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PREFACE

This thesls describes the work which'waé done
by the author in the Research Laboratoriles of Thg
General Electric Coe., Ltde., Wembley, on the development
of negative=grid valves for wavelengths below 1 metre,.
Free publication of the results was not allowed during
the war and the writing of the thesis was delayed until
most of the work had appeared in technical journals;
Iuch of the subject matter of the thesis is now well
known as it was used extensively during the war but
1t will be geen from the dates of the earlier papers
and patent specifications that the author!s original
work was done between 1936 and 1942

The thesis is divided into four main parts -
I Historical Introduction, II Ogcillators, III
Amplifiers and IV UsHeFoeElectronicse

Praétically all the main advances in negative
grid valves were achieved by developments on the
circuilt sides By eliminating the uncontrollable
sources of coupling which were present in conventional
valves and circults, and by making valves integral

parts of the circuits, the 10 centimetre friode was
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was ultimately achieved. In addition, the resegrches
produced practically all of the triode generators which
were ugsed during the war in decimetre wave radar
transmitterse Peak powers of 200 kw at 50 cm and

30 kw at 25 cm were obtained.

Theoretical investigations were made on the
fundamental principles of triode oscillator circuilts
with particular reference to the new types of valves
and circuiltse As a result of thisg, the decimetre
wave circults are better undergtood than many
arrangements using conventional valves at longer
wavelengthse

These circuit develépments are dealt with in
Parts IT and I1T.

For negative grid operation the effects of the
electron inertia are usually harmfule It is shown
in Part IV that thege effects impose a fundamental
limitation on this mode of operagtion and that the
present wavelength 1limit around 10 cme is not likely
to be extended much further. The author's investig-
a2tlons into electron inertia effects were almed,in the

first place,at gaining an understanding of their
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thelr nature and,secondly’at establighing data which
could be used in valve designe

All the work described in this thesis, with
the exceptlion of those items which are clearly
indicated in the text, was carried out by the authore.
In the development of the new valves use was made
of mechanics, glass blowers and deslgners, for the
mechanical details of the construction. The basic
principles of the valves and circuits were entirely
the responsibility of the authore

The photograph in Figel shows some of the
valvese

The author's published papers are given as
Appendices to the theslse One of these, Appendix H,
is a joint paper with Messrse. Bell, James and Warren,
colleagues of the author when he was with the Genéral
Electric Coe Much of tie material described in that
paper was not the author's responsibility but it is
included as it supplements the work of the thesise.
It also describes some of the later developments on
common grld triodes and it gives full constructional

detglls of some of the valvese. The author'!s own
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own work has been published in his own name and it is

given in the other appendicese.
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PART ON E

Historical Introduction
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l. HISTORICAL INTRODUCTION

Since the earliest days of thermionic valves
cons iderable effort has been devoted 10 extending the
range of operatlon to higher frequencieso. In the
early nineteen thirties rapld progress was made, mainly
in America, with negative grid valvese. When the
present work started in 1936 many people t hought that
the conventional triode oscillator had nearly reached
its limite At that time the 'Acorn! triode (Refeles),
giving a few milliwatts of output at a wavelength of
35 cmy represented the 1limit of performance, The
tdoor=knob! construction of Samel (Refe2.) was
capable of giving a watt or two of power at 45 cme
and the DET 12 type (Refe3.), which had also originated
in the U.S.4., was used down to 1 metre wavelength with
about 10 watts of useful outpute With high voltage
pulse modulation a palr of door-knobs gave a peak
power of 500 watts at 50 cme

Two main limltations to performance were
recognliseds These were electronic and circuit

limitationse
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The time of flight of the electrons between the
electrodes became an appreclable fraction of the
alternating period when the frequency was sufficlently
highe This involved a phase displacement between the
electron current in the wvalve and the electrode
voltages,and upset the normal low frequency valve-
circuit relationshipse.

Also, the inter-electrode capaclitances and
the inductances of the electrode leads set a 1limit to
the maximum frequencye As the external circult was
reduced to ralse the operating frequency,a greater
proportion of the oscillatory circult was inside the
valve and a limlt was reached when no external circuit
wag left.

In addition to these two factors there werealso
the increased resistive and dielectric losses of the
valve and circult materials at the higher frequenciles.

In order to reduce the effects of the electron
translt time the clearances between the electrodes were
reduced. (The use of higher voltages was no real

golution as they involved excessive heat dissipation).
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Unfortunately the reduction in clearances resulted in
increased inter-electrode capacltances and to offset
this the area of the electrodes was reducede In
addition the overall size of the valves was reduced
to cut down the inductance of the leadse These were
the methods successfully employed in the acorns and
door-knobsae The valves were difficult to make and
the size and construction imposed severe limitations
on power outpute In the acorn and the DET 12 the
limit of oscillation was determined by the circulte
In the door-knob there was still some external
circuit available when oscillagtion ceased, but 1t

was not known whether translt time effects or circuit
logges were the cause of fallure,

It was at this stage in 1936 that the author
started on a line of work which ellminated to a largé
extent the circult limitation. The advent of radar
with pulsed modulation permitted high voltages without
excesslve dlssipation,and so the transit time
limitation was overcome, at least for that applicatione

As a result trliodes glving peak powers per valve of
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of 100 kw at 50 cme. and 15 kw at 25 cme were reallsed.
At the same time the improved circults enabled valves
to be used on continuous operation right up to the
transit time limitation, which proved to be at higher
frequenclies than was originally belleved. And so
the 10 cme triode for CeW. operation was achieved.

It would appear agaln that a limit has been
reached for this type of valve and there seems to be
more justification for this concluslion now than there

was 1n 1936,
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PART II

Ogcillators
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Fige4eo Hartley Circult at High Prequencies.




2, CIRCUITS FOR TRIODZ OSGCILLATORS

2,1 THE HARTLEY AND COLPITTS CIRCUITS AT VERY

HIGH FRE;UEﬁCIﬁg

Before describing the new technique employed

in valves and circuits at VeHdeFe,it 1s worth considering
the types of clrcult commonly used with triode oscillators
in the nineteen thirties and some of the reasons for
thelr fallure, Versions of the Hartley and Colpitts
oscillators were both usede FigeZ2s. shows the
essential Radio Prequency portions of a Hartley
oscillator as used at low frequenciles, The cathode
is earthed and the osclllatory circuit 1is connected
between the anode and the grid. A tapping point on
the inductance is joined to the cathode and the
excitation of the oscillator 1is adjusted by moving
the tapping point along the imductancee Fige3e shows
the LeFs Colpitts circuite. In this case the ratio of
C, to Cy controls the excitatione

At higher frequencies account must be taken of
the valve capacitances, the electrode lead inductances
and stray capacitancess The simple circuit of Fige2e
then takes the form shown in Fige4e The portion
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portion inside the dotted lines represents the
contribution of the valve. The cathode may no longer
be connected directly to earth on account of the
inductance of its lead, snd now the capacitances of the

electrodes to earth, er, C,e and G, must be included.

ge
In addition the capaclitances to earth of the oscillatory
circult are represented by Glge and Clae. This
circult is extremely complicated andryet, as shown, 1t
is simpler than the actual osclillators that were
frequently usede It 1s not surprising that the
behaviour of such a circult was unpredictable and
frequently strange expedients were adopted to improve
performance. Chokes were often Ilnserted between the
cathode and earth, and fine adjustment of their size
would sometimes affect the osclillator conslderablye.
Again,the attachment of a metallic 'flag'! to one or
other end of the tuned circult made, on occasion, a
great difference to the operatione

The Inductance of the cathode lead, which
prevents the cathode from being earthed, is one of
the main causes of the complication of Fige4e If

it were reduced to zero then most of the earth
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earth capacitances could be lumped with the Ilnter-
electrode capaclitances and the circult would be mmuch
simplified. There 1s, however, a fundamental
limitation to elimination of the cathode lead inductancee
The cathode must operate at a temperature of 700°C or
more, but the lead through the glass envelope must not
exceed about 200°C. To maintain this temperature

drop there must be appreciable length of lead.

