ELECTRON OSCILLATIONS

IN

THERMIONIC VACUUM TUBES




DEPOSITED BY THE FACULTY OF
GRADUATE STUDIES AND RESEARCH

UNIVERSITY
LIBRARY

sce. N INNACC., oAt Q3R







ELECTRON OSCILIATIONS IN FHERMIONIC
VACUUM TUBES

A THESIS

presented to the Faculty of Graduate
Studies and Research or McGill Univ-
ersity in partial fulfillment of the
requirements for the degree or Master

of Engineering

by

Robert Avery Chipman

Montreal May,19353



Preface

In recent years there have come into existence a large
number of scientific subjects whose sole literature is
contained in periodicals. They are not sufficiently
developed to have become the subjects or text-books or
even to have become included in texts on related topics.

The nroblem of electron oscillations occupies this category.
At most it has claimed halt a dozen paragraphs in the mos%t
modern writings on Radio Communication.

The technical articles on this subject are auite
extensive now,and probably total from three hundred to four
hundred. But the matter has not proved so understandable that
it could pne ssttled once and for all by a single investigation.
Practically the opposite is the case. Hach investigation
seems to differ,in many cases radically,from every other.

It has been my purpose in preparing the present thesis
not essentially to attempt to contribute new material to
the existing mass,but rather to digest all that is available,
to bring out correlations where they seem to exist,and to
apply experimental test to such aspects as appeared to justify
it. In all,slightly over one hundred and fifty sources have
peen consulted anda condensed. With very few exceptions these
have peen the originals,although about twenty-five have been
at hand only in the form of abstracts.

The subject is not yet on a quantitative basis,and chiefrly

for that reason the various papers have not been dissected to



allow grouping according to subject matter, but have neen
presented in fairly exact chronologicsal order.

Papers dealing with range tests on communication and
reception have not veen discussed. The whole problem
has been viewed from the physical rather than the practical
or communication standpoint. It the detail gone into may
seem too minute occasionally,it has been due to the fact of

brevity not peing considered an essential characteristic

of a thesis.
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Chapter 1
The Subject

1. Philosophical Considerations

While James Clerk Maxwell was an undergraduate student
at Cambridge about the year 1850,he conceived the idea of
translating the extraordinary electrical revelations of llichael
Faraday into the expressive notation of mathematics. llany years
passed before he possessed sufficient training to enable him
to carry out this task,but he must have had it continuously
in his mind.

Paraday's work had been the first indication of action
at a distance,of an obscure relation between a cause and an
effect. Faraday himself had been highly dissatisfied with
the simple explanations of the phenomena he observed,and
Maxwell was even more so. It became his principal ambition
to overturn the idea of "action at a distance™ and to
substitute in its place a physical and mathematical explanation
of induotive and radiative phenomensa.

Twenty-three years later,with the appearance of his
"mrgatise on Electricity and Magnetism",his ambition was
tully realized. It involved the greater part of his life work.
In general,it demonstrated that all electrical and magnetic
phenomena could be reduced to states of stress or motion in
some undefined material medium. Induction or radiation became
gimply a question of propagation of effects through this

mediuam.



Maxwell's work was so thorough and so fundamental that
even today it remains the absolute mathematical basis of all
our electromagnetic theory. It has been described as "one of
the most splendid monuments ever raised by the genius of a

b )]
gingle individual.

Over one hundred years before the time of Maxwell,the
Newtonian and the Hughens schools of physicists had waged their
battle as to the mechanical nature of light,and chiefly from
the results of experiments on polarisation and interference
had finally reached the definite conclusion that light was
transmitted by harmonic vibratory motion in some all-pervading
"aether". Maxwell's mathematical researches,which made evident
to him the propagation of such harmonic vibrations if they
were electro-magnetic in character,necessarily had led him to
the prediction of the electro-magnetic nature of light as early
as 1864,and his equations postulated that the velocity of such
a propagation must numerically equal the ratio of the electro-
static and electro-magnetic systems of units. Within the limits
of experimental accuracy,this latter statement has of course
been verified and light is indisputably recognized as an
electro-magnetic phenomenon. The wavelengths of an oscillatory
light had been determined in Huyghen's time,and were fairly
accurately known. On the assumption of Maxwell's predicted
value of the velocity,therefore,it was immediately possible
to calculate the limiting frequencies of 1ight,and these were
found to be about 9 x 1014 c¢ycles per second and 3 x 1014

eycles per second as upper and lower limits respectively.



But Maxwell's theory was not confined to this explanation
of the nature of'light. Its mathematics were not a function of
frequency. In Maxwell's mind an experimentally observed frequeng
for red light of 3 x 1014 cycles per second was of no more
importance than a physically non-existent oseillation of frequency

1000 cycles per second. It was not

10 cycles per second,or 10
therefore essentially either imagination or foresight that causeid
him to "prophesy" the discovery in the future of naturally or
artificially produced electrical oscillations of frequencies
widely different from those of visible light. It was merely

in keeping with his convictions as expressed in his equations.

The potentialities of the prophecy were,nevertheless,
tremendougs. In the last sixty years of scientific development
more and more physical phenomena have been shown to be
electro-magnetic in nature until we now know of frequencies
as widely different as 10,000 cycles per second and 1023 cyocles
per second,which can be produced artificially,or are present
in Nature.

The relation between heat waves, infra-red,and red light
waves was definitely established in the time of Maxwell, the
wavelengths were known,and it was found that heat waves extended
the electro-magnetic spectrum from the lower limit of the visible
light range down to a frequency of 5 x 1011 cycles per second.

The next step was not made until 1888 when the researches
of Hertz appeared,and proved the possibility of generating
frequencies of the order of 107 cycles per second. Shortly

before 1900 Rantgen demonstrated his X-rays,which supplied a bana

of frequencies centering around 1017 cycles per second.



Less than ten years later Ernest Rutherford found the gamma
radiations from radio-active substances to be electro-magnetic
waves,with a mean frequency of about 1019 cycles per second.
The so-called "cosmic rays",which have been detected and
investigated by Millikan and others,were first noticed not long
after Rutherford's work,and extended the spectrum from 1019 o
1023 cycles per second. The final result by 1920,with the
expansion of each of these frequency ranges as far as possible
in either direction,was the electro-magnetic spectrum of Fig. 1l.

It is experimentally as well as logically true that waves
of the same frequency are inherently identical,regardless of how they
are produced. There is no particular interest,therefore,in
attempting to find new methods of generating any frequencies
contained in the now continuous parts of the spectrum. Useful
research may best be expended on the determination of the
characteristics of waves which it is already possible to produce,
or on the discovery of means for producing frequencies which
are not contained in the known spectrum.

