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SYNOPSIS

The production of ultra-short electromagnetic waves by the re-
tarding field method is analysed. It is found that to generate oscil-
lations of very short wave lengths, it is more effective to reduce the
siée of the electrodes of the vacuum tube and to design thé tubes to

oscillate higher orders than to increase the grid potential.

Experiments weremade with the Pliotron FP-126 tubes as retarding
field oscillators., These tubes generated strong normal and higher |
order oscillations. The wave length of the normal oscillations dif-
fered considerably from the Values’calculated from the Barkhausen and
Scheibe equations. For the higher order oscillations, the observed
wave lengths were approximalely equal to vaiues calculated according
to Potapenko's formula: n?AQEg = . It was found that the predomi-
nating higher order oscillations were generated by the grid coil at
its natural frequency. Its wave length agrees with that calculated

from its dimensions.

Tubes with plate diametérs ag small as 0.05 om. wére made. They
generated normal as well as higher order oscillations. They were de-
signed so that the grid had a natural wave length of about 1 ecm. The
grid potentials calc@lated agree fairly well with the values observed.
The energy of oscillations with these tubes was exceedingly small. The
wave length of 1 cm. is about the shortest limit that can be obtained

by the retarding field.method.



INTRODUCTION

The generation of undamped electromagnetic waves of very short
wave lengths can be achieved by three distinct methods with their
respective merits and disadvantages. They ares 1) the Feed-Back type
as is used in conventional oscillators of communication transmitters;
2} the Magnetron oscillator; and 3) the Retqrding Field type oscilf
| lator, As the present work is concerned with the last type, the first

. two will be reviewed only very briefly.

Feed-Back Type Oscillator, In the feed-back type oscillator a

thermionic vacuum tube of three or more eieétrodes.is used, The prine-
ciple of its operation is, as the name suggests, that-ﬁart of the energy
in the plate circuit is fed back to the grid circuit, and through the
property of amplification qf the vacuum tube, sustained oscillations

ere generated, The period of the oscillation is determined by the in=~
ductance and capacity of the circuits concerned, For frequencies up

to 100 m&gacyclas thé cireuit constants are of such magnitudes that the
capacity between the electrodeé.and the inductence of their leads cons-
titute only a small fraction of their totel value., But as one tries to
generate waves of higher and higher frequencies using such tubes, a
limit is soon reached whereby the inductance of the leads of the elec=-
trod;; and the capacity between them constitute the whole tuning‘circuit.
In general, tubes cease to operate properly when the time it takes the
electrons to travel from the filament to the anode becomes comparsble

with that of the peried of oscillation, Under such circumstences the

efficiency is usually very low, Using tubes of special design it is



possible to generate waves of the order of 1000 mﬁgacycles (30 cm,) as

an upper limit, The advantages of oscillaiors of this type are the
simplicity of the circuite and ease of operation end comparetively high
efficiency as & power converter. The obtainable efficiency et 1000 mege.-
cycles for tubes specially designed for this purpose is about ten per

cent,

Magnétron Oscilletor, In the generstion of electromsgnetic waves

using a magnetron, the motion of the electrons is affected by both an
electric and magnetic field. By using exceedingly intense electric and
magnetic fields and electrodes of very small dimensions, it hes been pos-
sible to genefate waves of the order of one centimeter with measursble
power (1}, For such short wave lengths it necessitates a magnetic field

of more then 10,000 gausses., Besides the inconvenience of requiring an
extra magneticffieid of intense strength, the constancy of the oscilla-
tions is usually very poor. But the high output at very short wave lengths

is not excelled by the other two methods,

N
Retarding Field Oscillator. TFor the generetion of oscilleations

by the retarding field method, thermionic vacaum tubes of three elec~
trodes and of the conceniric cylinder type are invariably used. The

mode of operetiom is, however, different from the feed-back type. In

the latter the plate is connected to & high'positive potentiel and the
grid to a slightly lower potential than that of the filament or cathode;
while in the Ppetarding field type of operation, fhe grid is connected

to a high potentiel and the plate to the filament orvto a slightly lower

potential., The period of oscilletion is about equal to the time for the



eleqtrons to travel from the filament to the plate and back to the

- filament again, Thus what is inherently a drawback in the.feed-back type
oscillator is utilized here, Within certain limits, by subjecting the
electrons to a high acceleratiﬁg electric field end by meking the dimen-
sions of the electrodes small, it is possible to decrease this time of
flight of the éleotrone through the cycle to intervgls which correspond
to wave lengths of the same order of magnitude e&s obteinable with the

magnetron.

Barkhausen and Kurz Oscilletions. In experimenting with tubes

having concentric cylindrical electrodes, Barkhausen and Kurz found
accidentally the kind of oscillation now bearing their names (2). 4s
mentioned above the grid is connected’to a high potential while the

- plete is connected to nearly the filament potentiel, The wéve length
of the oscilletion wes found to depend on the voltages of the elec-
trodes and to be independent of the atfached circuit constents, The
same suthors furnished a simpie_explanation for the phenomenon. For
simplicity of analysis, they assumed that the electrodea of the tube
were infinite planes, Electrons after being emitted from the cathode
plane are subjected to the accelerating field of the grid, A small
portion of the electrons will be caught by the grid, and the majority
will pass through it to the spece between the plate and the grid.ﬂbre
the electrons fece a retarding field end will be repelled before they
reach the plate, If they miss the grid again in the return trip, inertia
will carry them to where they started, and the cycle repeats itself,
The time of the cycle depends evidently on the eccelerating field and

the geometry of the electrodes, It is easy to show that the wave length



corresponding to this period is

A = looo dpEg=dsBp
Vg HBE

where Eg and Ep ere the potentials of the grid and plate in volts

respectively; 4 &nd dp, their respective diameters in centimeters.
g

When the plate is connected to the filement, then
h% * é
= "
?\Eﬁ dr v
Crude as the explanation mey seem, considering that the electrodes
are fer from being infinite plenes in the actusl cese, Barkhausen and
Kurz showed that there was a striking check between the experimental

and calculsted wave lengths,

It &8 evident that to mmintein the oscillation it is necessary
that the electrons gather themselves into groups and execute the cycle
in phase, Juét how this is effected was not understood by Barkheusen

and Kurz,

The analysis of the motion of the electrons between cylindricel
electrodes was carried out by A, Scheibe (3). The calculated wave
Iengths were compared with his experimental results end better agree~
ment was obtained than using the Barkhausen and Kurz formula, the cal-
culated wave lengths being longer in all cases, He confirmed the result
of Barkhausen and Kurz that the wave length depends primarily on the
potentiels and the geometry of the electrodes end is ﬁractically inde~
pendent of other factors. The intensities of the oscillations in both

