 

The vapor pressure of caesium is relatively high for a 
metal, being 3 X ICT® barye at 30°C.* If a little cae¬ 
sium is placed in a vacuum tube, it will evaporate until 
the bulb is filled with saturated vapor. The atoms of the 
vapor, which are in constant random motion, are con¬ 
tinually bombarding every surface in the bulb. At the 
vapor pressure corresponding to 30°C., 4 X 10*^ atoms 
strike a unit area of surface per second. Accordingly 
the surface of a filament in a bulb containing caesium 
vapor is continually being struck by caesium atoms. 
These condense on the surface and after a short time 
reevaporate. Since there aze 3.56 X 10^* caesium atoms 
per, square ceptimeter on a tungsten surface completely 

* 1 barye » 1 dyne per square centimeter » approxitmUydy lO"* 
atm. 

68, , " 
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covered with caesium, the filament will become-coated 
with a monatomic layer in less than one second. At low 
filament temperatures it will remain completely coated. 
At higher temperatures the caesium will reevaporate, 

Bulb Ternperoi+ure in Deg.C. 

Fia. 16.—Time required to coat a filament with a monatomic layer of caesium 
at various bulb temperatures. 

but, since atoms of caesium from the vapor in the bulb 
are continually condensing on the filament surface, the 
fraction of the surface covered at any instant will depend 
upon the relative rates of the evaporation from the surface 

Flo. 17.—Vapor pressure of caesium at various temperatures. 

and the number of atoms striking the surface in a given 
time. The former depends upon filament temperature, 
the latter upon vapor pressure, which, in turn, depends 
upon the temperatme of the bulb. 
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The number of atoms of any gas which strike upon a 
unit area per second is given by 

n = P 2.31 X lO’V 

V27rmkT VT 
meter per second in the case of caesium) 

(atoms per square centi- 

(27) 

where m = mass of a molecule. 
k = Boltzmann constant (1.37 X 10“*® erg per 

degree). 
T = temperature in degrees absolute. 
p = pressure in baryes. 

The relation between the vapor pressure of caesium 
and the temperature is 

Qoqo 
logio p = 10.65 — * yT- (28) 

The time required to coat completely a unit area of fila¬ 
ment surface, then, depends upon the bulb temperature 
in the manner shown in Fig. 16. 

Figure 17 shows vapor pressure as a function of bulb 
temperature. 

33. Work Function under Various Operating Conditions. 

The effect of a film of caesium upon a tungsten surface 
is to lower the work function of the surface by an amount 
which is a function of the fraction of the surface covered. 
When a caesium atom is adsorbed on the surface of the 
tungsten, the tungsten and the caesium compete for the 
valence electron of the caesium. Since the work func¬ 
tion of the tungsten is 4.52 volts, while the ionizing 
potential of the caesium is only 3.88 volts, it is easier 
to separate the electron from the caesiiun than from 
the tungsten; i.e., the tungsten robs the caesium of its 
electron and the caesium remains on the surface as a 
positive ion. The effect qf an adsorbed layer of positive 
caesium ions on the surface of the tungsten is to produce 
a field which awists electrons in escaping from the sur- 
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face, or, in other words, to lower the work function of the, 
surface. 

The work function for a tungsten surface fully covered 
with caesium is 0.695 volt,, corresponding to bo = 8300. 

0.4 0.6 0.8 1.0 ,1.2 1,4 t6 1.8 

Fig. 18.—Thermionic emission from caesium on tungsten at a bulb tempera¬ 
ture of 40®C. (Langmuir and Kingdon^ Proc* Roy. 8oc., A 107, 70, 1925.) 

As long as conditions are such that the filament surface 
remains fully covered, the relation between emission and 
temperature follows Richardson’s eqilatipn. As the file- 
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ment temperature is raised, a point is finally reached 
where the caesium ions begin to evaporate and the 
filament can no longer remain fully covered. As the 
temperature is raised still higher, a smaller and smaller 
fraction of the surface is covered with caesium. This 
results in an increase of the work function, and the emis¬ 
sion decreases accordingly. In Fig. 18 the portion of 
the curve to the right of the maximiun represents the 
region where the surface is fully covered, and the emission 
follows Richardson’s equation. The portion to the left 
of the maximum represents the region where the surface 
is only partially covered, and the emission is falling off 
with increasing temperature until it reaches a minimum 
at the point where no caesium remains on the filament. 
Here the emission corresponds to that from pure tung¬ 
sten. As the temperature is raised beyond this point, the 
emission again follows Richardson’s equation with the 
constants for pure tungsten. 

34. Effect of Bulb Temperature. 

the vapor pressure of the caesium is increased by 
raising the temperature of the bulb, the number of atoms 
of caesium striking the filament surface in a given time 
will be increased. This means that the filament can 
remain fully coated at a higher filament temperature. 
Accordingly the entire curve of Fig. 18 shifts to the left 
with increasing bulb temperatures. Figme 19 shows a 
family of such emves corresponding to different bulb, 
temperatmes. 

35. Oxygen as a Binder. 

The forces holding the caesium to the surface can be 
.greatly increased ,by the use of a suitable glue or binder. 
Oxygen serves this purpose admirably. If the filament 
is first coated with a monatomic film of oxygen, the 
caesium adheres much more strongly to the oxygen; 
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surface than to clean tungsten. The result is that, 
although the phenomena are qualitatively the same as 
before, the filament can be raised to a much higher tem- 

a7 a9 1.1 13 15 17 

Fig. 19.—Thermionic emission from caesium on tungsten at various bulb 
temperatures, i.s., at various vapcfr pressures. {Langmuir and Kingdon, 
Proc. Ray. Sac., A 107, 76, 1926.) 

perature without distilling off the caesium. Thus higher 
valu^ of electron current can be obtained. 

The oxygen coating is applied by flashing the filament 
in a low pressure of oxygen, or by adnaitting oxygen and 
allowing the cold lament to adsorb a monatomic laj^r. 
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The excess is then pumped out and the caesium is 
introduced. 

36. Quantitative Aspects. 

The maximum emission for caesium on tungsten at a 
bulb temperature of 30°C. occurs at a filament tempera¬ 
ture of about 700°K. and is equal to 10"^ amp. per square 
centimeter. For the case of caesium on oxygen on 
tungsten, at the same bulb temperature, the maximum 
occurs at a filament temperature of 1000°K. and is 
equal to 0.35 amp. per square centimeter. (At the same 
filament temperature the emission from thoriated tung¬ 
sten would be 1.73 X 10^^ amp. per square centimeter.) 
Thus it can readily be seen that a caesiated filament is 
an extremely good electroniemitter. 

If the oxidized filament is not heated above 1800°K., 
the caesium surface will be reformed again at lower tem¬ 
peratures and the curve of Fig. 18 can be repeated at 
will. Above 1800°K., however, the oxide layer is dis¬ 
tilled off and the filament reverts to the caesium on 
tungsten condition. Once the oxide layer has been dis¬ 
tilled off, it cannot be renewed again. 

The emission from caesium can be represented by the 
equation 

I = (29) 

where a, d and y have the values given in Table IV. 

Table IV,—^EmssiON Constants for Caesium 

Caesium on tungsten a y 

Left-hand branch of curve. 
Right-hand branch of curve. 

6.66 X 10» 
8.6 X 10-“ 

Caesium on oxygen 

Left-hand branch of curve. 
Hi|^t-hand branch of curve. 

1.04 X 101® 
2.06 X 10“-ii 

-0.62 
+1.96 
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For the region ov^er which Ric^hardson’s equation is valid 

A = 0.001, bo = 8300, 0 = 0.696 

37. Method of Measuring Vapor Pressure. 

At temperatures above 1200°K. caesium cannot remain 
on the surface of the filament, so that the surface remains 
a clean tungsten one. Under these conditions every 
atom of caesium which strikes the filament sinface is 
converted into a positive ion; or, in view of the phenom¬ 
ena just presented, the ions are no longer held on the 
surface but reevaporate. Accordingly, if another elec¬ 
trode is placed in the bulb and made negative with 
respect to the filament, a po.sitive-ion current will flow 
to this collector from the filament. Since every atom 
which strikes the filament is ionized, this current will be 
independent of filament temperature. It will also be 
independent of collector voltage, provided that the volt¬ 
age is sufliciently high to produce saturation. This 
current then depends only upon the number of atoms 
striking the filament, or the vapor pressure, and accord¬ 
ingly can be used as a measure of vapor pressure. 

The total number of positive ions is equal to the cur¬ 
rent divided by the charge per ion. From Eq. (27) this 
is 

i p 
^ ~ ~ - 

e V2wmkT 

By measurement of positive-ion currents at different 
bulb temperatures the relation between vapor pressure 
and temperature has been determined to be 

OQQO 
logio p = 10.65 - ^ (30) 

where p is measured in baryes. 
This evaporation of ions can take place to any large 

extent only at filament temperatures above 126o‘*K. 
At lower filament temperatures the rate of eyaporatibn 
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of the caesium is low and the ions are adsorbed on the 
surface. Then they become effective in lowering the 
work function, as already described. As soon as the work 
function has fallen below 3.88 volts, i.e., below the ioniz¬ 
ing potential of caesium, the positive-ion emission ceases. 

38. Other Positive-ion Emitters. 

If we consider the ionizing potentials of the other 
alkali metals and alkali earths, which are given in Table 
V, we find that only caesium, potassium and rubidium 

Table V.— 

P^lement 
Lithium... 
Sodium... . 
Potassium. 
Rubidium., 
Caesium.. . 
Barium... . 
Strontium. 
Calcium... 
Magnesium 

loNiziNo Potentials for Various IOlements 

Ionizing 

Potential 

. 5.37 

. 5.13 

. 4.10 

. 4.10 

. 3.9 

. 5.19 

. 5.67 

. 6.01 

.   7.75 

have lower ionizing potentials than the work function of 
tungsten, so that these are the only elements which would 
be expected to exhibit this behavior with timgsten. 
Platinum with a work function of 6.27 volts would give 
positive-ion currents with sodium and lithium as well. 
If a film of oxygen is adsorbed on tungsten, its work 
function is increased to 9.2 volts and accordingly ions 
such as copper, with an ionizing voltage below 9 Volts, 
can be converted to positive ions. Any gas or vapor 
having an ionizing potential less than the work function 
of a heated surface will evaporate from that surface as 
positive ions. 

39. Slat Anode. 

Caesium atonis are very easily sputtered off the 
filament surface by positive ions. This effect can be 
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minimized by using an anode of the special form of con¬ 
struction shown in Fig. 20. The vanes a are all con¬ 
nected together and serve as anode. The vanes g are 
also connected together and serve as grid. Since they 
are at a lower potential than a, any positive ions which 
are formed in the space between a and g will be drawn 
toward g rather than toward the filament /, which is thus 

. quite effectively protected from 
bombardment. 

I yy \a 40. Technique. 

Y y s/\ The use of caesium in vacuum 
\ tubes involves a special technique. 

Owing to its great chemical activ¬ 
ity the metallic caesium cannot 
be handled in air as is customary 

Fio. 20. -Slat anode. sodium and potassium. It 
must be generated in vacuo. 

This can be done by heating a mixture of caesium 
chloride and calcium filings in a hard-glass tube by 
torching with a Bunsen flame. The calcium reduces the 
salt, setting free metallic caesium which can be distilled 
into the vacuum tube as required. 

41. Limitations of Various Emitters. 

Each one of the various emitters discussed has advan¬ 
tages and limitations which make it particularly suitable 
for use in certain fields. Where energy considerations 
are not involved, pure tungsten is by far the simplest 
and most reliable type of cathode. It is particularly 
suited for kenotrons or x-ray tubes where extremely 
high voltages are involved, as there is no surface layer 
to be destroyed by positive-ion bombardment. The 
filament is not likely to be injured by excessive filament 
voltages short of bum-out. 



THERMIONIC EMISSION FROM CAESIUM 63 

The limitation of pime tungsten lies in its relatively 
low emission. In order to obtain large electron currents, 
it is necessary to use filaments with excessively large 
surfaces or to operate at extremely high tempera¬ 
tures, which results in decreasing the useful life of the 
filament. 

Thoriated tungsten has the great advantage over pure 
tungsten of being' a much more efficient emitter so that 
electrons can be obtained at a much lower cost in terms 
of energy input. Since the filaments can be operated at 
relatively low temperatures, it is possible to obtain a very 
long emission life. The hmitation of the thoriated fila¬ 
ment is its sensitiveness to minute amounts of oxidizing 
gases, so that it requires a good vacuum for successful 
operation. This handicap is removed to some extent 
by the process of carbonizing. 

The coated filament is a very efficient emitter and 
furthermore lends itself to use in radiator-type cathodes 
which would be difficult to construct using thorium. 
The vacuum conditions required for its operation are 
somewhat less rigorous than for thoriated tungsten. In 
practice it has been found to stand up well in gaseous- 
discharge tubes. 

The caesiated cathode is the most efficient type of cath¬ 
ode known, but the fact that a Iqw pressure of caesium 
vapor is required for its operation limits its usefulness 
largely to the receiving-tube field. The presence of the 
vapor limits its use to relatively low voltages. Further¬ 
more, because of the dependence of vapor pressure on 
temperature, the characteristics of the tube are somewhat 
affected by the temperature of its surroundings. The 
activity of this type of filament is liable to be destroyed 
by an overvoltage applied to the filament, since a filament 
temperature high enough t^ distill off the oxide layer 
permanently destroys the cathode. 
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CHAPTER V 

SECONDARY EMISSION 

42. The Phenomena. 

Thermionic emission is only one of several processes 
by which the emission of electrons may take place. 
Another process which assumes considerable importance 
in some types of vacuum tubes is secondary or impact 
emission. The theory of this phenomenon is not so 
fully developed as that of thermionic emission. 

If an electron, moving with a sufficiently high velocity, 
strikes a metal surface, the impact may cause other 
electrons to escape from the surface. These are called 
secondary electrons. The number of secondary electrons 
varies with the velocity of the impacting, or primary, 
electrons and with the chemical nature and the physical 
condition of the surface on which they strike. 

The secondary emission from any given surface 
increases with increasing velocity of the primary elec¬ 
trons passing through a maximum at a few hundred 
volts. Secondary emission may be obseryed for primary 
velocities as low as 20 or 30 volts. The number of 
secondaries per primary is rarely greater than 8 or 10 and 
is usually in the neighborhood of 2 or 3.“^Secondary 
emission is nearly independent of the temperature of 
the emitting surface, except in so far as changing the 
temperature alters the nature of the surface by sintering, 
recrystallization, freeing the surface from adsorbed gas 
films and the like.^The secondary electrons are emitted 
in random directions with initial velocities of the order 
of a few volts. 
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43. The Observations. 

When the number of secondary electrons emitted is 
less than the number of primaries, it is not possible to 
differentiate experimentally between secondaries and 
reflected primaries. However, when the number of 
secondaries exceeds the number of primaries, there is no 
doubt about the phenomenon. This will be evident 

from the discussion of the method 
of measurement, which follows. 
The phenomenon of secondary 
emission is readily observed in 
any three-electrode tube. Ij the 
grid of the tube is made more 
positive than the plate, it will 
receive a part of the electron 
current from the cathode while 
a part will pass between the grid 
meshes to the anode. The im¬ 
pact of these electrons on the 

Flu. 21.—Circuit for ob¬ 
serving secondary emission. 
P = primary electron cur- 

rent, s = secondary c)e<- surface of the anode may cause 
iron current. i . p -i i 

the liberation of secondary elec- 
trons. These will be attracted to the more positive grid. 
There will thus be a current of primary electrons to the 
plate and a current of secondary electrons from it. The 
net current to the plate, as measured by a meter m (see 
Fig. 21) in the plate circuit, will be the difference between 
the primary and secondary electron currents. It will 
be positive or negative, depending upon whether the 
nuinber of secondaries emitted by each primary is less 
or greater than unity. 

The circuit for making these measurements is shown 
in Fig. 21. At any constant value of grid potential, as 
the plate potential is increased, more and more electrons 
will succeed in passing through the grid and reaching the* 
plate. The higher the potential of the latter, the greater 
will be the velocity of these electrons when they strike 
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it. When this velocity becomes high enough, the pri¬ 
mary electrons will begin to cause the emission of second¬ 
ary electrons. The number of secondaries emitted by 
each primary electron will increase as the primary velocity 
increases. All of these stages are shown in the plate 
voltage-plate current characteristic for constant grid 

Fiq. 22.—Secondary emission from a caesium-coated silver oxide surface. 
Grid potential 200 volts. 

voltage, shown in Fig. 22. In the region OA the number 
of electrons which pass through the grid and reach the 
anode increases with increasing anode voltage. In the 
region AB the number of secondaries is increasing rapidly 
with increasing primary voltage so that the net current 
to the anode begins to fall off. At B every primary is 
causing th^ emission of one secondary. Therefore as 
many electrons are leaving the anode as are arriving at 
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it SO that the net current to the anode is zero. From 
B to C the anode current reverses, because each primary 
causes the emission of more than one secondary so that 
more electrons are leaving the plate than are reaching 
it. The number of secondaries per primary reaches a 
maximum at C. As the anode voltage is increased still 
further, it approaches the grid voltage so that it captures 
relatively more primary electrons and fewer secondaries 
escape to the grid. Accordingly the ratio of secondaries 

Grid potential 110 volts. 

per primary decreases, and the current to the plate 
increases until it reaches saturation at E. Above E 
there is no field to pull electrons from the anode to the 
grid. If the ratio of secondaries to primaries does not 
exceed unity, the curve will not cross the x axis. The 
same general trend will be followed, however, as shown 
in Fig. 23. 

44. Quantitative Relations in Triodes. 

A characteristic curve, such as that of Fig. 22, does 
not give any indication whatsoever of the maximum 
number of secondary electrons emitted by each primary. 
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though the voltage of the point B, at which each primary 
electron causes the emission of a single secondary, is 
sometimes used as a qualitative comparison of the emit¬ 
ting power of various substances. 

It is possible, however, to make simple measurements 
in any three-electrode high-vacuum tube which will yield 
approximate values of the ratio of secondaries to pri¬ 
maries. These consist in the anode voltage-anode cur¬ 
rent characteristics, discussed in Fig. 22, and the anode 
voltage-grid current characteristic. These curves are 

Fig. 24.—Determination of secondary to primary ratio, it »= total 
current; ig — grid current; Ig ~ maximum grid current; ip = plate current; 
Ip = maximum plate current. 

shown in Fig. 24. The grid current, when the anode 
voltage is 0, represents the total emission from the fila¬ 
ment, If a horizontal line is drawn through this value, 
the grid characteristic with reference to this line will be 
a mirror image of the anode-current characteristic with 
reference to the x axis. The necessity for this will be 
evident from the fact that the sum of the grid and anode 
currents represents the total emission from the filament. 
The secondary current disappears in this sum, as it is 
always subtracted from the anode and added to the grid 
current. The grid current may and does exceed the 
total emission from the cathode whenever the ratio of 
secondaries to primaries exceeds unity. Under these 
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conditions the current to the grid consists of the electrons 
coming directly from the cathode plus the secondary 
current from the anode. Since the secondary/primary 
ratio is greater than unity, this is greater than the total 
electron current from the cathode to the anode. The 
true primary current to the plate cannot be measured. 
It is less than the total current by the amount of the 
current intercepted by the grid. In the figure it is repre¬ 
sented by the dotted line. The maximum observed grid 
current must equal the total current plus the number of 
secondaries received from the plate, or 
A -\r C — maximum ip -|- it = maximum Ig (observed) 
B + C = It (observed) 

A + C 
B + C~ 

maximum 7^ 
■* t 

(31) 

and is called the observed ratio. 
This quantity is less than A/B, which is the actual 

ratio. In other words, the ratio of Ig maximum to Ir is 
somewhat less than the true ratio. 

Another method has been devised for determining the 
secondary to primary ratio. This is based upon the 
experimental fact that the fraction of the total current 
intercepted by the grid is equal to the ratio of the pro¬ 
jected area of the grid to the total area of the anode. 
This ratio is constant, provided that the plate potential 
is greater than two-tenths of the grid potential. Thus 
the secondary current is obtained from the observed 
minimum in the plate-current characteristic, and the 
primary current is calculated from the product of .the 
observed total current and the geometrical ratio. 

In general, highly polished metal surfaces yield more 
secondary electrons than rough (but clean) surfaces. 
Contamination of the surface by some foreign material 
usually increases the secondary emission. 
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The .s/p ratios for a number of substances are: 

Pure tungsten, molybdenum,* nickel, s/p < 1 
Magnesium, calcium. s/p > 1 
Potassium, caesium. s/p = 2 (approx.). 

For compounds of alkalis and alkali earths the s/p ratio 
may be between 3 and 10. Values greater than 10 are 
rarely if ever obtained. These values are for primary 
voltages up to a few hundred volts. In general, heating 
and degassing of metal lower the secondary emission. 

46. Effect of Secondary Emission on Vacuum-tube 
Operation. 

The emission of secondary electrons from the surface 
of insulators is of great practical importance in some 
vacuum tubes. When high-velocity electrons impinge 
on an insulator, such as a bulb wall, they may cause the 
emission of secondaries. If the s/p ratio is greater than 
one, the glass wall becomes positively charged. The wall 
thus continues to attract electrons and is subject to 
electron bombardment. This dissipation of energy at 
the walls may cause considerable local heating and even 
puncturing of the walls. This effect is most noticeable 
in x-ray bulbs and high-voltage Kenotrons.f 

In Pliotrons,t such as receiving tubes, with oxide- 
coated cathodes, the inside of the anode may become 
coated with barium evaporated from the cathode and so 
become a fairly good secondary emitter. In some power 
tubes, where high grid potentials are used, the secondary 
emission from the grid may cause the grid cxirrent to 
reverse so that electrons may flow to the anode from the 
grid. This may still further increase the grid potential 

* Hyatt found a maximum value of s/p = 1.15 at 600 volts. 

t A trade name of the General Electric Co. 
% A trade name of the General Electric Co. 
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until it approaches the anode potential, and blocking of 
oscillators and excessive heating of the grid and plate 
may result. 

46. The D3matron. 

Secondary emission has been put to practical use in 
the Dynatron. This is essentially a pliotron with the 
grid placed as close to the anode as possible and the anode 
so treated as to be a good secondary emitter. When 
the grid is at a high positive potential and the plate is 
slightly less positive, some secondaries are emitted. As 
the plate voltage increases, the number of secondaries 
increases, so that the plate voltage-plate current charac¬ 
teristic has a negative slope corresponding to the portion 
AC in Fig. 22. The plate current is decreasing with 
increasing voltage so that the circuit behaves like a 
negative resistance. Over a wide range this characteris¬ 
tic remains linear and can be described by the equation 

E 
f = -=-)- io (32) 

where f is negative, io disappears if the Dynatron is 
connected in series with an e.m.f. just equal to the voltage 
at the crossover point B. For example, if the Dynatron 
is put in a box, and only two leads are brought out, one 
from the plate and one from the battery, having an e.m.f. 
just equal to the crossover voltage, it will behave like 
a negative resistance. 

The negative-resistance characteristic makes it possi¬ 
ble to nae the Dynatron as an ampfifier for either current 
or voltage. Assume an ohmic resistance R in series with 
the negative resistance f of a Dynatron and a voltage E 
impressed across the combination. Let 
I = current 
e* = drop across B 
Br =? drop across f 
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Then 

Cfi = IR 
Br = If 
E = Br Bb — I{R -f- f) 

£fi _ R 
E ~ R + f (33) 

By choosing suitable values of R and f the voltage ampli¬ 
fication may be made very high. 

The Dynatron may also be used as a current amplifier 
by connecting it in parallel with an ohmic resistance R. 
Let 
/ = current in main line 

= current through ohmic R 
ir = current through dynatron 

By making f + R very small, large values of current 
amplification may be obtained. 

47. Secondary-emission Phototube. 

Secondary emission has also been put to practical use 
in a special form of phototube. In this device the photo¬ 
electric current is amplified by secondary emission. 
Electrons liberated from the cathode by the action of 
light are accelerated and allowed to strike an auxiliary 
electrode which is at a positive potential. This electrode 
has a surface which yields a large number of secondaries 
per primary. This amplified secondary current is then 
collected by a grid. In this way a sixfold amplification 
is ei^y obtmned. One type of construction is shown 



74 THE PHYSICS OF ELECTRON TUBES 

in Fig. 25. The primary photoelectrons are liberated 
from the cathode C. They are accelerated to the positive 
electrode A where they cause the emission of several 
secondaries per primary. These secondaries are then 
collected by the grid G. 

The principle of amplification by secondary emission 
_ - has been made use of by Zworykin in 

^ very ingenious manner in the sec- 
/ (' 'j \ ondary emission multiplier. This is 

I I ! \ shown schematically in Fig. 26. Light 
\ 9j / liberates photoelectrons from the 

1 1 photocathode. These are accelerated 
to the emitting electrode Ai which is 

Fio. 26.—Secondary- maintained at a positive potential 
emission photo tube. ^ 

with respect to the cathode. Here 
they cause the emission of secondaries which are accel¬ 
erated to Ai, which is maintained positive to Ai, giving 
rise to an increased secondary current, and so on down 

Field pia-tes 

^Coffhoe/e ^4- ^5 / 
^ EmU-fers Coilec ' 

Fio. 26.—Magnetic secondary-emission multiplier. 

the tube until a greatly amplified current finally reaches 
the collector D. The current reaching the collector is 

/ = ’ (35) 

where Jo = initial photocurrent. 
R — secondary to primary ratio at each step, 
n = number of steps. 

Thus with a secondary to primary ratio of 5:1 for 100-volt 
electrons, a tube with 10 emitters and a total drop of 
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1100 volts would give an amplification of 5‘® or about 
ten million fold. 

The tube shown in Fig. 26 would be impracticable 
without the field plates because the greater part of the 

Fig. 27a.—Electro- Fig. 276.—Mag- 
static secondary-emission netic secondary- 
multiplier. emission multiplier. 

photocurrent from the cathode would pass directly to the 
collector without striking any of the intermediate elec¬ 
trodes. In order to cause the electrons to take the paths 
indicated in the diagram the methods of electron optics 
described in Chap. IX must be used. The electrons 
must be focused on the electrodes by electrostatic or 
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electromagnetic fields. In the tube shown in Fig. 26 
focusing is accomplished by means of crossed electrostatic 
and magnetic fields. An accelerating electrostatic field 
is supplied by the field plates. This field combined 
with an external magnetic field at right angles to it causes 
the electrons to take the paths indicated. Figure 27 
shows the actual construction of secondary emission 
multipUers using magnetic and electrostatic focusing, 
respectively. 

This type of amphfier makes possible the combination 
of photocell and a multistage amplifier in a single very 
compact unit which can easily be shielded from out¬ 
side disturbances. Since the high coupling resistance 
required with the usual combination of phototube and 
thermionic amplifier is unnecessary, the noise due to 
thermal effects in the resistance is eliminated. The 
noise to signal ratio is hence greatly reduced and is 
sixty to a hundredfold less than in ordinary thermionic 
amplifiers. 
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CHAPTER VI 

DETERMINATION OF TEMPERATURE 

48. Optical Pyrometry. 

Since temperature is a very important factor in the 
thermionic emission of electrons it is necessary to deter¬ 
mine the temperature of the emitting surface with a high 
degree of accm'acy. The most accurate method is by 
optical pyrometry. 