By 1920,Fige. 1 indicates that there were three frequency
ranges in which oscillations were not known to exist. The first
of these is the range from O hertz to 104 hertz*. Actually it is

of course possible to generate any frequency from O hertz to

* The phrase "oycle8 per second" sounds rather awkward on continuous
repetition. To supplant it and to perpetuate the name of the man,
the term "hertz" has recently come to have this meaning,and will

be used in that sense from this point on.
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104 hertz by rotating machinery,but radiation of power at such
frequencies is very nearly zero,and because the electro-magnetic
spectrum is properly a spectrum of radiations,the portion of it
below 104 hertz may be said not to exist.

At the high frequency end of the spectrum,above 1023 hertz,
there is no reason to believe that it will ever be possible to
produce or detect oscillations,unless we sometime accept the
philosophical conception of thought transference as an ultra
high-frequency electro-magnetic effect. The characteristics of
hard X-rays,of gamma rays,and of cosmic rays are very much
the same except for the degree of penetrative power possessed
by each and it is a reasonable assumption that higher frequency
waves would differ from those mow known only in this respect.

There is left for consideration only the range from 108
hertz to 5 x 1011 hertz. This is a particularly interesting
range, From its high frequency edge up to the cosmic ray
frequency,the spectrum is continuous and the various types
of radiation shade into one another. Heat and infra-red light
give the same physiological sensation; violet light shades into
ultra-violet whose ionizing and penetrative properties increase
with frequency,approaching those of soft X-rays. From the lower
frequency edge of this range right down to the spectrum limit,
osclllations are also found continuously. These radiations all
have their only important application in communication work,
and their properties do not differ very greatly with frequency.
But these properties are entirely different from those of light

or heat.

Thus in this blank range a very complete change in the
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physical characteristics of the waves takes place. A change

in the method of propagation,a change in the method of detectionm,
and a change in the method of generation. How it is possible
for the properties of heat waves to shade into those of radio
waves is a question that will best pe solved by the generation
of all the intermediate frequencies as continuous oscillations.
The discovery of methods for this generation is a wide fiela

of research.

Obviously the question could pe approached from three
sides. The intermediate frequencies might pe proauced by an
extension of the known methods of generating and detecting
heat radiations,or by an adaptation of radio oscillators ot
known type,or by the fortuitous method of finding a new means
of producing oscillations whose frequency might lie in the
desired range.

Strangely enough,it is this latter solution which has
developed the most rapidly,and the entire subject of electron
oscillations concerns itself with exactly this frequency
range,or properly a limited part of it,from about 108 to 1010
hertz.

So much Tor the philosophical aspect.

2. Practical applications.

The story oY successtul long distance radio communication
was for many years a straightforward narrative of communication
at lower and lower wavelengths. Starting in the range of hundreds

of meters,it was found that 100 meters was better,then 50



meters and tinally 20 meters and 10 meters. But between the
wavelengths of 10 and 20 meters the increase in the ratio of
distance to power begins to fall off. It is found that at
these shorter wavelengths a very much denser ionization of the
upper atmosphere is required for reflection of the waves,and
communication possibilities have a decided diurnal variation
with the motion of the sun.

Very recent investigations indicate that no waves shorter
than about b meters are ever reflected from the Heaviside layers
and communication on wavelengths shorter than this critical
value will be possible only by waves travelling in a direct
line from the receiver to the transmitter.

Waves under three meters in length are propagated almost
gtrictly linearly,and are absorbed by most material obstacles.
At the same time they are short enough to permit the construction
of reflecting devices having dimensions of the order of one or
more wavelengths,which is a necessity for a satisfactory
reflector.

Their future in the history of communication is very
definitely defined by these characteristics. Three principal
applications are indicated:

(1) Urban broadcast service. This use has already been
demonstrated very satisfactorily for waves slightly above the
three meter range,and there is no doubt that it can be extended
down much farther. The general idea is to have a transmitter
located at a central point in a district,designed to service

only a range within a mile or less.



(2) Landline chain radio-telegraph service. Oscillators
at these low freguencies are very economically built,and a
logical development is the establishment of a chain of such
stations between industrisl centers,all the intermediate stations

of the chain acting as relays.

(3) Secret commnication. Even at the longer short waves
companies operating commercial radio services have attempted to
obtain a beam effect of transmission that would provide some
degree of privacy. At wavelengths below 3 meters the
transmission beam can be confined so closely that detection
of signals at one degree or less off the line of the bpeam
becomes impossible.

There is thus not the slightest doubt that transmission

on frequencies between 108 and 1010

hertz is an important
practical proposition,and will be developed rapidly when
conditions warrant.

But this can never be posgsible until all the possibilities
and vagaries or the equipment which is to be used have been
thoroughly and clearly worked out,and this is certainly not
yet the case for ultra-high frequency oscillators of any type.
While ultra~high frequency equipment remains as unstable and
as sensitive as it is at present,it has no future in communication.

When the subject becomes firmly established on a
quantitative basis,so that desired results can be obtained by
satisfying perfectly definite rules,commercial development can
begin. Until then the subject remains entirely in the hands

of the experimenter.



3« Early history.

Until the year 1918 the regenerative vacuum-tube oscillator
was the only'known means of producing continuous oscillations at
the lower radio wavelengths. The lowest wavelength that had
been reached by that time was of the order of 5 meters. A
raper which we may consider as representative of the most
advanced work of the period is one by V.C.White 1 which
describes the production of thse shortest oscillations.

By 1919 the lower limit had been pushed down as far as 1.5
meters,chiefly as a result of the work of Gutton and Touly

in France 2. Since then innumerable workers have tried their
hands at the same problem,but with very little success in
regard to generating lower wavelengths. A very thorough paper
by C.Z2.Englund summarizes these efforts up to 1927,and lists
29 items of bibliography 5,while a recent paper by Commander
W.H.\wenstrom deals briefly with the complete history 4 and
also contains a large bibliography.

It seems evident from 81l these records that the
regenerative oscillator will never be useful for dependable
generation of wavelengths shorter than 1.5 meters,in spite of
the fact that extreme cases have shown the possibility of
producing waves as short as .60 meters.

Such oscillations are not "electron oscillations",and do
not fall within the scope of the present thesis,so that no
more space will be devoted to them at this point. A certain

amount of experimental work was done on them in leading up

to the main work of the thesis,and it will be mentioned later.



A second type of circuit for the production of high
frequency continuous oscillations with a vacuum tube was first
described by a paper by A.W.Hull ° in 1918,which described the
discovery of the negative resistande or dynatron characteristic
of a triode. In general,using resonant circuits,it has not been
possible to obtain oscillations at shorter wavelengths than
about 15 meters with the dynatron. circuit,but the underlying
secondary emission principle has been found to have important
bearings on the generation of electron oscillations. The
development of this is discussed more fully in chapter 1IV.