Barkhausen and Kurz's and Scheibe's experiments were small,



Gill end Morrell Oscillations. On the other hend, Gill and Mor-

rell (4) showed that the wave length of the oscillation is determined

by the resonating circuit comsisting of the electrodes of the tube and
the outside circuit commected to them, and that the Barkhausen and Kurz
equation is satisfied only by the potential on the grid for meximum énargy
of oscillation, Gill and Morrell used a Lecher wire system for their outf
side tuning circuit, Due to its low decrement, the intensity of the oscil-
1abhon was consequently larger than those of the two former cases. They
essumed, thoﬁgh, that the period of the oscillation is equal to the time
of trensit when the electrons pass from the grid toward the plate and

are back to the grid agesin, The calculated period is in good agreement

with the measured results,

The maintenance of the oscillation was explained by the above authews
on the ground thet when the electrons pass the grid at some particular
time, the work done upon the electrons by & smaell alterneting potential
on the grid and the plate cen be negative, If this negetive work is
large enough to compenséhe for the resistance, dielectric and radietion
losses in the oécillating circuit, undamped oscillations will be sus=-

tained,

Due to the apparent difference in nature of the oscillations pro-
duced by the Barkhausen and Kurz method end thet by'Gill and Morrell,
they are usually distinguished from each other and named after their
respective discoverers, and for brevity mag be designated as BK- and GM-
oscillations, There is, however, no fundamental difference between them,

The dietinction lies in the difference of coupling there exists between



the circuit inside the tube and that used for tuning outside the tube.
In the BK-experiments the oscillatory circuit was seated inside the
tube, and very "loose" coupling exists between the grid and the plate,
Thus any chenge of the circuits outside would cauée only very slight
change of frequency. On the other hand, in the experiments of Gill and
Morrell, the oscillatory circuit consisted of a Lecher wire sysfém con=~
nected to the grid and plate, Thus the coupling is very “tight", and
the frequency is almost entirely determined by the outside circuit;

the proper potentials on the electrodes only serve: as a factor which

enhances the intensity of the oscilletions,

Tt is to be noticed thet Scheibe calculated the period of the oscil-
lation by teking it as the time of transit of the cycle executed by the
electrons from the filament through grid to plate and back, while Gill
and Morrell took it as the time of transit of the cycle from grid to plate
and back to grid, They both, however, obtained results which agree very
well with experimental values, Thus one of the theories must be incorrect,
although both yield results which check with experiments, The discrepancy
was elucidated by the works of Potapenko (5) and others (8), (7), (8),about

which we shall discuss presently,

Although Gill and Morrell explained the generation of oscillations
by assuming that there exists an alternating potential on the grid and
plate, its megnitude was taken to be negligible. Hollman (6) first ana-
lyzed the effect of the alternating potential upon the wave length fof
tubes of special dimensions and showed that-the wave length should be
decreased by it. Kapzov (7) and Sears (8) by means of numerical and

graphical integration obtained the same result., This was shown experi-



menbally to be true by Potepenko (5). He varied the intensity of the
oscillation over wide magnitudes and showed that the wave length ob-
tuined approached more closely to that calculated according to the
Barkhausen and Kurz formule and still mors closely to that of Scheibe,

as the intensity of oscillation was decreased, The influence of this
alternating potential was found to be much larger than that of all the
other approximetions combined including teking the cylindrical elsctrodes
as infinite planes, In the experimenbs of Berkhausen and Kurz snd of
Scheibe the intensities of oscillation were rather lowy thus little
cérrectiom is neéded te bring the cdlculated values of the wave length

to agres with those found experimentally. On the other hand, the intensity
was high in the case of Gill and Morrell and the wave length would be
appreciably shortened by the alternating potential, So although they
obtained better agreement with experimental result by sssuming thet the
p@riod is given by the time of transit of electroms from grid to plate

end back, the real sause’of the shortening of wave length is the influence
of the alternatiﬁg potential on the motion of the electrons, Thus the suc=
cess of @ theory to account for the oscillation depends on an anslysis
which tekes into comnsideration all the fectors, especimlly that of the al-

ternating potential,

Higher Qrder Oscillatioms, On account of the limitation in the
size of the electrodes of a tube that can be made and the amount of heat
the grid of the tube fan. safely dissipate, the shortest wave length thet
can ba obtained using the BK- or GM- scheme is of the order of 30 cm, To
push the wave length to still shorter values ons haﬁyto’find recourss in

the method of generating waves of higher orders, Potbapenko (9),(10},(5)



made a systematic study of such weves and showed thal waves of wave
lsugths scores of times shorter than that calculated from the Bark-
hausen and Kurz formula can be produced, These are different frém
harmonibs or overtones due to tﬁe complete ebsence of the fundamental.

He showéd that the wave langths of these higher order oscillations and the

grid potentials satisfy the following equation:

ziE -
noA 4 C,

where § is a consbants end n, an integer, 2;3,4, ete, When n is

egual to L, 1t reduces to the familiar Barkhausen and Kurz equation,.
When n is equal to 2, 3, etec.y they may be called the second, third,
gtc.y order oscillations respectively., The constant C depends upon
the intensity of oscillation, and when the latter approaches zero, the
constant becomes nearly equel %o Bcheibe’s value, The above equation
shall be called +the Polepenk® equation., As the fima of transit of the
electron cycle is fixed by the geomelry of the elecirodes of the tube
and thelr potentials, the period of the higher order oscillations are
integral fractions of the transit time, Graphical integration of the
electiron paths showed that oscillation under such circumshtances is

possible,

The importance of the higher order oscillations to the genera=-
tion of very short waves is apparent, It affords a means of reducing
the period of the oscillation beyond the time of transit of the elec~
trong, To decrease the wave length by a ratio of 431, for insbance,
en increase of grid potenbtial by the ratio 16: 1 is required using

the BK~- or GM- osecillations, Bubt when the tube iz made %t oscillate



at the fourth order, the same reduction in wave length can bs accom=
plished at the same gridkpotential. Théée higher order osciilaﬁioﬁs
take place readily‘whenever there_are aharply tuned cifcuitskinside
the tube, such as the grid helix, the plate helix, etc, Thus with
proper design it is possible to accentuate certain wave lengths, Tt
is the object of part of the present work to investigate the limit

of wave lengﬁh thet can be obtained with this scheme.,
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Ol THE MOTION OF THE ELECTRONS BETWEEN THE EIECTRODES

