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Foreword
HE tremendous research and de~ ~lopment effort thfit went into the
development of radar and related techniques during World lVar II
resulted not only in hlmdreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.
The Radiation Laboratory of MIT, which operated under the supervision of the Nationll Defense Research Committee, undertook the great
The work described herein, however, is
task of preparing these volumes.
the collective result of work done at many laboratories, Army, Na\’y,
university, and industrial, both in this country and in England, Canada,
and other Dominions.
The Radiation Laboratory, once its proposals were approved an{!
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chaptew
or sections were chosen from among those experts who \vere intimately
familiar with the various fields, and who were able and ]villing to writ,’
the summaries of them. This entire staff agreed to remain at work al
MIT far six mcmths or more after the work of the Radiation Laboratory
was complete.
These volumes stand as a monument to ibis group.
These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described.
There were so many involved in this \vork and they
worked so closely together even though often in widely separated laboratories that it is impossible to name or even to know those who contributed
to a particular idea or development.
Only certain ones who wrote repor::
or articles have even been mentioned.
But to all those who contributed.
in any way to this great cooperative development enterprise, both in this
%count ry and in I?nglaml, these volumes are dedicated.
@
L. A. DUBRIDGE.
Gi
-

T

$

v\\\

Preface

HE pulsed 10-cm magnetron, perfected by the British in 1940, const ituted the starting point for the development of microwave radar.
From that time until the end of the war the magnetron proved to be one
As a consequence
of the most important components in radar systems.
of this, the armed services, both in this country and in England, instigated extensive programs of research and development to produce new
types and improve the characteristics of existing ones. The program
soon became a major one for the electronic industry.
At the Radiation
Laboratory alone, over forty highly trained physicists and engineers spent
more than four years studying magnetron performance and producing
new designs. Comparable effort was expended by the many other
The result was over twenty disindustrial and research laboratories.
tinct types of magnetrons, producing powers in the tens to thousands of
kilowatts at frequencies that were largely unexplored before 1940. What
is more important, this program led to a better understanding of the
principles of magnetron operation and to an increased appreciation of
the importance of the field of electronics at high frequencies.
During the war very little attention could be given to evaluating,
correlating, and recording these new developments, and what reports
were \vritten are disconnected and incomplete.
Actually, much of the
information existed only in the minds of the investigators and in their
personal notebooks.
‘l’he purpose of this book is to present in a usable
form this large amount of theoretical and practical knowledge.
Conditions surrounding the preparation of the volume produced
special problems.
The time available was short, considering the amount
and complexity of the material, and a division of labor among many
authors was necessary.
‘l’his permitted the selection of authors best
qualified to present different subjects but resulted in a not too consistent
style and level of presentation.
Furthermore, it was appreciated that
although microwave magnetrons were developed for use in radar systems,
their importance to science and engineering was much broader; thus the
material for the book was evaluutmf largely in terms of its possible future
usefulness, and the uncertainty of this resulted in a tendency to include
ix
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More serious aretheerrors that may
too much rather than too little.
not have been eliminated because of insufficient time for adequate review.
The book contains a large fraction of what was known, as of January
1946, about the theory, design, and operation of magnetrons in the
frequency range 1000 to 25,000 Me/see and the many modifications that
extend the usefulness of these tubes. There is in this book, because of
its radar background, a strong emphasis on magnetrons intended for
pulsed operation, but the treatment is extended to c-w applications
whenever possible.
The scope is dictated by the primary premise that all information
As a result, the character
necessary to” make a magnetron” be included.
of the chapters ranges from a detailed theory of the various aspects of
magnetron operation to the details of construction of production magnetrons. An introductory chapter reviews the early work on magnetrons,
including the first 10-cm tube of the British, and presents the basic
principles of magnetron operation in order to orient the reader unfamiliar
with the subject.
Except for this introduction, the material is arranged so that theory
A final chapter gives operating data
precedes practical considerations.
and important dimensions for a variety of magnetrons.
Although the authors of this volume were nearly all members of the
hI IT Radiation Laboratory or Columbia Radiation Laboratory, a great
deal of the material included originated in the industrial concerns of this
country and England.
References to contributions by other laboratories
is given whenever possible, but the free exchange of information existing
during the war makes the origins of many of the ideas uncertain.
In
particular, the contributions of the Boll Telephone Laboratories and the
Raytheon Manufacturing Company have been extensive and in many
cases undistinguishable from those of the MIT and Columbia groups.
The important contributions of these and the many other institutions are
acknowledged.
The early work of the British deserves special recognition.
All too
few references to it are found in this volume, because soon after the
original design was divulged to laboratories in this country, the development here proceeded along rather independent lines. The British magnetron, however, was the key to the production of high-power microwaves.
A discussion of this tube and its important features is found in Chap. 1,
based on material kindly furnished by Professor J. T. Randall and
Dr. H. A. H. Boot who, more than any others, were responsible for its
invention.
Acknowledgments are due to the many who reviewed chapters of the
In particular, mention should be made of Dr. Lewi Tonks of the
book.
General Electric Company, Drs. W. B. Hebenstriet and H. D. Hagstrum

xi
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of the Bell Telephone Laboratories, Drs. A. Nordsieck and A. V. Hollenberg of Columbia University, Dr. Lloyd P. Smith of Cornell University,
and .Miss Helen Wieman for her assistance in preparing the manuscript
for publication.
In conclusion, the editor wishes to emphasize that a book of this
magnitude could not have been \vritten without the wholehearted
cooperation of all the authors, many of whom worked on the manuscript
long after leaving the Radiation Laboratory.
GEORGE
(?AMBRII)GE, hfASS.,
July, 1946.
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INTRODUCTION
GEORGE B. COLLINS
A magnetron is a diode, usually cylindrical, with a magnetic field
parallel to its axis. Inmodern usage, ho~vever, theword implies a diode
that, with the aid of a magnetic field, produces short electromagnetic
waves, and it is with this meaning that the term is used in this volume.
Those magnetrons which produce radiation within the wavelength range
1 to 30 cm are here defined as microwave magnetrons.
This class of
tubes is sometimes called cavity magnetrons from the fact that, in the
usual design, the resonant circuit is a number of closely coupled cavities
contained within the evacuated portion of the tube.
101. Early Types of Magnetrons.—k’f icrowave magnetrons and the
theory of their operation have their origin in contributions made by a
great many investigators extending back at least to 1921. A review of
this development will be given here \vith the purpose of pointing out the
significant steps that have led to the present highly efficient sources of
microwaves.
Editorial policy precludes the assignment of credit for
origination of ideas or inventions, and this question will be purposely
avoided as far as possible.
Nonoscillating
Diodes with Magnetic Fields .—The
basis for much of
the theory of magnetron operation was laid by Hulll who investigated
the behavior of electrons in a cylindrical diode in the presence of a magnetic field parallel to its axis. Such a diode is shown in Fig. 1.la. A
cylindrical anode surrounds a centrally placed cathode which is heated
A nearly uniform magnetic field parallel
to provide a source of electrons.
to the axis of the tube is produced by a solenoid or external magnet not
shown in the diagram.
In the crossed electric and magnetic fields which
exist between the cathode and anode an electron that is emitted by
the cath;de moves under the influence of a force Fe = Ee and a force
F~ = e/c(; X ~) (see Fig. 1.2), where E is the electric field, B the
magnetic field, c the velocity of light, v the velocity of the electron, and
e is its charge. The solution of the resulting equations of motion, which
neglect space-charge effects, shows that the path of the electron is a
quasi-cycloidal orbit with a frequency given approximately by
(1)
1A. W. Hull, Phgs. Re~.,18, 31 (1921).
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n

(b)

(a)

(c)

anode; (c) split
FIW I.I.—Early types of magnetrons:(a) Hull originaldiode; (b) split
anodewithinternalresonator;(d) improvedsplitanode; (e) four-segmentanode.
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When this orbit touches the anode, a condition
exist, and Eq. (2) holds
$=a[l-kYY

3
of cutoff is said to

(2)

where V is the potential difference between the anode and the cathode
and r. and r, are their radii. The relation
is an important one from the standpoint
of magnetron operation.
It implies that
for V/B2 less than the right side of Eq.
is
(2), no current flows and, as V/B’
increaeed through the cutofi condition, a
rapid increase in current takes place. For
obscure reasons the reduction of current at
cutoff, which is observed experimentally, is
not so abrupt as the theory outlined above
would indicate.
FIG. 1.2.—Forces on an
Cyclotron
Frequenqi
Oscillations.-The
electronmovingin a diodewith
a
magneticfield
parallelto its
type of diode shown in Fig. 10la can be made
axis.
to oscillate at very high frequencies if the
cathode and anode are made part of a resonant circuit with reasonably
high impedance and low losses. Conditions for oscillation are that V/B’
must be adjusted close to the cutoff condition given by Eq. (2) and that
the frequency of the resonant current be close to the transit frequency of
the electrons.
An explanation of these
+
oscillations is given in terms of Fig. 1“3.
The dashed circle represents the path of
an electron in the interaction space and
modifies the trajectories of such an electron. Curve (1) represents the trajectory of an ele~tron emitted at an instant
when the r-f field is in the same direction as the d-c field. Thus the effective
V acting on the electron is increased,
and from Eq. (2) it is seen that this
FIG.1.3.—Trajectories
of electrons:
(1) phasewithrespectto ther-f fieldis increases the cutoff radius with the
unfavorablefor the supportof oscil- result that the electron strikes the
lations;(2) favorable.
anode.
Curve (2) is for an electron emitted one-half period later when the
r-f fields are opposed to the d-c field. The electron now misses the anode
and returns toward the cathode.
Since the frequency of rotation as
given by (1) is made close to the r-f frequency, electron (1) will return
toward the cathode also retarded by the r-f field. This electron thus
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contributes energy to the r-f oscillation, and the process will continue as
long as the phase relationships with the r-f field persist or until the
electron is removed by some process. As these phase relationships
cannot be maintained indefinitely, provisions are usually made for removing the electrons before they fall out of phase. One method is to tilt
the magnetic field slightly ]vith respect to the axis of the tube. This
causes the electrons to spiral out of the end of the anode before too many
revolutions occur.
A characteristic of this type of magnetron, which is important to
the operation of many magnetrons, is the quick removal from the r-f
field of the electrons whose phase is unfavorable to the support of oscillations and the retention in the r-f field of the favorable ones.
Split-anode magnetrons such as shown in Fig. 1lb will also oscillate
when the frequency of the resonant circuit (now connected to the two
segments) is close to the transit frequency of the electrons and the anode
h’o satisfactory analysis
voltage adjusted close to cutoff conditions.
has been made that gives the trajectory of the electrons in this case, but
it is probable that the unfavorable and favorable electrons are segregated
by processes similar to that illustrated in Fig. 1.3.
h’o large number of cyclotron-type
magnetrons have been made,
but they have been used effectively as experimental sources of radio
frequency.’23
At 50-cm wavelength output powers of 100 watts have
been obtained; at 10-cm wavelength about 1 watt; and detectable
radiation has been produced at 0.6 cm. The efficiency of the splitanode tubes is around 10 per cent for moderately long wavelengths as
compared with 1 per cent for the diode variety.
The shortcomings of this class of magnetron are low efficiency, low
power, and generally erratic behavior, but extremely high frequencies
can be generated by these oscillators.
Negative Resistance or Habann Type.—If the magnetic field of a splitanode magnetron is greatly increased over what is required for the
cyclotron-type oscillations, a new type can occur which has been called
negative-resistance
or Habann-type
oscillations.
The frequency is
determined almost wholly by the resonant circuit, and the magnetic
field is not critical as is the case with cyclotron oscillations.
These
oscillators have been investigated by Kilgore4 who observed in a magnetron containing gas at low pressure, luminous paths corresponding to
electron trajectories of the form shown in Fig. 1.4.
The form of the r-f field is shown, and this combined with the d-c
1 A. Zarek, Cos. Pro. Pest Math. a FTYS.
JPrague,53, 578 (1924).
2H. Yagi, l%oc. IRE, 16, 715 (1926).
3C. E. Cleetonand N. H. Williams, Phys. Ren., 60, 1091 (1936).
4G. R. Kilgore, Proc. IRE, 24, 1140 (1!)36).
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field and the high magnetic field causes the electrons to spiral out to
the anode segment that is at the lowest (most negative) potential.
The magnetron thus has the characteristics of a negative resistance necessary to produce oscillations.
It is observed that the efficiency of this
type of oscillation is enhanced if the electron moves out to the anode
making tenor more spirals. The frequency of thespiraling isdekmnined
by Eq. (l), and thus magnetic field strengths are needed that are ten
times those required to produce the same frequency by cyclotron-type
Providhg sufficiently high magnetic fields to satisfy this
oscillations.
requirement for very high frequencies is one of the principal objections
to this type of oscillation as a practi+150
cal source of microwaves.
An important modification in
the design of split-anode magnetrons was made when the resonant
circuit was placed entirely within
the vacuum system.
This step
was the result of efforts to increase
,
I
,
both the frequency and power output. Figure 1.lc shows
such a
design. This type of tube has produced power outputs of 100 to 400
watts at 50 cm and 80 watts at 20
cm.
Traveling-wave
Oscillations.—
+50
Electron
path
FIG.1.4.—Trajectories
of an electronin
This third type of oscillation also
a split-anodemagnetronwhen used as a
occurs in split-anode magnetrons
Habann-typeoscillator.
and is related to the negative resistance type. The two differ only in the ratio of the angular frequency of the
traveling wave to the cyclotron frequency.
In the negative-resistance
magnetron the magnetic field is so high that on the cyclotron time scale
the traveling wave remains nearly stationary.
There is no sharp dividing
line between the two. For the same frequencies the magnetic field
required is much lower than that needed to produce negative-resistance
oscillations; and although the magnetic field may be close to the value
necessary to produce cyclotron-type oscillation, its value is not critical
and the anode potential is lower, so that oscillations occur below cutoff
conditions.
Traveling-wave oscillations have also been observed’ in four-segment
Figure 1. ld illustrates a fourand even eight-segment magnetrons.
segment magnetron and shows in particular the manner in which the
alternate segments are connected together within the vacuum envelope.

1K. Posthumus,WirelessEng., 12, 126 (1935).

6

INTRODUCTION

[SEC.

1.1

A particularly important feature of this design is that for a given B and
T. the four-segment magnetron can be made to oscillate at twice the
frequency of a two-segment one. Posthumus’ developed a theory for
oscillation of this type, which although space-charge effects are neglected,
gives a reasonable explanation of the observed characteristics.
This
explanation can be made conveniently in terms of the four-segment tube.
Figure 1.5 shows in an approximate manner the electric field distribution.
These fields vary with time in a sinusoidal manner and may be considered
as standing waves resulting from two sets of traveling waves rotating in
opposite directions around the anode.
For oscillations to occur the
angular velocity of the electrons
must approximate that of one of the
rotating waves so that the electrons
retain for an appreciable length of
. .. -~..
x ....--..*.
time their phase relationship with
the r-f field. Posthumus showed
that this condition exists when
f==

47mVa

(3)

a

FIO.1.5.—Electricfields in a
magnetron.

four-segment

when j is the frequency, V. and T.
the anode potential and radius, B
the magnetic field, and n the number
of pairs of segments.
The theory also shows-that elec-

trons which are retarded by the r-f field and thus contribute energy to it
spiral outward and eventually strike the anode.
Equation (3) is consistent with the characteristics of these oscillations
as observed by Posthumus.
The upper-frequency limit for a given tube
is inversely proportional to B, and for n = ‘2 this limiting frequency is
twice that for n = 1. The theory is also consistent with such facts,
now well known, that the anode voltage is proportional to the square
of r. and that for oscillations to occur the ratio V/B must remain constant.
Of the three types of oscillations—cyclotron
frequency, negative
resistance, and traveling wav~the
last has proved the most effective
Some
in magnetrons that are used as practical sources of microwaves.
advantages of the traveling-wave type of oscillations are good efficiencies
at high frequencies, moderate magnetic field requirements, and stability
of operation over a wide range of input and output conditions.
For frequencies below 1000 Me/see it is convenient to have the resonant circuit external to the vacuum system, as the elements are rather
bulky and because external circuits can be tuned more readily.
This
1 Ibid.
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circumstance has led to the development of split-anode magnetrons in
the 100 to 1000 Me/see region that has culminated in the design showh
in Fig. 1-M. An important feature of these tubes is the large-diameter
conductors connecting the two sections of the anode to the external
This reduces losses in the resonant circuit and increases the
circuit.
anode dissipation.
Power outputs of 150 watts at frequencies between
15 and 1200 Me/see can be obtained reliably from this tube and similar
ones. 1

FIQ.l.&-Early form of internrdresonatormagnetr
on.
In a search for magnetron sources of higher frequencies and higher
powers certain modifications me suggested by the performance of the
designs shown in Fig. 1.1. In particular the combination of the internal
resonant circuit Fig. 1*1c with the multisegment feature of Fig. 1.le
seems desirable, as the internal resonant circuit is capable of handling
high powers at high frequencies and the multisegment structure reduces
the anode voltage and magnetic field. Figure 1.6 shows an arrangement
of internal circuits that was investigated by Aleksereff and Malearoff.z
1This line of magnetronwas developedby the GeneralFlectric Co.
~N. T. AleksereffrmdD, II}.Malearoff,Jour. Tech. Phys. USSR, 10, 1297 (1940).
RepublishedPro.. IRE, 32, 136 (1944).
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Similar arrangements have been suggested by many others.123
Here
the resonator system is made up of a number of internal resonators
arranged around the axis of the cathode so that the capacitive portion
of each resonator opens out into the cathode-anode space. The magnetron shown in Fig. 1.6 was tried \vith anode blocks having up to
eight resonators and with various anode sizes. Po~vers of a few hundred
watts at $crn wavelength arc reported with efficiencies as high as 20
percent, andafeww attswereproducedat
2.5-cmat very low efficiency.
The power output was limited by overheating of the cathode which
presumably resulted from back
bombardment
by electrons that
received energy from the r-f field.
1.2. The British Cavity Magnetron.—The
wartime need of
radar for a transmitting tube capable of very high pulsed-power outputs at wavelengths of 10 cm or
less lcd Dritish investigators4 to
attempt late in 1939 the development of a magnetron with these
characteristics.
The y invented
and perfected a traveling-wave
type magnetron
with internal
resonators that when pulsed produced microwave radiation with
peak powers several orders of magnitude greater than had been obtained before by any means. The fact
that this magnetron was operated under pulsed input conditions is particularly significant.
Duty ratios [(pulse duration)/ (interval between
pulses) + (pulse duration)] of about 0.001 were used so that heating of the
cathode and anode was greatly reduced over that for c-w operation.
Specifically, with a duty ratio of 0.001, pulse powers one thousand times
the maximum c-w inputs are possible without producing overheating.
After a comparatively short period of development 10-cm magnetrons
were made that operated efficiently with peak power inputs of several
hundred kilowatts and outputs in excess of 100 kw. Figure 1.7 shows the
1A. I,. Samuel,[J.S. Patent 2063341,1936.
ZBritish Patent 509104,Oct. 7, 1938.
3Reichspatent663259,.4ug. 3, 1938.
t Professor J. T, Randal and Dr. H. A. H. Boot, University of Birmingham,
Birmingham,Itngland. The work of theseinvestigators\vasgreatlyaided as a resuk
of cooperation~vithThe C,cncralIllectric (’ompany, Ltd., Wembley, England,which
made many contributionsessentialto the successof tbe productionversion of these
early magnetrons.
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first anode constructed by these investigators, and Fig. 18 the first experimental magnetron.
This tube had an output of 400 watts c-w at a
wavelength of 9.8 cm. Figure 1.9 shows the construction of this magnetron as it was produced for use in microwave radars.

FIG. 1.8.—First

British 10-cm magnetron.

The effectiveness of this magnetron is due especially to three important features of design:
1. A large-diameter oxide-coated
cathode was used. The large
diameter contributes appreciably to stable operation and provides
a large
emitting
area.
,
Under pulsed conditions the
oxide coating was found to
provide peak emission currents of 10 to 20 amp/cmz.
“:~$=%
‘
This surprising performance
‘,%~..
=
of oxide coatings—the pulse
emission is ten times the d-c
7):
FIG. 14-Production
version of British
value—is largely responsible
10-cmmagnetron.
for the magnetron’s ability
to accept high pulse-power inputs.
Instabilities such as sparking
might have been expected, as the magnetron operated with a plate
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voltage of 10 kv, a figure considerably above the value considered
safe for the use of oxide cathodes under normal conditions.
Fortunately under pulsed conditions little trouble was experienced.
2. The anode block is part of the vacuum envelope.
All the magnetrons shown in Figs. 1.1 and 1.6 have anode blocks suspended
inside vacuum, and large anode dissipation is difficult to obtain;
with the anode block a part of the vacuum envelope, a lowimpedance thermal path from interior to exterior exists, and heat
dissipation of several hundred watts of average power can be
accomplished with air cooling alone.
3. The separate resonators are coupled by conducting elements or
straps. 1 Without these the magnetron’s several resonant frequencies are so close together that unstable operation results.
With straps the efficiency is raised and stable operation may be
obtained over a wide range of powers.
Other features and certain optimum dimensions, which in all contribute significantly to the operation of this magnetron, ~vereincorporated
as a result of experiment.
Good examples of such features are the output
construction and the critical cathode diameter and coupling loop size.
This early work also contributed greatly to the understanding of
magnetron operation.
The role of the electrons that return to the
cathode in producing secondaries from the cathode was appreciated,
and, in fact, magnetrons with secondary emitting cathodes and no primary emission were operated by Boot and Randall.
In addition, a very
useful technique for investigating the resonant modes of magnetrons by
the use of signal generators (Chap. 18) was developed.
In spite of the spectacular performance of this early pulsed microwave
Its permagnetron its characteristics were not entirely satisfactory.
formance was erratic, with regard both to the operation of individual
tubes under varying conditions and to the operation of different but
presumably identical tubes under the same conditions.
In addition,
any modification of the original design almost invariably resulted in
unsatisfactory performance.
For example, attempts at designing tubes
to operate at wavelengths shorter than 10 cm or at lolver anode voltages
The cause of most of these difficulties }vas
were not at first successful.
the lack of a complete understanding of the pr@ciples of operation of the
magnetron.
1.3. Description of a Microwave Magnetron.—The class of magnetron
\vith ]vhich this book is concerned is distinguished by a resonant system
I The addition
of straps
by J. Sayers, of Birmingham
\vas perfected.

to the resonant system of the magnetron
University, about a year after the original

was made
magnetron
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within the tube envelope; this system is composed of a number of coupled
resonators surrounding a relatively large cylindrical
cathode.
An
example that will be used as a basis for discussion is shown in Figs.
1c1Oand 1.11.
These magnetrons are self-excited oscillators, the purpose of which is
to convert the d-c input power into r-f output power. This conversion
takes place in the interaction space I which is between the cylindrical
A constant and nearly uniform magnetic
cathode C and the anode block A.
field is maintained in this interaction space in a direction parallel to the
axis of the tube.
In operation, the cathode is maintained at a ne”gative
potential, while the anode block is usually at ground potential.
The

!
~-.

.
FIG. 1. 10.—Cutaway

—.
of typical microwave

magnetron

—“.showing construction.

--xii

4

anode block is pierced in a direction parallel to the axis by a number of
resonators R which open into the interaction space so that the anode
surface consists of alternate segments and gaps. The ends of the
resonating cavities open into chambers that are called “end spaces”
through which the lines of flux extending from one resonator to the next
pass. The coupling between the resonators is increased by conduc~
ing bam called straps S which connect alternate segments.
Power ia
extracted from one resonator, one method being a coupling loop L which
The combination of resonant cavities,
forms a part of the output circuit.
end spaces, straps, and output circuit is called the resonant system.
In this design, the cathode C is oxide-coated and heated indirectly by
It is attached
an internal heating coil of tungsten or molybdenum.
mechanically to two cathode stems supported by glass to provide anode
to-cathode insulation.
Coaxial line chokes K are frequently placed on
these stems to prevent the escape of any stray radiation that may be
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At each end of the cathode there
picked up by the cathode structure.
is an end shiekf H whose purpose is to prevent electrons from leaving
the cathode structure in a direction parallel to the axis of the magnetron.
These end shields must be kept at a temperature too low to cause the
emission of electrons.
R

c

—

m
H
--

FIO.1.1 I.--Cross-sectional

‘L

‘c

s
views

of typicalmagnetronshown

in Fig. 1.10.

The radial dimensions of the interaction space depend upon the wavelength and voltage at which the magnetron is to operate and for any given
type are proportional to the wavelength and to the square root of the anode
voltage.
For efficient operation, the ratio of cathode diameter to anode
diameter must remain withh narrow limits set by the number of resonators. In a 12-resonator magnetron, this ratio is about ~ the anode;
for fewer oscillators, it is somewhat smaller, and for more than 12 oscillators, somewhat larger.
A magnetic field parallel to the axis of the cathode is required; it is
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often produced by an electromagnet or permanent magnet with pole
Figure 1.12a shows a typical permanent
faces external to the magnetron.
Another type of
magnet and magnetron with radial cathode supports.
magnetron construction, favored for the higher-frequency magnetrons
where magnet weight is of importance, is shown in Fig. 1. 12b. Thk
magnetron-magnet
combination
is frequently
called a “ packaged
magnetron. ” The cathode is usually supported axially through iron
,..

-.
Fm. 1.12.—Two

. .. .. ... —_..

J J
... ..

types of magnetron construction: (a) radial cathode supports with separate
magnet; (b) axial cathode support with attached magnet.

pole pieces which extend quite close to the anode and thus reduce the
magnetic field gap. Since the weight of a magnet that will produce a
given magnetic field strength over a given iron-sectional area increases
very rapidly with the length of the gap, considerable magnet weight
can be saved in this manner.
It is customary to supply this type of
magnetron permanently attached to its magnet.
The saving of size
and weight resulting from this axial construction may be considerable.
1.4. The Resonant System.—The combination of the anode block,
output circuit, end spaces, and other parts that contribute to the r-f
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properties of the tube is defined as the resonant system.
It is a most
important part of the magnetron, for it determines the frequency and
This
also plays a most important role in the electronic processes.
integration of the entire oscillating system into one tube complicates
the problems of design and limits the versatility of single magnetrons as
compared with low-frequency oscillators where the oscillator tube is
distinct from the associated resonant circuits.
The function of the resonant system is to present to the space charge
an r-f field of the desired frequency and with the proper configuration and
magnitude to effect an efficient generation of radio frequency and further
to transmit this power to an external load. The resonant system accomplishes this by storing a quantity of the energy to produce the r-f fields,
at the same time releasing a portion to the external load.
A specific example will serve to fix the order of magnitude of the
For a pulse-power input of 100 kw,
quantities involved in this process.
the 2J32 (see Fig. 1.11) delivers about 40 kw to its load, or about
1.3 X 10–s joule per cycle, as the frequency is 3000 Me/see.
Under
these conditions, about 10–2 joule is stored in the resonant system, and
this energy results in an r-f voltage at the anode surface of about 10 kv.
About 55 per cent (or 45 kw) of the input power is lost because of heating
of the anode by the electrons, and 5 per cent (5 kw) is lost because of
heating of the anode by the circulating r-f currents.
A good resonant system should have characteristics that make the
operation of the magnetron as stable as possible.
This includes stability
against small changes in frequency and stability against discrete frequency jumps and constitutes one of the major problems of magnetron
design.
The entire resonant system presents a problem too complicated for
qualitative analysis, and it is usually assumed that only the anode block
and output circuit affect the operation of the magnetron.
Although
this assumption is not always justified, as other parts of the magnetron
may, indeed, affect its operation, it has usually been possible to isolate
their effects and consider them as special problems.
The discussion
here of the resonant system as well as the more detailed treatments in
Chaps. 2, 3, and 4 follow this procedure.
The so-called hole-and-slot anode block, shown in Fig. (1-10 and Fig.
1-11 ), will be used as a specific magnetron about which the following
discussion will be centered.
When operating in the desired manner,
oscillations result in a disposition of charge and electric field, as is illustrated in Fig. 1.13. Figure 1.13a illustrates such a disposition at an
instant when the concentration of charge on the ends of the anode segments is at maximum.
One-quarter of a period later the electric field
and charges have disappeared and currents are flowing around the inside

‘
~
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of the cavities, producing u magnetic field along the hole portion of the
cavities.
Figure 113b depicts the currents anti Iiclds at this instant;
Fig. 1.13c shojvs the disposition of charges tind electric fields another
quarter period later.