In November of the following year there appeared in
Radio Review a short paper by R. Whiddington. It told how,

using a gassy vacuum tube

in the circuit of Fig. 2

he had been able to detect

AR

and study oscillations whose

wavelength,within the limits

—-4||M———

HUECHCTT

of observational accuracy

Fig. 2 varied with the voltage on
the grid of the tube in such a way that the product of the grid
voltage and the square of the wavelength was constant. The
wavelength also appeared to be dependent on the dimensions of
the tube,but had no relation whatever to the constants of any
external c¢ircuit connected to the electrodes.

By supposing the resistance of certain spots on the tungsten

filament which for some reason,probably chemical,would be
particularly sensitive to temperature changes,he worked out the

following mechanism for the oscillations:



- 12 -

"Blectrons emitted from such a spot will travel to the

£ a e V,where V is the

grid with a velocity u given by £ m u
voltage on the grid with respect to the particular peint on
the filament. The electrons will thus take a definite and
calculable time to travel from the filament to the grid under
the potential applied. On passing through the grid,however,the
electrons pass into the strong electric field of the anode
and assume ionizing speed. The negative ions rollow the electrons
to the anode,but the positive ions pass back through the grid
to the filament with a velocity u' determined from their mass
m'. There will thus bhe a cloud of positive ions focussing on
the filament and bombarding the original electron-emitting spot.
This bombardment,by producing a new burst of electrons,sets up
a self-sustaining current oscillation whose period is determined
(for any particular valve) solely by the charge to mass ratio
of the ions present and by the potential applied to the valve."
Because the ions present were the heavy ions of mercury
vapor, the wavelengths he observed were of the order of 500
meters. He suggested the name IONIC oscillations as descriptive
of the phenomenon.
Less than two months later the Physikalische Zeitschrifte
presented a paper 7 under the title "The shortest waves that
can be produced by vacuum tubes". The authors described
experiments using a high vacuum tube in a circuit like that
of Fig. 3. They had observed oscillations which,like those
found by Whiddington,had their wavelength determined only by the
dimensions of the tube electrodes and by the potentials applied.



In this case,though,there were no heavy ions present,and the

oseillations had to

be caused by the
electrous from the
filament of the tube.

Consequently, the

wavelengths were

mich lower than

B K Phy Zot 1920 those Whiddington -

had found. They

Eig. 5
were,in fact,of the order of 50 centimeters,and were beyond a

doubt the shortest waves ever known to be generated by a triode
up to that time. The authors coined the phrase ELECTRON
oscillations as indicative of the method of generation.

This was the paper of H.Barkhausen and K.Kurz,and becsuse
of it the oscillations have come to be known in general as
Barkhausen Kurz oscillations. According to them electron
oscillations are:

Any oscillations generated by a vacuum tube,which maintain
themselves purely by a repeated orderly motion of the electrons
in the tube,which do not require for their maintenace or
detection that any external circuit be applied to the electrodes
of the tube,and whose wavelength is dependent primarily on the
dimensions of the electrodes and the potentials applied to them.

Such,in general,is the meaning that will be implied by
the phrase as used throughout the following pages. The next few
chapters are a survey of the work that has resulted directly

from this original paper of Barkhausen and Kurz.
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It is worthy of note here that a paper published in 1921 o0
by S+ Z2ilitinkiwitsk also announces the "discovery"” of‘this
same type of oscillations,ana the work was evidently done
entirely independently of that of Barkhausen and Xurz,although
it appeared later. This paper and a second by the same author'sl
appeared only in a Russian periodical (Archiv.f.Electrot.) which
is not widely circulated. Neither of the two have been

available in the original,and the only references founda

(Science Abstracts,1926) give no indication of the technical
contents. It is therefore unfortunately not known how fully

the subject was investigated.



Chapter II
The Barkhausen Kurz Paper
The possibility of generating electron oscecillations appears
never to have existed as a theory before the experimental
discovery of the fact. In fact the oscillations were originsally
detected as a disturbing influence in connection with other
experiments on vacuum tubes,and were practically forced on the
attention of the discoverers. For some time after there existence
was first indicated,exvcerimenting had to be done to find out
what accounted for them,and how they might be produced as
desired., Such at least is the opening confession of the
authors of this paper.
| The name 0f H. Barkhausen appears quite frequently in
gcientific literature,and this experimenter has been actively
and successfully associated with a very diverse group of
physical subjects. Probably for this reason,and because the
discovery of the waves was accidental in nature,the originsal
paper maekes no attempt to expand very fully on their properties.
The circuit which was first used,and which is the basic
circult of all electron oscillators,is that ot Fig. o. Showing
only the bare essentials,it consists of a triode tube whose

electrodes are cylindrical in shape and are symmetrical with

respect to the filament;a high potential battery with potentiometer

and milliameter in the grid circuit,the same tor a lower voltage
and current in the plate circuit,and a heating battery with
theostat and ammeter in the filament circuit. If the tube is

satigfactory,such a circuit will always serve to demonstrate

the oscillations.



The measurement of wavelength by the formation of standing
- waves on conductors has been used as far back as the time of
Hertz,and its accuracy and limitations are very well understood.
C.R.Englund has traced its growth very thoroughly . and there
is no doubt that by 1920 the method was universally recognized.
At any rate,Barkhausen and Kurz immediately adapted it to their
purposes,

Using two long parallel rods,one connected to the grid
and the other to the plate of the tube,they observed with a
detector the position ot voltage nodes and loops and by
measuring the spacing of these found the wavelength given b¥
their first measurement to be exactly 100 centimeters.
Continuing the same procedure, they obtained data for two

curves indicating the effect of the potentials on the wavelength.

A cms. r The first of these,
noa Fig. 4 Fig. 4,is taken with a
e positive grid voltage
::: : of 180 and a negative

1401 \\\\,,w plate voltage of 32.5,

- - AT R T and indicates a very
I, ames

(B x s zet 10202 marked change of wave
length with change of filament current. For the same curve the
Tormula later developed would substitute a constant wavelength
of 270 centimeters. In view of later work,the most interesting
feature or thié curve ig its continuity over the wide filament
current range. Only one slight break occurs,between 1,00 and

1.02 amperes.
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The second characteristic,Fig. 5,indicates wavelength variation
with increasing negative anode voltage,at constant Tilament

current. The

Acms
4 .
7 &80 calculated curve
240
L:g shown is taken from
= -+ lm : :
CALG, --~ tieo the formula To De
_____ = 1 140
"""" 1120 derived later. Here
1100
Tk Wo s Be io w0 again the continuity
E, VOLTS .
(BK Prys.Zet. 1520) of the curve is sa
7 feature that has been
Fig. o

verified by very few other experimenters.