Tubes with conceniric oylindricel slecirodes are used more fre-
quently than those with other types of electrodes in generating oscil-
lations with the retarding field method, In the first place they are
simpler to make, and secondly strong oscillations can be generated
easily., Tubes with plane electrodes were used only in those investi~
gations, the object of which was to study the effect of the shape
of the electrodss upon the oscillations, Unforbtunately the equation
of motion of the electrons bebtween cylindrical slectrodes can not be
solved in the general case, &s we shall see later, The simple anmlysis
for plene electrodes, however, gives results in fairly good agreement
with experimental results, and the equation it leads to is useful as

e guide in designing tubes, We shall now consider this case:

E Iet-E end E  Dbe the voltages
- F P g p
Tp on the grid and plate respectivelys
___________________ e T ; ;
i g and ry and ™ their respective dis-
18 0

tonees from the Ffilament., The polten=-
Figure 1. tisl of the fi1amegt is teken as zero,
ey my, v, are the charge, mass and vel-

écity of the slectron respectively, Let us assume thebs

1. The elesctrodes are equi-potential surfeces;

2. The field between them is uniform;

3, There exists no sgaca charge effact;

4, The alternating potentials on them are negligibly small; and

S5 The electrons sre emitted from the filament with negligible

initial velocities,
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In the grid-filamewnt spaces

‘The average velocity of en electron v iss

WA W
LS55 - I

Time required to travel from the filament to the grid iss

/;2??7
After passing the grid the electrons face a reterding field end will be

brought to a stop at a distance r, from the filament where the potential

is zero,

sy = Jf"zp A/
.ﬂ -z,

Since the mean velocity is the same as in the former case, thé time

from grid to the return point is

‘Tdentifying the period of the oscilletion as the tige for the cycle from
filament to grid-plate space and back to filament, the period of bscillaa
tion iss

T = 20t +6) -2 /Zn FF *‘/“’?

The wave lengthxiss

AN\ = C.Z = Zooo 4}i» :ﬁéﬁfgi::ifjﬁg

the potentisls being in voliz snd the diameters in cm., In the special

4



12

case when the plate is connected to the filament, the equation reduces

to the fanildsr fooms

where dp is the diameter of the plate,

Analysis of the Motion of Electrons belween Cylindrical Electrodes.

Similar to the preceding analysis
we shall assume thats
1. The electrodes are equi-potentiel
surfeces along their lenglhsj
2., The field is not distorted by the

finite lengbhs of the electrodes;

3, There is no space charge effect,

Let the constant potentials on the grid

Figure 27

and the plate b§ veg~ and V@p respectively.

Let ch and Vep be the amplitudes of the eliernating potentials on them,
The potential on the grid et any time is

V, = ‘vgg + Vog Ain (ot +a)

where A is a phese constant which takes care of the fact that the al=-
terneting potentisl mey be at any phase vwhen the electrons start their

trips. The potential et any distance r from the axis is

V= £

._wg_
ana...z:

The field at point r is
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The equation of motion of the electrons is then,

2 4 .
md B o L oo T GgIelwes) 5
t ?A_fé AL
2 AL
4 d
&
e (s
where A = - & d

77
i
and /3 = uwfézﬁ

&

Similarly the equation of motion of the electrons im the grid-plate

space is
Jgijt , Y J
7 g cq’ ] 1 Bsin/@e v 1, +2) — B Sen [DE1E, j/,‘
, v,

“p

, F
s . % g Vg
£ ac A

Maforbunetely equaticns of the sbove typs do not edmit integrabion in
quadrature or in terms of known functions, By essuming special values
for the megnitudes concerned, the paths of elsctrons can be found by the

step-by-sgtep method of integration or by using grephicsl means,

Kapzov (7} investigated the special case when the constant plate
potertial is zerc and the alternating potentials on the plate and grid
are equal in magnitude and opposite in phase, Sears (8) repested it with
g cowtinuous integreph. Their results have slready been mentioned on

page €,

In the special case when the alternating potentiels on the elec-

trodes are negligible the sbove equations sre reduced to forme which



can be inbegrz

squaticn of

Integrating an

_;_.

The vimpe from

where

7
L

Similerly for

whers

The wave length is

The second enp

gan he feund 4
e 519“52“y 18

The constant:

lated from bot

h the Barkhe

14

ted in terms of known functicns, Inm this case, we have the
moticn in the grid-Tilawent space
d’ g
- =4
«léL
4 assuming thed the initlisl velocity of en electrom is zerg,

V= S eady
s

x%{

filement 1o grid is

fl’é
AL ?
X o= o X- 7
Za | e o X
; )
s A ""‘:f:'
=
the grid-plate space y
%ﬁ

Az o= >
rgsgion is the Gausslan ervor integrel end the first one
n tables, {(for instance Proc.london Yath, Scce Vel.?%,

135% equation ¢ r@apoﬂds te vfhbwbe s equatlion,

g of the tubes investigated in the “re%eﬁu wark WEre cal&uw

usen and the Schelibe equations,



EXPTRININTAL

The Fliotron FP=126 ms & Reterding Pie

o

d Oscillabor, The Pliotron

Y

FP-126 is a thermicuic tube designed for use as an oscillader by mesns of

&

he vrebarding field method, There are three slectrodes of the concentric

o

gylinder type, The filement is & streight wire of pure tungsten wiﬁh &
diameter of 0,025 ¢, Ibt iz supported st each end by a stoul tungsten
wire which is sealed through the glass envelope of the tube., The length

of the filawent is aboul three centimeters lomg. The grid is a helix of
14 turns of wire, A U-sheped wire joins to-gether the two ends of the hee
lix, thus forming & clossed circuit imside the tube, The diameter of the
helix is Q.65 om. The physicel length of the grid wire to-gether with the
U=ghaped support is about 35 cm., the length of the letter being 4.9 cm.
The plate is & cylinder mede of wire gause of close mesh, Its inside diéw
meber is L.65 cme. The lesd wires of the electrodes are not sealed in the
conventional press, but are sealed individwelly so that they are es widely

separeted as practiceble, No convenbtional tube base is ebtached to the tube,

The emount of power that cen be dissipated im the tube is liﬁite&
by the safe op@%&ting temperaﬂur@ of the grid., Neerly all the heaﬁ is
tr&nsfered’frcm the grid by means of radiation, By meking the plate 6ut
of wire g&uz@‘tha he&£ from the grid can be radisted freely through ites
open spaces, If the plete were made of sheet metal, the heat from the
grid would be reflected back and forth until it is absorbed emd re-radisted
by the plate, Thus to meke the plate out of wire gmuze allows the grid

to be operated at & lower temperature for the ssme input,
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& very comstont ihermionic cmission from the Tilement is very
@ésenﬁialyfar meinteining e stable oseillation by the reterding Tield
method, This meéasgi%aﬁes the use of pure tungslen filement instead of
the thorisbed tunpsien ov ouide-comted ones, The lattér two are mre
efficlent in their emivsion, bubt it is imposcsible to keep the ewission

congbant, though ithe filsment curvewnt is meintained consbenb.