Essentially optical pyrometry consists in matching 
the brightness of the unknown surface with that of the 
filament of a standardized incandescent lamp. In the 
“disappearing-filament” type of pyrometer the filament 
of the lamp is viewed against the unknown surface (which 
may be another filament) as a background. When the 
two are at the same brightness, no line of demarcation is 
visible. This condition of balance is brought about 
either by interposing a calibrated absorbing screen 
between the standard lamp and the unknown surface, or 
else by varying the temperature of the standard by vary¬ 
ing the current passing through it. The temperature of 
the filament of the standard lamp at different filament 
currents has been obtained by a previous calibration. 

Pyrometry is the most accurate method of determining 
temperature, because the increase in brightness of a hot 
body with increasing temperature is about twelve times 
as large as the .percentage change in temperature. The 
pyrometer reading does not give the true temperature 
directly but the brightness or black-body temperature. 
This is the temperature at which a black body is as bright 
as the filament which is being measiired. This is always 
lower than the true temperature. The true temperature 

Tl 
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may be calculated from the brightness temperature by 
the formula 

1 1 X X 2.303 log ex 
f~S,- ci 

where T — true temperature. 
S = brightness temperature. 
c-i = 1.433 cm. deg. 
Cx = spectral emissivity corresponding to wave 

length X. 

1000 1200 1400 1600 1800 2,000 2200 2400 2600 
B rightness Temperature Deg.K 

Fig. 28.—Relation between brightness temperature and true temperature for 
tungsten. 

Figure 28 shows the relation between true temperature 
and brightness temperature for the case of tungsten. 

40. Total Radiation. 

In practice it is often difficult, if nof; impossible, to 
see the filament or cathode of an electron tube, and for 
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this reason, as well as for convenience, other methods 
than pyrometry are used. The most satisfactory method 
is based upon measurement of the energy radiated, but, 
instead of visual observation of the radiation as in pyrom¬ 
etry, the total radiation is measured by observing the 
energy input to the filament. 

In the simple case of a filament of resistance R, carry¬ 
ing a current 7, the heat developed Ls PR. This will 
cause a rise in temperatiu’e of the wire until equilibrium 
is reached, and the heat developed is just balanced by 
the heat losses. These can take place only through the 
agency of convection, conduction and radiation. In a 
high va(!uum, of course, there are no losses by convection. 
Conduction can take place only at the leads and it 
accounts for but a small part of the energy. Most of 
the heat loss therefore takes place by radiation. A 
small percentage of this radiant energy is in the form of 
visible light; the remainder, of course, is infrared. 

The total amount of energy radiated from a unit area 
of filament surface in a high vacuum (per second) depends 
only upon the nature of the surface and the temperature. 
This is expressed by the well-known fourth power law 

V = etffT* (37) 

where et, the total emissivity of the surface, is a constant 
depending upon the nature of the surface. It is always 

Table VI.*—Total Emissivity at Different Temperatures for 

Tungsten, Molybdenum and Platinum 

Metal 
Total emissivity ei at 

1000°K. 1600°K. 2000“K. 

Tungsten. 0.114 0.192 0.260 
Platinum. 0.134 0.192 
Molybdenum. 0.096 0.167 0.210 

^International Critical Tablets,** McOraw-Hill Book Company, Ino., New York, 
1929. 
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less than unity except for a perfect radiator or black 
body for which its value is unity. It increases with 
increasing temperature. Table VI gives values of ej for 
several metals at several different temperatures. (r,the 

temperature. 

Stefan-Boltzmann constant, is 5.722 X 10^® erg per 
square centimeter per second per degree. T is the 
absolute temperature. 

If <r, e and r are known, we can calculate the total 
energy radiated from a unit area of filaznent surface at 
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any temperature. The energy radiated per unit area 
must equal the energy input divided by the surface. 
Once having this value, it is possible to reverse the 
process and to determine the temperature at which a 
filament is operating from the energy input and the 
dimensions. For 

In Fig. 29 are plotted curves showing the relation between 
7] and T for a black body, a coated filament, tungsten, 
tantalum, molybdenum and platinum. The tempera¬ 
ture of a filament then can be found by dividing the 
total energy input by the area to obtain 17. The corre¬ 
sponding value of T can then be read from the curve. 

Worthing and Forsythe give the following empirical 
relation between the energy radiated from tungsten (in 
watts per square centimeter) and the temperature: 

logic E = 3.680 (logic T - 3.3) - -|- 1.900 (39) 

50. Radiation Emissivity. 

Where temperature is determined by measurements 
of energy radiated, it is of the utmost importance to 
know the radiation emissivity accurately. This depends 
not only upon the chemical nature of the surface but 
upon its physical condition as well. Any roughening of 
a surface tends to increase its emissivity and make it 
approach black-body conditions. It is thus possible 
that ion bombardment may tend to increase the emis¬ 
sivity of a surface while sintering may tend to decrease it. 
Oxide-coated fOiaments prepared by various proceeds 
show a considerable range in emissivity although the 
surfaces are aU the same chemically. An average value 
for the emissivity of oxide-coated filaments is 0.70. This 
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is very much higher than the value for any of the pure 
metal filaments, such as tungsten, tantalum, molyb¬ 
denum, platinum or nickel. 

The process of carbonizing a tungsten filament 
increases its emissivity. The emissivity of a carbonized 
tungsten filament is approximately 1.2 times that for 
pure tungsten. A thoriated filament does not differ in 
emissivity from pure tungsten nor does a monatomic 
film of any kind affect the emissivity of the underlying 
surface. 

61. Radiator Cathodes. 

An interesting example of the advantage to be gained 
by a proper understanding of emissivity is the radiator 
type of coated cathode. The ordinary type of radiator 
cathode coated on the outside has practically the same 
efficiency (on an energy basis) as an oxide-coated fila¬ 
ment. If this same cathode is coated on the inside 
instead of on the outside of the cylinder, its efficiency is 
increased threefold. This is because the thermal emis¬ 
sivity of clean nickel is 0.15, while that of the coated 
surface is approximately 0.75. If we assume that the 
open end of the cylinder has an emissivity of 1 and its 
area is 0.1 of the total, while the side has an area of 0.9 
and an emissivity of 0.75, then the total heat loss for the 
outside-coated cathode would be 

0.1 X 1 -}- 0.9 X 0.75 = 0.775 watt 

If the same cathode is coated on the inside instead of on 
the outside, the heat loss would be 

0.1 X 1 + 0.9 X 0.15 = 0.235 watt 

or approximately one-third of its former value. 
The radiation can be further reduced by surrounding 

the cathode with heat-reflecting nickel cylinders, as 
shown in Fig. 30. • A cylinder surrounding the cathode 
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reflects back a portion of the heat and so reduces the 
heat losses. If .B” is the heat necessary to maintain a 
black body of the same size at the same temperature as 
the inner cylinder, the effect of brightly polished cylinders 
will be to reduce this loss to 

eE 
2k - 1 - (k - l)e (40) 

where e — emissivity of the sur¬ 
rounding surfaces. 

k — number of surfaces. 
When e is small, this reduces to 

eE 
l2k - 1) 

(41) 

Three such cylinders reduce the 
radial heat flow to 4 per cent 
of that from an oxide-coated 
surface. By coating a set of 
vanes, as shown in the figure, 
the effective electron-emitting 
area may be greatly increased 
without increasing the radiating 
surface, which results in greatly 
increased emission efficiency. 
This type of cathode is not 
suitable for high-vacuum tubes, 
as space charge limits the cur¬ 
rent which can be drawn from 
the cells of the cathode. In gas-filled tubes where posi' 
tive ions are present, this limitation is not imposed. 

Fig, 30.—Heat-shielded cath¬ 
ode. {A, W, Hvll, Gen, Elec, 
Rev., 33, 213, 1929.) 

62. Comparison of Emitters. 
V 

In comparing different emitters where the question 
of elBSciency is involved, the comparison cannot be taken 
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as the ratio of the emission currents per unit area for 
surfaces at the same temperature because the radiating 
properties of the two surfaces may differ. Thus, at the 
same temperature, the surface having the higher thermal 
emissivity (i.e., the one which is the better heat radiator) 
requires a larger energy input to maintain its tempera¬ 
ture. Its efficiency is lower than would be the case if 
its thermionic properties were the same, but its heat- 
radiating properties were decreased. Thermionic emit¬ 
ters should therefore be compared in terms of amperes 
emission per watt of input at the same number of watts 
input per unit area.* 

For example, the emission from a tungsten filament 
completely covered with thorium at a temperature of 
2000°K. is 2.76 amp. per square centimeter. The energy’ 
radiated at this temperature is 24.1 watts per square 
centimeter. The efficiency of emission, therefore, is 
2.75 24.1 = 0.114 amp. per watt at 24.1 watts per 
square centimeter. The emission from a carbonized 
thoriated-tungsten filament at the same temperature is, 
of course, nearly the same, but, since the carbonized 
tungsten is a better radiator than the pure tungsten, 
more energy is required to maintain it at the same tem¬ 
perature. Since its emissivity is 1.2 times that of tung¬ 
sten, the watts input at 2000°K. is 28.8 watts per square 
centimeter, so that the efficiency of emission is 2.75 -5- 

28.8 = 0.095 amp. per watt at 28.8 watts per square 
centimeter (corresponding to 2000°K.). The question 
which really is of importance practically is: What is the 
emission per watt at the same wattage input for the two 
filaments? A wattage input of 24.1 watts per square 
centimeter corresponds to a temperature of 1940°K. for 
the carbonized filament. At this temperature its emis¬ 
sion is 1.742 amp. per square centimeter. Thq efficiency 
of emission is therefore 1.742 24.1 = 0.0714 amp. per 

* In practice, thermkmic emitters are usually compared at the 
watts per square centimeter which give the same emission life. 
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watt. This value is the one to be compared with the 
value 0.114 amp. per watt for the uncarbonized filament. 

63. Specific Characteristics. 

The total energy radiated per unit area furnishes a 
very accurate method of determining the temperature 
of a filament since it varies with the fourth power of 
the temperature. Thus a small change in temperature 
results in a large change in radiation. Other character¬ 
istics may also be used, since the characteristics are 
related in a very simple way to the physical dimensions. 
Among these characteristics are the energy radiated per 
unit area, which has just been discussed; the resistivity 

■per unit length; and the current for a filament of unit 
cross section (for circular cross section). These charac¬ 
teristics are all specific functions of temperature, and 
if the values are known for any one filament size they 
may readily be calculated for any other filament size. 
The relations between these characteristics and the fila¬ 
ment dimensions may be derived as follows. 
Let p = resistivity 

= radiation intensity 
r = radius 
L = length 

W = wattage 
R = resistance 
V = voltage 
I = current 

Then 
W — 2inLtf (42) 

II (43) 

(44) 

V = \^WR (46) 

(46) 
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The following examples illustrate the use of these 
functions. 

Two filaments of different diameters, which are 
required to operate at the same temperature, must, 
satisfy the condition that both radiate the same number 
of watts per imit area: 

2irriLi 2TrriL2 

If we make Li equal to Li, this reduces to 

^ Tj^Rj 
r, ~ Vi 

and since 

Ri ri2 

therefore 

h 
I, 

(47) 

That is, the currents required to maintain any two fila¬ 
ments at the same temperature are in the ratio of the ^'2 

power of the radii. 
Similarly, the relation between voltage and dimensions 

for any two filaments operating at the same temperature 
are 

El - 
Vi - \rj Li (48) 

The relative amounts of energy required for any two 
filaments operating at the same temperatme are 

Wi _ rxLi 

Wi ViLi (49) 

The relative dimensions for two filaments which are 
required to operate at the same temperature and voltage 
are 
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II (50) 

A requirement which is often made in life-testing 
vacuum tubes or incandescent lamps is that the tempera¬ 
ture of the filament shall remain constant, even though 
the diameter of the filament is reduced by vaporization. 
This condition is satisfied by the relation 

L. ' ~ L, (51) 

Characteristics such as the current, resistance and 
watts per unit area are specific characteristics of a fila¬ 
ment. These have been very carefully determined by 
a number of investigators and summarized by Worthing 
and Forsythe. Table VII gives some of the more impor- 

Table VII.*—Specific Characteristics of a Tungsten Filament 

I Cm. Long and 1 Cm. in Diameter Mounted in a Vacuum 

Temper- ! 

ature, 
degrees 
P'elvin 

Resistance, 
ohms 

Potential 
drop, volts 

Current, 
amperes 

Power, 
watts 

V^i 

1000 32.73 X 10-« 8.23 X 10-* 0.251 X 10» 

1 
2.068 61.9 X 10-» 

1200 40.80 14.77 0.362 6.36 106.3 
1400 49.10 24.5 0.494 ; 12.12 194.0 
1600 67.60 37.7 0.666 24.72 328.0 
1800 66.35 64.9 0.827 ' 45.36 616.0 

2000 76.20 76.6 1.004 76.8 766.0 
2200 84.40 100.4 1.190 119.5 1064.0 
2400 93.66 129.4 1.383 179.0 1442.0 
2600 103.2 164.1 1.690 260.8 1916.0 
2800 112.7 203.0 1.800 366.6 2470.0 
3000 122.5 247.7 2.020 601.0 3130.0 

* Worthing and Forsythe. 

tant characteristics for the case of tungsten. 

54. Critical Summary. 

As has already been pointed out, the watts per square 
centimeter is the most accurate of the above criteria of 
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temperature since it increases with the fourth power of 
temperature. Therefore a very small change in tempera¬ 
ture results in a large change in ij. It involves, however, 
an accurate knowledge of the filament dimensions. 

If the filament diameter is the only dimension which 
is known, the current is a very useful measure of the 
temperature. 

The value of VI^/L is particularly useful where the 
diameter is not known or is changing in value, as referred 
to above. 

The resistance is perhaps the least accurate function 
since it has a low temperature coeflScient. However, it 
is the only one of the characteristic functions which is 
of value in the presence of gas, where the heat losses are 
due to conduction and convection as well as radiation. 
It also has the advantage of being entirely independent 
of the surface condition of the filament, which materially 
alters its thermal emissivity. 

In the case of materials having a high temperature 
coefficient of resistance, such as tungsten, the ratio of 
hot to cold resistance is also a useful criterion of tem¬ 
perature. For tungsten 

This value of the hot to cold resistance ratio at known 
temperatures is often used as a convenient means of 
identif3dng the material of an unknown filament. In 
making use of resistance it must be kept in mind that 
both resistance and temperature coefficient of resistance 
are extremely sensitive to traces of impiuities. For 
instance, 0.1 per cent of carbon increases the re^tance 
of tungsten at room temperature by 6 per cent. While 
impurities may increase, the resistivity of filaments, they 
also tend to lower the temperature coefficient. 
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A practical consideration in the use of resistance is 
that in many cases the resistauce of the filament is low 
in comparison with the leads and contacts. This makes 
resistance measurements almost valueless for very short 
filaments. 

66. Lead Losses. 

Thus far in this discussion it has been assumed that 
the entire filament is at a uniform temperature. In 

1? IQ. 31.—Effect of the leads upon various properties of a tungsten filament 
0.01-cm. diameter for a central maximum temperature of 2400°K. {From 
Forsythe and Worthing.) 

practice this is never the case, as visual observation 
readily shows. The temperature is at a maximum near 
the center of the filament and is less near the ends where 
the heat losses are large, due to the thermal conductivity 
of the relatively heavy lead wires. This temperature 
gradient alters all the characteristics of the filament. 
Due to the cooling of the ends, their resistance is lowered 
and the voltage drop across the filament is less than it 
would be for an ideal uniformly heated filament. Simi- 
UM*ly, the brightness and the electron emission are less 
than they would be for a uniformly heated filament. 
Semiempirical methods have been developed for correct¬ 
ing for these Jeod fosses as they are called. Since the 
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different characteristics vary in different ways with 
temperature, the correction factor to be applied depends 
upon the particular property which is under investiga¬ 
tion and the manner in which that property varies with 
temperature. Figure 31 shows how the various proper¬ 
ties of a tungsten filament, expressed in terms of the 
maximum value at the mid-point of the filament, vary 
with distance from the leads. The effect is very large 
in the case of a property such as thermionic emission, 
which varies exponentially with temperature. 

The correction factor by which the observed value has 
to be multiplied to give the value for an ideal filament 
with no end losses is obtained from the formula 

- V + 2AV 
^ ~ 'V + 2AV - 2AV„ (53) 

where V = observed voltage drop across the filament. 
AF = actual decrease in voltage due to the cool¬ 

ing of a single lead. 
AVa = volt equivalent decrease in the property 

under construction. 
Values of AF corresponding to different filament tem¬ 
peratures are shown in Fig. 32. AF^r can be calculated 
from the empirical equation 
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^^(looo) ^(looo) ^ 

where Tm and To are the temperatures of the filament at 
the center and at the lead, respectively; and P, Q and R 
are given by Table VIII. 

Table VIII. *—Constants in Formula for Lead-loss Correction for 

Tungsten Filaments 

II P Q 
1 

i 
Range, Range, 

To°K. 

Voltage. 0.154 0.081 0.056 1000-2500 Any value 
Candle power. 0.338 0.182 -0.004 600-3500 300-1400 
EHectron emission. 0.440 0.158 0.072 1000-3500 300- 900 
Watts radiated., 0.293 0.160 0.084 1100-3000 300- 900 

For voltage (watts input) a term, —2.1 X 10”®To X Tm is to be added 
to the right-hand side of Eq. (54). 

* Dushman, S,, Thermionic Kmission, Rev. Mod. Phya., 2,391, 1930. 

66. Heat Losses in Gas. 

When filaments are operated in gases, the only satis¬ 
factory methods of determining temperature are by 
pyrometry or by resistance measurements, for reasons 
which have been discussed in paragraph 64. It is very 
often desirable, however, to estimate the heat losses due 
to gases even though the method cannot readily be 
applied to accurate determination of temperature. 
Langmuir has shown that the conduction of heat from 
hot wires takes place as if there were a film of stationary 
gas around the wire through which the heat is carried 
entirely by conduction. Based on this theory, formulae 
have been developed for calculating the amount of heat 
conducted away from wires at different temperatures. 
For pressures below 600 baryes 

W = cp(T - Ti) (66) 
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where W = watts conducted from a filament 1 cm. long 
and 1 cm. diameter 

p = pressure in baryes 
T = filament temperature in degrees Kelvin 

Ti = bulb temperature in degrees Kelvin 
and c has the following values; 

Nitrogen. 

Argon. 

Mercury vapor 

Hydrogen. 

18.8 X 10-« 

17.7 X 10-^ 

8.84 X 10-« 

24.6 X 10-» 

This relation applies only to long straight filaments. It 
is not valid in the case of hydrogen at filament tempera¬ 
ture above 1500°K. owing to dissociation of the hydrogen. 

300 t,000 1500 2,000 
Te m p e ra fu re, Deg. K 

Fig. 33.—’Comparison of heat losses by radiation and by conduction. 

Comparing this formula with W = <tT*, it is evident 
that the ratio of the heat lost by conduction to that lost 
by radiation decreases as the temperature is increased. 
At 1000® the ratio is 0.65 while at 2000® it is only 0.04, in 
the case of argon at 100 baryes. That is, the losses by 
conduction are relatively large at low filament tempera¬ 
tures and insignificant at high temperatures. T^ is 
illustrated by Fig. 33 which shows the heat losses, owing 
to conduction in argon and merciuy (at 500 baryes) as a 
function of temperature, in comparison with the losses by 
radiatidn. 
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CHAPTER VII 

GETTERS AND CLEAN-UP OF GASES. GASES IN 
METALS 

67. Deleterious Action of Gases. 

In order to function reliably it is of the utmost impor¬ 
tance that vacuum tubes be exhausted to, and main¬ 
tained at, a high degree of vacuum. The presence of 
even very small amounts of gases is harmful, owing either 
to their direct effect on the cathode or to their effect 
on the character of the electron discharge through space. 
The gases may "poison” the election emission from the 
cathode by oxidizing it, or, in the case of inert gases, 
positive ions formed by collision with electrons may 
sputter the active material off the cathode surface and 
so deactivate it. The effect of positive ions on the 
electron discharge itself is to neutralize the space charge 
and fundamentally alter the characteristics of the tube. 
This will be discussed in Chap. VIII. 

In order to obtain a high vacuum it is necessary, first, 
to free all parts of the tube from occluded gases; second, 
to pump out as far as possible all gas from the tube; 
third, after sealing off the tube from the vacuum system, 
to reduce the residual gas pressure still further by 
chemical or electrical means. 

58. Gases from Glass. 

The walls of glass bulbs give off large quantities of 
gas upon heating. This is very largely water vapor with 
a small admixture of carbon dioxide and nitrogen. On 
heating at any temperatfure, there is a large evolution of 
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gas which gradually ceases. On heating to a higher tem¬ 
perature, more gas is given off. The amount and nature 
of the gas evolved vary with the nature of the glass, and 
different methods of treatment are practiced in order to 
remove it. In general, it is necessary to heat the glass 
walls of any vacuum tube at temperatures varying from 
360°C. for soft glass to 500°C. for hard glass for a con¬ 
siderable time in order to insure that no more gas will be 
evolved during the life of the tube. If this bake-out 
is not properly carried out, there will be a gradual evolu¬ 
tion of gas from the walls of the bulb during the operating 
life. 

59. Gases from Metals. 

The metal parts used for electrodes contain large 
amounts of gas in solution as well as gases adsorbed on 
the surface. These gases are removed in part by treat¬ 
ment before the tube is exhausted and in part by a special 
procedure during the exhaust. The total quantity of 
gas that can be extracted from commercial metals by 
he.iting in vacuo is usually, according to Smithels, between 
20 and 200 cu. mm. per gram. Much of this is carbon 
monoxide. 

In-the case of molybdenum, which has been studied 
more in detail than any of the other metals, Norton and 
Marshall found it necessary to heat the metal to 1760°C. 
in a vacuum of the order of 0.001 micron for a time which 
varied linearly with the thickness, in order to reach a 
condition where no more gas is evolved by the sample. 
When the metal is first heated, hydrogen is given off very 
readily at the lower temperatures. Carbon monoxide 
is given off at temperatures in the neighborhood of 
1000°C. At higher temperatures the gas given off is 
very largely nitrogen. Grease and dirt on the surface of 
the metal usually increase the p>ercentage of carbon 
monoxide in the gas which is evolved. 
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The gas evolution from molybdenum is greatly affected 
by the method used in cleaning it. The most effective 
method is electrolysis in concentrated sulphuric acid. 
Dipping in caustic, or filing the surface clean and washing 
in benzol, is less effective. Contamination of the surface 
of the metal is a source of a great deal of the gas, and, 
if the metal has once been degassed, it will stay degassed 
if precautions are taken to keep the surface clean. A 
carefully cleaned sample of molybdenum weighing 5.1 g. 
gave off 21.4 cu. mm. of gas (measured under normal 
conditions of temperature and pressure) when heated 
to 1760°C. for 20 min. The composition of the gas was 
95 per cent nitrogen and 5 per cent carbon monoxide. 

The amoxmt of gas contained in tungsten ranges from 
15 to 25 per cent of that obtained from a similar sample 
of molybdenum. In order to degas txmgsten at a rate 
comparable to molybdenum at 1800‘’'C., it is necessary 
to heat the tungsten to 2300®C. 

Nickel cannot be heated to much above 1030°C., 
owing to its high rate of evaporation. At this tempera¬ 
ture the gas evolved is largely carbon monoxide. 

Graphite can be degassed at 2150°C., so that On subse¬ 
quent heating at a higher temperature no further gas is 
evolved. At the higher temperatures the gas evolved 
from graphite is predominantly nitrogen. 

Hydrogen firing before exhausting is very effective in 
reducing the gas content of most metals. This consists 
in heating the metal to a temperature of about 950°C. 
in an atmosphere of hydrogen for about 10 min. 

In exhausting vacuum tubes the metal parts are 
cleaned as carefully as possible by one of the methods 
outlined above before sealing in. After the tube has 
been b^ed out to remove the gases from the glass walls, 
the metal parts are heated to incandescence by high- 
frequency induction or by electron bombardment. The 
filaments likewise are degassed by operating thean 
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at as high a temperature as possible for a considerable 
period. 

^60. Clean-up by “Getters.” 

No matter how well a vacuum tube has been exhausted, 
there always remains a small residual prfessure of gas. 
This may perhaps be of the order of 0.0001 mm. of mer¬ 
cury in commercial tubes. Even at this low pressure 
the number of molecules per cubic centimeter reaches 
the astounding figure of more than 10^^. Two methods 
are in use for reducing the pressure still further, chemical 
clean-up and electrical clean-up. The chemical clean-up 
takes place through the agency of a “getter.” This is a 
substance which is usually volatilized onto the surface 
of the bulb wall just before the tube is sealed off from the 
vacuum system. 

The getters most commonly used at present are 
phosphorus, calcium, magnesium, barium, strontium, 
aluminum and various mixtures or alloys of these. 
Phosphorus is used in the red form. This is quite 
in^rt, but, when it is vaporized from the surface of the 
filament or one of the electrodes, the vapor condenses 
as the active yellow form. 

Barium and strontium are very active getters but have 
the disadvantage of oxidizing rapidly when exposed to 
air so that it is diflficult to introduce them in a tube with¬ 
out having them completely oxidized. For this reason 
they are often used in the form of alloys with aluminum, 
which are quite stable in air and from which the active 
metal can be vaporized by heating, after exhausting the 
tube. 

The alkali metals are extremely active getters, but the 
fact that their vapor pressure is high limits their useful¬ 
ness to tubes where a small pressure of alkali-metal vapor 
is nbt harmful. 
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The getter is effective both in the chemical and in the 
electrical clean-up. In part the gas reacts chemically 
with the getter. This is particularly true in the case of 
water vapor, oxygen and carbon dioxide. In part the 
gases are simply adsorbed and held as a monatomic layer 
on the surface of the getter. The getter not only func¬ 
tions at the time that it is vaporized, but it continues to 
take up gases which may be evolved during the life of 
the tube. 

The getter may function in several different ways. At 
the instant of vaporizing it, there is a high vapor pressure 
of getter in the bulb and there will be collisions between 
the molecules of the residual gas and those of the getter. 
Chemical combination may take place at these collisions, 
and the resultant products will be deposited on the bulb 
wall. In this way some of the gas :s removed. 

After the getter has been condensed on the bulb wall, 
since its pressure is negligible, any further clean-up is due 
to the adsorption of the molecules which strike the walls. 
The formation of a monatomic layer of gas molecules on 
the surface of the getter may account for a great reduc¬ 
tion in pressure. For example, a monatomic layer of 
oxygen formed over a surface of 10 sq. cm. will consist 
of 10^® molecules. This same number of molecules, if 
they occupied the volume of a 100-cc. bulb, would 
give a pressure of 3 X 10~® mm., a relatively high 
pressure. 

The action of the getter, however, does not necessarily 
stop when a monatomic film has been formed on the sur¬ 
face, since diffusion may take place into the getter. For 
this reason getter action is accelerated by a rise in tem¬ 
perature, since this increases the rate of diffusion. Thus 
the gas which has been condensed on the surface is 
enabled to diffuse into the interior of the getter. Most 
getters are effective in clean-up, roughly in the order of 
their chemical activity. 
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The activity of getters is greatly increased by pre¬ 
viously degassing them. In the case of receiving tubes 
the getter is usually fastened to the anode, from which it 
evaporates when the latter is heated by high-frequency 
induction before the tube is sealed off. In the case of 
large power tubes this method is not suitable, because 
the anodes are given a prolonged heat treatment and the 
getter would become saturated with gas long before the 
tube is ready to be sealed off. In such cases the getter 
is placed on an auxiliary electrode which can be heated 
separately at the end of the exhaust process. 