~=1

n =2

n=3

%.4

FIG. 1. 14.—Field and charge distributions for the four principaf modes of an eight-oscillator
magnetron.

Oscillations of this character are called r-mode oscillations from the
fact that the phase difference between adjacent resonators is m. Other
modes are possible, however, and each is characterized by varying phaae
differences among the eight coupled resonators that comprise this
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particular resonant system.
The number of possible modes is reduced
by the fact that the resonator system is a closed one and the total phase
shift around the resonator system must be a multiple n of 27r, where n
is called the mode number.
For an eight-resonator magnetron, the
important modes are n = 1, 2, 3, 4. In general n = 1, 2, 3, . . . , N/2
where N is the number of resonators.
The phase differences between the
resonators in the example chosen for n = 1, 2, 3, 4 are r/4, rr/2, 3r/4, and
m. The ,charge and electric field distribution for these modes is illustrated
in Fig. 1.14. In principle, one would also expect modes corresponding
to n > N/2 in which the phase difference between resonators is some
multiple of m corresponding to harmonics of the individual resonators.
These modes apparently are unimportant to the operation of magnetrons
and have only rarely been observed.
Figure 3 .7c shows the charge
distribution for this harmonic type of oscillation.
A more serious complication arises from the twofold degeneracy of
The amplitudes of oscillation
some of the N/2-modes discussed above.
of the separate resonator segments may be considered as points on a
closed standing-wave pattern containing a number of wavelengths equal
to the mode number.
The degenerate forms of each mode correspond
to a rotation of this standing wave so that the positions of the nodes and
ontinodes are interchanged.
Figure 1.15 shows views of a magnetron
in a plane parallel to the cathode and at the same time opened out so
that the anode faces lie in a plane. The closed lines surrounding the
segments represent the magnetic flux, and the numbers on the faces of
the segments indicate the maximum charge. The smoothed-out distribution of charge around the anode is shown below each. Eight such
views are shown representing the four principal resonances or modes,
One of the degenerate forms of
each with their two degenerate forms.
the (n = 4)-mode corresponds to a condition of zero charge on every
segment and thus does not exist. This nondegenerate characteristic
of the (n = N/2)-mode is an important feature of rr-mode operation.
If all the resonators are identical, the frequencies of these degenerate
modes are identical.
In actual magnetrons, asymmetries usually exist
and the degenerate forms have slightly different frequencies.
As a
general rule, then, it may be stated that the number of modes encountered is equal to N – 1. The question of the frequencies of these
(N – I)-modes can best be discussed by considering first an unstrapped
anode block such as is shown in Fig. 1”13.
Each of these resonant cavities is similar to a simple oscillating
circuit consisting of a lumped L and C. Although the inductance and
capacitance of a magnetron cavity is not strictly lumped, the inductance
of the oscillator resides mainly in the circular hole, and the capacitance
mainly between the parallel plane surfaces of the slot. Since the fre-
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quency is a function of the product LC, it is possible to represent one
resonant cavity by a conventional parallel resonant circuit whose freConsidering the frequency of
quency is given by f = (1/27r) (1/ V’LC).

EIEIEIEl”MilFIEi
AL+++p&+un=4.++&+j++
FIG. 1. 15.—View from the cathode of an opened-out magnetron showing the magnetic fields and charge distribution for the four principal modes each with its two degenerate
forms.

the resonant system as a whole, it should be noted that the arrangement
of these cavities is such that for the desired or x-mode of operation,
their individual
C’s and L’s are all connected in parallel.
Thus
the effective capacitance for the whole magnetron oscillator is NC and the
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effective inductance is L/N, where N is the number of resonatora. The
frequency of the magnetron is thus nearly that of an individual resonator.
The frequencies of the various modes will, in general, differ. This
maybe seen byreferring to Fig. l“14 and observing that the distribution
of charge for the various modes is not the same and thus the effective
The same could
capacitance for the various modes will be different.
be said with regard to the currents and effective inductances, so that
different frequencies are to be expected.
Unfortunately, the difference
in frequencies of the modes, or mode separation as it is called, is not so
great as is desirable.
A separation of 5 to 20 per cent between the
desired mode and the nearest one to it
is needed.
Figure 1.16 shows the effect of
strapping on the wavelengths of the
modes of an eight-oscillator 10-cm magfor an unnetron. Wavelengths
strapped tube are shown, and it is seen
that the r or (n = 4)-mode has a
separation of less than 2 per cent from
the (n = 3)-mode.
The frequencies
of these modes depend upon the height
of the end spaces, but for practical
FIG, 1.16.—Effect
of strapping on
the mode separation of an eight-oscil structures they are always quite close
Iator magnetron.
together. As a further complication,
ea~h of these modes, except the r-mode, is a close doublet.
Chapter 2
deals with the problem of the unstrapped resonant system in detail.
The effect of adding straps to an unstrapped resonant system is to
increase the separation of the m or (n = N/2)-mode
from its nearest
neighbor, usually the (N/2 – I)-mode.
In Fig. 1.16, the mode spectrum
of a single-ringed strapped magnetron is shown. The mmode separation
is now seen to be over 10 per cent. Even greater mode separation is
possible if larger or more straps are introduced.
Several forms of
strapping are shown in Fig. 4.1.
The explanation of the effect of strapping can be made in several
ways. The simplest is to conceive of the strap as maintaining m-mode
oscillations by tying together points that for this type of oscillation
remain at the same potential.
A more sophisticated explanation arises
from a consideration of the effective capacitance and inductance of the
straps for the various modes.
For mmode operation the concentration
of charge on the strap is a maximum and the effective capacitance of the
strap is relatively large. For any other mode the potential difference
between adjacent segments will be less, resulting in less charge on the
strap and thus decreasing the effective capacitance that it contributes to
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the resonant system.
Also, forother modes, currents till flow along the
entire strap, decreasing the effective inductance of the resonant cavity.
Thus the straps present both a reduced capacitance and a reduced inductance for all non--modes,
and the frequency of these modes is increased
with respect to the r-mode.
A detailed quantitative analysis of strapped
resonant systems is given in Chap. 4. Certain types of magnetrons, particularly low-frequency and low-power ones, have a good mode separation
even without straps. In these cases strapping does not improve their
performance, but in general the increase in stability and efficiency resulting
from strapping is so great that straps are considered essential. The addl~ Waveguideoutpul

- output

transformer

iron
pole
pece

FIG. 1.1 7.—Cross-sccti0rLal views of rising-sun magnetron.

tion of straps to the original British magnetron resulted in a major improvement in performance.
A great deal of the erratic changing of the mode of
oscillation characteristic of the unstrapped tube was eliminated; the
efficiency was improved; and operation at higher-power levels was possible. For example, the early British unstrapped magnetrons operated
very unstably, had efficiencies ranging from 15 per cent to 40 per cent, and
were prone to erratic mode shifting, while the strapped variety showed
efficiencies consistently above 35 per cent and, over a considerable
range of input conditions, rarely shifted modes.
At high frequencies (above 10,000 Me/see), straps become quite
small and mechanically difficult to incorporate into the magnetrons.
In addition, their small spacing results in large copper losses and thus
Adequate mode separation in these highlower magnetron efficiencies.
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The rising-sun magnetron is a most
frequency tubes is still essential.
successful anode-block design for producing good mode separation at
high frequencies that does not possess the disadvantages of strapping.
Examples of this design are shown in Fig. 1.17. The essential features
of the rising-sun design are the alternately large and small resonators.
When oscillating in the desired mode the charge on the segment ends is
alternating plus and minus, as shown in Fig. 3.7a, and the frequency is
intermediate between that of a large and a small resonant cavity.
The
r-f voltage across the large cavitie~ is larger than that across the small
cavities, and as a result the r-f fields extending into the
2.CQ 1
interaction space from the segments are not uniform, as

I
F

shown in Fig. 1.13, but alternate between some large and
small values. Fortunately this interaction-space field
appears to be nearly as efficient as a uniform one. The
peculiar mode spectrum of a typical rising-sun anode
1.50
2
block is shown in Fig. 1.18. As an example an 18:
A7r
resonator magnetron is chosen because one of the main
-xii
n
advantages of the rising-sun design is its effectiveness
when a large number of cavities is needed.
9 (r)
100
8
The difference between the mode spectrum of a
strapped resonant system and a rising-sun system is
i
5
conspicuous. The desirable operating mode in both
cases is the N/2- or r-mode, but in the strapped system
0.50
ther-mode is the longest wavelength, while in the risingF I G . l.18.—
sun system the r-mode lies between groups of modes at Wavelength distribution 0[ the nine
a longer and shorter wavelength.
Optimum separation principal modes of
between the r-mode and the long and short wave-length aII lS-Oscillator rising-sun magnetron
neighbors, which in general should not be the maximum hav,ng a ratio of
possible, is obtained by adjusting the ratio of the fre- cavity depth r, =
1.9.
quencies of the large and small cavities or by other
means such as closing off the ends of the anode block (Fig. 11.12).
The explanation of this mode spectrum is given in Chap. 3 in terms
of an equivalent circuit and also by field theory methods.
This mode
spectrum can be visualized by considering the rising-sun anode block as
consisting of two resonant systems, one comprising the small cavities
Each of these systems by itself would
and the other the large cavities.
have the type of mode spectrum of an unstrapped anode block with N/2
resonators. Some coupling exists, however, between the corresponding
modes of these two systems, and the resulting frequencies differ from those
of the isolated systems by an amount that depends on the degree of
coupling. In Fig. 1.18 the modes numbered 1 to 4 correspond to the
first four modes of the nine large resonators, and the modes numbered
8 to 5 correspond to the first four modes of the nine large resonators.
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Weak coupling exists between 8 and 1, 2 and 7, etc., and their frequencies
are thus only slightly altered. The” couplini between the r-m-odes of
the two systems is strong, however, and they combine to produce the
operating or (n = 9)-mode intermediate between the two sets of
modes and an (n = O)-mode whose
frequency is zero.
Associated with the r-mode of
a rising-sun resonant system there
is a net r-f current circulating
around the entire anode \vith the
FIG. 1.19.—Cukrents
in oscillators
of
same frequency as the r-mode.
rising-sun
magnetron
showing
origin of
The source of this net circulating
circulating current.
current mav be seen in Firz. 1.19.
The r-f currents in the large cavities exceed those in the small ones as is
shown by the length of the arrows in each cavity; as the large cavity currents are always in the same direction around the anode, a net circulatin~ current results. The direction of this at the moment chosen is shown
b; a dotted arrow.
This circulating current can
reduce the efficiency of the magnetron if the magnetic field is such
that the cyclotron frequency of
the electrons, as given by Eq. (1),
is close to that of the magnetron.
Finally men t i o n should be
made here of some of the various
forms of resonant systems that
have been investigated.
By far
the most usual and successful type
is that exemplified by the original
British design (see Fig. 1.11), and
the r e 1a t e d rising-sun design.
Another type that has been the
subject of considerable
experimentation but is not generally
used is shown in Fig. 1.20. The
essential distinction between this
FIG. 1.20, —Magnetmr,
anode block having
and the more usual cavity type is
large axial r-f currents.
that r-f currents flow axially along
the segments instead of the predominantly radial currents of the conventional cavity type.
Many variations of this basic design have been tried,
but r ne has been found to possess any advantage over the cavity type.
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Other forms of resonant systems have been investigated, but in most
Examples of such attempts are a
cases they were found unsatisfactory.
linear resonator system and the so-called “inside out” magnetron in
In both these designs,
which the cathode surrounds the anode block.
The performance
oscillations in the desired mode were not observed.
of all these various types of resonant systems has been poor in comparison
with the cavity type.
That this is due to some basic reason seems
unlikely; it is more likely a consequence of the fact that the designs have
not received the attention given to the cavity type.
In any event, no
further mention will be made of them.
1.5. The Cathode.—The cathode plays a much more important role
in the operation of magnetrons than does the cathode of any other
form of tube.
In addition to being a source of electrons, a magnetron
cathode must dissipate the relatively large amount of heat resulting
By means of so-called “end shields”
from back-bombarding electrons.
it must prevent the axial escape of electrons from the interaction space,
The cathode is also
and these end shields should not emit electrons.
part of the resonant system, as r-f currents are induced on its surface.
As a result of back bombardment, wide changes in the cathode temperature occur between starting and operations conditions which comIn pulsed tubes not only do these
plicate the problem of emission.
changes in temperature occur, but extremely high peak currents are
extracted from the cathode.
Current densities of from 10 to 100 amp
per cm’ are obtained from oxide cathodes, depending on the pulse length
and other conditions.
The size of the cathode must be held within close limits so that
electrons are released to the space charge at a point where the r-f field
conditions are proper for the efficient functioning of the space charge.
Too small a radius results in mode instabilities; too large a radius results
in inefficient operation.
The optimum size in most cases is such that
r,/r. equals or slightly exceeds (N — 4)/ (N + 4), where r. and r~ are
the cathode and anode radii and N is the number of resonators.
The
end shields may be small if they are located within the anode block and
must increase in size as the distance above the anode is increased.
No
definite specifications me possible, as the curvature of the magnetic field
at the ends of the anode also contributes to preventing the escape of the
electrons.
It is not surprising in view of these manifold requirements that the
cathode constitutes a major source of trouble and in nearly all cases is
the single element that determines the life of the magnetron.
Oxide cathodes in one form or another have been used in nearly all
They are used in pulsed magnetrons
pulsed and many c-w magnetrons.
because of their ability to emit very large currents under pulsed operation.
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They are used in low-power c-w magnetrons because oxide cathodes are
more efficient emitters and do not involve large heater currents that
interact with the fixed magnetic field. The usual emission troubles are
encountered, particularly in very high or very low power magnetrons
where the back-bombarding
electrons are not in the energy range for
efficient production of secondary electrons.
In pulsed magnetrons sparking (the generation of bursts of gas)
is a serious problem.
The cathode is probably not wholly responsible
for this phenomenon, but local vaporization of the oxide coating is
observed, accompanied by the ejection of small pieces of the coating.
The cathode is thus presumed to be a major source of trouble.
The
frequency and severity of the sparking is increased at high voltages and
high-current densities, but extremely low current densities must be used
to reduce the sparking rate essentially to zero. The emission and
sparking of oxide cathodes is considered in detail in Part I of Chap. I Z,
together with an account of some preliminary investigations on thoria
cathodes.
Part II of Chap. 12 deals with the problems of cathode
design.
1.6. The Space Charge.—An electron in the interaction space of a
magnetron is acted on by a constant magnetic field parallel to the axis
of the cathode, a constant radial electric field resulting from the applied
d-c potential, and the varying electric field extending into the interaction
space frmn charges concentrated near the ends of the anode-block
segments.
Under these conditions the electron is part of a space charge
with extreme variations in density, and the resulting problem is one of
considerable complexity which is understood only in a qualitative way.
No analytical expressions relating such quantities as current, d-c voltage,
r-f voltage, and magnetic field have been obtained.
The qualitative
A more comprehensive review of
theory is presented here in outline.
the whole problem of magnetron electronics is found in Chap. 6.
Consider the simple case of a single electron in the interaction space
of a magnetron in the absence of any perturbing r-f fields. In crossed
magnetic and electric fields, there is a force —eE due to the electric field
and another, (e/c)v X B, due to the magnetic field, where E and B are
the electric and magnetic field strengths, e and v are the charge and
velocity of the electron, and c is the velocity of light. The resulting
motion shown in Fig. 1.21 is approximately represented by superposing
a slow rotation around the cathode at nearly constant radius RO (the RO
rotation) and a faster circular motion with a smaller radius TO (the
TOrotation).
The resultant of these two motions corresponds roughly
to the motion of a point on the circumference of a wheel as it rolls around
a circle somewhat smaller than the cathode in such a way that its center
moves in a circle of radius Ro. The speed of the slow RO rotation is given
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The fast TOrotation corresponds to
approximately by the ratio E/B.
the cyclotron frequency and is thus determined by B alone; its angular
Although the tingular velocity of this TOrotavelocity is uO = rB/nl.
tion is consttmt, the mugnitude of rOdepends on the initial kinetic energy
of the electron rmd nmy vary for
ditierent electrons.
The m u ximum distance that any electron
can procerxi to\vurd the rmode
(R, + r-O) in the absence of r-f
oscillations is Iixwf by the ratio
k’iB und for good opemting conditions is made to be abmlt htdf of
the way from cathode to anode.
This description of the putt] of
a single electron is cxrmt only for
the case of small TOnnd has little
significance when normal spaccIt is
charge conditions es is t.
given, as it assists in understandFIO. 1.21.—Path followed by n single electron
ing the interaction of the electrons
in a nonmw.illutil)g mnguetron.
with the alternating electric fields.
In an oscillating magnetron, these electrons pass through the r-f
fields, shown in Fig. 1.13, and a change in their velocity results. A
somewhat surprising fact is that those electrons which are speeded up
have their curvature increased and return to the cathode while those
which are slowed down have their curvature
#E
reduced and move out toward the anode.
To make this appear reasonable, consider
U>
Bev
~
the situation shown in Fig. 1.22. An electron
T
U>FEe moves through crossed, uniform electric and
magnetic fields with a velocity u that is normal
to E and B. The force equation under these
u=?
conditions is

J-

Bev

U<%

F
-u.P

c

~va
=eE+—j

R

(4)

e

where R is the radius of the orbit of the electrons (R is positive for orbits curving down).
Where the path of the electrons is a straight line,
the condition is obtained by letting R = co. Equation (4) then reduces to

Fm. 1,22.—Paths of electrons in cromed electric and
magnetic fields.

v=—.

Ec
B

Inspection of Eq. (4) also shows that for v < Et/B

(5)
the electromagnetic
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force will be reduced and the electrons will be deflected in the direction
of the electric force.
For v > Et/B, the deflection will be in the direction
of the magnetic force. The deflection that an electron suffers in this
example when speeded up or slowed down thus corresponds to what
happens in a magnetron, and it is significant that the operating conditions
are ones for which v N Et/B.
The separation of the fast and slow electrons for an actual magnetron
is shown in Fig, 1.23. Consider an electron at point A at the instant
for which the fields are as shown.
The r-f field at this point tends to

FIG. 1.23,—Paths

followed hy elertmns In oscillating magnetron.

speed up the electron.
As it speeds llpj the curvature of its path is
increased, and it will move along a path corresponding to the solid line and
strike the cathode with appreciable energy.
This electron is thus
removed from the space charge and plays no further role in the process
except perhaps to produce a few secondary electrons from the cathode.
An electron at point 1?, however, is in a decelerating r-f electric field. As
a result of the reduction in its velocity, the curvature is reduced.
If
the frequency of oscillation is appropriate, this electron will always be in a
decelerating field as it passes before sllccessi~e anode segments.
The
r-f phase shown in Fig, 1.23 is correct only when electrons .4 and B are at
the points indicated.
The result is that the electron event~lally strikes
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the anode following a path of the type shown. Because of retardation by
the r-f field, this electron gives up to the r-f field a large part of the energy
gained in its fall through the d-c field to the anode.
Since the electron moves from the cathode to the anode in a very
small number of oscillations, the condition that the electron keep step
with the variations of r-f oscillations, in its course around the cathode,
need not be exactly satisfied.
Electrons, once in step with the r-f field,
remain in this state long enough to get to the anode even if their angular
This explains why the operating condivelocity is not exactly correct.
tions of magnetrons are not very critical with respect to the magnetic
field, input voltage, or other quantities that might affect the velocity
of the electrons.
Appreciable energy is associated with the TOrotation.
This motion
takes place, however, in a substantially constant r-f field, since the RO
rotation keeps the electron in step with the variations of the r-f field.
As a result, the r-f field has little effect on the energy associated with
the TOrotation during the last part of the trajectory.
This qualitative picture shows how those electrons whose initial
phase relationship is such that they absorb energy from the r-f field
are eliminated at once from the space charge. This is the result of the
fact that such electrons strike the cathode in the course of the first r~
period. On the other hand, electrons that leave the cathode at such a
time and place that they transfer energy to the r-f field continue around
the cathode in a cycloidal path which expands toward the anode, transferring to the r-f field the energy that they gain from the d-c field.
In addition to describing the paths taken by individual electrons in
the interaction space, it is helpful to consider the behavior of the space
charge as a whole.
In the absence of r-f fields, the space charge forms a
rotating cylindrical sheath around the cathode.
L-rider the influence
of the r-f fields, following the reasoning above, the electrons in this
space charge that are in an accelerating r-f field travel back toward
the cathode, while those in a decelerating r-f field travel tol~ard the anode.
As a result the rotating cylindrical sheath is distorted (for an eighti
oscillator magnetron) into a smaller cylinder with four spokelike ridges
running parallel to its axis. The configuration taken by the space
charge is shown in Fig. 1.24. This space-charge configuration rotates
with an angular velocity that keeps it in step with the alternating r-f
charges on the anode segments, and the ends of these spokes may be
thought of as brushing by the ends of the anode segments and thus
transferring charge from the cathode to the anode.
These spokes of space charge are rather narrow and have fairly sharp
boundaries. This is a consequence of the focusing action of the r-f fields,
the nature of which may be seen by considering Fig. 1.25. Here one of
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showin~ focusing w-tion of r-i fields on space charge

the space-charge spokes is shown in proper relation to the r-f fields extending in from the anode scgmcmts, and dashed lines show the direction of
the d-c electric field. Any electron that, dlle to an excess in angular
velocity, precedes this rotating spoke \vo~lld be at a point such as a.
Here the radial component of the r-f field and the d-c field arein opposition, and from the relation u = Et/B its velocity will be reduced, even-
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tually returning it to the space-charge spoke. The converse is true for
an electron that lags corresponding to point b. When the space-charge
spoke is opposite a segment, the direction of the r-f field is such that this
focusing action would not take place, but at this moment the intensity
of the fields is zero, and the net effect of the fields on the rotating space
charge is to produce the focusing action mentioned.
The r-f current set up in the oscillators is principally a displacement current produced by this rotating space charge. As the spokes
of space charge pass in front of an anode segment, a positive charge is
Half a period later, this positive charge has
induced on its surface.
flowed around the back of the two adjacent oscillators to the t}vo adjacent
anode segments, and the spoke of the space charge has rotated to a
position in front of the next anode segment.
In addition to these displacement currents, conduction currents are
produced bytheflo\v ofelectrons from space charge to the anode.
These
electrons, however, arrive at the anode at such a time as to constitute a
conduction current 90° out of phase with the r-f voltage and thus do not
contribute energy to the oscillations.
1.7. D-c Voltage Magnetic-field
Relationship.—The
concepts discussed in Sees. 1.4 and 1.61eadto a simple expression relating the operating voltage V, the magnetic field B, the wavelength,
and the anode and
cathode radii, respectively raand r,. Again as an example the magnetron
shown in Fig. 1.10 is chosen.
For efficient operation of the magnetron
V and 1? must be such that the angular velocity of the electron keeps
pace with the changes in phase of the resonators.
Thus an electron
must move from a point opposite any segment to a point opposite the
next in one-half a period.
Assuming that the electron is intermediate
bet\veen the cathode and anode this distance is

-(

)

Zr r. + l-c
N2’
where N is the number of resonators.

where j is the frequency
number

The velocity must then be

of the magnetron.

~=— N
2

and

the mode

Ao=;

*, = Tc(r. + r.)
niO

Introducing

(6)
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From Eq. (5) the velocity of the electron is given by o = Ec/13; and if
one makes the simplifying assumption that the field E is given by the
relation E = V/(r~ — r.),
v.
(7)
B“(T. – 7-.)“
Equating (6) and (7) gives

v=

v =

;0

(8)

(r-: – ?-:)B.

If this problem is solved rigorously, Eq. (8) becomes
v =

&

(?-: – ?-:)

B – q-:
(

(9)

r:
)

which is of the same form as Eq. (3), Sec. 1”1, developed by Posth{lmus.
Equation (9) reduces to
v volts=

3W
nO
–“’-’’@%)”

(lo)

This voltage (which is a linear function of B) is known as the Hartree
voltage after Hartree 1 who cle~eloped this theory.
This voltage is that
at which oscillations should start provided at the same time that B is
sufficiently large so that the undistorted space charge does not extend
to the anode.
Figure 1.26, which is known as a Hartree diagram, explains the
This is a plot of Eq. (10) together with that of the Hull
situation.
cutoff parabola given by Eq. (2). This diagram is based on the magnetron showm in Fig. 1“10. To the left of the cutoff parabola no oscillations occur as ordinary anode current is dra!vn. To the right of this
parabola no current flows unless oscillations exist to distort the space
This distortion is dcpcndcmt on the
charge until it touches the anode.
existence of the proper electron velocities just discussed, and therefore
current flows only when V and B correspond to a point near one of the
straight lines representing the different values of n. A’ote that as n
decreases, the electron must travel a greater distance around the cathode
This is evident from
in one period and thus a larger E/B is required.
the (n = 3)- and (n = 2)-lines whose position was calculated assuming
the same wavelengths as the (TZ= 4)-mode.
Considerable departure
from these lines is observed experimentally as a result of drawing large
currents. The dotted lines above and parallel to the (n = 4)-line show
the order of magnitude of this effect for different currents.
Important relationships among X, V, B, and TCcan be obtained from
the formula for the cutoff parabola Eq. (3) and the Hartree resonance
formula Eq. (10). Assuming a constant ratio rJra, consider the effect
1Hartree,CVD Report.
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FTQ.1.27.—Anarrayof anodeblocksof differentwavelengthandpoweroutput. ToP
row:lo-cm, pulsepower2500to 0.1 kw; second row: 3,2 cm, pulse power 600 to 0.025 kw;
tingle block and insert 1.25 cm, 80 kw.
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of keeping B and A fixed and varying r.. In Eq. (9), Disproportional
to r:, so that operating conditions remain unchanged if the operating
voltage is increased proportional to the square of the anode radius.
This relationship isillustrated in Fig. 1.27. Theupper rowareall lo-cm
anode blocks which have operating voltages of 50, 25, 15, 5, and 1 kv,
respectively.
The reduction in anode diarnete rwithvoltag
eisevident,
although the number of resonators is not the same for all of these blocks
The second ro\v
and some allowance must be made on this account.
shows a correspondhg
series of 3.2-cm anode blocks whose operations
voltages are 30, 20, 5, and 2.5 kv.
It may be seen from the same equations that if V is kept constant,
TOmust vary roughly as AOand B as l/AO in order to preserve equivalent
operating conditions.
A simplified proof of these relationships is possible,
neglecting the final term in Eq. (10) which, in general, is small compared
with B the product (r: — r:)B - X. Since ra/r. is assumed constant,
r~B N 1 and from Eq. (3) Sec. 1
TOB = const.

