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PREFACE

From January 1, 1949, to March 18, 1949, I was
stationed at the R.C.A. tube plant in Harrisoh, New Jersey,
to work with the Advance Development Section. This period
constituted the winter term of the third year in the
course in engineering electronics at the U.S. Naval Post
Graduate School, Annapolis, Maryland. Because I was inter-
ested 1n working with vacuum tubes in the microwave reglon,
I was assigned by G.M. Rose, in charge of the Advance Devel-
opment Section, to work with W.A. Harris on a project to mea-
sure the input admittance of the pencll tube triode at ultra
high frequencies. I became interested in the problems en-
countered in the operation of the space charge control vacuum
tube triode at ultra high frequencies during this time and
started research for this thesis in the excellent library
at the plant. It is an important subject in the light of
present-day trends in television, UHF communication, and
radar.

I wish to acknowledge the contribution of G.M. Rose and
D.W. Power, who developed the pencil tube, and of the other
members of the Advance Development Sectlon, all of whom
were always eager to advise and assist me in my work. I am
especlally grateful to W.A. Harrlis for his friendly counsel

and guidance during my duty with the section.

D.C. Peto-

Annapolis, Maryland
May, 1949
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CHAPTER I

INTRODUCTION

1, Historical,

About three hundred years ago, Otto von Guericke, with primitive
vacuum tube and electrostatic friction machine, observed the colorful
phenomenon of gas discharge in an evacuated glass vessel, Other
soientists mede similar experiments but it was not until 1869 that
Wilhelm Hittorf published a paper "On the Conduction of Electricity
by Gases", the first actual scientific study of this remarkable effect,
Ten years later the work of Williem Crookes inspired further serious
study of gaseous discharge, as a result of which the entire philo-
sophical beckground of science was changed by the electron theory of
matter, From this evolved the modern electronic tube,

Mouromtseff, (29), traces the development of the main types of
modern electronic tube to three independent socurces and several
independent lines of development, Thus, electron~beam tubes such
as the Lenard tube (1894), the Roentgen x-ray tube (1895) and the
cathode'ray tube (Braun, 1897) are derived from Crookes' studies as
are the mercury arc rectifier (Cooper Hewitt, 1902) and its modern
derivatives, the thyratron, phanatron, ignitrom and excitron, The
phototubes originated from the phenomenon observed by Hertz and
scientifically studied by Hollwachs (1888), Elster and Geitel (1912)
and others, Finally there are the high vacuum tubes which are
connacted to the Edison effect observed in incandescent leamps (1884)
through DeForests audion {1908) and Flemings valve (1904), In this
class are the ultra high frequency triodes considered in this paper,

For this resson its historical development will be considered more '
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closely,

In 1873 Guthrie noticed that a negatively charged electroscope
was discharged when a hot metal ball was brought near it but that a
much hotter metal ball was required to discharge a positively charged
electroscope, We know now that in the former case positive ions of
occluded gas were given off while in the latter case electrons were
emitted, Between the years 1882 and 1889 Elster and Geitel, two
German scientists, used a two electrode vacuum tube to investigate
conduction effects of gases under reduced pressure, They noted the
unilateral conductivity but did not develop its rectification
possibilities, In 1882, two French scientists, Jamin and Meneuvrier
also observed unidirectional flow of electric current, in this case
from an anode to a mercury cathode, Abpparently unaware of these
experiments, Edison, in 1883, while investigating the effect of hot-
spots (caused by diminished cross sectional area at certain points)
in the carbon filaments of his new incandescent lamps, made an
important discovery, The hot-spots blackened the bulbs due to carbon
pafticle emisgsion, To study this he sealed a plate between the legs
of a horse shoe ~ shaped filament, With a galvanometer he detected
current flow between plate and the positive end of the filement but
not bvetween the plate and the negative end of the filament, This
phenomenon is called the Edison effect and some people consider it
the real starting point of the modern thermionic tube,

In 1884 end 1885, Preece, in gtudying the Edison effect, showed
that the current was a function of filament temperature, interelectrode
distance, and interelectrode potential differemnce, but not of the type
of metal used in the plate, In 1884 Hittorf showed that small poten-
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tial difference was required if the cathode was incandescent, In 1885
Goldetein reported that with low pressure and cold cathode, the high-
est voltages caused no perceptible current flow whereas with hot
cathode, only a low potential was required., In 1892, Zehnder demon=-
strated the first vacuum tube used in high frequency circuits in an
apparafus built to exhibit to large audiences the then recently
discoverad.ﬁbrtzian waves, It was & small ges-filled tube in which
gaseous discharge was triggered by high frequency oscillations,

The £irst tube developed for practical radio was the famous
Fleming valve of 1904, It was & diode detector based on the phenom-
enon of unidirectional current flow, Oxide-coated cathodes were
invented the same year by Webnelt, The triode wes invented in 1908
by de Forest and was known as the audjon, The effect of the grid on
the electrostatic field wes known to scientists from the fundemental
works of Maxwell and Rieman,

Langmuir in this country in 1913 demonstrated the importance of
high vacuum as did Schottky in Europe early in 1914, ILangmuir and
Gaede developed mercury pumps about this time capable of establishing
the highest necessary vacua, As a direct result, it became possible
to design and build triodes capable of operation at high voltages and
capable of generation of high frequency output up to several hundred
watts, This progress made radio broadcasting feasible in 1920,
Another technicel advance in the art of making tubes wes made in 19228
by Houskeeper, who developed the important glass-to-copper seals, This
made water-cooled high power tubes possible,

The foregoing represents in a general way the state of develop-

ment of the vecuum tube triode in the early 1920s, The next signif-

-
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icant advance occurred in 1933 when B, J, Thompson and G, M, Rose
developed & tube of small dimensions for use at wavelengths around
50 centimeters. The previous limit wes éround 5 meters, This
inspired new attempts to further extend the upper frequency limit
of the triode, The advent of television, frequency modulation, and
radar since then has created a tremendous demand for increasing the
maximum frequency at which the triode can successfully amplify and
oscillate, During World War II, disk seal tubes were developed
for use in circuits in which the tube is an integral compomnent,
Modifications and improvements on this type of tube have brought
about the modern microwave triode.

2. BSumary of this thesis,

This paper considers in some detail the problems encountered in
the operation of space-charge control triodes (as distinguished from
electron velocity types, such as the klystron and the magnetron) at
ultra high frequencies corresponding to wavelengths in the microwave
region (30 em and less).

Low frequency amplifier and oscillator theories do not apply at
these high frequencies, Acceptable theories are derived as an aid to
understanding the high frequency limitations, The operation of the
triode is explained on the basis of various admittances involved,
The failure of the triode at ﬁltra high frequency is.due to changes
in these admittances at high frequency caused by three factors;
trensit time, lead inductance, and interelectrode capacitance, Each
of these factors is considered in detail, Meana of increasing the
frequency range of the triode by minimizing the effects of these

factors are demonstrated, The combination of tubes with small inter-
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electrode spacings and concentric line circuitry in which the tube is
an integral part of the circuit accounts for the progress in recent
yoars in extending the range of the triodes into the microwave region,
Tubes in use today belong to the disk seal family in which the elect-
rode leads or contacts are disks or cylinders of metal brought through
the tubevenvelope by gless seals, The familiar lighthouse tubes and
the more récent pencil tube are examples of this type of triode and

are described briefly at the end of this paper,



GIAPTER II

ANPLIFIER AND OSCILLATOR THEORY

l, Amplifier theory.