Activated charcoal when cooled in liquid air is capable 
of absorbing large quantities of gas and producing very 
low pressures. It is not convenient, however, for use in 
sealed-off tubes. 

61. Electrical Clean-up. 

In the case of electrical clean-up, an electron current 
is drawn to the anode under the influence of a potential 
of 100 or 200 volts. This is sufficient to form ions by 
collisions between electrons and gas molecules. The ions 
acquire fairly high velocities in the electric field and are 
actually driven into the walls of the bulb or the metal 
electrodes. While this can take place in well-exhausted 
tubes where no getter is present, it is greatly facilitated 
by the presence of a getter on the exposed surfaces. The 
ions formed also react chemically with the getter. 

62. Quantitative Aspects. 

The effects of low pressures of gas in vacuum tubes 
are often underestimated, possibly because of the small 
units in which the pressure is ordinarily stated. If a 
bulb having a volume of 250 cc. contains a gas at a pres-^ 
sure of 0.01 X 10~* mm. of mercury, the total munber 
of molecules of gas present is 10**. Assuming that the 
gas is oxygen having a molecular diameter of 3 X 10“® 
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cm., if all the molecules were adsorbed on a surface in 
a layer one atom deep, they would cover an area of 
approximately 0.1 sq. cm. This area is comparable with, 
if not greater than, the filament area in most vacuxim 
tubes of this volume, so it can readily be seen that even 
a very low gas pressure may have a tremendous effect 
upon filament emission. The amount of getter theo¬ 
retically necessary is very small. For example, about 
0.07 mg. of magnesium is sufficient to combine with 
250 cc. of oxygen at a pressure of 0.1 mm. 

Even at very low pressures a surface can become coated 
with a layer of gas in a very short time, owing to the high 
velocities of the gas molecules. The number of molecules 
of any gas which strike upon a unit area per second is 
given by the expression 

V2irmkT (56) 

where p = pressure in baryes. 
m = mass of a molecule. 
T = temperature in degrees Kelvin. 
k = Boltzmann constant 1.37 X 10“** erg per 

degree. 
In the case of oxygen at the pressure of 0.01 X 10“* 

mm. (1.3 X 10“* barye), the number of molecules strik¬ 
ing a unit area of surface in 1 sec. would be 3.5 X 10**. 
Thus, in a large volume of gas at this pressure a filament 
would be completely covered with a monatomic layer 
of gas in H sec. 

63. Cathode Sputtering. 

The operation of a thermionic tube is greatly affected 
*by the presence of gas. The effect of the gas on the type 
of the discharge will be discussed in Chaps. VIII and XX. 
The effect on thq cathode itself is also very importanjt. 
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The most noticeable feature of the bombardment of a 
cathode by positive ions* is the cathode sputtering. 
The positive ions, owing to their high values of kinetic 
energy, are able to knock off small particles of the cathode 
and so cause its disintegration. This cathode sputtering 
must not be confused with vaporization of the cathode 
due to the heat of the bombardment. Small particles 
consisting in some cases of aggregates of many molecules 
are actually torn from the cathode by the action of the 
ions. The size of the particles depends upon the con¬ 
ditions of voltage, gas pressure, nature of the gas and 
of the cathode surface. Since cathode sputtering is 
dependent on the high values of kinetic energy of posi¬ 
tive ions, it can take place only under conditions which 
favor large values of the cathode drop. These conditions 
are cold-cathode glow discharges, or low values of therm¬ 
ionic emission in hot-cathode arcs. 

At voltages below 1000 volts, the number of atoms 
sputtered per positive ion is less usually than one. As 

Table IX.—Cathode Spittterino Data* 

Metal 
Atoms per argon 

ion, 100 volts 

Threshold ion 

velocity, volts 

Copper. 0.0125 12 
Nickel. 0.07 7 

Iron. 0.05 14 

Tungsten. 0.03 24 

* Lt^PEE: Z. Physik., «7, 158, 1936. , 

the voltage is increased, however, and the energy of the 
ion is raised, this ratio becomes larger. The number of 
atoms of metal sputtered per ion of argon at 100 volts 
is shown in the second colunm of Table IX for severed 
different metals. The threshold values of voltage below 
which sputtering does not take place are shown in the 

• See Chap.'*iX lor » ctiscussioii of formation of positive ions. 
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third column. These voltages are the ion v’elocitics 

and not the tube drop. These are not necessarily the 
same. The rate of sputtering in most cases is not appre¬ 
ciably affected by the temperature of the cathode. The 
order of the ease of sputtering of metals in descending 
order is bismuth, silver, platinum, palladium, iridium, 
antimony, rhodium, copper and nickel. Aluminum does 
not sputter readily and for this reason is often used for 
electrodes in cold-cathode gaseous-discharge tubes. 

Positive ions are effective in the order of increasing 
atomic weights. There are, however, many exceptions 
to this nile, particularly among the metal ions. 

Aside from the phenomena of disintegration the 
cathode sputtering of activated cathodes presents some 
unusual aspects. Where the bombardment by the gas 
removes active materials from the surface of the cathode 
the latter becomes deactivated with a consequent drop 
in emission. This is a very common phenomenon in 
poorly exhausted thoriated-filament tubes where the 
emission gradually falls off while the anode voltage is on. 
The filament recovers again if the anode voltage is 
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turned off and thorium is given an opportunity to diffuse 
to the surface again. 

This effect has been exaggerated in some investiga¬ 
tions by Hull. In the case shown in Fig. 34, argon at a 
pressure of 0.03 mm. was introduced into a thoriated- 
filarnent tube. As the anode voltage was increased, the 
(current increased rapidly up to an anode voltage of about. 
25 volts. Beyond this point the current decreased with 
increasing voltage, eventually falling to the value charac¬ 
teristic of pure tungsten. This effect was due to the 
removal of the thorium (by the sputtering action of 
positive argon ions) more rapidly than it was replaced 
by diffusion. This deactivation process by sputtering 
began at an anode voltage of approximately 25 volts for 
argon. For mercury the critical voltage was 22 and for 
neon 27 volts. Kingdon and Langmuir determined the 
(critical values by a somewhat different method for cold 
thoriated filaments and found the values 45, 47 and 
55 volts for neon, argon and mercury, respectively. 
The sputtering of barium from clean tungsten surfaces 
by argon ions may take place at velocities as low as 
14 volts. The practical operation of activated cathodes 
in the presence of gas is made possible by operating 
conditions such that the cathode drop lies below these 
critical disintegration voltages. 

64. Bum-out of Filaments. 

The life of vacuum-tube cathodes is in some cases 
determined by electron emission. In other cases it is 
limited by the burning out of the filament. This is due 
to the evaporation of the filament material which reduces 
the diameter of the wire. Some local irregularity usually 
results in a slightly greater reduction in diameter at that 
point. Since the same current passes through this por¬ 
tion as through the rest of the wire, this place runs at a 
higher temperature, thus aggravating the condition. 



104 THE PHYSICS OF ELECTRON TUBES 

Eventually the wire burns out at this point. As a rule 
bum-out takes place when evaporation has reduced the 
diameter by 10 per cent. 

In the case of gas-filled tubes, burn-out may be due to 
another cause. A decrease in emission from the filament 
will result in an increase in the cathode drop. This will 
result in increasing the velocity of the positive ions that 
are bombarding the cathode surface, thus making the 
positive ions more effective in sputtering the cathode 
surface. When enough material has been sputtered from 
the cathode to reduce its diameter appreciably, it will 
bum out owing to local overheating. 
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CHAPTER VIII 

SPACE CHARGE 

66. The Power Law. 

The earliest experiments on electron emission were 
made under relatively poor vacuum conditions. As 
vacuum technique was improved, it became possible to 
make measurements in a high vacuum. Under these 
conditions it was found that the thermionic currents 
were smaller than when a slight amount of gas was pres¬ 
ent. This led the observers to the conclusion that elec¬ 
tron emission did not take place except in the presence 
of gases, i,e., that the gas was one of the primary causes 
of the emission. This erroneous conclusion was the 
result of making measurements at too low an anode 
voltage. We now know that in the presence of gas the 
positive ions which are formed greatly increase the cur¬ 
rent which can pass between two electrodes at a given 
voltage. In the absence of gas, a higher voltage is 
required to draw the same current to the anode. A lack 
of understanding of this relation between current and 
voltage led to a misinterpretation of the r61e played by 
the gas. This effect was first explained by Langmuir, 
who derived the theoretical relation between the voltage 
applied between a pair of electrodes and the resulting 
electron current in a high vacuum. The same formula 
had been previously derived by Child for the case of 
currents carried by positive ions in arcs at low pressures. 

Let us £^ume two infinite equipotential parallel planes 
A and B, represented by A and B in Fig. 36. A emits 
electrons with jsero velocity and accordingly serves as 
tsathode, 'VLet B'be hoaintained at a positive potential 
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B 

with respect to the cathode. Let us measure the dis¬ 
tance from the cathode along OX and the potential with 
respect to the cathode along OY. If no electrons are 
emitted from the cathode the potential between the two 
plates will vary linearly along OaP; i.e., the potential 
gradient between the plates will be a straight line. Now, 
if we assume that electrons are emitted (with zero veloc¬ 

ities), their presence in the space 
between A and B will alter the 
potential distribution. Owing to 
their presence the potential at 
every point in the space will be 
lower than if no electrons were 
present, and the potential dis¬ 
tribution will be represented by 
OhP. The electrons in the region 
near A act as a screen and tend 
to prevent the field due to B from 

being felt in the region near A. At any point in space 
having a potential V, the kinetic energy of the electrons 
will be 

Fig. 35.—Potential distribu¬ 
tion between parallel planes. 

}^mv^ = Ve (57) 

where m = mass of the electron. 
V = velocity of the electron. 

The passage of these electrons constitta^^ a^|ihSfent. If 
i is the current density, the space chai^|Ji(Np'^fcSt centi¬ 
meter is 

P = ; (58) 

According to Poisson’s equation 
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Since the plates are equipotential surfaces, 

dy^ dz^ " 

In the case of electrons, p is negative. Accordingly 

(60) 

dW 
dx- Airp (61) 

By eliminating v between Eqs. (57) and (58) 
tuting in Eq. (61), we obtain 

dW_47rf 

dx‘ ■\/2Velm 

which on integration gives 

(e) -^•' + 8«v-e 
Eo the integration constant is equal to the field intensity 
at the surface of the cathode. For the case where I is 
zero, 

dV 
■JJ - E. (64) 

and the potential distribution will be linear as observed 
above. As f is increased by increasing the filament 
temperature, dV/dx must increase near the anode and 
consequently decrease near the cathode, and the potential 
distribution must take a form such as ObP. As i becomes 
larger still, a condition is reached where Eo becomes equal 
to zero. When this condition is reached, since the field 
at the cathode is 0, no more electrons can get away. The 
current under these conditions cannot be increased by 

and substi- 

(62) 

(63)* 

* To integrate 

dV 
inultifdy by 2^: 

vf 

rtJT7 
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any increase in filament emission. The current is now 
limited not by emission but by space charge. Substi¬ 
tuting jBo = 0 in Eq. (63) and integrating, we obtain 

. _ ^ le_V^ 
^ ~ 9ir\mx^ 

(65) 

This is the expression for the maximum current which 
can flow between parallel planes in a high vacuum. 
Actually, of course, electrons are not emitted with zero 
velocities but with small initial velocities. If these are 
taken into account, Eq. (65) is slightly modified. For 
most practical purposes, however, it can be used as it 
stands. 

The effect of the initial velocities may be seen from the 
following considerations. Let us assume that all the 
electrons are given off with the same small initial veloci¬ 
ties and that the current is limited by space charge. 
Then the cathode is actually giving off more electrons 
than can reach the anode, and accordingly some of these 
electrons must return to the cathode. This can occur 
only if there is a potential minimum close to the cathode 
from which electrons are moving in opposite directions. 
This plane then acts as a virtual cathode and Eq. (65) is 
still valid when all values are measured from it instead 
of from the cathode. In practice, of course, electrons 
are not emitted all with the same velocity but with a 
Maxwellian distribution of velocities which resvdts in 
further modification of Eq. (65). For all practical pur¬ 
poses, however, the simple form is satisfactory. 

From this equation we see that the maximum current 
which can pass between two parallel planes in a high 
vacwun is inversely proportional to the square of the 
distance between them and directly proportional to the 
H IK>wer of the voltage. For this reason this is often 
refeiired to as the ^ power law. 
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Infinite parallel planes never occur in practice. If we 
are dealing with the case of concentric cylinders, this 
equation becomes 

2V2 [±V^* 
9 \m (66) 

where r is the radius of the anode and /3^ varies from 
0 to 1 and increases with increasing values oi r/a (a = 
radius of filament). Where r/a is greater than 10, as is 
usually the case in practice, may be taken as 1. In 
practical units then 

i = 14.65 X 10-«^ (67) 

amp. per unit length of electrode. This is the case most 
(iommonly found. 

66. Application to the Diode. 

From this equation it is evident that for a given voltage 
the maximum current which can be drawn from a small 
wire filament inside a cylindrical anode is inversely pro¬ 
portional to the diameter of the anode. Regardless of 
the shape of the electrodes the maximum current always 
varies with the % power of the voltage. In a given tube, 
if it is desired to double the current, it is necessary to 
increase the voltage by a factor of 2^* or 2.8. The limit 
which is set upon electron currents by the space charge 
is' often not fully appreciated. For example, a 10-mil. 
filament in the axis of a 1-in. diameter anode in a. high 
vacuum at 100 volts cannot give a current greater than 
11.5 X 1(1"® amp. 

If we plot the relation between anode current and volt¬ 
age, t^e curve will follow a ^ power law up to s, as shown 
in Fig. 36. Up to this point the current is limited by 

* For the derivation of the equation for the case of coaxial cylinders 
see Appendix C. 
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space charge. When the voltage is high enough so that 
the anode collects all of the electrons emitted by the 
cathode, any further increase in voltage cannot produce 
any further change in current and the curve becomes 
practically parallel to the V axis. The point of inflection 
is called the saturation point. If the electrons were all 
emitted with zero velocity and if the cathode was a 
unipotential surface, the transition from the % power, 
or space-charge limited portion of the curve, to the 

saturation point. 

saturation portion would be an abrupt one. Owing to 
the fact that the electrons have different small initial 
velocities, the value of V is not the same for all electrons. 
Likewise, due to the iR drop along the filament, when 
the saturation point is reached for the negative end, the 
potential difference between the positive end and the 
anode is less than the saturation voltage. Accordingly, 
instead of a sharp break, there is a gradual transition. 

In practice there is a deviation from the theoretical 
% power curve at very low voltages. The electrons are 
actually emitted from the filament with small initial 
velocities, so that the current is only reduced to 0 by 
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applying a small negative or retarding potential. As this 
potential is reduced, the faster moving electrons can 
reach the anode so that there is actually a small current 
to the anode even at negative voltages, and at small 
positive voltages the current is slightly larger than would 
be predicted from the theoretical curve. 

A consequence of the space-charge limitation of cur¬ 
rent is that, provided the filament is emitting enough 
electrons to carry the current indicated by Eq. (66), the 
current is not affected by any changes in thermionic 
emission. The current is determined solely by the anode 
voltage. If more electrons arc emitted than can be 
drawn over to the anode, they are simply returned to 
the filament. 

67. The f 2 Power Law for Positive Ions. 

The same power law applies to currents carried 
by positive ions. In this case Vm, which occurs in the 
denominator of Eq. (66), is the mass of the positive ion 
instead of the mass of the electron. Vm for mercury 
Avould therefore be 607 times as large as for electrons. 
This means that the maximum current which could be 
carried by mercury ions would be only }4o7 of that which 
could be carried by electrons in the same tube under the 
same voltage conditions. For caesium the ratio would be 
1:494. Or, conversely, in order to pass the same current 
the ^'2 powers of the voltages would have to be 607 and 
494 times as large for mercury and caesium ions, respec¬ 
tively, as for electrons. 

68. Effect of Positive Ions on an Electron Discharge. 

This power law is followed only in a discharge where 
the carriers are all of one sign, i.e., all electrons or all 
positive ions. It serves as a very sensitive test of the 
degree of vacuum in an electron-discharge tube. Any 
deviation from the ^ power law indicates the presence 
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of positive ions and therefore of gas. The law can be 
tested most conveniently by plotting the log i against log 
F,.for, if we take the logarithm of both sides of Eq. (66), 
we obtain 

log i = log C + K log V (68) 

Accordingly, a plot of log i against log V should give a 
straight line having a slope of 

The presence of positive ions in the discharge tends to 
neutralize the space charge due to the electrons and so 
permit a larger current to flow than would be possible 
under the same conditions in a pure electron discharge. 
The positive ions are relatively massive and slow moving, 
and remain in the field a long time and so neutralize the 
charge of a large number of electrons. For example, a 
mercury ion has 366,000 times the mass of an electron. 
The relative velocities of electrons and mercury ions 
having the same kinetic energy will be in the ratib of 
the square roots of the masses or 1:607, Accordingly, a 
mercury ion will remain in the field 607 times as long as 
an electron. Langmuir has shown that for each positive 
ion (in this case assumed to be generated at the anode) 
of mercury, argon and hydrogen in a discharge the 
increase in the number of electrons that cross the space 
will be 229, 102 and 23, respectively. Thus the current 
carried by the positive ions themselves is quite negligible 
compared with the increase in the electron current which 
they produce. A small amount of gas or vapor in a 
tube may in consequence greatly affect the current pass¬ 
ing through the tube. This is not due to the current 
carried by the positive ions themselves, since the 
power law shows that this can be only a small fraction 
of the electron current, but due to the effect of the posi¬ 
tive ions on the field. 

The effect of a small amount of gas upon the volt- 
ampere characteristic of an electron-discharge tube is 
shown in Fig. 37. The full curve is the relation between 
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current and voltage in this tube when no gas is present. 
This curve follows the % power law imtil saturation is 
reached. If a little gas is present in the tube, it does not 
produce any marked effect until the anode voltage is 
somewhat in excess of the ionizing voltage. As soon as 
this value is exceeded and ions are produced, they tend 
to neutralize space charge so that the current which 
flows is greater than that which could flow at the same 

Anode VoJ+s 

Fi(i. 37.—The effect of a small quantity of gas upon the space-charge char- 
, acteristic. 

voltage in the absence of ions. Thus the characteristic 
when gas is present is steeper and lies above the vacuum 
characteristic. It is represented by the dotted line in 
Fig. 37. If the amount of gas present is small, the cur¬ 
rent carried by the ions is negUgible, so that the mag¬ 
nitude of the saturation current is practically the same 
as for the high-vacuum condition. Saturation is reached, 
however, at a lower voltage. 

69. Transition Region. ' 

A number of factors operate to modify the % power 
law. One of these is the non-uniformity of temperature 
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over the surface of the cathode. For example, in the 
case of a filament the ends are cooler, owing to the lead 
losses, than the center portion so that the thermionic 
current is less from the ends than from the center. 
Accordingly, saturation is reached for the ends at a lower 
anode voltage than for the middle. A given voltage 
might be above the saturation for the ends of the filament 
and on the space-charge portion of the characteristic 
with respect to the middle. 

In the case of a filament with an iR drop, large com¬ 
pared with the anode voltage, the power law must be 
modified. The law still holds for each small portion of 
the filament, but, when the anode voltage is equal to or 
less than the iR drop across the filament, 

i = kV-^ (69) 

Thus, at low anode voltage, the % power law is replaced 
by a % power law. 

70. Volt-ampere Characteristic. 

The volt-ampere characteristic of any electron dis¬ 
charge tube may be considered as consisting of three 
parts: 

1. Current determined by the initial velocity of the 
electrons. 

2. Current determined by space charge. 
3. Current determined by filament emission. 
Since electrons have small initial velocities, they are 

capable of moving against a retarding field. If the 
mean kinetic energy of the electrons \s kT, this can be 
converted into equivalent volts by the relation 

Vv=^kT (70) 

According to the Boltzmann equation the fraction of the 
emitted electrons which can move against a retarding 
field of V volts is 
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— = — = ^-Ve/kT /yjN 
no t'o 

Accordingly, for negative voltages the volt-ampere 
characteristic may be described by the equation 

log i = c - ^ (72) 

For positive voltages this equation gives place to the 
•>^2 power law, i = which applies until saturation 

10 0 10 20 30 40 
Anode Vol+s' 

Fig. 38.—Comparison of volt-ampere characteristics in the.presence and 
absence of space charge. 

is reached. If it were not for space charge, the current 
would increase according to the former relation up to 
zero volts. At this point saturation would take place 
and there would be no further increase in current with 
increasing voltage. The volt-ampere characteristic 
would be like curve I in Fig. 38. Actually space charge 
makes itself felt at very low values of current, so that the 
ciurent follows the power relation of curve II. 
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CHAPTER IX 

SOME ELECTRON TUBES 

71. Diodes. 

The simplest form of electron tube is the two-electrode 
high-vacuum tube or Kenotron.* In this tube the elec¬ 
tron current passes directly from a thermionic emitter 
to the anode or plate. The latter is maintained at a 
positive potential by means of an external source of 
e.m.f. The current through the tube is limited by space 
charge and accordingly follows the power law until 
the saturation voltage is reached. The chief use of 
Kenotrons is as rectifiers. The construction varies with 
the conditions with which the tube is expected to meet 
in operation, such as current carried, voltage drop per¬ 
missible and the voltage impressed on the inverse half 
cycle. 

72. Triodes, Control of Electron Currents by a Grid. 

Hot-cathode high-vacuum tubes containing a third 
electrode or grid are called triodes or Pliotrons.* The 
addition of a grid between the anode and cathode makes 
it possible to control a large plate current by means of a 
small potential applied to the grid. Accordingly, the 
Pliotron finds its usefulness in detection and amplifica¬ 
tion of small currents or voltages as well as in the genera¬ 
tion of oscillations. When a grid is interposed between 
the plate and filament, it tends to screen the filament 
from the field that would otherwise be produced by the 
anode. A very small change in the grid potential results 

*A trade-mark erf the General Electric Ck>. 
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in a large change in this field and hence in a large change 
in plate current. 

. The field at the filament may be considered as made 
up of two components: the field produced by the grid 
itself, and the stray field of the plate which acts through 
the openings of the grid. The stray field depends largely 
upon the grid construction. If the grid mesh is fine it 
practically shields the cathode from the plate; while, if 
the grid mesh is coarse, the shielding action is much less. 
Accordingly, the characteristics of the tube depend upon 
such factors as distance between grid and filament, 
between grid and plate, size and spacing of grid wires, 
size and shape of anode and of filament. 

The stray field due to the anode potential Ei, may 
be expressed by 

E, = yE, (73) 

where 7 is a constant determined by grid construction. 
The field due to the grid is Eg plus e where e is the contact 
difference in potential between the grid and filament. 
The total field at the filament therefore is 

yEb Eg € (74) 

This is really an equivalent grid potential which would 
produce the same field at the filament as the combined 
effect of grid and potentials. The plate current there¬ 
fore is 

I - kiyEb -t- Eg -b €)^* (75) 

The constants of this equation may be calculated from 
theory for simple geometrical designs. 

The characteristics of Pliotrons have been fully dis¬ 
cussed in a number of textbooks. 

73. Gridlike Action of Bulb Walls. 

The gridlike action of the walls of a vacuum tube may 
be quite important in some cases. The glass walls of a 
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well-exhausted vacuum tube are good insulators, so that 
any electrons which reach them stay there and charge 
up the surface. The potential attained by the surface 
depends upon its insulating properties. If the anode is 
at some distance from the cathode, its field may be rela¬ 
tively weak compared with the field produced at the 
cathode by the negatively charged walls, and hundreds 
of volts may be required to pass a current between the 
electrodes. This effect is not observed in tubes contain¬ 
ing gas, once the discharge has been started, for if gas is 
present some of the gas molecules are ionized by collision 
with electrons and the positive ions are attracted to the 
negatively charged bulb walls and discharge them. 
Before the gas has been ionized, 
however, the charging up of the 
walls may necessitate a very 
high starting voltage (in some 
cases several thousand volts). 

74. Ionization Gage. 

The three-electrode tube also 
serves as a very convenient means 
of measuring small pressures of 
gas. For this purpose the tube 
is connected in a circuit as shown in Fig. 39. Electrons 
are accelerated between the cathode and the grid. 
Since the plate is at a negative potential, electrons 
cannot reach it. Some electrons, however, pass through 
the meshes of the grid, collide with gas molecules 
and ionize them before they finally return to the grid. 
The positively charged gas ions go to the plate, and the 
current to the plate is therefore a measure of the number 
of ions. The number of molecules ionized is directly 
proportional to the electron current to the grid over a 
wide range. . It increases with increasing grid potential. 
The constMit of the gage depends to some , extent upon 
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its constniotiou and upon the nature of the gsis. This 
type of gage has been used to measure pressures as low 
as mm. 

76. Electrometer Tube. 

A special form of Pliotron has been developed for 
amplification of very small currents in high-resistance 
circuits, as, for example, photocurrents. The input 
resistance of such tubes has been made extremely high 
(of the order of 10'® ohms). They serve many of the 
purposes of electrometers and hence are often called elec- 
trometer tubes. The high input resistance is attained by 
differences in structure and in operating conditions from 
those in ordinary amplifiers. High-resistivity glass is 
used, and a construction that makes all electrical leakage 
paths as long as possible. Filament temperatures are 
made as low as possible. This avoids evaporation of 
active material from the filament which might deposit 
on the grid and cause grid emission. The low filament 
temperature prevents heating of the grid which also 
reduces grid emission. A further advantage of the low 
filament temperature is a reduction in the radiation 
from the filament which reduces photoelectric emission 
from the other electrodes. The tube is operated at an 
anode voltage below the ionization potential. This 
avoids ion currents due to ionization of the residual gas 
in the bulb and also effects due to secondary emission 
and the emission of soft x-rays. 

With tubes of this kind in suitable circuits, currents 
of 10~'® amp. can easily be measured and currents of 
5 X 10“'® amp. can be detected. 

76. Multi-element Tubes. 

Tubes with one or two additional electrodes, and hence 
called tetrodes and pentodes, .have been constructed to 
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meet certain requirements in detector and amplifier 
circuits. 

An additional grid called a space-charge grid is some¬ 
times inserted between the filament and the control grid. 
This grid neutralizes the space charge close to the filament 
and permits the operation of the tube at a lower plate 
voltage than would otherwise be possible. 

In the more common form of tetrode, known as the 
screen-grid tube the additional grid is inserted between 
the plate and the control grid. In this position it reduces 
the electrostatic capacity between the plate and the 
control grid and thus increases the input impedance of 
the tube. Screen-grid tubes have high values of ampli¬ 
fication constant and very high plate resistance. 

At times, during the operation of screen-grid tubes, 
the plate may become negative with respect to the screen 
grid and hence emit secondary electrons. In order to 
prevent this secondary electron current, an additional 
grid called a suppressor grid is inserted between the screen 
grid and the plate. By maintaining this at a slightly 
negative potential with respect to the plate, secondary 
electrons are prevented from leaving the latter. 

