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SUMMARY.

The Thesis opens with an introduction to
electrical resonators and some instruments which
are special to the centimeter region of wavelengths.
The excitation of resonators by the principle of
the vo;ooity modulation of electrons 1s then given
and it 1is followed by a brief mention of voloﬁity
modulated oscillators and magnetron oscillators.
Little specific mention is made in these sections
of the author's work. A reference is however made
to an early split anode 3 cm. magnetron and also to
a tunable velocity modulated oscillator. These were
made by him before such tubes had passed the experimental
stage. The development of mugﬁetrons required some
simple but reliable method of measuring pulsed high
tension power. Some satisfactory nethods developed
by the author are described. To prevent there being
any possible doubt, these power mcasuremcnts were -
checked by careful measurement of the heat developed
in the magnetron. To examine the electriec fields
within resonators and feeder lines small test probes
and loops are necessary. These probes and loops
require a consideration of the various types of
rectifiers, detector instruments and high frequency

matching sections. All are discussed both from their



simplicity of design and from their performance.
Tor the design of 3 om. magnetrons, whose output
system was to be matched to the standard fitting
used in the Services, an accurate standing wave
measuring instrument was built. The errors
occuring in these instruments are examified and
shown %o be negligible only under certain
conditions of operation. The general properties
of wave guides and coaxial cables are given prior
to an account of the author's experiments on the
measurements of magnetron output powers. Mention
of preliminary work on power measurement is made
and is followed by a full description of a rugged
glass contained helical absorber suitable for low
or for high power routine measurements. TIFull
details of the calibration of the absorboers is
given. There are also details of a calorimeter
for coaxial output valves and also for wave guide
output valves. These instruments have given a
trouble free performance for nearly two years and
are eminently suited for use in factories for
testing the quality of the valves produced. The
increase in the output powers from magnetrons soon
necessitated a complete redesign in the output
system. The author's experiments on what was, as
far as he is aware, the first 3 cm. wave guide

output valve are included.



Note. In this thesis the main work of the author

is to be found in sections 4, 6, 7, 9 and 10. In

all these sections the work is entirely his own.

He wishes however to acknowledge the very considerable
help and kindness he has received from all members of
the Laboratory. The author's rather sudden departure
to the U.S.A. has enabled him to glance only briefly

at the final type-written copies but he hopes that they

do not contain any serious error.

Fatph AU M. Daslor.
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INTRODUCTION.

The first systematic study of electromagnetio
radiation was made by Hertz in 1887. The wavelengths
he used were of the order of a few metres, although
waves as short as 24 cm. were obtained. After the
work of Hertz most attention was cencentrated on
wavelengths of several hundreds of mﬂtreé because
such wavelengths are eminently suitable for communication
purposes. In the last decade, however, the production
and utilisation of very much shorter electric waves
have developed enormously; they offer a special
advantage in that a concentrated beam of radiation
may be produced. The properties of these short
waves can therefore be usefully applied to navigational
purposes, and some pre-war work, see for example (12),
had been published on the production of wavelengths
of about 50 cm. Still shorter wavelengths were
required. The main difficulty has been that it was
impossible to produce powers of more than milliwatts,
or at the most, a few watts (13) and (15). The
teckniques, which are required to produce these short
wavelengths, are very different indeed from those used
for longer wavelengths. An important advance in
producing higher powers was made Just previous to the

war by using the principle of velocity modulation (7),



(40); and since the war the development of centimeter

radiation has been essential for radio location.

Some of the most important advances have been made

in the Physics Department at the University of

Birmingham. It i8 in these laboratories that the

author has heen engaged from the beginning and, in

fact, he is the only member of the laboratory who

has had previous experience in centimeter wavelengths.
This thesis gives a detailed account of the

work with which the author has been associated at

Birmingham University, and can be considered as

consisting of four main parts. These four parts

deal with:

(1) The general techniques used, and the
apparatus required for the centimeter
region - section l.

} (2) The brief mention of various types of
oscillators, including some which the
author constructed - sections 2 and 3.

(3) The development of an instrument for
the measurement of standing wave ratios
- gections 6 and 7. . .

(4) The development of radio frequency power
measuring devices, and the first
experiments on high power magnetrons
fitted with a wave guide output - sections
9 and 10.



The whole of the thesis is written in a form
suitable for guiding an experimenter who is
beginning work in the centimeter region of
wavelength but who, at the same time, hes some
knowledge of radio in the longer wavelength region.
To complete the subjects discussed, and at the same
time to avoid the dissertation becoming too long,

the two sections on oseillators asre rather brief.

In published literature there is little mention

of the solution of impedance problems by circle

; diagrams, although Bartlett in his book 'The Theory
of Electrical Artifiecisl lines and filters' (5),
makes use of them. His treatment of the circle
diagram is however, more general, and therefore

more complex, than is required for most eircuit

work. It is with the intention of encouraging

the application of this method of solving impedance
problems, that part of section 5_or this thesis is
given to c¢ircle diagrams, although since the author
commenced this section,T.R.E. (Malvern) hawe circulated
in a form sultable for the solution of most radio
problems, a report on the theory of circle diagrams
(50), and J.C.Slater has published his book,'Microwave
Transmission®' (17) which includes much subject matter

on circle diagrams.



SECTION .

AN _INTRODUCTION TO APPARATUS SPECIAL
TO CENT WA .

l.1l. Introductory.

This opening‘aention is an introduction to the
essential apparatus required for work with electromagnetic
wavin in the centimeter region of wavelengths. It deals
very briefly with the usual forms of hollow resonators,

‘wave guides, electromagnetic field testing units such as
probes, amd the designs of wavemeters. By this introduction
the author feels that the explanation of an oscillator, for
instance, will be simplified: 1t will not be_naoessary to
side track from the electronics of the discussion to explain
the property of resonators, such as the rhumbatron,which
forms part of the oscillator. In the same way if one wishes
to explain the Hartley oscillator, one needs to explain
first the properties of "L-C" circuits before proceeding to
the details of the oscillator. The form that these elements
take in this short wave region is however very different from
that of ordinary radio circuits.

The technique for centimeter waves is nevertheless
essentially the same as for the longer waves, €.g., one uses
matching transformers, loading céils and condensers; although
a newcomer to this field will note the absence of the familiar

colls of wire and flat plate condensers, etc. 4As a result
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he may feel that there is an unusual simplicity about
centimeter wave apparatus. However such a newcomer

is apt to overlook the fact that the addition of a Tew
millimeters of wire to a feeder may alter an impedance

by a hundred fold. The use of hollow boxes as

resonators and the propagation of waves in metal tubes
(somewhat similar to a coaxial feeder which has no central
conductor) will be almost entirely new to him. He may
have heard of them before,but if so,the interest was
purely academic - Lord Rayleigh gave the mathematical
bases of wave propagation in tubes in 1892, (14). Ve
will now consider in turn some of the instruments mentioned
in the first paragraph.

l.2. Hollow Resonators and Wave Cuides.

Any closed ( or nearly closed) metal container can
be made to resonate electrically if the frequency employed
is high enough. For example a hollow sphere can be excited;
the electric and the magnetic fields for the fundamental
mode of such a resonator are shown in figure 1l. The
mechanism by which resonance can be maintained will be
explained later. It should be noted, figure 1, that the
field is confined within the metal container and so there
is no radiation into space. This is an important fact
because at the frequencies involved the loss by radiation
can be so great that efficient resonating properties are

impossible, i.e. the "Q" (i%%) has become low in value.

At frequencies higher than the fundamental a great multitude



of other resonant "modes" are formed. If the metal is
clean and conducts well on its surface all modes are very
sharp; that is the Q is high, being for most shapesa of
resonators of the order of 2000 although values up to
200,000 may be obtained. The lowest frequency at which
resonance can occur gives a wavelength of the order of the
diameter of the container. A verﬁ efficient and useful
resonator shape is shown in figure 2A and is referred to

as a Rhumbatron. A more pracfieal form is given in

figure 2B. The exact properties of these closed resonators
are in general difficult to calculate (9), but the principle
of their operation can be understood as follows. The
resonator, as do all electrical resonators, consists
essentially of an inductance and a capacity. The inductance
is provided by the curved walls which have electrical
properties similar to a single loop of wire open between A and
B. The capacity is mainly, but not entirely, provided

by the two surfaces AA and BB which form a parallel plate
condenser and which are connected to the inductance just
mentioned. Oscillating currents flow between A and B via
the walls. The currents produce a magnetic rield (which
differs from that of a loop of wire in that 1t can occupy
only the inside of the conducting enclosure). This magnetic
rield forms closed circles whose centres lie on the axis of
revolution of the rhumbatron and hence it is only as a
section that these lines appear in figure 2A. The electric

field occurs mainly between AA and BB, and is shown in the



same figure. Reference will frequently be made to these
resonators and before concluding these preliminary remarks
on them the following three important properties should
be noted:-

(1) The electric field is located almost entirely between
Ad, BB. |

(2]‘ The distance between A& and BB can be small compared
with the wavelength of the electrical oscillations, say
1/20A. (The advantage of this will be made clear in
section 2).

(3) The magnetic lines of force form circles concentric
with the principal axis of the rhumbatron.

Very brief mention will now be made of hollow
wave guides. These are usually referred to simply as
wave guides, and are often used for the transmission of
pOwer. They are metal tubes along which electric waves
are propagated. They offer the advantage that relatively
low losses are incurred. An account of wave guides is
given in section 8: a simple example of an antenna feeding
4 wave guide is given in figure 35.

. Wave guides and hollow resonators can have their
electromagnetic rields examined by suitably positioned test
probes or loops. Thus in a rhumbatron the loop is placed
as in figure 4. Care must be taken that the test units
do not noticeably distort the field of the guide or resonator.

The author's examination of this important condition and the



precautions necessary to be observed are given in section
6 and 7. A similar probe or loop arrangement can be
used to excite the resonator or guide, except that now
power is fed into the.probo or loop from an oscillator
of suitable frequency.
1.3. The measurement of Wavelength - Wavemeters.

The method used to determine the wavelength of a
radiation depends very much on the accuracy required
and the power available. TFor example, with an oscillator
delivering a few watts, a rough indication can be obtained
by running a neon lamp along a pair of lecher wires.
Sometimes by sliding a bridge along the system the voltage
nodes and anti-nodes can be detected by watching the reaction
on some c¢ircuit, such as the anode circuit, of the
osecillator. In such determinations, ﬁhen too little
attention i1s given to the change of conditions of the
oscillator, the positions of the minima are not always mide-
way between the maxima. Best results will then be obtained
by measuring from one minimum to another (and not from a
minimum to a maximum); but obviously measurements under
such conditions are not advisable. For precise geasurements
it is essential not to disturdb the oscillator. With
lecher wires, loosely coupled to the main circuit, accurate
results can be obtained by placing a sensitive probe (to be
discussed later) near the wires. The response from this
probe will go through a succession of maxima and minima if

a short circuit bridge is moved along the wires. By
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observation over a succession of say 20 A a considerable
accuracy is obtained.

A more practical form of wavemeter can be made by
using a coaxial line in a similar manner. This method
has the additional advantage of being non-radiative. As
a wavemeter it is less easy to construct but when well made
can yield very good results. The general arrangement is
given in figure 5. The reference (38) also deals with
this type of wavemeter.

Measurement of wavelength, by the method Jjust
explained, sufrers from the disadvantage that a single
observation does not.-give the result: at least two
observations are necessary and these often several wave-
lengths apart. A further difficulty is that if more than
one wavelength is present (and this often occurs with
magnetron oscillators) the resulting series of maxima and
minima are very confusing. To overcome these ﬁirficulties
resonant cavity meters are used. A type first produced by
Sayers of this laboratory is shown in figure 6. The
resonant cavity has some resemblance to the rhumbatron,
and its resonant period is controlled by the moving plunger.
To determine a wavelength the input loop is loosely coupled
to the radio frequency source and the thimble turned until
a peak deflection occcurs in the indicator system (section 6).
The thimble scale now enables the wavelength to be read from
the calibration chart which, with a suitable design of cavity

shape, c¢an be made sensibly linear. The relative accuracy



is of the order of 1 part in several thousand while the
absolute accuracy depends on the calibration and the
faithfulness of the instrument in maintaining the calibration;
€e8ey the wear of the micrometer screw will produce errors.
At their best the instruments have an absolute accuracy of

1l part in a few thousand. They are calibrated by harmonics
from a quartz.crystal.

A VWavemeter to determine small frequency changes.

To determine changes of’rrequency of the order of a
'Mcv/éec. in a wavelength of 3 cm., and instrument capable
of discerning changes of 1 part in 104 is required. For
this one uses special high ( meters. These are gimilar in
design to the resonant cavity instrument just described but
employ a resonator excited in a mode to give the highest
possible for practical working. An account of this wave-
meter can be found from reference 39 in the list at the end

of this work.



SECTION 2.

VELOCITY MODULATION OSCILLATORS.

Summary .

In this section it is explained how a rhumbatron
can produce a "bunching” of an electron beam, and how
this beam can then give high frequency energy to a second
rhumbatron. Some oscillators using this principle are

discussed.

2.1l. One use for the Rhumbatron.