The circuits of Pigse 2 and 3 have earthed
cathodes but they will work equally well with any other
point of the system at earth potentlale Now, there
is no fundamental limitatlon to the reduction of the
anode or grid leads, and most of the modern triode
oscillators have earthed anodes or earthed grids with
little or no inductance between the relevant electrode

and earthe



= T —e,

’“} <« A - >
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2,11, THE OSCILLATORY CIRCUIT.

At the highest frequencies the osclllatory
circuit used in oscillators with acorns, door-knobs, etce
usually comprised a short length of parallel wire
transmission line acting as the inductance and tuned
to resonance by the inter-electrode capacitances. If
stray capacltances be neglected then the circuit may
be drawn as shown in Fige5., where C represents the
valve capaclitances,and the transmission line of length
£ 1s short circuited at the end remote from the
valve by the large condenser Cje At resonance the
‘reactance of C 1s equal to the inductive reactance of

the line and

/
—_— L
@C Zo tu‘,%—‘

where o = 2xf = angular frequency
:\ = wavelength
and Z, = characteristic impedance of the line,

This equation may be written as



Fign6« Oscillatory Circuits for a Wavelength

of 90 cm. with E1029 and DETI12.
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1ﬁ$- ZIZi; - ;% s (1)

e o
i] T x10'x CZ,

For a given wavelength 1t 1s desirable to have
a8 large an external circult as possible, The only
quanzity which may be varied 1s Z, and 1% can be sesn
that the lower t¢he value of Zo,the greater the length
of the extermal circult, and, therefore, the shorter the
ninimum wavelength for a given valve, In Appendix B
this factor is considered in detail and in one case it
was found that, for a particular valve with a given
length of external oircult, changing Z, from 200 ohms
to 80 ohms reduced the wavelength of operation from
85 to 52 en, | '

The most convenlent method of achieving low Zo
is to use a concentric line, If full advantage is to
be gained then the electrode leads must also form part
of the line, If the electrodes themselves are
cyilndrical then they too may be imtegral parts of the
line, The great advantage to be gained from this

arrangement can be seen from Fig,8., which shows two
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two triodes and their oscillatory circults for a wave-
length of 90 cn, On the right 1s a DET 13 with a
short circulting strip of copper vetween the anode and
grid temrminals, On the lefs is an E1029 with the same
electrode sizes and capacitances as the DET 13 but with
the anode and grid and thelr leads as integral parts of
a concentric line, The anode lsad 1s formed by eight
wires in a circular seal with a concentric grid lead,
The characteristic impedance of the line 1in this case
is about 80 oams.

Even though the anode and grid electrodes and
thelr leads form smooth conitinuous parts of the line a
full quariter wavelength clroult 1s never obtalned,
The anode-cathode and grid—-cathodse capaclitances are in
geries across the end of the lins and have a shortening
effect, It 1s therefore important to keep the
characteristic lmpedance low if the maximum frequenoy
of operation 1s to be obltalned, In some casss 1t
is possible to opsrate with = 33 5Aor greater lins
lengths since these give the same reactance but it is
necessary in these ocases to take steps to ensure that

the valve does not oscillate on a lower frequency
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£rsqusnoy corresponding to a.% wavelength clircult
(see Sect.3,iip).

The condition of low characteristic impedance
may seem to confliot with the need for minimum losses
in the resonator. However, the incidental losses,
electronic and otherwlise, in the valve are usually
greater than the resistive losses 1n ths resonator,
Loss of output arising from low characteristic
impedancs has never been detected. Some oclrcults
have been used with an impedance as low as 10 ohns,

Afser the author had started on the above work
he learned that Mouromtseff and Noble had descrived in
1932 a water cooled valve with the anode and grid
electrodes bullt into a concentric transmission line
(Ref,4). This work had been dore at a wavelength of
3 metres buit nothing further seemed to comé of 1%,
probably vecause the significance of the value of the

characterietic impedance was missed,
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2,11i., THE 'NICROPUP!

The E102% valve was difficult to make on account
of the eight wire ring seal with the concentric grid lead.
In addition there were still some 2 to 3 cme of lead
length between the electrodes and the external
connections to theme The desirability of having either
- the anode or grid at earth potential wes established in
Section 2,1 and this was achieved practically in the
£1046 or 'Micropup' as it was usually called. (The
development of water cooled valves proceeded from the
small to the large until the process was reversed in
the CAT 15 which was designed in the early thirties
for higher frequencies, This valve was known as the
Pup'e When the E1046 was evolved 1t had a certailn
family resemblance to the water cooled valves, 4s
it was so smell it was christened the 'Micropup')e

The F1l046 is shown in the photograph in Fige.l
and in the circult in Fige7. It has an external
coppér anode in the form of a‘cylinder with the ends
feather-edged and slightly flared for the glass to metal
seale The diameter of the cylinder i3 le5 cme The

grid 1s a cylindrical spiral of molybdenum wire and has
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has a dlameter of 5 rm. The cathode 1s a cylindrical
spiral of thoriated tungsten wire with a central
éupporting wire which also serves as one of the supply-
leads. The cathode dlameter is 3 mme The grid 1s
mounted on the end of a 4 mm. tungsten rod which also
serves as the grid lead. The cathode leads, two
tungsten wires, are taken through the envelope at the
opposite end from the grid lead. Cooling finsg are
soldered to the anode and forced air is blown through
thegse fins to increase the heat handling capacltye
The end fins are also used for the connection of the
outer conductor of the concentric line circuilt (sece
Fige7e)e

The E1046 was first produced in 1939 and was
immediately in demand for use in Naval Radar Gunnery at
50 cme wavelength and for Aircraft Radar at 150 cme
wavelengthe Peak outputs of 5 and 10 kw per pair of
valves were obtalned at the respective wavelengths.
For the alrcraft application the design was subsequent-
ly modified to the VI90 in which longer glass lengths
were used to Ilncrease the voltage flash over at high

altltudes.



Fige8e Sectlional View of the NT99 Trlode
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The Navy urgently required greater output at
50 cme wavelengthe By exploiting the principle
established in Section 2,11 this was achleved by
increasing the radial dimensions of the £1046, thus
increasing the electrode surface arease The active
length remained constante In order to retain adequate
external circult the characteristic impedance of the
leads and circuilt was appropriately reducede. Several
valves similar to the E1046 were developed in thls way
culminating in the NT99, which produced 200 kw per
pair at a wavelength of 50 cme It was also used by
the ReAeF. for radar at 50 cme (Refe5 and 6)e

The NT99 is shown in PFigse 1 and 8. It has an
indirectly heated oxide coated cathode and the grid
lead 1s a copper 'thimble'! of %"vdiameter. The
cylinder attached to the cooling fins is for making
connection to the external circult.