Combining the two proportionalities

gives the static proportionalities

T.-i
and

Two major difficulties in making very short wavelength magnetrons
are inherent in these expressions: The cathode and anode become excessively small, and the requirements for magnetic fields excessively high.
1.8. Component Modes.—In
Sec. 1”4 the modes of the resonant
system are discussed; and if longitudinal oscillations are excluded, the
number of these modes is stated to be N — 1, each of which is characterized by a certain field distribution and frequency.
The most efficient process is based on the equality of the angular velocities of the
rotating space charge and rotating r-f fields. Another possibility is
the excitation of a mode by the interaction of the space charge with
one of the components of the r-f field rotating less rapidly than the
fundamental.
These components of the fundamental mode patterns are associated
with the fact that the variation in intensity of the r-f field around the
anode is not sinusoidal.
The nonsinusoidal spatial variation can be
represented by a sum of Fourier terms, each of which corresponds to a
closed rotating wave containing a number of cycles, or complete periods,
different from the fundamental and rotating with a different velocity.
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These components are limited, according to Hartree,l to those which
contain a number of complete periods around the circumference, given
by the relationship
(11)

y=n+mN,

where m is a whole number, n the mode number of the fundamental,
The angular velocity of these compoand N the number of resonators.
nents is given by
(12)
where j is the frequency.
Equation (11) applies only to the case of the
symmetric anode block, whether it is strapped or not.
These components have a physical significance.
If the electrons
forming the undistorted space charge have angular velocities close to
that of one of these components, the effect of the r-f field will be cumulative and the space charge will be distorted into the form shown in Fig.
1.24, but with a number of spokes equal to ~. The field of the components (or fundamental) that have a different angular velocity will not
remain in phase with the electrons, and its effect will average out after
a few cycles.
Table 11 shows the values of 7 for the important components of the
four modes of an eight-resonator magnetron.
Negative values of ~ mean
that the component is rotating in a direction opposite to the fundamental
and values of ~ for m = O correspond to the fundamental field pattern
of the modes.
TABLE 1,1.—VALUES

OF T (NUDER

OF CYCLES) FOE CERTAIN COMPONENTS OF THE

FOURPRINCIPAL
MODESOFANEIGHT-RESONATOE
MAGNETRON
n
m
1

1
o
–1
+1
–2
+2
...

1

–7
+8
– 15
+17

,..

I

I

2

3

4

2
–6
+10 +9
– 14
+18
........

3
–5
+11 +10
– 13
+19

4
-4
+12 +11
– 12
+20
. .......
.........

. . . . . ,.

Since for every value of n there is a fundamental rotating in both
directions, producing the familiar standing-wave pattern, ther~ are two
I Hartree,

CVD

Report.
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This
complete sets of components each rotating in opposite directions.
is implied by the f sign in Eq. (12).
Although the number of components is infinite, only values of y
for + m up to 2 are given, since Klgher values are of no practical imporActually, mode excitation in the case of symmetric resonant
tance.
The
systems has been observed only for the (m = —1)-component.
unimportance of higher m values is probably due to the fact that they
are necessarily associated with large values of \-y\and that the failing
off in intensity of these components is proportional to (r/r~)~.
Moreover
large -y values give rise to values for the YA product considerably Iargei
than that of the r-mode and require different operating conditions.
The nomenclature -y/n/N has been adopted to designate first the y
component responsible for the excitation of the mode number n in a
Thus the mmode in an eight-oscillator
magnetron having N oscillators.
magnetron, when excited through its fundamental, is represented by the
symbol 4/4/8, and the (n = 3)-mode when excited by its fundamental by
3/3/8.
If the (n = 3)-mode is excited through the (y = – 5)-component, it is designated by 5/3/8.
The 3/3/8 and 3/5/8 modes have
identical frequencies and r-f characteristics.
In unstrapped magnetrons and less frequently in strapped magnetrons
component excitation of unwanted modes is a source of considerable
trouble.
Difficulties are most likely to arise when the product 7X for
the r-mode and an unwanted mode are nearly equal, as under these
conditions both have the same angular velocity and may be excited by
the same rotating space charge. The 2J32 (Fig. 1.10) is a good example.
This tube has a tendency to oscillate during occasional pulses in the 5/3/8
mode. It is significant, however, that increased strapping of this tube,
which decreases the wavelength of the (n = 3)-resonance with respect
to the (n = 4)-resonance, resulted in mode changing by making the
yA’s for the two modes more nearly equal. This problem is considered
in detail in Chap. 8.
In rising-sun magnetrons an extension of these principles must be
The mode spectrum (Fig.
made due to the two sets of resonators.
1.18) shows that the coupling between these two sets of resonators is
small except for the mmode and (in considering the interaction of the
field components of the modes with the space charge) that the modes
associated with large and small sets can practically be treated separately
as though each consisted of a resonant system consisting of N/2 oscillators. Equation (1) then becomes
(13)
When

applying

this relationship

to the long-

and short-wavelength
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group shown in Fig. 1.18, the resonances marked n = 8, 7, 6, 5, 4 should
be assigned the values n’ = 1, 2, 3, 4, respectively.
Table 1.2 gives
the values of -y for significant m’s for a typical rising-sun magnetron
Both long- and short-waveshown in Fig. 1017 having 18 oscillators.
TABLE1.2.—VALUES
OF~ mto~ m. 3

N = 18

FOR RISING-SUN MAGNETRON mm
n or n’

m

1
o
–1
+1
–2
+2
...
...

1
–8

10
–17
+19

2

3

4

2
–7
11
–16
+20

3
–6
12
–15
+21
....
,..

4
–5
13
– 14
+22
....
....

.
...

.,.

length resonances are observed to compete with (n = 9)- or r-mode
operation.
Excitation of the long-wavelength resonances occurs through the
(m = – 1)-component, as these give -y values such that the ~1’s may be
close to the value of 7X for the m-mode (the k’s are larger, and the ~
smaller). From Table 1.2 it is seen that components for values of m
other than m = — 1 need not be considered, as the yk product will not
be close to the 7X for the r-mode for the longer-wavelength set.
Excitation of the short-wavelength resonances can, on y~ product
consideration, occur through the (m = + I)-component.
Here the 7X
product may approximate that of the r-mode, since the X’s are shorter
and the y’s larger than the r-mode values. Actually only the components
of (n’ = 1)-mode have ever been observed to interfere with mmode
operation.
The theoretical basis for these results is found in Sec. 3.2, and its
application to practical magnetron design is considered in Sec. 11.6.
1.9. Efficiency and Frequency Stability.-The
uses to which a magnetron is put are usually such that it is desirable to attain both high efficiency and high-frequency stability against changes in load and changes
in input conditions.
These objectives are not consistent, and most
magnetrons represent a compromise between efficiency and stability
that depends on the particular application.
The problem is a most
important one in magnetron design.
For any given frequency, a variety of oscillator configurations is
possible corresponding to different oscillator impedances of L/C ratios,
and the efficiency and frequency stability desired determine the proper
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oscillator impedance to use. Figure 128showst hreeformsof
oscillators
arranged in order of increasing impedance.1
The efficiency q \vith which a magnetron converts the input power
into r-f power at the output (cathode power is excluded) is given by
The losses arise from the
~ = (power input—losses)/power
input.

(a)

FIQ.1.2 S.—Three

(b)
common type.qof magnetro,,

(c)
cavities: (a) slot;

(h) hole

and slot; (c) vane.

bombardment of the anode by the electrons and from the circulating r-f
To
currents producing 12R losses in the copper and other materials.
distinguish these two sources of energy loss it is customary to express the
over-all efficiency q of a magnetron as the product of the electronic
.
.
efficiency q, and cmcult efficiency q, or q = q.q.. The electronic efficiency
is defined as the fraction of the
10
input power that is converted into
r-f
power within the anode block,
0.8
and the circuit efficiency is the
\
~ 0.6
fraction of this r-f power which is
.3
.Y
transmitted to the load. The probs 0.4
lem of high efficiency may then
0.2
be restated as one of making the
7
product ~,q. a maximum.
o
3
2
o
PI
Both ~. and ~, are affected by
Y, in arbitraryunits
the impedance of the oscillators,
FIG. 1.29,—Efficiencies
as a function of
but in different ways. The circuit
oscillator impedance y..
efficiency q, is highest in high-impedance oscillators such as shown in Fig. 1.28c, since the circulating currents are less. In Chap. 4 it is seen that the electronic efficiency q. depends
on the r-f voltage across the oscillator gaps in such away that maximum q.
occurs at a lo~ver r-f voltage than can usually be obtained in actual
operation, and the problem of increasing q. is therefore one of reducing
the r-f voltage for a given power output.
The r-f voltage can be reduced
either by decreasing the oscillator impedance (decreasing L/C) or by
coupling the system strongly to the load so as to reduce the amount
I It should be remarkedthat the straps of a magnetronalso affect the oscillator
impedance,but for the sakeof brevity they are not consideredhere.
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of stored energy. The most efficient oscillator configuration is that
compromise between a high-imped.mce oscillator giving high q. and a lowimpedance oscdlator giving high q. which gives a maximum q,q,. In
Fig. 1.29 two curves show the manner in which q, and T. vary with
oscillator impedance.
A third curve shows how q varies, and the optimum impedance is indicated by P.
Increasing the loading of the magnetron generally increases its
efficiency. Only rarely can the loading be made so heavy that a decrease
in efficiency results because the r-f voltage is reduced below the optimum
value. It is usually necessary to place a lower limit on the frequency
stability, and this requirement alters both the loading and resonator
impedance
values corresponding
to maximum
efficiency.
Heavy
loading means closer coupling between load and magnetron, and this
makes the magnetron more sensitive to load changes; in other words,
A high-impedance oscillator also
it reduces the frequency stability.
has less stability against load changes than a low-impedance one. The
determination of the oscillator impedance and loading to satisfy gi~.en
requirements for frequency stability and provide maximum efficiency
is given in Chap. 10.
In addition to providing resonators with the proper frequency and
impedance, the anode block should provide suitable mode separation,
reasonably uniform r-f voltages across the different gaps, and adequate
thermal conduction away from the anode surface and have a configuration
that it is possible to construct.
Further interpretation of the Hartree diagram is made in the following
section in connection with a discussion of performance charts.
101O. Performance Charts and Rieke Diagrams.-For
the interpretation of microwave magnetron performance it is necessary to make
observations that are not usually made at lower frequencies with conventional types of tubes.
The reasons for this are that at the frequencies
considered the concept of lumped circuit constants breaks down and also
because the magnetron is inseparable from its oscillating circuits.
As a
result of experience, particularly with pulsed magnetrons, it has been
found convenient to present operational data by means of two charts
dkcussed here.
Four parameters determine the operation of a magnetron: two associated with the input circuit and two with the output circuit.
A typical
set is the magnetic field B, current I, the conductance G, and susceptance
If associated with the r-f load on the magnetron.
The observed quantities are three in number, usually power P, wavelength A, and voltage V.
The problem of presenting these observed quantities in terms of the four
parameters is greatly simplified by the fact that the input and output
parameters operate nearly independently of each other. Thus, it is

[SEC. 110

I.YTRODL:Cl’ION

38

possible tokeep Gand B (the load) fixed andstudy the effect of Hand Z
A, and V ~~ith the assurance that the nature of the results will not
be greatly altered by changes inG and B. Con~ersely, H and 1 (the
input) may be fixed, and the effect of G and B on P, h, and V observed.
The “ performance chart” shows the relationship among H, Z, V, P,
and A for constant load, and the ‘{ Rieke diagram” shows the relationships
among G, B, P, h, and V for constant I.
Performance
Charts.-Figure
1.30 is a performance chart for a typical
pulsed magnetron (4J31) with a frequency of about 2800 31c/sec.
onP,

30
kw
I 000

25
800

2
~
$
g
~ 20
g
:
Qg

700

,

\

A

600
500

/.J%-lw400

z

300

15

200

10

i

0

~. 10

20

30

40

50

60

70

SO

Currentin amperes
FIG. 1.30.—Typical

performance

chart of a n,:ig,,etro,,

(4 J31).

It has been customary to plot V in kilovo[ts :dung the ordinate aIld
On such a graph the lines of
current 1 in amperes along the abscissa.
constant H appear as more or less parallel lines \vhich slope upl~avd to
the right. l’hus (refrrring to Fig. 1.30) if the magnetron is operated at a
constant magnetic field, S:LY2100 gauss, the relations of voltage and current are given by points on the H = 2100 gauss line (at 20 kv, the current
drawn will be 48 amp).
On the same chart are plotted the lines of constant power output.
These are the solid lines the form of ~vhich suggests hyperbolas; they
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show the pulse r-f power that is obtained under varying input conditions.
Thus at 20 kv and 48 amp, the power output is 470 kw. This same
power can also be obtained at 25 kv and 30 amp with a magnetic field a
little less than 2700 gauss. Curves of constant efficiency, obtained
directly from the above data, are added.
These are the dotted lines
looping up and to the right on the diagram.
It is possible to add to this chart lines of constant frequency, so that
the variation of frequency with input parameters may be studied.
This
informat ion is useful in establishing limits on the variation of current
during a pulse. The dashed lines are contours of constant frequency.
In this case, they are nearly parallel to the lines of constant magnetic
field, an ideal condition, since changes in current produce no change in
freqllency.
y%
;0%
~/
t ~.”

/

/

/

/’
/

30%

g
—~

,0’

/..

~

~

~
F1~.1.31.—Idcalized

performance

clmrt.

Many of the features of a performance chart can be interpreted in
terms of the qualitative electronic theory (Sec. 1.7) and in terms of a
Hartree diagram such as shown in Fig. 1.26. If the efficiency of a
magnetron were independent of V and Z, the contours would be hyperbolas asymptotic to the V and 1 axis. Inspection of Fig. 10.16 shows
that to a first approximation this is the case. But it is the departure
from this condition which is of interest and must be explained in terms
of the variation in the efficiency M revealed by the performance chart.
A simplified and somewhat idealized performance chart is shown in
Fig. 1.31 which shows only contours of constant magnetic field and
Performance
constant efficiency for a typical strapped magnetron.
charts for rising-sun magnetrons ditfer in having a distinct drop in
efficiency at magnetic fields which by Eq. (1) reslllt in a cyclotron freThis characteristic of risingquency close to the operating frequency.
sun magnetrons is discussed in detail in Chap. 3.
l’erformance charts for different types of strapped magnetrons show
considerable divergence, and Fig. 1.31 has been idealized to show only
those features ~vhich are common to most performance charts.
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1. Except for very low currents, increasing the current I while
In Fig.
keeping B constant results in a decrease in efficiency.
1.26 this corresponds to moving up from the n = 4 Hartree line
toward cutoff.
2. Decreasing the magnetic field at constant current results in a
decrease in efficiency.
In Fig. 1.26 this corresponds to moving
From this it is
along the n = 4 Hartree line toward cutoff.
clear that on the Hartree diagram electronic efficiency is increased
if V and 1? correspond to points that are both near the Hartree
line and far from cutoff.
All magnetrons, the operation of whicki
Accordingly, magnetrons
appears normal, support this conclusion.
are designed to operate at relatively high magnetic fields which
correspond to points far from cutoff.
3. A drop in efficiency at very small currents which is indicated b~ a
curvi~g up of the-line of constant efficiencies at the extreme ieft
of Fig. 1.31. This is probably due to unproductive leakage current
from the cathode.
This falling off in efficiency is usually accompanied by a drooping of the lines of constant B as shown in Fig.
1.31.
These are the three most general features shown by performance
charts. An inspection of those given in Chap. 19 will reveal manY
unusual configurations which are not capable of explanation.
Rieke Diagram.—The
performance of a magnetron in terms of its
output parameters, or r-f loading, is conveniently presented on a Rieke
diagram.
It would appear useful to express the r-f loading in terms cf
the resistance and reactance presented to the magnetron at the output
loop. Since these quantities are difficult to determine experimentally,
the Rieke diagram is in terms of quantities that can be obtained with ease
experimentally.
At microwave frequencies, it is customary to determine
the constants of a load by observing the phase and magnitude of the
standing waves set up by it, and the Rleke diagram is designed to use
The desired range of r-f loading is
these experimental data directly.
obtained by adjusting a tuner until the desired phase and standing-wave
ratio is indicated by a sliding pickup probe such as shown in Fig. 18.4.
The standing-wave ratio is transformed into a reflection coefficient K by
the relation K = (1 – P)/(1 + P) and K and 0 used as coordinates of a
This is known as the Smith’ chart, and the Rieke
polar diagram.
diagram is obtained by measuring the power output, frequency, and
voltage at constant H and V for enough points on this chart to construct
Such a diagram is shown in Fig. 1.32.
contours for these quantities.
Inspection of the Rleke diagrams given in Chap. 19 will show considerable
I P. H.

Smith,

Electronics, 12, 29 (1939).
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variation in their form; but as in the case of performance charts, certain
features are exhibited by all of them.
Referring again to Fig. 1“32, it is seen that the power contours
approximate one set of circles tangent at one point on the (K = 1)-circle,
and it is significant that on a Smith chart the contours of constant load
conductance are, indeed, such circles. The frequency contours are seen
to approximate sections of a second set of circles which are everywhere
perpendicular to the first set and arc tangent at the same point.
Again
o

$

0

Magnetic
field
5500gauss

0.250
Frequencyof O Mccontour=9375 Mc6ec
FIG. 1.32.—Typical
Rieke diagram (725).

it is significant that on a Smith chart the contours of constant susceptance
correspond to this second set of circles.
The comprehensive treatment of the Rieke diagram is found in
Sec. 7.5.
Kleke diagrams provide information of considerable importance to
magnetron designers and users. They are usually furnished as operating
data, together with performance charts, by magnetron manufacturers
for every type of tube.
As an example of their usefulness consider the effect of a mismatch
Assume that a reflection coefficient of
in the magnetron’s output.
0.4 (p = 2.3) exists, and suppose further that the phaae of this miamateh
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at the magnetron is such that the voltage minimum corresponds to point
A (Fig. 1.32). The result will be a po\ver output for the specified input
conditions of about 50 kw. If the phase of the reflection is changed,
say by increasing the line length between the magnetron and the mismatch until point B is reached, the power output falls to 33 kw. The
efficiency of the magnetron at point A is thus 50 per cent greater, but
operation at this loading may be unsatisfactory for reasons of stability.
As representative of a general class of load instability, consider the
effect of a change in phase angle about the loading A of + 7.5° (arro\vs)
that might result from the turning of an imperfect rotary joint. The
power output will be essentially unaltered, but a maximum change in
At point B, however, corresponding to
frequency of 10 Me/see occurs.
light loading, a phase shift of + 7.5° results in only a 3-Me/see frequency
shift.
In radar systems or in other applications where frequency stability
is required under conditions of changing load, a compromise must be
made between efficiency and frequency stability on the basis of Rieke
diagrams.
Magnetrons are usually designed with an output coupling
such that the center of the Rieke diagram, which corresponds to a
matched load, represents a reasonable compromise between efficie~.cy
and frequency stability.
It is possible to adjust the loading on the magnetron to any reasonable
value by the suitable use of r-f transformers in the output line. As an
example, sLlppose that it is desirable to operate the magnetron represented by Fig. 1“32 at a point of high efficiency and low-f rc(luency
This can be accomplished hy introstability corresponding to point A.
ducing a transformer that sets up a 2 to 1 I-SIVR and making its distance
from the magnetron such that the phase of this l“SIVR corresponds to
point A. By moving this transformer along the line in either direction
one-quarter ]~avelength, operation corresponding to point B can be
obtained.
1011. Pulsed Magnetrons.—The
most outstanding characteristic of
microwayc magnetrons is their extremely high pulse-pmrcr output \vhich
is over one thousand times the best c-w output at the same frequency.
These high po~vers are due mainly to three factors.

1. The electronics of the magnetron are such that high efficiencies
persist at very high levels of po~ver.
2. The oxide cathode under pulsed conditions vields currents one
hundred times that obtained under d-c conditions.
3. The procedure of pulsing at very small duty ratios has largely
eliminated the problem of anode dissipation.
Because of these factors and intensive development as a result of the
war effort magnetrons with frequencies up to 25,000 Me/see and pulsepower outputs from 0.02 to 2500 kw are available.
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These high-pulsed powers together with the discovery of high-pulsed
emission from oxide cathodes are examples of the many advances that
have resulted from the introduction of pulsed techniques.
From the
standpoint of magnetron operation, however, pulsing also introduces
certain problems.
The most serious one is the buildup of oscillations
from noise to full power that must occur reliably for every pulse in a time
that may be as short as 10–s sec. Failure of the buildup to occur results
in misfiring or mode changing, a phenomenon exhibited by essentially
all magnetrons under certain conditions.
The explanation of mode changing is extremely involved, as the
buildup of oscillations in a desired mode depends on a large number of
The more important factors are
factors, many of which are interrelated.
1. Rate of rise of voltage pulse.
2. Rate of buildup of oscillations in desired mode and undesired
modes which involves the loadlng of the various modes and the
noise level from which they start.
3. Voltage and current range over which oscillations in the desired
mode and undesired modes may persist.
4. Impedance of the pulser.
As an example of the interrelation of these factors consider a particular
kind of misfiring that results when the pulse voltage reaches and exceeds
the limits within which oscillations can start before oscillations can
build up. Misfiring or mode changing will then be more likely to occur
when the rate of rise of the pulse is fast, when the voltage range over
which oscillations can occur is small, and when the impedance of the
pulser is high, since a high-impedance pulser means a higher no-load
voltage for a given operating current and voltage.
This example is a
simple one, and in practice the solution of a particular problem of misfiring or mode changing will involve the transient characteristics of the
pulser as well as the transient characteristics of the magnetron and the
reactions of the pulser and magnetron on each other. The theory of
transient behavior is given in Chap. 8, but the problem is such a complicated one that it can sometimes be used only as a guide to the experimental elimination of trouble.
The demands of microwave radar resulted in a rather extensive
development of magnetrons the frequencies of which are concentrated
more or less into four bands.
Figure 133 shows on a Logarithmic chart
the frequency and peak power of magnetrons that have been produced
in appreciable numbers and thus constitute well-tested designs. Production magnetrons are identified by their RMA type numbers, and experimental ones by the designation assigned to them in the laboratory where
they -were developed.
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FIG.1.33.—Diagramshowingpowerand frequencydistributionsof representative
wavemagnetronsdevelopedup to 1946.
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From this chart it is seen that the maximum pulse power increases
with the ~vavelength. 1 If this po\ver is limited by either cathode emission
or voltage breakdown within the tube, the maximum pulsed pojver would
vary as AZfor comparable designs.
A summary of the more important characteristics of pulsed magnetrons in several wavelength bands is given in Table 1.3. These data
refer to magnetrons in production and do not represent the limits reached
TABLE

1.3.—SUMMARY
OF

CHARACTERISTICS OF REPEIESENTATIVE XIAGNETRONS IN
CERTAIN }VAVELENGTH BANDS (1945)

Avcragc

wavelength I Power
level
band,
cm

RXIA
type

lIigh
{ Low
High
{ Low

10
3.2

po~vcr

output,
\vatts
—

output,
k\v

4J21
4J3!I
2.J39
4J50
2J41
3J21

30

1.25

Puls(!

power

800
600
100
500
3
50

Input

Voltage,
kv

Soo
1000
10
250
1000
50

25,0
3J3.O
5.0
20.0
2.5
15.0

131axirnurn
pulse
length,
5ec

Input
impcd-

ante,
ohms

6.0
2.5
2.0
5.0
0.5
0.5

500
400
1000
700
1500
1000

in experimental tubes.
The figures for maximum pulse length should
not be taken too literally, as the input po]ver affects the maximum pulse
length at \vhich stable operation can be obtained.
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l’1~, 1.34,—Maximum

pulsed-ptiwer

output

0
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/
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v

/

<=1.25 cm
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YearAD,
(b)

and efficiency

for magnetrons

Upto 1946.
Detailed information on the construction
these tubes is given in Chap. 19.

and operation

clevel~pecl

of most of

1An exception to this are the magnetrons in the 1000- to 1500-IWc/sec range
\vhosepulse power is not so high as might be expected, This situation resultsfrom
a lack of need for very high powersin this wavelengthrange.
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This information reflects the status of pulsed magnetrons only up to
the year 1946, and it is intcrwking to spcculatc on future trends.
l’igui-e
1.34a shows the highest pulsed powwr obtained from experimental
magnctrcms at three wavelengths bands for the years 1940 to 1945, and
Fig. 1.34b shows the efficiency of these tuhcs during the same period.
From Fig. 1.34a it must be concluded tlwt this design of high-frequency
generator has not been fully exploited as far as maximum power output
is concerned, since the curves show that the power obtaincxf is rmlghly
proportional to the intcgratwf cl”fort put into development.
The Icveling
off of the lo-cm curve rcslllts from a cessation of work in this band, \vhilc
the increase in the 3.2- and 1.20-cm curves rcflcchs continuwf effort by
l~ig~lrc 1.346 incficatcs
the Colurnbiti lTnivcrsity Rtidiation I,alwratory.
that the cflicicncy of mtignctrons us they arc now dcsigncxf is retiching a
limit, as the curves for till three bands ]mve Icvclcd oIY.
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The description of a microwave magnetron given in Chap. 1 has shown
that the device may be naturally analyzed into three parts which differ
in function.
These are the electron stream, the resonant system, and
the output circuit.
The electron stream, flowing in crossed magnetic
and electric fields, interacts with that part of the field of the resonators
which penetrates the interaction space in such a way that energy is
continually abstracted from the electrons to appear as electromagnetic
The principal function of the resonant
energy in the resonant system.
system is to serve as a frequency-determining element.
It accomplishes
this by storing the energy received from the electrons over a large
number of cycles.
It may be thought of as a filter circuit with a narrow
pass band which allows only the frequency component in the electron
stream that is of interest to be transmitted.
Finally the output circuit
constitutes a coupling path betlveen the electron stream and an external
load. The properties of this transmission path are so arranged that the
r-f voltages ~vhich the electron stream encounters are suitable for efficient
power transfer.
The purpose of the four following chapters is to discuss some of the
fundamental electromagnetic properties of the resonant system and of
the output circuit.
The simplest feature common to all resonant systems
used in multisegment magnetrons is that they should be capable of being
fed from a series of slots in a cylindrical anode, parallel to the axis of the
cylinder.
Systems tilling this requirement may be devised in great
variety; in practice, three such schemes have been used almost exclusively. These are the unstrapped system, the strapped system, and the
alternating unstrapped, or rising-sun, system, in order of historical
development.
The unstrapped system consists of a series of identical resonators
between which the only coupling is that provided by the electromagnetic
fields in the interaction space and in the end spaces. The alternating
unstrapped system also utilizes these coupling paths, but alternate
resonatom are of two different kinds. The strapped resonator system,
on the other hand, has a system of identical resonators, but a special
coupling link is provided between each pair of neighboring resonators.
The following discussion will deal exclusively with these three types of
47
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resonant systems.
In the practical design of magnetrons the unstrapped
system has been superseded by the other types, although it was historically the first to be used. It may, however, be discussed theoretically
rather completely, and in the analysis a number of concepts are brought
out that are essential to the understanding of the rising-sun and strapped
systems.
It is possible to discuss unstrapped systems fairly rigorously by
electromagnetic field theory, but the greater complexity of strapped
structures requires the use of a more intuitive approach by the use of
equivalent circuits.
The type of information sought in each case is essentially the same.
The fields in the interactions space, the mode spectrum of the resonant
system, and its dependence upon the dimensional parameters are found,
and a number of circuit constants of interest in the electron-field interaction or in the oscillator-load coupling are derived for the three cases.
The discussion does not take up specific problems in the design of resonator systems, a topic that is extensively discussed in Chaps. 10 and 11;
instead, attention is concentrated on features of the three systems that
are of importance in over-all design.
In the chapter devoted to the output circuit, the latter is considered
primarily as a transducer the function of which is to convert the impedance of an external load to such a level within the magnetron that the
electron stream encounters r-f voltages such that it delivers power
efficiently.
An account of transducer theory adequate for the needs
of the problem is given, and various classes of output circuit are considered
in some detail.