In the first section there was, among other things,
an outline of the principal properties of the rhumbatron.
It was mentioned in particular that the high frequency
riéld of the resonator was concentrated between two surfaces
and that these surfaces were not very distant from each
other. We shall now see how this property is utilised
in the design of oscillators where interaction between the
field and an electron beam takes place. It is necessary
however to understand first the principle of veloecity

modulation of an electron beam.

2.2. Velocity modulation and Bunching.

If a high frequency field acts along the direction
of movement of electrons, some electrons will be accelerated

and some retarded according to the phase of the field during

the transit of the electrons. As a conseqguence of this a



uniform beam of electrons becomes a beam in which the
electrons are not all of a uniform velocity, (for
some electrons will be moving faster than previously
and some slower than previously): the beam has been
"velocity modulated"”. (In actual fact the electron
takes a finite time, say 1/5 of a period, to cross the
high frequency field and so it is not correot to speak
of the phase of the field during the electron time of
transit but more exactly a range of phases must be
considered. The general principle however is still
the same and we will neglect the extra complication).
‘The result of this velocity modulation is that
further along the beam the faster electrons catch up
with, and the slower ones fall back upon, the electrons
whose speed had not been altered. In other words
clusters or bunches of electrons are formed and the
beam becomes intermittent. (This last sentence, while
bringing out the nature of the effect, is an exaggeration
for more correctly the beam remains continuous but
becomes density modulated). Still further along the
beam the electrons continue to rearrange themselves and
the bunching becomes destroyed, but this is not here
of primary importance: the important conclusion is
that velocity modulation at one peint of the beam
produces bunching at another point. From this simple
explanation the smallest velocity modulation will produce

bunching if the beam is allowed to continue along its



path for a sufficient distance. This implies that
an amount of energy however small will bunch the
beam. In practice however de-bunching forces

(due to mutual repulsion of the electrons) have

to be considered. Nevertheless given efficient
resonators the energy required to produced a bunched
beam is very small.

Velocity Modulation by a Rhumbatron.

In section I it was explained that
the high frequency electric field in a rhumbatron
ocourred between two surfaces whose separation was
small compared with the wavelength corresponding to
the resonant frequency. By replacing these surfaces
by grids (figure 7) the performance of the rhumbatron
is not materially altered, but an electron beam
travelling parallel to the grids can now be passed
through the resonator. This direction of travel of
the beam is suitable for the field of the resonator
to influence the electron velocities in a manner as
explained in the previous section. By this means a
rhumbatron can be used to bunch an electron beam; such
a rhumbatron is usually referred to as a buncher.

2.3. Interchange of energy between electrons and
Rhumbatrons.

Electrons crossing a rhumbatron when

the phase of the high frequency field is such as to

accelerate them, gain energy from the field.

Conversely, if the transit is performed when the
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field retards the electrons, energy is given to the
field and the high frequency oscillation tends to be
maintained. Thus, if the bunches of electirons are
timed to cross another rhumbatron when its high frequency
field opposes then, qnergy'can be transferred from the
beam to the high frequency field of the rhumbatron.

In practice the beam is never perfectly bunched and
some electrons may abstract energy from the field but
these electrons should be very much in the minority.
The gain in high frequency energy is obtained from the
reduction in the mean velocity of the electrgn bean,
i.e. in effect, from the potential originally used to
produce the beam.

It is evident that power oscillations
in a Rhumbatron can be maintained by passing through
it a modulated electroh beam. The modulation of this
beam is usually produced by a buncher rhumbatron which
is excited by a feed back of energy from the power
oscillator. This principle is that of all velocity
modulated tubes. An example of such a tube is the
klystron, a diaérammatio drawing of which is given in

figure 8.
2.4. Development of Velocity Modulated Oscillators.

These oscillators have the characteristics
of all velocity modulation devices in that there is a

number of well defined beam voltages at which oscillations

occur. This property is due to the fact that for the



efficient jransfer of radio frequency power to the
catcher, the transit time of an unmodulated electron
from the buncher to the catcher is given by
t=2T(nI $)/,; + 1Inthis n is an integer and W
the angular frequency of oscillation. The winus
sign corresponds to the "in phase" mode, i.e. when
the buncher and the catcher voltages are simultaneously
either accelerating or retarding the electrons, and

. the positive sign to the "anti phase" mode. Because
of the coupling between the resonators these two modes
of oscillation differ slightly in frequency.

The development of the Klystron followed two
distinet branches; (1) the low powered continuous
wave oscillator whose waveleugth can be tuned. It
is suitabie as a local oscillator for receivers.(2)

The high power Klystron transmitter.
The low power Klystion.

In the latter part of 1940 the Sperry Klystron
was produced in America (41). These were tunable
oscillators and operated at about 1,000 volts H.T.
sgpply;with a maximum current of about 40 ma. Oseillatio
could however be obtained with currents of the order of
5 mA. The power output under suitable conditions was
as high as a watt and the corresponding efficiency about
2.5%. Tuning was possible over a range from 9 cm.
to 11.5 em. This was attained by distorting the
resonators to change the spacing between the grids,and

hence the capacity of the.resonator. The frequency



stability of these tubes was satisfactory. Two
causes of frequency drift are possible:-
(a) Thermal drift. This is caused by heat expansion
of the resonators. In the Sperry tubes it amounted
to about 2 ar 3 Mo}/ﬁec. in the &first three
minutes from switching on. After this time the
frequency change became very much less.
(b) Frequency pulling. This is mainly caused by a
ahange in the H.T. voltage supply. For these Sperry
os@illators the pulling was of the order of % Mc/sec.
for a change of 40 V. in the high tension voltage.
Another form of Klystron oscillator is the single
rhumbatron type which utilizes the reflex principle for
obtaining feedback. The electron beam is velocity
modulated as it passes through the rhumbatron, and
after this first passage it is acted on by a retarding
electric field. This reflects the beam,now bunched,
back through the resonator. The mechanism of these
oscillators 'is more complex than with the double
rhumbatron klystron tubes, because, in the reflection
tube, the point at which the electrons turn back is
a function of their speeds, i.e., of the velocity
modulation they have received during their first transit
through the rhumbatron. Greater power can be obtained
by replacing the reflector by a secondary smitter, for
example an aluminum electrode at 60 V. positive with

respect to the cathode. This electrode then yields



a secondary emission and this emission returns to the

resonator as a bunched beam. These reflex oscillators
are often more efficient than the double resonator
klystron. This, combined with the simplicity of
tuning, mekes reflex tubes preferable as local
oscillator sources for superheterodyne receivers.

Much attention was given to the development
of these reflex oscillators by Rollin and Sutton in
England. Tuning was not by distorting the rhumbatron
as was the practiece for the klystrons, but by altering
the depth of a metal plunger inserted into the side
of the rhumbatron. The Author early in 1940 constructed
a demountable reflex oscillator tuned by compressing
or extending the rhumbatron, which was made from
metal bellows, Tfigure 9. This oscillator was used
a8 a short range transmitter for experiments by Moon
and the Author on a 9 cm. super-regenerative receiver,
(26).
2.5. Developnment of High Power Klystrons.

At the outset of the war Sayers began development

work on the klystron and in 1941 published a report on
experiments with a Birminghem # k.W. 6.7em. Gun laying
set. A novel feature was that tihe klystron provided
both the transmitted pulse and the local oscillator
frequency. This was eflfected by altering the high
tension voltage to change the oscillator from the

"In phase™ mode to the "Anti Phase" mode, (£8).



In all klystron oscillators the factor which
limits the output power is mainly the difficulty of
obtaining a sufficiently intense electron beam to the
second rhumbatron. Another dirfficulty discovered by
Sayers, and closely connected with that just mentioned,
is that secondary emission of electrons near the
rhumbatron gaps exerts a heavy damping on the electric
oscillations. Muech of this damping can be averted by
the rhumbatron gaps being recessed and formed between
"Chisel Edges" see figure 1l0. In the latter part of
';941 British Thomson-Houston Co.Ltd. undertook to produce
a sealed-off klystron from one of the Sayers demountable
klystrons. No fundamental change in design was necessary
apart from a slight change in the electron gun. This
was necessitated by the degree of vacuum in the sealed-off
oscillators differing from that of the demountable type.
These klystrons were not tunable but three designs were
produced which gave wavelengths of 7.0 cm. 9.1 cm. and 10.7
cm. respectively; = the tolerances being =2j. Efficiencies
were of the order of l0p - 20%. A continuous oubput of
300 W and a pulsed output up to 2 k.W. were obtained with
lives of 300 to 500 hours.



SECTION 3.

THE MULTI- RESONATOR MAGNETRON.

S\mz 2
A brief survey of the development of the multi-
resonator magnetron at Birmingham University.

Ss1. The multi-resonator magnetron.

The pre-war magnetron, generally known as the
split-anode magnetron, is very widely used to produce
deci-metfa waves and its properties are so generally well
known that a detalled discussion is not necessary. In
the centimeter region, however, the practical limit to -
electron speeds required a considerable reduction in the
physiqal size of the magnetron. This resulted in a big
decrease of the maximum allowable anode dissipation and
therefore in the output power obtuinable. TFor example,
immediately before the war the author, then at the Royal
Institution of CGreat Dritain, was asked to begin work
similar to that of Cleeton and Williams (6). The author's
valve was made tunable by enclosing within its envelope a
lecher system whose length could be varied by external
control. On account of the small anode size, 2 mm. in
diameter and 5 mm. long, the output was only about 1/5 watt.
‘avelengths over a range of 2 cm. to 10 cm. were obtained.

The reduction in size is not the only difficulty, fc

at wavelengths less than 15 cm. the conduction losses in
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coaxial lines begin to be serious and the problem of losses
by radiation becomes more acute. These considerations
limiting the performance of magnetrons, led Professor
Oliphant and his staff at the University of Birmingham to
explore the possibility of using a multi-resonator anode
enclosed within a metal envelope. Early in 1940 this new
type was prdduced by Randall and Boot with extremely
satisfactory results. The magnetron consisted,in essence,
of a multi-resonator anode surrounding the cathode as in
figure 1ll.

The exact operation of these oscillators is not
fully understood, but Hartree, Slater, Stoner and others
have published many papers (25) (84) (35), some in very
great detail, on the mechanism of these valves. 0f the
many results from these theoretical papers, two, which are
very important, are:

(1) The resonators give rise to a wave which is rotating
with a phase velocity say ¢ per segment. This velocity
is subject to the condition that, if N is the number of
segments, Ng is a multiple of 27 .

(2) The electrons in the cathode space charge rotate with
various angular velocities. For the successful operation
of magnetrons the angular velocity of a certain layer of
electrons in the space charge cloud bears a definite relation
to the angular velocity of the anode potenfial wave, mentioned
under (1).

In some designs of magnetrons it has been shown by Sayers

and Sixsmith (32), that the space charge cloud is rotating



meh slower than the anode wave. In this case the
jpace charge, instead of moving in step with the anode
ave, 1s moving in step with a spatial harmonic of the
TAVE. All these effects are extremely complex and are
10t considered in further detail at this stage.

From the practical consideration the relatively
massive anode and heavy electron current (sometimes over
a hundred amperes) make the magnetron capable of delivering
very high peak powers. This resulted in its extremely rapid
development and its general preferment to the Klystron
when high power was required. At the time of writing
peak powers of over a megawatt are possible. The high
efficiencies now obtainable, often over 50%, were first
produced by Sayers who connected segments of similar phase
by copper conductors. This precedure is known as strapping,
or as mode locking, and the next two paragraphs will be
devoted to its behaviour in practical application.

2.2. The Strapping of mulii-segment resonators.

The travelling wave of the resonator need not be
limited to any one number of repeats round the anode. Thus
a system of 12 resonators can have any number of repeats up
to six. To each of these modes of oacillatibn corresponds
a particular resonance frequency. In the power oscillator
several of these frequencies can be excited. Their
separation is only of the order of 2§, and as a result

frequency instability can occur, due to changes of external



loading, or, due to changes in the electronies of the
valve. TFrom the electrical stand point the straps behave
like reactances which, %o an approximation, have but
little effect on the required mode (for the voltage phase
at each end of the straps 15 the same) and a comparatively
powerful effect on other modes. Thus in a 9 em. unstrapped
valve the separation of the unwanted frequency from the
working frequency is a few per cent whereas with a strapped
valve, the separation can be better than 25%. The
strapping does not prohibit modes. It increases their
separation thus tending %o prevent a change from one mode

to another. The conductivity of the straps is also

advantageous in providing more equal loading of the resonators

On 9 ecm. valves, strapping was an immediate
success but on 3 cm. operation the great improvements
expected were not at first obtained. Sayers and the author,
while developing an early 3 om. magnetron (29) attempted
to strap it but received little success. The author then
made some resonance experiments, i.e. he determined the
various frequencies df'the resonator systen. The results
showed tha$ very little increase in peparation occured with
strapping. The reason was that, measured in terms of

wavelength the strap length was about three times the length

used on 9 cm. valves. When the 5 em. magnetron was reduced

in size, the expected improvement in performance was

obtained.



S«Be Cathodes for Magnetrons.

The problem of cethode life is of extreme
importance. The chief cause of short life is the high
temperature of the cathode. This femporature is
produced by the back bombardment of elestrons. Important
properties of the cathode are:= .

(1) ‘The design should be such that the heat is
conducted or radiated away without too grest a
rise of temperature.