77. Magnetron. 

The motion of electrons can be influenced by a mag¬ 
netic field as well as by an electrostatic field. Tubes in 
which the electron current is controlled by a magnetic 
field are called magnetrons. In traversing a magnetic 
field the electrons are deflected at right angles to the 
direction of motion of the electrons and to the magnetic 
lines of force by a force directly proportional to their 
velocity and to the field strength. A particularly inter¬ 
esting case is that of a tube containing a straight wire 
filament in the axis of a cylindrical anode, with a uniform 
magnetic field which could be produced by a long sole¬ 
noid wound aroimd the tube, parallel to the axis. 
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In the absence of any magnetic field the paths of the 
electrons are radial lines from the cathode to the anode. 
When the magnetic field is applied, the electron paths 
become curved in the plane normal to the axis. If the 
voltage is kept constant, the curvature of the paths will 
increase with increasing magnetic field until they strike 
the anode almost tangentially. A further increase in 
magnetic field will cause them to miss the anode alto¬ 
gether and return to the filament. Thus at a certain 
critical magnetic field the current to the anode will drop 
abruptly from its saturation value to zero. The critical 
value of this field H at which this occurs is 

H = 
6.72F^ 

~ R (76) 

where R = radius of the anode. 
V = anode voltage. 

In the case of a straight wire filament the field pro¬ 
duced by the filament current consists of magnetic lines 
of force which are circles around the filament. If the 
filament current is small, the effect of its field is in most 
cases negligible, but with large filaments, carrying cur¬ 
rents of the order of 100 amp. or more, the effect of the 
field may become quite laa-ge. In this case the electrons, 
which would move to the anode in radial lines in the 
absence of a field, move in paths curved in planes through 
the axis. If the field is suflSciently strong, they are 
unable to reach the anode and return to the filament. 
The critical value of anode voltage at which this occurs is 

V = 0.01882/*(log,oj) (77) 

where I — filament current. 
D — diameter of anode. 
d = diameter of cathode. 
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78. Electron Optics. 

In the tubes discussed so far, the emphasis has been 
placed on the magnitude of the current between the 
electrodes. For some purposes, however, the electron 
paths or rather the shape of the electron beam or bundle 
may be the matter of prime importance. The exact 
control of the paths of the electrons and of the configura¬ 
tion of the electron beams has led to the development of a 

Fig. 40.—Photographs of grain structure of thoriated tungsten ribbon, 
(a) Light picture. Magnification 71 X. (fe) Electron picture. {J. A. Becker 

jjf.'nd A. J, Aheam, Bdl Telephone Laboratories.) 

branch of electronics known as electron optics. The paths 
of electrons moving in magnetic or electrostatic fields 
in high vacuum may be treated by methods quite analo¬ 
gous to those for light beams passing through lenses. 
The magnetic and electrostatic fields are analogoiis to 
systems of lenses, and the paths of the electrons are 
described by formulae very similar to the optical-lens 
formulae. The electron beam may be made visible by 
allowing it to strike upon a screen of some fluorescent 
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material. In this way a visible image is obtained of the 
original source of the electrons. As in the optical case 
the image may be greatly enlarged. This principle is 
used in the electron microscope in which a beam of elec¬ 
trons, say from a small portion of a thermionic cathode, is 
made to form an enlarged image on a fluorescent screen. 
In this way the distribution of emission over the surface 
of the source may be studied. Figure 40 shows the 
crystal structure of a thoriated tungsten filament 
obtained in this way. This method of course is not 
limited to thermionic electrons but applies equally well 
to electrons which are set free by other means as, for 
example, photoelectrons or secondary electrons. The 
electron microscope is a very useful tool for the study 
of electron-emitting sources. The relation between 
electron emission and crystal structure, grain boundaries 
or other surface features may be readily observed. 

79. Electrostatic Focusing. 

The general practice in focusing electron beams is to 
use electrostatic fields. An accelerating field acts on an 
electron beam like a converging lens, while a retarding 
field acts like a diverging lens. The action of an accel¬ 
erating field is explained by Zworykin according to 
Fig. 41. The velocity of the beam may be represented 
by the vector V, whose two components are Vt, tangential 
to the field, and y„, normal to the direction of the field. 
On entering the field, F„ is not altered but Vt is increased. 
Accordingly, the resultant V is bent towards the normal. 
The effect of a retarding field is just the reverse. Such 
a system is much more flexible than the corresponding 
optical system. Not only the positions of the lenses but 
also their indices of refraction can be changed. Varying 
the potential of the field is the equivalent of changing 
the index of refraction. 
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An electrostatic lens may he formed of wire grids as 
shown in Fig. 42. Such a lens however intercepts a part 
of the beam and also produces distorted fields in the 
neighborhood of the wires. Accordingly, it has proven 

Refracting layer of 
electrostatic field 

Fig. 41.—Action of an electrostatic lens. 

more satisfactory to focus by means of a system of cir¬ 
cular diaphragms or electrodes having geometric and 
axial symmetry, such as coaxial cylinders, cones, discs 

Pig. 42.—One type of electrostatio lens. 

with apertures and rings or various combinations of 
these. 

80. Electromagnetic Focusing. 

An electron moving in a magnetic field will not be 
affected by the field if its motion is parallel to the field. 
If, however, it is moving at an angle with the lines of 
force, it will be caused to execute a helipal path with its 
axis parallel to the lines of force. For example, consider 
an electron starting from the point 0 with a linear veloc¬ 
ity F and making an angle a with the lines of forc^, of 
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the field produced by a long solenoid. The component 
of motion along the field will not be affected, but its 
component at right angles to the field, V sin a, will be 
acted on by a force at right angles both to the direction 
of motion and to the field. Thus the component V sin a 
will be transformed from a straight line to a circle. 
According to the equation for the motion of an electron 
in a magnetic field 

TT /WON — = Hev (78) 

where m = 
= 

r = 
H = 

e = 

Hence 

mass of the electron. 
V sin a. 
radius of orbit, 
field strength, 
electronic charge. 

mv‘ 
^ ~ Hev ~ 

V 
(79) 

and the time required for one revolution 

2irr 27r 
(80) 

which is independent of both V and a. This circular 
motion combined with its linear motion in the direction 
of the field causes the electron to traverse a helical path 
with its axis parallel to the field. Thus all the electrons 
starting from a given point 0 will arrive at a point O' 
after a time interval t. In this way an exact erect image 
of 0 will be formed. In practice, instead of a long uni¬ 
form field, a short focusing coil is used. This coil is quite 
analogous to an optical lens and the size of the electron 
image is in accordance with the lens formula 
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where o = object distance. 
i = image distance. 
/ = focal length. 

81. Cathode-ray Tube. 

A very important application of the control of elec¬ 
trons by electrostatic and magnetic fields is the cathode- 
ray tube. In this tube a narrow beam of electrons from 

Fig. 43.—Cathode-ray tube. 

cither a hot or a cold cathode is brought to a focus in a 
small spot on a fluorescent screen or in some cases on a 
photographic plate. The focusing of the beam is affected 
by electrostatic or magnetic fields or both. Since such 
a beam has practically no inertia, it is easily deflected 
by an electrostatic or a magnetic field produced by the 
phenomena under investigation. This deflection pro¬ 
duces visible motion of the luminous spot on the fluores¬ 
cent screen. 

One form of tube is shown schematically in Fig. 43. 
The electrons are accelerated from the cathode C through 
the anode A by a system of electrodes O which focus the 
beam. This system of electrodes, which is a combina¬ 
tion of the coaxial cylinders and apertures referred to in 
paragraph 79, is called an electron gun. The anode is a 
conducting film of metal on the bulb wall which also 
assists in the focusing. The beam then impinges in a 
small spot on the fluorescent screen S. Secondary emis¬ 
sion from this surface maintains it at a positive potential. 
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The deflection of the cathode spot is produced either by 
voltage applied to the plates P or by current passing 
through the coils D. By means of voltage applied to a 
second pair of plates at right angles to F a deflection of 
the beam proportional to time may be produced in a 
direction at right angles to that produced by P. Owing 
to the persistence of the visual image, this motion of the 
spot results in a continuous trace on the screen. In this 
way the wave shape of the voltage applied to P may be 
observed. 

In addition to its uses in studying rapidly varying and 
transient phenomena the cathode-ray tube is used at 
both the sending and receiving ends of television systems. 
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CHAPl’KR X 

DISCHARGES IN GASES 

82. The Phenomena. 

Up to this point we have considered only electron 
discharges where the current carried by ions has been 
negligible compared with that carried by electrons. In 
gaseous discharges the phenomena become vastly more 
complex. Discharges in gases assume many different 
forms, such as sparks, brush discharges, corona, glow 
discharges and arcs. These merge in a manner that 
makes it very difficult to distinguish them from each 
other, and this is particularly true in the case of glow 
discharges and arcs. The glow discharge differs from 
the arc in that in the former the electrons must be sup¬ 
plied by the processes of the discharge itself, i.e., the 
discharge takes place between cold electrodes. Arcs 
usually involve larger currents. The most important 
from a practical viewpoint are the arcs. Typical exam¬ 
ples are the mercury and neon arcs used for lighting, mer¬ 
cury and Tungar * rectifiers, Phanatrons and Thyratrons. * 

The voltage at which a gaseous discharge starts 
between cold electrodes is known as the breakdown volt¬ 
age. The experimental determination of this voltage is 
beset with many difficulties. It depends not only upon 
the nature and pressure of the gas in which the discharge 
takes place but also upon the chemical nature and geo¬ 
metrical configuration of the electrodes, as well as of the 
walls of the discharge tube. In pure gases the break- 

■" Tungar and Thyratron trade-marks of the General Electric 
Co. 
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down voltage passes through a minimum with increasing 
gas pressure. The shape of the curve, as well as the 
value of the minimum, depends upon the nature of the 
gas. The curves for hydrogen, argon and neon are shown 
in Fig. 44. The effect of impurities entirely alters the 
relation between breakdown voltage and pressure, and 
no general relation can be stated for mixtures. The 
breakdown potential also passes through a minimum as 
the distance between electrodes is decreased. It is a 

and neon. {Alterthtim, Reger and Sediger.) 

function of the product of pressure and distance. For 
examj)le, if the distance between electrodes is doubled 
and the pressure is halved the breakdown voltage remains 
unchanged. This is known as Paschen’s law. 

A description of the appearance of a typical glow 
discharge will be of some assistance in understanding 
the processes taking place in it, as the visible structure 
indicates points in the discharge which are differentiated 
from the cathode by marked potential differences. Let 
us start with a tube, such as shown in Fig. 45, with two 
cold electrodes and an applied potential of a few hundred 
volts. At atmospheric pressure no discharge takes place. 
As the pressure is decreased, first streamers pass between 
the electrodes and then gradually the discharge changes 
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to a glow filling the whole tube. This uniform glow is 
called the positive column. As the pressure is lowered 
stijl more, a dark space, called the Faraday dark space, 
appears between the end of the positive column and the 
cathode. The cathode is surrounded by a glow called 
the negative glow. As the pressure is lowered still further, 
the Faraday dark space and the negative glow move 
away from the cathode and another dark space, called 
the cathode dark space, appears between the negative 
glow and the cathode. The cathode is now surrounded 

Fig. 45.—Appearance of a glow discharge between cold electrodes, a, 
cathode; 6, cathode glow; c, cathode dark space, d, negative glow; c, Faraday 
dark space; /, positive column; g, anode. 

by the cathode glow. The positive column may be 
continuous or may be broken up by transverse striations. 
The pressure changes in the tube are accompanied by 
changes in the volt-ampere characteristics as well as 
in the appearance of the discharge. 

At any given pressure the negative glow and the Fara¬ 
day dark space appear to be fixed with reference to the 
cathode. If the anode is moved toward the cathode, 
the positive column becomes shorter while the other 
portions of the discharge remain unchanged. Thus, if 
the anode is moved close enough to the cathode, the 
positive column may disappear entirely and the anode 
maylbe moved into the cathode dark space. Figure 46o, 
b and c shows the structure of a glow discharge for three 
different positions of the anode, all other conditions 
remaining unchanged. In a, the discharge shows a long 
positive column. In h, where the anode has been moved 
closer to the cathode, the positive colunm has been 
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shortened by just the amount by which the anode has 
been displaced. In c, the anode has been moved up 
into the Faraday dark space and the positive column 
has entirely disappeared. Similarly, at very low pres¬ 
sures, the cathode dark space expands (at the expense 
of the positive column) until it reaches the anode. This 

a 

c 
Fig. 46.—Fftect of the position of the anode on the positive column of a glow 

discharge. 

discharge is the type studied by Crookes. In most of 
the discharges used for lighting, the pressure is suffi¬ 
ciently high so that the positive column, which is the 
most luminous part of the discharge, fills practically the 
entire tube and the cathode, and Faraday dark spaces 
move so close to the cathode that they become indis¬ 
tinguishable. The dark space is not actually d^k but 
only appears so by contrast with the more luminous 
portions of the discharge. 
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When the current through the tube is small, the cath¬ 
ode glow occupies only a small portion of the cathode 
area. As the current is increased, the area of the glow 
increases until it covers the entire cathode, i.e., the 
current density at the cathode remains constant until 
the glow covers the entire surface. 

83. Potential Distribution and Cathode Fall. 

The potential distribution in the tube is shown in 
Fig. 47. As we pass from the cathode to the anode, we 

Dis+ance fhom Cathode (Cms> 
Fig. 47.—Potential distribution in a glow discharge. {Found and Forney, 

Trans. Am. Inst. Elec. Eng., 47, 4, 1928.) 

find a large increase in potential between the cathode 
and the edge of the negative glow. Passing through 
the negative glow and Faraday dark space the increase 
in potential is small. In some cases there may even 
be a decrease. In the positive column the potential 
rises again, and the gradient throughout the column 
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is quite uniform until we reach the anode. Between 
the positive column and the anode there may be a rise 
or fall of a few volts or a zero drop. 

Most of the drop in potential takes place between the 
negative glow and the cathode. This drop is called the 
cathode fall. Fqr small cmrents the negative glow does 
not cover the entire cathode, but its area increases with 
increasing current. The cathode fall is independent 

Table X.*—Cathode Fall in Volts fob Various Gases and 

Electrode Materials 

Electrode 

material 
Oxygen Hydrogen Nitrogen 

1 

Helium Neon Argon 

Sodium. 185 ' 178 80 75 

Gold. 247 233 

Magnesium. 310 153 188 125 94 119 

Mercury. 270 226 142.5 

Aluminum. 311 171 179 141 120 100 

Tungsten. 125 

Iron. 343 198 215 161 131 

Nickel. 211 197 131 

Platinum. 364 276 216 160 152 131 

* " Handbuch der Experimentalphyaik,” vol. XIII, Pt. Ill, p. 350. 

of current until the current is large enough so that the 
glow covers the entire cathode surface. Until this point 
is reached, i.e., until the glow covers the entire surface, 
the drop is called the normal cathode fall. This normal 
cathode fall is a characteristic of the gas in which the 
discharge t^es place and of the material used for the 
cathode. Values of cathode fall for some of the more 
common gases and electrode materials are given in 
Table X. It is very difficult to make reproducible 
measurements and the results depend greatly on the 
surface condition of the electrodes. The cathode fall is 
greatly altered by the admixture of even a trace of a 
foreign gas. From Table X it can be seen that the 
cathode fall is lowest for the rare gases and for electrodes 
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of the alkali and alkali-earth metal group. In the case 
of the rare gases it is independent of pressure. In 
hydrogen and nitrogen, however, it increases with 
decreasing gas pressure. If the current is increased 
beyond the point where the cathode glow covers the 

entire cathode, the cathode fall increases. This region 
is known as the region of the abnormal cathode fall. 

The volt-ampere characteristic of a glow discharge is 
intimately related to the cathode fall. This relation 
is shown in Fig. 48o and b where cathode drop and arc 
drop have been plotted against current. For values of 
current for which the cathode fall is normal, as in the 
region ab, Fig. 48a, the discharge has a negative volt- 
ampere characteristic, as in the region AB Fig. 48^. 
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This negative characteristic is really the characteristic 
of the positive column. When the glow covers the entire 
cathode, the voltage passes through a minimum, and 
beyond this point the slope of the volt-ampere charac¬ 
teristic BC is positive. This is because of the rapid 
increase in the abnormal cathode fall be with increasing 
current, which more than compensates for the drop in 
voltage of the positive column. 

It is the behavior of the cathode fall which is respon¬ 
sible for the rectifier action of certain types of glow 
discharges. The discharge will rectify if the electrodes 
A and B are chosen of such dimensions that when A is 
used as cathode the cathode fall is normal, while if the 
same current is passed through the tube in the reverse 
direction so that B serves as cathode the cathode fall is 
abnormal. When the discharge is operated on alter¬ 
nating current, more current will flow from B to A than 
in the reverse direction. This condition is attained when 
A has a large and B a small surface such as a plate and 
a point, respectively. Similar effects are obtained by 
various other asymmetrical types of electrodes. For 
example, as will be discussed later, the cathode fall is 
very low when a heated thermionic emitter serves as 
cathode. In this case a large arc current will flow 
through the tube in one direction, while in the other 
direction there will simply be the small current charac¬ 
teristic of a glow discharge between cold electrodes (or 
no current at all if the voltage is below the breakdown 
voltage). 

The characteristics of a glow discharge or an arc 
depend largely upon the pressure of the gas present. In 
the case of permanent gases this is determined by the 
ordinary gas laws. In the case of vapors it is determined 
by the temperature of the* 'liquid. The mere fact that 
gas is present is not sufficient in itself to change the 
nature of a pure electron discharge. The significant 
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fact is that positive ions are present and are continually 
being formed from the neutral gas molecules and dis¬ 
appearing again by recombination. 

84. Ioni2ation by Electron Impact. 

Several processes are at work forming ions in a gaseous 
discharge. The most important of these is ionization 
by electron impact. A collision between a fast-moving 
electron and a gas molecule may result in knocking an 
electron completely out of its orbit in the molecule and 
so leaving the latter ionized. The amount of energy 
necessary to remove one of the outer electrons from its 
orbit is 

AW = hv (81) 

where h is the quftntum constant 6.547 X 10~®^ erg-sec., 
and V the frequency of the radiation which the electron 
emits in returning to its normal orbit; or expressed in 
equivalent volts, 

AW = eVi (82) 

where F,- is known as the ionizing voltage. Table XI 
gives values of ionizing voltages for some of the more 

Table XI. *—Ionizing Voltages for Various Gases 

Gas 
Argon. 
Neon. 
Helhim. 
Hydrogen. 
Nitrogen. 
Oxygen. 
Carbon monoxide 
Mercury. 
Water. 

Ionizing 
Voltage 

. 15.4 

. 21.5 

. 24,6 
. 15.9 
. 16.7 
. 13.56 
. 14.2 
. 10.4 
. 13.2 

*‘‘International Critical Tablet*,” McGraw-Hill Book Company, Inc., New York, 

1929. 

common gases. In order to ionize a gas molecule, with 

wluch it coUideSj an electron must possess at least an 
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amount of energy equivalent to the ionizing voltage. 
Not every collision, however, results in ionization. The 
probability of ionization when an electron collides with 
a gas molecule increases linearly with increase in energy 
of the impacting electron from a value of zero at the 
minimum ionizing potential up to about twice this energy 
and then more slowly. It reaches a maximum at about 
ten times the ionization potential and then decreases 
gradually. If the impacting electron has more than 
the amount of energy necessary for ionization, the excess 
may be shared in any manner by the impacting electron, 
the ejected electron and the ion. 

The original impacting electron as well as the electrons 
knocked out of the molecule may collide with other 
molecules and produce more ions. The total number of 
ions produced as the result of a single primary electron at 
different voltages in various gases is shown in Table XII. 

Table XII.*—Total Number op Ions Produced by Single Electron 

AT Various Voltages 

Gas II 

s II T" - 75 V = 100 

Helium. 1.2 2.9 
Neon. 1.2 2.0 
Argon.*.1 0.45 0.9 1.6 
Hydrogen. 1.4 
Nitrogen.i 1.3 1.6 
Mercury. 1.1 1.4 2.7 

* Lanomuik and Jonks, Phys. Rev., 31, 402, 1928. 

86. Mean Free Path. 

The probability of an electron colliding with a gas 
molecule naturally depends upon the number of gas 
molecules present and their size; i.e., on the pressure and 
nature of the gas. The average distance which a par¬ 
ticle moves between collisions is called the mean free 
path. This is the reciprocal of the number of collisions 
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per unit path length. For electrons moving through a 
giis of molecular radius <r, where there are N molecules 
per cubic centimeter, the mean free path can be calcu¬ 
lated from the equation 

(83) 

Table XIII gives the values of X for electrons passing 
through a number of different gases. From the expres¬ 
sion for X it can be seen that it is inversely proportional 

Table XIII.*—Mean Free Path of Electrons in Various Gases 

X = Mean Free Path 
in Centimeters (at 

Gas Pressure of 1 Mm.) 
Mercury. 0.0149 
Argon. 0.0450 
Neon. 0.0787 
Helium. 0.1259 
Hydrogen. 0.0817 
Nitrogen. 0.0425 
Oxygen. 0.0455 

♦Compton and LANOMtiiu, Rev. Mod. Phyn., 2, 208, 1930. 

to the number of molecules per unit volume or to the 
pressure. The mean free path of a gas molecule moving 
through the gas is 1/4times that for an electron. 

86. Cumulative Ionization. 

Ionization by a single electron impact is not the only 
mechanism by which ionization may take place. When 
a collision occurs between a molecule and an electron 
with less energy than the amount required for ionization, 
the molecule may be left in an excited condition. In 
this condition an outer electron has been displaced from 
its orbit but not completely removed from the atom. 
The atom returns to the normal state as the electron 
drops back into its proper orbit with the emission of a 
quantum of radian| energy. The normal life of an atom 
in the excited condition is of the order of KT"^ or Iff"* 
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sec. While the atom is in the excited state it may be 
struck by another electron with sufficient additional 
energy to complete the ionization process. It may also 
acquire the additional energy by the absorption of radi¬ 
ation of exactly the right frequency, or by collision with 
another excited atom. This ionization in successive 
stages is called cumulative ionization. A detailed dis¬ 
cussion is given in Compton and Langmioir’s “Electrical 
Discharges in Gases.” 

Ionization may also take place by “collisions of the 
second kind,” in which a molecule is ionized by collision 
with another ionized or excited molecule. Cumulative 
ionization is greatly enhanced by the presence of meta¬ 
stable atoms. These are excited atoms having an abnor¬ 
mally long life in the excited state, of the order of 0.1 
sec. The fact that an atom continues in the excited 
state for a long time naturally increases the probability 
of its meeting with another collision before it returns to 
the normal state. 

Ionization by impact of positive ions and thermal 
ionization are relatively imimportant. 

In a glow discharge, then, all of the processes enumer¬ 
ated above are taking place. 

87. Arcs and Glow Discharges. 

The dividing line between arcs and ghw discharges is 
not always clear. In some cases it is gradual and in 
other abrupt. Types of arcs differ so much in their 
characteristics that they often are hardly recognizable 
as belonging to the same family. Compton has defined 
an arc as “a discharge of electricity, between electrodes 
in a gas or vapor, which has a negative or practically 
zero volt-ampere characteristic and a voltage drop at 
the cathode of the order of the minimum ionizing or 
minimum exciting potential of the gas or vapor.” The 



142 THE PHYSICS OP ELECTRON TUBES 

essential feature of the arc is “the emission of electrons 
from the cathode which produces sufficient ionization 
of .the surrounding gas to give a positive space charge 
just outside of the cathode, thus facilitating ionization 
and permitting a large, generally saturation, electron 
emission at relatively low voltages.” If it were not 
for the positive ions, space charge would limit the current 
from the cathode to a relatively small value. The elec¬ 
trons may be pulled out of the cathode by the intense 
field in the cathode dark space or they may be liberated 
simply by thermionic emission. In some arcs the ther¬ 
mionic emission is due to the heating of the cathode, as 
the result of positive-ion bombardment. In some com¬ 
mercial types the cathode is heated by an external source 
to supply the thermionic emission. Hot-cathode arcs 
of this type start and operate at a low voltage as the 
electron emission from the cathode is sufficient to pro¬ 
duce enough ionization at a low voltage to effect the 
low cathode drop. 

It has been shown by several investigators that in arc 
discharges the total current is supplied by the electron 
emission from the cathode. The additional current 
carried by the ions is very small. The essential feature 
of the arc is sufficient ionization in the region just outside 
the cathode to produce a positive-ion space charge so 
that the saturation electron current may be obtained at 
relatively low voltages. 

The electrons acquire enough velocity in falling 
through the cathode dark space to produce ions in the 
negative glow. The cathode fall adjusts itself so that 
the number of ions produced is just sufficient to permit 
the required electron current to flow. For example, in 
a hot-cathode arc discharge, if the emission from the 
cathode is lowered below the requirements for the arc 
current, the positive-ion supply must be increased in 
order to get more electrons from the cathode. This 
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adjustment takes place by an increase in the cathode fall 
which results in greater ionization. 

Most of this ion production takes place in the region 
of the negative glow and Faraday dark space. The posi¬ 
tive column may be considered as simply filling up the 
region between the Faraday dark space and the anode. 
.4 sufficient number of ions must be formed here to 
permit the passage of the electron current and also to 
make good the loss of ions by diffusion to the walls. A 
large part of the energy input to the positive column is 
used in making good this loss. Hence all other factors 
being kept constant, the voltage gradient in the positive 
(!olumn is (Smaller in a large-diameter tube than in a 
small one since the larger the tube diameter, the smaller 
the relative loss to the walls. 

Some types of arc discharges when once started can 
be maintained at voltages below even the minimum 
resonance potential of the gas, provided the cathode is 
heated by some independent means. In such cases 
measurements show that there is actually a potential 
maximum in the discharge near the cathode which is 
sufficiently high to account for the phenomenon. The 
supply of ions necessary to the passage of the arc current 
is probably kept up by combinations of the various 
ionization processes already discussed. These may be 
successive electron impacts; successive absorption of 
radiation; successive collisions of the second kind or 
combinations of these, such as electron impact and 
absorption of radiation; electron impact and collisions 
of the second kind; or absorption of radiation and colli¬ 
sions of the second kind. No single elementary process 
alone can account for the low-voltage arc. The Tungar 
rectifier is a typical example of a low-voltage arc of this 
kind. 

The volt-ampere characteristic of the discharge itself 
must not be confused with the volt-ampere character- 
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istic of the discharge plus the series resistance with which 
it is usually operated. In Fig. 49, curve aa' represents 
the volt-^,mpere characteristic of the discharge, while 
the straight line bb' represents the volt-ampere charac¬ 
teristic of the series resistance R. The arc must operate 

Curren+ 

Fig. 49.—Relation between the over-all volt-ampere characteristic and that 
of the discharge alone. 

at a current such that the sum of the two voltage drops 
is just equal to the supply voltage. 

88. Probe Electrodes. 

Much information as to the nature of gaseous dis¬ 
charges has been obtained from a study of the volt- 
ampere characteristics of auxiliary or probe electrodes 
placed in the path of the discharge. If an auxiliary 
electrode is placed in the path of a discharge and insu¬ 
lated from the other electrodes, it acquires a definite 
potential a few volts negative with respect to the gas 
surrounding it. If it is maintained at a positive poten¬ 
tial, it will collect electrons and function as an anode 
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in the discharge. If it is made negative, it will collecir 
positive ions. From the volt-ampere characteristics, the 
density of ions and electrons in the discharge and their 
velocity distribution, as well as the potential of the 
various regions, can be determined. 