CHAPTER
THE UNSTRAPPED
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The unstrapped resonant system shown in Fig. 2“la was one of the
first systems developed for microtvave multiresonator
magnetrons.
Figures 21 b and c show variations of this emly design. These anode
blocks consist of an anode divided into n number of equal segments conThese resormtors are referred to as “ side
nected by identical resonators.
resonators” or “side cavities. ” Various sh[~pcs of side cavities are
possible; those shown in Fig. 2.1 arc the ones most commonly used.
Although the unstrapped resommt system is now almost obsolete, a

(a)

(b)

(c)

FIG.2.1.—Examples
resonators;

of unstrapped resonant systems: (a) with hole-and-dot-type
side
(b) with dot-type side resonators; (c) with vane-type side resonators.

(1) Many concepts
careful discussion of it is worth while for two reasons.
that are used in the discussion of the more complicated systems are
based on those developed for this system.
(2) The problems that arise
in the analysis of resonant systems and the possible methods for solving
them are seen in their simplest form in the study of the unstrapped
system.
2.1. The Magnetron Cavitg as a Circuit Problem.-The
interior of
the magnetron (anode block, interaction space, and end spaces) can be
thought of as constituting a cavity resonator of complicated geometry.
U is a well-known fact that such a resonator has an infinite number of
resonant frequencies and a particular field distribution associated with
each one. The rigorous method of solving these problems is to find
a solution of Maxwell’s equations that behaves properly at the boundaries.
However, because such a solution can ordinarily be found for only the
49
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simplest geometries, it will be necessary to employ circuit analogies and
approximate methods that use simplified geometry and simplified boundary conditions.
The problem will be simplified
by making
certain
restrictive
assumptions concerning the distributions of charge, current, and
field. Consequently the solution
will contain only those modes
which approximately satisfy the
assumed conditions and will not
contain the complete set of resonances. In addition, of course,
these assumptions introduce some
error in the resonances found.
The most interesting modes are
those with which the electrons can
couple, according to the scheme
described in Chap. 1. They reF1o. 2.2.—Typicalorientationof electric quire strong electric field lines
and mngnetic fields in the side resonator of a
going from anode segment to anode
mngnetron.
Solid
lines indicate
electric
field; dotted l,nes indicate m~gnetic field.
segment with little axial variation
of field. Thus, the initial assumptions are that the electric field be transverse and that there be no axial variation of field. It then follows, as
shonm in Sec. 2.5, that the magnetic
field is axial and has no axial varia—
tion (see Fig. 2.2).
(2)
On the basis of the preceding assump
m
tions the equivalent circuit representartion shown in Fig. 23 is possible.
The
& ‘7
circuit elements representing the side
resonators are labeled Y ,; .1 is a symmetric netmork ~~ith Arpairs of terminals
and represents the interaction space.
Such a representation requires that an
impedance or admittance at the various
terminals be defined.
Figure 2.2 sho~vs
(q)
the situation at a side resonator.
The
voltage at the terminals can be defined
FIG. 2.3.—Circuit representation of
the unstrapped resonant system.
B E . ds; e~-idently the voltage so
/A
defined will be dependent upon the path (assumed to be in a plane
perpendicular to the axis) of integration.
This ambiguity, however,
will be of no significance if the path used for the computation of the

as
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admittance of a side resonator coincides with that used for the computation of the admittance of the interaction space. 1 The voltage so obtained
has no axial variation.
Inasmuch as the magnetic field is axial, the
current is entirely transverse and is given by the magnetic field at the
terminals A and B multiplied by the length of the anode h. Using
current I and voltage V as defined above one might take for the admittance Y = Z/V.
There are, however, other possibilities.
One can write

where P* is the complex conjugate of the complex power (defined as
+VI*).2
The complex power can also be written in terms of the Poynting
vector
P=;

/s

EXH*.

nda,

which suggests for the admittance
h

Y=

‘E*

/A

XH.

1/

ABE. ds2

nds

)

(1)

where the path of integration is the same for the two integrals.
The
expression, *JE X H* “ n da, depends upon the surface over which the
integration is performed and will, in general, cliffer from ~ VI *. Consequently, the two expressions for admittance will differ; and for reasons
to be given in Sec. 2.5, the latter expression is the one that will be used.
Because end-space effects are small in many applications, they have
been completely ignored in the suggested equivalent circuit.
There
are, however, certain applications for which end-space effects are
important.
These will be discussed in Sec. 2.8.
The problem has now been reduced to the investigation of the circuit
properties of the side cavities and of the interaction space.
More specifically, it is necessary to calculate the admittance of the side resonators
as a function of frequency.
It is also necessary to calculate the admittance of the interaction space at any pair of terminals as a function of
frequency, with proper restrictions on the admittances seen at the other
(N – 1) pairs of terminals.
Two different approaches will be used. The first consists of representing each circuit element by a lumped-constant network.
The magnitude
1In order to obtain manageableexpressionsone often finds it necessaryto hs.ve
the paths coincide only approximately.
2 V and I are the peak ratherthan the rms values of voltage and current.
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of the constants of the network must ordinarily be determined experimentally.
The choice of network is at best an intelligent estimate so
that the over-all results are ordinarily only semiquantitative.
This
method, however, has the advantage of simplicity and serves to introduce
some important concepts.
The second approach involves the calculation of the distribution of electric and magnetic field from which the
admittance can be calculated.
The main advantages are (1) more
accurate results, with no need for guessing networks or for experimental
evaluation of parameters, (2) the fact that the field distribution is part
of the result.
2.2. Equivalent Network for the Side Resonators.-A
simple parallelresonant circuit (Fig. 2.4) will serve as an equivalent network for the side
resonators.
The admittance
is given by the well-known formula
~[coC– (1/LoL)]. The values for the inductance and capacitance can be chosen to give
the correct value for the resonant frequency

real

00 = l/~C
and the correct admittance at
one other frequency.
If the range is
limited, the intermediate values ~vill be
fairly accurate.
It is to be noted that there
is no resistance in the circuit.
FIG, 2.4.—Equivalent
netIn all frework for a side resonator of an
quency and field calculations resistive losses
unstrapped resonant system.
will be neglected on the assumption that the
walls are of perfectly conducting material.
Actually, the conductivity
of materials used is so high as to make errors resulting from this assumption negligible in comparison with others already introduced.
2.3. Equivalent Network for the Interaction Space.—The interaction
space is represented by the network in Fig. 25.
This network takes into
account capacitance between the anode segments and the cathode.
It
ignores all inductive effects and capacitive effects among anode segments.
It should be most nearly correct when the anode circumference is small
compared with the wavelength and the distance between cathode and
anode is small compared with the width of the anode segments.
(These
conditions are rarely met by magnetrons.)
It would be possible, but
lengthy, to compute the admittance at a set of terminals assuming the
admittances
~[tiC — (l\uL)]
across the other (N — I)-pairs.
The
problem can, however, be simplified considerably by making use of
the symmetry present.
Because all the side resonators are identical, the
admittance looking into any one of them is the same. At resonance the
admittance at the various terminals of the interaction space matches
the resonator admittances; thus, at resonance, all of these admittances
must be the same. It can also be assumed that the voltage and current
distribution in one section differs from that in the adj scent section only
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by a phase difference that is constant from section tosection.’
With
the above information it is a simple matter to compute the admittance.

F1o.25.-

-Equivalent

network for the interaction apace of an unstrapped resonant system.

The admittance looking into the network
lq/vq. From Kirchhoff’s laws

(see Fig. 2.6) is given by

Iq–l = ‘i, –

iq–l,

1, = i,+l

– ig,

~AB _

v,.

1,,-,,
Jcoc

= ~+cl

and
Vq =

VAB

—

VCD.

Thus
~=
9

Iq-l–
jwc

Iq _
–

2i,

–

(i,-,

+ i,+J.

jti

From the assumption that corresponding currents in adjacent sections
dMer only by a constant phase factor it follows that

1It can be proved from the symmetry that the existenceof any resonancefor
\vhichthe above is not true impliesthe existenceof a partnerresonancehaving the
mmc resonantfrequency and a distributionof amplitude as assumed. This means,
of course, that a degrncracy of at least the second order must exist.

1
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juc
2(1 – Cos 7)”

the admittance

of the network depends upon the phase
angle~.
So farinthischapter this
quantity has not been restricted.
Because each section must be in
phase with itself @’~ must equal 1

&A~%1)andN,=2.n:herenisan~

B

SYSTEM

Y is given by
Y=:=

Evidently
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~

positive or negative integer or zero.
Thus,
D

Y.

juc

=

FIO.2.6.—A

single section of the equivalent
network for the interaction space,

~

~_cos~?”

I

N

(

)

2.4. Spectrum Predicted by the Equivalent Network. -Resonance
occurs when the admittance looking out from the side resonators equals
the admittance looking into the interaction space, that is, when

-+”-*)
=’”=2(:+

N

By setting cw = l/~L—C and c/C = p it is found that

or

““”G)

‘2

A different resonant frequency is found for each value of n in the
range O to N/2 [or (N — 1)/2 if N is odd], after which the values begin
to repeat. That is, replacing n by n + m. (where m is an integer)
or by – n leaves u unchanged.
A qualitative diagram for the spectrum
is given in Fig. 2,7.
Each resonance, together with its associated fields (or voltages and
currents), is called a “mode of oscillation” or, more simply, a “mode.”
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The number n is called the “mode number.”
If there are several
linearly independent sets of field (or voltage) distributions with the same
resonant frequency, the mode is said to be “ degenerate,” the order of
the degenerency being the same as the number of linearly independent
distributions.
All of the modes have a second-order degeneracy excepting those for
which n = O or n = N/2.
In other words, the same frequency is
obtained by replacing n by —n, but a linearly independent set of amplitude coefficients e2”imqlN(q is the section number) is obtained by replacing n by —n, except for n = O and n = N/2. I

Mode number m

Mode number n
(d

(b)

FIG.2.7.—Thespectrumpredictedby Eq. (2) withp =

1 for an eigh&resonator

unstrapped

system.

The limitations of this equivalent circuit will become apparent after
the admittances have been more correctly calculated.
It suffices here
to note that the circuit gives a good qualitative picture of the order and
separation of the longest-wavelength group of magnetron modes.
In
order to apply the theory quantitatively it is, of course, necessary to
The over-all quantitaevaluate experimentally the parameters p and w
tive agreement depends upon the particular way in which these parameters are evaluated.
The previous discussion associates u, with the
side resonators alone and suggests that this parameter may be evaluated
by means of an experiment involving only the side resonators.
For
example, one might measure the resonant frequency of the cavity formed
by placing two side resonators facing each other. A value of p can then
be chosen to give the correct resonant frequency for one of the modes.
Under these conditions the predicted spectrum will differ considerably
from the observed one. On the other hand, if one chooses p and wo
to give the correct values for the (n = 1)- and the N/2-modes,
the
1While replacing n by n + mN leaves the frequency unchanged, it also leaves
the amplitudecoefficientseZrj~@ unchanged. The addition of mN correspondsto an
increase in the phase differencebetween voltages and currentsat adjacent sections
by 2zm, which, of course,has no physical significance.
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frequencies of the intermediate modes may be gi~-en with reasonable
accuracy.1
2.5. Admittance of Side Resonators by Field Theory.—Consider the
side resonator shown in Fig. 2.8, which has an arbitrary cross section
and an arbitrary boundary (dotted line) across which the admittance is to
be measured.
A distribution of the tangential electric field (E,) varying
sinusoidally in time with arbitrary frequency u is assumed along this
boundary.
Because the tangential electric field is zero along the metal
walls, it is possible in principle to apply Maxwell’s equations and compute the electric field
throughout the bounded region. A further
A
application of Maxwell’s equations yields the
B’
magnetic field throughout the bounded region,
/’
and the admittance ca,, th~ be computed using
0
the formula [from Eq. (l)]
F1~. 2.8.—A side resonator of arbitrary cross
~ = l[JE:Hzds
section.
Ifh’,ds]’ ‘
where the integrals are evaluated along the dotted boundary.
Evidently
the value computed for the admittance depends upon two arbitrary
choices: the choice of the boundarv across which the admittance is
measured and the distribution of tangential electric field assumed along
this boundary.
The choice of the boundary has no particular significance
as long as the boundaries chosen for two adjoining elements (for exampleat the junction between the interaction space and a side resonator)
coincide.
On the other hand, the values found for the resonant frequencies will to some extent depend upon the assumed electric field.
Clearly, the proper distribution to use is that which actually obtains at
resonance; but because this distribution is ordinarily not known, it is
necessary to assume some arbitrary one. Equation (1) is used rather
than I/V for the admittance because it can be shown2 that resonant
frequencies computed on the basis of this expression are considerably less
sensitive to the assumed field distribution than are those computed on
In the work that follows, the boundary will always
the basis of I/V.
1This latter procedurecan be justified by improving the equivalent network for
the interactionspace. That is, one can take into account the capacitancebetween
adjscent anode segments by introducing a capacitance. c’, between each pair of
terminalsof the networkin Fig. 2.5. In this caseEq. (2) still holdswith u, now given
by 1/<L(c

+

c’)

and Pby ~)

and thus uo dependsuponthe interactionspaceas

well as the side resonators.
ZN. Kroll and W. Lamb, “The Resonant Modes of the Rising Sun and Other
Unstrapped Magnetron Anode Blocks,” Appendix 1, J. oj Applied Phystcs, 19,
183, (1948).
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be chosen so that there is either exact or very near coincidence of boundThe tangential electric field along
aries when two elements are joined.
the boundary will always be assumed constant.
The Rectangular-slot
Side Resonator. —Differently
shaped side resonators must be considered separately.
The rectangular slot shown in
Fig. 2.9isconsidered first because itisthe simplest.
Maxwell’s equations
for free space are
I.
u

(3)

curl E+~=O,

,
(4)

curl H – ~~ = O,
div D=O

(D = c,E),

(5)

(B = p&f).

(6)

I

and
div B=O

x

~d/
z

/

The time variation of all field cornF I Q. 2.9 .—Rectangular-slot side
resonator.
ponents is given by ejutbecause for an
impedance calculation one is concerned only with fields harmonic in time.
The operator d/dt is then replaced by ju.
It has already been assumed that E. = O (E is transverse) and that E
has no axial variation.
It follows directly from Eq. (3) that H is axial
and has no axial variation.
That is,
H, = HJx,y)ej”~,

Hz = O,

and

H.

= O.

(7)

From Eq. (4) it follows that
Po
—
e~ dHz
J
E= = –jTz,

(8)

and

(9)
where <pO/cO = impedance of free space = 376.6 ohms and

By combining Eqs. (3) and (4) it can be shown that H,, E,, and EU ,must
satisfy the familiar wave equation
V2F +- k2F = O.

(lo)

A distribution of E satisfying the following conditions must be found:
(1) Its components E. and EW must satisfy Eq. (10); (2) EM = Oat z = Z,
and E, = O at y = + d/2, (3) EU must have the constant value E at
The rectangular-slot
x = O; and (4) all fields must be continuous.
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resonator can be thought of as a parallel-plate transmission line or waveguide with planes located at y = +d/2and
short-circuited with a plane
atz = 1. Assumingd < A/2 (asit always is) the complete fundamental
set of fields for a parallel plane waveguide (omitting the time factor
eI’wt) is given by
27rp

Fkz

COS

Y

~%k’z,

27rp
~Y

~ik.z

—~
()

_

~psin
d

()

,

(11)

and
27rp
~Y

~os

jk
–-()Po

ehk=’,

—
J to

where

,= .

J@yG2

(p = anypositive

integer)

and by
EjO) =

~j~eilkz,

E:O)

(),

and

=

..1.

(12)

/

Any field configuration in a parallel-plate section, subject to the
condition of no axial variation, must consist of a linear combination of
the above fields. 1 Any field so formed satisfies the boundary condition
E=[z, ~ (d/2)] = O. Application of the condition that E, be constant
at x = O restricts the solution to a combination of the zero-order fields
[E~O’and H~O)]. The requirements remaining are that Ej”) = O at z = 1
and Ej”) = E at z = O. Constants a and ~ must be chosen such that
(E,)=-l

=

–j% (ae”~

–

Be-’”)

(13)

= O

and
(Ev)z=o = –jk(a

(14)

– 9) = E.

Thus,
e-ikl
E
_
a = e–jkl — e~’l() –~k
which give

;

and

~ = e-,k,e:

e,k,

()

$

7

1See, for example, R. I. Sarbacherand W. A. Edson, Hyper and Ultra-high Frequency Engineering, Wiley, New York, 1943, pp. 11%132.
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and thus
H,=—

–jE

cos k(l – z)

sin kl

P
—
J e

(16)

‘

It is now possible to compute the admittance from

‘d
II

EU dy 2

-—
2

to be evaluated at z = O.
Because E. and H, are both independent of y, the integrations are trivial
and

– jh

Y=—

(17)

cot kl,

#o
–d
J

which is the well-known

~o

form for the admittance

of a short-circuited
h

transmission line of length 1 and surge admittance
d

GO

The Cylindrical
Side Resonator.—In solving for the admittance of
the cylindrical resonator shown in Fig. 2.10, the cylindrical coordinates
P, d, and 2 are preferable.
Assuming
as before that E. = O and that E has
no axial variation, it follows from Maxwell’s equations that
H. = H.(p, @)e@,
HO=
‘j
EP=—

and

(18)

H6 =0,

J
kp

~

~Hz
~’

(19)

—
j
~ ~Hz
E6=r~. J

(20)

FIG.2.10.—Cylindricalresonator

The fundamental set of solutions for the wave equation in cylindrical
coordinates are the functions
.JP(kP)eiP+

and
NP(kp)@,
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where p is zero or any positive or negative integer and JP and NP are
the well-known Bessel and Neumann functions. 1 The functions J. are
regular at p = O, whereas the functions NP become infinite at the origin.
For this problem only the functions J, need to be considered, since the
solution must be regular at the origin. Taking
H:P~

Jp(kp)e?m%

=

(21)

it follows from Eqs. (19) and (20) that

J_

P:

E$P)= —

kp

Jp(kp)e’P~,

(22)

and
E%’) = ~

J-

(23)

&’ J~(kp)e’”*.

A linear combination of these functions is required such that E+ = O at
.o=awhenti~@S(2~—
$)and
E@=theconstant
E atp=a
when —# < @ < +. Such a combination can be found by making a
Fourier expansion for E+ in terms of the functions E$’). Thus

(24)

p=–.
where the constants CP are to be determined.

(25)

The constants CP ~vill bc given by

_ E+
—
-(----)

&
—
— —

r

sin p+

for p # O,

P$

for p = 0.

Theory, 3IcC raw-Hill,
1See, for example, J A, Stratton, Elecb_omagnetic
l-ork, 1941, pp. 351–360.
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Thus
E+ (p,+)

= :4
z
p=–m

~,(P)d)

=

;j~
-2

p=–m

‘#(Y)
p

e’””,

‘%$(Y)’”+,

and

‘z(”)

=

-’w

2
%??)”””
,,=— m

Because J, = (– l) PJ-,,

the above

relations

can be rewritten

as

‘p(pJo)
‘m+%)w+w”‘2’)
~=1

and
ll,(p, I#I) =

–j

~o E+

{[

~ ~

Jo(l-p)
m

+2:(%?McosPd
~=1

For n calculation of admittance,
and & (CI,O)over the same range.
E+(a, @) = E

:Ind

The admittance
is given by

lookkig in across the bound~ry

y=-

indicated in Fig. 2-10

– }1 :$ C@(a, f$)Hz(a, 0) d+
J
[~~~ aE@(a,@)

d~]’

‘

which yields

+“j$%[”%$
1’ =

+’2(%%%(*)1
~=1
[2#aE]’

(28)
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Although the admittance function looks complicated, it is not difficult
to compute for low frequencies.1 Like all admittances in lossless systems,
this admittance has a slope that is alwam
.- positive (neglecting the factor
j); and like that of the rectangular
resonator, it has an infinite set of
resonances which are alternately series
and parallel.
The series resonances
occur at the roots of ,l~(ka), and a par~llel resonance occurs between each
pair of series resonances.
The

Annular-sector

Resonator.—

One of the most common resonator
shapes is the annular-sector resonator
FIG. 2.1l. —Annulrm-sertor resonator.
shown in Fig. 2“11, which is often
referred to as the ‘( vane type” resonator.
Application of -he methods
used in the preceding paragraphs leads to the following expression for
the admittance.~
y = j

J

to h [.JO(ka)][iVl(kb)l – [J1(kb)l[NO(ka)l10 Fa lJ, (ka)l[N,(kb)l – lJl(k~)l[Nl(ka)l

(29)

This function behaves very much like the other admitt -. ;ce functions.
(h/+a) cot A-(6 – a)] as k becomes large.
In fact }’ approaches [ –j ~m)

I

{01

(a)

F]a. 2.12. —.\rbitrnry

tcr,,,inntions:

(a) for n rectangular-slot
scctor resonator.

resonator;

(b) for an annular-

Transjormalion
Formulas. —Because
many side resonatow
composite shape, for example, a rectangular slot or annular sector
nated by a hole, transformation formulas giving th- admittance
front of the resonator in terms of the admittance at the back are
For the rectangular slot (Fig. 2.12a)
Y,
_ sin kl +
Cos kl

Y=$j

~
J ‘0 Cos N –

(jtt /d) }-,
(jh/d)

;

—

are of
termiat the
useful.

(30)

sin N

~co/vo

13.WS%C. 2.11.

t In practice the center of curvatureof the rear surface often coincides withthe
center of the magnetron rather than with the center of curvature of the annular
sector. The error in Y, ho\vever,is negligibleif one takes for b tbe dimensionindicated in Fig. 2.11.
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for the annular sector (Fig. 2“12b)

J,(ka)

— J,(kb) Y, – j <w)
N,(kb)

Y=
J,(ka)

Y, – j V-

— J,(kb) Y, – j N,(kb)

Y, – j v’(co/M)

(h/~b)Jo(kb)
(h/4b)No(kb)

N,(ka)
—

.

(h/W) Jo(kb) Nl(ka)
(h/W) No(kb)
(31)

Although these formulas allow for a change in height at the junction,
they are considerably less dependable when such a change occurs.
206. Admittance of the Interaction Space by Field Theory .—The
admittance of the interaction space (Fig. 2.13) is evaluated by applying
the methods used for the circular resonator combined with those used for
handling the lumped-constant equivalent of the interaction space. Again it
is convenient to us~ cylindrical coordinates. In the following derivations
0)
N = ‘he number of anode-block segments, r. = the anode radius, rc = the
cathode radius, and 20 = the angle
‘.
subtended by the space bet~veen the
‘>...
-#,w.lw’l’
segments of the anode block.
It will
FIG.2.13.—Theinteractionspaceof an
be assumed that E+ across each gap is
unstrappedreeonantsystem.
constant and further that the field at
any gap differs from the field at an adjacent gap only by a constant phase
factor.
At the cathode and at the anode segments E+ must, of course, be
zero. Explicitly, the boundary conditions for Et are as follows:

and

for all other values of $. In Eqs. (32), q is the gap number and has the
values O to N — 1, and n is an integer. As in the solution of the circular
resonator, the solution for the interaction space is compounded out of
the functions
~,(kp)e~y~ and N,(kp)eiy+.
In this problem it is necessary to use both functions to ensure E$ = O
at p = r..
It is evident that the following set satisfies this condition.
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eJY@>
‘)

})

(33

A linear combination of the functions E$’)(P, @) that lvill satisfy the
conditions stated at P = r= can be found, as they wxx-efor the circular
Thus
resonator, by making a Fourier expansion,

.

E+=j

m
:

C,Z~(kP)ei7+.

(34)

~=—.

The constants C, are determined by

where
j(~)

c

EeJ(2.W.V)Q
‘O’(?-O)

and j(~)
Then

<’<(7’+’)

= O, for all other yalucs of $.

where m is any integer
.

0 other~vise.

Thus the fields are given by
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= E~
2

m=—.
E,(p, @) =

–jE

(%%$%’”+

#
2
m.—.

‘(Y)%%’”+,

and

‘z(p)’)

= -’2T

2
(Y)*’’”
m=—.

The admittance looking in across the boundary
at the qth opening is given by

indicated in Fig. 2“13

(zT*/’v)+ L?
– 11
I

T.E~ (r., @) H.(r.,

+) dr$

Y = —*’&;;+,
u

29
rc.%(ra, 4) do
(27Tq/’v) – o

1

which yields

‘.=+$

2 (YEW’

m.—.

’37)

when v = n + miV.
It is evident that as a result of the assumption concerning E+ at the
anode radius, the admittance looking in at each gap is the same. This is
The functions
a condition which is obviously necessary for resonance.
Z, (A-r.)
Z~(krJ

The dependence
~ (kra).
2
of the admittance on both frequency and n is contained in these functions. As in the solution for the equivalent circuit, only values of n from
O to N/2 or to (N – 1)/2 need to be considered because the functions are
not changed when n is replaced by —n or by n + mN.
The low-frequency behavior of the admittances Y. as predicted by
the field theory (Fig. 2.14) is qualitatively similar to that predicted from
As the frequency approaches zero, the
the lumped-circuit network.
values of Y. for n # O approach zero with finite positive slope in either
case. Furthermore this slope decreases as n increases.
On the other
hand, the ratio of these slopes for different n as predicted by the field
will henceforth be designated by the symbol
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theory is quite different from that predicted by the lumped-circuit
network.
For n = O the behavior in the two cases is also somewhat
similar, because YO is infinite according to the lumped-circuit network,

FIG.2.14.—Thequalitativebehaviorof the admittancefunctionsfor an interactionspace
withN = S [seeEq. (37)].
whereas the field theory predicts that it will approach minus infinity
as the frequency approaches zero. In addition the field theory predicts
an infinite set of alternately series and parallel resonances (indicated by
the infinities and zeros of the admittance functions) for each of the
admittances, which have been omitted by the lumped-circuit network.