(2) The thermionic and the secondary emission should
be high.

(3) The ecathode materials should not be subject to
appreciable vaporisation or flaking.

Further mention of cathodes will not be made in this
thesis except for mention (27) of the publication from
Birmingham University of a report "Cathodes for magnetrons"
by J.T.Randall, H.Tomlinson, W.T.Cowhig. This report
deals with the general property of cathodes and gives
results for radiator-type cathodes, cathodes formed by

Alkaline earth compounds on molybdenum, thorium oxide
cathodes etc.

3.4. Tunable multi-resonator mametrons.

The principal deficiency of magnetrons has beer
the complete intlo;ibility of their operating frequency.
Within the last year however some fairly successful attempts

to tune 9 em. valves have heen made. Electrically the
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magnetron can be considered as a system of coupled
L-C circuits which must be operated on to change the
wavelength. In general there are two ways to alter

the resonant frequency of a circuit:

(a) To couple into the circuit another circuit which
can be tuned.

(b) To alter the reactance of one or more of the
component parts of the system of L-C circuits comprising

the magnetron.

A first example of (a) is the coaxial tuner
coupled directly to the cavity figure 12. By changing

the position of the plunger in the tuner the wavelength
can be changed by about 1%. Another method is to couple
the reactance direct to the straps. To do this the
strapping can be modified by connecting the odd segments
to the outer of the coaxial and the even to the inner, as
in figure 13. This method produces wavelength changes

by as much as 1l0%. See reference (43).

An example of the second method (b) is the
end plate tuning. It is somewhat similar to that employed
in earlier days by the author to tune a cylindrical
klystron. It consists of a conducting plane (or
preferably a ring) whose distance from the ends of the
segments can be altered, see figure l4. The chief effect

is the variation of capacity between the segments and the



end plate and this causes an slteration in the resonant

frequency.
Output feeds from multi-resonator magnetrons.

The output feed fitted to all magnetrons has
been almost invarisbly the coaxiel line. It had the
advantages of simpliecity of attachment. Turther by
suitable stubs, reasonably good matching with the external
load could be obtained without undue trouble. There
are however 5 om. valves and 9 em. valves in this
laboratory of such power that the full output can never
be approached because of voltage arcs and heating within
the coaxial fecder. This had been féreseen and the
possibility of a waveguide output feed was attractive
as a oure. The author's experiments on what became as
far as he is aware, the first O cm. valve with this type

of output, are given in a later section.



SECTION 4.

THE MEASUREMENT OF INPUT POWER TO MAGNETRONS.

Summary.

Some methods of measuring the pulsed power
supplied to magnetrons are described and the accuracy

of the methods discussed. The agreement between the

results is to within 2%.

4.1. The necessity for reliable measurements.

The very promising performance of magnetrons
led them to be favoured for many operational uses in
the Services. Development work was therefore concentrated
on them at the University of Birmingham and at other
establishments. For ; successful comparison of
characteristies and operating data, accurate measurement
of the input pulsed power to the magnetron is required.
It was found possible to obtain measurements to a few per-
cent and this section describes the methods used by the
author to ensure that a testing unit employed for the
development of 3 cm. valves yielded reliable and accurate
results. The disagreements, at times amounting to 10%
between different testing establishments stressed the

necessity for this work.

The problem is to measure to a few percent the
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supply to a magnetron Opérating at about 15,000 V.,
20 A. 3} this power being supplied in approximately
square pulses of lp.sacond duration and having a
repétition rate of 500 per second. Both the average
power and the peak power are required.

A typical shape of the voltage pulse, given on
a cathode ray tube, is shown in figure 15. The current
could also be registered on the same tube but was more
geherally recorded on a moving coil meter, which
registered the mean value. Since this mean current was
about 1/2000 of the peak current, a smoothing eircuit
consisting of a condenser and an inductance was
incorporated to protect the meter (see figure 16). ;t
should be observed that because the voltage pulse is
essentially square, the average wattage is the product
of the pulse voltage and the average current, but if
the R.M.S. current should be used it must be multiplied
by the R.M.S. voltage in computing the power.

A number of difficulties are encountered in
these measurements; for example, if we attempt a
measurement by a diode peak voltmeter, 1t may record
the voltage V4 of figure 15 whereas some voltage such as
VB would be more nearly correct. Errors may also occur
due to stray reactances, and to resistances having
noticable reactive properties at the frequencies involved.

Voltages read by the cathode ray tube have the



great advantage that their pulse shape can be observed,
an important asset when examining magnetrons for
pecularities in their operation, as, for emample,

mode Jjumps. Because the voltage pulse was substantially
Tlat a comparison between measurenents of voltage with
the cathode ray tube, and measurements of voltage with

a diode voltmeter was the object of the first experiments.

4.2. Measurement of voltages by a cathode ray tube.

The circuit used is shown in figure 17. A
low reactance potentiometer P, of resistance R, is
connected between the magnetron high tension voltage V,
and earth, and a portion of this voltage is taken by the
tapping point X and fed tb the cathode ray tube via a
properly terminated 79 Jb coaxial cable. The deflected
trace on the tube is then returned to its zero position
by a potentiometer Pg. The voltage indicated by the
voltmeter Vg then equals but opposes the voltage at A4
due to the pulse. If V1 is the magnetron pulse voltage

then the voltage Vg at AA is:-

¥l e v, 7q7“( '—r) E
79+ \ R, —»7;:f
and hence
g7
Vi = %E (R 7"”’”)

Ry couldl be varied, and values between 700JL and 1500d%
were used; r; could have values between 304V and 50Jb
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4.5. Measurement of voltage by a diode voltmeter.

The circuit is shown in figure 18. When
Vg 18 less than the high tension voltage supplied to
the magnetron, pulses of current are sent through the
diode. R and C provide a smoothing circuit to protect
the milliammeter and it is shown later that the error
introduced by their presence is negligitle. The
voltage Vg was taken from the same magnetron power unit
and could exceed the magnetron voltage by virtue of .
the controlling diode between the power pack and magnetron
figure 19. If the power unit has an appreciable ripple
the correct value of Vg is that at the instant of the
pulse. This ripple would be caused by dischargesinto
the pulser line arfter every discharge through the magnetron.
Each charge for 15,000 volts is equivalent to 20 A. for
a y second, that is 20.10-® coulombs, and a consideration
of the power pack components indicate that the ripple
volts should then not exceed * 150 V. Measurements by
an auxiliary cathode ray tube sugegested that the ripple
was rather less than this. Hence the value for Vg, as
given by.h voltmeter (which indieates the mean voltage),

should be to within 1% of the true value.

Another possible error may occur through the
milliammeter having a finite sensitivity which results

in the possibilities of voltages developed across R, and



the diode, at the apparent point of balance. A simple
calculation, however, shows that, with the smallest
detectable current being about /o mi., the combined
peak voltages across R and the millismmeter is well under
a volt and therefore insignificunt compared with the
voltages in question. The emisg&ion from the diode was
checked. For '/,o A. emission, which corresponds to o mae
mean current, the voltage drop across the diode was
considerably less than 100 V. The error is of the same
sign as that introduced by the power pack ripple but even
then the combined error is less than l.5%. Transit time

effects in the diode are of no account for the periods

and the voltages involved.

‘The results of measurements taken simultaneously
from the cathode ray tube and from the peak voltmeter are
given in figure 20, and the agreement may be considered
satisfactory. In routine measurements the cathode ray
tube method was employed, the pulse voltage thus obtained
belng multiplied by the mean current to yield a value for

the mean input power.

The input power can also be found from the
temperature rise of the cooling water, provided that no
high frequency power is radiated by the magnetron. This
is a valuable means of showing that fhe routine method
suffers from no unsuspected errors. Measurements by these

two methods will now be described.



4.4. Calorimetric measurements of power.

Lagging was placed round the magnetron and a
thermocouple unit placed on the input and the output
water leads to indicate the rise in temperature.
Duriné the experiment this rise was kept constant by
varying the water flow. The rate of flow would then
‘be proportional to the heat removed by the water. The
loss of heat by radiation and conduction from the lagged
magnetron is constant and could be determined but owing
to the temperature rise being less than 330C this
correction may be safely omitted. For example, the
radiation loss from any part of the magnetron which
happened to be exposed would not exceed the black body
radiation loss of 2.4 10"9W. per square centimeter, and
the conduction loss through the cotton weol lagging is
less than 0.02 W. over the entire surface. That these
losses were negligible was shown by the fact that when
about half the legging was removed no detectable chenge
in the water temperature was observed. To avoid loss
by radio frequendy radiatidn, the output feed of the
magnetron was wrapped with metal foil in good contact
with the magnetron output stem. Frecautions against

losses from the cathode leads are given, in some detail,
later.

The calibration of the calorimeter system by the cathode
heater wnfti.

The cathode heater, rated at 5 to 6 volts had




its input wattage measured by an smmeter and a voltmeter
which were probably correct to 1% and certainly correct
to 2%. At 5.95 V. the current was 2.80 A. corresponding
to 16.7 W. The standard reading of the thermocouple
meter recording the water heating was decided upon as 30,
this corresponding to a deflection large emough for
accurate re-setting and being equivalent to 3.3°C. rise
in temperature. For the 16.7 W. input 1.19 c.c. of
water per second were required. Hence the calibration
of the system is 16.7 4 1.19 or 14.0 W. input for each
6.c. of water per second.

4.4.(continued) The determination of the input high tension
EOWBI‘ . !

Before measurements could be made with certainty

it was necessary to investigate whether any appreciable
power is radiated down the cathode leads. It is
dmpossible to surround these with foil as was done with
the magnetron output feed, because these leads were

at high voltage with respect $o the anode of the magnetron.
With 15,000 V. on the magnetron and 8 miA. mean current
input, a small neon lamp indicated some loss of power,
probably a watt or so, from the cathode leads. By
lowering the voltage to 12,000 V. this loss was appreciably
reduced being probably § a watt or so, while at 10,000 V.
none whatsoever was detected. Some idea of the

sensitivity of the neon lamp was obtained by a separate

experiment which indicated that a radio frequency output



of  a watt mean power from a magnetron was ample %o
light the lamp. It is therefore safe to say that at
10,000 V. the loss of power by radiation would be less
than § a watt and since the mean input power varied from
37 W. %o 8L W. the error involved would be less than l.4%

for the lower input wattage and less than 0.6/ for the higher
input wattage.

Results.

The high tension voltage and the average current
vwere measured for four different powers, the water flow
in each case being adjusted to give the standard deflection
on the ghermaoouple meter. The results are given in
figure 21 and indicate an agreement between the two methods
which is well within the experimental error.
Conclusione

Measurements of power and of voltage have been made
using methods which differed very considerably in technique.
The agreement obtained suggests that the calibration of the
pulsing unit employed should not differ by more than 2p

from the correct value.



SECTION 5.

A GENERAL SURVEY IN PREPARATION FOR SECTIONS

6 and 7.

SUMMARY .

This section, while giving the necessity for the

measurement of electric fields, has, as its main
purpose, the explanation of a geometrical solution
of electrical impedance problems. The results from
the second of the two examples which conclude the

‘section, are required in section 6.

5.1. The necessity for good test probes and loops.

The chief properties of electric resonators have
been described in sections 1 and 2. These properties
for resonators of simple geometric shapes, e.g. the
sphere, can be calculated; but for resonators of shapes
most often met with in practical design, e.g. the multi-
resonator magnetron,such properties are not amenable to
calcﬁlation. For this reason they must be found by
experimental determination and for this work, smsll
field exploring units are required. These units are also
vital for examininglthe standing wave ratio in transmission

systems. It is of first order ilmportance that the size
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of these test units and the power required to operate
them, cause no appreciable distortion of the fields
under observation. For example the resonance of

the wavemeter shown in figure 6 must not be noticeabl)
arffected by the sizes of the input and the output
units - in this case loops.

These test units consist either of a small
probe or a small loop. Figure 22 shows one of each,
together with a matching section of the author's
design. That an efficient matoching section is at
times necessary was shown clearly by the author when
first attempting accurate standing wave measurements
on a feeder from a 3 cm. oscillator of some 100 mw.
power. Before more is said about these units it is
desirable fto explain a geometrical construction for
the solution of impedance problems. The proof can
be found in reference (50).

5.2. A Geometrical construction (ecircle diagrem) .

The essentials of the problem are:- Given a
length of transmission cable of characteristic impedanc
Z,» and terminated by an impedance ZT. what is (1)
the impedance, ZA' at AA figure 23 and what is (8)
the standing wave ratio on the cable. For most
problems it is adequate to assume the line is lossless,
in which case the solution is to be found in the

formula:-

2 .Cos @ + ¢ 2,5in 6
2% =8 ECos @ U ES5m 6




1t =77 or ‘%, (i.e. 8 ’}’g or’}gaeotion of cable)

the formula simplifies to give Z, =Zand Zz =%/,
respectively. Unfortunately to determine several
values of Z, between these points, and even one
value of the standing wave ratio, (when Z,;is complex)
requires no small amount of work. If it were possible
to oﬁnatruot a graph of the expression; we could obtain
at a glance the values of Z, for all values of Zo

eand of & . This 1s in fact what the oircle diagram
does. We shall further see that for any one value of
Zq only two points, {the simple ones already found
will do) are required to determine not only the full
range of Z, but also the standing wave ratio on the
cable. With very little more trouble the values (as
distinct from the range) of Z,for any value of @ can
be read from the graph. In this manner the entire
solution to the problem can be obtained.