Prom the construciion of the tube, we ses thel the grid helix lovrme
o tuned circuit by dtself, The inductouce and sapucity of tbhe cirsull
nre “lumped™, end the coupling to the oubside cirenii is very "loose®s
therefore there exlvte very litile radiation loss. Both ends of the h@wr
lix sre welded to the U-shaped wires so its rosislence loss is slso low,
Tis remoteness from the glass euvelope &nﬁkﬁﬁﬁi reduces the dislectrie
1oss, Therelore we expect the grid eircuit to be ons of lovw decrement,
Whenever the potentisls of the electrodes are such thut the corresponding
frequency ie near the netursl frequency of the grid circuit, these sseil-
lations will be very much enhsnced, From the dimensions of the tube ele=
ments ¢ rough caleulation shows thet it reguires e grid pﬁtenﬁi&l of the
order of 2000 volts o generste the normel aﬁciliaiiana'uf %hia'wavﬁ
léngth. Ther&f&re at lower grid potentials, we can only éxgeat escilla~

tions of hipgher orders,

The constent )3E§ ie caleuluted from bobh the Barkheusen~Eurz cnd
the Scheibe formules. Their values ave o follovs.

(/\2' Eﬁi)' = 2-?2‘/0£

i,

[ Egjg = L5z ]0
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Arrangment of Apparetus. The arrangement of our apparatus was

essentially the same as thet developed and used by Potepenko (11), A

schemaetic disgrem of the spparatus is shown in figure 3. The two grids

I

LIS e

//%/

Figure 3

Schematic Diagram of Apparatus

of two similar FP-126 <tubes form the terminalsof two Lecher wires

on one side and the%ﬁiﬁf%iﬁgﬁrm the terminels of the Lecher wires

on the other side of the tubes, The negative terminal of the filament
serves as the zero potential from which the grid potential ds ﬁea-
sured, The plate was connected to the negative end of the fiiégent in
all the measurements, Filament current wes supplied by two s;x-volt
storage batteries connected in parallel. A rheostat with a vernier ad-
justment reguleted the filament current very smoothly, Whem & complete
set of measurement was teken in the course of seversl weeké; extreme
caré was taken eech time in adjusting the filement current to & con-
stent value, 8Since the emission current varies very.rapidly with the
filement temperature, ordinsry ammeters are not sensitive enough +to
get the filament current to meke the results feprodﬁcible. Therefore

accurate regulation of filament current wes eccomplished by adjusting
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the emission current to & constant value at a definite grid potential,
which wes supplied by e bank of storage batteries of large capascity
when the voltage used was less than 250 volts, and by a d.c. motor
generator or a ﬁell filtered power pack when the #oltage was esbove thet
velue, The voltage was regulated with a potentiometer with e vernier

adjustment,

Wave length measurements were mede with a Lecher wire system loose=~
1y coupled to the grid or plate tuning systems or to the tube, depending
on where the oscillations were stronger, Wave lengths longer than 60 cm,

were megsured with a Dr, L. Rohdes wave meter,

Té investigate the behavior of the tube end the mechanism of the
oscillations, much highér grid potentials than hhe raeted were used in
the following experiments., In order not to egceed the sefe dissipating
power of fhe gridy, the emission current was reduced below rated velues
by regulafing the filament heating current, Under the heaviest loading

conditions, the grid was heated to only a cherry red,

The Working Diagram; The investigation of the working mechanism
of & tuﬁe and & compléte picture of its behavior cen best be made by
means of the so-called ‘"working diagramﬁ, which was developed by Pota~
penko (9). In this scheme, the relation between the intensity of oscil-
lation, the grid potentisal and the tuning system commected to the elements
of the tube is indicated in the same diagram, The tuning systems of the
plate and the grid which consisted of two Lecher wire systems were first
fixed by setting the movable bridges at certain éositious. The grid
potential was vgrédﬁaitymva@iedﬁafabmﬁiet&@@ova&but 1006uvolhs,.iA tugrent

-
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in the?plate,gircuit is an indication of the existence of OScillations;
for othefwise the electrons could not reach the plate, which is at a
lower potential than thé average potential of the filament;'For a certain
tuning condition there are generally several grid potenti&ls 'at which
oscillations occur, The plate current passes through a maximum value.at
the point ofvmaximum energy of oscillations, when the grid potential is
varied, The’plate current, the grid potentisl and the positions of the
mo#able‘bridges of the Lecher wires were noted and the wave 1engths mea=-
sured at these points of meximum plate current, The positions of the
bridges were then changed by small distances and the process repeated,

In this menner, the intensity andlwave length of oscillations and the
g}id potential at which the oscillations occur for all adjustment of
grid and plate tuning were found, The grid potentials were plotted
against the reédings on thelaﬁahdng _ Lecher wires ae abscisse. The
points fall into segarate curves, Thé plate current and the wave length
should vary continuously elong these curves; so they serve as a guide in
joining the points into the separate curves, The working diagram of

FP-126 No. 201 is shown in figure: 4,

The Normal Oscillations. The mést predominating mode of oscilla-

tions is the generation of'normal waves, i,e, those whose wave 1ength

is given approximately by the formule of Barkhausen and Kurz. Theye are
four branches of the curve‘due‘to normal oscillations in the‘working dia-
gram, These are geﬁerated in the circuit which consists of the elements
of the tube, their Ieé&éiand the Lecher wires attached to them, Singe the
latter constitutes a iarge fraction of the total circuit and the coupling
is very tight, the dependence of oscillation upon tuning is very largs.

The decrement of the circuit is rather small; consequently the normael oscil~



lations are intemse and take place with a wide range of grid potential
at approximetely the same frequency, For exemple, at L = 45 cm., the
normal oscillations start at 168 volts and stop at 250 volts. The wave
lengths are as followss

Eg\z 168 volts; Average wave length = 95.4 cm.,

Eg = 250 volts; Average wave length = 95.0 cm.