In order to specify completely the behaviour of a tube in a single
stage linear amplifier eircuit at eny frequency, it is necessary to
gpecify the short-circuit input, output, forward, end feedback admit-
tances at this frequency. Using these admittances, a four-terminal
equivalent circuit for the tube can be constructed and the performance
of the tube may then be calculated én a nodal besis, These admit-
tances may be defined as follows:

(a) The short=circuit input admittance, measured at the input
~ terminals, is the quotient of the current af the input terminals
divided by the voltage at the input terminals, with the output term-
inals shorted for the signal frequency,

(b) The shortecircuit output admittance, measured at the output
terminals, is the quotient of the current at the output terminals
divided by the voltage at the output terminals, with the input term-
inals shorted for the signal frequency,

(c) The short-circuiﬁ forward admittance is the quotient of the
current at the output terminels divided by the voltege between the
input terminals, with the output terminals shorted for the signal
frequency,

(d) The short-circuit feedback admittance is the quotient of the
current at the input terminals divided by the voltage between the out-

put terminals, with the input terminals shorted for the signal frequen-

cy.
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In the following section on amplifier theory, the manner in which
these various admittances affect the gain and stebility of the ampli-
fier is discussed in detail,

At zero or very low frequencies the input admittance is essen-
tially the grid conductance, the output admittance is the plate con-
ductance and the feedback and forward admittences are likewise con-
ductances, The equivalent circuit for these low frequencies is shown
in Fig, 1(a).

For frequencies of the order of a kilocycle to a megacycle per
second, the effects of the input, output, and feedback capacitances
are handled by adding them approprietely es shown in Fig, 1(b). At
these lower frequencies the values of the conductances and capacie
tances can be measured, and each element in the equivalent eircuit
is then accurately known,

At frequencies higher than about ten megacycles per second,
marked increases in the input, output, forward, end feedback ad-
mittances occur other than those caused by interelectrode capaci-
tance, The causes for these modifications can generally be traced
to either or both of the following effects:

(a) the effect of the passive coupling circuit connecting the
electron stream to the externally available terminels, and

(b) the effects of finite transit time for electron travel
through the interelectrode spaces,

The effects of passive coupling are indicated in Fig, l{(c) by
the insertion of lead inductances end by the splitting of the low
frequency capacitances into selectrode and circuit components, It is

thus apparent thet at these high frequencies the equivalent circuit
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becomes quite complex, and the computations are correspondingly
complicated. What is even worse, the measurement of the various
component values within the tube becomes too difficult, if not
impossible, Above one hundred megacycles per second the effects of
trangit time are felt to a greater extent and the problem gets even
more involved, Clesarly, what is desireble is a concept of the tube
with its intérnal circuits and external sockets, leads, filters,
etcetera, considered as a unit with all measurements taken from four
accessible terminals,

Consider the four terminal box of Fig, 1(d)., As a linear trans-
ducer, its performance can be specified by the four short-circuit
‘admittances previously defined, Connected across the input terminals
of this box is a source of voltage, V, , through a general admittance,

Ys , which includes the internel edmittance of the voltege generator,
An input admittancs, )f , is also commected across the input temrminsals,
in order to allow tuning in the input circuit, Similarly, there is a
tunable load admittance, ); , across the output terminals, )Z and

){z are the short-circuit input and output admittances, respectively,
and )/ and Y;, are the short-circuit feedback and forward ad-
mittances, respectively, V. 4s the voltege at the input terminals
and |4 is the voltage at the output terminals, The nodal equations

for this arrangement are the familiar

XI \/’ + WZ \/2 (1)
Yo Vi + Yoz Ve (2)

I
L

tt

The terminal conditions are
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.Z; = (-Vé'— \4;>§G- =iV + L, (3)
_Z;:-Ysz- (4)

Fran equations (2) end (4),

Vz . Ya,
A (5)

Yzz *Yra

The total input admittance under operating conditions is

Z,
\(r = L which, from (5) and (1), becomes

%
Y, Yo — Yz Yar o . (6)

X'az*x'z
From equations (1), (3), end (8),

AVERS
2 YoeY+ Yr

’ (7)

The overall gein of the e¢ircuit is the product of input gain times
output gein, The input gain, A; , is given by equation (7)., The
output gain, Ao , is given by equation (5), Therefore the overall
gain is

= /45'-/49 = Ys . - Ya. .
A XfY,+Yf Yoz + Yo (8

From the above equations certain conclusions may be drawn relating
the various short-circuit admittences to the total operating input
admittance, Thus the voltage gain from thé input to the output ter-
minals is the ratio of the short-circuit forward edmittance to the sum
of the short-circuit output admittance and the admittance of the load

connected between the output terminals. The overall gain is a func-

wl0-



tion of this intrinsic gain and also of the input asdmittances, Also,
the added current at the input terminals due to the presence of the
load is the product of the input voltage, the voltage gain, and the
short-circuit feedback admittance, Finally, the total input ad-
mittance is the sum of the short-circuit input admittance and the
product of the voltage gain and the short-circuit feedback ad-
mittance, The phase angle of the added component is the sum of the
phese engle for the voltage gain and the phase angle for the feed-
back admittance,

The four terminal box of Fig, 1(d) can now be replaced by an
arrangement of the above admittances as shown in Fig, 1(e)., This
is a completely general equivalent circuit for a single stage ampli-
fier including the tube and the circuits attached to its elements,
All volteges and edmittances are considered to be complex, This
network is applicable for all frequencies, As previously stated,
the terminals are accessible and all parameters are assumed to dbe
known and messurable functions of frequency, For further simpli-
fication, the network of Fig, 1(f) will be used in addition to its
equivalent network, that of Fig, l(e), In this simplified network
there are defined in sddition to the paremeters of Fig, l(e), the
adnittance, )f’, or input admittance, which is the parallel combi-
nation of the short-circuit input admittance, YZ s and the tunable
admittance, ):’,on the generator side of the input terminals, )S',
is defined as the additional input admittance due to feedback from the
output circuit to the input circuit, Finally, )z' ig definéd a8 the
output admittance end includes the short-circuit output sdmittance,

)gz , and the tunable load admittance, )Q « Thus, when reference is

olle



nade to the tuning of ){‘ or )G , 1t wiil be understood that the
parameters actually vearied are yf and yé , respectively,

From equation (6) it 1s seen that the total input admittance
consists of the short-circuit input admittance in parallel with
another admittance which may be termed the additionel input ad-

/
mittence, Demoted this by Yy , then

Yz-,: _ ”2 YZI - Yz er .

= (9)
)22 f'yé Yo

This additionel input admittence represents the extent of the :;action
of the output circuit upon the input circuit, In other words,»it is
a mneasurse ofvthe loading and detuning of the input circuit caused by
‘the output circuit, This quentity may also be used to determine the
conditions for stability of the amplifier,

Equation (9) makes several important properties of additional
input admittance apparent, First, X;, is zero when )2 is infinite
or when either k& or /2, 1is zero, providing that )ﬁ is not zero,
In general, )é; and ); are neither zero or infinite, It can then
be stated that the output circuit has neither loading nor detuning
effects when )72 s the shortecircuit feedback admittence, is equal
to zero,

Second, the conductance component of the additional input ad-
mnittence is zero when the phase angle, or argument, of Y§, is plus
or minus 90 degrees, Thus the output circuit reflects no conductance

across the input circuit when

«le



&j (-—-——-—-——-—-){2)2%'):!—272:7

Gog Yz + @pYor = 2L » 29 Ve . (1)

Third, the susceptance component of /7 is zero when arg )5~
is zero or 180 degrees, in which cese the output circuit will reflect

no detuning component, Under these conditions,

ﬁ/zj )//z > atj )./2/ :(0"‘77’)* 6?4] Yo- (11)

4
Fourth, the conductive component of ),/ is a meximum or mini-

mum when *

Z %/&'/o(}f/: o. (12)

In general, the load is tunable only in its susceptance component so that

the reel part of & ) 1s zero and equation (12) becomes

2zp 5’7’5”: O w77 (128)

Performing the indicated differentiation on equation (9) results in

@y Yo+ 2y Yo = (o) + 2ang )o- (13)

Fifth, the conduction which gives the maximum and minimum values

* Valter Ven B, Roberts, (32), describes the method for meking this
maximization,



V'
of the susceptance component of Y, 1is

A ’(Ka/:‘_/«/: o. (14)

)

Again assuming }Z to be tunable in its imeginary part only, equation

(14) becomes,

LY > 7
@/% - ""2— (148.)
Proceeding as before,
ﬂ/ej),/zf@t/)ﬁl :1.2.77_F+2“'7.yo- (15)

From the foregoing, the conditions for stability of the amplifier
nay bé obtained, When the amplifier is on the verge of oscillationms,
the total effective conductance and the total effective susceptance

of the circuit as a whole are each equal to zero, Thus, for stability,

AR/ +Z.’>o (16)
by » b » b > O . (1)