The graph is coustructed as follows. Two axes
are takem, one resistive and the other reactive as
indicated in figure 24. All values of im;edances
will lie to the fight of the reactive axis, where the
resistive element is positive. lioreover, as O is
varied, all values of Z, for any one value of Z,will
lie on a cirele having its centre on 0X. This circle
can immediately be drawn because we know two values
of Zp « An example will meke this clear. Supposes
as before, a line of variable length is terminated
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by Z, (complex). Plot the two points Z and Z: /ZT

as shown by A and B of figure 24. Since the circle

has its centre on 0X it can be drawn by using the self
explanatory construction of the figure; M is the centre.
This circle gives all possible values of Z, , and further
the voltage standing wave ratio, which is fixed for any
one eircle, is given by [°%- » There is only one
more relation to be found, mnamely how Z,varies round the
eircle with & . This is given by another set of circles
which have their centres on the reactance axis. These
cirecles are called y circles to avoid confusion with the
first set of cirecles which are called u cireles. 1In
practice it is not in general necessary to construct
these ¥ circles because, by a smuall change in figure 24,
this second set of circles becomes fixed for all problems.
They then have universal application. For this to be true we
must plot not (as has just been done for simplicity) the
actual resistances and reactances, but their ra tios with
respect to Zo « Hence our axes become as in figure 25
and points A and B énstead of being ZT and Zi/,zﬂ_becoma
Zy’zoand Z/ZT"  Figure 26 gives the universal set of
circles. When these are superimposed on the u cirels,
as in figure 27, the variation of ZA » in terms of the
cable length § , is obtained. The ¥ circles are drawn
for values of 6 differing by 159, i.e. a motion along a



'

u circle from one y eirele to another corresponds to

15 electrical degrees of dabla. If O iz measured

from the point where the termination Z;is across the

end of the cable, an inorease of _9 causes the u circles
to be traversed clockwisgs. It may be observed that any

¥ circle cuts a u circle at two points 90° different in O .
The voltage standing wave ratio, for all points on the
eircle, is given as before byf%__% v

The construction Jjust given is ususlly referred %o

as the gircle diagram solution.

It is important to observe the following extension

of the circle diagram to admittances:

The equation used for impedances (see the beginning

of 5.2.) was,

Z, = Z (zTcosow z,sma)_
. *\%,Cos® +i %,5m0

This equation can be rewritten as:

LR (Z,Cos@ + { Z«;-Sm@).
Zﬂ ‘Zo ZTCOSS"'{:ZDSU;G

-—_!_ v — ' - —_-L
By writing Hﬂ_zn : ﬂ,p.. ¥ A"-Z and multiplying ®ach

2
L o
side of the equation by A,,, A, the following equation

in admittances is obtained:-

Roakn (ﬂ.,. Cos@-r{AoSm@)
7 °\A,Cos 0 +i ArSinB/"

This equation is exactly the same as that for impedances

and hence the circle diagram solution can be applied to
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admittances as well as t0o impedances. The advantage

of this will be made clesar in exsuple 2.

Example 1.
| Suppose we require the impedance at the

terminals of a line 960° long (1.e. & x 1809 + 609)
of characteristic lmpedance Z =70 ohms, terminated by an
impedance Z,,-, of (80 + 100i) ohms.
oolution.

The two known vslues of Z, exprassed as a ratio
of Zoaz_-e‘:-,

Z% and

L

: Zp
Le. 80 +/00¢ and 0

"o 80 + 100 (
or (1.143 + 1.431) and (0.341 - C.426i). By the

means of these two points the circle can be constructed
figure 28, points A and B. With application of the ¥
circles it is clear that a 609 change in cable length
from A (the point of termination), gives the value of
indicated by C. HenceZe (34.4-311)ohms. Furthermore
a glance at the diagram gives the following information:-
(1) The standing wave ratio is 3.6 : 1 in volts.
(2) A8 O is varied the resistive value of Z,
lies between 20 ohms and 260 olms, and Z_is purely
resistive at these extremes for which the cable has
been increased by approximately 25° and 115° respectively
over the original length.

(3) The reactance falls %0 zero twice for every

1800 range of & , but is always within the range of
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+116.51 end ~115.51 ohms.

(4) oﬁn never be purely reactive.
Lxample 2.

In seotion 6, a oircuit, such as is shown in figure
2904, had to be considered. 7, is complex and
agsumed to be constant. We wished to examine the
values of the impedances at points 1, 2, when the pure
reactance ZP and the length of line 0 are varied
independently. We also wished to compare these
vaiues with those obtained when the circuit to the

left of points 1,2, is removed.

The solution is best obtained by working with

admittances instead of impedances. Let: -

Alz = —Z'- vhere Zmia the impedance across points 1,2.
12

Ae = -+ where Z, is the characteristic impedances
Z, of the line.

where Z. is the impedence at points 1,2,
when Zp is removed, i.e¢. the impedance of
the ¢ireuit shown in Tigure 29B.

Ae =

Bk

Ap = —'Z—P and varies from -~ Looto + £00 in value.
Gince Ae is the admittance looking to the right of 1,2;
vhen as O vaeries all values of A¢c lie ob & circle. Let
this be the circle of figure 29C.

Furiher:

A1z = Ap + Ac+ But since Ap veries from - {0

%o + 100 (and independently of A,) it follows that the



range of Ap and A, tcgether is given by the shaded strip
in figure 29C. This gives the rsnge of values
of A12- .
To obtain the answer in terms of impedaunces we
require the reciprocal of Ajz; 1i.e. we must invert
all points on the shaded strip about the point O,
the inversion ccnstant being +1l. This gives the
shaded part of figure 20D.
The dotted circle of figure 29D gives the locus
of 4., i.e. the range of impedances when the circuit

to the left of 1,28, is removed.



THE MEASURIMENT OF ELECTROMAGNETIC FIELDS

BY PROBES ANL BY LOOFS.

Summary.

The general properties of probes and of loops
for electronagcuetic rield measurements are given.
Detailed information on matclilng sections, crystal
réctitiers. and valve amplifiers, all of which have
been developed for the efficiaut operstion ¢f probe
systems, is also included.

6ele Omall probeé and Loops.

In high accuracy measurementis of electromasgnetic
fields by test probes or loops there are iwo conflicting
requirements. The first is that 10 apprecieble
distortion -should occur in the field which is being
measured, and the seocond that the messuring unit should
give sufficient output tc operate the recording instrument,
which may be a microammeter or & cathode ray tube.

The power réquired to operate a microammeter is about
10~8 w. This is therefore very small compared with the
high frequency power available, which, in the case

of a 3 cm. wavelenzth continuous wave oscillator, is

of the order of 100 mW. It follows from this that
distortions of.the field bf the measuring unit are

due either to unsound mechahioal construction or to
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poor electrical design. The author's work showed
that this distortion of the field by probes and
loops was greater than was generally recognised.
He found it necessary to give special attention

to this problem, (see also section 7).

The eéquivalent circuit of probes and loops.
(i) The probe. This is in essence a short

length of wire inserted into the guide as shown in
- figure 30A. At AA a coaxial cable is attached to
connect (via a matehing section) to the detector
unit. The characteristics of the probe seen at
AAy, 1i.e. looking in the direction of the arrow,
are, by Thévenins theorem, those of a high
impedance generator.

(11) The loop. This is a small loop of
wire inserted into the guide to link with the magnetic
lines of force. An example is given in figure 30B.
Again by Thévenins theorem it is evident that a
small loop has the properties of a low impedance
generator.

In practical applications either a locp or

a probe can be used: the former receives ilts e.m.f.
by linkage with the lines of magnetic force and the
latter by its position along the lines of electric
forece. The choice between loop or probe sometimes
rests with the disposition of the rield to be measured,

8.8« Tor the rhumbatron (figure 4 of section 1) a loop



is preferable, while for a coaxlal feedsr either

may be used. Where possible the muthor has always
preferred a probe to a loop. The reason is that
while loops may mislead the experimenter by being
affected by an electric field in the direction

of A, rigura Jl, and thereby behaving in a manner
similar to that of probes, yet it does not aeem
possible that vrobes can have properties similar %o
those of loops. It is for this reason and &lso

to avoid the repeated use of the term 'probe or

loop' that probes only are mentioned in this work.
‘This does not mean that the results are restricted

to probes, for the impedance of a probe becomes
indistinguishable from that of a loop which has the addition
of a section of line agpproximately % in length.

In practice this section is supplied by the elasticity
of the matoching section.

Rectifier units.

“he radio freguenecy power received by
the probe has %0 be rectified hefore it can be measured.
Different types of rectifiers are discussed in the
subsection 6.3, but throughout most of the work crystal
rectifiers will be assumed as they are most generally
used. JMention of the mounting of these rectifiers is

nade here because of the discussion on matching sections

in the subsection 6.2. Figure 52 gives the most usual



mounting. The high frequency choke, placed between
the concentric conductors, is to allow the rectified
current to have a eircuit through the galvanometer.
Such chokes are about 1 m.m. in diameter, 5 m.m. long
and have approximately 10 turns of 40 s.w.g. copper
wire: the'nnmher of turns is not critical. TWith
some designs of test unit the choke is not necessary;
€.8., if a loop is used instead of a probe the crystal

current can complete its path by flowing through the
loop . :

6.2. Matching sections.

Matching sections are necessary to provide
for the efficient transfer of power from the probe
t0 the rectifier. The simplest design of probe would
be with no matehing section, figure 33A. This is
not suitable for 5 cm. wavelength work at powers as
low as 100 mW., unless by a fortuitous choice the
dimensions happen to be correct for the wavelength
used. Gocod results can however be obtained if the
coaxisal line is made variable in length. This gives
a transformation of impedance as has already been
discussed in section B. It is evident from the same
‘section that the matching range is reetricted to
impedance values lying on one cirele (and not on the
whole) of the impedance plane. Desplite this

rastriotioh thé performence, 4in practice, is good.
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To increase further the mateching range a variable

reactance was placed in parellel with the crystal
as in figure 34 and each of the two coaxials was made
telescopic. The coaxial marked number 1 now sees
(instead of the impedance Zgof the erystal)the
impedance presented by the crystal in conjunction with
the parallel reactence. This impedance, (see example
2 of section 5), can cover the shaded area of figure
35, whence it is evident thet the matching range of
the whole unit has been increased. Nevertheless this
design of probe did not yield a larger crystal current
than could the design given in figure 33B. With all
designs, the best results seemed to be obtained when
the length of the line between the prcbe and the crystal
rectifying point was (n +-‘§-,)-2- « If a loop was used
instead of a probe the length of line was 71%- . Some
improvement in performances might perhaps be obtained
by redesign of the corystal holder , which might for
instance be backed by a movable piston, figure 36. The
urgency of other work, such as the design of an
instrument for the measurement of the standing wave
retios on feeder systems, made it necessary to postpone
further experiments on probes until the design of
figure 33B was shown %o require improvement.

The possibility that the probe may appreciably
distort the field in which it is placed must never be
exeluded. Such distortion is a funetion of the



matching system and it usually increases with
increase of signal current from the probe. This
is true even if the immersion of the latter is constant.
More is said of this aspect of the probe in section
7.

It is now appropriate to discuss some of the
rectifiers and recording instruments suitable for use
in conjunction with the probe. The most sensitive
detector would be the super-heterodyne recsiver. This,
however, is only used in very special circumstances
because far simpler systems, such as a crystal rectifier
and galvanometer, are often very satisfactory and are
much less trouble to make and to use.

6.3. Rectifiers suitable for the use with probes or with
other low power radio frequency systems.

Some form of rectification must be employed before
the currents from the probe can be recorded. Partly by
necessity, and partly for convenience, the rectifier
should be small enough to be incorporated in the body
of the probe system: the crystal unit already mentioned
is an excellent example of a compact unit.

The dirferent rectifiers usually employed can be
divided into three groups:=-

(1) Thermionic Diodes.

(2) Veacuum thermocouple elements.

(3) Crystal Units.

These rectifiers will now be considered in turn.



(1) Thermionic diodes.

Small thermionic diodes such as the "D"
television diodes can be used as rectifiers for
radio frequency power in the wavelength region of
3 cm. A valvg amplifier is necessary and some form
of modulation must be applied to the radio frequency
to enable this amplification to be possible. This
method of rectification is however rather insensitive,
but it can be used for measurements involving very
high power, such as, for example, the power from an
efficient multi-resonator magnetron. There is the
advantage that the diode is not easily damaged if the
radio frequency should unexpectedly increase in intensity
t0o a high value.
(2) Vacuum thermocouples.

Small vacuum thermocouples (about the size of
a "pea lamp") when used in conjunction with a moviig
coil galvanometer, are at times useful because they
maintain their characteristics over an almost indefinite
period of time. Care not to overload the thermocouple
heater must be taken as, even though a burn-out does
not occur, +the quality of the vacuum can easily be
spoils. The thermal lag of these units makes them
rather unsuitable for some operations; for exdmple,
the searching for an unknown wavelength with a sharply

tuned wave-meter. The same reason mekes them useless



for determining the envelope of radio frequency

pulses.