89. Ion Sheaths. 

Let us assume a 'plasma (a uniform region of an ion¬ 
ized gas in which electron and positive-ion concentrations 
are approximately equal) with equal numbers of ions 
and electrons moving in random directions. The num¬ 
ber of electrons which will pass across an imaginary 
surface in a unit time will be greater than the number of 
ions because of the greater mobility of the electrons. 
For example, in the case of a discharge in mercury vapor, 
the random electron and ion currents {i.e., the charge 
carried across a unit area per second) will be in the ratio 
of 607:1, since this is the ratio of the square roots of the 
masses of the particles. Thus, although there are equal 
numbers of ions and electrons in each unit volume of the 
discharge, the number of electrons crossing any unit 
area in the discharge, in the absence of any disturbing 
field, will be 607 times as great as the number of ions. 
If a 'negatively charged electrode is placed in the dis¬ 
charge, it will collect positive ions and repel electrons. 
There will thus be a region or sheath around the electrode 
which contains positive ions but no electrons. The space 
charge of the positive ions neutralizes the field of the 
collector so that it is not felt beyond the edge of the 
sheath which is at the same potential as the ionized gas. 
Thus, in a gaseous discharge a negatively charged elec¬ 
trode forms a sheath of positive ions around itself and 
the field of the electrode is limited by the edge of the 
sheath. 

Similar phenomena take place about an electrode at a 
pointive potential. In this case, however, if the potential 
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of the electrode is high enough, electrons in passing 
through the sheath may ionize by collision and so neu¬ 
tralize the electron space charge. 

Since the field of the collector is zero at the outer edge 
of the sheath, the current is determined only by the 
number of ions which pass through the edge of the sheath 
as a result of their own random motions. The current 
to the collector then is a measure of the positive-ion 
current density in the discharge. This, of course, is inde¬ 
pendent of the voltage applied to the collector. We 
thus have a current of positive ions flowing from the 
edge of the sheath to the collector which is subject to 
the ordinary laws of space charge, and the thickness of 
the sheath can be calculated by the space-charge equation 

97r \ m X- 
(84) 

where m is the mass of the positive ion. Having obtained 
the thickness of the sheath, the current density across 
the boundary of the sheath may be obtained. Ion 
sheaths may readily be observed visually. The details 
of measurements by means of probe electrodes, and the 
information which may be obtained by their use, is 
beyond the scope of this chapter. The concept of ion 
sheaths, however, is important and has practical bearing 
on vacuum-tube operation. 

The thickness of the ion sheath depends upon the 
voltage applied to the electrode and on the cmrent 
density in the discharge. From Eq. (84) it can be seen 
that it is proportional to the power of the voltage and 
inversely proportional to the square root of the current 
density. In discharges where the ion density is high, 
therefore, the thickness of the ion sheaths is small. 

* This form of the equation applies to plane electrodes only. 
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90. Plasma Oscillations. 

It has been found that certain types of oscillations of 
the ions and electrons of the plasma may take place in 
gaseous discharges. These oscillations are character¬ 
istic of the plasma and are entirely independent of the 
constants of the external circuit. The discovery of such 
oscillations is due to the observation by Langmuir of the 
scattering of a stream of electrons when projected into 
an ionized gas. The electrons acquire a velocity dis¬ 
tribution which cannot be explained on the basis of 
collisions with the gas alone. This led to a search for 
another mechanism which was found when Penning dis¬ 
covered that, in the plasma, oscillations of the electrons 
are taking place with frequencies as high as 1.2 X 10® 
and an amplitude of the order of 0.2 volt. These oscil¬ 
lations are observed in any part of the plasma. Their 
frequency is measured by means of a Lecher wire system. 

The frequency has been shown to be 

p = = 8980n« (85) 

where m = mass of the electron, 
e = electronic charge. 

• n = number of electrons per unit volume. 
Assuming an electron density of 10^® electrons per cubic 

centimeter, this would correspond to a wave length of 
33.5 cm. 

Oscillations of the ions of the plasma have been found 
by Pardue and Webb which are quite analogous to the 
electron oscillations but with lower frequencies owing to 
the larger mass involved. 

91. Barkhausen-Kurz Oscillations. 

Another type of oscillation, in which the frequency is 
controlled by the applied voltages, was discovered in 
high-vacuum tubes by Barkhausen and Kurz! These 
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oscillations may take place in a tube in a circuit such as 
that shown in Fig. 39 for the ionization gage, where elec¬ 
trons are accelerated from the cathode to the grid. 
Those which are not caught by the grid pass through it 
but are not able to reach the anode because of its negative 
potential. They return toward the grid, and some are 
caught there while others may pass between the grid 
wires and thus oscillate back and forth several times 
before finally reaching the grid. Under some conditions 
this may lead to sustained oscillations. Barkhausen 
derived the relation between the wave length and the 
tube dimensions as follows: 

Ijct da and dg be the diameters of the grid and anode, 
respectively, and let Ea and Eg be the voltage applied to 
the grid and anode, respectively. 

Then an electron reaching the grid will have a kinetic 
energy 

and 

and 

(86) 

(87) 

(88) 

Owing to the negative potential applied to the anode, 
the electrons are unable to reach it and are stopped at a 
distance d' from the cathode such that the voltage against 
which they have traveled from the grid to d' is just equal 
to that applied between cathode and grid. Then 
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and 

d' = 
Egda - Eadg 
2{Eg - Ea) (90) 

The distance traversed in one complete oscillation is 
2d' and the frequency 

n 
Egda - Egdg 

Eg Ea 

(91) 

The wave length of the radiation is 

X . 3^" . X 3 X lo- 

_ 1000 dgEg — dgEg 
~ VWg Eg - Eg 

(92) 

Thus for a tube with an anode diameter of 3.1 cm. and a 
grid diameter of 0.7 cm., the wave length for Eg = 150 
volts and Eg = —60 volts would be 198 cm. This equa¬ 
tion does not take into account the effects produced by 
space charge. 

92. Electron Temperature. 

By means of probe measurements it has been found 
that the electrons in the plasma of a discharge have a 
Maxwellian distribution of velocities. Their average 
kinetic energy is the same as that of gas molecules at a 
temperatme Tg. This temperature is known as the 
electron temperature. For discharges in mercury, the 
electron temperatures range from 10,000 to 30,000°K.' 
Since 

}4mv^ = Fe = HkT (93) 

the average energy of the electrons is from 1.29 to 3.88 
volts. 
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93. Production ot Light. 

In the course of the passage of current through a gas, 
atoms are constantly being raised to excited states. As 
they return to normal again they emit radiation. Accord¬ 
ingly, one of the by-products of the passage of current 
through a gas is radiation. Gaseous discharges are 
increasing in importance as sources of light due to the 
high luminous efficiencies which may be obtained. For 
any one kind of atom, there are many discrete excited 
states, each one resulting in radiation of a definite fre¬ 
quency, i.e., a single spectral line. Thus a discharge 
through any gas or vapor results in the production of 
light composed of a definite group of spectral lines, i.e., a 
characteristic color. The characteristic radiation pro¬ 
duced by mercury lies chiefly in the blue-green and 
ultraviolet portion of the spectrum; the light from neon 
is almost exclusively red, while most of the light of 
sodium vapor is concentrated in two bright yellow lines 
known to spectroscopists as the D lines. Every gas and 
vapor can be excited to yield its own characteristic 
radiation. The energy necessary to produce the proper 
state of excitation depends upon the kind of atom 
involved. For example, when an electron having a 
velocity of 2.10 volts collides with a sodium atom the 
collision raises the atom to the excited state. As it 
retmns to the normal condition, radiation is emitted 
in accordance with the relation 

Ve = hv (94) 

. Substituting numerical values 

Ve_ 2,10 X 4.77 X IQ--" _ 
h “ 300 X 6.547 X lO"” ” ^ 

which corresponds to the wave length 5890A. The 
phenomena may not always be as simple as this for 
the radiation may also be emitted as the atom passes 
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from one excited state to another excited state of lower 
energy. For example, the green line of mercury is 
emitted when an electron having an energy of 9.19 volts 
excites a mercury atom. According to Eq. (94), this is 
sufficient energy to excite the line of frequency 1350, far 
out in the ultraviolet. Instead of this, however, the 
atom returns to the normal state in two steps. In the 
first step, it emits the line 4916 corresponding to 2.51 
volts and in the second step the line 1849 corresponding 
to 6.68 volts. There are still other possibilities even 
more complex. A discussion, however, of the electrical 
conditions necessary for the production of light with 
the maximum efficiency and of the complicated relations 
between current, voltage, pressure, geometrical con¬ 
struction and light output are beyond the scope of this 
book. 
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CHAPTER XI 

GRID-CONTROLLED ARCS 

94. Effect of a Grid in a Gaseous Discharge. 

The control of an arc by means of a grid is of con¬ 
siderable practical importance. Gaseous discharge tubes 
employing this kind of control are manufactured by the 
General Electric Company under the trade name Thyra- 
trons. Owing to the presence of ionized gases, their 
characteristics are radically different from those of three- 
electrode high-vacuum tubes. 

A grid placed between cathode and anode of a hot 
cathode tube, containing gas, if sufficiently negative, 
will prevent the arc from striking because under these 
conditions there is no accelerating field around the 
cathode. The electrons therefore cannot acquire suffi¬ 
cient velocity to ionize. When the grid is made positive, 
the electrons are accelerated toward it. They collide 
with gas atoms, ionizing them, and the arc strikes. Thus 
a negative grid prevents the arc from striking and a 
positive grid allows it to strike. 

After the arc has struck, it presents the peculiar fea¬ 
ture that the grid has no more control over it. The 
current to the anode is quite independent of the poten¬ 
tial of the grid, and the arc cannot be stopped by apply¬ 
ing any practical negative voltage of the grid. The 
explanation of this behavior lies in the properties of posi¬ 
tive-ion sheaths, which were discussed in the previous 
chapter. When the arc strikes, the region between the 
electrodes becomes a plasma with ions and electrons 
present in equal numbers. If a negative potential is 

. 163 
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applied to the grid, a sheath of positive ions is formed 
around the grid wires. The outer edge of this sheath is at 
the same potential as the plasma regardless of the applied 
grid potential, for the potential of an electrode in a 
plasma cannot make itself felt beyond the edge of the 
sheath. The only effect of varying the potential of an 

Fio. 50.—Vicinity of a negatively charged grid wire in a plasma, showing posi¬ 
tive-ion sheaths. (Hull and Langmuir, Proc. Nat. Acad. Sci, 61, 219, 1929.) 

electrode within a sheath is to increase the thickness of 
the sheath. Once the arc has struck, therefore, and the 
grid wires have become surrounded by a sheath, the grid 
potential cannot be felt beyond the boundary of this 
sheath for moderate grid voltages. Increasing the grid 
potential has only the effect of extending this boundary. 
The conditions in the vicinity of a negatively charged 
grid can be seen from Fig. 50. The plasma in which 
the grid is immersed remains quite undisturbed in the 
region between neighboring sheaths.. Unless the sheaths 
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overlap, the grid has practically no effect on the plasma 
and so cannot stop the arc. At high values of current 
density the sheaths are very thin and cannot be made 
to overlap, except at very high values of voltage. For 
example, in the case of an arc in mercury vapor, the 
thickness of the sheath around a grid wire 0.02 cm. in 
diameter at a negative potential of 6 volts is about 

0.0012 cm. The thickness of the sheath increases with 
the power of the negative grid voltage. Accordingly, 
it would reqmre an extremely high voltage to cause 
overlapping of the sheaths and stopping of the arc. 

96. Grid-control Ratio. 

After the arc has started, varying the grid potential 
does not cause any corresponding variation in the anode 
current, as in the case of a high-vacuum tube. Accord¬ 
ingly, once the arc has struck, there is nothing equivalent 
to the amplification factor of a high-vacuum tube. The 
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starting of the arc, however, is determined by the grid- 
control ratio. This is the ratio of the anode voltage to 
the' grid voltage at which the arc will just strike. A 
typical grid-control characteristic is shown in Fig. Bl. 
This is somewhat analogous to the amplification factor 
in a high-vacuum tube. After the arc has struck, how¬ 
ever, the analogy ceases, for the grid no longer affects 
the discharge. Since the arc cannot be stopped by mak¬ 
ing the grid potential negative by any moderate amount, 
the only way to extinguish it is to remove the anode 
potential. The ions diffuse rapidly to the walls and 
electrodes, the ion sheaths disappear and the grid is 
again able to control the discharge. 

96. Operation of Grid-controlled Arcs. 

From this discussion it is evident that the Thyratron 
is able to act as a relay whereby a small amount of energy 
in the grid circuit is able to release a large current in the 
anode circuit. The anode current, however, is not a 
continuous function of the grid voltage. If the arc 
starts at all, the anode current is limited only by the load 
resistance and the emission from the cathode. 

The maximum current which can safely pass through 
the tube is limited by the saturation emission from the 
cathode. If the voltage impressed upon the tube is in 
excess of the value required to draw the saturation cur¬ 
rent, the cathode drop will rise and the cathode will be 
bombarded by high-velocity positive ions. The harm¬ 
ful effects of this sputtering action have been discussed 
in Chap. VII. Sputtering of the cathode also takes 
place in Thyratrons (and other types of hot-cathode 
tubes) when the anode voltage is applied before the 
cathode has had time to attain its operating temperature. 
This is because the applied anode voltage is higher than 
is necessary to draw the saturation current from the 
partially heated cathode. 
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In practice, in place of stopping the arc by opening the 
anode circuit the anode is operated on alternating cur¬ 
rent. This brings the anode to zero potential at the 
end of each half cycle. The arc then goes out and gives 
the grid an opportunity to regain control. At the begin¬ 
ning of the next cycle it strikes again or not, according 
to the grid potential. 

97. Deionization. 

The ability of the grid to regain control in the interval 
of half a cycle is dependent on the removal of the positive 
ions of the plasma and consequently of the positive-ion 
sheaths in that time. For a typical grid structure the 
time required for the ions to disappear, or the deioniza¬ 
tion time, was found to obey the empirical equation 

O.0O12p7" ^ 
-rir::— sec (95) 

where p = pressure in baryes. 
7 = arc current. 
X = distance between grid and anode. 

= grid potential with respect to the surrounding 
space. 

For example, a grid 1 cm. from the anode at a negative 
potential of 2 volts with an arc current of 2 amp. in 
mercury vapor at a pressure of 5 baryes would have a 
deionization time 

0.0012 X 5 X 2»-^ 
2'^i X 1 

= 3.48 X l(r* sec. 

A tube of this type operating under these conditions 
therefore could not be operated at any frequency greater 
than 143 cycles per second. Any higher frequency than 
this would not give sufficient time in the period of half 
a cycle for deionization to take place and the grid would 
have no control. At 60 cycles, deionization does, not 
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present any difficulties although it may at higher 
frequencies. 

98. Control by Grid Voltage. 

The operation of Thyratrons consists in “periodically 
stopping the discharge by removing the anode voltage 
and controlling its restarting by the grid.” Thus the 
Thyratron may be started at the beginning of each cycle, 
in which case its output will be a maximum; or it may 

be started at some later portion of the cycle, in which 
case its output will depend upon the length of time 
remaining till the end of the cycle. 

The first type of control is illustrated in Fig. 52. The 
heavy curve represents the anode voltage. The dotted 
curve represents the critical grid voltage, i.e., the grid 
voltage at which the tube will just start. The tube 
will start whenever the grid voltage exceeds this critical 
value and will stay on for the remainder of the cycle. 
As long as the grid potential is equal to, or greater than, 
the value corresponding to V, the tube will start at the 
banning of each cycle and stay on for the entire cycle. 
Under these conditions the plate current will be at its 
maximum. 
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99. Control by Phase Shift. 

In the second type of control, called the phase-shift 
control, the grid potential may be supplied by an alter¬ 
nating voltage. Four cases of this type of control are 

Fio. 53.—Phase-shift method of Thyratron control. Grid voltage 180 deg. 
out of phase with anode voltage. Tube can never start. 

shown in Figs. 53 to 56. In Fig. 53, the grid Voltage is 
at all times 180 deg. out of phase with the anode voltage, 
so that during the half-cycle when the anode voltage is 
positive, the grid voltage is negative and the arc can never 
strike. In Fig. 54, the grid and anode voltages are in 

Fia. 64.—Grid voltage in phase with anode voltage. Tube starts at begin¬ 
ning of each ejrele and stays on for the entire cycle. 

phase, so that the tube starts at the beginning of each 
cycle and stays on for the entire cycle. In Fig. 55, the 
phase of the grid has been advanced 90 deg. The arc 
starts at the b^inning of each positive half-cycle of 
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anode voltage and stays on till the end of the cycle even 
though the grid becomes negative, because the grid has 
no more control after the arc has struck. In Fig. 56, 
the phase of the grid potential has been retarded 90 deg. 

Fig. 55.—Grid voltage 90 deg. in advance of anode voltage. Tube starts 
at beginning of each cycle and stays on for the entire cycle. 

In this case the arc does not strike until the middle of 
the positive half-cycle of anode voltage and remains on 
for the rest of the cycle. Thus, by shifting the phase 
of the grid, a very delicate control of the starting of the 
arc can be obtained. If in the initial condition the grid 

Fig. 56.—Grid voltage 90 deg. behind anode voltage. Tube starts at middle 
of each cycle and stays on for remainder of cycle. 

and anode voltages are 180 deg. out of phase, a very 
slight advance of the phase of the grid will turn on the 
arc for a fraction of the cycle which is a function of the 
amount of the phase shift. Varying the portion of 
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l.he cycle for which the grid is turned on, of course, varies 
the average current through the tube. The phase shift 
may be produced by variations in the resistance, induc¬ 
tance or capacity of the grid circuit. A circuit for 
controlhng a Thyratron by phase shift is shown in 
Fig. 57. The phase-shifting device may be either a 
variable resistance, inductance or capacity. This method 
of control is very useful for photoelectric-tube applica- 

"YinnrnTinnrinnriroT^ 
<- AlfernGffing voldvige -^ 

Fio. 57.—Circuit for controlling Thyratron by phaee-shift method. 

tions, as such a tube may be considered a resistance whose 
magnitude is a function of the illumination. 

100. Grid Emission. , 

One very important limitation in Thyratrons is that 
the grid must not emit electrons. Electron emission 
from the grid is facilitated by the deposition of active 
material from the cathode on the grid due to either 
evaporation or sputtering. If the grid is maintained at 
a sufficiently high temperature by radiation from the 
cathode, it may emit an appreciable thermionic electron 
current. These electrons would be drawn to the anode 
regardless of the grid potential and cause the arc to start 
even with negative grid voltages. Grid emission is 
avoided by constructing the grid with a large enough 
radiating surface to prevent its attairung a temperature 
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at which thermionic emission would be appreciable. 
The effect is also miiumized by treating the grid surface 
in such a manner as to make it a poor thermionic emitter. 

101. Gas-pressure Limits. 

The upper limit of the gas pressure which may be used 
in Thyratrons is ordinarily determined by two factors. 
One of these is the rate of diffusion of positive ions. If 
the pressure is too high, the positive ions are prevented 
from diffusing to the walls and electrodes in the time of 
the one-half cycle that the anode potential is negative. 
The other factor is the breakdown voltage. The gas 
pressure must always be low enough so that a discharge 
will not start between the grid and anode during the 
inverse half-cycle. If the pressure is too low, on the 
other hand, the current density is so low that the ion 
sheaths are very large. This results in making the arc 
path narrow, so that the arc may be reduced or extin¬ 
guished by making the grid sufficiently negative. This 
type of control is similar to that in a high-vacuum dis¬ 
charge. In the case of a vapor such as mercury, the 
pressure depends upon the bulb temperature which is 
a function of the input to the tube and the surroundings. 
For gases such as argon, the pressure is practically inde¬ 
pendent of temperature. Since all of the characteristics 
of Thyratrons are functions of pressure, the bulb tem- 
peratme of mercury-vapor tubes must be kept within 
fairly narrow limits. 

102. Ignitron. 

Another form of controlled rectifier is the Ignitron. 
In this tube the cathode is a mercury pool in which is 
immersed a rod of some semiconducting material, such 
as boron carbide or silicon carbide. This is called the 
ignitor rod. The voltage applied to the anode is not 
sufficient to form a cathode spot and start the arc. If, 
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however, a current of sufficient magnitude is passed 
between the ignitor rod and the mercury pool, a small 
cathode spot is formed near the rod, and the arc then 
strikes between the anode and this spot. At the end 
of the cycle, the arc goes out but can be reestablished 
at the beginning or at any part of the succeeding cycle 
by adjusting the ignitor current so that it reaches the 
critical value necessary to form the 
cathode spot at any desired part of 
the cycle. A diagram of an Ignitron 
is shown in Fig. 58. 

A very desirable feature of this 
method of starting a discharge is that 
the cathode is always ready for instant 
operation and does not need to be 
heated. No cathode heater current is 
consumed when the tube is not in 68.—ignitron. 

operation. Furthermore the tube can be greatly over¬ 
loaded for short intervals since a mercury-pool cathode 
cannot be harmed by overloading. 
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CHAPTER XII 

PHOTOELECTRICITY 

103. History. 

The liberation of electrons from matter under the 
influence of light is known as the photoelectric effect. 
The vacuum tubes designed to utilize this effect, photo¬ 
electric tubes, are becoming increasingly important in 
industrial applications. The photoelectric effect was 
discovered only a few years after Elster and ,Geitel’s 
systematic investigation of thermionic emission. Much 
has been learned about it in recent years, but the great 
advance in practical applications has been due to the 
development of the thermionic amplifier. Without the 
latter the photoelectric effect would be interesting only 
from the laboratory and academic point of view. With 
the possibility of amplifying its minute currents the 
photoelectric tube has become a control device of con¬ 
siderable commercial importance. The discovery of the 
photoelectric effect was, like many other scientific dis¬ 
coveries, accidental. Heimich Hertz was engaged in 
the experimental verification of Clerk Maxwell’s electro¬ 
magnetic theory of light. He found that sparks jumped 
across the gap, which he was using as a detector of 
electromagnetic radiation, far more readily when it was 
illuminated by ultraviolet radiation than when it was 
not. He did not investigate the effect further himself, 
but his discovery of the fact aroused the interest of 
another German, Hallwachs, who studied it in greater 
detail. Hallwachs worked with a zinc plate in air. He 
measured the rate of leak of charge (by means of an elec- 
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trometer) when it was illuminated by the light of an arc 
which was first allowed to pass through filters of different 
materials. He found that the light had no effect on a 
positive charge but that it caused a negative one to leak 
off. In our present terminology we describe this by say¬ 
ing that light causes the emission of electrons. Much 

(6) Cathode deposited on metal plate. 

experimental investigation was nece^ary, however, 
before it was definitely established that the charges 
which leaked off a charged metal surface were identical 
with cathode rays and thermionic electrons. 

The modem photoelectric cell is not a metal plate in 
air but a two-electrode vacuum tube. One electrode, 
the light-sensitive cathode, is a deposit of a suitable 
material on the back wall of the bulb or else on a metal 
plate. The other electrode, the anode, is made of some 
convenient form and material, both of which are largely 
dictated by the manufacturing process. Figure 59a and 
b illustrates these two types. 
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A complete study of the photoelectric effect includes a 
study of the number of electrons emitted and their 
iiutial velocities (as in the case of the thermionic effect) 
and the way in which these quantities are dependent 
upon the nature of the electrode surface, the frequency 
and the intensity of the incident light. 

104. Relation between Current and Light Intensity. 

The relation between photoelectric current and light 
intensity was investigated by a number of workers, 
including Lenard, Elster and Geitel, and Richtmyer, who 
showed that there was strict proportionality between the 
photoelectric current and light intensity. While many 
commercial tubes show slight deviations from linearity, 
this is believed to be due to some secondary effects. The 
primary photoelectric current itself is proportional to 
light intensity from the highest to the lowest intensities' 
studied. While the intensity of the light controls the 
photoelectric current, i.e., the number of electrons emit¬ 
ted, it has been shown that the initial velocities of the 
emitted electrons are entirely independent of the light 
intensity. 

106. Spectral Sensitivity. 

Early in the history of photoelectricity it was observed 
that the photoelectric response from any surface 
depended upon the portion of the spectrum used for 
illumination. In the case of the zinc studied by Hall- 
wachs the ultraviolet was the most effective, while the 
red light did not cause the emission of any electrons. *^If 
a cathode is illuminated by equal amounts of light energy 
in different parts of the spectrum and the photoelectric 
currents measured, the results can be plotted as a curve, 
such as that shown in Fig. 60. This curve, showing the 
relative photoelectric response to di&erent wave lengths 
of li^t, is often called the spectral-aeTmHvUy curve. The 
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usual form of such a curve for most elements is a peak 
in the blue or xiltraviolet end of the spectrum and a 
gradual falling off toward the red or long-wave end. 
The point where the curve cuts the axis at the red end 
of the spectrum is known as the long-wave limit. Any 
light of longer wave length than this will not cause the 
emission of any photoelectrons. The wave length of 
the long-wave limit, the position of the maximum in the 

Fig. 60.—Bpeotral-sensitivity curve for sodium photoelectric surface in 
quartz bulb. 

short-wave end of the spectrum, and any other secondary 
maxima are definite characteristics of each photoelectric 
emitter. Practically all substances are photoelectrically 
active to some extent, but the effect is most marked for 
the metals. In the case of insulators the emission of a 
few electrons from the surface leaves them positively 
charged, and, s^pce this charge caimot be neutralized 
by a flow of electrons from other parts of the circuit, as 
in the case of conductors, they remain charged and so 
prevent the emission of any more electrons. The alkali 
metals show a greater response than any of the other 
metals in the visible portion of the spectrum and hence 
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have been used in practice to the greatest extent. It is 
very often stated that one metal is more photosensitive 
tl\an another when the correct statement should be 
that it gives a greater response to the particular radiation 
used than the other. In making comparisons it must 
be remembered that the photoelectric response is a func¬ 
tion of wave length. 

The spectral-sensitivity curves for the alkali metals 
are particularly interesting, because they show a system¬ 
atic shift in both the position of the maximum and that 
of the long-wave limit as we go down the series from 
lithium through sodium, potassium and rubidium to 
caesium. Thus lithium is said to be the least sensitive 
and caesium the most sensitive of this group. The real 
distinction is that most of the area under the curve lies 
in the ultraviolet for lithium and in the visible for cae¬ 
sium. Table XIV gives the values of Xo, or the long-wave 

Table XIV,—Photoelectric Long-wave Limit for Various 

Elements 

Element 

Platinum. 

Nickel. 

Tungsten. 

Cadmium. 

Lithium. 

Sodium. 

Potassium. 

Rubidium. . 

Caesium. 

Magnesium. 
♦ Thin filinB. 

Xo, Angstroms 
2570 

3050 

2300 

3140 

5200 

5830 

7000 

. >10000* 

. >10000* 
3430 

limit, for a number of the more common elements. From 
this table it can be seen that, with the exception of the 
alkali metals, most of the elements respond to ultraviolet 
light only. The sensitivity of the alkali metals extends 
farther into the visible end of the spectrum. Within 
th^ limits it is possible to choose enutters which are 
sensitive to any desired spectral region. 
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106. Quantum Theory of Photoelectric Emission. 

Before discussing the relation between wave length 
and initial velocities, it is necessary to take up the theory 
of the photoelectric effect. There was no satisfactory 
theory to explain the observed facts of photoelectricity 
until after the development of the quantum theory of 
the nature of radiant energy. In 1905 Einstein proposed 
an explanation based on this theory, which was subse¬ 
quently verified by Millikan. Conversely, the verifica¬ 
tion of Einstein’s theory also served as a very striking 
confirmation of the quantum theory. 

According to the quantum theory, radiation consists 
of discrete units called quanta. Each quantum has an 
amount of energy hv, where is a universal constant 
and V is the frequency of the radiation. Thus the energy 
of a quantum of light depends upon its frequency or wave 
length. It is greatest for blue and least for red radia¬ 
tion. Einstein assumed that each quantum of radiation 
absorbed by the photoelectric surface causes the emission 
of a single electron. He assumed, furthermore, that 
the electron acquires all of the energy of the light quan¬ 
tum which causes its emission. Its kinetic energy can 
then be expressed as 

= hv (96) 

or, in terms of equivalent volts. 