Before oscillations can occur in the amplifier, both of the above
conditions must fail, Therefore, if the condition expressed in in-
equality (16) is always fulfilled, the amplifier will be stable, If

jZ— hes its maximum negative value as determined by equation (13)
and condition (16) still holds, then the amplifier will be stable
regardlese of the tuning of }5 »

The overall voltage emplification of the stage is given by

equation (8), As previously stated, the overall gain is the product

»
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of A;’ » the gain of the input circuit, and Ao , the gain of the
output circuit, These factors are not independent, however, since

a variation in the loed admittance affects not only the output voltage
but also the additional input admittance, thereby causing a change in
the input voltage from grid to cathode, For this resson, tuning the
output admittance, YO for maximum sbsolute value of output gaiﬁ,

/ Ao/ , does nét, in general, provide the optimum overall gain tuning,
‘ From equation (5) it is apparent that //qa/ can not be infinite
as long és the resl parts of )éz and ),/z are positive, The

condition for the maximum value of / AO/ is
1 LA o Vj - o
f/;o A Yo (18)

If % is tuneble only in its susceptence component, this condition

may be stated as

._{.._._a_é_'i‘l = Odl77;- 8
YR d%) (18a)

This requires that

&j): = O =77 - '(.19)

The 77 solution of (19) is not possible if ja is positive,
From equation (8) it is apparent that Ay will be infinite (eand
so, therefore, will A providing Ao is not zero) when the input

end output circuits are so adjusted that

)§.+Y:rYr=Ys+Yz'f%"=0- (20)

n3q
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This condition corresponds to the unstable state discussed in connection
with inequalities (16) and (17),

It is important to know the value of the maximum overall gain end
the ;ndjustments orv input and output circuits which gives this maximum,
for given values of Xr s )fe/, and xz in the range from the point
of no feedback to the point of maximum stability, These adjustments
can be caleulated by maximizing /A/ with respect to ¥ end Yo
separately, end then combining the resultant conditions. The maxi-

mization relations are
L dA 2y .
% / A Ly AT (2]
L A
/3 25 <%/

Assuning, as before, that )7 and Yo are tunable in the imaginary

)
Q

(22)

1
Q

parts only, equations (81) and (22) become, respectively,

s _E_/_.A;. = O 77
@;[A 4)5’) 3 (21a)
mj(;/__ ;j;‘l - o al7l. (22a)

Performing the indicated differentiations equation (2la) becomes

aug( K+ Yer %) = 0 =T (21b)
end equation (22&) becomes
“”‘f(%"-"""%z%') = 0@ 77 (22b)

R4

From equations (21b) and (22b) it can be shown that
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mj)ﬁz my()’szz')~ (23)

Thus, for maximum absolute value of overall gain, the tuning adjust-
ments for the output circuit and the combined input circﬁit must be
similar, The actual value of the adjustment, in terms of the circuit
paraxnetera; may be determined from equations (22b) and (23), This

results in

éo - é(?/z 72/ “‘(’/z ézz) - j(é’zyzl +* ézf 5/2)

= Frayr (24)
Jo = 9 2_63_ . (25)

where f end & are the conductive and susceptive camponents,
‘respectively, of the combined input admittance % * % o

Equations (24) end (25) may be combined to give

Az_°3 f (/ * bz gy —Zzy.zl)& + bz Tz1 + éznylz
4 Jo 7

=0 (26)

The solution of equation (26) provides the value of the angle to
which thé output circuit and combinéd input circuit must be tuned in
order that maximum /A/ be obtainmed,

Equations (1) through (26) are a modification of the equations
derived by B, Salzberg, (33), whose work is based on the more conven-
tional equivalent circuit in which the connection between the plate
and grid'circuits is by means of a coupling sdmittance, %: » between
the plate and the grid and the current generator, Kf IJ » between

—
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the plate and ground where )ﬂ; is the transsdmittance and Vf is
the voltage at the grid, éhie circuit is ugeful in relating the
maximum permissible coupling capacitance between the grid and the
plate as a runctioﬁ of the phase angle of the transadmittance (for
small phase retardations the maximum permissible coupling before
oscillations occur is increased, but the improvement in stability
can be shown fo be at the expense of overall amplification), For the
reasons outlined earlier, the more generalhfour terminal network was
considered to be more satisfactory,

The operating characteristics of the amplifier, insofar as gain
and stability are concerned, are related to the various asdmittances
in the manner developed in this section, A similsr discussion of the
triode as an oscillator will demonstrate other important relation-
ships,

2, Oseillator theory,

In order to maintain oscillations in a tuned circuit, energy must
be applied to the circuit to overcome the resistive losses, The system
then behaves as though it had a zero or negative resistance, Therefore
the condition for oscillation of a triode can be obtained by calcu-
lating the effective admittance bstween any pair of electrodes and
inserting the condition that the real part of this admittance must be
zero or negative,

Consider the circuit shown in Fig, 2(2), This circuit indicates
the admittances )f ’ )2 , and X; betwesen the electrodes of a triode,
These admittances include the components inside the tube as well as eny
external componsnts, The circuit will oscillate if the effective ad-

mittance between any two electrodes has a real component equal to or
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less than zero, For exemple, let it be required the real part of the
I d

effective admittance, Yz , between the plate and the grid must be

less than zero, It can be shown that

= 1+
)g )/2 >//f'Y3+ YM (27)

when yz_ia, the admittance between the plate and grid
Y, is the admittence between the cathode and grid
Yz is the admittence between the plate and cathode

Y is the grid-to-plate transedmittance,

In general, all admittances are complex,

Thus,

Y:j+J'é

At low frequencies, where the transit time effects are negligible,

the transadmittance is a real number, or
Yoo = Fm

Then, equating the real parts of equation (27),

97 - g, 4 DT(UtTsrIn) 1556509 bs= nbits o
2 (9/ -fy; fjm)zf (b/ f-ba)z

It is required that ‘?Z, be negative, Since J, , J» , 7, , and
: JM are positive, it is therefore apparent from equation (28) that
the product of 4, times £ must be positive, In othér words, 4.,
and é; must be alike in sign, elither both capacitive or both induc-

tive, From a similear solution for 73' , it emerges that éz must be

«l0-



of opposite sign to é, . From these conmsiderations it is apparent
that there are two ways only of adjusting the circuits of a triode
for oscillation, These two classes may be presented as follows in

terms of the susceptive components of the admittances between the

electrodes:
é/ éz 63
Class I ¢ (e) -(L) + (c)
Class IT - (1) +(e) - (1)

Figures 2(b) and 2(c) are the respective circuits for Class I and
Class II oscillators at ultra high frequencies, in which C, , Ca,
end C3 consist of interslectrode capacitance,

Génsider the Class I oseillator of Fig, 2(b), The susceptance
‘4, 1is cepacitive, This capacitence in series with C3 results in
a net capacitance smaller than C} + The frequency of oscillation
is determined by the external inductance <> resonated by the pérallel
combination of Cz and some cepacitance less than Cz , In the
Class II oscillator, Fig, 2(c), 4, and A3 must be inductive. The
inductive susceptance é, in series with (5 gives a resuitant
cepacitance greater than C2 (since é; is inductive, the combination
of oz end b, must be capacitive), The resonant frequency is
determined by the value of Z 3 and the value of the parallel combi-
nation of Cs and some capacitance greater them Cz , It is thus
apparent that higher frequencies are obtainable with Class I oscillators
because they have smaller resonating capacitances,

Equation (28) may be written

'

(72:?2*?0' (29)
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where 9, = 9, G2 (3 #T5 + Fos ) # 53 6,79, b5~ Jrabos bz
(3/ * 73 *in)a-f- (6, +563)%

In a Class I oscillator, either é; or é; is variable and the other
is fixed, It is possible to obtain ,% as a function of 4, for
various values of 4z , It can be shown that as & increases, the
value of 5, for maximum negative conductance increases so the
effective susceptance, and, therefore, capacitance between the anode
and the grid is increased, This means thet a shorter circuit, or
lower inductance, between the anode and the grid is needed for oscil-
lations to occur at the same frequeney, Thus the optimum value of
susceptance may not be the value giving the maximum negative conduc-
tance but will probably be some amaller value,

In a circuit with negligible iosses, 9, and J, are zero.