The points plotted are those where the intensities are mexime, Let the
elements of the tube and their leads be equivalent to a constent length
of Lecher wires, then by moving the bridges on the Lecher wires through
a distance $L , the natural wave length of the system is changed by 45L,
when the Lecher wire is one quarter wave length long; by 25L when it is
two quarter wavess by éSL'when it three quarter wavess etc. For the
same grid potential, the Lecher wires have to be changed by 1/45%, 1/2 §A
3/4$7x,etc., when it is _l/47u, 2/4N, 3/4X, etc. long respectiveiy.
Or in other words the slopes of the different branches of the curve at
the seme grid potentisl must be different - the brench corresponding to
the condition thet the tuning Le¢hér wire is comprised of more Quarter
wave lengths has the smallef slops. This is seen cleariy to be the case

from the diagram,

~ Oscillations of Higher Orders. All the other curves correspond

» to oscillations of hiéher orders, They fall distinctly into two clesses,
There are three curves which follow & similar course o that of the normal
'oscillations; so they are generated in the same tuning system, Their wave
lengths are, however, only approximately one helf or one third of that
calculated from the Barkhausen formula, depending on the.order. These
will be useful as a source of continuously varying short wave length not

N

obtainable in the form of normal weves due to the high grid potential



E. in volts

600 |

400

200

,'LO 10 T éou‘.
Figure 4
The Working Diagram of FP-126, No. 201
oNormal Oscillations
x2nd Order Oscillations

a3rd Order Oscillations
ol4th Order Oscillations



21

necessary. Unfortunately they cease to oscillate at grid potentials
higher than 200 volts and the intensity is much lower than that of the

normal waves,

Thékrest of the curves run nearly parallel to the abscissa, This
shows that they are independent of tuning, and must have their seats of
oscillations inside the tube with the tuning system very loosely cou=~
pled, They occur at three grid potentials, viz, 385, 210 and 114 volts,
The wave length at 385 volts is 25.4 cm.,‘and calculation shows that the
oscillations are of the second ordér. The oscillations at 114 volts
have a wave length of eapproximately 35 cm, eand they are of the third
order, Both of these oscillations occur simultaneously at 210 volts,
the 25,4 cm, wave being much more intense than the other, In order to
reveal the origin of these oscillations, & search coil of smell dimensions
was connected to the heater of a thermocouple and the current generated
when the search coil was placed near different parts of'the tube was
noticed, It was thus found that the 25,4 cm., oscillations are produced
in the grid coil and the 35 cm. oscillations in the leads of the tube,

It happens incidentally in this particular tube that the grid potentials
required to excite +the 25.4 cm.waves as the third order and the 35 cm,
waves as the second 6rder coincide, having the value 210 volts, From the
construction of the tube we expect strong characteristic oscillations
with a frequency equal to that of the natural frequency of the grid coil,
The latter was calculated from the dimensions of the grid coil using

Drude's results (12) and was found to be 25,2 cm,

The separation of the waves into normal osbillations end those of

higher orders can be seen more clearly when the wave lengths are plotted
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against the grid potentials, Thisyis shown in figure 5, For any grid po=-
tential there are in general more than one wave length., However, theyuall
follow the curve 7N?'E?;=Constant,.the constant being different for the
different curves, The average values of these constants are tabulated

in the following table to-gether with those calculated from the Barkhausen

and Scheibe equations,

G -~
?\1{;'33(10 n m )\"‘Eaxzo"

Barkhausen 2.72 2.72
Calculated

Scheibe | 2.52 2,52

Normel Osc,: 1.52 1 1,52

2nd order Osc, 0.635 2 254
Observed v ,
(average) 3rd order Osc. 0.256 3 2.30

4th order Osc, 0,143 4 2,28

It is seen that the values of the constante of the higher order oscilla-
tions multiplied by the squares of fhe order numbers are very nearly equal
tq»that caicﬁlated from the Scheibe equation, The value of the Qénstant of
the}normal oscillations devieates considerably from the celculated values,
This deviation can be accounted for by the effect of the elternating poten~
tial of the electrodes upon the frequency. The results indidaie that the
wave length of the normal éscillations is decreased by the alternating po-
tentiai, bonfirming the predictions of Epstein;s theory and Potapenko's

results (5),

The foregoing shows that the tube FP-126 gives strong normal and high-
er order cscillations, The former cen be generated by coupling e tuning sys~

tem of low decrement to the electrodes of the tube and the letter arises
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- from the natural frequency of the grid coil and is prectically independ=-
ent of tuning, The wave lengths are given approximetely by the Potapenko

equation,

Tibes for Centimeter Waves.

Principle of the Design, It is seen from the above experiment

thet the dperation of a tube follows the Potapenko equetion closely, In
this equation we sed thet fhere are three factors we cen control in the
design of a tube for very short wave lengths, These are the grid poten-
tiel, the plate diemeter and the order of oscilletion, By raising the
grid potential,‘the weve length becomes shorter and shorter, Since the
wave length is inversely proportional to the square rcot of the grid po=-
tential, the rete of shortening of wave length with respect to the grid
potentiel is inversely pwoportional to»@Eéig:. This cen also be seen from
the?\—»Eg curves (fig. 5). The slope of the curves becomes almost tan~
gent to the Eg - gxis et the higher grid potentials, The rate of hest
‘dissipated on the grid veries as the first power of the grid potential,
so thet very soon a limit is reached beyond which the grid will be over-
heated, Actially the limit is reached much sconer, for the tube ceases

to oscillate &at the higher grid potentisls unless the emission current

is increased,

The wave length is proportional to the diameter of the plate. Thus
by decreesing its magnitﬁa; the wave lengthvcén be shortened much more
efficiently than by reising the grid fotential. Evidently there is &
limit to the smellest physical size of the plate that cﬁn be manipulated.,
Furfher, as the plate diamefer is reduéed, the grid must be reduced accord-
ingly. This imposes & serious limitation upon the heat dissipating cap=-

acity of the grid, Let us take the example of a linear reduction of ratio
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231 of the elements, The wéve length will be decreased by a ratic of
231 also, while the aree of the grid will be decreaséd by & ratio of
431, Nearly all the heat which the grid must dissipate hes to be radiated,
The radiating power of the grid is proportional to its area, Thus the safe

grid dissipation is decressed rapidly with the reduction in size,

Further reduction in wave length cen only be accomplished by uti-
lizing the higher order oscillations, The foregoing expdriment with