Ve = = hv, (97) 

where e is the charge of the electron and V is the voltage 
through which it would have to fall to acquire an amount 
of energy }^mvK This equivalent voltage is also called 
the stopping potential because it represents the negative 
Voltage which would have to be applied to the anode 
just to prevent the electron from reaching it. This 
reprints the maximum possible energy which a photo- 
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electron can have. In order to escape from the surface 
of the metal the photoelectron must do work against the 
same forces at the surface as in the case of thermionic 
emission. This work, as was shown in Chap. I, is <j!>e. 
Accordingly, the escaping electron must lose this much 
energy in getting away from the surface. Thus it will 
finally escape with an amount of energy 

Ve = hv — <l>e (98) 

The value of hv which will just enable an electron to 
escape from the surface with zero velocity is fti'o = 
so that the equation becomes* 

Ve = hv - hvo (99) 

Vo is the frequency corresponding to the long-wave limit. 
No light of lower frequency (longer wave length) than 
this can possibly cause the emission of a photoelectron. 
hvo represents the minimum energy lost by an electron 
in escaping. If the electron escapes from deep down 
under the sxirface of the metal, it may suffer a number of 
collisions on the way out and finally emerge with less 
energy than indicated by Eq. (99). 

From this it can be seen that Ve is the maximum 
energy with which an electron escapes when its emission 
is caused by radiation of frequency v. Einstein’s equa¬ 
tion then predicted that the maximum velocity (or stop¬ 
ping potential) of the escaping electrons must be a linear 
function of the frequency of the incident light. This 
was found to be the case in a classic experiment by 
Millikan. He illuminated alkali-metal surfaces with 
monochromatic light of various frequencies and measured 

* Recent work has shown that this equation is strictly true only 
at O^E., for at higher temperatures the upper limit of the electron 
energy is not sharply defined. The electron energies could be 
neglected in the classical theories but they play a large part in the 
new theories. 
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the corresponding values of the stopping potentials. A 
plot of the results is shown in Fig. 61. This shows that 
the stopping potential is proportional to frequency. The 
slope of the curve gives a value oi h — 6.56 X 10“*^ 
which is in excellent agreement with the value obtained 
by independent measurements. The intercept on the 
X axis, when corrected for contact potential, gives the 
value of Vo. This can also be obtained (although less 

Fig. 01.—Relation between stopping potential and frequency of exciting light. 
{Millikan.) 

accurately) from the intercept of the spectral-sensitivity 
curve on the x axis. In this case the contact difference 
in potential was 2.51 volts. Accordingly, the curve 
must be displaced upwards by 2.51 volts. The corrected 
curve is shown as a dotted line. 

The method of determining stopping potentials con¬ 
sists in applying a small negative voltage to the anode 
and increasing it until the current is reduced to zero. 
Inasmuch as this volt-ampere curve is asymptotic to 
the voltage axis, the exact value of the stopping potential 
determined depends upon the sensitivity of the measur¬ 
ing iiwtnunent used. This difficulty is partly overcome 
by plotting Vi against V on the assumption that the 
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lower part of the curve is a parabola. The stopping 
potential then is the intercept on the V axis. The 
assumption is not strictly true, but it does not introduce 
any large error. 

This theory explains in a very satisfactory manner 
the relation between wave length and stopping potential 
and why the stopping potential is independent of light 
intensity. It does not, however, give any relation 
between the photoelectric current (number of electrons 
emitted) and the wave length. 

If we substitute numerical values in the Einstein 
equation, 

Ve = hy — <t>e (100) 

For the condition that an electron is just able to escape 
with zero velocity, i.e., for v — the frequency at the 
long-wave limit. 

hp = <l>e 
^ hp 12,336 ,, 
<t> — — = —X— volts 

e Ao 

(101) 

(102) 

where Xo is expressed in AngstrSm units! 
From this relation, if the work function <t> is known, 

the long-wave-length limit can be calculated and vice 
versa. 

If we were to assume that one electron is emitted for 
each incident quantum, the relation between photo¬ 
electric current and wave length (for equal amounts of 
light energy at the various frequencies) would be as 
shown in Fig. 62. The photoelectric current would 
increase linearly with wave length because the number 
of quanta for a given amount of energy increase with 
increasing wave length (or decreasing frequency). This 
is becau^ the energy of each quantum falla off n^lth 
ihcreanng wave length, accoi^ng to the relation W » hy. 

k^-wave limit the cu^nt wotdd drop ahi^ptly 
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to 0. In practice we find that the relation is never of 
this form. On the contrary, the photoelectric current 

Fig. 62.—Relative number of photoelectrons emitted for equal amounts 
of energy in different parts of the spectrum. (Assuming 100 per cent effi¬ 
ciency.) 

for equal amounts of energy falls off as we go from the 
shorter to the longer wave lengths and approaches zero 
asymptotically at the long-wave limit. 

107. The Selective Effect. 

A very interesting effect, called the selective effect, is 
characteristic of the alkali metals and some others. 

Wave Leng+h 

Fiq. 63.-^SpeotralH9enBitivity curve based on absorbed light energy, illu8« 
trating the selective effect. (FlefUcher and Dembetf Z, tech. Phye., T, 136. 
1926.) 

These metals show a pronounced maximum in their 
Bpectral*‘8eijsitivity curve. If the curve is meamued, 
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using plane-polarized light instead of unresolved light, 
it is found that this selective effect is due to light polar¬ 
ized at right angles to the plane of incidence, while the 
curve taken with light polarized in the plane of incidence 
shows only a normal effect. This maximum is most 
pronounced for large angles of incidence in the neighbor¬ 
hood of 60 to 70 deg. The fact that light polarized at 
right angles to the plane of incidence is absorbed more 
than the component polarized in the plane of incidence 
is only sufficient to account for a ratio of photoelectric 
currents of 2 or 3, whereas at the selective peak the ratio 
may be as high as 20 or 30. The selective peak is shown 
in Fig. 63, where the relative photoelectric currents for 
equal amounts of absorbed light energy have been plotted 
as a function of wave length. These data are for unre¬ 
solved light falling on a potassium .surface. 

108. Thin Films. 

It has been stated that the shape of the spectral- 
sensitivity curve is characteristic for any metal. This 

W<jiv€ Length ^ 

Fig. 64.—Spectral-senaitivity curves for sodium films of various thickness 
deposited on platinum; a, c, d in order of increasing thickness. {H. M. 
JveSt Aatrophy$, J., 60, 219, 1924.) 

statement is quite accurate for thick layers of pure 
metals, but the ciirve is greatly modified when the metal 
is studied in very thin layers, where the thickness of the 
layer is only a few atoms deep. This field was first 
inw^tigated by H. E. Ives. If one of the alkali metals. 
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for example sodium, is vaporized on to the surface of 
a polished platinum plate and the spectral-sensitivity 
curve is studied for various thicknesses of the sodium 
film, a series of curves will be obtained, such as shown 
in Fig. 64. For films of the order of one atom thick the 
long-wave limit is relatively far in the red end of the 
spectrum, and, as the film grows thicker, it moves farther 
toward the blue. Similar behavior is shown qualitatively 
by other alkali and alkali-earth metals. The nature of 
the metal upon which the thin film is deposited influences 
the shape of the curve to some extent. 

109. Oxides and Other Compounds. 

Oxygen has a remarkable effect on the spectral sensi¬ 
tivity of the alkali metals. In the case of caesium, which 

Fig. 651—Spebtral-sensitivity curve for caesium-oxygen-silver type of photo¬ 
electric tube. 

has been studied in greatest detail, a thin film of caesium 
upon a layer of oxides of caesium results in a spectral- 
sensitivity curve such as that shown in Fig. 65. This 
curve shows a new maximum at the edge of the infrared 
portion of .the spectrum, and the long-wave liipit has 
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moved out to about 12000 A. Compounds of caesium 
with other elements, particularly sulphur, have been 
found to have similar properties. The exact nature of 
the oxides or other compounds which show this peculiar 
behavior is still a matter for conjecture. The prepara¬ 
tion of such surfaces calls for a rather elaborate and, at 
present, empirical procedure. 

Another compound of the alkali metals which affects 
the form of the spectral-sensitivity curve is the hydride. 
Like most of the other compounds it causes the long¬ 
wave limit to shift toward the red, although the shift is 
less pronounced than for oxygen. The hydride is easily 
formed by admitting a small amount of hydrogen into 
the cell and then passing a glow discharge between the 
electrodes. The surface layers react with the activated 
hydrogen to form hydride. The excess of hydrogen is 
then pumped out. Potassium hydride has a character¬ 
istic iridescent purplish color which is easily recognized. 

110. Red Sensitivity. 

The shape of the wave-length-sensitivity curve has an 
important bearing on the practical application of photo¬ 
electric tubes. In any application it is desirable to obtain 
the maximum possible response from the photoelectric 
tube under the conditions of illumination. Accordingly, 
the photosensitive material used must be one which 
responds to the kind of light used. For example, a zinc 
cathode would be quite useless with an incandescent- 
light source, as the zinc responds only to ultrali^iolet 
light. An incandescent-light source, such as a gas-filled 
tungsten lamp, radiates only about 8 per cent of its 
energy in the visible spectrum. The remainder is infrar 
red. The distribution of the energy radiated is shown 
in Fig. 66. In order to get a large photoelectric current 
when the Ulumihation is due to a light source of this 

iwe requi^ a cell which responds to infrared rawiia- 
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tion. Such cells are not available, but at least we can 
approach this condition by using cells which have a 
long-wave limit as far in the infrared as possible. The 
response of a photoelectric cell is obtained by multiply¬ 
ing the ordinates of the spectral-sensitivity curve by the 
corresponding ordinates of the energy-distribution curve 
of the source. If we consider two photoelectric tubes 
having spectral-sensitivity curves, such as those shown 
in Figs. 67a and b, respectively, illuminated by a light 

Fio. 66.—Speotnil-energy distribution of radiation from an incandescent lamp 
operated at 2870®K. 

source having an energy distribution, such as that shown 
in Fig. 66, the responses of the two cells to this light 
source will be given by Figs. 67c and d. The area under d, 
i.e., the total photoelectric current, is about six times 
that for c, because of the fact that the maximum photo¬ 
electric response lies in a region where the somce radiates 
a large proportion of its energy. This explains the 
emphasis which is laid upon the production and utilisa¬ 
tion of' ‘ red-sensitive ’ ’ tubes. It illustrates the practical 
importance of considering not only the spectral sensi¬ 
tivity of the phototube, but also the energy distribution 
of the light source. 

The common method of rating photoelectric tubes is 
in terms of microampere per lumen. This method leads 
to some confusion unles the temperatiue of the Ug^t 



178 THE PHYSICS OF ELECTRON TUBES 

source is specified as well. The reason for this is that 
the light source radiates much of its energy in the infra¬ 
red to which the photoelectric tube is responsive to some 
extent. Another light source at a different temperature 
might radiate the same amount of visible light but a 
different amount of infrared, so that the photoelectric 
current would be different for the same number of lumens. 

Fig. 67.—Response of different types of photoelectric tubes to a light source 
having the energy distribution shown in Fig. 66. 

Accordingly, it is quite important to specify the tem¬ 
perature of the source used. 2870°K. is the temperature 
most commonly used. It would really be more correct 
to filter out the infrared, but the current due to this 
radiation is used in practice, so this is not done. 

ni. Effect of Gases. 

The presence of chemically active gases in photoelectric 
tubes is, of course, harmful owing to their reaction with 
the cathode surface. The sensitivity of cells, however, 
jb ipeatly increa^ by the introduction of low pressures 
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of inert gases. The volt-ampere characteristic of a 
photoelectric tube at constant illumination is exactly 
analogous to that for a hot-cathode tube (such as Fig. 36, 
Chap. VIII) at constant filament temperature. The 
only difference is that saturation for photoelectric tubes 
usually takes place at relatively lower voltages, because 
the photoelectric currents arc small so that space charge 

Vol+8 
Fig. 68.—Phototube volt-ampere characteristics at various pressures of argon 

under constant illumination. 

does not play such a large r61e. If a small pressure of 
gas is present and the voltage applied exceeds the ioniz¬ 
ing voltage, ionization by collision takes place and the 
current is greatly increased. In practice, pressures up 
to 100 microns of the rare gases are used at anode volt¬ 
ages ranging from 90 to 180. Within approximately 
these limits the original photoelectric current from the 
cathode is increased from five- to tenfold. The ratio of 
the total current to the primary photoelectric current 
from the cathode is called the gas-ampHficaiion raiio. 
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It is the ratio of the current at the normal operating 
voltage to the current at just below the ionizing volt¬ 
age, both measurements being made at a relatively 
low light intensity. If the approximate limits of volt¬ 
age mentioned above are exceeded, the discharge goes 
over to a glow discharge. This has all the characteristics 
described in Chap. X and no longer responds to changes 
in light intensity. Argon and neon are the gases most 
commonly used. Figure 68 shows the volt-ampere 

phototube. 

characteristics of a gas-filled cell at various pressures of 
argon. There is an optimum pressure at which the 
photoelectric response is a maximum. At lower pres¬ 
sures the probability of ionizing collisions is less, while 
at higher pressures the electrons lose energy by collisions 
before they acquire high enough velocities to ionize. 
The value of the optimum pressure depends upon the 
construction of the tube, and the value of the light inten¬ 
sity and the applied voltage. Other considerations, such 
as tube noise and glow voltage, also enter into the choice 
of the proper pressiure. 

112. Tine Lag. 

Gas-filled photoelectric tubes differ from vacuum 
photoelectric tubes in another respect than their volt- 
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ampere characteristic. This is their time lag. If a 
vacuTim photoelectric tube is subjected to intermittent 
pulses of light, the response of the cell is independent of 
the frequency of these pulses. In gas-filled tubes, how¬ 
ever, this is not the case, and, as the frequency of the 
pulses is increased, the response of the cells falls off. 
This effect is shown in Fig. 69. It is due to a time lag in 
the photoelectric response, i.e., the variation in photo¬ 
electric current does not accurately reproduce the vari¬ 
ation in light intensity. 

113. Effect of Temperature. 

The photoelectric effect within wide limits is inde¬ 
pendent of temperature. For a long time it was thought 
to be entirely independent of temperature, but later 
experiments have shown a decrease in photosensitivity 
at liquid-air temperatures for the alkali metals, and a 
rather abrupt rise at about 600°C. for platinum. There 
are apparent changes in photosensitivity with temper¬ 
ature which are produced by the formation or destruction 
of surface films of gas or by other surface changes. 

Measurements of photoelectric currents at high tem¬ 
peratures are somewhat complicated for photoelectric 
dlthodes, such as caesium oxide, by the fact that these 
materials are good thermionic emitters, and, since their 
surfaces are large, the thermionic currents may become 
appreciable. For example, the constants A and 5o for a 
caesium oxide type of photoelectric tube are A = 10~* 
and 6o = 8300. A common type of tube has a cathode 
area of 110 sq. cm. Accordingly, at 50°C., the thermi¬ 
onic emission from this surface would be 10~® amp. 
Thus, even with the cell in the dark, there would be a 
cturent fiowiug. At low light intensities this thermionic 
current might be quite large compared with the photo¬ 
electric current. 
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114. Dark Ctirrents. 

The early literature of photoelectricity contains many 
references to dark currents. These currents were observed 
to flow even when the cell was not illuminated, hence 
their name. They actually have no connection with 
the photoelectric effect but are merely leakage currents. 
With improved knowledge of methods of insulating, these 
currents no longer cause trouble. Dark currents of the 
thermionic type mentioned in Art. 113 were not experi¬ 
enced with the earlier relatively insensitive cells. 

115. Fatigue. 

Another term used in the earlier literature is fatigue, 
which was used to describe a gradual decrease in photo¬ 
electric current during the period of illumination. To 
some extent this has disappeared with improved methods 
of exhaust, but certain cells, particularly those contain¬ 
ing gas, show changes in sensitivity when illuminated. 
These changes are sometimes decreases and sometimes 
increases, depending upon the type of cell and its history. 
No satisfactory explanation of this effect has been found. 

116. Efficiency of Photoelectric Emission. 

The actual efficiency of photoelectric emission in terms 
of electrons per quantum is smprisingly low. If we refp' 
to Fig. 65 and replot these data in terms of number of 
electrons per hundred quanta (rather than current) as 
ordinates, as shown in Fig. 70, we shall find that the 
maximum value comes at practically the same wave 
length as before and corresponds to a value of about one 
electron for each 100 incident quanta. In terms of 
absorbed rather than incident light the value is somewhat 
higher. 

117. Comparison with the Human Eye. 

A eompaxison between the photoelectric cell and the 
huhmn eye as detectors of radiation is interesting. 
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The visual threshold, i.e., the smallest amount of light 
which can be detected by the unaided eye, is the light 
received from a sixth-magnitude star or 9.6 X KT"’® 
lumen (assuming the diameter of the pupil to be 6 mm.). 
A highly sensitive photoelectric tube has a sensitivity of 
about 600 microamp. per lumen and would give a cur¬ 
rent of 5.8 X 10^'® amp. for this much light. It is 
possible to measure currents much smaller than this. 

Fig. 70.—Efficiency of photoelectric emission at various wave lengths. 

Accordingly, a photoelectric cell with a good amplifier 
is a more sensitive detector of visible radiation than the 
eye. When the two are compared for the same low 
intensity rather than the same total flux, the comparison 
is more favorable for the photoelectric cell, as its light¬ 
collecting area is much greater than that of the pupil of 
the human eye. In practice, however, it is difficult 
to measure such minute photocurrents, because, unless 
special precautions are taken, the electrical leakage over 
the surface of the glass and the thermionic emission 
from the photosensitiye smfaee may be large compared 
with the photpeurrent to be measured. 
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118. Use of Filters. 

Filters are very often used in making photoelectric¬ 
cell measurements to limit the response to some one por¬ 
tion of the spectrum. For instance, if photoele(!tric-cell 
measurements are to be made of the variation in trans¬ 
mission with concentration of a solution which absorbs 
red and transmits blue light, a red filter is used so that 
the cell receives only that component of the light which 
changes. The blue, which is not much affected by 
concentration, would serve only to increase the total 
photoelectric current and to decrease the percentage 
variation. A general rule is to use a filter of the color 
which is most strongly absorbed by the material under 
investigation. 

119. Various Types of Construction. 

Since only a fraction of the incident light is absorbed 
at the photoelectric surface, attempts have been made to 

Fig. 71.—V-shaped cathode desig^ned to give multiple reflections. 

increase the yield by designing tubes so that the light will 
undergo a number of reflections, thus obtaining a photo¬ 
electric effect from the light which would otherwise be 
reflected at the first surface. One such construction is 
shown in Fig. 71, where the cathode was made V shaped. 
Another is the common spherically shaped bulb where the 
light must make several reflections before escaping from 
the window, provided that it originally enters the tube 
a little off center. 
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Photoelectric tubes are made in various sizes. The 
only advantage of large tubes is that they have a larger 
light-collecting surface. The response of a photoelec¬ 
tric surface to a light depends upon the total flux or 
total amount of light falling upon the surface and not 
on its intensity. The response from a given quantity of 
light is the same regardless of whether it is concentrated 
on a small spot or spread out over a large area. For this 
reason there is no advantage to be gained by using a 
larger tube than is necessary to intercept all the avail¬ 
able light. In many (jases it is convenient to collect the 
light by means of large lenses or mirrors and concentrate 
it on a small tube instead of using a tube with a very 
large light-collecting area. 

For many purposes where it is desired to make meas¬ 
urements of ultraviolet radiation, photoelectric tubes are 
made in quartz bulbs instead of glass, as the latter, of 
course, do not transmit ultraviolet. 

The life of photoelectric tubes is practically indefi¬ 
nitely long, as nothing is used up in the course of their 
opeiation. 

120. Manufacturing Technique. 

A very interesting feature of the manufacture of photo¬ 
electric tubes is the method used for introducing the 
alkali metal into the bulb. The earliest method is to 
place a piece of the metal in the end of a tube which is 
then heated by a Bunsen flame and distilled into the 
photoelectric cell, leaving most of the impurities behind. 
The distillation tube is then sealed off at the constric¬ 
tion. Where a higher degree of purity is required, the 
metal may be distilled through a series of bulbs. Another 
method involves the actual preparation of the metal in 
vacuo. A salt of the alkali metal, such as caesium chlo¬ 
ride, ia mixed with a reducing agent, such as calcium, and 
placed in the distillation tube. When this is heatbd by 
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a Bunsen flame, reduction takes place according to the 
formula 

2CsCl + Ca = CaCl, + 2Cs 

The caesium can then be distilled out into the bulb as 
before. A modification of this procedure is to press the 
alkali-metal salt and the reducing agent into a pellet, 
which is placed in a nickel (or other metal) capsule inside 
of the bulb. When this is heated by high-frequency 
induction, the reaction takes place and the alkali metal 
distills out into the bulb. In the case of caesium the 
reagents used at present are caesium dichromate and 
silicon. 

A third method involves a decomposition reaction. A 
compound, such as the nitride of the element, is painted 
upon a convenient electrode. When this is heated, it 
decomposes and the nitrogen is pumped out while the 
alkali metal remains. 

Another method consists in electrolyzing the alkali 
metal through the bulb wall. The end of the bulb is 
immersed in a bath of a molten alkali-metal salt, such as 
sodium nitrate, which melts at 312°C. An electrode 
placed in the bath is connected to the positive side of a 
direct-current source of potential of 100 or 200 volts. 
A filament inside of the bulb is operated at a high enough 
temperature to yield an electron current of a few milli- 
amperes. This filament is connected to the negative 
side of the line. Under the influence of the field, posi¬ 
tive sodium ions diffuse through the bulb walls to the 
inner surface where they pick up electrons from the hot 
cathode and become neutral sodium atoms. This proc¬ 
ess is really just the replacement of sodium atoms in the 
glass by atoms from the bath. A practically unlimited 
supply of pure sodium can be introduced in this manner 
without damage to the glass. Other alkali metals cannot 
be introduced through an ordinary soda-lime glass bulb 
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without producing strains which crack and disintegrate 
the glass, because the other alkali-metal atoms are larger 
in diameter than sodium. They can, however, be passed 
through bulbs of special composition, but these glasses 
are difficult to work and have many undesirable charac¬ 
teristics. Since electrolysis through the bulb wall follows 
Faraday’s law, it permits exact control of the amount 
of alkali metal. 

Another method which is used in experimental work 
but not in factory production also permits control of 
the amount of metal introduced. The alkali metal is 
placed in a small bulb connected by a capillary with the 
photoelectric cell. If the bulb and capillary are main¬ 
tained at a known temperature, the rate at which the 
alkali-metal vapor diffuses through the capillary may be 
calculated from Knudsen’s formula 

n - 1^- 
^ 2.394LV^ 

(103) 

where Pi — Pi = difference in pressure. 
L — length of capillary. 
D = diameter of capillary. 
Pi — density of gas at pressure of 1 barye 

' and temperature of the tube. 

121. Choice of Cathode Materials. 

By a suitable choice of cathode materials, it is possible 
to make phototubes with a response restricted to certain 
rather broad regions of the spectrum. In the visible 
spectrum, surfaces of pure potassium have a high response 
to blue light and relatively little to yellow and red. This 
response is enhanced by forming potassium hydride, but 
at the same time the response is extended out into the 
red end of the spectrum., Caesium on caesium oxide 
surfaces has a response which extends through the entire 
visible spectrum into the near infrared. By means of 
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filters, the short-wave end of the spectrum may be cut 
off so that the response may be limited entirely to the 
red or near infrared. There are no phototubes at present 
available with a response in the infrared beyond 12,000 A. 

For the ultraviolet end of the spectrum, sodium sur¬ 
faces in quartz bulbs are used for measurements from 
2000 to 4000 A. For a more restricted region in the 
ultraviolet, cadmium and magnesium surfaces are used 
since these do not respond beyond wave lengths of 3140 
and 3430 A, respectively. Cadmium-magnesium alloys 
have properties intermediate between the two pure 
metals. By using a filter or by using a bulb of Corex 
glass which cuts out the far ultraviolet, the response of 
such tubes has been limited to the region between 2600 
and 3200 A. 

122. Geiger Miiller Counter. 

An extremely sensitive form of phototube for measur¬ 
ing very low light intensities is a modification of the 

, Geiger Muller counter as 
i|l-1 shown in Fig. 72. It con- 

^ Qf a cylindrical tube, 

L_N_/ coated on the inside with 
I 'A some photosensitive metal, 

Pia. 72.--GeigerMttUerc„«nti. having a windoW of glaSS 

or quartz. Along the axis 
of the cylinder is a wire with a specially prepared 
high-resistance film. This serves as anode. The tube 
is filled with several cubic centimeters of inert gas, 
and a high potential is applied between the wire 
and the coating. The potential used exceeds the break¬ 
down potential for a clean wire but owing to the 
high-resistance coating no discharge takes place. If, 
however, light falls on the window and releases photo- 
electrons from the cathode, each photoelectron ionizes 
as it moves towards the wire and a momentary discharge 
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takes place. Owing to the nature of the coating, how¬ 
ever, this merely results in a single pulse of current for 
each photoelectron liberated and does not go over into 
a self-sustained discharge. With counters of this kind, 
Rajewsky has measured light intensities as low as 12 
quanta per square centimeter per second. 
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CHAPTER XIII 

PHOTOCONDUCTIVITY 

123. Selenium and Selenium Cells. 

Another electronic phenomenon which is intimately 
related to the photoelectric effect discussed in the pre¬ 
vious chapter is that of photoconductivity. This is 
sometimes called the internal photoelectric effect. Many 
substances show an increase in conductivity upon expo¬ 
sure to hght. This is the result of the liberation of 
electrons within the conductor by light. In the case of 
photoconductivity, however, these electrons do not 
escape from the surface of the conductor but stay within 
the metallic circuit. A great many compounds and a 
few elements show this effect. It is most striking in 
selenium and Avas first discovered in this element. Sele¬ 
nium exists in several allotropic forms. One of these is 
a black vitreous non-conductor. On heating above 
180°O. this slowly changes over to a gray crystalline 
form which is the light-sensitive modification. The dis¬ 
covery of its light-sensitive properties was made by 
Willoughby Smith in 1873. He used sticks of the gray 
form as resistances in some transatlantic-cable work and 
was troubled by their variability until he found that it 
was due to the effect of light upon them. 

A description of typical cells and their behavior had 
best precede the theory of the effect. Since selenium 
has a very high resistance, a number of fornas of cell 
have been made in order to give higher conductivities 
than can be obtained by sticks or rods of the metal. 
The aim is to obtain the maximum possible illuminated 

191 
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area with the lowest possible resistance. One of the 
earliest forms, which is shown in Fig. 73o, consists of a 
pair of wires closely spaced and wound around an insula¬ 
tor. Selenium is heated and smeared over the surface 
which thus consists essentially of a long, narrow, thin 
strip of selenium bridging the gap between the two wires 
which act as terminals. A similar result is achieved in 
a slightly different manner, as shown in Fig. 73b. A 
piece of glass is gold plated and the gold is scratched in a 
zigzag line, thus forming two electrodes with a very long 
and narrow surface of separation. A thin layer of 

(O) (b) (c) 
Fig, 73. — Three types of selenium cell construction. 

selenium is then formed on the plate, bridging this gap. 
In a third form, shown in Fig. 73c, the two plates are 
made in a form very similar to the two sets of plates of 
an air condenser. The space between the plates is filled 
with selenium. In every case the cell must undergo an 
annealing process in order to convert the selenium to 
the light-sensitive form. Its properties will depend upon 
the method of preparation and deposition of the selenium 
and on the way in which the annealing is carried out, as 
well as on the construction of the cell. The cells are 
usually protected from the atmosphere by enclosing them 
in an evacuated glass bulb, or coating them with a trans¬ 
parent lacquer. 