The general observations made were the independence of the
wavelength of any external cecircuit connected to the electrodes,
the fact that no body capacity influences were present,and
the indication that a definite relation existed between the
ogecillation intensity and the positive plate current flowing.
The Schott M tube used has an anode diameter of 3.1 centimeters,
a grid diameter of 0.7 centimeters,and a normal filament
current of 1.0 amperes.

"From these observations,the indication is that the
observed phenomens are all taking place inside the tube,and
that the maintenance of the oscillations must be determined
by a motion of the electrons; the following theory would sppear
to be not unlikely.

The electrons leaving the filament are drawn with
considerable velocity to the grid. Here a small part of them

strike the grid wires,but by far the greater part pass through

the spaces between the wires and approach the plate. This may



- 18 <

be easily demonstrated by the fact that even a low positive
plate voltage suffices to make the anode current much greater
than the grid current. If,however,the anode is negative,the
electrons are unable to reach it; they are decelerated,reverse
in direction,and return towards the grid. Here again only a
small part of them strike the grid,the remainder continuing on
through, Thus most of the electrons move back and forth through
the grid,pendulum-like,before they finally strike it. This
to-and-fro motion of the electrons produces the electric
oscillations. For this to be true,it is necessary only that

& semblance of order enter into the motion of the electrons,
that they move in phase,and that this order be set up by the
electrons themselves. In this way the oscillations will be
self-starting.”

Assumning plane electrodes and the anode at the same
potential as the cathode,the wavelength may be easily calculated
as follows: The velocity of an electron acted on by a voltage
Eg is given by the formula v = Jﬁ_érﬁé =2 6 X 107 Vﬁ;,
where e/m is the ratio of the charge to the mass for the

electron. The ratio of this velocity to the velocity of light

is ¥ = 6x 107 V%% = VE%
Yo 3 x 10 0
The reciprocal of this ratio,multiplied by the path traversed

by the electron during one oscillation,should be egqual to the
wavelength of the oscillation. But the predicted length of the
path is the distance from the filament to the plate and back

to the filament; i.e.,twice dy,the diameter of the anode. Thus
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N= 2d, v,/v = 1000 dg
EN
With a negative anode voltage the electrons do not get as gar

as the anode. The calculated egquivalent anode diameter is then

E, - E
g8 a

go that in the most general case the wavelength is given oy

A= 1000 Gf; - Gghg

The difference between the calculated ana observed
wavelengths in Figs. 4 and 5 is explained as due to the
influence of space charge. For Fig. 4 calculation indicates a
constant wavelength of 270 centimeters,since the voltages are
constant. The increased heating current,however,means greater
electron emission and greater space charge. For this reason the
"glectron-dance™ is accelerated,and the wavelength shortened.
The fact that for low heating currents,meaning negligible
space charge,the wavelength is very close to the theoretical
value,upholds this view.

The curves of Fig. 6 show total emission current,as the sum

of plate and grid currents,plotted to grid voltage,in one case

I,2Ig+1a
ma.
50 t
NO OSCILLATION Pig. 6
40 T Eq™ +25v.

OSCILLATION
Eq® ~14v.

30 1

Eq—

20 4.9 o0 80 {00 VoLvTS

B K Phys Zeit 1920

where oscillations are allowed to occur,and in the other where
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oscillations are prevented by a positive plate voltage.
Although the difference for the two curves in plate voltage is
89 volts,the amplification factor indicates that this shifts
the characteristic ot the tube only a very few volta. The
results to be noticed are that with oscillations oceurring,

the saturation current is only reached with a grid voltage of
90 volts,while where there are no oscillations present,saturation
oceurs at 60 volts; and of greater importance,the fact that the
total emission current is appreciably lower where oscillations
exist. The conclusion drawn from this is that the existence of
a space charge must accompany the presence of the oscillations,
and the wavelength will always differ from the calculated value
for this reason.

Tests made with tubes having anode diameters of 2.1,35.1
and 3.5 centimeters indicated exactly the predicted effect of
this variable on the wavelengthe. It was found that rmore intense
oscillations were obtained with tubes having finer grid wire
and greater pitch of grid winding,since this allows a larger
proportion of the emitted electrons to pass through the grid
on each phase. No oscillations of any kind could pe obtained
with tubes not symmetrical in construction.

"Using a tube of anode diameter 2.1 centimeters,with 500
volts on the grid and the highest reasonable heating current,
we obtained a wavelength of 43 centimeters and could get no
lower. It should pe possible to use higher voltages,and to
construct a tube with sn anode diameter of the order of
O.b centimeters; under such conditions the wavelength would

have a lower limit of about 10 centimeters,"”



Chapter IIT
Gill and Ilorrell

It is remarkable that less than a dozen important original
papers on this subject were published in the seven years
following the announcement of the discovery of electron
oscillations. Usually a new and broad field of research such as
this,about which such a large number of conflicting opinions
can exist,will provoke considerable controversy ana a large
amount of valuable experimenting and writing will result;
but not in this case. The second paper in the literature
worthy of consideration did not appear until 1922, and was not
followed until 1924 by a very few more.

This second paper 9 1s,however,one of the few really
important ones there are,for several reasons. It brings out a
fairly complete study of the characteristics of the oscillations;
it discloses many features that Barkhausen and Xurz had not
observed; and it sets forth the first and one of the Tew
exisiting mathematical theories for the mechanism of the
ogcillations. Untortunately the theory is based on assumptions
which Gill and ITorrell later admit were not justified,and iwv
is of interest now mainly to illustrate the approach to the
gsubject.

The greater part of the paper is devoted to purely
experimental resulte,and because these are of considerable
importance,it will be worth while to consider them in
connection with the circuit used.