Tube FP-126 shows that very strong oscillations of the seme wave length
take place whenever the grid potential is favorable for its generation,
These oscillations were shown to be those of the grid at its natural
frequency, This fact can be utilized in the design of tubes, It is im-
portant that this circuit be made with as smell a loss as possible, Os-
cillations can occur only when the energy supplied by the electron |
stream compensates the losses in the circuit, If we assume that the grid
coil rediates 1like a Hertzisn dipole, the radietion loss will increase
sixteen fold whenever the wave length is decreased by a factor of two.
The resistance of the circuit will also be increased due to the decrease
in the depth of the conducting layer or the so-called "skin effect" at
high frequencies, Due to all of these unfavorasble factors towards the gen-

eration of very short waves, we may expect its intensity to be low,

The procedure in designing a tube can be exemplified by the follow=-
ing, “The smallest'diameter of the plate that can be easily manipulated
mey be teken as 0,05 cm, The constent of the Potepenko eguation is

2 0 v b -
N 7\53,10*1’\;“°=2§ 00. Simple calculation shows thet a wave of one cm.
should be obtainable at grid potentials equal to 100 and 70 velts when

n 1is equal to 5 and 6 respectively, These are reesonasble values for the
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grid potential and n , It was shown by Gossel (13} that the best ratio

of the diemeter of the plate to that of the grid is about 3. This condition
determines the grid diemeter at asbout 0.02 ecm, The totel length of the
grid wire should be about equal to the wave length, This fixes its number
of turns, The length of the grid coil depends on the distance between the
successive turns, Now the C1éarance between the grid wires should not be
to0 small, for otherwise, & majority of the eletrons will be caught by the
grid on their flight from the filament to the plate, thus becoming useless
for oscillation, On the other hand, it can neither be too large, for the
field due to the grid will be very much distorted and the electrons from
the filement will pass the grid with widely different velocities and the
oscillation energy will be decfeased due to the incoherency of the electrons.
Tubes which y;ild strong oscillations like the FP-126 and others have a
clearance to grid wire diemeter ratio of 5 to 6. Taking»the séme ratio
for this tube, the length of the gridﬁhelix and consequently the plate
length are fixed, The filement wire mafkﬁave eny convenient diameter for
even the thinnest filament obtainable will be able‘to furnish mére emig=-
sion current than can be stood by the grid, The actual dimensions of the

elements of the tubes made diffef from one another,

Construction of the Tubes,

; The Flate, The plete is made of,pure nickel tubing., Nickel wes
used for it is available in tube form end on account of ite ductility it
can be drawn to the desired inside diameter, A steel wire having e diameter
- equal to thet of the desired inside diameter of the plate wes put inside

the nickel tubing end they are drawn through a wire drawing die, They were
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dreawn through a series of holes of gredually diminishing diemeter until
the nickel tubing surrounded the steel wire very snugly. A segment o?
the tubing of the required length wes cut off from the rest with a razor

blade, This was used as the plate in the assembly of the tube,

The Grid. The grid material must have the following properties,
Tt must have & small electricel resistivity so as to make the loss of the
grid circuit as small as possible, Tts melting point must be high, for
under the bombardment of the éiectrons at high grid potentials a large
amount of heat is generated, It has to keep its shape &t high tempere~
ture., There are four materials which snswer these requirements with vary-
ing degreesof satisfaction., These are tungsten, platinum, tantalum and
molybdenum, An examination of the properties of these four refeals thet
tungsten is the best one for this purpose, Molybdenum has a resistivity
ebout ten percent smeller than that of tungsten, but its melting point
is sbout 30 per cent lower, Tantalum has thebsﬁperiority over tungsten
in thet it absorbs & large amount of gas af high temperatures, but the
tubes will be under constant pumping during operation and this adventage
is not important compared to its inferiority of having a resistivity
three times larger, Furthermore, tungsten is availeble in wires of dif-
ferent diametery so this is used in all thé tubes, Its stiffness mekes
it very desirable for keeping its shépe even at high temperatures, but
at the same time it presents a difficulty in meking a>grid helix having

a unfform diameter and constent pitch,

Different methods were tried in meking the grid, and after some

experimenting the following method was devised and found to be very
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satisfactqry. The grid winding instrument is very simple and is shown in
figure 6, It consists of a rectangular framework the two long sides of

| which were mede of aluminum and
the two end pieces, of ebonite,
Through the middle of each of

the long pieces was attached a
brass rod a upom which the
whole freame work can be rotated
on supports b, A hole was drilled

through each brass rod so that a

.steel wire cen be passed through

Figure 6 - and fastened by the setting screws
The Grid Winder
¢. To wind the helix, a steel wire
of the appropriaste diameter was
pessed through the holes of the
bress rods and fastened by the screws after being stretched taut, A piece
of very straight tungsten wire was then fastened to d, and a weight was
attached to the other end. By roteting the frame work on its supports the
tungsten wire winds itself very uniformly around the steel wire. The
pitch of the grid helix was controlled by tilting the axis of the freme
work relaetive to the plumb line, The tungsten wire would unwind itself if
the grid is faken‘off at this stagé. To keep it in the desired diameter
a current was passed through the steel wire‘till the latter was heated
to sbout 400° C, The the tungsten wire was cut off from the weight and
its support and thefsteel wire removed from the frame work, At first acid

was used to etch eway +the steel wire, but after one has learned the tech-

nique, one can cut the steel wire at the end and slide the grid off with-
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out difficulty, In this wey grid helices of any diameter and pitch can

be made rather quickly.

The Filament. Pure tungsten wire is used for the filament, Tts
emission efficiency is much lower than that of thoriated tungsten, buf
has the advantage of giving a constent emission current. Thoriated tung-
sten filament can only be operated at the temperature where the rate of
evaporation of the thorium from the surface of the filament is equal to
the rate of supply of the same, As the emissibn has to be varied over
wide limits when the tube is used as a retaréing field oscillator, the
use of thoriated tungsten is out of question, To secure a piece of tung-
sten wire straight enough for the filament presented much more trouble
than one would expeft. There are usually sharp bends and curvatures in
these wires that are impossible to be straighteded out mechanically
without heating., Heating the thin wire in air resulted in oxidizing it
‘80 badly that it broke easily when maﬁipulaied. Heating electrically in
carbon dioxide under tension from an attached weight was next tried. The
up-rising current of heated carbon dioxide gas cooled the upper part of
the wire so much +that the kinks and curvatures were not straightened
out, while its lower part was broken on éccount‘of the high tempersture,
Tungsten wires straight enbugh tohbe ﬁsed as filaments for these tubes

were finally successfully secured by heating them electricelly in vacuum

under tension,

The Assembly of the Tubes., At very high frequencies, nothing can

be trusted as good insulators, Ordinary vacuum tubes have their elements
supported, by wires sealed through e "press", The proximity of the leads

and the long seal of glass in these presses can result in excessive losses,
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As fer as it is necessary to have the leads, they should be separated
as far as practicable and very short glass seals should be used. More im-
portant than the above two factors is the place where the seals are made,
Standing waves are formed along the leads, so that by placing the seals

at the voltage nodes; the dielectric loss can be greatly reduced., The
elements were attached to the ends of their respective supports by spot
welding, This completes the assembly, After the electrodes were centered
under magnifying glasses, the tube is sealed to a glass envelope and ready