FIG, 2.15.—Graphical
representation of the resonance equation Y. = –Y,.
The first
asymptote correspond to the first series resonance of Y~; the second to the first series resonance of Y,.

2.7. The Spectrum Predicted by Field Theory.-As
in Sec. 2.4 the
spectrum is found by setting the admittance looking out from a side
resonator (the negative of the admittance looking in) equal to the
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admittance looking into the interaction space. That is, Y. + Y, = O
at resonance, where Y, is the admittance of a side resonator.
Since both
functions involve the frequency in a complicated way, it is best to solve
the problem graphically by plotting
both admittances as a function of k 1.5A0
as shown in ‘Fig. 2“15. The resonances are those values of k at which
2
intersection occurs.
A typical spec34
A
trum as predicted by the theory ap== A. ------------–
-–
pears in Fig. 2.16. A comparison
s
(
with the spectrum of the equivalent
: ,~,
circuit shows a qualitative similarity
for the resonances with wavelengths
ho
longer than that of the first parallel
00
resonance of the side resonators.
As
1
2
3
4
Mode number n ‘
are those of the equivalent circuit,
FIG. 2. 16.—Typical
spectrum
preeach resonance predicted by field
dicted for an eight-resonator
resoriant
theory is a doublet (degeneracy of
system,
Only the larger wavelength
order 2) except those for which n = O groups are shown. The L(P1 are the
parallel resonances ( S’. = O) of the side
or N/2 (these are nondegenerate).
resonators, A.(p) being the p + 1 pwallel
resonance.
This result follows from the fact that
although the same wavelength is obtained for – n as for n (except in the
case of n = O and n = N/2), the electromagnetic field is different and
the two fields are linearly independent.
The equivalent-circuit theory
has missed all of the resonances that
occur at frequencies higher than
that of the first parallel resonance of
the side resonators.
The equivalent-circuit representation is considerably improved in this respect if
the side resonators are represented
by
short-circuited
transmission
lines instead of by simple lumped
LC-circuits.
Inasmuch as there are an infinite
number of resonances associated
with each value of n, n is inadequate for designating a particular
FIG.2.17.—Cross section of an lS-resonator
mode. Henceforth n will be used
unstrapped resonant system.
to designate a principal resonance,
that is, a resonance of the first group or the lowest-frequency root of the
resonance equation.
Resonances of the pth higher-order group [that is,
members of the (p + I)-group or the (p + 1)-root of the frequency equation] will be designated by n~.
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The most important features of the spectrum can be best describml
The IfI-resonator anode shown in
in terms of a specific example.
Fig. 2.17 will be used. Only relative dimensions are significant, and
accordingly all dimensions arc given as fractions of the 9-mode ~\-a~-elength.
The dimensions and the wavc]engths of the members of the
first group are given in Table 2.1. The most significant feature of this
TABLE 21. -TIIE

FIRST

GROT-POF RESONANCES
OFAN UNSTRAPPED
RESONANT
SYSTEM’
A,,

n

* Dimension.

(see

Fig.2.17):
d
G = 0.170
d.
= 0.595
Z

1

T,
1.840

2
3
4
5
6

1.226
1.104
1.055
1.030
1.016

7

1.007

8
9

1.003
1.000
(d -

d, = d,)

:;

= O 325
0 = 0.068 radian

spectrum from the point of view of magnetron operation is the bunching
together of the resonances for large n. Furthermore, as N increases,
the separation between the (N/2)-mode
and its neighboring modes
decreases rapidly. 1 By a proper variation of parameters the separation
of these modes can be somewhat increased.
In general, the separation
between modes is increased by increasing the cathode diameter, increasing
the anode diameter, and increasing the width of the resonator openings
as compared with the width of the anode segments.
The separation
is also increased by using a resonator shape that yields a slow variation
of admittance with frequency.2
There are, however, practical limitations
that prevent any of these factors from being sufficiently altered to obtain
a well-separated 9-mode.
The higher groups of resonances are similar in character to the first
group, except, of course, that the frequencies are much higher. Ordinarily, the higher groups of resonances are of little interest in magnetron
operation and, therefore, are not usually studied in detail. Attempts
1The separationbetweenthe (N/2)-mode and the
(; - 1)-m”devar’e’’pp’”’imately as (l/Nz) (r./NX).
zIt is interestingto observethat all of thesevariationscan be interpretedphysically as meansof increasingthe ratio of the capacitancebetweenthe cathode and the
anode segmentsto the capacitanceof the resonator. In the equivalent-circuittheory
thig parameteralone determinesthe mode separation.
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have been made, however, to operate magnetrons in the (n = O)-mode
of the second group. This mode has the advantage of being well separated from other modes and of being nondegenerate.
2.8. End-space Effects.-Up
to this point the problem of the end
In order to discuss their effects,
spaces has been completely ignored.
it is necessary to abandon the circuit analogies of the preceding sections
and reconsider the problem from the point of view of field theory.
The simplest kind of end-space problem, and one that ~tifi be solved
exactly, is that of the closed-end anode block illustrated in Fig. z. 18.
By considering the entire anode
block as a section of )vaveguide of
unusual cross section, the problem
c
can be reduced to that of a section
of waveguide \vith shorting plates
at both ends. From this point of
vie\v the magnetron modes previously discussed are transverse
electric or TE-mocfes because the
electric field has no axial component.
The resonances of the
cavity \rill occur \vhenthe guide is
an integral number of half wavelengths long, the wavelength being
measured along the guide; that is,
the resonance occurs \vhen h,n =
2h/p, \vherep is an integer greater
End date
FIG. 21S.-Cutawa~
view of closed-end
than or equal to 1. The guide
resonantsystem.
\vavelength AU. depends on the
frequency and the mode according to the ~vcll-known formula
(38)

where x.. is the cutoff ~vavclength for the mode in question.
Thus the
problem of finding the resonant frequencies has been reduced to the
problem of finding the cutoff wavelengths for the anode block considered
as a section of ~vaveguide, It \rill be sho\vn that the resonances found
in the preceding section correspond to these cutoff ~vavelengths.
The c{{toff \vavelcngths of a TE-mode in a waveguide are determined
by the condition that the equation
v’H,

+

2T 2
HZ=O
~

()
c

(39)
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have acontinuous aolution with continuous first derivatives and that it
satisfy the boundary condition that the normal derivative of H., dH./dn,
be zero at the boundary.
This condition is equivalent to the requireThe
ment that the tangential electric field be zero at the boundaries.
fields and their associated wavelengths found in the preceding section
satisfy the differential Eq. (39) and the above boundary condition.
Furthermore, the fields are continuous except perhaps at a junction
between regions of different geometry.
The situation at a junction must be considered in detail.
It simplifies
matters to consider the specific case of the junction between a rectangular
side resonator and the interaction space shown in Fig. 2.19. The fields
in the two regions have been expressed in two different coordinate
systems.
It is assumed that the arc of the circle p = T. and the straight

FIG.2.19.—Junctionof

a side r~sonator with the interaction

space.

line z = O coincide across the resonator opening.
As a corollary it
follows that the y direction coincides with the @ dkection and the z
If the voltage is considered to be condirection with the p direction.
tinuous at the junction, it follows that E+ is equal to EY at the junction
because both are constant across the resonator opening, and the voltage
In
is given by the electric fields E+ or Eti times the opening width.
Sec. 2.7 it was asserted that resonance occurs when the admittances at a
junction match.
Thus taking the voltage as continuous also ensures
Because
that the quantity JE~H. dy is continuous at the junction.
E: is constant, JH. dy and, therefore, average values of the magnetic
fields match at the junction.
The magnetic field as given by the sideresonator function is constant along the junction, whereas that given
by the interaction-space function H.(a, O) is not. Therefore, the magIf, however, the gap
netic field cannot be continuous at the junction.
is narrow, H.(a, O) will vary only a small amount and the discontinuityy
in the magnetic field will be small because the average values match.
The electric-field component that is normal to the boundary, E, or E.,
is also discontinuous across the junction boundary, for E. is zero while
E, is not.
However, E, is small except very near the edges, where it
becomes infinite.
Therefore the fields are approximately continuous
for a narrow opening.’
I The discontinuity, of course, is due to the fact that the tangentialelectric field
has heen assumed to be constant along the junction boundary. Had the correct

~
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Thus, the resonant wavelengths computed in Sec. 2.7 should correspond closely to the required cutoff wavelengths, and from them the
resonances of the closed-end anode can be computed.
The experimental agreement is good; even with NO = 0.5 and 27rra/h = 1.5 the
results are dependable within approximately 1 per cent.
The accuracy of the admittance matching method used in this
chapter can be improved by finding a better approximation for the
tangential electric field at the bounding surfaces.
One can set up an
integral equation for this field, and it should be possible to find approximate solutions.
Such methods have been very useful in the treatment
of problems involving waveguide junctions and obstacles in waveguides. 1
No attempt has yet been made, however, to apply these methods to the
magnetron problem.
As a matter of fact, the error involved in the treatment (or nontreatment) of the end spaces is such as to make more accurate
values of the cutoff wavelengths of little use for most purposes.
There are other methods, based on field theory alone, for computing
the cutoff wavelengths.
One of these is the “ relaxation method,’fi
which is essentially a method of successive approximations.
While
in principle one can achieve any desired degree of accuracy using this
method, one finds in practice that a considerably longer computation
time is required to achieve accuracy comparable to that achieved by
the method outlined here, particularly when a large number of modes
is involved.
On the other hand the method of this chapter is limited to
cases in which the resonant system can be split into regions of simple
geometry, for which analytic solutions are possible.
For resonant
systems involving more complicated resonator shapes or resonant systems
in which, for example, the anode segments are not all equidistant from
the center of the magnetron, the relaxation method is very useful.
The problem discussed above is idealized; any magnetron must have
its cathode insulated from its anode.
However, an anode block with
closed-end resonators that has an open interaction space approximates
closely the anode block just discussed.
All wavelengths, however, are
somewhat higher than computed; for the large n-modes the change is
about 1 to 2 per cent, but the (n = 1)-mode may be affected a great
deal—as much as 25 per cent or more. It must also be remembered that
the cathode is not usually a simple cylinder as assumed but may have
This effect is usually small and can
end shields or other irregularities.
be accurately estimated after some experience.
distribution,which is unknown,been chosen for this field component, it would have
been possible to find a frequency value for which all of the components would be
continuous.
1See Vol. 10 of the Radiation Laboratory Series.
ZD. N. de G. Allen, L. Fox, H. }Iotz, and R. V. Southwell,Phil. Tram. Roy. Sot.,
SeriesC4, I, 85 (1942); H. Ashcroft and C. Hurst, CVD Report WR-1558.
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The usual end-space problem is much more complicated than the
one just discussed.
Most magnetrons with symmetric unstrapped
resonant systems have an open-end anode block with an empty region
on either end. In previous sections it was assumed that end conditions
were such that there was no axial variation of the fields in the side
resonators or the interaction space. For many open-end anode blocks
this is a fairly good approximation; when anodes are longer than 0.4x
and have end-spaces deeper than O.2A, the modes for which n is greater
than 1 agree within 2 or 3 per cent with the computed values.
The
The (n = I)experimental values are lower than the computed values.
mode is often depressed by more than 10 per cent. The general character
of the spectrum and the relative separations, except for the (n = 1)-mode,
are accurately given.
In the case of magnetrons operating at wavelengths greater than
10 cm, both the anode-block height and end-space height are usually
small compared with the wavelength.
(The anode height is usually
less than ~k~, and the end-space height less than ~x~.)
Under these
F
z
conditions the observed spectrum is quite different from that computed
in the preceding sections.
One finds the order of modes reversed; that
is, the wavelengths increase rather than decrease as the mode number
increases. 1
The most extensive discussion of this effect appears in a report by J. C.
Slater,z which contains plots of the observed dependence of wavelength
upon the heights of the block and the end spaces for an eight-resonator
hole-and-slot anode block.
One finds that the end-space height below
which the order of modes is reversed decreases as the anode height is
increased.
From the point of view of application it is significant to note
that the separation between the (N/2)-

and

()
N

~ – 1 -modes

is small

regardless of the order.
It is evident that an adequate theoretical treatment of the end spaces
applicable to short end spaces and small anode height would be desirable.
Flux plotting methods$ have been developed which permit an accurate
1A good qualitative picture of the phenomenacan be obtained by assumingthe
capacitancesc in Fig. 2.5 shunted by inductances 1 and by assuming a particular
dependenceof c/C and L/l upon the height of the block and tbe end spaces. The
required dependenceupon the height of the block is, however, quite differentfrom
what one would expect physically, For further details see J. W. Dungey and
R. Latham, “The Frequenciesof the Resonant hfodes of hfagnetrons,” CVD Report
WR-1223, July 14, 1944.
zJ. C. Slater, “ Resonant hlodes of the Magnetron,” RL Report No. 43-9,
Aug. 31, 1942,pp. 1.5-20.
8P. D. Crout, “The Determinationof Fields SatisfyingI,aphwe’s, Poisson’s, and
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treatment of the end spaces.
Calculations have been carried through
for an unstrapped anode block with end spaces andanode height such
that the modes occur in reverse order, and very good agreement with
experiment has been obtained.
In addition, both the previously mentioned relaxation method and the admittance matching method used in
this chapter might in principle be extended to include the end spaces.
The computations, however, become very laborious, and no such calculations have been carried through with satisfactory accuracy.

-+
1
c’

L

-+C

+C’

L

(g)
FIG. 2.20,–-(u) Longitudinal cross section of a magnetron anode block showing the
charge distribution and the direction of the impending current flow for a typical end-space
resonance; (b) equivalent circuit for the end-space resonance.

As pointed out in Sec. 2.1, the assumptions made prevent the resultant
There are an infinity of resonances that
spectrum from being complete.
do not even approximately satisfy the assumed conditions.
Ordinarily
these are short-wavelength resonances that do not interfere with operation and are rarely observed.
There are, however, two types of resonances that may be troublesome.
The first group is usually referred to
as the “n’ resonances. ” These are similar in character to the ordinary
magnetron resonances, except that there is axial variation of the fields.
In fact, these resonances are characterized by an electric-field node at
the median plane. The wavelengths of these resonances are of the same
AssociatedEquationsby Flux Plotting,” RL Report A-o. 1047,Jan. 23, 1946.
P. D. Crout, ‘iA Flux Plotting hlethod for Obtaining Fields Satisfying hlaxwell’s Equations,with Applicationsto the Magnetron,” RL Report No. 1048,Jan. 16,
1946.
F. E. Bothwelland P. D, Crollt, “ .kIlcthod for CalculatingMagnetronResonant
Frequenciesand hlodes)” RI, Report No. 1039,Feb. 8, 1946.
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order of magnitude as the first group of ordinary resonances only when
the anode is abnormally long. The second group is referred to as “endThese are characterized by strong fields in the end
space resonances.”
spaces and are most likely to be seen when the volume of the end spaces
is large. I The field distribution, together with an approximate equivalent circuit of a typical end-space resonance, is shown in Fig. 220.
2.9. The Interaction Field.—The equations for the fields in the interaction space have been derived in Sec. 2“6. These are

. N8E
‘m

()

sin TO Z~(/rp) ~i7+,
-rL9 ZJ(krJ

‘z=-42% 2
m.—.

(%9%3’””

I

The special case n = N/2 (wherein N must be an even number) will
be discussed first. For this case the fields reduce to

“,=%KM%’)$R‘=(m+oN
’40)
‘z=-’J:2F2
(%%wos”
m-O

and

m=o

These fields represent standing \vaves rather than rotating waves, a
consequence of the fact that the (n = N/2)-mode
is non degenerate.
Furthermore, there is a 90° phase difference between the electric and
magnetic fields, as there always is in a standing-wave resonance.
A
qualitative picture of the electric field distribution is shown in Fig. 2.21.
At the electron velocities in the magnetron (usually less than onetenth the velocity of light) the force due to the oscillating magnetic
field is much less than that due to the electric field. Therefore a detailed
discussion of the magnetic field is unnecessary.
It is evident that the
1Certainof the end-spaceresonancescan also be regardedas n resonances.
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electric field consists of a sum of harmonic components the relative
amplitudes of which depend upon p through the functions.
ZJ(kp)
Z~(kr=)

for E+

and

~ z, (A-p)
kp Z~(krJ

for E,.

For kra << -y these functions can be approximated

by

and

respectively.
These functions (except E, for T = 1) aIl decrease as p
approaches r,, and the rate of decrease increases rapidly with T. Thus,
as p approaches rc, the lower-order
components become more prominent. The extent of the effect
depends upon r./ra, becoming less
pronounced as rC/ra approaches
one. However, at the values of
rJra ordinarily used, the lowest
component of the N/2-mode is the
predominant one at the cathode,
and the angular dependence near
of electric field in
FIG. 2.21.—Distribution
the cathode is given very nearly
theinteractionspacefor ther-mode.
by cos (N/2) I& In a discussion of
the interaction between the field and the electrons (see Chap. 6), the
analysis of the field into harmonic components is very useful because it is
usually possible to ignore all but one of the components.
The (n = 0)-modes

share with the

n = ~
()

-modes the property of

nondegeneracy.
The Degenerate Modes.-All
other modes of the unstrapped resonant
system have a degeneracy of the second order; that is, there is always
a pair of linearly independent fields having the same resonant frequency.
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In one of these the fundamental
component
[(m = O)-component]
rotates clockwise, whereas in the other it rotates counterclockwise. 1
The harmonic components all appear as waves that rotate at different
angular velocities; that is, the velocity of rotation is proportional to
I/-y, and thus waves of negative -y rotate in a direction opposite to those
of positive y. It is worth noting that the harmonic of the lowest y
(excluding the fundamental), given by m = – 1, rotates in a direction
The remarks that were made
opposite to that of the fundamental.
concerning the comparative rates of decrease of the harmonics with p
for the nondegenerate modes apply here also. Ordinarily, however, the
various harmonics are not integral multiples of the fundamental.
Degeneracy leads to certain practical difficulties in magnetron
design. It is never possible to make a magnetron perfectly symmetric.
The lack of symmetry tends to split the degenerate modes into two
nondegenerate modes with slightly differing resonant frequencies.
Ordinarily, both components are excited, but the relative degree of
excitation depends upon the nature of the splitting and can be expected
This splitting leads to a certain
to vary considerably from tube to tube.
lack of uniformity in tubes operating in degenerate modes.
201O. Applications and Lknitations.-It
is evident from the preceding
discussion that the unstrapped system has several resonant modes
with which the electrons can couple (in the manner described in Chap. 1).
The same is true of the other systems to be described later. Whether
or not a magnetron can operate in a specific mode over a wide range of
voltages, currents, and magnetic fields is determined for the most part
by the wavelength and the field configuration of all the other modes
relative to that specific one.z The symmetric unstrapped resonant
system is satisfactory only for low values of N, because its modes crowd
together for high values of n and N. It will be seen later that this effect
restricts their application to comparatively long wavelengths.
The development of the unstrapped resonant system was abandoned
when the strapped and rising-sun systems were discovered.
Consequently, no extended attempt has been made to design the best possible
unstrapped magnetron or to find what is the largest possible N that can
be used. . The largest N that has been used with full successa is 6. This
] There is a certain degree of arbitrarinesswith regard to which pair of fields is
taken as fundamental. Thus it is possible to form other linearly independentpairs
by taking linear combinationsof the pair chosenabove.
ZThe variousfactors that affect mode selectionare discussedin Chap. 8.
N
~It is possibleto increasethe separationbetweenthe m-modeand the
–l()7
mode by bringing a ring very close to the ends of the anode segments. Successful
experimentalmagnetronswith N = 8 have been constructedby making use of such
a ring.
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N

n = — in the 7002
Mc/sec band at an efficiency of 35 to 40 per cen~. Thu’s, at a pulse
current of 10 amp and 12,500 volts, the tube will produce 50-kw pulse
power.
Another example of a mmode unstrapped magnetron is the original
British 10-cm tube.
It has eight resonators, and the separation between
the r-mode and the 3-mode is only 1 per cent. The maximum efficiency
varies from 20 to 30 per cent so that at a pulse input of 15 amp and 12,000
six-resonator

magnet ron 1 oscillates in the mmode

bla= 4.0 bla=3.5 bla =3,0

3,0

bla= 2.5

2,5

#a##m##b’a=’”
’’”””
HEH#t##
45MHMuHb’a=’

2.0
.7.
:- 1.5
<
1,0

0.5

0
0
FIG.2.22. —F(ka,

b/a)

0,5

1.0

in radiansplotted

as a function

1,5

2.0

of ka for b,/aequal to 1.15 to 4.0.

volts an output of 15 kw might be obtained.
At currents below 10 amp
the tube oscillates in the 3-mode, and in general performance is erratic
from tube to tube.
In both of the magnetrons described above, the anode length and
end spaces are so short that the modes appear in reverse order (Sec.
28)-the
r-mode is the longest-wavelength mode.
2,11. The Computation of Admittances.—In
the various admittance
formulas derived in previous sections, the dependence of admittance
upon frequency and certain of the geometric parameters is contained in
some rather complicated expressions involving Bessel and Neuman
I The 700 A (B, C, D) series.
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functions.
Tables, plots, and approximation formulas that are useful
for the computation of these admittances appear below.
The Annular
Sector Resonator.—The
admittance of uhe annular
sector shown in Fig. 2.11 is given by
60 h JO(ka)Nl(kb) – JI(kb)iVO(ka)e

J

~’=j

——

kO#aJ1(ka)N1(kb)

– J1(lfb)Nl(ka)

The functions
.J,(ka)N,(kb)

–.J,(kb)NO(ka)

cOt-’Jl(ka)IVl(kb)

–Jl(lrb)Nl(ka)

b
F

()

‘a’;

=

–

are plotted in Figs. 2.22 and 2.23 as a function of ka for various values
~?oo
*%“p’ ,$”

,>a

,pQ

0.6

0.7

,ya

,y?

3.0

2.5

2.0
.7.
:1.5
k

1.0

0.5

0

0.1

02

0.3

0.4

a5

0.8

0.9

1.0

Fm. 2.23.—F(ka, b/a) in radi.ma plotti as a functionof kafor bla equal tQ 4 to 10.

plotted in
of b/a. The function F(ka, b/a), rather than cot F,h=been
order to facilitate interpolation between the given values of b/a. The
succession of poles in cot F would make interpolation between curves
very difficult.
The Cylindrical
Resonator.-The
admittance
of the cylindrical
resonator shown in Fig. 2“10 is given by
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For ka <<1 (which it usually is) one can take

JP(ka)
J~(ka)

ka
= ~

(ka)a
+

‘p’(p

+

(p # o),

1)

yielding

‘(’ka)

which
series

= -#+[*+’2(w)2i1’a+ ~=1

gives

the frequency

(ka)3[:

dependence

comparatively

converges rather slowly for small values of ~.
that

2(–)

p-l

sinp~z

l__

P+

5–2

simply.

The

One can sho~v, ho!vever,

3 _1n2++~+

W
me+”

36

which converges quite rapidly for small values of ~ (including the usual
range of values for ~). The series

2(

sin pi

p-l

P+

1

2
)

P’(P

+

1)

converges quite rapidly.
Furthermore, one can usually omit the terms
in (ka)3.
For larger values of ka one can correct the above formula by using
for the low values of p and the
the exact values for [Jp(ka)]/[J~(ka)]
series approximations for the larger values (larger values means those
for which A-a << p).

TABLE

n-O

kr.

0,00

o.m
0.01333
0.02667

–12.4599

o.m
0.02000
0. 0M02
0.06007
0.08017

–

9.9500

0.20202

0.10033

0.06678

–

8.27304

–
–
–
–

7,07265
6.16968
5.46506
4,89034

0.24352
0.28562

0.12058
0.14092
0.16138
0.18197
0.20271

0.08019
0.09364
0 10712

–
-

4.43457
4,04550

–
–
–

3,71467
3.42957
3.18103

–49;899

0.08

– 24.9799
–16.6367

0.24
0.28
0.32
0.36
0,40
0.44
0.48
0.52
0.56
0,60

n=2

~=3

O.00000
0.04002
0.08013
0.12043
0.16103

0.04
0.12
0.16
0.20

n-l

22.-VALUES

0.32844
0.37212
0.41678
0.46257
0.50964
0.55816
0.60833
0.66034

0.64
0.68
0,72
0.76

-

2.96220

–
–
–

2.76780
2.59376
2.43684

0.82996
0.89202

0.80

–

2,20444

0.95745

0.84
0.88

-

2.16449

–

2.04527

1.02668
1.10023

0.92
0,06
1.00

–

1.935355
1.83355

1.17870
1.26281

–

1.73889

1.35339

0.71444
0.77088

0.22362
0.2-4472
0.26603
0.28756
0.30935
0.33141
0.35377
0.37644
0.39946
0.42286
0.44666
0.47089
0.49559
0.52079
D.54652

0.04002
0.05339

0.12065
0.13423
0.14786
0.16156
0.17532
0.18915
0.20306

OF

n=4

o.00ooo
0.o1ooo
0.02000
0.03001
0.04003
0.05005
0.06003
0.07014
0.08021
0.09029
0.10040
0.11054
0.12070
0.13089
0,14111
0.15137

0.21706
0.23115

0.16166
0.17200

0.24533
0.25963
0.27403

0.18237
0.19280
0.20327

0.28856
0.30322

0 21379
0.22437

0.31800
0.33293
0.34802

0 23501
0.24570
0.25647

co

[J.(kr. )]/[Jl(kr.)1
n=5

~=f5

o

~=g

~=7

n=g

o.m
0.00800
0.01600

o.00ooo
0.00666
0.01333

o.m
0.00571
0.01142

0.02401
0.03201
0.04027

0.02000
0.02667
0.03335

0.01714
0,02286
0,02858

0.02000
0.02501

0.04805
0.05607
0.06411
0.07216

0.04003
0.04670
0,05340
0.06009

0.03430
0.04302

0.03001
0.03502

0.08021

0.06679

0.04575
0.05148
0.05722

0.04003
0.04504
0.05006

0.08829
0.09637
0.10447

0.07350
0.08022
0.08694
0.09368

0.0629>
0.06870
0.07446

0.05507

0.04894

0.06010
0.06512
0.07015

0.05339
0.05787
0,06234

o.m
0.00500
0.o1ooo
0.01500

o.m
0.00444
0.00889
0.01333
0.01778
0.02223
0.02668
0.03113
0,03558
O.m
0.04449

0,10043

0.08022
0.08593

0.10718
0.11396

0,09176
0.09753

0.15348
0.16173

0.12075
0,12754
0.13436

0,10333
0.10912

0.17001

0.14119
0.14803
0.15460

0.12075
0.12658

0.10552

0.17831
0.18665
0. 19!501

0.11059

0.09370
0.09820

0.16178

0.13242
0.13827

0.11568
0.12077

0.10271
0.10722

0.20341

0.16868

0.14414

0.12588

0.11173

0.11259
0.12073
0.12888
0.13706
0.14526

0.11494

0.07519

0.06681

0.08023
0.08527
0.09033

0,07128
0,07575

0.09538
0.10045

—

0,08023
008472
0.08920

~=f)

k,.