A single tube wasg used throughout,of the liarconi MTH

type,and was selected from a large number as being the most



symmetrical in construction,and being sufficiently gas free
that the cause ot oscillations could not possibly be credited
to ionized gas in the tube. This special selection with
regard to symmetry was made because all calculations must be
made with regard to perfect symmetry of the electrodes,ana
if experimentsal results are to be compared with theoretical
figures,this symmetry must exist in the tube used. These
Marconi tubes possess several desirable features. Their
filament along the length of the plate and grid consiste of
a s8ingle straight wire,but at each support a short part of
the wire is wound in spring rorm,and there is a slight tension
present. This allows the wire to remain perfectly straight even
though there may be considerable expansion on heating. The
filament emigssion i1s quite high under rated conditions and
is very constant at the values which were used. The plate
lead is brought out of the top of the tube,while the grid lead
comes out at the base,resulting in very high insulation
resistance. With this arrangement,by connecting a strip ot
tin~-foil around the center of the tube ana grounding it,very
minute anode currents may be measured with sn electrometer.
The apparatus used is illustrated in Fig. 7. The
general layout is much the same as that used by Barkhausen,
but with the important difference that the Lecher wires
connected to the tube have a 1éngth of 850 centimeters,plus
leads to the tube terminsls of about 70 centimeters length.
The two condensers C and the thermo-~couple T constitute the

movable bridge on the wires,and the galvanometer comnected

to the output of the thermo-couple is considered as measuring
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the intensity of oscillation. The potentiometer S allows the
anode potential to be varied from plus three to minus three
volts with respect to the negative filament terminsl.

"7ith this arrangement the electrons set free at the
filament move outwards under the positive voltage V ot the
grid,and a certain number go direct to the grid and are
collected there,the remainder pass through the grid and if
the potential of the plate is just less than that ox the
filamentv, they return to it and are finsally collected on the
grid. If,on the other hand,the plate potential is a little
above that or the filament,a certain proportion of those getting
through the grid reach the plate. If the plate potentiometer
is now ad justed until the plate current is just zero,it will
pe found that with the bridge in certain pogitions a plate
current appears. It was the presence ot this plate current
which led Barkhausen to the aiscovery or the short waves.
With the present apparatus these oscillations are also made
apparent by the deflection or the galvanometer attached to
the thermo-junction. The positions of tvhe bridage at vhich the
galvanometer gave a maximum deflection were fairly sharply
defined and did not always coincide with the rositions for
meximum plate current."

If for a given tube there‘should be a certain optimum
wavelength )\ produced by s grid voltage V,by starting the
bridge on the Lecher wires from a position close to the tube,
and slowly moving it away from the tube along the wires,

maximum currents in this external circuit would logically

be expscted to occur at positions of the bridge for which
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the external circuit is tuned to wavelengths of integral
mltiples of A\ . The theory of Lecher wires is such that in
the perfect case the resonant wavelength is a linear function
of the length,and the deviations from this caused by practical
congiderations are almost negligible. It would then be expected
that,on moving the bridge as describéd,the positions for
maximum current woula occur at equally spaced intervals along
the langth of the wires,and the wavelength of the oscillations
would pe measureable simply as twice the distance between such
positions. Gill and Morrell were the first to find that this
is seldom the case.

It is found in the majority of cases that there are two
or more sets of positions,forming as many series of equal
spaces,and as the spacing is different in each set the indication
is that the grid voltage V is able to maintain more than one
wavelength of oscillation.

To be able to measure these various wavelengths separately,
the obvious solution is to measure wavelength on a secondary

e¢ircuit loosely coupled to the oscillator circuit,which will



not affect the mode of oscillation. Under these conditions
the bridge on the primary circuit may be set at any desired
roint to bring out any particular wavelength,and this wave-
length may be accurately measured in the secondary circuit.

"% second pair or long Lecher wires were set up with
& loop joining one end,ana this loop was brought near the
valve circuit. When the secondary is in tune with the »rimary
the current in the primary is reduced. "he detlection or the
galvanometer connected to the primary circuit may be reduced
by as much as 50% when the bridge in the secondary circuit
is in the tuned position,and a movement of 0.5 centimeters
either way will restore the primary current to its normal
value. 4all the wavelengths quoted were measured on this
form of wavemeter and may be taken as accurate to 0.5%."

The £irst and most important test described by ill and
Morrell is the following: It is of considerable significance
a8 being conclusive proof ot the dependence or the wavelength
of electron oscillations unaer some conditions on the
external circuit of the oscillator.

The test is made with the apparatus described above,
with the condenser bridge and the thermo-couple on the Lecher
system at the enda away from the oscillator,so that the external
circuit consists of some 900 centimeters ox this system. With
the filament heated to allow a few milliamperes emission,and
with the plate at two volts positive,the grid voltage is raised
in steps of two voltus,trom 16 to 120 volts. The results are

shown in Fig. 8,a8 galvanometer detlection plotted to gria

voltage.
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"The curve shows that oscillations are ocecurring over
nearly the whole range,but that the intensity has maxXima Tor
certain values of grid voltage: 16,24,42,58,82,114. The
wavelengths for the corresponding ranges are 586 centimeters,
451 centimeters,366 centimeters,507 centimeters,2¢2 centimeters,
225 centimeters. Thesercorrespond to the free oscillations of
thé system,920 centimeters long plus a slight correction for
the leads in the tube itself,

The system of wires conmnected to the valve therefore
presents a selection ofr various modes of osecillation to the
valve,from which the valve chooses the ones suitable for
the particular voltage V between the grid and the plate,the
sharp rise just before the various maxima indicating that the
system oscillates on the longer waves by preference.”

It is apparent from these results that the oscillator

will oscillate at constant wavelength tor a considerable range

Fig. &
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where this wavelength is determined by a mode or the external

girecuit. To show the reversibility or this dependence,i.e.
the range of wavelength which can be produced at a single grid

voltage on varying the external circuit,a modification of the



original circuit is used. In this case the Lecher wires are
replaced by two telescoping rods,connected in the same nanner as
the wires. Their length can pe varied from about 150 to 800
centimeters., is an example it was found that with this arrange-
ment at a grid potential of 44 volts,an emission of 1.5
milliamperes,any wavelength from 420 to 451 centimeters coula
be produced,maximum intensity being observed at 323 centimeters.
The other experimental results recorded are of no

importance.

In developing their mathematical theory tor th
oscillations,Gill and llorrell rirst maike the following
simplifying assumptions,without which the development of
equations becomes extremely involved:

(1) That the grid and plate may be regarded as forming
s parallel plate condenser.

(2) That 2ll of those electrons which pass through the
grid have the same velocity at the grid.

(3) That the electrons which return to the grid from
the plate are nearly all collected on it. ‘

(4) That the oscillating potential differences are small
compared to the fixed potential differences.

The plate and filament are at zero potential,while the
grid is at V volts positive.

Then an electron arrives at the grid with a velocity v,
due to the potential V,and if it passes ghrough to the grid-

plate space and returns to the grid,it will again have



velocity v. In the grid-plate space the wori done by the
potential V on the electrons is thus zero.

When an alternating potential V, sin pt exists between
The grid and plate,however,the work done in this space is not
necessarily zero. ft may become either positive or negative.