Then, since

73=fp=-——l~—
/o

AR Ve XX

(0 # ) (b #53)" o
In order for oscillations to occur
Tne b bs > 3 b
b Gug 2 A4 JP
by ) b .
e b’y/ > ;_i__ ‘ (31)

These notes on the theory of the triode oscillator are derived

from the paper on short wave oscillators by J, Bell, M, R. Gavin,

a2l



E, G, James, and G, W, Warren, (1).
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CHAPTER III
FACTORS LIMITING THE FREQUENCY OF OPERATION

OF THE TRIODE AMPLIFIER

1, Introduction.

There are three major factors that limit the upper frequency at
which-the conventional space charge control vacuum tube triode can
amplify signals or generate oscillations, These limiting factors
are

(a) Blectron interelectrode transit times

(b) 1lead inductence

(c) interelectrode capacitance,

The memner in which these factors exert their influence will be cén-
eldered in some detail in this chapter,
2 Treansit time,

By the term transit time is meant that interval of time that
elapses during the travel of an electron from one electrode to another
in a vacuum tube, In the triode, of course, the cathode~to-grid and
the érid-to-plate trangit times must be considered,

The time involved in travel from one point to another is a
function of the distance traveled divided by the averege velocity
during travel, In a vacuum tube, the distance between the electrodes is
specified in the design of the tube, The velocity may be obtained as
follows, The electric potential difference between two points is by
definition the work expended in moving a unit charge from one point
to another, Therefore the change in potential energy corresponding

t0 the movement of an electron through & field is the product of the

S
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potential difference, E, through which it moves and the electron charge,

C ¥ Equating this to the kinetic energy geined,

/ 2
fe =L mV | | (32)
wherce VT = [2€ £
i (53)

where ¢  is the velocity and 42 the mass of the electron,
W. R, Ferris, (14), demonstrates how to compute the transit times
in a triode, Thus, to obtain the cathodeeto-grid transit time, s ’

in a space~charge limited parallel-plane structure, the following

equation applies:
a

Z; ::(////ﬂ ol (34)
o ’a

in which & = the cathode-to-.grid transit time

73 the cathode~to-grid spacing

v the electron velocity at point x.

From equation (33), the electron velocity is
V= \/éifi
/" b/

where |/ = voltage at point x between cathode and grid.

Langmuir's equation for current density is

3%
- ! Ze vV
I=57Vea == (59]
/ ‘ ‘/.9i
Th = — /2€ Y3
en [ o7 Vo = | (36)

* Dow, (9).



where V4 - grid potential (effective)
since the current density is the seme at all points in a parallel plane

structure, Then the voltsge at any point -x is

9/ |
V=V (%) ?a (37)
> . a= /aéx (58]
/7 - nemsmm—— —""77—/_ * 38
= L
. 5 = Sl = S . (39)

where &, is in seconds, &« 1is in centimeters and V? is in
volts,
This is one and one-half times the time required with uniformly accel-
erated electrons, as in the case of no space charge,

The transit time between grid and plate, 23 , is easier to
calculate becauge the potential distribution between the electrodes is

linear, Thus,

&= y 4 (40)
= (V5 +%)

where 4 = grid-to-plate spacing
(@' = velocity at the grid
({; = velocity at the plate
Hence O3 = 256 (41)

595x707( Vg% » £472)

in which &4 -dc plate voltage, and is the effective

plate voltage, .
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It is also possible to caleculate the transit times for concentric

cylinder electrodes. Thus,
;
- / oLt ()
v
%>

in which I £ radius of the grid

f, - radius of the cathode
F - radius at a point between grid eand cathode

U = electron velocity at F ,

bvr v = zey . (33)

- The current density is now given by

V3/z. ' V3/z
. 2 y__ - 2 /2¢
7= 5V38 o =5V 7hE )
where /3 = ’c('é‘):
3 = f‘f_;f.:_)

The function /7 is defined by Langmuir and Blodgett, (22), and

tabulated for several values of the radius ratio, From equation (43)

2
- V t’/f .

\"4 9 hﬁ") (44)

LG s (rﬂ’,) (r/j ) a,//' (45)

VE s



whence 75 = ’f(}'"’h’) ; (46)
s 9sx/07 t{j"‘

Langmuir &nd Blodgett obtained values for A of 1,5 to 3 for cathodes
internel to the grid amd 3 to e for cathodes external to the grid,

The grid-to-plate transit time, 25 , is

a2
22:er7 .___..__..‘{ 60&1/ (47)
S 95X/0 [ €Y
g
g

in which /2 = radius of the plate
and f /: £LL - l/ﬁ
Ve
o3 127,

For smell values of 2/}, , on the order of less tham 2, 25 may be

found approximetely by assuming the plate and grid to be parallel

planes, Then,

2 = 2(t- k)

- P P (48)
s95x007 (15" 4 £4%)

The calculation of the effective voltege at the grid, ’(7 , is dons

by Ferris with the result

\/j: 2 L& S

Z (49)
2 9 e
where AV - / for plane electrodes
> YT . AN 3 (50)
< 3 x
/ (51)
ard 2{_.V-7 = = P
£ VR e -‘qj_}.
elhe < 3w 7



for cylindrical electrodes, Jfg., «¢ , and _Fa, are determined ex-
Perimentally, The effective plate voltege is simply the direct voltage
applied to the plate,

3, Effects of transit time on tube admittances.

In considering vacuum tube theory at low frequencies, there is
little need to take into account the effect of transit time of electrons
in their travel from cathode to anode, This time is such a negligible
fraction of the peribd of one such low fregquency oscillation thet, for
all prasctical purposes, the transfer of electrons cen be regarded as
occuring instentaneously, This reasoning leads to a conception of
plate current &s being s conduction current, varying with the rate of
- arrivel of the electrons at the plate, It might then be assumed that
no current flows in the plate circuit until the electrons ectually
arrive at the plate, This viewpoint, acceptable enough at low fre-
quencies, is no longer satisfactory at frequencies where the transit
time is in appreciable portion of a cycle,

The current flow to an electrode is better regarded as the result
of the motion of charges in the interelectrode space as explained by
B. J. Thompson, (36), Consider, for exsmple, two infinite parallel-
plene electrodes, sei)arated a distance, & , with a voltage, £ ,
between them as shown in Fig., 3(2)s Then the electric fiela, /~ ,

is given by the expression

F = =4 (52)
A
If a small positive charge is placed between the plates very close to
the positive plate, there will be an increase in the charge of the

positive plate of amount -—2? and no change in the charge on the
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negative plate, A force of magnitude /i% will tend to move the charge
towards the negative plate, If the charge moves, the work done on it
will bYe I‘}’cx’ s the product of the field times the charge times the
distance, x , through which it moves, This work is supplied by the
battery and is equal to its voltage, £ , times the change in charge
induced on one of the plates, If Zau represents the charge induced

on the negative plate, then

—£F =g (53)
AR e (54)
- - &% . (55)

In >

This condition is illustrated in Fig, 3(b), Thus the charge induced
on the negative plate is probortional to the charge in the space
betweeﬁ the plates and to the fraction of the total distance between
the plates through which the charge has moved, The total charge
induced on the two electrodes is equal in magnitude and opposite in
sign to the space charge,

The current flowing to the negative plate as a result of the
motion of the charge 37 is equal to the rate of change of the charge

¢ ?22 induced on it by this motion, That is,

Eii = ‘z'fzt (56)
2z

Z‘n:-f,‘é{- - —Z._‘f:
& «Lr o< (57)
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Thus, the current flowing as a result of the motion of a charge between
two plafes is equal to the product of the charge times the velocity
divided by the distance between the plates, The current flow to the
positive plate is'always instantaneously equal in magnitude to the
current flow to the negative plate,

W. Re. Ferris, (14), applied these considerations to the triode
of Fig, 4, Operated under direct current conditions and with a
negatively biased grid is the triode shown in Fig, 4(a), The current
induced in the grid by the motion of the electrons from the cathode
towards the grid is exactly balanced by the current induced by the
electrons flowing away from fhe grid towards the plate, Since no
electrons are collected by the negative grid, there is zero current
“4in the grid,