~=1

72=2

n=3

~=4

7J=5

~=(j

n=7

n=g

~=g

—
1.04
1.08
1,12
1.16
1.20

–
–
–
–
–

1.65051
1.56769
1,48983
1.41638
1.34687

1.45144
1.55820
1.67512
1.80405
1.94727

0.57283
0.59977
0.62737
0.65568
0.68476

0.36326
0.37868
0.39427
0,41006
0.42604

0.26729
0.27819
0.28916
0.30021
0.31134

0.21184
0.22031
0.22882
0 23737
0.24595

0.17560
0.18255
0.18951
0.19650
0.20351

0.15001
0.15590
0.16181
0.16772
0.17366

0.13099
0.13611
0.14123
0.14637
0.15152

0.11626
0.12078
0.12532
0.12986
0.13441

1.24
1.28
1.32
1.36
1.40

–
–
–
–
–

1.28092
1.21814
1,15824
1.10093
1.04596

2.10764
2.28889
2.49585
2.73495
3.01501

0.71466
0.74545
0.77720
0.80997
0.84383

0.44223
0.45864
0.47530
0.49217
0.50933

0.32256
0.33387
0.34526
0.35676
0.36835

0.25458
0.26326
0.27198
0.28075
0.28957

0.21054
0.21761
0..22470
0.23181
0.23896

0.17961
0.18557
0.19156
0.19755
0.20358

0.15668
0.16185
0.16703
0.17222
0.17743

0.13897
0.14353
0.14811
0 15269
0.15728

1,44
1.48
1.52
1.56
1.60

–
–
–
–
–

0.99311
0.94217
0.89296
0.84532
o. 7’W1O

3.34828
3.75249
4 25414
4.89489
5,74391

0.87892
0.91531
0.95306
0.99236
1.03330

0.52676
0.54445
0.56245
0.58078
0.59944

0.38005
0.39186
0.40379
0.41583
0.42800

0.29844
0.30737
0.31635
0.32539
0.33449

0.24613
0.25333
0.26057
0.26785
0.27514

0.20961
0.21566
0.22174
0.22783
0.23396

0.18265
0.18788
0.19312
0.19838
0,20365

0.16187
0.16648
0.17110
0.17572
0 18036

1.64
1.68
1.72
1.76
1.80

–
–
–
–
–

0.75415
071034
0.66757
0.62571
0.58465

6.92565
8.68769
11.6048
17.3841
34.3675

1.07602
1.12072
1.16748
1.21670
1.26842

0.61845
0 63783
0.65761
0.67778
0.69838

0.44030
0 45273
0.46530
0.47802
0.49089

0.34366
0.35289
0.36218
0.37155
0.38098

0.28249
0.28987
0.29727
0 30473
0.31222

0.24009
0.24625
0.25244
0.25864
0.26488

0.20893
0.21423
0.21955
0.22487
0.23023

0.18500
0.18966
0.19433
0.19900
0.20369

1.84
1.88
1.92
1.96
2.00

–
–
–
–
–

0.54431
0.50459
0.46539
0.42662
0.38821

1.32294
1.38057
1.44175
1.50674
1 57590

0.71946
0.74101
0.76306
0.78566
0.80878

0.50392
0.51711
0 53047
0.54402
0.55775

0.39049
0.40008
0.40975
0.41950
0.42933
—.—

0.31975
0.32733
0.33495
0.34261
0.35032

0.27113
0.27741
0.28373
0.29006
0.29644

0.23559
0.24097
0.24637
0.25179
0.25722

0.20839
0.21311
0.21783
0.22257
0.22732

,., ,,,,,,,,,

,,, ,,,

,.,,,,

,,, .,,,,,,

1199.48
– 36 5922
–18.0348
–11.9643
8.9453

,,,,,,,,,
,,,

,,,,,,,,,
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is given by

For kra << -y one can use

where ~ = n + mN.
Z~(krJ
m

= K

(1 + .’171) +

(kr.)’

%’2(171 + 1)”

where u = r./ra.
Since lir. is not always less than n, one uses for K(O,ka)

K(O,krJ

=

2 Zn(kra)

~e
(“

)

Z~(kr.)
—

‘kra

x
m.—.

(*)”

n“”’

where the symbol Z’ indicates omission of the term for which m = O.
Values for these,
For u = O, [Zn(kra)]/[Z~(kra)] = [J~(kra)]/[J. (krJ].
functions for n = O through 9 appear in Table 22.
For values of n 2 2,
the approximation Z./Z~ = (.Jm/.T~)(1 + u’”) is often satisfactory.

CHAPTER
THE RISING-SUN

3
SYSTEM

BY N. KROLL
The discussion of the unstrapped system has shown that a desirable
resonant system would be one in which the N/2-mode is well separated
from the neighboring modes and, further,
remains well separated for values of N substantially larger than those usable in unstrapped systems.
Two
systems are
commonly used to accomplish this objective.
One is the rising-sun system in which alternate resonators are alike but adj scent
resonators are not alike; the other is the
strapped system, 1 discussed in Chap. 4.
Two examples of the rising-sun structure are
shown in Fig. 3.1. The design of Fig. 3.la
is obviously suggestive of the rather pictur(a)
esque term by which this type of magnetron
is known.
3.1. The Spectrum.—The
electromagnetic-field problem for the rising-sun system
can be reduced to a circuit problem by precisely the same means that were used for the
unstrapped system (Sec. 2“1). That is, the
magnetron can be represented by the circuit
in Fig. 3.2, where the interaction space is
represented by a network of N pairs of ter(b)
minals and the resonators by admittances
FIG. 3.1.—Two examples of
having a single pair of terminals.
The
rising-sun resonant systems: (a)
vane type; (b) vane type with
assumptions leading to this representation
modified large resonators.
are the same as those discussed in Sec. 2.1
and lead to the same restrictions upon the solutions.
In order to find the resonant frequencies, it will be necessary, as
before, to investigate the circuit properties of the various elements.
1Arrangementsof unlike resonatorsdiffering from that of the rising-sunsystem
have been given some theoreticalconsideration, h’one of these has appearedto be
promising,and none seemsto offer any advantagesover the rising-sunstructure.
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These properties have already been fully investigated for the resonators
and can be summarized by the functions Y,, and Y,,. These functions
are the admittances of the even- and odd-numbered resonators respectively (numbered as in Fig. 3.2) and are functions of the frequency.
Formulas for computing these admittances for different resonator shapes
are derived in Sec. 2.5.
On the other hand, the properties of the interaction space were not
investigated fully enough to deal with the problem of this chapter.
In
Chap. ~, admit~ances ~or the unstrapped ~ystem were comp~ted with
the restriction that the electric field differed from gap to gap by only a
constant phase factor; this resulted in the condition of equal admittances
seen at any gap. This restriction is clearly invalid for the rising-sun
Y,
1)

K., (o)

Y,

-1)

FIG.32.

-Circuit representation

of the rising-sun system.

system, inasmuch as the admittances seen at adjacent gaps must, in
general, be different.
For the rising-sun system one assumes, as before,
that the tangential electric field along the dotted boundaries (Fig. 2.13)
is constant at each gap. Furthermore, one assumes that the field varies
from even-numbered gap to even-numbered gap as e(2Xj”lN)aand from
odd-numbered gap to odd-numbered gap also as et2T~njNJ
g, with no restriction placed upon the ratio of the field at an even-numbered gap to that
at an odd-numbered gap. 1 Thus the electric field at even-numbered
gaps can be represented by EfeJe(2rjm’NJ’, and at odd-numbered gaps by
E(o)e[a*,~tN),,where the ratio E(’j/E(OJ is arbitrary and may be complex.
The required admittances can be readily computed by an application
of the principle of superposition to previously obtained results. The field
distribution described in the above paragraph can be obtained by superposing two “symmetric” distributions for which the tangential electric field
] As in Chap. 2, q is the gap number and has values of O to N — 1, and n is an
integer.
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,[,.(.-y)/~lg
~espectivel~.
at the qth gap is given by Ee~@’-”/.VJQ
and E’e
The electromagnetic fields associated with these distributions have been
computed in Sec. 2“6 [Eq. (2.36)].
A superposition of these fields gives
, j[,x(n-~)/N]Q
,Vhich is equal
rise to the distribution Ee;t2’’’/,~Jq + E e
to [E + ( — l)qE’]e’2T’’qfV. It is evident that the field varies proper!j’
from even-numbered gap to even-numbered gap and from odd-numbered
gap to odd-numbered gap. Thus E(<) = E + E’ and E(”) = E – E’; and
inasmuch as E’/E is arbitrary, so is E(’)/EtOJ.
The magnetic field at the various gaps will be given by
Hz(ra, O) = H(r., o) + H’(r.,
where

H (T.,

1#1) is

the

magnetic-field

1#1),

distribution

associated

with

[*mj(.-~)/N]~

Ee(l”’n/N)q, and H’ (ra, +) is that associated with E’e
According to the treatment following Eq. (2.36), Sec. 2.6, the admittance seen at the qth gap is given by

(1)
since

E+ = (E + ( — 1) !Et)e(2.i./.v)

Q

over

According to Eq. 2.36, H(ra, +) = H

r
(a

‘h’’st
aking*
‘(-b

“Theadmittances

the

@ –

range

of

integration.

N)

%*

e(2”~”lNlq and

‘l)reduces’O

Y. computed in Sec. 2.6 can be written as

(3)
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Similarly,
/
‘(;..)

=

~, H’(ra,

= 4i-:82

‘(.-~)

~)d$

(4)

E’

,

Thus the expression for Y(<J reduces to
Y(.) = ‘“+

“(J-”)
l+R

(q ,Ven]

(5a)

and
y(.) = ‘“

-“(~-n)
l–fi-

(q odd),

(5b)

Therefore the admittances depend upon R as well
where R = E’/E.
as upon the frequency.
For resonance to occur it is necessary that the admittances match at
both odd- and even-resonator openings.
This condition yields

‘“‘Ry(#-”)
+y =()
l+R
‘n

(6a)

-“(W+;=:
,2

1–R

:

(6b)

,

which on eliminating R yield, after some manipulation,

[

‘“+y“) +y,, ‘n+‘(H
2

1[

+ Y,,

1

—
[

‘“- ‘G-”)
2
2-”
1

(7)

The resonant frequency having been computed, R can be found from
R=–

Y.+1’r,
‘G-”)

_
+

‘“

Y. – + Y,,
‘(;-”)

+

(

.

(8)

“2

As in the case of the unstrapped system, the resonance equation
depends upon n. For the unstrapped system it was necessary to consider only the values O to N/2 for n, as replacing n by – n or by (n + mN)
where m is any integer, left the resonance equation unchanged.
For
the rising-sun system, however, the values O to N/4 [or (N – 2)/4,
whichever

is an integer] are sufficient, as replacing n by

()
N

~ — n , as

well as by (n + mN) or —n, leaves the resonance eqllation unchanged.
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Each equation hasaninfinite
number of roots, although only the lowerfrequency roots are of practical interest (ordharily only the first twoare
of interest).
While it would be simplest to use a mode-numbering
system analogous to that used for the unstrapped system, i.e., nP for
the (p + I)-root of the frequency equation determined by n, this is not
the system in common use. It has become customary to regard any
magnetron resonant system having side resonators as a modification of the
unstrapped system.
That is, one considers the system as having been
produced by a continuous perturbation of the unstrapped system.
As
the unstrapped system is modified, the resonant frequencies and their
associated field distributions will also be modified and will change
continuously if the perturbation is effected continuously.
This implies
that the modes of one system join continuously to the modes of the
other and thus that there is a l-to-l correspondence between the modes
of one system and the modes of the other. From thk point of view it is
~Tnfor_
convenient to give corresponding modes the same number.
tunately the correspondence is not unique (that is, it depends upon the
intermediate steps of the perturbation), so that it is necessary to specify
the way in which the perturbation is performed.
For the rising-sun
system one considers the perturbation as having been made by a continuous alteration of the side resonators, other dimensions being held
fixed. In all practical cases this leads to the mode number n for the
first root of Eq. (7) and the mode number

()

~ – n

for the second root.

N

The higher roots always correspond to the higher-order n- or

~ – n -

()

modes, with the particular correspondence depending upon the specific
case.
Equation (7) contains the unstrapped system as a special case.
For, setting Y,, = V,, = Y, gives

[

‘n+y(;-”)+y
‘_ ‘“- Y(H2
r—
2
2’

1[

1

which yields the two equations
Y,+

Yn=o

and

(9)
“+

These are, of course, the previously

‘(;-”)=

derived equations

0“
for the n- and

N
——
n -modes of the unstrapped system.
() 2
Although Eq. (7) appears to be complicated, it is subject to a simple
physical interpretation.
In order to illustrate this interpretation the
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following specific example will be used. An 18-resonator anode block
similar to that shown in Fig. 2.17 will be used; in this all dimensions
are held fixed except the lengths of alternate resonators d~, ~vhich are
allowed to increase. In Fig. 3.3 the resultant resonant frequencies of
the modes 1 to 9 are plotted as a
35
function of the ratio of large to
small resonator depths (rl = d2/d,).
Follo\\-ing the mode-numbering
3.0
convention discussed above, the
9-mode is found as the second root
of Eq. (7) \vithn = O (the first root
2.5
is the tri~ial o = O); the 1- and 8modes are found as the first and
~
A.0
second roots of 13q. (7) \\ithn = 1;
and so forth for the other modes.
2.0
It is evident that for sufficiently
large values of r,, the (n = N/2)mode or the 9-mode becomes well
1.5
separated from its neighbors, a re quirement for operation in this
mode.
Furthermore,
the other
1
modes appear to break into tlvo
2.0
1.5
2,5
1
~
distinct groups, each of \\hicll
d,
bears a suggestive resemblance to
FIG. 3.3.—Mode spectrum of a rising-sun
system as a function of the ratio of large
the first group of modes of an
resonator depth d, to small resonator depth
unstrapped system ha~’ing nine
d, held fixed.
X., is the r-mode wavelength
for d,/d, = 1. Dimensions: d,/Ar, = 0.172;
resonators.
Table 3.1 shoivs the
da/ATO = 0.524; d, = O; 6 = 0.060 radians.
modes of the rising-sun system for
d,/d, = 2.1 compared with the modes of an unstrapped system having the
same dimensions as the rising-sun system except that in Case I the small

TABLE3.1.1—THERESONA~CES
OFAN18-RESOi%ArOR
l{lsI~c;-su~ SYSTEM
(MJ1,ARED
WITHTHOSEOFTwo A“l~E-RESO~ATOR
U~S,UiAM,ELI
SYWWMS
Case I
(’MC II
A;/A, = 1.0!)6
A~/A,= 0.987
A;/A, = 0.9975
Ay/x7 = 1,015
lj’/A, = 1.0034
A;/k, = o 9994
A:/x, = 0.9997
Aj’/A, = 1.0006
x;,/A, = 0.8816
resonators have been filled with metal leaving nine large resonators and
in Case II the large resonators have been filled with metal leaving the
1The values of X. are the resonancesof the rising-san system of Fig. 3.3 at
The x: are the resonancesof the nine-resonatorunstrappedsystem
formed by filling the small rcsmmtors\v]thmetal; the A: are those of the nine-resonator symmetric systcm formed by filling the large resonatorswith metal.
dJdl = 2,1.
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nine small resonators.
These results suggest that a rising-sun system of
N resonators can reinterpreted astwosymmetric
N/2 resonator systems
coupled together.
A careful examination of Eq. (7)will corroborate this
interpretation.
Substituting the
Consider first the expression [Y. + Y (z_n)l/2
~
expression in Eq. 2.37 yields

‘“+‘(w
_
2 –-~~:g~gk~;’)’j

(10,

m.—.

where ~ = n + m(N/2).
This expression, however, corresponds precisely to Y. for an interaction
space having precisely the same dimensions but N/2 openings instead
of N openings.
Then
‘“+

‘(:-”)
2

+ y

r,

=,

is the equation for the resonant frequencies of an unstrapped system
formed by the N/2 resonators corresponding to one set of side resonators
with the other set of side resonators filled with metal. A similar statement applies to the equation

Thus the resonance equation for the rising-sun anode block,

‘n+‘(H
+yn ‘“+ 2
2

‘(;-”)+

[

y

1[

H ‘“- :(:-”)12

r,

=

(11)

can be interpreted as a coupling equation for the corresponding modes
of the two unstrapped systems with the term [(Y. — Y~
)/2] 2 deter2n
mining the strength of coupling.
When this term is small, the coupling
is weak and the resonances of the two systems are shifted only a very
small amount.
Except for the case n = O, [(Y. – Y~——
~)/2]’ is quite
2
small and becomes smaller as n and

()
N

~ —n

become more nearly equal.

In the extreme case of n = N/4, the ~oupling term is identically zero and
the resonance associated with one set of resonators is completely independent of the dimensions of the other set. (1-dinarily (except for
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n = O), the coupling is quite weak,l although there is an important
exception when the resonant frequencies of the two systems occur close
together.
Then both bracketed terms are small over the same frequency range, and the coupling term becomes irnwrtant.
This interpretation of the rising-sun resonances will be further supported in
Sec. 3.2, where the field distribution will be examined.
Figure 33 shows the spectrum over the range of ratios in general
use; the two groups shown correspond to the first group of resonances
for both the large- and small-resonator systems.
In the case showm,

5

4

6

d,
—=
dl ‘1
FIG. 3,4.—Mode spectrum, for large value. of r,, of the rising-sun system of Fig. 33.
The two groups shown cumespond to the filst KrOUPof the slnall-rcso!mtor system m!d tile
second group of the large-resonator system.

the first group of resonances of the smaller-resonator unstrapped system
happens to occur at a much higher wavelength range than that of the
second group of resonances for the larger-resonator unstrapped system
(not shown in the figure).
For very large ratios this is no longer the case.
Figure 34 shows the approximate behaviur of the modes of the secund
group of the large-resonator system in relation to the first grmlp of the
small-resonator system, for YIgreater than 3.
Although the preceding disc[lssion \vas to a large extent in reference
to an N = 18 resonant system, the discussion can easily be generalized.
Thus, for a rising-sun system with N resonators and a ratio of resonator
depths that is not too close to 1, the resonances of the first group of the
There is the set of’ modes
spectrum can be divided into three subgroups.
numbered 1, 2, . . . , (N – 2)/4 (or N/A).
These correspond closely to
I This remark applies mainly to the case of small if./h.. As this quantity is
increased,the couplingbecomes strongerfor n # Oajld somcwrhatweakerfor 71 = 0,
For valuesof d./Xr usedin practicethe couplingis Jlw:Lysweakfor n z 2 but may be
quite strongfor n = 1.
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(N – 2)/4 (or .V/4) of the unstrapped system of N/2
thel,2,
...,
This set
resonators formed by filling the small resonators \~ith metal.
is frequently referred to as the upper m~dtiplct.
Seconcl, there is the
set of modes (the lower multiplet) numbered (N + 2)/4 or /1’/4,
. ,
(N/2) – 1. For moderate ratios of resonator sizes, these correspond
closely to the (N — 2)/4, (or N/4),
.
2, 1, modes of the unstrapped
system of N/2 resonators formed by filling the large resonators \vith
metal.

[Note

that the order is reversed.

Thus the

()

~~ – 1 -mode

of the rising-sun system corresponds to the l-mode of the unstrapped
system.]
For very large ratios these modes correspond closely to the

(%’[or(w

“ ~“ )

21, 1~, modes of the large-resonator system

(that is, the second group of resonances).
‘l’his last correspondence
occurs ~vhen the second group of
16
resonances of the large-resonator
/
system happens to occur at a longer
wavelength than the first group of
2
3
/
1.4
resonances for the small-resonator
\
\
—
system.
Third, there is the m or
~—
N/2-mode, which occurs between
the two subgroups
mentioned
~AO 12
above.
The mmode corresponds
9 (u-mtie)
roughly to the Ol-mode of the large87
~
~
resonator system, but its wave\
1,0 –
\
length is as dependent upon the
\
~
small-resonator dimensions as it
is upon the l.arge-resonator
\
\
0.8 ~
dimensions. 1
0.10
0.05
0.15
0.20
0.25
As in the treatment of theunEndspaceheight
ho
strapped system, the preceding
FIG. 3.5.—Typical
example of the effect
theory has entirely neglected the
of erld-space height on the mode spectrum of
a rising-sun tube.
A, is the initial value
end spaces. The effects of the end
of the r-mode
wavelength,
Dimensions:
spaces are somewhat similar for the
rf#,o = 0.27; hji~ = 0.31; TI = 1.75.
two cases, in that all wavelengths
turn out to be lower than the computed values.
On the other hand, the
general character of the spectrum and order of the modes remain the same.
The reversal of order, mentioned f or the unstrapped system, has never been
observed in rising-sun systems, although one might expect it to occur
I The O,-mode referred to above should not be confused with the O,-mode in
Fig. 34, which is the O,-modefor the rising-sunsystem. The latter correspondsto
the O,-modeof the small-resonatorsystem for small ratios and to the O,-modeof the
large-resonatorsystemfor largeratios.
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for very short anodes with very short end spaces. The magnitude of
the end-space effect depends upon the dimensions of the end space and
the relative sizes of the side resonators.
Experimentally it has been
found thatthemmodcmavbe
depressed from 2t08per
cent; thelo\rer}vavelength moclcs of the long-\vavelength group are rarely depressed as
much as 5 per cent, \vhile the highest-\ravelength mode, the l-mode,
may be depressed more than 20 per cent. The mode just below the
r-mode, the

(- )
.!’

– 1 -mode, is depressed about the same amount as the
2
~-mode, although the separation bet\veen the two is usually changed
some\vh:~t. The other modes bclo~v the r-mode ~vavelcngth arc dcprcsscd
about 2 pcr cent. Figure 3.5 sho\vs a typical example of the effect of
end-space height on the mode spectrum.
3.2. The Interaction Field.—The tangential electric field at each gap
\vasfound in the last section to be given by

This distribution
associated

\V:Mfound by superposing

,vi~h ~~[2(~-~)Qll~

the electromagnetic

fields

and the fields associated ,Irith

The various field components in the interaction space can then be found
by simply superposing the fields associated with the above distributions.
Thus

‘$

‘N:{

2
m.—.

[t%)~il:+””
sin ~’o

+ R

‘Tto–

()

Z;f (kp) ‘,7,+

~~krc)

‘

(12a)

II

Ep=–~NeE
~P~

{

2
m=—.

N% M%l””

1
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It is now possible to see which modes are degenerate and which are
not. Substitution of —n does not change the resonant frequencies of
the modes.
However, except for n = O or n = N/4, it does lead to a
field distribution that is linearly independent of the +n field.’
These
When n = O, no sign
modes then have a second-order degeneracy.
change is possible ( —n = +n), so that the ~-mode is nondegenerate.
To consider the case n = N/4, it is necessary to know the value of R.
It can be shown that for the (n = N/4)-resonance
associated with the
even-numbered resonators R = 1, and for the N/4-resonance associated
wit h the odd-numbered resonators R = — 1. In either case, replacing n
by – n does not lead to a linearly independent field so that modes with
This is readily understandable if one
n = N/4 are also nondegenerate.
observes what happens as the even- and odd-numbered
resonators
become alike. It is evident that the two roots of Eq. (7) for n = N/4
are equal if Y,, = Y,,. It is also evident that both roots must be called
N/4-modes

because

()

~ – n

is also equal to N/4.

This corresponds

to the fact that the N/4-mode
has a second-order degeneracy in an
unstrapped system.
When the unstrapped system is perturbed into the
rising-sun system, this N/4 doublet splits, ~vith one resonance following
the odci-numbered resonator system and the other following the evenThus, a rising-sun system in which N/-l
numbered resonator system.
These two nondegenerate modes
is an integer has two N/4-resonances.
can be thought of as mmodes for the two unstrapped N./2-resonator
systems.
It is apparent from the above expressions that a more detailed study
of the fields requirrs further kno\vlcdge of R. It will be of interest to
study some limiting cases first.
Case 1.—Y,, = Y,, = 1’,. IIere Ilq. (7) can be factored yielding
Y,+

Yn=o,

which gives the n-modp frcqllencim,

and

1’, + Y(;_n)

= o,

T

which gives the

()

~- — N -mo{lc frequencies,

Recallse

~ = _ __YL + Y.
“+

‘(:-?’

it is clear that R = O for an n-mode, and the fields are identical with
tloesnot IWWl
to linmrly iu~loprndcntfields. [Note
“i’1)’’’c1g7”)y)y (n ““
~’)
that It }IWOIIII,.
i,lvf,rtl(l,vl~etlIIIis 1,~1,1
(lIhI.8).1
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those previously computed for an unstrapped system with N resonators
oscillating in the n-mode.
The ratio of the voltage’ across an oddnumbered gap to that across the adjacent even-numbered gap in the
clockwise direction is [(1 — R)/(l + R)]ez”~’FM. Thus if R = O, the ratio
is eZ*IWN,~~,hichis appropriate to the n-mode of an unstrapped system
rotating counterclockwise.
N
For the ~ – n -mode R=

()

CO. In order to have finite fields one

must take R V finite and equal to V’ with V = O.
identical

with

those

previously

computed

for

Then the fields are

N

the
()

3–

n -mode.