IT it is negative,then the electrons are giving up energy to

the oscillating system,and if this energy is supplied in sufficient
quantities to overcome the losses in the system,the oscill:tions
may be sustained purely by the motion of the electrons.

After passing the grid with velocity v,an electron becomes
subjected to a retardation r,and if T is the time the electron
takes to pass from the grid to the plate,then v = £T,assuming
that the electron gets very close to the surface of the plate.
Where d is the distance between the grid and the plate, the
electric field due to the alternating potential is Vo sin pt
and the corresponding force on an elsctron is e Vo gin Pte
The work done by this force depends on the time %0 at which
the electron passes the grid,and for a given T, is equal to

d
8 V, 8in pt dx
o d

where the X-axis is perpendicular to the grid and plate.

But the velocity at time t follows from

dX = v~ £t - ty) = £(T - t 4 t,)

dat
80 that the work integral becomes
to+ T
fels (T +1t, -~ t) sin pt dt

d
to



which gives,as the work done on the electron in moving from

the grid to the plate

2eV T cos pb gin pto -~ sin p(T + tg) | =~==<(1)
.__Ez_o {:____5_2_0 + 0 "

By integrating from ty + T %o t, + 2T an expression may also
be found for the work on the return journey.

Obviously,the value of (1) when integrated from O to 2+
is zero if the function is continuous throughout this range.
Hence if all the electrons returned to the grid or remained av
the plate,the oscillations could not exist. VYhere a portion of
the electrons remain at the plate,however,the function becomes
discontinuous,and the woxk integral need not be zero and may
be negative.

When no work is done on an electron in the grid-plate su.ace
it just reaches the surface of the plidte, If then positive work
is done on it,it will remain at the plate while if negative work
is done on it,it will return to the grid. Those values of %,
which mske (1) negative will be the values for which the electrons
return to the grid. It is in this way found that the electrons
flowing during a time T/p remain 2t the plate,and then the entire
flow returns to the grid for an equal time.

The work done by the alternating potential on each of these
two classes of electrons will be equal but will be opposite in sense
and hence the net work will be zero during the grid-plate
journey. It is then necessaiy to obtain the worx integral for
the return journey,for the electrons which return to the grid,

and if this is negative the oscillations can theoretically one

sus tained.
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"To find therefore if an oscillation whose periodic time
is 2 7/p and amplitude V, can be sustained by a grid voltage V,
it is necessary first to find the time T which the electrons
take to pass from the grid to the plate under the field due to
V alone,next to find the values of t, tor those electrons which
return to the grid,and finally to find the mean value of the
work integr=al for the plate-grid journey for these electrons.
¥nowing the emission current,the total work can pe calculated.
If this is negative and 3t least e:ual to the dissipaticn
losses per second,the oscillation will be sustained.”

Applying this reasoning to their particular apporatus,
Gill and llorrell worked out the following tsble indicating
theoretical check on the existence of the various modes ot
ogeillation they observed experimentslly.

Values of pt, for the

P electrons whgch return Work Wiavelength
to the grid

/4T 165° to 545° negliginle 1040 cme.

/2T 150° to %350° - .47 520 cms.

51/ 4T 155° to 515° ~.85 547 cns.

/T 120° to 500° -.36 260 cms.

21/ T 90° to 180° - .52 150 cms.

Since increased emission will increase the net work
input to the system,it should increase the range of wavelengths
which can be maintained. This is found to be true experimentally.
Oscillations of maximum intensity are found for the vslue
of pT approximately SW/4T. But if T varies as |V,ana the

wavelength varies as 1/p,at the wavelength of maximum intensity



the relation between grid voltage and wavelength will be
3By = constant,which is s decided modification of the
Barkhausen Kurz concept of the universality of this relation.
"There is a®so a special case not explained by this theory
in which the plate is very negative with respect to the filament
and oscillations are produced without any current reaching the
plate at all. The oscillations in this case must almost
certainly pe due to a velocity distribution at the grid (in
contradiction to one of the simplifying assumptions here) which
means that the electrons will not pass the grid in a unitform
stream,and the integral of the work function need not pne zero
as it normally is when 2ll the electrons return to the grid.
"The effect of the voltage drop of about 4 volts down the
filament is that instead of dealing with one stream in the
field due to the grid being charged to V volts there are a2 series
0of streams moving under potentials varying from V to V-4 voltis.
In the general case where the plate is slizhtly rsositive with
respect to the filament some of the streams reach the plate,
while the remainder approach it to varying distances. If
oseillations commence some of these latter are periodically
diverted to the plate,while in the other half-oscillations some
of the former are diverted off. Thus all the streams concerned
maintain the oscillations as in the simple theory."
Although the mathBematics in this theory may be considerably
at fault on account ox thekérror in the simplifying assumptions,
the conception of the mammer in which the alternating potentials,

when once set up,can maintain the oscillations automatically
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is the basis of almost every mechanical explanation of the
oscillations ever arrived at,with the exception of those

described in chapter VIII.

i1though Barkhausen and Xurz made their wavelength
measurements on Lecher wires directly connected to the
electrodes of the tube,they presumably dia not encounter the
case described in this chapter in which two or more egually
spaced sets of voltage nodes exist on the wires,and they
therefore had no reason to suspect an influence of the external
circuit on the wavelength. Certainly they made no effort to
investigate such an influence,nor do they state uzuthoritatively
whether it might or might not exist,although they give the
impression that they do not believe it to exist and that the
wavelength depends only on voltages and tube dimensions.

The work descrihed immediately above,on the other hangd,
indicates from clear experimental exidence that Gill ana
Morrell found the wavelength to be in one sense controlled by
the external circuit,although the order or the wavelength is
determined by the other factors.

These two results have given rise to the very definite
distinction between "Barkhausen-:urz oscillations' and
'Gill~liorrell oscillations", the former independent of external
circuit,the latter controlled by it. The two terms ocecur again
and again throughout the literature,and the investigation ot
the determining causes of each has been given a great deal of

space. NS 151 the experimental work the delate on

this matter will be summarized,and an z2ttempt will be made %o



select the most satisfactory explanation and the one most in

keeping with experiment.

According to the mathematical theory just dealt with,
the possibility of oscillstions occurring in a2 cireuit such as
that described depends only on the energy conditions maintauining
for the electrons returning trom the plate to the grid,ana is
not concerned witi what hapgpens in the journey from the filament
to the plate. It is therefore conceivable that the electrons
returning from the plate need not ne the same ones that leave
the filament.

The phenomenon otf secpndary emission in a vacuum tube
allows the experimental demonstration ofr the poesibility of
genersating oscillations under exactly this condition.