‘3] The erystal rectifier.

Sinece the war there has been much research

on crystal rectifiers and the result has been that
they have become one of the most useful of all
rectifiers. They are produced with sufficient
mechanical robustness to stand a considerable amount
of handling and vibration. It would be rash to say
that their calibration can be relied upon, but
nevertheless the author has found that, with cars,
crystals remain apparently unchanged for several
weeks. A rough and rapid test for the rectifying
properties of a erystal is to measure its forward
and its backward resistance by applying 1§ V. with
the polarity first one way and then reversed. A
value of 1005b or less should be recorded for one
direction and about 1000db for the other direction.
An 1natrumant; such as the "AvoMinor" instrument
which ¢an be used for the measurement of resistance
and which incorporates a single 13V. eell is therefore
admirable for the purpose. On account of the
resistance network of these instruments the voltage
applied to the erystal is less than 13 V., and hence
the erystal resistances recorded do not correspond to

those just mentioned. For the "AvoMinor" instrument



the resistance recorded is about 2505b for one
direction and something over 1000Sb for the other
direction. It should be remembered that during

the testing and during the using of erystals, woltages
much in excess of 1} volts (resulting in a current of
some 15 mA.) may permaenently demage the crystal by
producing what is technically known as a "burn-out®?
The author usually operated crystals below 100 u A.

In this region the square law behaviour can be
assumed. The instantaneous response of the crystal,
its good sensitivity and compact nature make it by
far the most suitable rectifier for centimeter wave-
length work. Care must be taken not to overload

the erystal on pulse work - this is dealt with in

the following subsection 6.4. '

6.4. Indicating instruments.

Some instrument must be employed to enable

the current from the rectifier to be observed. The
two instruments most widely used are:-

(1) A galvanometer connegted directly to the

rectifier.
(2) A cathode ray tube used in conjunction
with a valve amplirier;

It is clear from previous remarks that the thermocouple
rectifier can be used satisfactory with (1). Its

slow response however does not warrant its general



use in conjunction with (2). For almost all the
work of this Thesis orystal rectifiers were chosen
because of their quick response. In consequence
of this the merits of (1) and (2) will be discussed
with respect to this type of rectifier.

Method 1. The employment of the galvanometer.

This method is the aimplast; and very satisfactory
results can be obtained when using continuous wave
radio freguenecy. If the ostillator power is of
the order of 100mW., accurate probe measurements
often require a mirror galvanometer, but for most
work a mieroammeter with a 0-100uA.scale is very
suitable. The optimum resistance of the instrument
is about 3005b. For pulse working, either on high
or on low powers, this system becomes insuffilciently
sensitive &f the on-off ratio of the pulses is small.
This is because during the pulse, (even though the
pulse be as short as 10-7 see.) the crystal current
cannot be inereased much, if at all, over the afeady
value given by continuous wave radio frequency. A
typical condition,in the Services, of pulse operation

is with lu sec. pulses with a repetition rate of
1000 a second. This has an on-off ratio of

/

o000
o

and therefore the erystal current is reduced tojooco of

the value obtained with continuous wave operation.

It follows from this that a probe system using a



crystal rectifier and galveanometer is not suited
for the measurement of pulsed radio frequency
power; although for measurements with continuous
wave radio frequency power such a probe system is
eRtremely satisfactory. The author's development
of this type of probe system for the accurate
determination of standing wave ratios in centimetre
wave transmission systoms is given in the next

section.

Method 2. The employment of the cathode ray tube.

For the operation of a probe in conjunction
with a cathode ray tube, the output from the crystal
rectifier is fed to an valve amplifier, which supplies
suffieient signal voltage to operate the cathode ray
tube. A gain of about 1000 in the amplifier is
required. It must, however, be remembered that
because of the properties of amplifiers the method
is restricted in use to modulated continuous wave
radio frequency systems, or, to pulsed radio frequency
systems. .The quick response of the method is however
of great use for many purposes. Thus it is invaluable
when searching with a highly resonant wave meter for
an unknown wavelength, or for recording radio frequency
pulse shapes, or for observing sudden changes during
$he pulse (figure 37). Care must be taken when

interpreting the picture on the screen to pemember



the possibility of distortion, e.g. that square
pulses will become noticeably rounded if the band
width of the amplifier does not pass sufficient

of the fourier components which compose the pulse.
This method, which uses the crystal rectifier and
the cathode ray tube, is almost invariably used for
accurate work which involves pulsed radio frequency

power. The gensral arrangement is given in figure
38.

Cathode ray tube with untuned probe.

All the probe systems so far mentioned have
used matching sections and are frequency sensitive.
IT the adjustment of the matching unit is not correct
the signal may be overlooked, although by sliding the
telescopic sections and watching the trace on the
cathode ray tube there is little likelihood of a
signal being missed. Nevertheless, if another tuned
instrument, e.g. a wave meter, is used with the probe
system, it is more difficult to be sure that no signal
has been missed. This is becamse both wave meter and
matching section must be In reasonably correct adjustﬁent
before the signal is received. In such cases it is
clear that a system using an untuned probe is more
convenient. The loss in output signal from the probe
has to be compensated by increasing, many times, the

gain of the valve amplifier. For 3 cm. work this



necessitates an amplifier with a gain of at least
15,000, Such an amplifier, with a band width of

say 4 Mo/sec. (which is the least necessary for its
passing a ;/4500. pulse of approximately rectangular
shape) requires some 5 or 6 stages of amplification,
each stage requiring careful circuit design. It
care is taken to shield the probe system from unwanted
electrical disturbances good results can be obtalned.
The extra complexity which this system involves is
however hardly justifiable except in exceptional

circumstances.



SECTION 7.

MEASUREMVNT CF STANDING WAVES
IN TRANSMISSION SYSTEMS.

Summary.

Three designs of apparatus for the measurement
of standing wave ratios in wave guides are given.
The first two are'aimple and sasy to construet but
do not appear suitable for the measurement of standing
waves with a ratio of voltage maximum to minimum
smaller than 1.05 : 1. The third is an improved
design by the author and measurements on standing
wave ratios as close to unity as 1.01 : 1 were possible
with this instrument. Full details necessary for

satisfactory results are given.

7.1. Important factors which influence the design.

One of the many uses of the probe systems,
which have been described in the previous section, is
the measurement of the standing wave ratio in wave
guide transmission systems. These measurements must,
however, be made with caution if serious errors are
%o be avoided. Thus some designs of standing wave
measuring instruments which the author had seen, led
him to suspect that the probe (or loop) disturbed
the field in the guide sufficiently to affect the

accuracy of the results. Preliminary experiments
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fully justified this anspiéion. It is obvious
that by lessening the immersion of the probe,

the disturbance the probe causes in the guide

can be made negligibly small, but then difficulties
arise as only a few microamperes are received

by the galvanometer. The maximum allowable
immersion for the best performance is found to

vary greatly from probe to probe; sometimes the
immersion is as much as 2 m.m. while in other

cases the probe had to be withdrawn until it was

# mm. back from the wall of the guide. The
immersion distance depends on the diameter of the
skirt of the prob@, see figure 39, and also on

the adjustment of the matching system. Through-
cut all this section the work described refers

to 3 em. continuous wave radic frequency of some
100 mW. power. The measurement system consisted
of a probe, its matching section and a galvanometer.
The reasons for this choice have already been
mentioned in the previous section.

The probe must be mounted to move along
the guide so that it can be made to measure the
field at various points. Obviously for all
positions of the probe its immersion should be
constant and hence the necessity for mechaniecally
sound guide rails. Restrictions on the width,



and to an extent the depth, of the slot are
necessary to prevent its disturbing the field
in the wave guide. The work now about to be
desoribed is confined to the H, wave as it
was around this type of wave that the author's
work became concentrated. For example the
development of the I, wave guide feed from
power megnetrons (section 10) led to many
problemns. Some of these problems were: (1)
the design of matching sections for use with
transmission systems, (2) high power terminations
and high power absorbers for the measurement of
the radio frequency power, and (3) the measurement
of frequency pulling as a function of the standing
wave ratio in the guide. in spite or.the
restriction to the H, wave, the author has had
sufficient experience with the E, wave to state
that the general technique for either wave is
the same. Should it be that a loop is preferred
to a probe a suitable loop would be one made from
about 34 S.W.8. copper wire and of about 1 sq.mm.
in area.

Three designs cof standing wave measuring
instruments are given; the first two are
comparatively simple %o ooﬁatruct but are not

suited for the measurement of standing waves with
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the probe is attached to the side of a wave guide
which telescopes the main guide as shown in figure
414. For‘guides 1 inch in diameter the wall
thickness of the sliding guide should not

exceed 1/32 inch because of the disturbance
caused by reflections at its ends Li. Torxr
guides 1/32 inch thick this disturbance gives a
voltage standing wave ratio of about 1.05 : 1l.

To improve the contact at AA the tube should have
longitudenal splits (about 5 mm. long) and a
slight splaying out tendency given to the
resulting tongues. The disturbance at AL can

be reduced by tapering the metal as in figure
41B.

Clamps for holding probes.

Erratic electrical behaviour sometimes
occurs because of a varying contact between the
probe skirt and the clamp. It has been found
to be advantageous to increase slightly, say by
2 thousandths of an ineh, the diameter of the
skirt as indicated in figure 42A. ‘ Another and
a better cure is shown in figure 42B, which is
selfl explanatory.

7.3. Improved apparstus for standing wuve measurement.

Whpn more scourate measurements of the

standing wave ratio were required it was neoaséary



to improve the design of the measuring instrument.
The second, of the two types Jjust given, is
mechanically poor as it involves brass sliding

on brass and , in consequence of this, electrical
troubles sometimes occured at the ends AA, Tigure
41A. This is especially true for high power work.
Preference was therefore given to the first type.

It is obvious that if the slot is narrowed sufficiently
no disturbance by it in the guide will be detected.
Further if the slot should be sufficiently deep 1its
attenuation properties prevent the loss of electrical
energy. The high attenuation dispenses, as far as
the electrical requirements are concerned, with the
need for a metal plate covering the slot. If, Tor
mechanical reasons, a plate should be used it will
cause no electrical disturbance in the guide.

The method of testing for slot disturbances and the

results obtained.

The degree of slot disturbance can be
examined by mounting the slotted tube so that 1t
slides over two pieces of waveguide rigidly held
together as in figure 43A. This figure also gives
the position of the monitor probe used for these
measurements. On sliding the slotted tube, any
change in the monitor probe current must be due
to the slot. Mounting the tube as in figure 43B

will not be satisfactory because, on sliding, the



discontinuities at As are also moved. (It has
been suggested that by making the length of the
s8lot elesctrically correct the reflections from
one end of the slot will combine with the
reflections from the other end and produce
neutralisation. While this may be true as

far as the wave guide is concerned, it is not
true as far as the probe is concerned. This

is because over the range MN, in which the

probe slides, the slot disturbance in the wave
guide is caused by a reflection from only one

end of the slot). Tests showed that in a 1

inch wave guide a slot 1.8 mm. wide and 2§ mm.
deep (i.e. the thickness of the wave guide wall
was effectively 25 mm.) had a negligible disturbeance
on the monitor probe (less than 1 in 70). It
was necessary that the slot was positioned as in
figure 44A. If the slot is turned so that the
electric field has a component across the slot,
power is of course immediately transmitted through
the slot. A rotation up to 10° from the position
shown in figure 44A was allowable before this
effect became troublesome.

Details of the probe.

(a) Details of the skirt. The skirt had

to be much smaller than had previously been used;
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a suitable design is shown in figure 45. This
skirt has to move along a slot which, however well
made, has irregularities. In the best cases these
irregularities will be small, but, to reduce their
effect, and the effeots caused by any slight shake
in the probe carriage, it is best to pass the skirt
into the slot and perhaps allow it td project
slightly into the guide. The amount of immersion
possible without disturbing the guide was found

by an auxiliary monitor probe; the experimental
set up being similar to that in figure 43A. The
test is performed by moving the carriage, with
skirt, along the slot, and increasing the 1ﬁmeraion
until the monitor probe becomes affected. This
occured with an immersion of 0.5 mm. and hence 1%
can be concluded that an immersion of 0.25 mm. will
be safe. (For this test the end of the guide can
be left open to the air as the resulting standing
wave is of no consequence to the experiment).

(b) Details of probe wire. The diameter of the

wire did not seem to matter: about 40 BeWege bare
copper was used, and a length of 1 mm. projecting
beyond the skirt was found satisfactory. The method
of testing was similar to that just described for
the skirt, except that it is necessary to connect
the complete galvancmeter circuit and to adjust the
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matehing system. It must never be overlooked
that the distortion of the wave guide lield

due to the probe depends not only on the
dmmersion of the probe but also upon the

ad justment of the matohing systen. For the

1 mm. probe length, the matching scction can be
set to yield a maximum output on the galvanometer
and it was always under these counditions that

the probes vere used.

The first experiments indicated a very erratiec
behaviour in the deflections indicated by the
recording galvanometer. TFluctuations as mugh
as 205 would sometimes occur and the system wes
useless until two springy phosphor bronze contacts
were soldered to the skirt to rub ageinst the sides
of the slot,figure 46. Very satisfactory results
were then obtained.