In Fig, 4(b) is shown the same triode with a small alternating
éignal impressed on the negatively biesed grid., The electron convec-
tion current is a function of the instgntanedus potential of the grid,
Therefore, during the time that the grid potential is increasing, the
convection current is increasing, Since the convection cﬁrrent, or
flow of electrons, originates at the cathode_and propagates at finite
velocity across the interelectrode space, it is greatest nearer the
cathode end least near the plate during the period that the grid
potential is constantly increasing, In other words, there are more
electrons, moving faster, between the cathode and the grid, them
between the grid and the plate, Thersfore, the current induced in
the grid by the electrons moving towards it is greater than that in-
duced in the other direction by the electrons moving away from it end

there is a net flow of current into the grid., When the grid potential

-
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is decreasing, as shown in Fig, 4(c), opposite conditions obtain and
there is a net current flowing out of the grid,

At any instant the difference between the convection currents
on the two sides of the grid measured at two arbitrary points (which
can be taken very close to the grid) is proportional to the time rate
at which the convection current is modulated, This is the rate éf
change of grid potentisl times the transconductance, 7m . Further-
mors, the rate of change of grid voltage is proportional to the root
mean square magnitude of grid voltege times the frequency of the alter-
nating grid voltage, The difference is also proportional to space
modulation of the convection current, which is a function of the transit
time between the two points, Then the grid current can be expressed

as

_z;.:k, 9 Jm L (58)

oF Iy ot )‘;é} (59)
where )g: A//‘?Micf

;} = alternating grid current

;3 = alternating grid potential

G = tramsconductance

# = frequency of alternating grid potential
2 = transit time, cathode-to-grid

Z; - grid admittance

£ = undetermined parameter

From the foregoing, it is spparent that )? is a capecitive susceptancs,

At the moment when the grid potential reaches its maximum value,

-
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the convection current is still greatest at the cathode and least at
the plate, Therefore there is still a net convection current in thg
grid circuit, There is a finite time, a function of transit time,
2", before this durrent becomes zero, This results in a phase dis-
placement, € , between the time of maximum grid potential end time
of zero grid current, This phase shift represents a conductive

component, 0‘73 , in the grid admittance which may be defined as

G = \/‘704;)—&9

(60)
for smatll &, Dim O 26
- 2 Y0 .
Jg2 7§ (1)
@ - w? (62)

where W = 21T F

Ty KguF e (63)

In other words, the grid conductance increases as the square of the
frequency and of the transit time.

This variation of conductance with frequency was predicted by
B. J., Thompson while studying small "ecorn" tubes, The effect was
noted by H, 0, Peterson in the damping of a tuned circuit at high
frequencies as a result of which Thompson derived an equation in the
above fom for j,? o« The results were verified experimentally by
W. R, Ferris and D, 0, Nath, North, (31), derived a trigonometric

equation for grid conductance in which A~ 1is found to be a function
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of the transit times and velocities at the electrodes, Thus

&G e
ZE = grid-plate trangit time
¢; = cathode-grid transit time
pg = electron dc velocity at the grid
%5 = electron dc velocity at the plate .

As for the input susceptance, the investigations of many engineers,
Bepham, (2), Llewellyn, (26), and North, (31), to mention a few, result
in two common conclusions: |

(a) There is an increase in capacitance due to the presence of
electrohs in the cathode~grid space, This leads to a so-called "hot"
capacitance greater than the cut-off or "cold" capacitance, and

(b) This increase is independent of frequency for all practical
purposes.r North obtained a theoretical varistion in capacitance of
1,2% for a frequency variation from zero cycles per secoud to one
hundred megacycles per second, Ferris was unable to detect experi-
mentally any variation at all, although the difference between hot and
cold capacitance was readily observed,

Transit tine effects are also noted in the grid-plate space,
Llewellyn, (27), describes an equivalent circuit for the triode at
ultra high frequencies which takes the seme form as at low frequencies
in which the tube is represented as a voltage generator, 4&6’3 y in
series with the internsl resistance of the tube, /2 Now, however,

¢c is a complex quantity and so is the internel impedance of the

-
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tube, 250 o In other words, a phase angle is introduced in the driving
electromotive force of the tube and eanother phase angle is introduced
in the resultant plate current, The transconductance of ths tube is

defined for low frequencies as

G = A

//'é
At frequencies where ¢ ig complex and 42’ must be replaced by the
complex 25b s the term transadmittence replaces the term transconduc-

tance since a phase angle is involved, Transadmittance is

A
Y = =

Zpe

The magnitude of this transadmittance decreases with increasing
frequency but the effect is small,
In summary, the principal effects of increasing transit time

are

(a) Increased input conductance

(b) introduction of phase angle in transadmittance

(¢) decreased magnitude of transadmittance

(d) decreased magnitude of plate impedance and the

| introduction of a phase angle therein,
The most important of these effects is the increesed input conductance,
which varies as the square of the frequency and of the transit time,
The introduction of a phase angle, increasing with transit time, in the
éransadmittance is also importent, It is apparent that transit time

effects cause variations in all the admittances which are involved in
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the operation of the tube either as an amplifier or as an oscillator,
2, The effects of transit time on amplifier and oscillator efficiency,

Because the gain of the amplifief is inversely proportional to
the input conductahce, it becomes exceedingly difficult to obtain
usable amplification at ultra high frequencies, In addition, the gain
is proportional to the magnitude of the forward admittance, which is
decreased slightly due to the effects of transit time, Similarly,
since the input voltege for the oscillator is derived from its plate
voltage, the input loading seriously limits the maximum frequency at
which the tube can oscillate,

The phase angle introduced in the transadmittance by transit time
effects 1s serious only for the oscillator, It is for this reasson
that higher efficiencies are obtainable for the triode when operated
as an amplifier rather than as an oscillator under similsr operating
conditions,

The effects of transit time are emphasized in Class C operation,
because the electrons travel towards the plate in pulses rather than
in the continuous stream encounfered in Class A operation, For this
reason, the following development is based on Class C operation,

In an oscillator the Rf grid and plate voltages are derived from
the same resonant circuit, TFor this reason, it is very difficult to
shift the phase of the plate voltage with respect to the grid voltage
for even a few degrees, Due to transit time, electrpns arrive after the
plate voltage has swung through a minimum and starts increasing, The
energy given up at the plate is the total work done on the electrons
by the voltage present during flight. In this case, the voltage is

approximately equal to the plate voltege at the time of arrival of the
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electrons at the plate. The greater the phase difference between the
tiﬁe of the plate voltage minimum and the time of the electron arrival
at the plate, the higher are the energy losses and the lower is the
efficiency, In a neutralized amplifier, on the other hand, or any
amplifier in which the phase of the output vbltage is independent of
the phase of the input voltage, the plate voltage phese may be shifted
for minimum loss (180 degrees phase difference between alternating
plate voltage and plate current), Therefore the efficiency of the
triode as an amplifier will be higher than as an oscillator, It will
be lower, howevef, than undgr low frequency conditions because the
electrons are in the grid-anode space for a larger fraction of the

Rf cycle,

The efficiency of the oscillator is zero when 77 , the period of
oscillation, is equal to some constant, 4 , times the transit time,
2, wkere. & is the total tremnsit time from cathode to anode. M, R,
Gavin, (16), determined that A 1is approximately equal to 2, In
other words, oscillations cease when the transit time is about one-
half the period of oseillation, This result is obtained as follows,

for planar triodes:

X=zeT

(64)
Torny = 2
loan = A (65)
from co (39) arcd (v2) , & - _ S Rh
M ep ai J = (66)

+
S ¢5xr0” Vf"z SN0 ’/Ki Ya v E2)

oo hMin 2 €A = % '?a: + Z,L -/,) (67)
Vq" V-i'z.ft“

cA
595 x /0

where /? =

74



A\ = wavelength
C = velocity of light

7/ = preriod of oscillation

From measurements of Xarsw, . b, ‘{7 ancl £4, ° was

determined to heve a value of about 1000, From this,

A= s95x s07x70° S 2.