The NT93, another member of the series, is also
Shown in Figele

In this series the clearance between the cathode
and the grid 1s of the order of 1 mme The clearance

in the acorn 1s 0.1 mm., the door=knob 0e2 mm. and the
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the DET1Z lmme Since maintaining the grid cathode
clearance 1s one of the major problems in Ue.HeFe valves,
it can be seen that the advances in performance were
achleved without making undue demands on the valve
manufacturere. The micropup series was put into large
scale production both in this country and in America
using unskilled female labour throughoute

The E1046 and 1ts variants were required mainly
for radar. On continuous wave operation the
performance dropped off rapidly at wavelengths below
1 metre on account of electron transit time limitations
and the minlmm wavelength of the E1046 was 75 cme
With a view to obtaining lmproved performance at
shorter wavelengths a one third scale model of 31046
was constructedes All the linear dimensions were
reduced by a factor of three in valve type E1130 (see
Figele)e The principles of scale modelling are
discussed in detall in Appendix B and it is shown there
that the minimum wavelength 1s reduced by the scale
factor. This was confirmed by the E1130 which ceased
to oscillate at a wavelength of 25 cme and gave an

output of a few watts at B0 cme on CeWe operatione
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The tecimique for increasing output that wes
used with the L1046 was also applied to the E1130.
The CV55 (See Figel) had the same longitudinal
dimensions but the radial dimensions were increased
three-fold and the spiral thoriated tungsten cathode
was replaced by a cyllndrical oxide coated cathodes

The CV55 was used in the Army GR Radar
equipment at a wavelength of 25 cme and a peak output
of 30 kw per pair was obtained. (RefeS5)e It was also
used by the author and his group in a number of
transmitters for Radio Counter Measures on wavelengths
from 40 to 100 cme On CeWe operation a single valve
gives an output of 30 We 8t 50 cme and 15 We at 40 cm.
Multivalve circults were developed (see Section 4)
giving over 100 We at 50 cme
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' 2,111,a. THE BASIC MICROPUP CIRCUIT.

Most of the radar osclllators were of the push
pull typee. However, the understanding of the
principles of operation 1s simplified by considering
single vaive circuits firste Tae basic arrangement
for these 'earthed! anode oscillators is shown in
Fige7e As described before, the anode and grid
electrodes and leads form integral parts of a
concentric line circuite The anode, being connected
to the outer conductor 1s at earth potentiale This
really means that, since the high frequency fileld is
confined to the Inside of the outer conductor, the
outside of that conductor may be considered to be at
earth potentiale Between the cathode and earth,
leee the anode,'there is another concentric line
which may be 'tuned' by adjustment of the position of
the shorting bridge at the end remote from the valves
One side of the cathode 1s connected to the inner
conductor of this line and the other side 1is taken
through the inside of the inner conductor with

suitable DeCe insulatione Sometimes a capacitor
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capacitor 1s connected across the two cathode leads to
keep them at the same potentials Circults have also
been used with separate line circuits for the two
cathode leadse The slight advantage of this arrange=-
ment at the higher frequencies is offset by the
complication of an extra line circult to be tuned.
The damping resistor shown in Fige7 1is used
to prevent oscillation taking place round the external
grid-cathode connectionse DeCe Insulation between
the anode and the other two electrodes 1s provided
by capacitors with mica insulatlon between the anode
cooling fins and the outer conductors of the two lines.
It will be seen that the anode, in addition
to being the earthed electrode, 1s also the electrode
which is common to the two circults. Such an
arrangement 1s called a common~anode earthed-anode
oscillatore The significance of this description is
discussed in Section 3e
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2,1ve TH- 10 Clie TRIODE.

‘The main feature of the micropup and 1ts
derivatives 1is the Integration of the anode and grid
with the oscillatory circuite If the arrangement in
Fige7 is examined it willl be seen that the cathode and
its leads do not fit into the circuit in the same
natural mannere The spiral fllament and 1its two
leads are not particularly desirable components of a
UsHe Fo circulte Those valves with an indirectly
heated oxlde coated cathode are rather better In this
respect but there is still the problem of the heater
leads (one of these 13 usually joined internally to
the cathode)e

As a further step towards achleving the ideal
valve=circult integration the E1274 was developed.
This 1s shown in Figse. 1 and 9¢ The anode, grid and
cathode electrodes are flxed to the ends of three
concentric copper tubes, lnsulated from each other
by glass sealse The electrodes are virtually
continuations of the copper tubese Between the
oxidecoated cathode and its copper tube there is a

short length of nichrome tube to conserve heating power.
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One slde of the heater 1s connected internally to the
cathodee The other heater lead is a wire completely
enclosed by the cathode and its lead, and so 1is right
outside the hlghefrequency field. Further mechanical
detalls of this valve are given in Appendix De.

The circuit for valve E1274 is shown in Fig.1O.
There are four concentric tubes which are attached to
the anode, grid, cathode and heater leadse. The three
outer tubes form the tuned circults with adjustable
shorting bridges. The middle one of these three tubes
forms the inner conductor of the anode=grid circuit and
the outer conductor of the grid-cathode circuite 1In
this case the grid is the electrode which is common
to both circultse The anode, which 1s connected to the
outermost tube, 1ls the earthed electrodes The
arrangement is cglled a commonegrid earthede-anode
circult (see Section 3).

The limiting wavelength of the E1274 is set by
electron transit time and it occurs at a wavelength of
9 cme On CeWe operation the output is 1 W. at 10 cm.,
5 We at 20 cme and 10 We 8t 40 cm.
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There are certain incidemntal features of the
E1274 which are worth mentioninge The complete
c¢ylindrical symmetry makes manufacture relatively
simple. The single ended constructlion permlts easy
ingertion In circuits and also allows ready access to
the gride-cathode system for adjustment during assembly,
a most Important feature where the clearance is rather
less than Oel mm. There 18 no Insulation between the
electrodes except for the glass seals separating the
copper cylinderse Direct access to the anode allows .
easy cooling by conduction, forced air or watere
Anode dissipation does not constitute a limiting

factor as in most small valvese
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2,ve RECEIVING VALVES.

2.V.8e COIIION ANODE VALVES.

So far all the valves described are primarily
power osclllators. In order to exploit the comnone-
anode earthede=anode circult for recelving purposes the
CV 52 triode was designed by lkreGeWeWarren in consult-
ation with the authore The CV 52 1s shown in Fig.l
and is described in detall in Appendix H. It was
wldely used during the war in receivers at wavelengths
down to 25 cme In 1942-43 the author made it the
basls of two superheterodyne recelvers which covered

continuously the wavelength range from 30 to 250cm,

2,V,be COMMON GRID VALVES
An independent approach to the development of

receiving valve osclllators was initlated in the
Laboratories of Messrs. Standard Telephones and Cables.
The design (sce Figell) was based on planar electrodes
with a copper disc for the grid lead, the grid being a
mesh in the centre of the disc (Refe7e)e The anode

and cathode, and their respective leads were on

opposlite sides of the disc. Two concentric lines
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lines formed the external circuits, the grid disc being
attached to the outer conductors and the anode and
cathode leads to the inner conductorse. Such an
arrangement provides a commonegrid earthed-grid
osclllatore. It was sometimes called a 'grounded-grid!
circuite.

The double~ended nature of this arrangement
meant that valve changing involved dismantling the
circuite. In order to overcome thls disadvantage
MreGeWeWarren developed the CV 90 triode which has
another copper disc for the anode lead. (See
appendix W.)e This valve 1s used in a double
concentric tube circult (see Figel2) with the anode
disc attached to the outer tube, and the grid tube - .
common to the two circults. This arrangement
ogclllgtes down to a wavelength of 10 cme It will be
noticed that the circult makes a common-grid earthed-
anode osclllator, similar to that previously described
for the El274. Thus, thlis alternative approach to
the 10 cm. triode oscillator has lead to much the same

conclusion as the author's approach.
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For receiving valve purposes there is little
to chose between the disc triode with planar electrodes
and the all-concentric arrangement with Integral
electrodes and leads. For power generation, however,
the concentric arrangement is preferable since the
active part of the anode is part of the external
envelope and can be more easlly cooled. In addition,
at the highest frequencies the lnductance of the disc
is not negligible and excitation of the line circuit
has proved difficult in certaln cases where a voltage
node occurred at the edge of the disce

The 10 cm, triode was also achieved in the
UeSedAe with a different deslgn, commonly called the
'lighthouse!, or ZP446. A planar system (see Figel3)
is used with disc leads for all the electrodes. The
external circuilt consists of a double concentric line,
as in the other 10 cme oscillagtors, but in this case
the cathode is attached to the outer tube and the
anode to the innermost tubes _ This arrangement makes
a8 common=-grid earthed-cathode oscillatore This type

of circuit has the disadvantages of the other disc
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disc designs and the anode, being innermost, is even

more inaccessible for cooling purposese.
It will be noted that all the 10 cme clrcuits

are of the common grild typee The reason for this

is given in Section 3e



Figel4. Common-snode Circulte.