Defails of the carriage for the probe.

A simple carriasge is chown in figure 474
and 47B. It consiste of a steel strip, guided
by two studs fitting the width of the slot and
held down by brass plates. The strip is made
from steel because brass sliding on brass 1is
unsatisfactory. The studs can easily be made
short enough $o prevent any possible interaction
with the electric waves. It is essentiesl that



the machining and the workmanship of the guides
should be good and that the carriage runs true
with respect to the slot. Yor instance if the
guide has an error which alters the probe
immersion by a thousandth of an inch a change

of some 2% in the probe output can be expected.
In the apparatus, the author constructed, the
output from the probe was some 8, lower towards
one end 6: the slot. By careful scraping of
the guides this 8/ could be reduced to less than
8.

7.4. The general performance of the improved probe
system and the conclusion to this section.

The performance of the high quality instrument

for the determination of standing wave ratios was
Tfound very satisfactory and much superior to any
other prewiously used. In cases where the signal
strength is low it is obviously an advantage to use
the maximum immersion of the probe, consistent

whth its causing no undue disturbance in the guide.
In order that this disturbance could be easily tested
for, an auxiliary probe was inserted as shown
diagramatically in figure 48. It is immaterial
whether or not the guide is affected by the presence

of this probe since it need only be inserted when



tests on the main probe are required. On
withdrawal of the probe, a hole is of course
left in the side of the yave guide but if the
size of this hole is of the order of .1/8 inch
in dismeter and at least 4§ inch in length its
presence does not cause a measurable disturbance

to the field in the guide.



ECTION 8.

WAVE GUIDES.

Swmmary.

This section, apart from the last subsection
8.5. contains no new work by the auther, but deals
with such fundamental properties of néve guides as are
involved in his researches described in later sections.
No attempt to derive these properties ies made as a full
detailed account of, e.g8. the cutoff frequency, can be
found in the many papers dealing with the subject, (2)
(3)» (31), (44).
8.1, Genersgl propertiss.
' A wave guide 1s a metal pipe filled usually
with eir althoughrscmo cases it is filled with a low
loss dielectrie such &8s polystyrene. If the material
in the guide has a permeability u and a dielectric
constant £ , then the electric rield E, and the magnetic
field H, must satisfy the Maxwell f£ield equations of:~

£4E = CurlH.
-%3%1=CurlE 2

divE =R ee

divH = o.

The boundary conditions for these equations are givem by

.

the walls of the guide and it is adequate for the purpose

at hand to assume these are perfeet conductors.
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For a wave travelling in the direction of
%y the dependence of the Z coordinate can be in the
form exp (-§Z ). By choosing a system of axes
as shown in figure 49 the general equations, by
elinination of E_ , E5 » H, » H3 sy Yield two
independent equations in Ezand Hg The form

of these equations is:i-

P SRV ¢ IO - G 1);

| ai“ e : a (1)
where fo= 2y (),
) V= ('E—jT)'yz (3).

and s0, apart from the solution EZ2= Hz= O (whieh is

of no present concern as it applies to a guide with

an internal conductor) there are two sets of solutions:-
H, = 0 with E, a solution of eguation (1) - (4)
E, = 0 with H, a solution of equation (1) - (5)

For free propagation the angular frequency of the wave

must excsed a critisal value W, given by equation (Q),

as otherwise A’ becomes imaginary. This value of &),

depends on the guide dimensions and the type of wave

within it. The waves corresponding to the solutions

of equation (4) have a component of electric foree

in the direetion of propagation and are termed E

waves. Similarly the waves corresponding to the

solution of equation (5) are termed H waves. There

are many forms of E and H waves but for the transmission

of power only one type of each, the E, and H, , merit



our special consideration.

For the rectangular guide the solution, very
briefly outlined above is comparatively simple but
for the eircular guide 4t is more involved. In
practice the circular guides as well as rectangular
guides ere of great importance end the constants, for
the more simple waves of each guide, are given in
figure 5GC.

| With the circular guide the H;, eritical frequency

is lower than that of any other wave. Hence guides can
be designed to pass the H, wave but to attenuate all
others. This fact is frequently used to produce a
pure H, wave, i.e., a wave of one type only. After
the H, wave the next wave to be passed by the circular
guide is the ¥, wave. If cave is taken in exeiting
the E  wave in the guide, this wave can be obtained
in a high state of purity, i.e. the amount of H, wave

present 1s very small. The E_ guide should not be

o
80 large as to pass the E, and H, waves which have
a ocutoff value given byA = 0.82.4.

Al hollow guides (or guides filled with a
dieleetrio) have their phase veloeity (2f) greater
than the velocity of light (C ) in the unbounded

nedium. The phase velocity is given by:

A c , where { is the outoff frequency
/ s, a
/ (ﬁy?) of the guide.



From this it follows that the wavelength /\g in
the guide is greater than that of free space.
The velocity of energy transmigpsion (the group
velocity) is given by « = cj'w—_(ﬁﬁ .
Wave guides as transmission'units.
To a very large extent wave guides resemble

the more usual feeder lines. Tor example a wave
guide can be correctly terminated by a resistive lcading
Just as the coaxial line cen be correctly terminated
by its charasteristie impedance. Further a guide
of one size meeting a guide of another size requires
a nmatching unit if standing waves are to be avoided.

Inpedance elements for wave guides usually
take the form of irises, i.e. rings of metal fitting
the guide. A matching section usually consists
either of an iris of variable size which can be moved
at least a distance of ilg along the guide, or, a
section contaeining two independently moving irises,
one capable of moving at leoast ';"z’,)g and the other
at least Ag' For & full understanding of matching
sections the author gives reference (44) from which
further references 6an alno:be found.

Note. The similarity of behaviour of the
coaxisl line anéd the waveguide is often helpful when

one is making preliminary operations with wave guides.

Tho author feel@ however that it cannot give a true



understanding of the wave guide. Tor example,
there are no two tarninala to a guide and the
impedanee can no longer be definel as %% > a8
is indeed necessary o examine the guide from‘the
wave aspeot (46); the impedance, for example, cen

Elec. field (V/me
then be defined as a field impedance, i.e.as MqA;ﬁgimﬁiy

8.28. Relativo merits of coaxial and wave guide feeds.

Tor high power operation theré is no doubt as to
the value of the hollow wave guide, but bvefore its
advantages are menticned it will be useful to give &
few of the almost indespensible uses of the coaxial
cable. |
Cosxial eable.

Unlike the wave gulde the coaxial cable has

nd cutoff frequency and so a small cable of outside
diameter about % inch can operate over the complete
frequency range (assuming the power is not such as
would csuse & voltage bresckdown). Also, the flexibility
of the cable makes it inveluable for standing wave
mneasurments ané for low power feeds such &s are
requently menticned in previous seotions. In the

9 om. regicn the attenuation is very roughly between

5 and 10 db/m, and increases as the wavelength is
deareassd. Long distance working is therefore impossible,

but ror reeding oscilintor power Lo iustiuments this



attenuation of a few db. is often useful for obtaining
stability. The cable diameter should not be too
large,for then wave guide propagation becomes
possible and an impure wave is formed.  For example,
an air coaxial cable made from conductors ”/,b inech
and %’5 inch in diameter is roughly on the border line
of giving wave guide propagation for 3 om. waves.
Wave guides.

For these guides there is a minimum diameter
of the order of X,, and inconsequence of this, wave-
guides are usually only practical for wavelengths less
than 10 em. Guides can be reduced in size by*‘j%= by
filling the guide with a medium of dielectric constant
€, but then, at the wavelengths considered, there is
& very appreciable loss of energy even with the best
of insulators. Thus the chief disadvantage of guides
is their size and consequent inflexibility. There
are however notable adventages. The first of these
ls.that, owing to there being no relatively small
inner conductor or dielectric¢ insulation in the guide,
the attenuation is very much less than that of the
coaxial, being about 0.15 db/m. for copper construction
at 3 om. wavelength. Permanent bends can be made with
these hollow guides and if made over a distence of
several wavelengthe csuse only a very smsll disturbance

tc the wave form. [Experiments in ¢ther establishments



—> H, wave.

FIGURESZ A diuqram show'mg The
transformalion from fhe E lo the H, wave , The
malching system , eg irisas and a piston al A

are nol shown

Open.

4 B e st e |
) - - - P
10:% . eee s GO e,
' o}oﬁ."r 32010000 % >
‘al 1@ cOy 14y lON ‘e
. Skt b
e e T ade W
'b .’.--.--o.....—-‘b'-

N I I T I I T T TR T T T T T T T T YT T IR S Il s I T Iy

————  Lines of eleclric force. U
------ Lipes of magnelic force.

FIOURE 53 THREE METHODS ©F EXCITING WAVE QUIDES BY A FEELDE
INE , AND ALSO THE LINES OF FORCE IN CIRCULAR QUIDES CARRING Twe E_ an
HE H, wAves .



(47}, (48), have shown that with proper design a
sudden right angle bend i1s allowable. 4 design
taken from one of the papers rontioned 1s chown
in figure 5H1.

8.5. Chanzing the wave from ons tvps to snother.

The wave typc mey be deliberately changed from
one %o another because sach type has its own
particulsr advantages. A3 already nmentioned the

H, wave can travel where all other waves are highly

)
attenueted, but on the other hand, 1it, unlike

the E, wave, lacks symmetry about the direction

c¢f propagetion. For purposes involving rotatable

Joints the E, wave is often essential. A transformatior
from one type to another is therefore sometimes

desiPable and it can be achileved by suitably fecding

the wave into the second guide. The principle of

the transformaiion can be undargtood by considering the

direotion of the electric vectors in figure 52.

8.4. Wave guide feeds.

The usual method of feeding a wave guide is to
excite the field by a small half wave antenna in the
guide. The altenna shape is selected to suit the
type of wave propagated, that is, its electriec and
magnetic fields approximate to those recguired in the
guide. The actual fields set up are very complicated
but if the guide is not unnecessarily big only the
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relatively simple waves can be propagated.

Methods of excitation of the E, and H, waves

(+]
are shown in figure 53 and are self explanatory.
Matching is generally performed by movable irises.
Power can be taken from the guide by a system
similar to that which feeds the guide, although
for high power transmitters radio frequency power by
radiation from the end of the guide is preferable.
Highly directive beams can be obtained by electro-
magnetic horns (4) or by mirrors (49), figure 54.

8.5. The joining of one guide to another.

The joining of guides presents no difficulties
and if a slight mismatch can be tolerated the guides
can be telescoped together. For guides 3; thick,
the voltage standing wave ratio, due to the mismatch,
is ebout 1.05 : 1. The inner guide is usually
sprung by a short longitudinal slotting to ensure
good contact at the end of the guide. The author
found however, that with thin tubes good Jjoints could
be made by slightly expanding the end of the inner
tube (e.g. by foreing in a metal cone), thus giving
a good rubbing contaet for the importaent first millimeter
of the guide. TUnder high powers, sparking at poor
Joints and at adjustable pistons causes noticeable

corrosion of the guides, no doubt due mainly to the

Tormation of oxides of nitrogen. To ease the sliding



motion of pistons ete., a little vaseline does not
appear to be harmful.

In work where no mismatch must occur at the
Join, a flange butt joint is satisfactory. One
such joint is shown in the diagrematie sketch of
figure 55 of the next section. The flanges should
be stout sp that the serews may be well tightened,
and some means, such as two pins, must be provided

for aligning accurately the axes of the two wave
guides.



SECTION 9

THE MEASUREMENT OF MAGNETRON OUTPUT POWER,
WATER LOAD TERMINATIONS FOR WAVE GUIDES USING

GENTIMETER WAVELENGTH RADIATION.

Summary

Experiments on a new type of absorber for the
accurate measurement of radio frequency power are given.
The design of two power‘meaauring instruments (calorimeters)
are described: oﬁe is for routine measurements on ‘
magnetrons fitted with coaxial output feeds, and the

other is for magnetrons fitted with wave guide output

feeds.

8.1
In the early days of 3 cm. rulti-resonator

magnetrons, it became evident that some reliable output
power measuring device would hafe fo be builts. As a
result of this demand'the author carried out the
experiments desoribed in this section. Coaxial output
feeds were at that time fitted to magnetrons but it
seemed to the author, and to other members of the
laboratory, that_tha most satisfactory design for a
power measurement unit would be one in which the matching

section was so designed that it gave a transformation

from the coaxial cable feeder,to a wave guide feeder.



This wave guide would then be correctly terminated
by a non-reflecting water absorber to which the
principles of continuous flow ealorimeiry could

be applied.
One of the most important conditions the

author placed on the absorber was that its properties
should be independent of wavelength change,
preferably over a range at least as much as 2.8 cm.
to 3.6 com. For this reason he did not favour

the use of matching sections, such as a length

of dielectric a quarter of a wavelength long, whose
dimensions were a function of the wavelength. It
might seem that this simplification 1s unnecessary
but if the termination is not sensitive to wavelength
the operation of the measuring unit is greatly
simplified. This is an important consideration
where routine work is concerned.

Another important property would be the
response time of the system, and, since a continuous
flow method is envisaged, the volume of the absorber
should not be so great as to require more than a second
or two for the water to sweep through.