124. Relation between Current and Light Intensity. 

When a source of e.m.f. is connected across the termi¬ 
nals of a selenium cell, a emrent flows. When the cell 
is in the dark, this is called the dark current. If the cell 
is illuminated, the curmnt increases. It does not, how- 
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ever, increuse in direcl proportion to the illumination 
but in accordance with the law 

i = kl'"- (104) 

where i is the increase in current, due to the illumination 
I, over the dark current. Typical values of current at 
different light intensities for two different voltages ai‘e 
given in Table XV. The same results are shown graph- 

Table XV —PiioTOBLErTRir CuRRENr Various Values op 
Illumination bor a Selenium C’ell 

Illumination, 
Mdliampoics at 

foot-candl(‘s 
100 volts 50 volts 

110 US 69 
90 128 64 

70 116 58 

50 103 51 5 

30 86 12 5 

20 73 36 5 

10 66 28 

5 43 21 5 

2 5 35 17 5 

ically in Fig. 74. From the.se data it can be seen that 
the change in photoelectric current for a given change in 
light intensity is much greater at low intensities than at 
high intensities. 

Because of the fact that the photoelectric current in 
selenium is not directly proportional to the intensity of 
the illmnination but to its square root, the area illumi¬ 
nated in selenium cells becomes important. A given 
light will produce different results, depending upon the 
area upon which it falls. In the case of photoemissive 
cells this is not so, as the response depends upon the quan¬ 
tity of light only. The effect is also complicated by the 
fact that a change in conductivity is produced between 
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(he electrodes even though the light falls upon a region 

outside of the interelectrodc space. 

Illumination (Foot Candles) 

Fid. 74.—Illumination current characteristic of selenium cell. 

126. Time Lag. 

A very noti(;eable feature of the photoelectric response 

of selenium is its time lag. If the illumination is changed 

suddenly, the current does not change to the new value 

0 0.05 0.10 015 0.20 
Time Seconds 

Fig. 75.—Tim© lag in a selenium cell. 

instantaneously but lags behind the illumination by an 
appreciable time. This effect is shown in Fig. 75, where 
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the ordinates represent current and the abscissae time. 
At point a the cell is suddenly exposed to strong light. 
The photoelectric current does not reach its final value 
until several minutes have elapsed, although it attains 
95 per cent of its final value in 0.03 sec. Similarly, at h, 
where the fight is turned off, the current does not fall to 
the dark value at once but requires several minutes to 
reach its final value. The amount of this time lag 

Fig. 76.—Spectral sensitivity of selenium cell. (Nichdson.) 

depends upon the type of cell as well as its history, i.e., 
the conditions of operation just before the change in 
fight. All selenium cells show this effect, although not 
all to the same extent. The photoelectric effect in 
selenium is greatly increased at low temperatures. 

126. Spectral Sensitivity. 

Selenium has a peak in its spectral-sensitivity curve 
in the red at about 7000 A., as is shown in Fig. 76. The 
exact shape of the curve depends upon the manufactur¬ 
ing process, temperature and time of annealing, purity 
of the selenium, etc. 
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127. Cuprous Oxide. 

After selenium, the most light-sensitive substance 
known is probably cuprous oxide (CujO). Crystals of 
this substance can be prepared by oxidizing metallic 
copper at about 1000'’C. in air and then removing the 
scale of cupric oxide (black oxide) by dissolving in aqua 
regia or by chipping it ofif. The red translucent crystals 
of the cuprous oxide, when clamped between metal 
electrodes or provided with sputtered or evaporated 
electrodes, show photoelectric effects in many ways 

Table XVI.-- Minerals Exhibiting Photoconductivity 

Formula Substance 
Magnitude 
of effect 

AgsAsSa. Proustite Great 
AggAsSfl. Pearceite Medium 
Agl. lodyrite Medium 
AgaO. Silver oxide Medium 
AgaS. Acanthi te Great 
AgaS. Argentite Great 
AgSbSj. Miargyrite , Medium 
AgsSbSa.'. Pyargyritc Medium 
AgaSbS,. Stephanite Medium 
AgsSbSe. Polybasitc Medium 
61283. Bismuthinite Very great 
GU20. Cuprite Medium 
(CuaPb),SbaSe. Bournonite Great 
MoSa. Molybdenite Medium 
PbS. Galena Medium 
PbjSbaSs. Jameaonite Medium 
PbsSbjSc. Boulangerite Great 
SbjS*... Stibnite I Small 
Se. 

• 1 
Selenium j Medium 

similar to selenium. Cuprous oxide is one of the few 
compounds which show a large photoelectric effect when 
prepared in the laboratory. A large number of heavy 
metal sulphides listed in Table XVI are photoelectrically 
active. These are usually classed as semiconductors 
and have indices of refraction ^eater than 2. It is only 
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the natural minerals, however, which are photosensitive. 
The synthetic material is not, 

128. Molybdenite. 

One of the most active of these heavy metal sulphides 
is molybdenite. The activity is not uniform throughout 
the material but occurs in certain highly localized spots. 
These spots are extremely small in area. The spectral 
sensitivity for molybdenite is shown in Fig. 71 A. In 

4J900 6,000 8,000 10,000 12,000 MpOO 16,000 18,000 
Wave Lenof+h 

Fig, 77.—Spectral sensitivity of molybdenite and thalofide. 

addition to its change in conductivity on exposure to 
light, molybdenite actually generates a small e.m.f. so 
that a current may be obtained from an illuminated 
crystal without any externally applied voltage. The 
other compounds listed in Table XVI all show much 
smaller effects. Almost all of them show large fatigue 
effects, i.e., the photoelectric effect decreases with time 
on exposure to light, 

129. Thallium Oxysulphide. 

Thallium oxysulphide (thalofide), a synthetic com¬ 
pound, is also photosensitive, particularly in the infrared. 
Its spectral-sensitivity curve, shown in Fig. 77B, has a 
peak in the infrared at about 10000 A. It shows large 
fatigue effects and the photoelectric current under any 
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one condition of operation is greatly influenced by the 
operating conditions immediately preceding. 

The only one of these photoconductors which has been 
commercially applied with any great degree of success is 
the selenium cell. The advantage which it possesses 
over the photoemissive type of cell is that its currents 
are relatively large, so that it is often possible to operate 
relays or other devices without amplification. Its dis¬ 
advantages are its dark current, lack of proportionality 
in response to illumination, its large temperature coeffi¬ 
cient and its time lag. 

130. Theory of Photoconductivity. 

On first sight the phenomena in photoconductors 
appear to be very complex, and for a long time there was 
no satisfactory theory to account for them. Gudden 
and Pohl, however, have shown that in insulating crys¬ 
tals, such as diamond, zincblende, cinnabar, and stib- 
nite, there is a fundamental effect of a very simple 
nature. In most cases this is obscured by several much 
larger secondary effects. In order to observe the funda¬ 
mental effect, it is necessary to use very low light intensi¬ 
ties and very short periods of illumination and to make 
the observations on single crystals. Under these condi¬ 
tions it is found that the photoelectric current is directly 
proportional to the illumination and follows the illumi¬ 
nation without any time lag. Furthermore, measure¬ 
ments show that one electron is liberated for each light 
quantum absorbed; i.e., if the number of electrons emit¬ 
ted for a unit amount of absorbed.energy is plotted as 
ordinates against wave length as abscissae, the curve 
of Fig. 78J. is obtained. This is similar to the theoretical 
curve of Fig. 62, Chap. XII. When the electron yield is 
referred to the incident energy rather than the absorbed 
energy, the curve takes the form of Fig. 78B. The effect^ 
of the light appears to be to form pairs of charges in the 
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crystal, one pair of charges being formed for each quan¬ 
tum absorbed. The negative charges move freely 
through the crystal and constitute the true primary 
photoelectric current. The positive charges are left 
behind and produce space-charge effects quite analogous 
to those observed in vacuum tubes. If the light inten¬ 
sity used is low and the period of illumination is short, 
the effect of this space charge is negligible. With high 
intensities and longer periods of illumination its effect 
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Fig. 78.—Spectral sensitivity of diamond. {Gudden and Pohl.) 

becomes more pronounced. This positive space charge 
can be removed by illuminating the crystal with red 
light. This restores it to its original condition and on 
repeating the illumination reproducible results can be 
obtained. 

The relation between voltage and current is shown 
in Fig. 79. The current increases with voltage and 
eventually reaches a saturation value. The saturation 
voltage does not depend upon the wave length or the 
intensity of the light. The more perfect the crystal is, 
however, the more pronounced is saturation. It appears 
as if imperfections and cracks in the crystal impede the 
motion of electrons through it, particularly at low field 
strengths. 
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The effect of temperature on the primary current at 
first appears tiomplex, but when certain effects are taken 
into consideration it is found that the primary current is 
independent of temperature as far down as — 250°C. 
This is not necessarily true of the secondary currents. 

Some crystals, such as rock salt and other alkali 
halides, do not show any photoelectric effect in their 
original condition. When they are exposed to x-rays, 
or to ultraviolet radiation, a coloring of the crystal takes 

Fig. 79.—Volt-ampere characteristic for a zincblencie crystal. {F. Nix. 
Rev. Mod. Fhya., 4, 726, 1932.) 

place and they show photoconductivity. The same 
coloring and photoconductivity can be produced by 
impregnating the crystal with alkali vapor by heating it 
in a closed vessel containing the vapor of the alkali 
metal. The spectral sensitivity of these colored crjretals 
coincides with their optical and absorption curves. 

For long periods of illumination and high light inten¬ 
sities the primary photoelectric currents no longer obey 
the simple laws. Under these conditions the primary 
currents give rise to much larger secondary currents. 
It is these secondary currents which are ordinarily 
observed in semiconductors and which mask the underly¬ 
ing primary currents. There is no satisfactory explana¬ 
tion for them. The most important characteristics of 
the secondary currents are that they do not show a 



PHOTOCONDUCTIVITY 201 

saturation in current with increasing voltage. Further¬ 
more, the spectral sensitivity is to some extent dependent 
upon the voltage. 

An interesting feature of the spectral sensitivity of 
photoconducting crystals is that it is not (as might be 
expected) a maximum for the absorption band, but the 
maximum actually occurs at the short-wave edge of the 
absorption band. The spectral-sensitivity curve usually 
show's a maximum with a steep slope on the short-wave 
side and a gradual slope on the long-wave side. 
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CHAPTER XIV 

THE PHOTOVOLTAIC EFFECT 

131. Cuprous Oxide Cells. 

A type of photoelectric effect which is found in many 
substances of the rectifier type has recently assumed 
commercial importance. This effect is sometimes called 
the photovoltaic effect, although different writers have- 
different designations for it. Some commercial types of 

Fig. 80.—Current flow in cuprous-oxide type of photo coll. 

cells using this effect have been called photronic cells and 
others blocking-layer cells. The effect is very readily 
observed in cuprous oxide. For this purpose the cuprous 
oxide must be formed on a copper surface. A cuprous 
oxide rectifier unit is ideal. The metallic copper serves 
as one electrode and contact can be made with the other 
by either sputtering or evaporating a thin film of metal 
on the surface, or by pressing a grid of wire mesh against 
the surface. If the oxide surface is iUuminated, a current 
will flow in the external circuit from the cuprous oxide 
to the copper. This means that, within the material, 
electrons are passing from the cuprous, oxide to the cop¬ 
per. This is just the reverse of the direction of electron 

202 
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flow when the (!uprous oxide and copper combination is 
used as a rectifier. The circuit and the direction of 
current flow are shown in Fig. 80. If the resistance of 
the external circuit's low, the response of such a photo¬ 
electric cell will be very nearly proportional to the illu¬ 
mination. Under these conditions the photoelectric 
currents expressed in amperes per lumen are of the same 
order of magnitude as for photoemissive cells. One com¬ 
mercial type gives a current of about 60 micro-amp. per 
lumen. 

132. The Blocking Layer or Sperrschicht. 

This type of photoelectric effect is explained on the 
basis of a "blocking layer” at the interface between 
the cuprous oxide and the copper. In the German 
literature this is referred to as a Sperrschicht. This layer 
is extremely thin. Various investigators have estimated 
its thickness to be 3 X 10“® to 3 X 10~® cm. (approxi¬ 
mately 1 to 100 atomic diameters) and its capacity 
0.278Aif per square centimeter. When such a cuprous 
oxide and copper combination is used as a rectifier, the 
electrons pass from the copper to the oxide readily but 
are unable to pass in the opposite direction. When used 
as a photoelectric ceil, however, the electrons which are 
liberated by light in the cuprous oxide readily pass across 
the blocking layer to the copper, but they do not readily 
move in the reverse direction. The result is an e.m.f. 
tending to return the electrons. They can retmn to the 
cuprous oxide either by going back across the blocking 
layer or by returning through the external circuit. The 
current in the external circuit, therefore, will dep«td 
upon the relative resistance of the two paths. The 
resistance of the cell is made up of several parts: the 
resistance of the external circuit, the resistance of 
the blocking layer and the resistance of the cuprous oxide 
it^lf. Becaiise of the last it is to be expected that the 



204 THE PHYSICS OF ELECTRON TUBES 

I)roperties of the cell will depend in part on the thickness 
of the oxide layer. The resistance of the cuprous oxide 
which is effective is the resistance in the direction parallel 
to the surface, as may be seen from a consideration of the 
electron paths of Fig. 81. 

Fig. 81.—Electron paths in cuprous-oxide photo cells. 

The thickness of the layer also influences the properties 
of the cell in .another way. The electrons which succeed 
in crossing the boundary between the oxide and the 
copper are those which are liberated near the boundary. 

Fio. 82.--8pectraI sensitivity of various types of photovoltaic cells, o. 
Cuprous oxide, back effect, h. Cuprous oxide, front effect, c. Selenium on 
iron. 

Consequently, the effective portion of the light is that 
which has already passed through a considerable thick¬ 
ness of oxide. Cuproiis oxide.is transparent to red and 
absortxs the short-wave end of the spectrum. Thws the 
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light which penetrates to the region of the blocking film 
is red light and accordingly the cells are relatively red 
sensitive. The spectral-sensitivity curve for such a cell 
is shown in Fig. 82a. The spectral sensitivity will 
depend upon the thickness of the cuprous oxide layer, 
and the cell will be more red sensitive the thicker the 
layer. 

133. Front-effect Cell. 

If the sputtered or evaporated terminal is applied upon 
a surface which has been specially prepared, a different 
effect is observed. The current in the external circuit 
is now in the reverse direction, i.e., electrons go from the 
cuprous oxide to the sputtered terminal within the cell. 
This type of cell is called a front-effect cell to distinguish 
it from the previous type, which is called a back-effect 
cell. The front effect, since it is due to the light first 
absorbed, shows a relatively high blue sensitivity as 
compared with the back effect. Figure 826 shows a 
front-effect spectral-sensitivity curve. The back effect 
also exists in such a cell but the front effect predominates. 
The proper procedure for making a front-effect cell has 
not been disclosed in the literature. The effect from a 
well-made front-effect cell is usually larger than that 
from a back-effect cell. 

134. Other Photovoltaic Cells. 

Qualitatively the same type of effect is shown by a 
thin film of selenium or iron with a suitable sputtered 
or evaporated surface to serve as one terminal. The 
spectral sensitivity of a selenium-on-iron type of cell is 
shown in Fig. 82c. 

Theite are also electrolytic types of photovoltaic cells. 
A disciission of these, however, is outside the scope of 
this bode. 
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The e.m.f. gemualeil by photovoltaic cells is of the 
order ’ of a few millivolts. Accordingly their field of 
usefulness is limited to illumination intense enough to 
yield photoelectric currents which can operate control 
devices or indicating instruments without amplification. 

136. Blocking-layer Cell Characteristics. 

The nature of the blocking-layer cell is such that its 
characteristics are dependent upon external circuit con¬ 
ditions. The number of electrons which are released and 
cross the boundary surface is proportional to light inten¬ 
sity. These electrons may return through the external 
circuit or they may leak back again across the boundary 
surface, depending upon the relative resistances of the 
two paths. The resistance of the blocking layer, how¬ 
ever, is not constant but decreases with increasing light 
intensity and increasing leakage current. Thus the 
external resistance may be considered as shunted by a 
resistance which diminishes with increasing light inten¬ 
sity and with increasing current through it. For low 
external resistances, the shunt resistance is high com¬ 
pared with the external resistance, and therefore practi¬ 
cally the entire electron current is realized in the external 
circuit. Under these conditions the photocurrent is 
directly proportional to light intensity. On the other 
hand if the external resistance is high, the electron leak¬ 
age becomes appreciable compared with the total current. 
Since the internal shunt resistance diminishes both with 
increasing light intensity and increasing leakage current, 
the current in the external circuit increases less rapidly 
than the illumination intensity. This is illustrated by , 
the family of light intensity-current curves at different ^ 
values of external resistance which are shown in Fig. 83. 
For low external resistances, they are practically straight 
lines but as the external resistance is increased they 
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become increasingly concave toward the light-intensity 
axis. 

The open-circuit voltage is not proportional to light 
intensity. At low intensities it increases rapidly with 

0 10 20 30 40 50 60 70 
Foot Candles 

Fio. 83.-~Blockiug-laypr photoelectric cell characteristics. 

increasing intensity, finally reaching a saturation value. 
The magnitude of this open-circuit voltage also depends 
upon the internal shunt resistance. If the shunt resist¬ 
ance is high, it permits the cell to build up a relatively 
high open-circuit voltage, while, if it is low, the electrons 
leak back and so the equilibrium voltage is low. 



208 THE PHYSICS OF ELECTRON TUBES 

References 

V. Auers, 0., and H. Kerschbaum: tJber Sperrschicht- 
photozellen, Ann. Physik, 7, 129, 1930. 

Barnard, G. P. : A New Selenium Sulphur Rectifier Photo¬ 
electric Cell, Proc. ^hys. Soc., 47, 477, 1935. 

Bartlett, C. H. : Comparative Characteristias of the Cop¬ 
per Oxide and Photronic Cells, Ra.’. Set. Instr., 3, 543, 1932. 

Bergman, L.: t)ber cine neuc Selenspcrrschicht Photozelle, 
Physik. Z., 32, 286, 1931. 

Duhme and Schottky: tJber Sperr- und Photoeffekte an 
der Grenze von Kupferoxydul gegen aufgestaubte Metall- 
schichten, Naturwissenschaften, 18, 735, 1930. 

Lange, B.: tJber eine neue Art von Photozellen, Physik. 

Z., 31, 139, 1930. 
-: tJber die spektrale Empfindlichkeit von Sperr- 

schicht Photozellen, Naturwissenschaften. 19, 525, 1931. 
Muller, R. H., and W. 0. Teeters: Study of the Sensiti¬ 

zation of Cuprous Oxide Barrier-layer Photoelectric Cells, 
Trans. Am. Electrochemical Society, Cincinnati Meeting, April, 
1936. 

Schottky and Deutschmann: Zum Mechanismus der 
Richtwirkung in Kupcroxydulgleichrichtern, Physik. Z., 30, 
839, 1931. 

WiLSdN, E. D.: A New Light Sensitive Device, the Photox; 
Elec. J., 32, 270, 1935. 

Wood, L. A.: Current-voltage Relations in Blocking-layer 
Photo-cells, Rev. Sci. Instruments, 6, 196, 1935. 

Zworykin, V., and E. Wilson: “Photo Cells and their 
Application,” John Wiley & Sons, Inc., New York, 1932. 



APPENDIX A 

RICHARDSON’S EQUATION 

According to the kinetic theory of gases, the relation 
between the number of molecules per unit volume at 
any two points, in thermal equilibrium, and the work 
required to bring a molecule from one point to the other 
is 

n =* nie (105) 

where n and ni = concentrations of molecules at the 
two points. 

(I> = the work reqmred to bring a molecule 
from one point to the other. 

k = the Boltzmann constant. 
T = absolute temperature. 

Let us assume a hot filament in an evacuated space 
with walls at the same temperature as the filament. The 
filament will emit electrons until the number which 
return to it are just equal to the number leaving it. We 
may consider these electrons as atoms of a perfect gas. 
When equilibrium conditions have been reached, there 
will be Hi electrons per unit volume in the interior of 
the filament and n electrons in a unit volume of the space 
outside of the filament, the relation between n and ni 
being given by Eq. (106). The work done in transferring 
an electron from within the filament to the spsu;e outside 
is <j>, already defined as the work function. 

According to kinetic theory, the number of electrons 
which strike a unit area of the filament surface per second 
is related to the total number present in a unit volume 
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of the space outside of the filament acciording to the 
equation 

where N = number of electrons striking the unit area 
per second. 

n = number of electrons per unit volume in the 

space outside of the filament. 
m = mass of electron. 

Under equilibrium conditions, the number of electrons 

which return to the filament must be just equal to the 
number emitted per unit area of surfacre. 

Accordingly, the number of electrons emitted 

I i.'P 

N = V2i.- 

The electron current I — Ne = 

If Ui and 4> are assumed to be independent of T, this 
may be written 

I = (108) 
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THE SCHOTTKY EQUATION 

The work which an electron must do against image 
forces to escape from the surface of a metal in the absence 
of any accelerating field is 

<’<!> = fo F(x)dx (109) 

If an accelerating field E is applied, it will exert a force 
Ee upon the electron. This force is opposed to the image 
forces. At some distance Xo from the cathode, the two 
forces must be equal. Any electron with sufficient 
energy (high enough initial velocity) to reach this critical 
plane will be able to escape, for, once it reaches this plane, 
it will be assisted by the external field. 

Since the image force follows the inverse-square law 

Fix) = £, (110) 

and for x — Xo 

Fix) =£~, = Ee (111) 

and 

X. - (112) 

The assumption of the inverse-square law is justified 
for most practical cases. For example, a potential of 
100 volts applied between a filament 1 X 10~® cm. in 
diameter and a concentric cylindrical anode 1 cm. in 
diameter will give a field strength at the surface of the 
filament of 3 X 10* volts per centimeter. Under these 
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conditions, xo would be approximately 10“® cm., or about 
100 atom diameters. At this distance it is quite safe to 
assume the inverse-square law. 

Let <t>' be the effective work function, i.e., the work 
function in the presence of an accelerating field. Then 
the work an electron must do to escape from a metal in 
the presence of an accelerating field is 

e<l>' = j[ "[/'’(a:) — eE]dx 

= F{x)dx — F{x)dx — fJ'Eedx 

I 
X9 

Eedx 

(113) 

[substituting Eq. (112)] 

Therefore 

<!>' = <t> - (Ee)^ (114) 

If we put this value of the work function in the emission 
equation 

/o = 

where Jo represents the emission for zero field, it takes 
the form 

4.389 H 
= (115) 

where E is in volts per centimeter. Thus the effect of 
the accelerating field is to increase the emission by the 

factor € r . This factor is ordinarily not taken into 
accoimt in making calculations of thermionic emission. 

The significance of the Schottky theory lies in its 
usefulness in obtaining information about the natiire of 
the fields close to surfaces. Experiment has shown that 
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the Schottky equation is valid for high field strengths, 
but for low fields the current falls much more rapidly 
than is predicted by the theory. This is true particularly 

in the case of surfaces such as caesium, or thorium on 
tungsten, or oxide-coated surfaces. 
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APPENDIX C 

DERIVATION OF THE % POWER LAW FOR COAXIAL 
CYLINDERS 

In the case of concentric cylindrical electrodes the 
current still varies as the power of the voltage but 
inversely as the first power of the distance between 

electrodeis instead of inversely as the square of the dis¬ 
tance, as in the case for plane-parallel electrodes. The 
derivation of the equation is as follows: 
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Let us assume a cylindrical wire cathode of radius a 
and length I placed in the axis of a cylindrical anode of 
radius r, as shown in Fig. 84. According to Gauss’s 
theorem, the integral of the normal electric intensity over 
any closed surface is 47r times the charge enclosed by the 
surface. This is expressed by the equation 

//at* = Airpdxdydz (116) 

where N = normal intensity per unit area. 
s = surface. 
p = charge per unit volume within the surface. 

Now let us consider an element of volume in the space 
between the cylindrical electrodes. In this case the 
integral of Eq. (116) is the sum of six contributions, one 
from each face of the element of volume. Owing to the 
fact that the field is radial, the normal intensity is zero 
for all except the two faces rdddl and (r + dr)d6dl. For 
these two faces. 

■Nrrdddl + (Nr + + dr)dedl = 

^Trprdddrdl (117) 

This reduces to 

El 
r 

or 

(ll8) 
Hr .dN ^ 
T + * - 

but N = dV/dr. Substituting this in Eq. (118), 

r dr dr\dr ) 
—4irp 

or 

dr\Sr ) 

since p is negative for electrons. 

4irpr (119) 
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In the case of cylindrical electrodes, the current den¬ 
sity is 

i = 2irrZp»v (120) 

which corresponds to Eq. (58) in the case for parallel 
planes. As before 

Ve = Yimv'^ (121) 

Substituting Eqs. (120) and (121) in Eq. (119) we obtain 

d / dV\ _ . pm 
dr \ dr / ~ \ ve (122) 

This form of Poisson’s equation takes the place of Eq. (63) 
for plane electrodes. This equation cannot be integrated 
directly, but Langmuir has shown the solution to be 

• = 2^ fllH 
^ 9 \ 

(123) 

j8^ depends upon the value of r/a and rapidly approaches 
unity. For all values of r/a, greater than 10, it may be 
taken as unity. Equation (123) then can be reduced to 
practical units: 

i = 14.65 X 10“®-^ amp. 

Thus for cylindrical electrodes the space-charge-limited 
current varies directly as the power of the voltage 
and inversely as the radius of the anode. 
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CONSTANTS* 

Volume occupied by 1 gram- 
molecular weight of ideal gas 
at 760 mm. mercury and 0°C. 22,414 cc. 

Number of molecules in 1 gram- 
molecular weight of gas.... . 6.064 X 1023 

Charge of electron. . 4.77 X 

o
 

T o e.s.u. 
Mass of electron. . 8.994 X 

! o
 g- 

e 

m 
. 6.303 X 101^ e .s.u. per gram 

Planck^s constant h. . 6.547 X 10-27 erg-sec. 
Boltzmann^s constant k. . 1.3708 X 10-i« erg per degree 
Mass of hydrogen atom. . 1.6617 X o

 1 

g- 
Velocity of light. . 2.99 X 10“ cm. per second 

* Biroe; Phys. Rev. SupplemerUy vol. 1, No. 1 , July, 1929. 

RELATIONS OF ELECTRICAL UNITS 

Ifvolt = 10* electromagnetic units == X lO^^ electrostatic 
units 

1 ampere == 10“^ electromagnetic units = 3 X 10® electrostatic 
units 

1 farad = lO”® electromagnetic units == 9 X 10^^ electrostatic 
units 

Number of electrons per coulomb. 6.25 X 10^* 





PROBLEMS* 

Chapter I 

1. How much work is done in removing a single electron 
from a tungsten surface? 

2. What must the velocity of an electron be in order that 
it may just escape from a tungsten surface? 

3. What will l^e the thermionic emission from a unit area 
of a tungsten filament at the following temperatures: 2300'^K., 
2400®K., 2500^K.? Plot these values on semilogarithmic 
paper. 