FigelSe Common=-grid Olrcult.
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3, EXCITATION OF TRIODE OSCILLATORS.

3,4, SIMPLE COLSIDERATIOIS,

In Section 3,1, and in Filgs, 5 and 3 the low
frequency forms of the Hartley and Colpltts oscililators
were given, It was seen that ths excitatlon was
controlled in a simple manner by the adjusitment of a
tapping point on an induotance or by varying the ratio
of two capaclitances, The complicated behaviour of
these circuwits when usec at very high frequencies was
also discussed, If the circuits for the new velves in
Figs,7. and 10 to 13 are examined it will be seen that
they have becorie extremely simple again, electrically,
The circuits of Figs., 7 arnd 10 may be redrawn as
shown in Figs, 14 and 15 respectively. In Fig.l4,

Y5 and Y3 represent the two line circults between anoce
énd grid and between anode and cathode; Cp, Cy and Ca
are the inter-electrode capacitances, Since the anode
is at earth potertial the electrode-sarth capacitances
may be included in Oz and C3, On accournt of the
screening action of the concentric lines there are no
other stray couplinge between the electrodes or circults.

If Y, and 02 be conslidered to represent the main
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main osclllabtory circuld, then the excifation, i.¢.
the ratlo of the grid-cathode voltvage to the anode-
cathode voltage, 1s cetermined by the values of Cq
and the parallel combirnatlon of Cg aﬁd Y3. The
adjustable line circuls, Y5, 1s a means of varying the
effecﬁive value of Cg. The circuit may be redrawm
ag in Fig,18, which 1s almost the sare as the L,T,
Colpitts circult of Fig.2. Thus She common-2n0de
earthecd-arode oscillator is merely a form of Colpitts
clrcult in whick the anode-grid line forms the
oscililatory clreult along with the valve capacitances,
and the anode-cathode line conirols the excitation,

If the common-grid circult of Fig,l5 be
treated in a similar manner 1% wilil be found that
exactly the same conditions hold, except that the grid-
cathode line is the excitation con%rol,

The value of the excitation depends on the ratio
of the effective values of Cz and Cqe Ir a common
anode osclllator Cy, the grid-cathode capaoitance, 1is
fixed and 03 is varied to give the desired ratio of
Cy to C;¢ In a common-grid oscillator Cz, the anode-

cathode capacitance, is fixed and C1 is varied, In
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In both cases, the series combinetion of Cq and Cz 1s
in parallel with 02 and so constltutes a loading
capacitance across the main oscllilatory circuls, low,
in most valves C; 1s greater than Cz, o that The
required excitation ratio may be gaired in a common-grid
oscillator with a smaller loadlng capacliance than in a
common-anode oscilletor. Since the charging current
and therefore, also the clrcult losses depend on the
valuwe of this capacliarce, the common-grid oscillator
has an advantage over the common-anode oscillator,
rarticularly et the highest frequencies, It was seen
in the last section that all the 10 cm, osciilators

are of the common-grid type.



Flgel7e Trioce Circuite
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3,11, MORE EXACT ANALYSIS OF EXCITATION,

In the last section only the reactive components
of the oircult lmpedances have been considered, A nmore
complete analysls was carried out by the author in
collaboration with Dr.E,G,James and is givern 1in de%all
in Appendices C and H, In the triode circuit of Fig,l7,
Yl' Ya and Y3 are the total admlittancesbetween the
electrodes, The admittance beitween any two poinis in
this network may be calculated and the condition for
oscillation may be found by equating the real part of
the admittance to zero, It can be showr that the
total conductance between anode and gric 1s given by the

equation

q2 = qz""

q-qs (41443+8h> + Q,B,l—t-q.s; ~ G B' 83‘

(‘?; 4G4 3,“)1 + (E,‘ +333"

2)
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where ¥, = G, + By, elc.
and gy * mnubtual conductance of the valve,

For self osciiliation, Ga1 nust te zero or
negative, Now, all the conductances are necegsarily
positive and the only %term which can be negative ls -

~gm B1B3, and this can be so only 1f By and Dz are of the
same sign, i.e. toth must be capacitive or both indue-
tive, Obviously, %o provide an osclllatory circuli,
BB must be of opposite eign to By and BS' Thus there
are two possible classes of triode osclllatore as shown

in the table,

By B3 By
Class I C L
Class II L C L

It may be noted in passing that the Colpitts

osclilator belongs to Class I and the Hartley oscillator
to Class II,

S,41,8, RELATIVE MERITS OF THE TWO CLASSES OF OSCILLATOR,

It can be shown that oscillators of Class I are

preferable for operation at the highest frequencies.
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FigelBe Class I Oscillator.

FlgelQe Class II Oscillatore
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If the oscillators have two tunable clrcuite
then for Class I one of these must be connecited in
parallel with the anode-grid capacltance to make By
induective, The other iunable circult may be connecied
vetween grid and cathode or between anode and cathode,
In the former case, the circult may be drawn as in
Fig.18 ir which C5, Cz and 03 are the inter-elscirode
capacltances, and Ly and Lz are the tunabvle circul<s,
From the table 1% 1s seen that B, must be capacitive
and thils capacitance in series with 03 gives a
resultant less than 03. Thus the frequency of
oscillation 1s determined by the external inductance
Lz tuned to resonance by the parallel combination of
Oz and some capacitance less than Cz,

The Class II osclllator is shown in Fig,l°,

In this case the “unable circuits must be connected
as shown 1n order to make By and B3 inductive., The
inductive By in series with C5 gives a resultant
capacitance which i1s greater than C; (the combination
cennot be inductive since By is inductive), The
frequency 1s now determined by the external inductance

L3 tuned to resonance by the parallel combination of Cg
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and a capacitance greater than Cz. I this result be
compared with that at the end of the last paragrarh 1%
will be sesn that, wiith a glven external circuly, a
valve will oscillate a% a higher frequency 1f connected
for Class I operation,

It may be seen from Fig,l¢ that a Class II
oscillator must operate with the cathode as the electrode
common to the two ciicuita. Such an arrangement can be
realised at high frequenclies by everting the normal
arrangenent  of a cylindrical eleciroce system, i.,e., by
making the cathode the outermost and the anode The
innermost cylinder. An experimenial triode was rade
up ir this form and it 1s shown dlagrammatically with
1ts circult in Fig,30, in a cormon-cathode earthed—cathede
osclllator, The performance of this oscillator
confirmed the theory glven above, For a given wave-
length, the ciroults were much smaller than for valves
with similar capacitances in Class I circuits,

Thus, in general, successful triode oscillators
for V.H.F. have inductance between anode and grid, and
oapaclitance between anode and cathode and between grid

and cathode,



39.