The design visualised by the author was
some form of "Tapered" absorber; i.e. a slow transition

from wave guide to absorber by making the latter in

the shape of a wedge several half wavelengths long.
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With the help of experiments a rough idea of the
reflection from a mess of water was known. Then,

by assuming this water to be spread out over 5
wavelengths of guide, a very rough idea of the resulting
reflection was obtained by graphical summation of

the reflection over the length of water. The

results showed a greatly reduced reflection, and
therefore a reduced standing wave ratio in the guide.

9.2. Preliminary work and e termination for low power
ides.

The experimental set up to test these absorbers
is given in figure 55. Details need not be explained
again because the standing wave measuring instrument,
for example, has been fully described in sgction 7.
The final design of section 7 had not however been
developed at the time of these experiments which began
in 1942. The type of standing wave detector used
was the first of the two types described under sub-
section 7.2. The probe system used was that of figure
33B, section 6, and was connected to & high gain
amplifier to operate a cathode ray tube.

Preliminary experiments on tapered absorbers
were made by using wedge shaped pieces of cardboard
saturated with water to absorb the power. They were
kept cool by an air blest in the wave guide. The
shape A of figure 56 seemed preferable to that of B
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transmission units. It consisted of a piece of
glass tubing of diameter about § of that of the

vave guide and drawn down to a point as in figure

57. The total iength for a 2.5 em. diameter guide
was 60 om., but a shorter length may also give good
results. The outside of the glass is coated with
aquadag in a layer sufficiently thick to be opaque
to light. When so used‘it gives a voltage standing
wave ratio of 1.05:1, or less. There is the
advantage that the absorber is movable along the
wave guide without the trouble caused by reflections
from a telescopic section of wave guide. This
movement is useful for the "trimming™ of absorbers
(see the end of this section) by judicious removal
or addition of aquadag to improve the standing wave
ratio. The properties of the termination appeared
insensitive to wavelength changes over the region
tested which was from 2.9 cm. to 3.5 em. For work
using 3 em. continuous waves at a power of about

a watt, such an absorber has been found very useful.
It has, for example, been employed in testing the

design af matching sections between magnetrons and

their transmission feeders.

9.3. Glass contained water absorbers for high power

measurements.

The form of a satisfactory absorber
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is now clear. It must begin as a oylindrical
helix and then taper down towards the centre of tis
wave guide as suggested by figure 56A. Absorbers
in the form of a conical helix, figure 58, were
made from 0.75 mm. glass tubing through which
water was passed. They behaved well giving a standing
wave ratio'or lel:le By far the larger part of
this standing wave was caused by the bend at A.
Thus, if stationary water were used, the-abaorbor
became very hot at A while the remainder was barely
warm. By redueing the diameter of the glass
tubing to 0.5 mm. at the front end and uniformly
increasing the tube diameter to 1 mm. towards the
smaller end of the helix, the standing wave ratio
could be improved to 1l.03:1 in volts. Care must
however be taken to keep the return tube, passing
down the inside of the helix, as close as possible
to the wall of the wave guide, especially at the
front end. This design however has a resistance to
the water flow which is too high for gonvenient
use with constant head tanks.

This difficulty of water flow resulted in
the oonical helix design being modified to one in
whioch the impedance of the wave gu;ge is changed

in order to reduce the standing wave caused by the

absorber. At the same time, to obtain a larger flow



of water, the bore of the tubing was increased.

A conical helix 10 cm. long was made from tubing

of 1.9 mm. internal bore, figure 59. Such a helix
gives a standing wave ratio of about 1.4:1 in volts,
when care is taken in keeping the exit tube close

to the wave guide wall at A. If p is the reflection
coefficient of the absorber and if V is a measure

of the voltage amplitude of the oncoming wave, then
the reflected wave is pV and the maximum to minimum
of tho. resultant wave 1s Hg or -:—Es— . This,
which is the value of the standing wave ratio, has
Just been stated to ye about 1.4 which makas’o = 0.167,
Now a wave guide of lfﬁ inch diameter, increased
by a step to a wave guide of 1% inch, gives an
impedance change in the ratio of about 1l.4:1. This
by the usual tfansmiasion line theory, produces a
reflection coefficient of H or 0.167. It
follows from what has just been said that a similar
absorber made to fit & 13 inch guide which is stepped
up from a ]_'/,5 inch guide, as in figure 60, should
provide a very much better termination. This is
because the impedance change dune to the absorber should
be approximately balanced out by the impedance change
of the wave guide.

A unit was made according to the dimensions

of figure 60 and it gave a standing wave ratio of 1.06;.



in volts. Two others were constructed in

vhich the | /b inch guide, instead of increasing
to 1% inch, increased to | 5/";;, inch for one and

to 1§ inoh for the other. Rach of these Rave

a standing wave ratio which was not quite so good
and hence the initial size of 1% inech is not far
from the best. This design of absorber is
satisfactory mechanically. With & convenient
water flow of 1 ec. per second entering at the

back and leaving at the front, via the inner tube,
the response time is about two seconds. To obtain
the shortest response time the direction of flow

i8 of some importance because nearly all the energy
is absorbed in the front half of the helix and
hence this end should conneet with the exit tube.
At faster rates of flow the response time is =%till
more favourable. On account of the reflecting
coefficient of a stepped wave guide being not
eritical to frequeney, it is unlikely that the
behaviour of the system will be affected by frequenc]
changes of a moderate nature. Over the range of
wavelengths from 2.§ em. %o 3.55 em. no change was

experimentally detected.

inal Desi
The robustness and reliability of these

absorbers led them to be adopted immediately for
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routine measurement. Inorder that the unit should
be n; compact as possible,experiments on a shorter
design were made and it appeared that the taper
could be steeper except for the first 3 em. This
resulted in the double taper design indicated in
risﬁro 6l. The measurement of the heating of the
water was by two copper-constantan thermo junctions.
The thermojunctions were made by inserting two 1 om.
lengths of 1.5 mm. bore copper tube in the input

and output water leads and connecting the copper
tubes with a length of constantan as short and as
thick as possible, to keep its electrical resistance
low. The lower this resistance is kept the less
the effect of the electrolytic voltages caused by the
water at the copper tubes. On the other hand the
constantan must not be so thick as to conduct an
undue amount of heat from the hot Jjunction to the
cold Junotioﬂz A constantan wire 1.9 cm. long

and 0.08 em. in diameter was chosen and the heat
transfer through this, when the water flow is over
80 c.2. a minute,cannot produce an observable error.

9.4, An investigation into possible errors.

It will next be shown that only negligible
losses can be introduced by:- (a) the loss of heat
to the wave guide by its direct contact with the
helix; and (b), the radiation and convection current

losses from the helix to its enclosure. This will be
+3ee foot note next page.



followed by an account of the calibration of the unit.
For (a) it is known that the helix makes a local
contact here and there because its front end rests

in the step of the guide. The contact area however
cannot be more than one or two square millimeters.
A}simple calculation of heat conductivities shows

that with a water flow of 80 c¢.c. per minute (the
minimum used) to lose 1% of the heat by conduction
through this eontact, the area of the contact would
have %o exceed 30 sq.mm. This area is far in excess
of anything possible with this design. In the second

cause of error, (b); the radietion loss can be

estimated and amounts to not more than 0.54. This

assumes that the water is a black body radiator (the
worst possible case) surrounded by a wave guide the

walls of which have a heat reflecting power of =ome

9%7%, a reasonable figure for the loné heat waves

involved. The convection losses are not so easily

determined.

* 1% 18 interesting to note that if, between the input

and output points of such a system heat is fed from the
hot water to the cold water by some conductor, then parts
of the system can have a temperature rise as much as
douible that whieh oeccurs between the inpat and the output
water. This may result in an error, positive or negative

according to the thermo junetion positiocns.



The most cdnrinstng meesure of the megnitude of the
errcr involved under b is to obtain the combined
losses of (b) by experiment. A glass tube 3.2 om.

in diemeter, which is about the maximum diameter of
the helix; and 19 cm. long was filled with water and
placed in a brass tube which ecleared it by 0.8 cm.

A stirrer, a heater coil, and a thermometer were incorpor
ated.in the apparatus. To maintain the glass tube at
179¢ sbove the surrounding brass tube,l.8 W. were
necessary. The glass helix handling 100 W. of radio
frequency power runs at this temperature rise, and,
since the ares of the helix is a little less than 1/3
of thet of the glass tube, the loss of power would be
0.6 W. 1f the entite helix was at 17°9C above its
surroundings. Actually, one end of the helix is
cold,and the average temperature excess will be about
one half of this wvalue, thus giving a loss of about
0.3 watts or 0.3% which is a very small amount.

9.5. Calibration of thermocouple systen.

The basis of the method used for the cslibration
of the thermojunctions was to heat the water electrically
This has the advantage that the input power is easily
measured. The method nmight be criticised in that it
is more fundamental to obtain this input power by
measuring the temperature rise of the water. This

however is not the case because we are not directly
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interested in temperature but rather in the relation
between the input watts end the thermojunction
recording instrument. The voltmeter and ammeter

used to record the power were both compared with

the laboratory standard and suitable corrections

were applied. Manganin wire number 30 s.w.g. was

used for the heater coil, sufficient length being

used to give a resistance of 3550 . The connections
made on the manganin coil itself were from 26 gauge
copper wire. [Heat conducted away by these leads

and the voltage dropped slong them, cause a negligible
error, the actual amount being about 0.1l%. The
first method of making the heater ias to wind the
resistence wire on the glass tube of the radio
frequency absorber, and to lag it well with cotton
wool. This method, while giving results in good
accord with the final method, wﬁs discarded because
the resistence wire, not being in direct contact with
the water, ran rather hot. The final method used

was to pass a stream of cold water through one thermo-
Junetion; then %o heat the water by an immersion
heater of known power, and to pass the water through
the second thermojunction; figure 62A. The immersion
heater was made by winding a single layer of 30 s.w.g.
gauge cotton insulated manganin wire on a thin glass
tube 6 cm. long and 3 mm. in diameter, the whole

being waterproofed by a thin layer of bakelite varnish
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and mounted as shown. To ensure homogeneity

of water heating it was found necessery to lnsers

a short length of tubing whieh hed seross its

bore two or three pleces of wire to ald the

proper mixing of the watver. With a water flow

of 84 ¢.c./minute, 100 VW, input to the heater gave a
derléction of ebout 100 on the galvenometer connected
toc the thermocouple. Calculations showed that
because of the speed with which the water is
transferred from the hester to the thermojunction
the heat losses during this transfer are negligible.
This wes also verified experimentelly. The results
are shown gresphically in figure €2B which also

gives the velue of k by which the galvanometer
deflection has to be multiplied to give the number
of watts taken by the sbsorber. An additionsl
check was made for an electrical input of 154.2 §.
by measuring the input and the output water
temperatures. The watts caloulated from the
temperature change were l.4% lower than the input
watts measured electrically. Some of this error

is no doub® due to heat losses from the comparatively
large container necessary to house the 1 cm. long
thermometer bulb. This discrepancy is, however,

of little account as the accuracy of these thermomete:
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measurements does not warrant any correction

being applied to the electrical measurement

of input power.

9.6. The complete measuring calorimeter for
radio ?requenoz POWEDr.

A type of matching syatdm (very suitable
for use with coexisl output velves) together with
a powver absorbing syastem ie shown in figure 63.
The whole unit is termed a calorimeter. It will
be noted that the design is uneonventional in that
there are two water absorbers. The water cirecuits
are used in series and so also are the two thermocoupl
systems. The use of two absorbers gives a very
‘great sdvantage over the more obvious method whieh
employs one sbsorber and a piston. This is because
the piston becomes a third varisble and considerably
1noroﬁses the matehing difficulties. Another very
big advantage of the doudle abscrber design is that
abouf 40% more power can be handled before arcing
occurs at the junction of the coaxial feeder and
wave guide. In operation the performsnce of this
calorimeter is certaeinly superior fo that of eny
other the author had seen. The adjustment of the
eross-slide carrying the wave guide proved to be
relatively insensitive; the coaxial piston was the
more eritical of the two adjustments. Inexperienced

operators were capable of obtaining good results with
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very little instruction, a success not often
obtained with 3 em. measuring, apparatus.

9.7. A calorimeter for wave guide output valves.

The later development of wave guide output
magnetrons {see next section) required the design
of another calorimeter which was this time comparativel,
simple to construet.- The magnetron is already
natched to feed the wave guide (or if it is not it
should be matched by an iris transformer section)
and the guide is terminated at the other end by
one of the helical absorbers, (figure 644). This
system can, however, be put to a greater use, such
as the determinstion of the freguency pulling of a
valve, providing that the absorber is designed to
slide inside the mein guide as in figure 64B. For
all positions the discontinuity at A is then fixed
with respect to the absorber and the reflections
from 1t can therefore be corrected for by two screws
(10 BsA.) at B« In the next section it is shown
that this adjustment can easily give a voltage standing
wave ratio of betier than 1.02:1 in the main guide.
For fréquanay pulling determination an iris is inserted
at ¢ thus giving in the main guide a standing wave rati
which is known from previous measurements on the iris.
The impedange seen by the magrietron will now not be

the characteristie impedance of the guide but an



impedance at some point on the circle diagram correspondin
to the known standing wave ratio. The complete range

of impedance can be presented %o the‘magnotron by sliding
the absorber a distance of -'_gls « The measurement of the

frequency over this range gives the frequency pulling for
that standing wave ratio.