4. At what temperature must a tungsten filament 2 X 10“* 
cm. in diameter and 10 cm. long be operated in order to give 
10 milliamp. emission? Use plot made in Prob. 3. 

6. What must the area of a tungsten filament be in order 
to give 10 milliamp. emission at 2400°K.? 

6. How much would the emission from a tungsten filament 
be changed by a 10° change in temperature at 2400°K.? 

7. What is the ratio of the thermionic emission from nickel 
to that from tungsten at 1500°K.? 

8. A tungsten filament 0.0025 cm. in diameter is operated 
at 2600°K. inside of a cylindrical anode 2 cm. in diametei 
How much larger is the emission at an anode potential of 
2000 volts than at 200 volts? 

9. What is the mean energy of the electrons emitted from a 
tungsten filament at the following temperatures: 2500°K., 
1500°K.? 

10. What fraction of the electrons emitted from a tung¬ 
sten filament at 2600°K. have velocities in excess of 3 
volts? 

* All information necessary for the solution of these problems is 
given in the table of constants and the various tables in the 
text. 



220 THE PHYSICS OF ELECTRON TUBES 

Chapter II 

11. The emission from a certain thoriated filament is 
15 X amp. When this filament is completely activated, 
its emission is 25 X 10""^ amp.; and when it is completely 
deactivated, it is 1 X amp. (all measurements being 
made at the same temperature). What fraction of the surface 
is covered with thorium? 

12. What fraction of the surface of a filament is covered 
with thorium when the emission has decreased to 50 per cent 
of the value for a fully activated filament? (The emission 
from fully activated thoriated tungsten at 2000°K. is 
2.864 amp. per square centimeter and for pure tungsten at 
the same temperature 1 X amp. per square centimeter.) 

13. Calculate the weight of thorium which would evaporate 
from a fully activated thoriated filament 8 X 10“^ cm. in 
diameter and 15 cm. long, operated at a temperature of 2000°K. 
for 1000 hr. The atomic weight of thorium is 232.4. What 
is the weight of the electrons which would be emitted by this 
filament in the same length of time? 

14. A tungsten filament 0.02 cm. in diameter is carbonized 
until its conductivity is 80 per cent of the initial value. How 
thick is the tungsten carbide shell? 

16. Calculate the values of I (emission in amperes per square 
centimeter) for thoriated tungsten at the following tempera¬ 
tures: 1200°K., 1400°K., 1600°K., ISOO^K., 2000°K. Plot 
these values on semilogarithmic paper. 

16. The work function for platinum is 6.27 volts. Calcu¬ 
late the value of bo. 

Chapter IV 

17. What is the vapor pressure of caesium at 40°C.? How 
many atoms of caesium will strike a unit area per second at 
this temperature? If each of these atoms leaves the filament 
as a positive ion, what will be the positive-ion current from a 
filament having a surface of 0.1 sq. cm.? 

18. What will be the electron current from a caesium-on- 
oxygen-on-tungsten filament having a surface of 0.2 sq. cm, 
at a temperature of 700®K.? 
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19. What will be the emission from a tungsten filament 
0.2 sq. cm. in area operating at 1000°K. in caesium vapor at 
a bulb temperature of 50®C. ? 

Chapter V 

20. In a three-stage secondary emission multiplier the 
secondary to primary ratio is 5, and the total impressed volt¬ 
age is 300 volts. What is the efficiency of this device con¬ 
sidered as a current generator? 

Chapter VI 

21. What is the total amount of energy radiated from a 
tungsten filament 0.01 cm. in diameter and 10 cm. long at 
2000^K.? 

а. Use the fourth-power law. 
б. Use Worthing and Fors3rthe\s empirical formula. 
c. What will be the resistance of this filament at this 

temperature? 
d. What current will be required to maintain this tempera¬ 

ture, and what will be the voltage drop across the filament? 
22. A current of 1.45 amp. will heat a 4-mil tungsten fila¬ 

ment to a temperature of 2400°K. What current will be 
required to heat an 8-mil filament to the same temperature? 

23. The resistance of a 50-watt incandescent tungsten fila¬ 
ment lamp operating at 2685°K. is 288 ohms. What is its 
resistance at 20°C.? 

24. In order to give the proper value of emission for a 
certain vacuum tube, a thoriated filament having an area of 
0.3 sq. cm. operating at a temperature of 2000°K. must be 
used. The desired filament drop is 5 volts. What are the 
filament dimensions and what will be the current? 

26. The emission from a tungsten filament 4 mils in diam¬ 
eter and 15 cm. long, heated by a current of 1.25 amp., is 
7 X 10“^ amp. What would the emission be if there were no 
lead losses? (Assume leads to be at room temperature.) 

Chapter Vn 

26. How much heat is conducted away by the gas from a 
tungsten filament 10 cm. long and 3 X 10-* cm. in diameter 
operated at 2600®K. in argon at a pressure of 0.1 mm. The 
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bulb temperature is 50°C. How much lieat is lost by radiation ? 
27. ’The rate of (evaporation of tungsten at 2500®K. is 

9.18 X g. per square centimeter per second. How long 
would a 6-mil filament run at this temperature before burning 
out? The density of tungsten is 19.3 g. per cubic centimeter. 

28. What weight of oxygen would be adsorbed on a gettered 
area of 3 sq. cm.? Assume the oxygen in the form of a mono- 
molecular layer. What would be the pressure of this much 
gas if it occupied the volume of a 100-cc. bulb? If this gas 
reacted to form MgO, what weight of magnesium would be 
required to combine with it? (Atomic weight of magnesium 
is 24.3.) 

29. The positive-ion current to a tungsten filament in argon 
is 6 X 10“'^ amp. The ion velocity is 100 volts. What will 
be the loss in weight of the filament due to sputtering in 2 hr. ? 
(The atomic weight of tungsten is 184.) 

Chapter VIII 

30. What is the maximum electron current that can be 
drawn from a smeJl filament 3 cm. long to an anode 1.6 cm. 
in diameter in a high vacuum at 180 volts? How much would 
the anode voltage have to be increased in order to double this 
current? 

31. What is the maximum positive-ion current that could 
be carried by caesium atoms from a small filament 3 cm. long 
to an anode 1.5 cm. in diameter at 180 volts? (The atomic 
weight of caesium is 132.8.) 

32. What fraction of the electrons emitted from a tungsten 
filament at 2300®K. can move against a retarding field of 2 
volts? 

Chapter IX 

33. The horizontal intensity of the ea^th^s magnetic field is 
approximately 0.2 gauss. An electron leaves a cathode with 
a velocitj^ of 100 volts at right angles to this field. What will 
be the radius of its orbit? 

Chapter X 

34. The resonance potential of mercury is 4.9 volts. How 
much work does an electron do in exciting a mercury atom to 
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its resonance potential? What are the frequency and the wave 
length of the radiation emitted by the atom in returning to 

its normal condition? 

36. The resonance line of sodium is 5893 A. What is the 

velocity of the electrons neccasary to excite this radiation? 
36. What is the mean free path of electrons passing through 

mercury vapor at room temperature? (tr = 1.5 X 10"® cm. 

The vapor pressure of mercury is 1.3 X 10"® mm. at 20°C.) 

37. The positive-ion current to a plane electrode 1 sq. in. 

in a discharge in mercury vapor is 10 X 10 amp. when the 

electrode is at a potential of minus 80 volts. What is the 

thickness of the positive-ion sheath? 

Chapter XI 

38. The arc drop in a certain Thyratron is 10 volts. The 

tube is operated on a sine voltage having a peak value of 110 
volts. The series load resistance is 100 ohms. What is the 

current when the grid and anode voltage are in phase? When 

the grid voltage is lagging 120® behind the anode voltage? 

Chapter XII 

39. The work function for tungsten is 4.52 volts. What is 

the photoelectric long-wave limit for tungsten? 

40. A certain photoelectric cell gives a current of 4 X 10"® 

amp. per watt of incident energy of radiation of wave length 

5898 A. Express this in terms of number of electrons per 100 

incident quanta. 

41. The sensitivity of a certain photoelectric cell is 40 X 

10”® amp. per lumen. A 60-watt vacuum lamp has a mean 

horizontal candle power of 60. What will be the photoelectric 

current if the photoelectric cell is 3 ft. from the lamp and the 

aperture of the cell is 1 in. in diameter? 

Chapter XIV 

42. What is the power output of the blocking-layer cell of 

Fig. 83 when illuminated with 50 foot-candles. The external 

series resistance is 300 ohms? 





ANSWERS TO PROBLEMS 

1. 7.18 X 10-'* erg 
2. 1.27 X 10® cm. per second 
3. 3.5 X 10 amp. per 

square 
2300°K. 

centimeter at 

1.1 X 10- amp. per 
square 
2400°K. 

centimeter at 

2.58 X 10"^ amp. per 
square 
2500‘’K. 

centimeter at 

4. 2450°K. 
6. 0.1 sq. cm. 
6. 9.96 per cent 
7. 7.9 X 10® 
8. 3.66 times 
9. 0.43 volts at 2600°K. 

0.26 volts at 1500°K. 
10. 9.2 X 10-’^ 
11. 0.54 
12. 0.48 
13. 2.47 X 10~* g. of thorium 

2.2 X 10“* g. of electrons 
14. 0.0014 cm. 
16. 3.95 X 10~® amp. per 

square centimeter at 
1200‘'K. 
2.03 X 10~® amp. per 
square centimeter at 
WOO^K. 
4.06 X 10~^ amp. per 
square centimeter at 
1^“K. 

4.28 X 10“' amp. per 
square centimeter at 
1800°K. 
2.86 amp. per square 
centimeter at 2000'’K. 

16. 72,500“K. 
17. 7.4 X 10“® barye 

9.7 X 10“ atoms per sec¬ 
ond 
1.55 X 10"® amp. 

18. 0.35 X 10"® amp. 
19. 50 amp. 
20. 3.3 X 10"® amp. per watt 
21. a. 24.0 watts 

b. 24.2 watts 
c. 1.8 ohms 
d. 3.69 volts 

22. 4.1 amp. 
23. 20.16 ohms 
24. 7.47 cm. long 

0.0128 cm. in diameter 
1.44 amp. 

26. 16.45 X 10-* amp. 
26. 0.15 watts 

6.8 watts 
27. 140 hr. 
28. 17.8 X 10-* g. 

3.14 X 10-* nun. 
5.4 X 10-* g. 

29. 2.48 X 10-* g. 
30. 0.1415 amp. 

285 volts 
St 0.287 X 10-* amp. 

225 
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32. 4.5 X lO-''- 
33. 168-cm. 
34. 7.75 X 10-'2 erg 

1.18 X 10^® vibrations per 
second 
2536 1. 

36. 2.1 volts 
36. 30.7 cm. 

37. 1.65 X 10-2 pm. 
38. 0.32 amp. 

0.239 amp. 
39. 2730 k. 
40. 1.7 X 10-2 electron 

100 quanta 
41. 1.46 X 10-® amp. 
42. 5.55 X 10-^ watts 
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A 

Af for composite surfaces, 30 

definition of, 0 

relation between, and 0, 33 

table of values of, 9 

a, definition of, 7 

Activation curves, 25 

Alkali aluminum silicates, positive- 

ion emission from, 19 

Alkali metal, introduction into 

photo tubes, 186 

Anode, slat type for caesium tubes, 

61 

Anode voltage, effect on emission, 

13,43 

Arcs, 130, 141 

cathode fall in, 142 

electron currents in, 142 

grid controlled, 153 

hot cathode, 142 

ion production in positive col¬ 

umn of, 143 

low voltage, 143 

potential maximum in, 143 

volt-ampere characteristics of, 

144 

Atomic radius, and electron emis¬ 

sion, 6 

table of, 6 

Atoms, excited, 140 

metastable, 141 

number striking unit area, 55 

B 

by definition of, 7 
hoy definition of, 9 

determination of, 10 

6o, table of values of, 9 

and work function, 9 

Back-effect photovoltaic cell, 205 

Barium, production of, 47 

and strontium, coating process, 

41 

Barium azide, coating process, 42 

Barye, definition of, 53n. 

Black body temperature, 77 

Blewett, J. P., 20 

Blocking layer, 203 

capacity of, 203 

thickness of, 203 

Blocking-layer cell characteristics, 

206 

Blocking-layer cells, 202 

Boltzmann constant, 8 

Boltzmann equation, 16, 114 

Breakdown voltage, 130 

Brightness temperature, 77 

Bulb wall, gridlike action of, 118 

Burn-out of filaments, 103 

C 

Caesium, cathodes, 53", 63 

constants in emission equation, 

table of, 59 

effect of bulb temperature on 

emission from, 57 

emission values from, 59 

limitations of, as thermionic 

emitter, 63 

melting point of, 53 

number of atoms of, striking 

surface, 55 

on surface, 53 

positive-ion emission from, 57, 

60 

227 
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Caesium, technique, 62 
work function of, on tungsten 

surface, 66, 66 
Calcium, work function and vapor 

pressure of, 22 
Calorimetric determination of 

work function, 10 
Carbide [see Tungsten carbide) 
Carbon, effect of, on resistivity, 88 
Carbonization, 34 

effect of, on operation of tho- 
riated filaments, 37 

rate of, 36 
Catalysts, positive-ion emission 

from, 19 
Cathode, disintegration of, by 

positive ions [see Cathode 
sputtering) 

heat shielded, 83 
indirectly heated, 49 
unipotential, 60 

Cathode dark space, 132 
Cathode fall, 134, 142 

abnormal, 136 
normal, 136 
table of values of, 136 

Cathode glow, 132 
Cathode-ray tube, 127 
Cathode sputtering, 100 

critical Voltage for, table of, 101, 
103 

deactivation by, 102, 103 
ease of, of various metals, 102 
in thyratrons, 166 
in various gases, 102 

Child, C. D., 106 
Cleaning of metals, 96 
Clean-up, electrical, 99 
Coated cathode [see Oxide-coated 

cathode) 
Cold-cathode emission, 14 
Collisions of second kind, 141 
Compton, K. T., 141 
Constants, table of, 217 
Counter, Geiger Mtiller, 188 
Crookes, Sir Wiliam, 133 
Crystal structure of filaments, 38 

Crystals, photoconductivity in, 199 
Cuprous oxide, photosensitivity of, 

196 
Cuprous oxide photoelectric cells, 

202 
Current, maximum, between cylin¬ 

drical electrodes, 109 
between plane electrodes, 108 

and temperature, 86 

D 

Dark currents, in photoelectric 
tubes, 182 ^ 

in selenium cells, 196 
Dark space, cathode, 132 
Davisson, C., 44, 49 
Davisson and Germer, calori¬ 

metric determination of 12 
Decarbonization, 37 
Diodes, 117 
Discharges in gases, 130 
Dushman’s equation, 8 
Dynatron 72 

current amplification by, 70 
voltage amplification by, 73 

E 

Edison, T. A., 2 
Edison effect, 2 
Einstein, theory of photoelectric 

effect, 169 
Electrical images, 3 
Electrolysis through bulb wall, 186 
Electromagnetic focusing, 126 
Electrometer tube, 120 
Electron, 1 

charge on, 1, 2 
electromagnetic focusing of, 126 
electrostatic focusing of, 124 
emission from tungsten, calcula¬ 

tion of, 10 
energy of, 16 
gun, 127 
impact, ionbation by, 138 
initial velocities of, 15 
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Electron, latent heat of evaporation 
of, 12 

liberation of, 2 
mean free path, 139 

table of values of, 140 
microscope, 124 
optics, 123 
oscillations, 147 
secondary (see Secondary emis¬ 

sion) 
temperature, 149 

Electrostatic focusing, 124 
Elster, 3, 166 
Emission, effect of temperature on, 

12 
photoelectric (see Photoelectric 

emission) 
secondary (see Secondary emis¬ 

sion) 
table of, for various elements, 9 
temperature coefficient of, 13 
thermionic, 2 
and vapor pressure, 22 

Emissivity, of carbonized fila¬ 
ments, 82 

of coated filaments, 81 
total radiation, 79, 81 
of various metals, table of, 79 

Emitters, comparison of, 83 
limitations of, 63 

Energy, radiated per unit area, 80 
Energy distribution of light source, 

177 
Equiaxing temperature, 38 
Excitation of atoms, 140 
Excited atoms, life of, 140 

F 

Faraday dark space, 132 
Fatigue, photoelectric, 182 
Fermi Dirac Statistics, In, 

Field currents, 14 
Filaments, bum-out of, 103 

ciystal structure of^ 38 
heat losses from, in gases^ 91,92 
temperature of (see Temperature) 

239 

Filters, use of, with photoelectric 
tubes, 184 

Fleming, J. A., 3 
Forsythe, W. E., 81 
Fourth-power law, 79 
Fowler, 15 
Front-effect photovoltaic cell, 206 

G 

Gage, ionization, 119 
Gas amplification ratio in photo¬ 

electric tubes, 179 
Gases, clean-up of, by getters, 97 

discharges in, 130 
effect of, on electron discharge, 

112 
in graphite, 96 
heat losses in, 91 
in metals, 95 
in molybdenum, 96, 96 
in nickel, 96 
occluded in glass, 94 
poisoning of filaments by, 94 
in tungsten, 96 

Geiger MUller counter, 188 
Geitel, 3, 166 
Germer, L. H., 12 
Getters, clean-up of gases by, 

97-99 
degassing of, 99 

Glass, gases from, 94 
Glow discharge, appearance of, 131 

and arcs, 141 
potential distribution in, 134 
rectification in, 137 
volt-ampere characteristic of, 

136 
Grain size, effect of, on diffusion, 29 
Grain structure of filaments, 38 
Graphite, gases from, 96 
Grid, action of bulb walls as, IIS 

control ratio in thyratrons, 156 
effect of positive-ion sheath on, 

164 
emission in thyratrons, 161 
function of, 118 
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Grid, screen, 121 
space charge, 121 
supressor, 121 

Grid voltage, control of thyratrons 
by, 168 

Gndden, B., 198 

H 

hf photoelectric determination of, 
171 

Hallwachs, W., 164 
Heat losses in gases, 91, 92 
Heat-shielded cathodes, 82 
Hertz, H., 164 
Hot to cold resistance ratio and 

temperature, 88 
Hull, A. W., 103 

and N. H. Williams, determina¬ 
tion of e, 18 

Hydrogen firing, 96 

I 

Ignitor rod, 162 
Ignitron, 162 
Image forces, 13 
Images, electrical, 3 
Impact emission (see Secondary 

emission) 
Indirectly heated cathodes, 49 
Internal photoelectric effect, 191 
Ion oscillations, 147 
Ions, number produced by single 

electron, table of, 139 
Ion sheaths, 145, 153 

current density in, 146 
thickness of, 146, 155 

Ionization, 138 
by collisions of second kind, 141 
cumulative, 140 
by electron impact, 138 
energy required for, 138 

probability of, 139 
fbermal, 141 

Ionization gage, 119 

Ionizing potentials, table of, for 
gases, 138 

for metals, 61 
Ionizing voltage, 138 
Ives, H. E., 174 

J 

Jones, E. J., 20 

K 

Kenotron, 71, 117 
Kingdon, K., 103 
Knudsen’s formula, 187 
Konel alloy, 43 
Konel-coated catliode and plati¬ 

num, comparison of, 49 
Kunsman, C. H., 19 

L 

Langmuir, I., 5, 23, 91, 103, 105, 
112 

I^ead losses, 89 
formula, 90 

table of constants in, 91 
l^nard, 166 
Light, production of, in glow dis¬ 

charge, 150 
limitations of thermionic emitters, 

62 
Long wave limit, 167 

table of values of, 168 
and work function, 172 

Lowry, E. F., 49 

M 

Magnetic field, effect of, on elec¬ 
tron paths, 126 

Magnetron, 121 
critical voltage for, 122 

Marshall, A. L., 96 
Maxwell, J. C., 164 
Maxwellian velocity distribution, 

7n. 
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Mean free path, of electron, 139 
table of valiiee of, 140 

of molecule, 140 
Meta^table atoms, 141 
Millikan, R. A., verification of 

Einstein equation, 169 
Minerals exhibiting photoconduc¬ 

tivity, table of, 196 
Molecule, mean free path of, 140 
Molybdenite, photoelectric effect 

in, 197 
Molybdenum, gases from, 95 

positive-ion emission from, 19 
Multiple reflections in photo tubes, 

184 
Multiplier, electromagnetic, 76 

electrostatic, 76 
secondary emission, 74 

N 

Naphthalene, carbonization by, 35 
Negative glow, 132 
Negative resistance, 72 
Nickel, gases from, 96 
Nordheim, 15 
Norton, F. J., 95 

O 

Offsetting, 23 
Optical pyrometry, 77 
Optics, electron, 123 
Oscillations, electron, 147 

Barkhausen Kurz, 147 
plasma, 147 

Oxide-coated cathode, 41 
activation of, 43 
coating process, 41 
core materials, 43, 44 
diffusion in, 46 

. effect of anode voltage, 44 
electrolysis in, 48 
emission from, 63 
measurements, 44 
poisoning of, by oxygen, 47 
production of barium in, 47 

Oxide-coated cathode, theories of 
behavior, 46 

work function of, 49 
Oxide-coated filament (aee Oxide- 

coated cathode) 
Oxygen, bindeij for caesium, 57 

emission from tungsten covered 
with, 33 

method of forming film, 58 

P 

Pardue, L. A., and J. S. Webb. 147 
Paschen’s law, 131 
Pentodes, 120 
Phanotron, 130 
Phase shift, control of thyratrons 

by, 159 
Photoconductivity, table of min¬ 

erals exhibiting, 196 
theory of, 198 

Photoelectric current and light 
intensity, 166 

primary, 199 
secondary, 200 

Photoelectric effect, 164 
internal, 191 

Photoelectric emission, from alkali 
metals, 167 

from caesium, 175 
from compounds, 176 
efficiency of, 182 
effect of gases on, 178 
from hydrides, 176 
from insulators, 167 
from oxides, 176 
quantum theory of, 169 
effect of temperature on, 181 

Photoelectrons, velocity of, 170 
Photoelectric tubes, cadmium-mag¬ 

nesium alloy, 188 
cathode materials, 187 
comparison with human eye, 183 
construction of, 184 
dark currents in, 182 
effect of energy distribution of 

source, 177 
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Photoelectric tubes, fatigue in, 182 
filters with, 184 
gas-amplification ratio, 179 
gas filled, 178 
life of, 185 
manufacturing technique, 185 
multiple reflections in, 184 
rating of, 177 
red sensitivity of, 176 
secondary emission, 73 
selective effect in, 173 
size of, 185 
thermionic currents in, 181 
time lag in, 180 
for ultraviolet, 185, 188 

Photovoltaic cells, back effect, 205 
cuprous oxide, 202 
e.m.f. generated by, 207 
front effect, 205 
selenium on iron, 205 
spectral sensitivity, 204 

Photovoltaic effect, 202 
Photronic cells, 202 
Plane parallel electrodes, space- 

charge equation for, 108 
Plasma, 145, 153 
Pliotron, 71, 117 

field in, 118 
Pphl, R., 198 
Positive column, 132 

effect of position of anode on, 133 
ion production in, 143 

Positive-ion bombardment of 
coated cathodes, 49 

Positive-ion emission, 18 
from catalystB, 19 
from metals, 19 
from synthetic alkali silicates, 19 

Positive-ion emitters, various, 61 
Positive-ion sheaths (see Ion 

sheaths) 
Positive ions, effect of an electron 

discharge, 111 
Potential distribution in glow dis- 

chM^e, 134 
Power emission paper, 44 
Probe electrodes, 144 

Pyrometer, disappearing filament, 
77 

Pyrometry, optical, 77 

Q 

Quantum constant, 138 
Quantum theory of photoelectric 

effect, 169 

R 

Radiation, emissivity, 79 
total, 78 

Radiator cathodes, (emissivity of, 
82 

Rectifier, Tungar, 130, 143 
Rectifier action of glow discharge, 

137 
Red-sensitive photo tubes, advan¬ 

tages C'f, 177 
Refractory materials for indirectly 

heated cathodes, 51 
Resistance, effect of impurities on, 

88 
temperature coefficient of, 88 

Richardson, O. W., 19, 23 
Richardson’s equation, 7, 8, 46 

derivation of, 209 
Richtrayer, F. K., 166 

S 

Saturation j)oint, 110 
Schottky effect, 13 
Schottky equation, 201 
Schroteffekt, 16 

determination of e by means of, 
18 

noise in amplifiers due to, 18 
Secondary electrons, 65 

initial velocities of, 65 
Secondary emission, 65 

circuit for ];nea8urement of, 66 
effect on vacuum-tube oneration, 

from insulators, 71 ■ 
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Secondary emission, multiplier, 74 
observed ratio, 70 
plate-current characteristics, 67 
secondary to primary ratio, 69 
from various surfaces, 70, 71 

Secondary-emission photoelectric 
tube, 73 

Secondary photoelectric currents, 
200 

Selective effect, 173 
Selenium, in photovoltaic cells, 205 

properties of, 191 
Selenium cells, 191 

construction of, 192 
current and light intensity, 192 

table of, 193 
dark current in, 192 
spectral sensitivity, 196 
time lag in, 192 

Shot effect (.see Schroteffekt) 
Sheaths {aee Ion sheaths) 
Slat anode, 61 
Smith, L. P., 19 
Smith, Willoughby, 191 
Smithels, 95 
Space charge, 106 

effect of positive ions on electron, 
111-113 

equation for cylindrical elec¬ 
trodes, 109 

derivation of, 214 
equation for plane electrodes, 

108 
limitation of current by, 108, 109 

{See also Three-halves power 
law) 

Specific functions of temperature, 
85 

table of, 87 
Spectral sensitivity curve, 166 

of alkali metals, 168 
of caesium cells, 175, 178 
of molybdenite, 197 
of photovoltaic cells, 204 
of selenium cells, 195 
of thaiofide cells, 197 

Sporrschicht {me Blocking layer) 

Sputtering {see Cathode sputter¬ 
ing) 

Stefan-Boltzmann radiation con¬ 
stant, 80 

Stopping potential, 169 
Strontium, effect of, in oxide coat¬ 

ings, 42 
Surface covered with thorium, 

fraction of, 25 

T 

Temperature, absolute scale of, 7n. 
black body, 77 
brightness, 77 
determination of, by pyrometry, 

77 
effect of change in, on emission, 

13 
of filaments, 86, 87 
specific functions of, 85 
true, 77 

Tetrodes, 120 
Thallium oxysulphide, photosen¬ 

sitivity of, 197 
Thaiofide cell, photosensitivity of, 

197 
Thermionic currents in photo 

tubes, 181 
Thermionic emission, 2 

{See also Emission) 
Thermionic emitters, limitations 

of, 62 
Thomson, Sir J. J., 1, 3 
Thoriated filaments {see Thoriated 

tungsten filaments) 
Thoriated tungsten filaments, 23 

activation of, 23 
carbonization of, 34 
lecarbonization of, 37 

emission from, 23 
equilibrium in, 30 
fiashing of, 23 
effect of gases on, 33 
effect of grain size, 32 
life of, 32 
liinitations of, as emitters, 63 
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positive-ion emission from, 19 
specific characteristics of, 85 

ta})le of, 87 
vapor pressure of, 23 
work function of, 23 

Tungsten carbide, conductivity^ 
of, 35 

strength of, 38 

U 

Unipotential cathode, 50 

V 

Vapor pressure and emission, 22 
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