Examination of the circults of Figs,7, 10-13
will show that these are all Class I oscililators.,

3,41,b, MULTIPLE QUARTER WAVE CIRCUITS,

It has been sghown in the previous sectlons that
the two line circults are adjusted to glve the reqguired
reactance values for the operating frecuency, The
reactances of the lines can be obtained for any nurber
of positions of the shorting bridges, all differing by
half a wavelength, This 1s most useful a% the highest
frequencies when the lines becore very shors,
Oscillation may still be mainteined by adding one or
more half wavelengths. It 1s usually desirable to add
a different number of half wavelengbths to the two
clrcults, otherwise there is a tendency for oscillaiion
to take place at a lower frequency where the line

lengths are operating on their fundamental modes.



Flg»21l» Push-pull Oscillator with two E1029

Triodes in a Half Wave Concentric Line Resonator.
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4, PUSH-PULL AHﬁ MULTIVALVE CIRCUITS.

So far ornly single valve circults have been
considered, Exaringtion of the various types of 10 cn.
oscillator will show tha't they are essenilally sirgie
valve circulis, However, in many appllcations,
particulariy in power oscillators and in racar trans—
mitters, push-pull clrcuits are frequently used, |

The common—-anode circult of Fig.7 may readily
be adapted for push-pull operatlon by extending the
quarier wave anode—grid resonator to a half wave
resonator with another valve at the other end. The
original osciilator of this type, using two EL02S
valves, is shown in Fig,3l. The cathodes are tuned
by means of the two concentric lines shown on the side
of the box, The output vower in this case 1s
dissipated in two lamps tapred on to the inner conductor
of the main resonator,

This type of push-pull oscillator was used with
the mlioropup series in 50 om, Naval Gunnery transmitters
(Rez,5),

This arrangement has several disadvantages.

Tavelength adjustment is diffiocult, Also, its open
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open nature yroduces strong high frequency flelds ouvside
the main circults and stray couplings can therefore
affect the performancé in a manner A fficult %o control,
In Fig,3l lengths of wire may be seen attached to the
ends of the main resonator, Careful adjuetment of the
length and position of these wires was found to improve
the performance.

These disadvantages may be eliminated by bernding
the half-wave circuit into U-shape as showvn in Fig,s3 and
in the photograph in Fig,33, The valves arée now ¢l0se
together and the anodes are strapped and earthed, The
cathodes are tuned by a single parallel wire line with a
shorting bridge. The outrut may be taken convexnlently
from the cathode line, The oscillator irn Fig,33 uses
two E1130's and the conductors in the anode-grid line
are made of sections of telescopic tubing so that the
wavelength may be adjusted, The circult shown operated
from 40 to0 80 om.

In order %o get the valves closer together some
of the later E1130's and the CV55's were made with
eccentric cooling blocks fitied to the anodes (see Fig,l).

These bdlocks are firmly attached to a thick copper plate
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Pig*26. Common-anode Earthed-anode Push-pull Oscillator

for a Wavelength of 60 cm* using two CV55 Triodes.



Fi£»27« Four-valve parallel Push-pull Oscillator
with four GV55 Triodea,
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plate whickh acts as the H,F, earth and also increases
$he cooling surface,

Vhere oporation at +the highest frequencles 1s
not required the concensric anode-grid line may be
replaced by a parallel wire line atiached to the grids
as shown in Figs, 54 and 25, The oper=—-ernded line,
shown in Filg,35, is used for higher frequencles, A
practical oscillator using 2 CV 55's is shown in
Fig, 28, This osclllator, which is set for a wavelength
of 60 om, ir the photograph, can operate from 40 to 100 cn,
with output of 20-50 watts. The cathode circuit 1s in
the form of an arc %o give longer tuning range. The
output is taken to a co-axlal fesder by means of a loop
coupled to the cathode circult near the shoriing bridge,

A four valve parallel push-prull osclllator has
also been used with CV 55's giving an ouitput of 100 W,
at 50-80 cm, A photograph showing the valves and the
cathode circwits is glven in Fig,37, The grid circuits,
not seen in the photograph, consist of two parallel wire
lines close together, The osclllators of Figs, 36 and

37 were designed by ithe author for Radio Counter
Measures,
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Further particulars of push-pull and multi-

valve olrcults are given in Appendices D, F and G.




PART  IIT

Amplifiers,
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5, ANMPLIFIERS,

5,1, COMION=-GRID AIPLIFIERS,

In Section 3, the condition. for self osclllation
wag established and 1% was shown that By and B must bs
of +he same signm, 4 can also be seen from aguaision (3)

of that sectlon thal the product B,B, must be grsayer

3
than a cerialn valus for oscillation %o Take place,

In she common~anode type of circult Bi(=wCy) i3
f£ixed and B3 is variable, In the common=-g=id circuds
Bz(.-:wcz) is fixzed and B, is varied, Tow, O, is ‘he
grid-caishode capaciitance and this must have an appreci-
able valus 1ln any valve, 03, the anode-cathode
ocapacltance, may be made very small by having the grid
act as an effective screen between the anode and cathods,
ad in a valve with a high amplification factoz. Thus
a hizh J common-grid circult may e used as a siable
amplifier, This type of amplifier has been known for
some time (Ref,8) and has been called a series amplifier,
an iaverted amplifier or a grounded grid amplifier,
During the war Messrs. Standard Telephones and Cables

developed successfully the OV18 and ofher valves, a8

amplifiers for receivers for wavelengths of 50 cm, and
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and under (R3f.7). Fursaer valves for 5als sype of
opsration ia receivers and sransulititers were developsd
by the author's colleagues, llessrs, Bell, James and
Tarren and these are described in Appendix H

In a common-g=id am»lifiexr the outpuit currend
flows through ths 1npux cirouls and, as a result, Shere
is a large amouni oI negativs fsed-back, One efrfect
of %his 1s a very Zow inpus impedance of the order of
the reclprocal of the valve nmutual conductance, In
sone anplicaitions this is advantagsous. The Hsuning
of %he input circult 1s nov oriitleal; 1ndsed, in
gome cases anuntynzd inpub oiicuit nay be used, which
is convenien’t 1f a wide frequency band has to b8 covered.

Besides thesse advantages there arse sevsral
disadvantages, varticularly in powsr amplifiers, The
low input impsdance involves greasser driving power.
Some of this powsr appears in the amplifisr ouspui and
ls not lost. However, in the case of modulated power
amplifiers this effect necessitates modulaition of the

driver as well as the final amplifier,
The common-grid amplifier has not proved very

Successful as a frequency muliiplier, Hers, laxge






- |

\ § |
QUTPUT CIRCUIT
INPUT CIRCUIT

A C
(S X c6
a1 -
. 11 I
B
s
5.6

Fige28¢ Dlagram showing the Principle of the

Everted Tetrode and its Circult for use as a

UeHeFo Amplifier.