§

for evacuastion,

Experimental Difficulties and How They Were Overcome,  After the

problem of meking the plate and’grid end securing +the wire for the fila-
ment was solved, the actuéi assembly of the tube presented no less dif-
ficulty, The platé had to be mounted without being deformed, At first it
was attached to the support Qith a paste of colloidal carbon, This held
ithe pldte, furnished electrical conductivity, and was able to stand a
high temperature, Later it was found possible +to weld the plate electric-
ally to the support without any visible deformétion. It was done in the
following menner, The plate after it was cut to the desired length was
s1lid on a copper wire whose dismeter is slightly smaller +than that of
the plate, The copper wire was used as one electrode of the welder, A cop-
per'pencil" with & small round nose formed the other, The support»wire
for the plate was held on the nickel tubing so that they touched each
other only at the point where the nickel tubing was tangent to the cop-
per wire inside, They were then welded with the copper pencil, After one
hag acquired the feeling of handling end welding small objects, it is

not difficult to weld the grid and filament to their supports,
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The elements were welded as nearly concentric as possible so that
only very smell adjustments were needed, The actual concentric alighment

of the elements can be done rather easily,

A serious difficulty was encountered in keeping the filament concen-
tric when it is heated, There are two factors WEich tend to throw it out
of the center, The first one is due to thermal expansion, Being made of
pure tungsten, the filament hes to be heated to a rather high temperature
before it emits copiously, Let its temperature be 2500° C. A filament 5
mm, long will be expanded by approximatelyXO.OG mu, If the supports remain
the same distance apart, the center of the filament can be deviated from the
original position by about 0,3 mm,, eassuming that the filament sags into an
arc, Since the dlearance between the filament sand the grid of tube P-1 was
oniy 0.1 mm;, this sagging would result in a short circuit of the two. Now
if e tehsioh aloﬁg the filament is applied, it is very apt to result in a
breakage. There are hot spotsat certain parts of thelfilament'where it is
thinner than elsewhere, Sﬁch a spot will y#eld to the tension mbre readily
than its neighboring spots and will lengthen itself énd get still hotter,
Thus it works in a circle and will eventually result in & rupture, Measures
were taken duiiﬁg the adjustment of the electrddes so thet thé sﬁpports
would move by the calculated emount of expansion of the filament and no
| more, But still this does not prevent the filement from getting out of
alignment ‘Wheﬁ it is cooled and réheated. After the fiiament is heeted
to a temperature where it becomes piastic, it is unable to pull the sup-
ports back to their original positions and resume its original length,
when it is cooled, Thus on & second heating there is no tension on the sup-
ports to keep them from sagging, end we face the same difficulty es when
we started, This perhaps expleins why some tubes oscilleted on first %k\

trial but refused to do so when they were tried agasin, A spring with e
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very smell force constant will be helpful, but one has to pay the price

with a decrease in rigidity,

The second factor which tends to change the position of the fila-
ment when it is heated may be explained with the help of figure 7a
end 7b, Figure Ta shows the filament
in the well centered position with
respect to the grid when it is cold,

R : with a slight bend at e, exaggerated

for the purpose of explanation., When
the filament is hea‘béd, the bend yields
to thé tension of the supports, and
P . straightens itself out. As the total
Figured diesmeter is only two tenths of a mm.,,
any slight dislocation of the filament
will result in serious eccentricity of the filement and meke it in-opere-
tive. As a matter of fact, this was the reason why the filament wire was
straightened in vacuum as mentioned above, For further prevention of this
effect, the part of the filament outside of the useful portion was covered
with the paste of colloidal carbon. Thié/furnishéd a‘larger end more effi-
cient redieting surface to keep the temperesture of the non-operﬁtivé por=
tion below the ygelding temperature.rlt elso décreased greatly the emis=
sion from the same portiom, thus eliminating the unnecessary heating of
the grid, Thermal expansion of the filament was also greatly reduced which

lessened the amount of sagging,
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After a tube wes assembled and aligned to symmetry, it was sealed
to the vacuum eand evacusted. The vacuum system consisted of two stages
of mercury diffusion pumps., Since the tubes were not intended to be sealed
off, glass tubes of large bores were used for connections, The vacuum
péth of low impedance and & system of small volume were used to insure
great pumping speed, The tube was "baked" at sbout 400° C, for several
hours or more to meke the glass surfaces of the tubes free of adsorbed
weter vepor and gases, The electrodes were freed from occluded gases by
heating them to redness with electron bombardment. Such bombardment evap-
orstes the layer of oxide from the tungsteh wire of the grid, leasving
& clean bright surface. It wes found during the preliminary experiments
thai the vacuum must be very high for the generation of oscillations,
especially the higher orders, Tubes which showed no oscillations when
they were first tried worked Well after being basked thoroughly. The vacuum
was measured with a Mcleod and an’ionization gﬁuge. The vacuum was always

better than 10-6 mm, of mercury,

‘From the dimensions of the tube and the potential the grid can stend,
we could expect to generate waves of about 1 cm. in length in the form of
of higher order oscillations only. To supress the normal oscillations, the
electrodes were connected to the proper sources of potential through cur-
rent meters without any tuhing system which was used in the study of the
tube FP-126, The plate was connected to the negetive terminal of the fila-
ment, The grid potentiel was then varied, A plate current in the right di-

rection indiceted the presence of oscillations,

More than twenty smell tubes were made., In studying them, bothk normal

and higher order oscillations were observed, The normal oscillations,
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being suppressed as mentioned above, were low in intensity. They tookvplace
in most tubes when the concentricity of the elements remained good after
the electron bombardment end pre-heating. These nornal oscillations were
originated in the leeds as their prime resonating circuits, Their wave
lengths were messured by sliding a moveble bridge along the leead wires

and noticing the positions of the voltage nodes.’They were found to be very
nearly equai to thevvalues calculated from the dimensions of the tube from
the Barkhausen equationy, as it should be the case, whenkthe intensities
were low, As we were primarily interested in the oscillations of higher
orders, the ﬁormal oscillations were examined only to distinguish them
from the former, From our study of the tube FP~126 we have seen that the
normel oscillations can be esasily told apart from the oscillations of
higher orders by their characteristiecs, In the first place the higher or-
der oscillations have a sharp pesk When>the grid pofential is varied, Se~-
condly, the normal oscilletions are effected greatly by the tuning sy 8-
tem connected, but the higher order oécillations are practically independ~
ent of it, Thirdly, the intensity oflthe normel oscillations is usually
higher than that of the higher order oscillations, Theée three properties