sxs0%

This value of A = 2 is satisfactory for oylindrical electrode triodes
" when the interelectrode spacing is very small so that the ratios of
grid radius to cathode radius and anode radius to grid radius are each
less than 2,

Yg , the effective voltage at the grid, has been shown in equation
(49) to be inversely proportional to ¢€, Then it is apparent from
equation (67) that the minimum wavelength is proportional to the square
root of 4C , Therefore, low <& tubes are desirable for ultra high
frequency oscillation, |

The data of Wagener, (38), and Haeff, (18), show efficiency to be
an galmost linear function of frequency in accordence with an empirical
relation which can be adjusted to £it both the amplifier and the

oscillator, Thus,

7 =7o(/_'"'f”p) (68)

in which 7

Je

A, = constant, determined by operating and design

afficiency at frequency f

low frequency efficiency

paraneters

# = frequency .
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Weng, (39) defines four modes of Class C operation fiom the low
frequency case to the ultra high frequency where the efficiencj be-
comes zero, These modes are determined by the relations between the
following periods of time involved in the flow of a pulse of electrons
from the emitter to the anode;

Z,, the time when the first electron emitted at the cathodeﬂ
at equal zero arrives at ;he plate;

Z2» the time when the cathode stops emitting electrons;

Z3, the time when the plate receives the last electron; and

z;, the time when the lest electron is returned to the emitter
and the interelectrode space is empty,

In the low frequency case, transit times are very small and the

tube operation can be understood from its static characteristics, In
_ the second mode, or moderately high frequency case, Z, 1is still less
than Z; , The third mode‘occurs at highef frequencies when, <&, is
greater than 2> + No electrons reach the plate in the fourth mode and
it is the boundary between the third and fourth modes that sets the
limit for pulsed operation, The mode of operation for a specified wave-

form depends on a single normelization constant, C , where

T -
c-2ze. _51.24_2‘:__. (69)
s -4

in which $%: = ratio of charge to mass of en electron

Zs = % period of voltege pulse
£gm = Dpeak value of voltage pulse
& = equivalent diode spacing .

At the boundary between the third and fourth modes, C has a value of

-
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0.7,

Lehmann and Vallarino, (25), extended these results by deséribing
the voltage pulse in terms of anode voltage, Their work is based on
operation in the second mode, In the third mode, the efficiency is
less than 25% and the amplitude of oscillationvis small so that Class
A theory is applicable, This voltage pulse in the cathode-grid region
is proportionel to 152 , the dc plate voltage, assuming practical
Class C operating conditions, On this basis, the properties of a Class
c ﬁltra high frequency emplifier and oscillator mey be expressed in

terms of the dimensionless parameter fﬁ', where
g = LL
/6
VEs

ard =7 (/- {n:.___'/_é%fé) (72)

(70)

low frequency efficiency,

frequency in megacycles,

dc anode voltage in volts,

effective cathode to grid spacing in inches,

= 1,75 for oscillator
1.2 for amplifier

S O N
1"

K was determined empirically for oxide coated cathodes.
This analysis of the work of Wegener, Haeff, Wang, and Lehmamn
and Vallarino was made by R, R, Law, (24).

Lehmann and Vallarino demonstrated other interesting relations,
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From the condition that the efficiency, 7 , is a constant,

ﬁ: £l = CoNSTANT .
£Ehb

=

Uging the symbol 4 . as the current density per unit area and from
the Child - Langmuir law,

A= £z \/;e; v (73)
2,2
from eq.6%) K3 = ko oL°F (72)
e \%¢
eliminating d from the above equations
2
V= Ay 4 . (75)

frif

which shows the maximum output plate voltage for a constant efficiency,

Eliminating V from equations (73) and (74)

X - A/"f' }d_f (76)
which is the grid to cathode distance when the efficiency is constant,
This shows how much the dimensions of the tube must be reduced for
constant efficiency with increasing frequency, For practical reasons,
the dimensions can be reduced only so much, The current can be shown
to be proportional to a constant times a function of current density
and frequency, Thus

3
I = Af;.cdz . (77)
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W, zhe USeFul rowehr, peoco/?reS

5

';:;" . (78)

w= vI = Ky

This does not correspond to the exact conditions under which the tubes
are used but it does indicate to some degree the effect of increasing
. frequency in decreasing power output quickly, Equations (75) through
(78) indicate the desirability of having maximum‘possible current
density, A o
5. Lead inductance and interelectrode capacitance.

In the circuit of Fig, 5(a) is shown a triode with the lead
inductances and interelectrode capacitances indicated therein, An

oscillator circuit may be constructed using for the tuned circuit the

inductance Z where

£ s da 43

(79)
and the capacitance C where
C: Cao » C“é C}‘?
7 (80)
Caé »Co%
The wavelength, A , of oscillation is
A= 07T JLC (81)

when £ is in uhenries and € is in uufarads,
Z(;,_ and Zy » the plate leed end grid lead inductances, respectively,
can be calculsted from the formula for the inductance of a straight

wire

{ = 002 ///%5_:./_/ ehenrries . (82)

X



in which ,l?is the length in em
& is the diameter in cm.
From equation (81) it is aspparent that / ana C must be made as
small as possibie. in order to decrease thg wavelength, /\ .

Lead inductance has another undesirable effect on the tube
operation because it can result in an input loading which is in addi-
tion to that caused by the effects of transit time, Consider the
circuit shown in Fig, 5(b). The input voltage <~ is applied to the
grid as shown, A portion of this voltage, /f}é , appears across the
grideto-cathods admittence, /74 in parallel with €95 , and the rTe-

mainder, 4‘2 s @ppears across the cathode lead inductance, 44- .

Then

£,z L9 » £k (83)

Eh= Jwlpe 2 (84)

%= Lor Sk (85)

£ :é}é(/#/wééjfé)- (86)

also 8;é: J lei’ %é . (87)

YQ = Z}é = J.wczk (88)

2‘:—— /:"J.“—’Z;(-Z?,{.

where Yo 15 rhe compohent of tupar
G isCahrhce Lae Co 3;‘7% .

Y - ©%6GeTre + ©Cse

Lt} Bk o)

j{ = wz"/é Cfé 495’4'
e T
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Thus there is an input conductance, ;Zi,’ which is proportional to
frequency squared and to the gridecathode tramnsconductance, When
inductance in ﬁhe plate lead is considered, it can bhe shown that the
input conductance is proportional to the squars of the frequency and
to the grid-to~-plate transconductance, assuming that the two £ C
products involved are equal, Since the transit time input conduc-
tance is also proportional to the square of the frequency and to the
transconductance, it is difficult to distinguish the respective

components,
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CHAPTER IV

INCREASING THE FREQUZNCY RANGE OF THE TRIODE

1, Introduction

It has been demonstrated how transit time, lead inductance and
tube capacitance affect the operation of the triode as an amplifier
and a8 an oscilletor, Obviously, to increase the upper frequency
limit of the tube, it is necessary to decrease the magnitﬁde of these
three factors or otherwise compensate for their effects, It is
possible to reduce transit time, lead inductance and interelectrode
capacitance by reducing the pvhysical dimensions of the tube, In
addition, the effects of lead inductance can be eliminated and the
offects of capacitance minimized by integrating the tube with its
associated circuit,

2, Decreasing the linear dimensions of the tube.