48,

5,11, EVERTED TRIODES AID TETRODES,

For power amnlificasion and frasguency
tiplication at low £requencies, the familliar common
cashode circult is used, the inpubs being anplied bevween
grid and cathode and the oultnrubt belng talen beivwesn

anode and cathode,

There are consliderable difficulilss in using
comron cathole amplifisrs with she linse circults which
are so desirable for very hlgh frequenciss, These
difficulsies can be overcoms 1f the usuwal oylindrical
arrangement of the slectrodes is everted so tha’i the
cathode 1s on the outside and the anods is innermost,
Both triodes and tetrodes have been construcied in
this way (see Appendices D and E), It has already
besn mentioned (Section 3) that a triode of %his type
is not suitable as a self-oscillator, Its
rosslbllities for frequency mulitiplicasion have still
to be investigated,

The everisd tetrode offers particular attractions
for amplification at very high frequencles, as can be
seen from Flg,38, which shows symbolically a tetrode

amplifier with concentric line clrcuits, The cathode
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cathode and control grid leads ars taken out at one end
of the valve and form integral paris of the concenirle
line inpus circuls, The scresn gfid and the anod
similarly fit into the ouiput circult at the other ead
of the valve, The cathode and the screen grid, the
two 'earthy ' elecirodes, are the ouiler members of the
two lines,

A practical design of an everied tetrode 1is
ghowm in Figs, 1 and 39, This te%rode, which was
developsed in 1939, gave appreciable galn as a receliv-
ing amplifier a% 50 onm, and, as far as is knowm, was
the firast valve 4o give amplification at this wave-
length., The subsequent introduction of the common-
grid triode removed the urgsncy which was atsached $o
this development, Now that the limitations of the
comnmon-grid amplifisr are appreclated, 1t is belleved
that the everied tetrode could be developed to play an
important part in the f£ield of U,H,F, amplification,
particularly at high powsr levels and for frequency
multiplication, For the latter purpose everied ftriodes
might also be used,

On %the score of eleciron %sransit tims effecss



50,

effects tetrodes have an advantage over trlodes fox
Class C operation, During %ho passage of the current
pulse the scresn potential doss not drop to0 a low valus
and so the transit times are less than in a triode where
the anode potential diOps very considerably.

For radar aprllcations, whers mean anode
dissipation 1s low and large cavhode emiasion'ia raquired,
everted valves have the advantage that the cathods ls

the electrode with gresatest arsa.



PART IV
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8, U,H,F, ELECTRONICS.
8,1, INTRODUCTIOL.

In ordinary negativo grid valves as used a% low
frequencies the time of £ligh%t of an eleciron betiween
two slectrodes 1s uswally of the order of 10"9 sec,

At low frequencies thls time is so small in comparlson
7ith the alternating period that during its transit the
glectron 18 In a steady fileld and for most purposes the
electronic bshaviour can be dejermined from statloc
characteristics, However, 21.0-9 sec, is equal t0 omne
period of osclllatlion at a wavelength of 30 om., so
that a complsete cycle of fisld variation would occur
during such a transit %time, At wavelengths much
longer than this there would still be an appreclable
change in fleld during the electron's transit,

In 1928, W, E. Benham (Ref,9) published the
first paper on the behaviour of valves at fregquenociss
high enough for the eleciron transit time to be an
apprecliable fraction of the period, There followed
& number of theoretical papers on this subject by
Benham, Llewellyn, North and others., (Ref.l10 %o 15),
¥ost of these papers are highly mathematical and,
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and, although simplifying assumpiions were nade, the
results are of a comolicated nature and 1% 1s Alfficuls
t0 get a physical picture of the effsctus. Sloane and
James (Ref,15) made a useful contribuiion %o ths
physical interpretation of transit time phenonenz by
presenting the resulis in plectorial forn.

In practioally all of the papers 1% was assumed
that the alternating volbtages are smsll in comparison
wlth the stsady volbtages, so that the results are nos
applicable to power osclillators or amplifiers, An
approach to the large siznal problem has been made by
Vang (Ref.18)., The author has investigaied two |
limiting cases of transit time effects in power
osclllators, and these are given in Sections 58,iv and
8,v. In Section 8,11 a special case of transit time
effects 1s investigated in a manner which gives a
physical picture of the elsectron behaviour, The
results are used to illustrate soms of the general
principles of U,H,F, electronics,

The author, in collaboration with Mr,G,W,Warren,
has algo treated the high frequency behaviour of

electrons in beam deflection valves, in a mannsr whioh
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which concontratss on the basic physical principles,
Although 1t 1s rather outside the scope of this thesis
the approach is of interest for general transit time
problems and the work is given in Appendix J, The
method of determining the input resistance of the

deflsoctling system 1s of gpecial inserest.



Fige30e Circuit used for investigating the Electron

Pung_:: Effecte
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8,11, ELECTRO PULIP EFFECT AT HIGH FREQUEINCIES,

In 1935, whilc she author was working with a
triode power amplifisr at fresquenciss in the neigkbour—
hood of 150 lc/s 1t was no%sd that, when the driving
power was applied to the grid, quite large currsats
were indicated on the anode D,C. Ammeser, evex when
the anode clrcult was untwmed and the anode potentlal
was 26To0 or even negative with respect Lo the cathode,
This meant that electrons were reaching the anode
although the anode potsntial was appreciably lower Than
the cathode poiential, The negative volitage required
to cut off the anods current was found to lncrsase with
frequenoy, This effect was suspecisd of being a high
frequency electronic phenomsnon and it was analysed
in a way which gave a simple physical picture of the
8leoctron bshaviour, The analysls 1§ included here
since it 41llustrates some of the main effects of
electron transit times,

The circult is given in Fig,30, which represents

& plane parallel triode with grid and anode potentials

as follows :~
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i

A+ b Cen wt

<, = C.

If 4 1s the distance between grid and anode and

if space charge is neglected, the field shrength in the
grid-anode space is

¢c-—w ~ beoswt

P volts/cm,

The equation of motion of arn electron is

K LPx R

T < < (c-..»- bcpawt)

where X 1s the distance from the grid, k = 1of'7

and
® and m have their usual meanings,
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This equasion may be writien as

Ax ¢
diz = A+ Bewa
where A = @A—a).‘ , 8=~ —-———-—-{b
Ainel hmd

Integrating twloe gives

doc = ¢4 A(t-t) + B (sint - Snt) - 0)

ant
x = 4 (t-t)) - & (e-t)- B (t-t)Sunt

—‘ga(amwt—omwa - - . (A

where v, and %, are the velocity and time whenk = o,
The velocity and position of an elsctron in the grid-
anode space at any instant can be caloculated from
equations (3) and (4), provided v, and %, are known.
These quantitiss can be determined epproximately from

the conditions in the cathode-grid space (see
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wt is phased with the Grid Voltage which is

shown abovees
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(see Appendix A).
The achuval paths have bheen caleoculaited for a

number of electrons using the followlng values of the

oonstants:~ a = -350 voits, b = 500 voits, o =
-300 volts, 4= 0,35 om, and w = 1,238 x 109 (1.8,

a wavelength of 1.5 m.) Under these conditioms,
electrons leave the fllament during one third of the
oyole, from wt = 30% S0 wt = 150°, (Szelﬁé 3!).

The curve & corresponds to an slsctiron
arriving at the grid at wt = 44°, Its nonentun
carries i1t through but the retarding field soon brings
1% to rest and then back to the grid, The same
applles to b and g; 1in these cases, the veloclty at
the grid is greater and the elesotrons travel further
before being turned back. In d the elsotron
penetrates a distance of about Zmm, then reverses,
However, at wt = 150° the grid potential becomes
negative, and at wt = 175°, becomes mors negative than
the anode, so that the field changes direction and the
acceleration is towards the anode, The electron's

flight to the grid 1s slowed wp and at wt = 304° 1% s
brought to rest before reachling the grid, It then



59.

then travels ovar $o the anode which it reaches at
wt = 254°. The ocurves ¢,£,z and h show the paths of
four later electirons which all reach the anode, A1l
these curves show & point of inficcion at wt = 175°,
the time when the £i1elé reverses,

Although & number of slmplifying assumpilions
have been made above, sowe experimenial verification

of the theory has been obiained (See Aprendix A).
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8,441, GENERAL TRANSIT TIME EFFECTS,