distinguish one kind of oescillations from the other with certainty,

As we heve seen before, the wave length of the most predominating
weves can be calculated approximately frqm the dimensions of the grid.
In the case of FPflzs the ca}culated velue agrees with the observed wave
length to less than 1 per cent., The grid potential required to produce
the predicted wave lengths for the different orders of oscillations ceah

be calculated from the constant of the tube and the order number., This
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constant was computed from both the Barkhausen and the Scheibe equations.
The grid potentiels calculated in this way were compared with the observed
values where oscillations of higher orders occured, Their being oscilla~-
tions of higher orders and not the normai weaves wes determined by their
distinct properties ss mentioned above, This comparison is given in the
following table for two tubes which.generated oscillations of higher orders

more readily than the other tubes,

DIMENSIONS OF THE TUBES

Type and No. of Tube P-1, No. 6 P-1, No, 10
Plate diameter 0.,053¢2 cm, 0.0539 c¢m,
Grid diameter 0,020 cm, 0.020 cm,
Length of grid coil 0.1 cm, 0.08 cm, -
Drude's factor for - 0,70 0,74

grid coil (/%)
Length of grid wire 1,22 cm, 1.21 cm,

from one welding
point to the other

Netiirel wave length 0,97 cm, 1.00 cm,
of grid '

Diameter of filament - 00,0025 cm, 0.0025 cm,
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The Calculated Grid Potentisls and Observed Values of P-1, No.§

and P-l v NO 010 .

pP-1, Mo, 6. Grid Potentials in Volts Natural Wave Length
Calculated from Observed 0.97 cm
Order of Barkhausen's Scheibe's
Osc, Equation Equation
Normal 3090 2960 —_—
2ND 770 740 -
3rd 342 330 -
4th 193 185 .
5th 123 119
- 6th 85 82 80
7th 63 61 o

pP-1, No, 10,

[,00 cm.
Normal 2870 2750 —
2nd | 720 690 o
3rd 320 306 -
4th 188 172 L
5th 115 110
6th 80 77
Tth 59 | 56

8th 45 43

i w 8]
%) w
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These mey be compared with the values of FP-126,

FP-126 Grid Potentials in Volts

Calculated from Observed Natural Wave Length
Order of Barkhausen's Scheibe's of Grid
Osc. Equation Equation

25,2 cm,

Normal 4280 3970 .
2nd 1070 992 -
3rd 475 440 385
4th 268 248 210
5th 171 159 .
6th 119 110

The tableé show that 11 the tubes behave in a similar ways namely, on-
1y & few of the theoretically possible orders of oscillations cen be ob=-
served, This is due to the fact that’tubes can generate oscillations only
in a definite range of grid potentials, The lower limit of this range coin-
cides approximately with the saturation point of the emission current. The
upper limit depends upon the temperature of the filament, being higher at
the higher temperatures, Also the oscillations of higher orders occur only
when the symmetry of arrangement of the electfodes is very good. In the
case of FP-126 tubes, the intensity bf 3rd order oscillatioﬁs was very
high, being almost comparsble to that of the normal waves; but that of the
4th order was considerably lower. This indivates +that the symmetry of the
electrodes of the FP-126 tube is not very good and explains why oscille~
tions of orders higher than the 4th did not occur., The observed oscilletions
in the case of our P-1 tubes were of higher orders than those of the tubes
FP-126, This means that the symmetry of the electrodes of our small tubes

was very much better than that of the FP-126 tubes, The highest grid po~
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tential used on the smell tubes was 90 volts in order not to over heat
the grid. This was why no oscillations of orders lower than the 6th were
observed, as these would require a grid potential of more than 100 volts,
If in the future filament wires thinner than those used here should be~-
come available, we would then be able to heat the filament to higher tem-
peratures without increasing the grid dissipation, and so expect to ob-
tain oscillations of a lower order and therefore of higher intensity with

tubes of the same dimensions,

’ The agreement between the calculated and the observed values is only
feir in both the FP-126 and the P-1 tubes. This may be explained by the fact
that the cqnstants calculated from the Barkhausen or Scheibe equation
do not agree with the constents found experimentally, Fuether the natural
kwave lengths of the grids ec¢alculated from their dimensions may deviate

from the actual values,

Measuring the wave lengths by coupling an outside circuit to the P-1
tube Was tried, but no definite result was obtained, In the case of FP=126
tubes, the wave length measuréments of the pre-dominating 25,4 cm waves
were mede by coupling a coil arounf the tube., The energy picked up byvthe
‘coil for the higher order oscillations was over twenty times smaller +than
that for the normal waves, slthough the plate carrents were about the same
for both, There was very little or no pick up of energy when the coil was
near the tuning Lecher wires, In a more marked extent we would expect this to
be true in the case of the P-1 tubes, Eecauee the distance from the ele=
ments of the tubes to the places where the leads were accessible from
outside wé¥e at least two wave lengths long. This distance was only one

emdy=ong quarter wave length long in the case of FP-126, The'most serious
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lack

difficulty in measuring the wave length was the weid of sufficient energy
of oscillation in the case of P-1 tubes., Although the grid could stand as
much es 0,4 watt before it collapsed, the total grid dissipation at the
oscillation potentials was less than 0,2 watt, The efficiency is inherent-
1y low in retarding field oscillators, and must be much lower in these
small tubes at these extreme wave lengths, The smount of power that cen
be picked up by the coupling coil could be only a small fraction of the
radisted energy. Further the glass envelopes of the tubes may absorgffen-

ergy at shorter wave lengths, Therefore the energy was not sufficient +to

be registered in & thermocouple connected to the measuring Lecher wires.

From the above experiments we may conclude that vacuum tubes of very
small dimensions give both the normal and higher ordér oscillations, The
‘characteristics of these oscillations are similer to those found in tubes
of larger dimensions, The wave lengths of the normal waves are given ap=-
proximately by the Barkhausen equation, The enérgy of the higher order os=-
cillations was very low, The wave lengths were calculated from the dimen-
sions of the grid. The grid potentials where oscillations occur and those
calculated from the constants of the tubes agree fairly well, The oscil-
lations of wave lengths of about 1 cm, is practically the shortest limit

that can be obtained with the retarding field method,

" The author wishes to record his gratitude to Professor G. Potapenko
for suggesting this problem and for his advice and assistance in carrying

out this investigation,
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