The limiting effects of lead inductance and interelectrode
capacitance have been appreciated almost since the invention of the
triode, In 1916, W, C. White, (40), described & tridde oscillator in
which the oscillatioﬁ inductances and capacitances consisted solely
of these components, EHe obtained a wavelength of about six meters,
which represented the upper frequency limit of a conventional triode
using lumped constant circuits for many years, It was not until 1933,
in fact, that & major developmenﬁ in tube design wes made which
inereased the upper frequency limit by decreesing the linear dimensions
of the tube, In that year, B, J. Thompson and George M, Rose, Ir.,.(zv),
described such a tube, Its construction was a résult of the application

of what B. Salzberg, (34}, called "The Principle of Similitude™ which
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is stated as follows:

If all the linear dimensions of a tube structure are divided by
a conétant factor, n, then the electrode currents, transconductance,
emplification factor, and Plate resistance Qill remain substantially
constant, but the lead inductances and capacitances, the tube capa-
citances, and the time of passage of the electrons between the various
electrodes will be divided by n, The direct current lead resistances
will be multiplied by n, but the alternating current lead resistances
will ordinarily be multiplied by something less than this factor, The
allowable plate dissipation and available emission of the tube, however,
wiil be divided by n2 and the current densities will be multiplied

2 « Physically the tubebwill be reduced in its overall dimensions

by a factor n and its weight by & factor ns.

by n

The tube built by Rose and Thompson used planar electrodes, The
reduction in dimensions over existing triodes wes ten fold and so was
the reduction in resultant wavelength (from 5 meters to 50 centimeters).
Although this tube wes designed end built more or less as a laboratory
exﬁeriment without immediate comuercial application, the response from
the electronics world was such that further development was warrented,
The so-called "acorn" tube, described by Salzburg and Burnside, (34),
wasg the result,
3s Integrating the tube with the circuit.

There is a limit to how far the dimensions of the tube can be
reduced, Reasonable plate dissipation must bé allowed for, which is
not consistent with very small dimensions., In addition, the grid to
cathode spacing can not be reduced to any advaeniage beyond a point at

which the effective grid voltege no longer influences the emission of

-
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electrons from the virtual cathode, It is possible to reduce the effects
of lead inductance and interelectrode capecitance,

I. E, Mouromiseff and H, V, Noble, (30), designed an oscillator in
1932 in which the externsl circuit between the plate and the grid con-
sisted of a length of tremsmission line of characteristic impedance

Zo terminated in an impedance Z# ., Refer to Fig, 6., The input

impedance of the line, Z,° , is given by the familiar

. 27-€
I Zr # -’/Za X (92)
Zo + S22y Y %F_f
F = @, r4ea
22;' = Zo .
S T 27€ (93)
FE, ThE ceangrh of Che Llihae, s A,
ZhéA Z
Z7 - Ze .
> - = (04)

This represents = parallel resonant circuit, However, there is a
loading effect imposed by the tube across the input terminals of the
transmissioﬁ line, Even if the plete lead and grid lesd inductances
are eliminated by incorporating the leads in the transmission line,

it is still necessary-to consider the interelectrode capacitances,
Mouromtseff and Noble neglected this loading, but Gavin, (16), did not,
He used a shorted quarter weve section of line so that ‘Zrz equals

zero, Then

zz- = J. ZO EM ZZ/ . (95)
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Zr = o0  when /=;-’\,—1- (96)

It is necessary to adjust the length, ,(, to something less than &
quarter wave to resonate the input impedence of the line with the

cepacitive loading due to the tube, Then

L = Fo = Zalﬁ?««f-’z’—(o (97)
oC A
C = Cag # Cet Czé , (80)
Cz{vf-.c.?/?
. m R - 4 . (97a)
A w C Fo

In order to produce ultra short waves, it is necessary that the length,
j s be a8 long as possible for a given wavelength, This requires
small values of characteristic impedance, The use of concentric
transmigssion line is therefore suggested, The characteriatic impedance

of such a line is

- /35 _/ ..2_. v
Zo = -————-"g o e (98)
& = dielectric constant (unity for air)

D inner dismeter of the outer conductor

« = outer diameter of the inner conductor.

By designing a tube with concentric electrodes expressly for inte-
grating the grid end plate with inner and outer conductors, respectively,
and having the asnode to grid diameter ratio the seme as the diameter
ratio of the concentric line, the plate snd grid lead inductance and

b
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the plate~to-grid capacitance,C:gy » @re no longer factors limiting
the frequency of the tube, There still remains, however, the series
combination of plate-to.cathode capacitance and grid=-to-cathode
capacitance, If the characteristic impedance of the tﬁbe elements

does not match that of the line, and 1f generally does not, there will
exist an additional component of impedance to load the input terminals
of the line, In any event, what is achieved by such a design is a
single electrical system having one section walled off and evacuated

to house the electrdnic activity rather than an electron tube with an
attached outside circuit,

| A resonant length of shorted transmission line will develop
standing waves of voltage and current when an alternating current
electromotive force of frequency corresponding to ,X.: <€ is im-

~ pressed across the open end, as in Fig, 6(b), These oscillations will
continue when the source of energy is removed ﬁntil the energy is
dissipated in the resistance of the conductors, in radiation, or in

the load,l In a concentric line system such &s this, losses in con-
ductor resistance and in radistion resistance are negligible, The
phase relations at the ends of the concentric line system are such that
the tube connected as shown in Fig, 6(c) cen sustain oscillations if a
dc voltege is supplied to the plete and if the grid is properly biased.
The standing waves developed are the result of the transmitted and re-
flected waves propageted in such a manner that every impulse originated
by the tube returns to it after traveling the length of the system eand

back, a distence 2€ , The time required is

(99)

Z =

AN
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vV~ = the velocity of propagation of the wave and is

aprroximately equal to € , the velocity of light,

An impulse cen be produced by the tube only on a negative half cycle
of plate voltage and positive swing of grid voltage., Therefore, Z

is the period of one half oscilliation and

2L = U‘.ZZ: = _;_:__. . (100)

Thus the wavelength is a function of the length of the transmission
line only. This means that ultra short waves can be produced in such
a gystem, A limitation on the minimum wavelength is imposed by the
naecessity for not having a voltage node on the grid, Blocking
condensers are used to isolate the dc voltege on the plate from the
grid circuit,

A comperison between the concentric line, or standing wave, circuit
and the conventional lumped constant Hartley oscillator c¢en be made by
calculeting the oscillator energy in each case for the same value of
meximum voltaege, Consider a concentric line of length, .¢ , having
distributed capacitance snd inductance of C tarads per unit length
and Afl henries per unit length, respectively, Sinusoidal standing
waves of voltage and current are imposed on the line, The total energy
of such a system consists of the sum of the potential energy end the
kinetic energy. The potential energy is & meximum and the kinetic
energy zero when the current is everywhere zero and the voltage stand-~

ing weve is & maximum, Then

£

2
kgv = ElaCV @ {101)
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wiere V= Vo 600.277:.2’-’5

(102)
2 ol 2
Wo = L c Vg Coo Tx b
7=z °u 57 (108)
whehrce Wy = C__'_g___(_!./e,.z . (104)

 dl

The kinetic energy is a maximum, and the potentisl energy is zero,
when the voltage is zero along the line end the standing wave of

current is at a maximum, Then

£

2
Wy /21 L L oy (105)

o

z.7 (1086)
£
LW - Z .z
a ﬁ < Lo 2o 2‘”""/?("‘ e _ (107)
[~4
u/,f = é ,(,'.Z:J “ .
5 (109)

asSLMING Zero FESISEIVE LOSSES,

cert. Lels
= = (110)

— (111)
,/ZE. Zo _

wherce 2 _ ‘/Z__‘
Z (112)
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Legr = Lo Vo : (113)
‘ vz ZolZ

The volt amperes of the standing wave system is

VAsy, = .Z_e;;(; W?.p; = Vo (114)

N
N
IS

. .. \/ASW - Vaz.
2 Zo

(115)

The volt ampere’product of the lumped constant Hartley osecillator

heving an oscillation capacitance C is

VA,, = 7TFc Vo? . (116)

Thus in the standing wave system, the oscillation energy is not a
function of frequency and cen be increased by decreasing Zo , the
characteristic impedance of the line, In the lumped constant circuit,
on the other hand, it is necessary to increase (C for a high volt
ampere product, This, of course, will limit the maximum frequency
obtainable,

There are other advanteges gained by the use of concentric line
tube=integrated circuits, Radiation losses, an important factor at
frequencies involving very short wave lengths, are negligible in the
concentric line system, since the standing waves are enclosed within
the outer conductor, Furthermore, such circuits are particulerly well
suited for the grid-separation or grid return circuits, In such a
circuit the output load is placed between the plate and the grid, as

contrasted to the conventional arrangement where the output load is

-
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plaged between the plate and the cathode, The cathode-return and grid-
return circuits are shown in Fig, 7. It is readily seen that, if the
cathode~grid resonator and the grid vlate resonator are not coupled by
extgrnal means, the only way in which energy can be exchenged between
the resonators is through the electron beam and the electromagnetiec
coupling through the grid, Couéentric line circuits lend themselves
to easy tuning by means of moveable plungers in the cathode-grid
resonator end the grid-plate resonator,
4, Other means of increasing the fre@uency range,