Pupiig

Certain genersl effects of the elsctron *transit
time can be esieblished from the particular problem (ealt
with in the previous seciion, Firgsly, vwhen the high
frequency fleld changes,the electron acceleratlon changes
instantaneously with the fielcd, Owing to the inersia
of the electrons, the velioclty aud displacement lag
behind the fleld, As a resuli, the gain in the
electron's kinetlic exergy does not equal its loss of
poteniial energy, The electron following path g in
Flg.31 reaches the grid at wt = 80° when the grid
potential 1s nearly 2350 volts, During 1ts transit the
gric potential has changed from 150 tokzso volits and so
the electron ultimately reaches. the grid with a velocity
considerably less than that corresponding to the grid
potential at the time of arrival, On the other hand,
the electron following path d has zero kinetic energy
et time wt = 304° and is then close to the grid which
is at a potential of -400 volts, This means %hat the
kinetic energy exceeds the potentlal energy by 400
elsctron volts, This same eleciron finally reaches the

anode (~300 volts) with & considerable velocity., (The
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(The slope of %“he curve is a measure of the velocity).
The excess energy of +this electron has been acquired
at the expense of the source of +the alternating fleld.
Similarly, electron g has glvern erergy to the
alternating field, If, on the average over all sh
electrons, there is an excess of energy taken from
the field then this consitltultes a load on the source
and power 1s consumed, The input damping in high
frequency tetrocde and penitode amplifiers (Ses Refs,

1z and 13) arises in this way., The excess energy of
the electrons is vltimately dissipated as heat at the
collecsing electirode,

It 41s possible under certaln condisions to
have, on balance, energy glven tc the field a%t the
expense of the kinetlc erergy of the electrons,

Then the valve acts as a source of power and may
generate oscllliations, where the mechanlism 1s purely
elsctronic, There must of course be some source,
such as a battery, to supply the kinetic energy to the
electrons, Llewellyn and Bowen have produced
oscillations from dlodes by this means (Ref,l7),

Another important electronic effect is



8%.

is 1ilustrated by the curves in Filg,3l. Tot only do
the electrons lag behind the field bub also fthere may
be conslderable spread 1n translt time caused by sone
of the electrons, such as & or o, having excesslvely

long paths,

The example considered, wlth the alvernabing
grid voltage as the maln conitrol of current flow during
a part of the cycle, 1s very similar ¢o the Class C
oscillator or ampiifier, The wmain difference is.
that +the anode in Class C operatlion is at a posltive
potentlal and some of the electrons. flow on %o the
anocde, thus making 1p the pulse of anode current which
flows once per cycie, There are stlll some electrous
which are collected by the grid as in the example
above, Near the end of the conduction perioé some of
these electirons, whick at low frequencies would flow
to the grid, will be reversed and will reach the anode
sonme time later, In addition some of the electrons
during the earlier part of the flow give energy to the
fleld ard as a result some of them which should pass
on to the anode will be collected by the grid, The
ovérall result is to produce a broadening of the anode



Filge32s The Anode Current Pulse In a Class C

Oscillator or Amplifier, The full and

broken lines show the pulse shape at LeFe

and HeFes respectivelye.
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arode currsent rulse as shown by the broken line in
Flg, 3=, The full line shows the shape of the pulse at

low frequencies, The broader pulse wlill result 1n
reduced output and low efficlency.

For the normal operation of negative grid
valves transit time effects are harmful, Electronle
darping arnd spread of transit times are causes of
energy loss in both amplifiers and oscillators, The
phase cdeley in the anode current is an additional

gsource of loss in the self osclllator, as shown in the

next section,
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6,1ve ONSET OF TRANSIT TIMD EFFLCTS IN THE POWZR OSCILLATOR

As mentioned in Section 6,1 the large signal
theory of high frequency electronics has not been
developed on account of 1lts complexitye Special 1limit=-
ing cases can be handled and In this sectlon the effects
of transit time on a Class C oscillator are considered
at frequencies where the effects are just beginning to be
noticeables

In a Class C oscillator operating at low
frequencles the electron current 1s in phase with the
grid voltage and in antiphase with the anode voltage,

At higher fregquencies when the translit time 1is
appreclable then these phase relationships stlll apply
approximately to the electrons leaving the cathode but,
owing to the finite transit time, the electrons arrive
at the anode when 1t has passed its minimum value and
the phase difference is now greater than x. 4As a
result there 1s increased power dlssipation at the

anod es Flge33 shows these effects In a simplified
form. The full lines represent the anode voltage,
anode current and anode dissipation at low frequencies,

and the broken lines represent the seme—guenbities at

current and Arsy bafl",u
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at high frequenciss,

The anode ocurrent 1s, for simplicity, assumed
to be a rectangular pulse which lasts for a quarter of
a period, The same wave ghape is assumed for both the
L, ¥, and H,F, cases, Actvally, as was shown in the
previous section, the anode currert pulse 1s broacdened
by the electron transit times, Howevez in this
gectlion only the effect of the phase delay ie
consldered.

For the low frequency caee, the instantaneous

powver loss at the anocde 1ls given by

e.&.‘.‘"x = (Ea,‘fz“ Sci»wt)(:"b

and the meen power loss is

v
4 .
Pr= 3% (Eu 42, Siaat) (& (wt)
st
F

4 e
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Then +he transit time bscomes significant, the

mean power loss 1s

7w, .,
‘ '4—'+lu?f

I

Since wTis assured S0 be small,

~ A 1.2

-
- O e ot

4 ./T"E an "I”;{J

The input power is the same 1n sach case, namely

p, = E.T,

and the efficlencies are

|
= and =
", 5 D 3
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Therefore
A . 2 =2
€a las T .
n= ", =
gﬁ.(‘E Pg
But
T, = ==
o faf‘ >
therefore
.«lz eA t T
|>—-t) = o == W LS. ‘ ((’)
| 2 { E.

Thus, the decrcase in efficlency is propoztional
to the square of the frequency, to the square of the
transit time and to the ratio of the peak alternating
voltage to the mean voltage of the arode,

Several agsumptions have been made in deriving
equation (6), Some of these are :-

(1) The anode ourrernt was assured to be a rectangular

pulee which lasted for quarter of a period,
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(1) period, Although this is a very rough
representation of the true rulse shape, the
error introduveced will not be large, since the
effect of the transit time has been found by
taking the difference of two results which
both err in the same way, A different wave
form would give a similar equation to (6)
but with different constant terus.

(11) The spread of the anode current pulse due to
transit time has been ignored.

(141) In equation (5) 1t has been assumed that the
instantaneous energy loss at the anode
corresponds to the instantaneouvs value of the
anode potentisl, From Section 6,111 1t 1s
known that this assumption 1s mot true,
However the error during the flrst half of the
pulse 1s of opposite sign to that of the second
half and these wlll cancel each other to a large
extent,

(1v) Transit time loss in the grid oircult has been
ignored,

(v) A11 the eleotrons have been assumed to have the



(v) the same transit time, lMost of the electrons
traverse the triode when the grid and anode
voitages are near thelr turnlng values and are
changing slowly. In éddition, when one of
these voltages 1s increasing the other 1s
decreasing. Thus the assumpiion of equal

translt times cannot be far wrong,

As a2 resuli of all trhese assumpiions high
accuracy cannot be claimed for equation (8) but 1t at
least gives a measure of the effect of transit time
on the efficiency of an osclllator,

In most Class C oscllliators working at high
efficiency

‘71-*72 :’: ©-4 wzﬁfl [ (7)
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From equation (7) 1t carn be found that the
efficiency has dropped by 10% from 1ts maximum value
when the transit time is equal to 1/12 of the rperiod,