For the voltage ratio here is
(1 – R)
(1 + R)eZw3m[~= – e2Ti”lN=
which is appropriate

to the

(“-:)
e2.1,~

()
N

~ — n -mode of an unstrapped

system

rotating clockwise.
Thus it can be seen that for R very near zero the voltages across odd
and even gaps are approximately equal in magnitude.
The fields are
like those of a symmetric system with N resonators oscillating in the
n-mode,

with a small amount

of

()
N

n -mode mixed in. For R
T–
very large, the voltages across odd and even gaps are also approximately
equal in magnitude.
In this case the fields are like those of an unstrapped

N

system with N resonators oscillating in the

~ — n -mode with a small

()

amount of n-mode mixed in.
Case 2.—Y,, A us
This is the case for ~vhich the odd-numbered
resonators are replaced by metal and the system reduces to an unstrapped
The resonance equation becomes
system with N/2-resonators.
Y. + YN
2
J+
2

Y,, =O

and
}7. + YN
Y,, + Y.
R=–

Y,, +Yjv

Y. –

——n‘–
2

YN
2n

z ‘-n
—=1.
Y. + Y~
2n
–
2

Then [(1 – R)/(l + R)]e2”i”i~ = O, which is to be expected because the
odd-numbered gaps are no longer present. The fields are those previously
1Here V = 2v.6E, and V’ = 2r.L9E’;thus V’/l’ = E’/E = R.
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compllted for the n-mode of an unstrapped system with N/2-resonators.
For example, ~$ can be \~rittcn as
m
(13)
where 7 = n + m.V/2.
Thus if R is near 1, the field is very much like that of an unstrapped
‘Nw voltage across odd-numbered gaps
system ~vith ,Y/2-resonators.
is very small compared \vith that across even-n~unbered gaps. As a rule
this means that the odd-numbered resonators arc very weakly excited.
It can be sho\vn similarly that
06
R approaches – 1 as 1’,, becomes
.——
- .—— —. —— -- ——— ——
very large. In this case the voltage
05 gaps is
across even-nurnbcrcd
1
~+2~
small compared \rith that across
/ -“_
“
04
odd-numbered gaps, and again the
field is similar to that of an un/ y
strapped system ~rith .V~2-reso- :0.3
nators oscillating in the n-mode. 1
0.2
It is evident that a good pirtlme
of the modification of the interac0.1
tion field may be obtained by
studying the variation of R as the
0
shape of the odd or even set of
1
15
20
2.5
3.0
The bcresonators is changed.
%_r
z‘
ha~’ior of R for the T-mode,
1:1~, 3.6, —–l/RT
as a function of r, for the
although not typical of the lcmal
aaodc of l~ig. 3.3.
behavior of R, is of fundamental
importance in magnetron operation and v-ill be discussed first. For a
specific example consider the anode Mock used in Fig. 33 for \vhich
– l/R~ is plotted as ~ f~lnction of d,~d, in Fig, 3.(;. .1s ]vould be expected
from the preceding discussion – I/lI’m is zero for d,/dl = 1. It is apparent that as d?/dl becomes large, – I/R. approaches asymptotically a value
that is less than 1. In fact, it can readily be sho~~n that – l/Rr is always
less than 1/[1 + (2.4,/.4.)] w-here A, is the total area of the small resonators and .4, is the area of the interaction space; this is the value which
– I/R. approaches in Fig. 36.
In terms of voltages, this means that for
d,/d, = 1, the voltage across odd and even resonators is eclual. As

1The expressionsfor the field components obtained by setting R = —1 are
formally differentfrom those previously derived because of an effective shift of the
polar axis through an angle 27r/N. That is, since the mwn-numberedresonatorsare
effectivelyabsent, the polar axis goes betweentwo resonatorsinsteadof throughthe
renterof a resonator.
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d2/dl increases, the voltage

across the large resonators becomes larger
than that across the small resonators, with the ratio approaching
.4,/( .4, + A J as d,/dl becomes large. The fact that the voltages across
the odd and m-en resonators are unequal implies that there is a net
voltage around the anode circumference, a fact that is evident from an
examination of .V$, for

and it is thus clear that for — l/Rr

> 0, Ed has a component that is inde-

2“ E$d~ is not zero. A better understanding
/o
of the origin of this voltage can be had from an examination of”-L,lle cnal-gt!
-’-----

pendent of O.

(a)

Thus ra

(b)

(c)

FIG. 3.7.—Quali$ative distribution of magnetic field and rurrent with impending charge
distribution for (a) the T-rIIOde of an .T-resonator rising-sun %y%tern; (b) che ~-lr~nde Of an
h’-resonator unstrapped s~stem; WI(I (c) the O,-mode of an N12-resonator un~trapped
system.
.Vagnetic Ilnes into paper ● ● ● ; magnetic line!+ out fro!n palm G 0 0.

and current distribution.
Figure 3.7a shows the distribution of charge,
current, and magnetic field in a rising-sun anode block.
Whereas the
voltages at odd- and even-resonator openings are opposite in direction,
the magnetic fields are in the same direction.
This would indicate that
the magnetic field in the interaction space is unidirectional or that there
is a net magnetic flux linking the anode circumference.
This flux can
be thought of as inducing the net voltage around the anode circumference.
It is also apparent that the current across the anode segments is unidirectional.
Figure 3.7b and c shows the charge and current distribution
for the ~-mode in an N-resonator unstrapped system and the O,-mode
The ir-mode of the rising-sun
in an (N/2)-resonator unstrapped system.
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system evidently bears a certain resemblance to each and maybe regarded
as a perturbation of either.
As a measure of the distortion of the r-mode field in the rising-sun
system, it is customary to use the ratio of the (~ = O) component to the
(-y = iV/2)-component of E@. This ratio is given by

– zj(kp)z;,2(h-a)
R(p)

:

e

=

(15)
2Z~(krJZ’.,2(kP)R.

sin ~ 0

For rising-sun magnetrons in common use, this quantity is in the neighborhood of 0.1 at p = r.. However, the N/2-component
falls off much
more rapidly than the zero com1.0
ponent as p approaches r~, and it
/
is possible for R to exceed 1 in the
./vicinity of the cathode.
.75The behavior of R for modes
-n,
/“”
other than the mmode is quite -1:
/
different from that for the mmode.
8.50
As a specific example, consider the ‘?
(n = 2)-mode and the (n = 7)-or
.25 /
N
~ – 2 -mode for the anode block
()
o
1
1.5
20
2.5
3.0
used in Fig, 3.3. In Fig. 3.8, —R2
dz
and l/R, are plotted as functions
di
k’IG.3.8,-—2?, and I/R, as functions of
Although these quantiof d,/dl.
d:/d,
for the rising-sun system used in
ties have the expected value of
~i.ig~,~,
zero for dZ/dl = 1,they approach
the value 1 quite rapidly, so that even for the rather moderate ratios used
in practice the voltage across one set of resonators is small compared
with that across the other set. In the case of the 2-mode the large
resonators are the strongly excited ones, ~\-bilefor the 7-mode it is the
small ones that are strongly excited.
R, differs from – R, in that it does not approach 1 asymptotically.
In fact, when the ratio d,/d, becomes so large that the lo\rer-group
resonances become associated with the large resonators, R, changes
rapidly from 1 and begins to approach — 1 asymptotically, ~~hirh corresponds to the fact that the large resonators have come to be the strongly
excited set. This behavior of R is typical of all modes except r-modes;
that is, for the upper group R behaves like Rz, and for the lo\ver grollp R
behaves like 1<7. Table 32 sho\vs the values of R. and also the ratio
IV~l/1 V~l of the magnitudes of voltages across the large and small
resonators for d2/dl = 2.1.
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Further support for the interpretation of the rising-sun structure as
two unstrapped systems coupled together is given by the field distributions. The coupling is quite ~veak for all the non-r-modes except for
N
N
– 1 -mode and becomes increasingly weak as n or ~ – n
() 5
()
approaches N/4.
For the values of dz/dl used in practice and for the
the

modes 1 through

N
— – 2 , an account of the spectrum and fields suffi12
()

ciently accurate for many purposes can easily be obtained by ignoring the
TABLE3.2. —V.kLUE

OF R.

AND ALSO THE RArrIo [V~~/ IT’sI OF THE 31AGNITUDESOF

THE VOLTAGES ACROSS THE L.IRGK AN-D SMALL ltEWN.ITORS

n

Rn

1
2
3
4
9
8
7
6
5

–0.807
_o,908
–(),955
_o,986
–2.290
2.680
1.370
1.140
1.050

FOR dz/d,

=

2.1

~’Ll

Ivsl
9.34
19.2
43,5
114.
2.55
0.457
0.157
0.067
0.024

set of resonators that are ~\-ealdyexcited and using the formulas for an
At the value of d?/dl and all/i=
unstrapped system of N/2-resonators.
# — 1 -mode retains a large measure of its ~ – 1

ordinarily used, the
()

character.
The comparative excitation of the tw-o sets of side resonators
is of the same order as that for the r-mode.
3-3. The Effect of the Mode Spectrum and Field Characteristics on
n-mode Operation.
The -y = O Field ~omponcrLt.—The
interaction field
of the r-mode in a rising-sun system differs from that of the ~-mode in an
unstrapped system (see Chap. 2) or a strapped system (see Chap. 4)
in that the ~-component of the electric field has a -y = O field component.
A detailed account of the effect of this component upon magnetron
operation would require a discussion of magnetron electronics, a
portion of magnetron theory that is very complicated and at present is
incomplete.
It will thus be possible to discuss the effects in a qualitative
way only.
The most important effect of the zero component consists of a resonance phenomenon that occurs when MI lies bet\veen 12,000 and 13,000
gauss cm or 0.012 and 0.013 ~veber per meter. From both theory and
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experiment it would be expected that the electronic efficiency at constant
current would be a monotonic increasing function of the magnetic field;
but in a rising-sun magnetron in the vicinity of AB = 12,000 gauss cm,
there is a pronounced efficiency dip as shown in Fig. 39.
Both the depth
and breadth of this dip increase \vith increasing amounts of zero component. This effect is very important for magnetrons designed to operate
below this dip (which at present includes all magnetrons for wavelengths less than 1.5 cm) because the amount of zero component deterThe
mines the maximum efficiency obtainable for these magnetrons.
only magnetrons that have been
successfully operated well above
the dip have had only a small
amount of zero component present
(although enough to produce a
pronounced dip).
The zero component seemed to have very little
effect on the high-field operation of
these magnetrons, the electronic
eficiency being fully as high as
\vould be expected by comparison
0.4
1.2
1.6
2.0 x 104
0.8
with strapped tubes.
ABGauss
-cm
FIG. 3.9.—Approximate
observed variaThis effect of the zero comtion of electronic
efficiency q, with XB.
ponent has been explained in only
a pure ~-rnode field (R(ra) = O);
the most qualitative
manner.
—
a mmode fi$ld contaminated with the
zero component (R(ra)
= .1).
Ordinarily, the zero component
interacts with the electrons at random, so that there is no net exchange of
The electrons in a
energy between this component and the electrons.
magnetron move in quasi-cycloidal orbits; at M? = 12,000 gauss cm, the
transit time for each cycloidal arch is equal to the period of field oscillation,
and it appears that under these conditions the effect of the zero component
is cumulative rather than random.
The loss of efficiency could be accounted for by either the transfer of energy from the zero component to the
electrons or perhaps by the less efficient coupling with the mcomponent
because of the distortion of the orbits.
There is another way in which the zero mode can interfere with the
electron coupling.
It was shown in the previous section, that proceeding
from anode to cathode, the N/2- or mcomponent of Ed falls off much
more rapidly than the zero component.
Thus it is possible for the zero
component to exceed the N/2-component
near the cathode even though

I

o~

1Electronicefficiencyis the power deliveredinto the electromagneticfield divided
by the d-c power deliveredto the magnetron. It differsfrom the over-all efficiency
in that it neglectslossesdue to the r-f currentsin the magnetronresonantsystem.
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the N/2-component is much larger at the anode.
This means that at any
instant the field near the cathode is unidirectional.
Such a phenomenon
can interfere seriously with proper bunching of the electrons, and a loss
of efficiency or a failure to operate in the r-mode may result. This
effect may be most pronounced at high fields, because then the electrons
are initially confined to regions near the cathode.
It should be mentioned that in spite of these difficulties, the amount of
zero component is not a very critical parameter for operation below the
efficiency dip, because the maximum efficiency obtainable falls off rather
slowly as the zero to r-component ratio ~ increases. No studies have
been made of the effect of large amounts of the zero component for
operation above the efficiency dip.
Mode Competition.—The r-mode operation of rising-sun magnetrons
is subject to interference from certain of the other modes.
The experimental results indicate that the interfering mode is always either a
member

of

the long-wavelength

group

or the

()
N

~ — 1 -model

and,

further, that it is possible to correlate the observed mode competition
The results of this correlation can be
with the distribution of modes.
summarized as follows.
Interference

from

the

()

N
~ – 1 -mode

occllrs

whrm wavelength

(-- )
N

1 -mode is too small.
2–
Just what constitutes ‘( too small” cannot bc stated precisely because
many factors besides the wavelength separation enter into mode competition. It has always been possible, ho\vever, to eliminate interference
N
1 -mode by a propm increase in A./k .v
from the
(z-’)”
‘s
a
()Zi–

separation between the r-mode

general rule kT/A ~
(T-L)

and the

– 105 may be considered a safe value.
-

Interference from members of the long-wavelength group occurs when
the ratio of their wavelengths to A. becomes too large; the maxim{lm
.4gain it is not, possible to give
allowable ratio decreases as N incrrases.
precise values, but the requirement that ~~ < ‘~/(~
- ~)isanexample
m
of one rule that has proved useful. A more complete discussion and a
physical interpretation of these results appear in (’nap. 11.
It is apparent, then, that there arc three m:~jor factors \vhich govern the
Tlmse arc (I) ~ the ratio of the
~-mode operation of a rising-s{m system.
LInterferenceis also olm?rvmlfrom ‘i nonmagnetron” mmlrs, wlch .ZSen(l-space
rt+onan
cm.
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in the r-mode field, (2) the ratio k./A

~
(2-’)’
(3) the ratio of the upper-multiplet wavelengths to the mmode n-aveIength. The system should be designed with ~ as small as possible,

‘ith%-’) ‘Ufficient’y’arge’

and with the ratio of the upper
/
225
multiplet wavelengths to the m/
mode wavelength not too large.
\2
The next section \vill discuss the
2.00
/
effect of the various parameters
Y
of the resonant system on these
three factors.
1.75
{
3.4. The Effects of Various
4
Parameters on the Mode Spec1.50
trum and the Interaction Field of a
/
Rising-sun
Magnetron.-Almost
+.
all of the experimental and de/
1.25>
velopmental work on the rising-sun
system has been done with the
v
Irg (~-+’)
I
I
vane-type anode block illustrated
1.0)
in Fig. 3.la.
In these
anode
8
blocks, the side resonators consist
of annular sectors whose sides are
0.75
7
formed by radial rectangular
6
5
vanes.
The set of design param0.50
eters that has become associated
with this design is (1) the ratio of
1.00
1.25
2.00
1.50
1,75
the large-resonator depth to the
A (a)
small-resonator depth (dz/dl = T1),
d
FIG. 3.10.—The effect of the ratio of
(2) the ratio of the anode diamresonatordepthson the mode spectrum and
eter to the mmode wavelength
the interaction field of a rising-sun magnetron.
The dimensions are ident,cal with
(d~/L),
(3) the ratio of cathode
those given in Table 21.
(a) Mode spec.
diameter
to anode
diameter
trum as a function dz/d.
Both d, and d~ are
varied to maintain Xr constant.
d is the
(de/da = u), (4) the number of
resonator depth for d, = d,.
(b) Values of
resonators (N), (5) the ratio of
l/rI
required
to maintain
kr vonstant,
plotted as a function of dz/d.
(c) ~(r.) the
vane thickness to gap width

E

[:=,2=(;-

1)].

rat]o of the zero component to the N/2-tom.
ponent of E+ at p = ra, plotted as a function
of d,/d.
(For part. (b) and (c) see page 102.)

Although some of these parameters apply to other types of anode blocks,
the following discussion will refer exclusively to vane-type designs. The
effects of these or corresponding parameters with respect to other type
anodes can be deduced from a discussion to follow on the effect of variation of the side-resonator shape.
d~~
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The Ratio of Resonator
Depths. —Figures
3.3 and 3.6 were used to
illustrate the effect of r, on the mode spectrum and on the interaction field
of the r-mode, but the process is actually more complicated.
Although
all dimensions of the anode block other than resonator dimensions \vere
held fixed, the r-mode \vavelength changed, so that relati\’e to ~. these
changed).
In order to examine
dimensions were not fixed (e.g., dJL
the effect of TI alone, it is therefore necessary to change the large- and
small-resonator depths simultaneously, in such a manner that the r-mode
wavelength is maintained constant, \\-bileall other anode block dimensions
are kept fixed. (This is the sort of change in rl that would probably

06 I

05 0.4/

&
l’.%0.3
0.2

/
/

0.1-

1.50

1.75

2,0

d,

7(,}

FIG.310.-Uor

descriptive

legend see page 101.

be made in practice.)
The effect of such a change in r, is shown in
Fig. 3.10a where the mode spectrum is plotted as a function of d,/d,
d being the resonator depth when d, = d,.
Figure 3. 10b shows the
The
value of l/rl required to keep kmconstant as a function of dJd.
other dimensions of the anode block, all of which are held fixed, are given
in Table 2.1. ‘l’he effect of rl upon the interaction field of the r-mode
is shown in Fig. 3. 10c, ~vhere ~ (ra), the ratio of zero to N/2-component
of Eb at p = ra, is plotted as a function of dJd.
It is evident from Fig. 3 10a that a certain minimum value of rl
must be passed before the r- and 8-mode begin to separate and further
that the amount of separation \\-hichcan be obtained bet~~een these two
modes is not unlimited,
The bend in the curves of the short-wavelength
modes \vhich occurs as TI becomes large is due to the fact that these modes
have ceased to be associated ~vith the small resonators and have come to
correspond to the second group of resonances associated with the large
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PA RAMETEItS

2.00
1

1.75
2
3

1.5C

1,25

?

\

1,0(

0.7[

0.5(
1

I

I

1.5

2.0

2.5

FIQ. 31 I,—The effect of the ratio of resonator depths on the mode spectrum and the
Dimensions are the same as those for Fig. 3,10
interaction field of a rising-sun magnetron.
(a) Mode spectrum as a function
except that d~/A= has been reduced from 0.325 to 0.217.
d,/d.
Both d, and d, are variedto maintainM constant. d ifithe resOnatOr
depth fOr
d, = d,. (Q Values of I/r, required to maintain A. constant, plotted as a function of
dJd.
(c) R(r~), the ratio of the zero component to the N/2-cOmpOnent of .% at P = T.,
plotted as a function of d,/d.
(For parts (b) and (c) see page 104.)
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resonatora. The fact that the 8-mode does not reverse is fortuitous; it is
due to the particular values chosen for the other anode block dimensions.
An increase in r] not only increases the separation between the mmode
N
– 1 -mode but also increases the separation bet\veen the
()3
r-mode and the long-wavelength group and increases the quantity ~ (T.).
The latter two effects are undesirable, so it is best to have rl just large
and the

enough
mode,

I

N
–l() T
Just what value of r] should be used depends upon the values
to give sufficient separation of the m-mode and the

l\ll

I

0.2~

‘2ESEKI
01H’4-t
1.0

1.5

2,0

2,5

30

dz

T

,0

1.5
$
(c)

lb)

Fm. 3.1 l.—For

o~
1.0

descriptive

legend see page 103.

of the other parameters, namely, d~/k~, U, N, and rz. The specific
numerical values for some designs that have been found satisfactory are
listed in Chap. 11.
The Ratio oj Anode-block
Diameter to ~-mode Wavelength.-The
effect
of the parameter da/A~ can best be studied by comparing the curves of
Fig. 3.10a, b, and c with a similar set of curves in Fig. 3.1 la, b, and c
computed for a different value of d./Xm. The dimensions for this latter
has
set are also those given in Table 2.1 with the exception that d&
Comparing the t\vo spectra for the
been reduced from 0.325 to 0.217.
same value of r,, while restricting ~1 to small values, one finds that the
separation between the m and 8-modes is smaller and that R(ra) is larger
for the block of larger da/km. Figure 3.12a shows a direct comparison of
~(r~) plotted as a function of ~m/kEfor the two values of d@~,
and
Fig. 3. 12b shows A@. as a function of Ar/xS for the two cases. The
is similar; that is, for equal values
effect of a further increase in d@.
~(ra) increases while xi/h~ does not change significantly.
‘f ‘“’A(:-’)’
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Inasmuch as the effects of increasing d~/X. are undesirable, it is best
to have da/Ar as small as is consistent with other design considerations.
On the other hand, satisfactory operation is possible over a wide range
of values of ~(ra), so that a correspondingly wide range of values is available for do/&.
The Ratio oj Cathode Diameter
to Anode
Diameter.-The
general
effect of a on the spectrum is given in Table 3.3 which lists the computed
wavelengths of the modes of an 18-resonator system with the cathode

1.8

-0
&
IQ

0.3

1.6
*b
AA
I

0.2

1.4

0.1

1.2

0

1

1

1.1

1.2

1.3

~
A*
(b)

Fro. 3,12.—Thc cFfcct of d./A~ on the intm:nction field and the n)ocfc spectrum of the
rising-sun ssstc!ns of l:igs. 310 o!I<I:1 I I. (a) !<(r. ), the r:ltio of the zero conli>oncnt to the
Ni2-r0,n[>One,, t of h’h
. at D = r. Ijlottcd :ts x fur!ctio{i of A~/As for two values of d. 1A.. (b)
The quantity A,IAT is plotted us a fu!ic.ti~lL A,/Ah for two VLJIUCS
of d./A,,

It is seen that in this particular
present
and \vith the cathode removed.
case an increase in u reduces the ~-mode \\tivelength but increases the
\vavelengths of all of the other modes.
The direction of the \vavelength shift is determined by the sign of

/

,:” [Po~~:(~c!0) – d’;(~c,

‘$)l&$,

(16)

an increase in u decreasing or increasing t,tle \vavclength as the integral
is positive or negative.
For the \’:dilcs of T, and a used in practice, an
increase in u increases the \vavelengt,hs of zll modes in the upper rnultiplet
and decreases the r-mode \vavelength, \vhilethe wavelengths of the lo\vermultiplet modes arc rtiised or lowered as the cathode circumference is
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N
2 – n A.. The rule for the lo\vcr multiplet is
()
approximate and holds only when the contribution of the higher-order
field components to the integral (16) is negligible as compared \vith the
N
The reversal in the direction of the
– n
field components.’
() 2
wavelength shift actually occurs at a somewhat larger value of the cathode
N
— n An.
circumference than
() 2
less or greater than

TABLE 33.-THE

n

OF ,rH!; ~A1’HOl)~; ON THE tiI>E,,l’ItUM

]’;FFKtT OF T’HI; I%ESENCE

h,

A:,

i

A.

(cathode prc.cnt)

(cathode

I
IJinlellsions

rcIIIovrd)

1

1.944

1.603

2
3
4

1.456
1.381
1.360

1.420
1.375

9

1,000

1.030

8

0.920

0.853

7

0.800

0,786

6

0.766
0.754

0.761

d.
-=0.307
AT

d,
= 1.780
d,

1.357

I

5

d*
=0.226
i=
0 = 0.068 radian
d,

d.

= 0,59 for A,,

d.
= 0 for A:
d.

0.752

As indicated in Table 33, the effect of the cathode becomes increasingly less for the lower-\vavelength modes of both the long- and shortwavelength groups.
In fact, for most purposes the effect of u can be
neglected for all modes except the l-mode,

the

()
N

-2 — 1 -mode, and the

Although the separation between the’ r-mode and the longr-mode.
wavelength modes increases somewhat when u increases, the most significant effect upon the spectrum is the loss of separation between the r-mode
and

.

()

N
–- – 1 -mode.
\2
,

The zero-component contamination of the r-mode, ~ (r.), decreases
with increasing u. For the magnetron in Table 33, ~(ra) decreases from
0.161 to 0.106 when the cathode is introduced.
There is an even greater
decrease in ~(p) as p approaches r, because the discrepancy in rate of
1 ‘l%is is always the case except when r, or u is near]y equal to 1.
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decrease between the zero and N/2-components
is less effective for a
larger cathode.
When the loss in mode separation is small, this effect
may compensate for the loss in mode separation as far as mode competition is concerned.
Actually the above considerations have very little effect upon the
choice of u. The size of the cathode has a very strong effect on the
relative strength of the vario(ls field components near the cathode
because the higher n-modes and higher ~ Fourier-components
fall off
much more rapidly, mo~’ing in from the anode, than those of lower n
or ~. The character of fields near the cathode is very important in
determining the amount of energy lost in the initial bunching process
and in determining the mode in ~vhich the magnetron will start. In
general, a reduction in cathode size increases the efficiency but also
may lead to mode-competition
difficulties (see Chap. 8). Ordinarily
the smallest cathode diameter that gives stable m-mode operation is used.
It has been found experimentally that the best vallle for u depends
almost entirely upon Nand\,ery little upon other parameters (Chap. 11).
Evidently the effects of varying u are largely dependent upon magnetron
electronics.
The Number
oj Resonators.-1f
N is increased with fixed d,, d,,
d., r,, and u, the wavelengths of all of the original modes are virtually
unchanged, but additional modes are added to the lo\\er-wavelength
Thus an increase in N in itself has
end of both groups of resonances.
no particular effect upon the significant characteristics of the resonant
system.
Difficulties with large N systems are due mainly to the fact
that the maximum allo\vable ratio of the wavelengths of the upper
multiplet modes to L decreases as N increases (see Chap. 11).
The Ratio oj Anode-segment
Width to Gap Width, rt.—An increase
in ra, with dli dz, dti, and a fixed, increases the wavelengths of all of the
modes,
The comparative rates of increase for the various modes are
such that the members of the upper-wavelength
group move closer
together, as do the members of the lower-wavelength
group, while
N
the r-mode moves away from the ~ – 1 -mode and toward the upper()
wavelength group.
Furthermore, ~ (ra) i~creases.
A pertinent factor in magnetron design is the modification of the
spectrum as 7-2is changed, with dl and dz adjusted to keep the r-mode
and

()
N

– – 1 -mode fixed. In this case, the upper-wavelength group
2
descends wh;le ~ (ra) increases. Thus an increase of T* might avoid
difficulty with the long-wavelength modes, but the increase in ~(r~) would
cause some loss in efficiency.
No attempt has ever been made to avoid
long-wavelength mode competition difficulties in this way, because the
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range over which rz can be varied is limited by mechanical considerations
(see Chap. 11). Furthermore, it has al\vays been possible to solve the
problem of long-wavelength mode competition by closing the ends, as
explained in Sec. 3.5.
Variation
of Resonator
N~ape.-While
the vane-type resonator is
most commonly used, other types having different shapes may have
One example is the hole-and-vane
mechanical or electrical advantages.
combination illustrated in Fig. 3. lb. Inasmuch as all of the anode-block
parameters have been discussed for vane-type resonators, it is convenient
to consider other resonator shapes as modifications of the vane-type
and to define the “vane equivalent” of a resonator and an “equivalent
ratio” of resonator depth.
The vane equivalent of a resonator is defined
as an annular sector resonator composed of vanes whose thickness is
equal to the width of the anode segments and whose depth is such that
its admittance at the r-mode wavelength is equal to that of the resonator
in question.
The admittance of a resonator and that of its vane equivalent will, in general, be different for wavelengths other than the r-mode
wavelength.
The equivalent ratio r- is defined simply as the ratio of
the depths of the vane equivalents corresponding to the large and small
resonators; it thus replaces the parameter rl defined for vane-type
Two rising-sun systems that are identical except for resoresonators.
nator shape and have the same r-mode ~vavelength and the same value
for r.. will have identical m-mode interaction fields; that is, ~ is the same
for both.
Inasmuch as the admittances of corresponding resonators are the same
at the mmode wavelengths, they will be nearly the same for wavelengths
near that of the i-mode.
Thus the modes ~vith wavelengths near that
of the r-mode will have nearly the same wavelength in the two anode
blocks,

and ordinarily

the m- and

()
N

~ – 1 -mode separations

will be

nearly the same. On the other hand, at wavelengths far from that of
the r-mode, the admittance of corresponding resonators may be quite
different, and the position of the long-wavelength group and the lo\verwavelength members of the short-wavelength group may be considerably
different for the two structures.
Aside from mechanical advantages, there are often electrical advantages to be gained by a wise choice of resonator shape. Two advantages
relate to the circuit properties of anode blocks, the unloaded Q and the
equivalent capacity, discussed in Sec. 3.6. A third advantage lies in
the possibility of depressing the wavelengths of the long-wavelength
group. As an example of the latter, consider the anode-block section
in Fig. 3.13 which has the dimensions given in Table 2.1 except for the
resonators and which has an r.q equal to 2.71. Table 3.4 lists the result-
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ant \vavelengths of the spectrum in comparison with those of an equivalent vane-type anode block which
has an r, of 2.71. It is evident
that the long wavelengths have
been considerably depressed at a
small cost in separation between
the m and 8-modes.
Although a
similar spectrum could be achieved
\rith vane-type resonators having
a larger value of T2, the zero contamination of the r-mode \vould be
\~orse. In general, 1a r g e mode
separation is obtained by using
resonators w h os e admittances
change slo\vly with frequency, and
small mode separation by using
resonators
w hose
admittances
change rapidly with frequency.
In the particular case given in
‘1’able 3.4, the spread of the lower}ravelength resonances and the
FIG.3,13.—Rising-sunsystemwith modified
contraction of the higher-waveresonatorshapes.
length resonances is due to the fact
that the t\vo groups of resonators were designed on this basis.
TABLE3,4.—THESPFXTBUM
OFTHESYSTEM
n’ F’IG.313 COMPARED
WITHTHATOF
ITS I;QVWALENT
VAXE-TYPE
SYSTEM
A, are the resonancesof the vane-type system; ~~Ofthe mOchfiedsystem

z

A:
T*

1
2
3
4

2.183
1,697
1.621
1.602

1.604
1,279
1.241
1.231

9

1.000

I.000

8
7
6
5

0.828
0.616
0.570
0.555

0.864
0.607
0.544
0,525

n

A.