A.W.Hull in 2 paper published in the Proceedings ot
the I.Z.E. o for February 1918 gave the first detailed exposition
of tﬁe‘phenomenon,and showed it to be . state of unstable
equilibrium; and that a vacuum tube oscillating in this state
would necessaorily oscillzate at‘a éEéQuency governed by the
constants of 2 single resonant circuit in its plate lead.

He did not attempt 3 theoretic2l explanation.

Horton and Davies lo,early in 1924,did further work on
the subject and presented a fairly complete theory ot the
mechanism,but they left many experimental observations either
poorly explained or entirely unaccounted for.

Later in 1923 E.\W/.B.Gill took up the subject 1 and

produced an extremely thorough experimental study of it,as well

a8 an hypothesis of the internal functions which would



satisfactorily cover all his experimental results.

The originsl curves of Hull are shown in Fig. 9. They are
taken for an ordinary vacuum tube,with various fixed positive
potentials applied to the grid and with the plate voltage varied
from zero to the particular positive value required in each
case to give the desired characteristic. It is evident that
for any grid voltage over 200 volts,there is a wide range of
positive plate voltage which causes a negative plate current to
flow. That is,electrons are leaving the rlate; rTurther,more
electrons are leaving the plate than are arriving there from the
filament. The only possible fundamentzl explanation of such a
fact is that each impinging electron from the filament dislodges
one or more electrons from the plate,these released elsesctrons
being then sttracted to the more highly positive grid. For
grid voltages below 200 volts,the same action is taking place,
with the aifference that the number of secondary electrons
released is not as great as the number of electrons arriving
trom the filament,hence the plate current does not oecome
negative.

We are not concerned here with a full theoretical discussim
of the question,but a few of Gill's results and conclusions will
be of interest in considering the production or electron
oscillations by this action.

The circuit used by Gill is that ot Fig. 10,employed a
Marconi MTS5 valve which has been mentioned previously. The fixed
positive grid voltage is applied as shown. Where 2 high plate

voltage is to be reached the pl.te volsage is varied by cell to

cell ochanges,but tor very low voltages the variation is obtained



with a potentiometer. The prineipal curves he obtained are
those of Figs. 11 and 12,those of Fig.l2 being simply the detail

of Fig.1l1l at low plate voltages.
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The presence of secondary emission is in evidence even where the
grid voltage is only 10 volts and begins to be detectable for

a plate voltage of from 1 to 1.5 volts. Gill's main conclusions
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from the curves are the following:

(1) The question 28 to whether all of the electrons
receding from the plate have been dislodged from that electrode,
or are merely the impinging electrons being reflected,is not
important. It is obvious that in the extreme case dislodgment

miet take place in order that the plate current may become



negative.

(2) Some form of parasitic oscillation is very often
Present and may lead to erroneous results unless suppressed.

(3) The variation of the actual values of plate voltage
at the critieal points of the curves tor ditferent grid volt=zges
is due to the effect of the grid voltage on the trajectory of
the electron passing through the grid. ''here the grid is more
highly positive,the electron will be detlected at a greater
angle on passing through the grid,and will trace a curve on
returning to the grid which will not approach the plate as
closely as would pe the case TIor lower grid voltage. Thus a
higher plate voltage will be reguired %o pull it in. This
accounts for the varying position of the tirst maximum point
on 211 the curves. J.J.Thomson has shown 12 that the more
ooliguely an electron strikes a surtace,the more secondary
electrons will it release from that surface. Consejuently a
higher grid voltage will a2llow greuter maximum secondary
emigsion,but a higher plate voltage will be required to produce
this.

(4) ‘s the plate voltage approaches the grid voltage,
Tewer of the secondary electrons are attracted to the grid,
and the plate current eventually increases. This increase
ocecurs very rapidly where the plate volti'e is almost equal to
the grid voltage.

Thé important applicatioﬁ 0T this discussion to the sub ject
or the thesis is found under (2) above,where mention is made

of the detection of parasitic oscillations which disturb the

normal results of the experiment. In rmuch the same way that
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Barkhausen and Kurz were led to their discovery,>ill ana
Morrell set out to investigate these parisitic oscillations,
and found them to be stable continuous high freguency oscillations
of the same order of wavelength as those described in their
paper of 1922, In fact they found them to be electron oscillations
in the true sense of the word,and a paper resulted,'"Short
Electric Waves Obtained by the Use of Secondary Emission.™

The circuit which they chose to study the propertiss
of these waves from is the exact duplicate of that used for
their first experiments,with the exception of the positive
potential applied to the plate. ilavelength is measured
g8lightly differently,in that the critical resonant points of
the coupled Lecher system used for this purpose are indicated
by a galvanometer in the external system itselt,rither than
by the effect of the external system on the current in the
primary circuit. The oscillator Lechers are a pair of
telescqpe tubes.

The only important experimentil observations are as

follows:

” (1) Oseillations are produced only for grid and plate
voltage relations corresponding to the portions of the curves
of Fig. 11 which have a negative slope.

(2) Oscillations are produced where (1) is satisfied,
only for certain values of the primary Lecher circuit length.
For fixed voltages oscillations are sustained over an appreciable
band of wavelengths according to the length of this circuit.

(3) Regardless of the actual values of plate and grid



voltage,as long as condition (1) is satisfied,the wavelength
is dependent solely on the difference between these two
voltages,according to the equation.,\z(Eg - Ep) = constant,
which is a logical modification of the 3arkhausen eguation.

This tends to confirm the original suggestion that only
the electrons returning from the plate to the grid are responsible
for the maintenance of the oscillations.

Gill and Horreil then go on to develop a mathematical
theory for these oscillations in many ways similar to their
first theory,and in ract equally applicable to the oscillations
produced at zero plate voltage. Probably by coincidence their
equations very closely resemble those of Sahanek 18 which
will be considered in the next chapter,and which were published
only a few weeks later. The numeric2l agreement hbetween the
results of the two is exact.

"It may be éssumed that the alternating potentiil between
the grid and plate is V, sin pt,of periodic time Z w/p. The
filament is joined to potential nodes on the Lecher wire
system,and,its potential being taken as zero,the total plate
potential at time % is VT, + s Vo, 8in pt,and the total grid
potential is Vg -~ 2 V, sin pt,where YP and Vg are the fixed
potentials., The following simplitying assumptions are necessary:

| (a) V, is so small compared with Vg and Vy that the time
the electrons take to move between the electrodes is determined
only by V? and Vg,not by V-
(b) The plate and grid will be regarded not as concentric

¢ylindersg,but as parallel planes a distance 4 apart.



(ec) The secondary electrons will be supposed to leave the
plate with zero velocity and to move direct from the plate o
the grid,and none to pass through the grid.