The application of this theory to actual
oscillators is discusesed in Appendix B, The agreenent
in some cases was good, and, in general, equation (7)
may be used as a bvasls of valve cdesign, For %hils
purpose 1t can be expressed in terms of valve clearances
and voliteges in the folilowing way. Ir most Class C
oscillators, the maximum value of the grid voltage is

approximgtely equal to the minimum arocde voltage 1i.e,

e" = <. = T«
mayx him IO

The transit time 1n the space charge limited
cathode-grid space can be shown to be three times the
translt time that would occur if the electrons moved
throughout with a velocity equal to the velocity of
arrival at the zrid, Thus the total transit time
in the present case can be found by considering the

eéleotrons moving with uniform veloclity corresponding
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corresponding o a potential drop of Eg voits for a
10

distance equal %o

where dkg = grid-cathode clearance
and dga = grid—-ancde clearancs

Thus the total transit time, T , 1is given by

34 A
4q t

J2% Ea
" o

T = i g

I
Ny
N
¥
Y
[SS )
e

5"73 XIO_I // _f‘g'-
10
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From (7) the wavelength at whick the efficiexcy
has dropped by 10% is given by

A 2Axi0? { .'S&L,‘:,j + ‘L}A)

This equatlion is now in a form that can be used
for design purposes,

The d&rop in efficlency considered in this section
applies only to power oscillators. In ampliifiers with
separate input and ouiput clrcuits, the phase of the
anode voltage can be adjusted Yo allow for the delay in
anode current, Such an adjustment 1s not possible in
the self oscillator since, with the types of circuls
which must be used, the anode and grid voltages are
closely interdependent.

In calculating the values of the transit times
1t 1s assumed that the electrode system is planar,

Yany of the U,H,F., triodes are cylindrical but the

clearances between the electrodes are small in
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in comparlison with their radii, and the actual transit
times differ very 1little from those of a planar

systen witk the same clearances, (See Appendix B).



74e

6,Ve MINIMUM WAVEL-NGTH SET BY FLXCTRON TRANSIT TI:I.

Another limiting case where the transit time
effects can be calculated for a power oscillator occurs
at the wavelength where ogcillation just ceasess At
that point the alternating voltages are vanishingly
small and the electron transit times depend only on
the steady electrode voltagese. In most self-
oscillators the grid blas is obtained by means of a
grid leak so that in the limiting case the applied
grid voltage is zeroe. The transit time is determined
therefore by the anode voltage Eg.

The effective grid potential is Ea and the
Jo
cathode grid transit time, T kg, 18 given by

In the gride-anode space, space charge may be
neglected and the potential at any point distant x
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from the grid 1is

._5‘?.. + (EA“—[::’L x.
“w e

/ s 3“

The corresponding velocity is

593x00” e L 4111
e Pt

The grid-anode transit time, T ga is found by
?
integration to be

r Rt §93 x 167 [€n e 4]
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The total transit time from cathode to anode,

T, is found from

= l 30( _}._.._._.L_...? .L‘"/)
5‘-757(/07 /‘N"{

Four valves similar to the E1029 but with
different electrode clearances were speclally constructed
to investigate equation (9) (see Appendix Be)e These
fouwr valves and the micropup series were all found to
cease oscillation at a wavelength where the total
transit time was approximately half a periode All of
these valves operated in common-anode circults and the
range of minimum wavelengths was 25 to 90 cme

The commone-grid triodes, E1274 and CV90, have
limiting wavelengths where the transgit time 1s about
two=thirds of a period. '

In some small valves the anode dissipation is a

limiting factor. For these it 1s advantageous to have
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have a low amplification factor since the required
transit time can then be achleved wlth a low anode
voltage. If‘p is too low the characteristics are pooﬁ
and the performance suffers. In most of the success=
ful triodes anode dissipation 1s not a limitation and
p is of the order of 20 to 40, Some of the older
glass envelope valves such as the door-lknobs and the

DET 12 have amplification factors of 10 or lesse.
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6,vie CATHODL EMISSION.

The need for small electron transit time
imposes high demands on the emisgion from the cathode.
The effective grid voltage must exceed a certain value
to give sufflclently small transit timee 1In order to
maintaln space charge limitation at this grid voltage,
the emission per sqecme Of cathode surface rmust be
greater than a certain amounte It can easily be shown
(see Appendix C) that the emission density, I, in amps

per sqecme is given by

3x 1072 A f7
/g.‘? - )

I = (10)

where 4 = cathode=-grld clearance in cme
f = frequency of osclllation
and k = ratio of the transit time to the period.
In the 10 cme triodes the grld-cathode clearance
1s about 0,008 cme If half the total transit time of
two-thirds of a period occurs between cathode and grid

then equation (10) shows that the emission density is



79

i1s about le5 amp per sqe.cme This represents about the
maximum emisslion that can be reliably maintained wilth
existing oxide=coated cathodess Thus the prospect at
present of reducing the wavelength of operation much
below 10 cme 1s limited.

It 1s fortunate for the success of radar that
high voltage pulse modulation favours emission from
oxide coated cathodes. The author'!s colleagues found
that emission denslties of 10 amps per sgecme could be
maint eined under pulsed condltions.
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SUMIARY AND CONCLUSICOl.
Successful progress with negative grid valves for

decimetre wavelengths has depended almost entirely on
circult developmentse Prior to the present work the
advance towards shorter wavelengths was achleved malnly
by making very small valves of conventional designe

The integration of the valve with its circuit, which was
started with the E1020, virtually eliminated one of the
two major limitatlons and ultimately enabled valves

to be used down to a wavelength of 10 cme At the same
time, greatly improved performance was galned at longer
wavelengthse

After the present work started, the old tecimlque
was taken a stage further in the double~ended door=knob
(Refe18) which gave some output at 20 cme In this
design the skills of the mechanlic and glass blower were
pushed to thelr extreme limite.

The new designs of valves and circuits are much
eagsier to make and simpler to operates The triode
oscillator is reduced to a simple three terminal network
whose behaviour can be readily analysed, It 13 found

that all successful short wave oscillators operate with



with Inductive reactance between anode and grid and with

capacltive reactance between anode and cathode and
between grid and cathodee Mogt of the osclllators have
two varlable circultse. The one between the anode and
grid determines the frequency and the other, between
anode and cathode or between grld amd cathode controls '
the excitation. successiul

There are two maln types of;(_‘oscillator, which
are distingulshed by the electrode which 1s common to
the two varlable clrcuitse. They are known as commone
sanode or common=grid ogcillatorse. The latter have the
better performance at the shortest wavelengths and
include all the 10 cme triodes. The commoneanode
oscillator is easlly adapted for push=pull operation and
most of the high power triodes for radar belong to this
class.

Comon-grid triodes can also be used for
amplificatione They have dlsadvantages for certain
applications, and everted trliodes and tetrodes have been
Suggested as more sultable amplifying valves which have
8ll the features of low frequency amplifliers along with
the types of circult which are needed at decimetre
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decimetre wavelengthse.

The finite electron transit time causes the other
ma jor limitation to performances It 1s shown in the
thesis that the need for short transit time lmposes a
demand on cathode emission which 1s belng used to its
1imit In the 10 cme triodese

It is also shown that common-anode osclllators
reach their limit of oscillatlion when the total transit
time from cathode to anode is half a perlod. In
common=grid oscillators the limit occurs at two=thirds
of a perilod.

In the self-ogcillator deterioration in
performance begins to be appreclable when the total
transit time 1s about one~twelfth of a periode

Today the negative-grild valve has reached the
stage where its use at wavelengths below 10 cme is
prevented by electron transit timee. IElectrode clear-
ances have been reduced to less than 0.l mme and
reduction cennot be carried much furthers. The only

way In which the valve engineer can hope to extend the

linlt is to produce more efficient cathode emltterse
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emitterse When this is done further limitations may
appear. An Incldental limitation is primary grid
emisslon, which might become more serious with more

efficlient cathodes.
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