In addition to designing tubes and circuits specifically for use
at ultra high frequencies it is possible to increase the upper fre-
quency limit by adjusting the operating conditions, It was shown in ‘
Chepter III that the transit time varies-inversely as the square root
of the electrode voltages, It follows that by increasing these voltages
the transit time can be decreased, There is a limit to how high these
voltages may be increased imposed by the necessity for dissipating the
resultent heat, The problem is emphasized when the tube electrodes
are mede smaller for high frequency use, Pulsed operation is one answer
to the problem, since high voltages may be applied for short intervals
without overheating the tube, Increased emission of electrons by the

uge of better emitting material in the cathodes would also help,
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CHAPTER V

DISK SEAL TRIODES

1., Introduction,

The considerations expressed in the foregoing chapters led to the
development of a special tube for use at ultra high frequencies in
concentric line circuits, It is known as the disk‘seal tube and was
described in February 1945 by E, D, McArthur, (28), Electronically,
the disk seal triode uses the séme space-charge control principle as
conventional triodes, Geometrically, it is a tube built from simple,
smooth surfaced disks and cylinders into a structure which usually has
circular symmetry, Philosophically, the tube is an embodiment of the
principle that in the microwave region it is necessary to consider the
amplifier or oscillator not as an electron tube with en attached circuit
but rather as a single electricel system having one section walled off
and evacuated to house the electronic activity,

2. Planar electrode disk seal tube,

In Fig, 8(a) is shown the most common disk seal tube, It is known
as the lighthouse tube because of its resemblence to that sort of
structufe. The anode connection is the c¢cylinder and disk at the top,
Below it and insulated by a c¢ylindrical glass wall is the grid disk of
larger diemeter, Another glass section separates the grid disk from
the cathode connection cylinder, which is of still larger diameter,

The heater leads and the cathode bias leads are brought out through the
base of the tube in pins,

This stepped construction mekes the lighthouse tube well suited

for use in concentric line circuits such as are illustrated in Fig, 7.

—

«50-



ANODE

<g CONNECTrION
C:‘l:l'\:\ff TF oV GLASS
Y /
{ CATHNODE
CONWN €y ioty
<
U U U “ SBASE
(@) L/GH7 AHOUSE TUBE
GLASS
¢
CATHOP E ) PLATE
CONNECTION CONNECTION
NEATER < Ir ' I
| GRI1D

k CONMNECTION
%) PEANC/L T OB

f?'juhe 3




In Fig, 9(a) is shown a "folded back" grid separation circuit in which
the cathode=~grid cavity is folded back, or concentric with, the grid-
anode cavit&. Each cavity is tunable by heans of a movable plunger,
Redio frequency input and output are obtained by mesns of probes in
the respective cavities, In an oscillator, fesedback can be provided
by probe coupling between the cavities or by some sort of cavity
sharing arrangement as illustrated in Fig, 9(b), This is known as

a re-entrant type circuit,

The early lighthouse tubes, such as the first 2039s end 2C40s,
appreared during World War II, They were designed for frequencies of
the order of 400 megacycles, Improvements since then have extended
their range to around 3000 megacycles, Some lighthouse tubes reverse
the positions of the anode and cathode from that shown in Fig, 8(a)
to improve the plate dissipation, Cooling fins are also common in
both types,

Early in 1949, J, A, Morton and R, M, Ryder described before a
meeting of the New York section of the IRE a new tube of this family
developed in the Bell Telephone Laboratory, It is known as the
B.T.L. 1553, It is characterized by its extremely thin oxide layer
( o5 mil) and extremely small cathode (from the top of this layer)-
to=-grid épacing (o6 mil), The grid is made of one layer of parallely

wires ,33 mil in diameter spaced 1000 per mils, In a triode the upper

transconductance limit of approximately 11000 micrchms\per milliampere

is reached when the cathode and grid are so close that the electrog
velocity due to effective grid potential is small compared to the
average Maxwellian velocity of cathode emission, Ordinary microwave
triodes are a factor of 20 to 25 below this limit, The 1553 has a

-
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transconductance of 50,000 microhms at 25 milliamperes, It was designed
to amplify at 4000 megacycles and can probably go higher, say 5000
megacycles, As a Class A amplifier it auppliés a gain of 7 to 10 db
with a bandwidth‘of 80 to 100 megacycles and power output of 1 watt at
4000 megecycles,

3s Concentric slectrode tubes,

Concentric electrode tubes have many advantages over planar electrode

tubes (E, G. Dorgelo, (10), electronic, mechanical, end thermal, For
the same potential difference end spacing between electrodes, the grid
to anode potential distribution increases more rapidly in the concentric
electrode tube then in the planar, Therafore, becauge the electrons
acquire their final velocities (a function only of the potential differ-
ence between plate and cathode) sooner, the transit time is less, In
a planaxr tube, the current density in the grid-anode region is high,
This creates a local decrease in the space potential (forming a virtual
cathode if the potential drops to zero), which causes some of the
electrons to return to the grid, The grid current increases at the
expense of plate current, This effect is less evident in the concentric
electrode tube, Here the diverging electron paths makes the current
density in the grid-anode region less than in the grid-cathode region,
Furthermore, all portions of the concentric electrodes asre utilized
uniformly over their surfaces, In planar construction, end effects
introduce discontinuities,

Mechanically, the concentric construction is again better, It
is very difficult to align and support planar electrodes so that they
are truly parallel, If they are not absolutely parallel, the charac-
teristics of one portion of the electrodes will vary from those at

-
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another portion, Planar tubes are therefore quite complex in internal
structure, Concentric electrodes, on the other hand, are much simpler
to align, Accurately turned mendrels in relatively simple jigs
facilitate accurate assembly,

Thermally, the planar electrode tube is inferior, Electrode ex-
pansion under heat brings plate and cathode closer, causing the inter-
electrode capacitances to vary, In concentric tubes, expansion is
such that the interelectrode capacitances remain relatively constant.
The planar grid is subject to buckling when hot, causing non-parallelism,
The concéntric grid can be wound on several side rods that provide
good fhermal conduction and good mechanical support, In addition, it
is difficult to heat efficiently a planar cathode surface,

For these reasons, a concentric electrode disk seel triode was
deyeloped at the RCA tube plent, in Harrison, New Jersey, The result
is illustrated in Fig. 8(b), It is essentially a gquarter-inch
eylinder about 2 incﬁes in length, for which reason it is known as
the pencil tube, One end of the cylinder is the anode connection, the
ofher is the cathode connection, The grid is supported by a grid disk
about ,8 inches in diameter insulated from the plate and cathode
connections by gless cylinders, The grid projects from the disk into
the anode, which extends from the anode comnection e¢ylinder, The
cathode is comnected to the cathode connection cylinder and supported
by & kovar cylinder, which provides thermel insulation and electrical
conductivity, It is projected through the grid disk sb that its
active portion is concentric with the grid and anode, The filament
leads are brought through the cathode connection and kovar post to

heat the active portion of the cathode., The pencil tube is small,

-
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light and compact, It is already in use in radio sonde applications
where its light weight, small size and low heater power (.7 watts)
are important factors, The tube is still undergoing tests, as is its
suitability for various epplications, Its dimensions meke it
especially adaptable to end=~to~end grid separation circuits such as
the one illustrated in Fig, 9(e)., This type of plumbing is simpler

~ then the folded back types, It is easier to locate input and out-
put probes and the operating mechanism for the tuning plungers is
less complicated,

4, Conclusion,

The space=-ctharge control triode is still a very important compo-
nent of electronic eircuits, In recent years tubes that utilize
transit time for their operation such as the klystron have been
developed and offer many advantages for high frequency amplification,
The conventional microwave triode, however, has a better bandwidth
than the klystron, does not require as high voltages, eand, very

important, is much less expensive,
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