9.8. Trimming of absorbers.

It had often been observed that a magnetron
purposely mismatched to give unstable operation could be
very sensitive to a slight mismateh of the absorber to
the guide. Thus, if under these conditions the absorber
of figure 648 was moved along the guide, a standing wave
ratio as small as 1.04 would make relatively big changes
in the frequency of the magnetron and in the power receive«
by the absorber. By adjustment of the small 10 B.aA.
screws a condition is easily found where the absorber
motion causes a very much smaller effect, indicating a
reduction in the standing wave ratio. For this very
acourate termination of the guide it must be remembered
that the properties of the absorber vary slightly with its
rotation with respect to the electric vector, but only
in very special cases is this small change of importance.

In coneclusion to this section 1t is of interest
to record that similar types of absorbers have been
successfully employed on E, guides, but as the I, wave

is not so easily absorbed as is the H, wave the helix



should be more closely wound and, for 3 em. radiation,

should be at least 12 cm. long.



SEGTION 10.

W G 0 FOR HICH POWER NETRONS.

Summary.
Voltage breakdown often occurred with the
normal type of coaxial output. To overcome this the
coaxial output line was replaced by a wave guide output.
The design given in this section yielded an efficiency
comparable with that usually obtained from magnetrons
having the conventional coaxial output system,
10.1. The failure of the coaxial output system when used

on high power magnetrons.

The behaviour of transmission lines and guldes
has often been discussed in previous sections. Among the
many differences between coaxial lines and wave guides
is one which determines immecdiately the choice between
them for the transmission of high powers. This is the
fact that at a wavelength of 3 em. the coaxial line arcs
over at about 70 kW. peak power (or lower if the matching
of the transmission system is poor) whereas wave guides
handle much higher powers and furthermore have much lower
losses. It is clear from this that much would be gained
if 35 om. magnetrons had their coaxial output replaced

by a wave guide feed. There is also the additional
advantage that there need be no coupling loop, the

presence of which makes one resonator differ in electrical

characteristics from the other resonators.
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The experimental valve now to be described
was completed by the author at about the end of 1941 and,
as far as he is aware, was the first of its type in the
J om, rugion.

10.2. The general design of the author's valve.

To facilitate the adoption of a wave guide
2.5 om. in diameter, the magnetron anode was made 2.4 cm.
in dismeter. This size of anode allowed the radiating
antennae to be more easily attached to the strapping system.
The antennae were 7 A long and were positioned, as in figure
66, to 1adnoh the H, wave. 54 resonator slots were cut
in the anode, and this number of slots requires them to be
positioned about 2 mm. apart, thus enabling the segment
straps to be kept short and consequently more effective.

The cathode, 14 mm. in diameter, was mounted
on a glass plate and this plate was clamped, with a rubber
ring, to one end of a flanged tube which formed the housing
of the oscillator, figure 66. At the other end a similar
clamp held the wave guide output tube; a mice window being
incorporated as a vacuum aaai. Ivacuation was maintained
by mercury diffusion pumps. The magnetic field was produced
by a large palr of Helmholtz coils 18 inches in diameter with
a 4 inch hole in the centre to take the magnetron and wave
guide. High tension power was obtained from a conventional
l/; sec. pulser giving up to 30 kV. with 40 A. in the pulse.

Experimental results.
The magnetron described above yielded oscillations
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with a magnetic field of 1240 ocersteds and with a voltage
of 18 kV. There was sufficient radio frequency power to
light a neon lamp very brightly. The wavelength was
3.,40*0.02 em. as measured by lecher wires. The general
performance was satisfactory except that the anode current
wduld not- exceed 7 A. This limitation was hardly expectet
and to obtain more current another anode block was designe:
having an anode diameter of 19 mm. instead of 24 nmm. Thi:
should cause the electric field at the cathode to be
increased. The smaller size necessitated the number of
slots being reduced from 34 to 30 and their width changed
from 1.0 mm. %o 0.75 mm. Preliminary tests gave much
greater input and output powers than were first obtained;
some 40 A. at 20 kV. being possible with an operating
field of 2700 oersteds. A% 19 kV. and 27 A. in the

pulse the efficiency was 1l.5k,giving a raéio frequency
output of 7.5 kWie . The power was measured by a calorimete:
similar to that described in 9.7. although at the time of
these power measurements the author did not have the
refined design of absorbers mentioned in section 9. The
low efficisncy of the magnetron suggested that the matchin
of the magnetron to the wave guide required attention.

The existing wave guide was replaced by an adjustable guid
constructed so that the guide could be moved relative to
the antenna (see figure 67). Datﬁ was obtained giving
power output as a function of the immersion distance of

the antenna. A typical result is given in figure 68, and



it is evident that the effioiency under the optimum
conditions is about one half to one third of that

obtained from a 3 c¢m. wavelength magnetron, such as

the C3Al magnetron (29), feeding a coaxial line. The
unusually large size of the cathode in this 3 cm. valve
may be the cause of this low efficiency, but on the other
hand such a design enables a very high input power to be
used. This particular valve would take the maximum power
available, namely 1100 kW. in the pulse (corresponding to
a mean input of 550 W.) without exoessive.back heating of
the cathode. The 50 kW. output obtained wes about double
that obtained from the usual 3 cm. valve.

10.3. Development of a sealed off type.

In producing a sealed off wave guide vglve it
was decided to apply the above results, e.g. size of antenn
and its immersion into the waveguide, to the 12 segment
baffle plate valve developed by Sayers. The antennae were
brought out of the valve and into the wave guide which was
attached to the side of the valve, figure 69. This
modification was made to enable the valve to fit between
the poles of a permanent magnet, without the necessity of
boring the pole pieces. Two of these valves were produced,
the first gave 7% efficiency and the second 11l.47%, the
‘Operating conditions being: 20 A., 16.5 kV. and a magnetic
field of 3340 oersteds. The efficienclies for such valves
fitted with a coaxial output, are about 10%. There is

therefore every evidence that wave guide output valves are
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worthy of development. It is also worthy to not
during these experiments no trouble whatsoever wa:
encountered with voltage break-down in the output
even when a severe mismatch was deliberately intro

10.4. A note on the general methods of representin

performance of magnetrons.

There are two chief methods used in rej
nagnetron results. The first method (often refer:
18 the contour map method] gives the performance of

iagnetron for various input powers to it but with ¢

oad on the output. The second method gives the

erformance of the magnetron for various loading im
n it but with a fixed input power supplied to the
ne resulting diagram is referred to as the Rieke d

(1) Contour maps.

These maps are plots of efficiency, mag:

eld, current and voltage. An example is shown ir

gure 70A which is selfl explanatory. The_loading

gnetron is rixed throughout the contour. Frequen

anges due to dirfferent modes are sometimes indicat

iding, such as in figure 70B.

(i1) Rieks diagrams.

This diagrem is a plot, generally of eff]

wavelength for constant input power, but with a v

d impedance presented to the magnetron. The full

impedances could not, for practical use, be repres

the axes of the circle diagram, for the circle dis



worthy of development. It is also worthy to note that
during tﬁoso experiments no trouble whatsoever was
encountered with voltage break-down in the output system,
even when a severe mismatch was deliberately introduced.

10.4. A note on the general methods of representing the

performance of magnetrons.

There are two chief methods used in representing
magnetron results. The first method (often referred to
as the contour map method; gives the performance of the
magnetron for variocus input powers to it but with a fixed
load on the output. The second method gives the
performaence of the magnetron for various loading impedances
on it but with a fixed input power supplied to the valve:
the resulting diagram is referred to as the Rieke diagram.

(1) Contour maps.

These maps are plots of efficiency, magnetic
field, current and voltage. An example is shown in
figure 70A which is self explanatory. The loading on the
magnetron is fixed throughout the contour. Frequenecy
changes due to dirrérent modes are sometimes indicated by
shading, such as in figure 70B.

(114) Rieks diagrams.

This diagram is a plot, generally of efficiency
and wavelength for constant input power, but with a varying
lcad impedance presented to the magnetron. The full range
of impedances could not, for practical use, be represemted

by the axes of the circle diagram, for the circle diagram
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extends in space to infinity. By a tggnarormation, such
as the inversion about a point not contained by the plane,
this seni-infinite plane becomes finite. For the Rieke
diagram the inversion point is -1 and by the well known
laws .of inversion the u circles are transformed into a
system of concentric circles which are contained within
the circle marked 7=0c0 , figure 71. Tach of these
concentric circles represents a constant standing wave
ratio on the output feeder of the magnetron. The ¥
dirclas are changed into the radial straight lines, whose
@ value is equel to the O value on the circle diagram.
As a result these radial lines, for equal incresses in & ,
are equally spaced. All possible values of impedance
can now be represented on this lieke dlagram, which is

in essentials a framework comprised of the standing wave
ratio and the phase of the Impedance applied to the valve.
Upon this ffamonark is ﬁlotted frequency and power output
for constant input power to the magnetron. A typical
diagram is given in figure 72. Sometimes other propertie

such &s the coperating voltege are indicated in addition.



CONCLUDING REMARKS.

In the previous sections the development
of high power magnetrons and their associated testing
instruments have formed the main subject matter of the
thesis. The author commenced to write this thesis in
1942 but owing to the importance of the research work for
war purposes it was decided that no great time could be
spent upon the thesis. It was not until half way through
1943 that fhe thesis took its final form. It does not
include wark from 1943 onwards and, although the author
took over a different field of research work in the latter
part of 1943, he would nevertheléss like to express the ideas
upon which he would have based further research work in the
centimeter wavelength region. The remarks have been limited
to two branches of the work; (1), the possibility of using
the magnetron as an amplifier and (2), some of the difficulti
in the production of millimeter wavelength radiation.

The magnetron as an amplifier.

There are many difficulties in producing,
for service use, the high magnetic fields required for 3 cm.
magnetrons. Attempts to make magnetrons operate at a
magnetic field less than the value given by HA = 10,700,
where H is in ocersteds and \ is in centimeters, have seldom
yielded satisfactory efficiencies. In practice HA is

usually about 14,000, and a short note (21) published by



the author 1ndioatea the importance of not reducing the
value of the magnetic field below that required by the secon
of the above relationships. Nevertheless experiments by
the author with 3 cm. valves using a magnetic field of

2600 oersteds indicated that the efficiency was between

10% and 20%, although occasionally a valve of the same type
would yield an efficiency of 25% or even 27%. A critical
inspection of these unusually efficient valves failed to
show that fhey differed mechanically from the valves which
yielded only 10% to 20% in efficiency. Frequency instabilit
is also prominent,especiallj when working at good efficiencie
From the Tfact thatvalves of exceptional performance were
more stable in frequency, it is reasonable to assune that
any device which tended to stabilise the frequency would
increase the efficiency of the valve. Further since there
was no apparent mechanical difference between valves of
exceptional performance and valves of average performance

the amount of.stabilising (if indeed this is what is required
is not very much. An experiment which should be performed
is to impose on the cathode space charge a radio frequency
field equal.to the main frequency of the magnetron. This
auxiliéry field could be obtained by inserting a grid round
the cathode and connecting this grid to a separate oscillator

There are, of course, other methods such as to feed the
auxiliary radio frequency into one of the resonators. This
second method, while being more simple, does not seem 80O

promising as does the first.

The above sugcestion produces a magnetron which



is perhaps more correctly termed an qmplirier than an
oscillator, but even so this in no way distracts from its
importance. ' There is a great need for amplifiers (not
necessarily of high gain) which can handle the big powers
now possible at centimeter wavelengths. Such amplifiers
might be used to reduce the :requenny'pulling which is so
troublesome in many of the applications of centimeter
radiation. Since these amplifiers must be capable of
handling powers of 50 kW. or more, the klystron amplifier,
as at present known, cannot be used.

The production of millimeter waves.

The production of millimeter waves and waves
léaa than a millimeter, say 1/10 mm., presents new difficultic
The conventional magnetron, éven if it could be made, would
probably fail to oscillate because of the copper losses of
the electric resonators. To produce such short waves it
may be necessary to revert to the electromagnetic radiation
emitted by the spark exeitation of spheres (16). A better
performance of these spark oscillators might be obtained if
the spark discharge is maintained by a high power 9 cm.
oscillator. This would give a re-excitation frequency
of 3000 Mec./sec. which can not be far from the optimum for
a A = 1 mm. radiator with a Q of 100, which is the order of
magnitude to be expected for a damped oscillator of this
kind. The enclosing of the spheres in a metal case to

prevent loss of radiation into space should prove advantageous



In conclusion of this thesis the author
expresses his opinion that power at fractional millimeter
wavelength will have to be produced by methods bearing
little resemblance to existing oscillators. Yor example,
use might be made of the several molecular resonances which
lie in this region. If some means of exciting these
resonances could be found, even if it were only a crude
ahock excitation, the corresponding radiation should be
emitted. The difficulties are big for the molecule must
not disintegrate and very little is known about the
vibrational values in the region corresponding to
A = 10°9—>10"% mm. whether it be by this method or by
some other, it seems certain that something different

from the electron tubes now known will have to be developed.
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