(@) The effect of the space charges will be neglected."

The work done per second on the electrons going from the
Tilament to either the plate or the grid can be shown to be
exactly zero,and if oscillations are to be sustained,the cause
must lie in the energy conditions governing only the electrons
returning from the plate to the grid.

From the formula for the velocity of the electrons the

time T they take to pass from the plate to the grid, assumed

the same for all electrons,is given by dVETWTg—@LV"T .
- 'p

‘It follows that the velocity acquired in time t by an electron

leaving the »late at time t, is

X = £(t - %
dt ( o) 7 v
where £ 1is the acceleration function =8 D ,bhe axis ox
m d
X normal to the platse,
""The work done by the alternating potential as the electron

moves from the plate to the grid is

to+ T
)]

%

which on substitution for dx integrates to

~-feT {.sin pP(to+T) ~ sin pty, - T cosg(toi-T)} ———= (2)
a p2 P
IT the electrons left the plate in a uniform stream,the average

value of (17),%, as the variable having values from O to 21¢/p,

would be zero."



However,because of the alternating potential,the stream
is not unitorm. Since the number of secondary electrons emitted
is approximately proportionsal to the potential through which
the incident electron has fallen,the number of secondaries
given off between time t, and £o+-dt0 is

(Vp + & Vo 8in pty) d3p  ==-----mmee (o)

"The work done per cycle by the alternating potential
on the secondary electrons is therefore proportional to the
integral petween ty = O and Tty = 2 w/p or the produect of
expressions (2) and (3).

Omitting certain constants this is proportional to

. }3 (cos pT - pT sin pT - 1)

b
or the work per second is proportional to

= 'iz (gos pT + pT sin pT - 1)

Hence it T, is the time of one oscillation,T, = 2 /p,and
the work is proportional to

- T§ ( cos 21?—%0-&— Zw%osin 211"%‘0 - 1)
and ogcillations will bpe maintained if this expression is
positive,and the energy is equal to that lost by radiation and
resis tance.”

By keeping Vg and Vp constant,T is a constant,and the
values of T, for which the above expression is positive can be
worked out. The following table gives a few of the values
worked out.

The range for values of the ratio greater than 2.7

includes operation of the tube 2s a normal dynatron oscillator

and agrees with the experimental fact that the energy of



oscillation for this type of oscillator increases considerably

as the frequency is reduced.

Value T,/T for To/T for
TO/T or maximum minimum
funection energy energy
positive ‘
to 2.7 decreasing 27
2e7 to 1.0 negative casse 1.0
1.0 to 0.66 positive 0.8 0.66

and so on alternately positive and negative.

The figures obviously indicate that seversal bands or
wavelengths might be maintained by one set of voltage cpnaitions,
but Gill and Morrell were unable to observe more than one
range,and little if any work has been done with this circuit

since their time.



Chapter IV

1. The experimental work of Scheibe.

The fact that electron oscilliations were discovered
in Germany would reasonably lead to the idea that a
considerable part of their development should take place
there. Between the years 1924 and 1929 by far the greater
part of all the available material originated in that country.
With one or two exceptions,however,the work done in Germany
has been purely experimental in nature,and there have not
been many attempts at involved theories.

The paper of Adolf Scheibe 14,as the chronological head
of this list is typical of the usual approach. The only
satisfactory methoa of considering it is to set forth the
experimental procelure and to reproduce the characteristics
détermined.

Throughout the thirty-five pages of Scheibe's article
he raefers to only one other somrce of information concerning
electron oscillations,the original 3-K paper. Evidently he
carried out his experiments having only such previous kmnowledge
as this paper gave him. He used a circuit almost identical
with that used by Barkhausen and Kurz,but,and this is iinporitant,
he arrasnged all the measuring instruments and batteries at
distances of from 1 to 1.5 meters away from the tube,connected
by twisted leads to the tube terminals,and no mention is made
of the use of radio-frequency chokes. If it should be desirable,
therefore,we might assume these leads to form an external
circuit for the tube,which from the figure given ror the

length might have a2 resonant wavelength of the order of 2 meters
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or somewhat more.

As it profiting from the observations of Gill ana liorrell,
although this work is not mentioned,Scheibe used an inductively
coupled Lecher system for all wavelength measurements. Coupling
ﬁas accbmpiished by connecting short lengths of wire as
antenmae to the grid and plate terminals of the tube, and
bringing the external Lecher system close to these sntennse.

On moving a bridge along the Lechers,indications of
oscillations were obtained only at scattered »oints,resulting

in the curve of Fig. 13. This curve apparently indicates three

Qa
Qa
b b b b Bti}gols
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modes of oscillation of the tube,although the fact that two of

GALV. DEFL.

the sets of peaks are equally spzced can only mean that one
is a reflection of the other. But there remains the ract of
existence of two types of oscillation whose wavelengths are
approximately but not exactly in the ratio of Z:1. Evidently
the external circuit,though only coupled,does have a definite
effect on the operation of the oscillator,because the two
types of oscillation could not exist at the same time unless one
were exactly a harmonic of the other.

Scheibe then goes on to derive the classical formula tor
the true wavelength of electron oscillations,taking into account
the Tact of cylindrical electrodes,and not asssuming them plane ss

is usually done.
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The important mathematical difference between this and the
common wavelength formlae is that,since the potential in a
cylindrical space is an inverse function of the distance from
theccenter, the over-all potential between two electrodes in a
tube will be the integral of this inverse ftunction petween the
radii of the two electrodes,which becomes the natural logarithm
0of the ratio of the two radii.

The resulting expression is the same as that for plane
electrodes,multiplied by the sum of two factors,one involving
the ratio of grid radius to filament radius,the other the ratio
of plate radius to grid radius,while the second also corrects
for the ract that the voltage in the grid-plate space is the
difference of the applied grid and plate voltages. The
formula is the following:

_  4c.r E )
A=coT = 1 <.f(dln-§%) + g( EE—:aEE ln-%i)} cms.

288 _,10
m 8

where the functions ¥ and g have the meaning

«-xR{X 112
f(x) = x e X j el du

o

2¢X _12
g(x) = x eX joe % an

Scheibe gave a short table or the values of f(x) and g(x),
but calculations cannot be made from them with accuracy greater
than 2 significant figures.

Kapzov and Gwosdower in 1927 published 15 tables or these
functions calculated at much smaller intervals,and accurate to
5 significant figures.

The argument or the function f depends on the ratio ot the



grid dismeter to the filsment diameter. The filament diameter
is usually not measuresble with any high degree of accuracy,
but a tungsten filament requiring one ampere for heating has

a diameter of the order of .005 centimeters. Consequently the
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