In the development of magnetrons considerable attention was given
to the possibility of modifying the symmetry of a resonant system in a
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manner that would leave the mmode practically unchanged but would
The use of strap breaks
have a marked effect on some of the other modes.
in the strapped system (see Sees. 4.1 and 4.7) is the major example of
such a modification.
A somewhat analogous scheme for the rising-sun
system would consist of replacing certain of the resonators (large or
small) by resonators of a different shape but of the same vane equivalent
Inasmuch as the admittances
as the other corresponding resonators.
of all of the large resonators (and those of all of the small resonators)
appear to be alike at the mmode wavelength, neither the resonant \vaveIength nor the interaction field of the r-mode is affected.
On the other
hand, for the non-r-modes, and particularly for those ~vith resonant
wavelengths far from that of the mmode, the various resonators no
longer appear to be alike. Consequentlyj for these modes the ~~avelengths will be shifted, the doublets split (i.e., the degenerate modes split
into two nondegenerate modes), the loading through the output modified,
and the interaction field distorted.
One might expect, then, that by a
proper modification of resonators, interference from unwanted modes
could be avoided.
Neither this scheme nor the one described in the
preceding paragraph has yet been tested on rising-sun magnetrons.
3,5. Closed-end Rising-sun Systems.—In the preceding sections it
has been stated that one serious limitation of the rising-sun system is
the competition which arises between the r-mode and the long-wavelength
modes in systems of large N and large rl. The difficulty is due to
excessive separation bet\veen the mmode and the long-wavelength
modes, and so a means of reducing this separation is required.
The
closing of the ends of the resonators has been showm to be effective in
this respect (see Fig. 11.9b).
It is a simple matter to compute the spectrum and interaction fields
for a rising-sun system with totally closed ends. Similar to the treatment of the unstrapped system (Sec. 2.8), the anode block and cathode
can be regarded as a section of ~vaveguide. Then the resonant wavelengths computed for the open-ended system become the cutoff wavelengths of the corresponding TE-modes of this \vaveguide. The guide
wavelengths for the various modes can be computed from these cutoff
wavelengths, and the resonant wavelengths of the first group of modes
can be found from the condition that k~n = 2h, where h is the anode
height. Explicitly, the resonant \vavelengths are given by

(17)

where A.. is the wavelength of the rzth mode in the open-ended system.
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Figure 3“14 shows the spectrum as a function of d,/d with rl varied to
keep the r-mode wavelength fixed. In this example the values for
cZa/k~,u, r,, and N are the same as those in Table 2“1. The behaviors
of l/rl and R (r.) as functions of dZ/d are the same as those shown in
Fig. 311b and c.
In Fig. 315a and b the most significant features of this closed-end
system are compared with those for an open-end system having the same
value of da/hr. It can be seen
that for the same values of L/As,
~(r-a) is somewhat smaller for the
1,3
—
—1
closed-ends ystem, while the ratios
of the upper multiplet wavelengths
12to k= (A4/k. is typical) are considerably smaller for the closedThis latter effect is,
end system.
1.1
of course, due to the fact that all
of the closed-end wavelengths must
be less than 2h. Thus, by making
1
~
2h/hr small enough (note that
k.
2h/x7 is always greater than 1) it
0.9
should al\vays be possible to have
the upper group near enough to the
r-mode to permit r-mode operaw\
0.8
rh
tion.
There are, however, objections to making systems for which
0,72h/Xm is very close to 1 because as
2h/hm approaches

1, the separa-

tion between the T- and

()

~ – 1 -

5
0.61&+_&_.9

mode falls off to zero.1 FurtherI:lG. 3.14.—Thc sI,cctrUfn Of a CIOSCd-CUd
more, for values of 2h/& near 1 it
] ihing-sun mag!lct! on as a function of dz[d,
with r, varied w that AT is kept cw])stant.
is necessary that h.,j~. be very
d is the resonator depth ford, = d,. Dirr,cnlarge, which means that the physibions: d/k. = 0.249; hl~~ = 0.6S0; the rest
from Table 2.1.
cal dimensions of the system must
be large.
Tie electromagnetic fields for the closed-end system are similar to
those of the open-end system except for the axial variation.
That is,
E and H, are unchanged as functions of p and ~, but both are multiplied
by sin irz/h (z = O and z = h correspond to the two ends of the system).
H, and He are no longer zero but are given by
1There is an optimum height that gives the maximum separationbetwsen th~
.V
– 1 -modes for specific values of dJk*, a, ,V, TZ,and ~(ra).
()5

r- and
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The computed frequencies for a closed-end magnetron usually agree
within 1 per cent with the observed frequencies.
Of course, no operating
magnetron has its ends totally closed because the cathode mllst bc
insulated from the anode.
Thus in practice “totally closed” means
that the resonators are totally covered b~lt that the interaction space
remains uncovered.
Under these conditions,
the ~~~vclcngths - arc
0,20
16~

I

I

I

1
0.15

/

0.10

0.05

10

0
1

/

/
/

1.05

1.10

L15

1.20

(/,)

(a)

I:IG. 3.15.—(a) A comparison of tllc scl]:lrntloll t>ctwccn, lILCl]l]l,c,-w:lvrlrrl~tll gIIJuj,x
a!lrl the ~-n)ode for rloscd-cnd :L!ld oI>eII-cIId rl~ing+ul, sy.tcl!i.
l! ’:, vclcI\KtlLk, I> t> l,ir:il
(b) .~ v,,,,,,,:,~ia<,,,
,,i tl,c z(,r,>-,c,r,]l,[,l,eflt
of the hchavior of the uprwr-wavelcugth grou[).
coutarl!inatlon of the r-mode intcractiun field fur clmcd-cnd and uI,e!t-c I)d FI>NIIK-SUI,
systems.

al\rays higher than they would be if the ends \rcrc entirely closed.
For the ~-mode the incrctise is about 1 pcr cent. ~~hcn d,.j~, is small,
the effect on all modes except the l-mock is from 1 to 2 pcr cent. The
l-mode may be increased 20 per cent or more, but ordimtrily this is of
no particular significance for magnetron operation.
}Vhcn daj~. is
.\’
-2 – 1 -mode is also rather strongly affected (increases
()
as great as 5 per cent have been observed), and consequently the separalarge, the

tion between the T- and the
()

N
~ – 1 -mode may become considerably

less than the computed value.
In many cases, it is unnecessary to Io\ver the long-\vavclength group
as much as results from fully closing the ends; the long-\ravclcngth modes
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can be lowered toa lesser extent by closing only the outer portion of the
resonators.
Such systems are called partially closed-end systems.
Semiempirical methods for computing resonances, based on computed
frequencies, have been ~vorked out for nearly closed blocks (see Chap.
11). Detailed information on the wavelength of non-r-modes is not
For systems that are less than half closed, an estimate of
available.
the v!avelength can be made to within 5 or 10 per cent by treating
the resonators as compound resonators.
That is, the admittance of the
closed portion is computed and then considered as the terminating
When the block is
admittance for the open portion (see Sec. 2.5).
nearly open, this method should be more accurate than indicated
above,
3.6. The Unloaded Q and @L.—In
addition to the resonant frequency, there are two other circuit parameters that are of importance in
magnetron design; these are the unloaded Q(QU) and the characteristic
admittance ~C/L.
Heretofore it has been assumed that the magnetron resonant system
is lossless. Actually, however, some power is delivered to a load, and
some energy is converted into heat by currents flo}ving in the metal
walls. The unloaded Q is essentially a measure of the power dissipated
in the metal and is defined by
●

total stored energy
Q,, = 2r —
energy per cycle dissipated-in metal”
In a similar way one can define an external Q which takes into account
only the energy delivered to the output and the total or loaded Q which
takes into account both kinds of energy loss. These last t\vo quantities
will be discussed in connection ~vith the output circuit in Chap. 5. The
total stored energy is given by PO/2 /v IHI 2 do, where 1111is the amplitude
of the magnetic field.
1/2.6

~~ IHI 2 ds

The average-rate of power dissipation is given by

[where 6 = (m~p.)-~~is the skin depth, f is the frequency,

~ is th_epermeability of the \ralls, and x is the conductivity
There then follo\vs the well-kno\vn formula

of the walls],

(19)

Inasmuch as 11 is kno\vn throughout the magnetron cavity, Qu can
be calculated directly.
In pm-forming the calculation it is helpful to
consider the resonators and interaction space separately and to compute
equivalent inductances and resistfinccs for the various elements.
Consider the circuit in Fig. 3.16 with an alternating voltage of frequency
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j = CJ/27rand amplitude

V across the terminals.
The maximum energy
stored in the magnetic field is ~Li~ or ~L(V2/cozL2), where iL is the maxiThus, one can write
mum current through the inductance.

where l?~ is the maximum energy stored in the magnetic field. Also, the
power F’ dissipated in the resistanm
so th~t onc can Jvrite
is +V2/R,
~ = JrZ/2P. These relxtions for L
and R can be used to define an equivalent inductance and an eqllivalent
resistance for the elements of the
resonant systcm.
The equivalent inductance of a
I
resonator is defined s i m p 1y as
rircuit
FIQ. 3.16. —Parallel-resormnt
L = V2/2W2.E*, where 17 is the amfor the computation of equivalent induct.
antes and re~istanr es.
plitude of the voltage across the
resonator opening.
The energy st&-ed in the magnetic-’ field can be
computed

from

Em = po/2 fv lH12dv.

Using this formula, the induct-

ance for various resonator shapes can be computed. 1 For the rectangular
slot (Fig. 2.9)

L“(’’’7’s%3’0

(notation as in Sec. 2.5).

(20)

For the annular sector (Fig. 2,1 1)
~ = 2+F0
4
hk’ { 7r2k2a2[Jl(ka)Nl( kb) – .Jl(kb)Nl(ka)]’
JO(A-a)iV1(kb) – NO(ka)J,(kb)

—

[

~a)Nl(kb)

–

R,(ka)J,(kb)

H
z _

~ “.

~21)

The previous formulas are for open-end resonators,
For closed-end
resonators the voltage varies axially so that it is necessary to specify
the position at which the voltage is measured.
Taking V as the maximum voltage amplitude, that is, the voltage amplitude at a median
plane, yields for the rectangular slot
1The inductancedefined as above means no more than is stated in the definition.
Because of the distribution of parametersin the usual resonators, the equivalent
inductancevarieswith frequency. However,for resonatorssuchas the hole-and-slot,
in which the inductanceand capacitanceare more or less lumped, the variationof the
inductancewith frequency is small.
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4C/L

41d sinz k.1

L=—
‘(’’’2[’

Po,

(22)

‘~k?(--~

where
,=2~
c

~. = open-end \vavclcngth,

A,

~=2~

A = closed-end wavelength,

A
and for the annular sector,

The equivalent resistance for the resonators is defined in an analogous
The rate of po\ver dissipation can be readily
manner as R = V2/2P.
computed by use of the skin-depth theorem.
The average po\ver
dissipated

is given

by P = l/213K j~ 1~1’d~.

Thus, the resistance is

given by
(24)

from which R can be computed
the rectangular slot,
R=;

for the various resonator shapes.

for open ends, and

~

For

(25)

~hd+~i~~k%
R=2~

J‘
~7;

d’ sin’ k,l
hll+
[

r2(2d

— h) + sin 2kJ

‘3k2

2k.1

(

~ _ rz(h + 2d)
h3,2

+ $ “d
)10
for closed ends. (26)

The inductance and resistance of the interaction space will be defined
for the mmode only. For the non-r-modes very little magnetic energy
is stored in the interaction space and only a small fraction of the losses
occur on the cathode or anode surfaces. Furthermore, accurate informaof the non-mmodes is usually
tion concerning either the Q or the <C/L
not desired, so the interaction space can be ignored in computing these
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quantities.
In the case of the mmode, only the zero component of the
field makes a significant contribution to the magnetic energy.
The
In this case the
inductance is defined as before by L = V2/2u2E~.
voltage V is taken as the line integral of E+ around the anode circumference or 27rE0(r.J where EO(T,J is the zero component of E$(ra,o).
Then

L = 4ry>
hk2

J,(kr.)N,(kr.)

—

[[ J,(kra)N,(kr.)

–

No(kr.)J,(kr.)

–

Nl(kra)J,(kr.)

z +

‘---

~

1
4

—
~2kz~a[Jl(kra).Vl(kr,)

— Nl(krJJl(krC)~

1
“

(27)

I

(28)

for open-end systems, and

~ ~ .@.
hk,

JO(k.r.)N,

(k.r.)

J,(k.ra)N,(k.r.)
{[--—

2=2

–

N,(/i.rJJ,

–

N,(k.ra)J,(k.r.)

Jo(k,rJN,

(k.r,)

hzkzk.ra [ J,(k.rJNl(k.r.)

1

2+

~

N~(k,rJJl(k.i-.)
N,(k.rJJ,(k,r.)

1

4
r2k~ra2[Jl(k.r~).Vl(k.r.)

for closed-end systems.
for closed-end systems,
indicates that the field
present if the ends were

(

— N1(k.rJJl(k.r.)]

“

While the interaction space remains open even
the fact that the \vavelength is hardly affected
distribution is similar to that which would be
closed.

[J,(kr,JN,(kr.)

&a&

–
–

—

+

(k.r.)

1 –

~e
‘“)

–

N,(krJJ,(kr,)]’

[Jo(kra).V~(kr.)

(29)

– Jl(kr,)N,(kra)]’

for open-end systems.
The quantities K’ and p’ are the conductivity
and permeability of the cathode surface.
It is a simple matter to compute QU in terms of the mlllivalcnt inductance and resistance previously defined. The total stored energy is gi\en
by
(30)

where the subscripts rl, TZ,and c rclcr to the ttvo resonator types and the
‘~hc energy dissipated per cycle is given
interaction space respectively.
by
(31)
yielding
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(32)

where (1 — R)/(l + R) is the ratio V,,/V,,.
Computed values of Q. are usually considerably higher than measured values, prol-ably because the conditions at the metal are not as
assumed.
That is, with the very small skin depths associated with
microwave frequencies, small surface irregularities and surface contamination have a large effect on the losses. The formula remains very
useful, however, as a means of comparing the unloaded Q’s of different
anode-block designs and in particular as a means of comparing different
resonator shapes.
relates
The characteristic aclnittance of the resonant system -L
the power output of the magnetron to the r-f voltage between anode
segments.
Its importance will become apparent in Chap. 7. Referring
to Fig. 3.16 20(stored energy)/V2 at the resonant frequency of the circuit
By analogy one defines ~C/L
for the magnetron
is given by ~C/L.
cavity as 2u(stored energy)/ V’. As is always the case in defining
admittances and allied quantities for resonant cavities, it is necessary
to specify the path over which the voltage is to be measured.
For
the r-mode of the rising-sun system this voltage is taken to be the average
of the voltage amplitudes at the large and small resonator openings; that
is, (1V(’J] + IV{”) 1)/2. At resonance the total stored energy is equal to
the maximum energy stored in the magnetic fields so that <C/L
can
be found in terms of the previously defined inductance.
The stored
energy E is given by

In the design of a resonant system it is ordinarily desirable to have
large and the shapes of the resonators are the main
both Q. and ~C/L
factors in determining these quantities.
Ordinarily resonator shapes
leading to large Q. lead to small values of ~
and conversely, so
that there is some conflict between these parameter.
Resonators with a
large volume-to-surface
ratio usually (but not always) lead to higher
values of Q.. Narrow or” high capacitance” resonators usually favor high
is directly proportional to
WL.
It should be observed that -L
the block height h while Q. is independent of the height, so there is at
without sacrificing Q..
least one means of increasing ~C/L

CHAPTER
THE STRAPPED

4
SYSTEM

BY L. R. WALKEK
4.1. Introduction.-The
first multisegment lo-cm magnetrons developed by the British were of the “symmetric
unstrapped”
type,
described in Chap. 2. These early tubes operated at efficiencies of
from~O to 35 per cent, but their output power was severely limited by a
change in the mode of oscillation as the current was increased.
Assuming
correctly that the r-mode would be the most efficient mode, Randall
and Sayers at Birmingham used in 1941 what they referred to as
“mode-locking straps. ” These were a series of wire bridges which were
attached to the high-voltage ends of the resonators in such a manner that
they connected pairs of alternate segments and passed directly over the
intervening segments.
Because the paired segments would be at the
same potential in the ~-mode but in no other mode, it was thought that
the u-mode would be but little disturbed, whereas other modes would be
damped because of heavy currents flowing in the straps. The device
was unexpectedly successful.
The mode change was deferred to currents
about three or four times as great as those observed before strapping, and
the operating efficiency was increased to about 50 per cent. The presence
of the latter effect indicated that strapping, while undoubtedly beneficial,
hardly operated in the manner that had been anticipated.
An understanding of the function of strapping waited upon extensive
measurements of mode spectra and r-f field patterns and upon a better
insight into the relation between the electronic generator and the resonator system.
As a result of these studies and of experience with
operating tubes that exploited the practical merits of strapping, the
strapped-resonator
system underwent
considerable
evolution
with
increasing emphasis upon the strap itself as a circuit element.
Figure
4.1 shows several stages in thk process,
refers to a circular (or, rarely,
In this chapter the term “strap”
polygonal) conductor connected to alternate segments of the magnetron.
Considerations of cir6uit requirements and of the method of fabrication
determine the exact form.
Frequently, the strap is made in the form
of a flat strip bent into a circle with a series of feet for connection; it
may, however, be a wire or a flat annulus.
The strap may be continuous all around or “broken” at one point above a segment to which
118

SEU.4.1]

INTRODUCTION

119

it is not brazed.
Generally, the strap is “recessed” or “shielded”
by
being set into an annular groove which is cut into the segments and is
concentric with the interaction space. There may be one ring at each
end of the tube (single ring) or two concentric rings at each end (double
ring). In the double-ring design, the corresponding inner or outer
straps at the two ends of the tube are staggered azimuthally by one segment, so that an irdvidual segment is connected to only one of them.
In the same manner, inner and outer rings at each end are staggered.

FIG.

4.1.—Fourstages in the developmentof strappedmagnetrons.

These relationships are indicated in the schematic drawing of Fig. 4“2.
The expression “strap section “ is used to refer to the part of the strap
The terms
system between the midplanes of neighboring segments.
and “light”
strapping are in use to
“weight of strapping, ” “heavy,”
indicate roughly the dominance of the strapping in the resonant system.
Thus, Fig. 4“1 shows a steady progress in time toward heavier strapping.
The two functions of the straps in a strapped-resonator system are
(1) to establish a wide separation in wavelength between the r-mode and
all other modes and (2) to affect the characteristic admittance of the
resonant system.
One of the most noticeable features of strapping,
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marked at its first introduc<lon, is that it increases the mode separation
of the system by considerably increasing the wavelength of the r-mode
while affecting the other modes to a lesser degree. Roughly, this effect
In the x-mode,
may be thought of as arising in the following manner.
the midplane of each segment is a voltage loop, and current flows into
the straps that are in parallel with the capacitance of the unstrapped
The strap capacitance thus adds to the unstrapped-resonator
resonator.
capacitance, increasing the wavelength of the system.
For the other
modes, the individual strap capacitances are not all in phase with one
another and do not contribute so much to the tube capacitance.

FIG. 4.2.—Double-ring

strapping.

It is not yet completely clear to what extent the mode stability and
high efficiency depend upon a large separation between the r-mode and
its nearest mode.
It is reasonable to suppose, however, that for good
mmode operation, undistorted r-f field patterns in the interaction space
If the fractional mode separation is approximately
are necessary.
equal to the reciprocal of the loaded Q of the desired mode, there will
be perceptible excitation of the next mode with consequent pattern
distortion.
This implies that a minimum mode separation of a few per
cent is essential.
The early unstrapped tubes (N = 8) had an (n = 4)to-(n = 3) separation of about 1 per cent, and both fields were severely
The light strapping initially
distorted under operating circumstances.
used increased the separation to about 7 per cent with a considerable
gain in efficiency.
The weight of strapping plainly provides a means for
varying the r-mode separation over a considerable range. When the
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tube is tunable, there appears the further complication of maintaining
the desired features of the mode spectrum over the whole tuning range.
Reference to Chap. 7 will indicate the great importance of the characteristic admittance Y. for the operating behavior of the tube; Y. is
defined as ~[u(~Y/13u)]r-o,
Y being the total admittance
of the
resonant system measured at a slot. Because the product of pulling
figure and external Q (see Chap. 5) is constant at any wavelength, the
practical limitations on the pulling figure mean that the loading cannot
exceed a detilte value. A relation exists, however, between the electronic conductance G. and the loaded Q. and Y., given by
Q.Ge = Y..
The electronic efficiency is a function of G., apparently increasing
monotonically with G. up to a rather flat maximum (see Chap. 10).
Thus, with limited loading, or Q. greater than some fixed value, the value
of G. can be brought up to the level required for high efficiency only by
making Yc large enough.
Because Y, is roughly equal to uOC, where C
is the capacitance of the resonant system, Y. increases as strap capaciThe weight of strapping provides a
tance is added (for the ~-mode).
flexible means, therefore, of adjusting the characteristic admittance to a
preassigned value.
The following sections will discuss the mode spectra of strapped
systems and their dependence upon various parameters, the effect of
loading on the spectrum and on the r-f pattern, the asymmetries and
mode shifts introduced by breaking the straps and the effect of tuning
the system upon several of these properties.
4.2. Analysis of Strapped Systems.—As shown in Chaps. 2 and 3, the
relative simplicity of the geometrical structure of unstrapped magnetrons
permits considerable progress in their analysis by field theory.
The
addition of a strapped system, however, makes an exact calculation of
Fortunately, in all practical cases,
the fields prohibitively difficult.
satisfactory working solutions can be obtained using equivalent circuits.
In Chap. 2, where suitably equivalent circuits were used for the
unstrapped system, it was shown that this artifice is possible when
the higher modes of an individual resonator are short in wavelength
compared with any wavelength of interest. The strap sections may be
similarly replaced by simple equivalent circuits, essentially because their
dimensions are short compared with a wavelength over the range of
interest. The length of a strap is always its greatest dimension, and the
condition that it be short compared with the wavelength h is that
2n-r.

~<1,
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The condition has
where r, is an effective radius of the strap system.l
been easily satisfied in all magnetrons built to date, and the strap system,
having no resonances itself, except at frequencies far higher than that of
the system as a whole, may then be represented by any convenient circuit
having the appropriate low-frequency behavior.
It is important to state clearly the purposes and the limitations of
the equivalent-circuit approach (see also Sec. 7“1). This method sets
up a model of the resonant system that simulates its behavior over an
appropriate frequency band and that correlates the information about t,he
system, permitting predictions to be
made about the effects of various
parameters.
It is not, however, a
/’
method for calculating the system conThus, the procedure
stants ab initio.
always consists in using some experimentally measured quantities either to
deduce others that might be measured
or to calculate the effect of changes in
the system.
The equivalent-circuit
model is changed from one case to
another and is kept as simple as is consistent with the inclusion of all the
FIG.4.3.—Location of the terminals
of the network used to represent the
factors considered relevant to a specific
unstrapped resonator.
case.
The equivalent circuits for the basic elements of the strapped system
may be considered here. The small mode separation of unstrapped
systems suggests that the coupling between oscillators is not strong.
In the analysis of strapped systems, then, the coupling through the
interaction space and through the end spaces will be ignored.
This is
justifiable for the modes of highest n, because it has been observed that
the height of the end spaces and the presence or absence of a cathode make
little difference to the wavelength of these modes in strapped tubes.
An unloaded strapped system may then be considered as consisting of a
ring of N similar resonators that are coupled at their ends by the strapped
system.
The unstrapped resonator will be represented by a 4-terminal
network with terminals A, B, and A’, 1?’ located as shown in Fig. 4.3.
Furthermore, this 4-terminal network may be supposed to consist of
a length h of waveguide having a cutoff wavelength A,O and characteristic impedance K, O/V’l – X2/k~0. The cross section of this guide is
I This inequality {slightlychangedby the substitutionof the anoderadiusT.for r,)
occursalsoin the theoryof the spacechargein Chap. 6, where it is given as a condition
for the neglect
efiects.

of the effect of r-f magnetic

fields on the electrods

and of relativistic
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The length h can be identified with the length of the anode;
and to a good degree of approximation, ho can be identified with the
The term K,, is related
mmode wavelength of the unstrapped system.
to the characteristic admittance of the unstrapped system in the r-mode
and may be calculated.
A strap section maybe similarly represented by
a 4-terminal network, consisting of a length s of parallel-plate guide of
impedance K,.
The length s is generally found to correspond to a strap
radius somewhere within the strap system.
No attempt is made to
distinguish between the inner and outer straps in double-strapped
tubes,
There is a measure of arbitrariness in the manner in which the connection of the strap and the resonant systems may be represented.
For

(b)

(a)

Fm. 4.4.—(a) A 4-terminalnetwork
strappedtube; (b) a 4-terminalnetwork
single-strapped
tube.

representation
representation

for a single section of a doubl+
of two neighboring sections of a

double-ring strapping each section of the whole system has a left- and
right-hand symmetry (horizontal); thus it seems reasonable to place
half the length of each strap on either side of the unstrapped resonator
as shown in the circuit of Fig. 4.4a. When there is only a single strap
If additional forms of
at each end, the circuit of Fig. 4.4b is suggested.
coupling have to be considered, they could be included by additional
4-terminal linkages at the ends of the unstrapped resonator (end-space
coupling) or at the midplane of the unstrapped resonator (interactionspace coupling).
In every case the circuit for the whole tube is found
by joining these networks.
In general, there will be 2P 4-terminal
coupling links with P networks on each side. Although the applications
given in this chapter will involve only cases where P = 1 or 2, the general
theory will be worked out for arbitrary P.
403. Rings of Networks.-Before
developing the somewhat abstract
analysis of the general case, a few facts may be recalled about the special
case of chains of identical 4-terminal networks, which might, for example,
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Supposing the networks to be symmetrical and lossless,
be filter sections.
the relations between the voltages VI and Vz and the corresponding
mesh currents II and It at the two ends of any given network are
11 = jY,,vl
+ jY12v,,
12 = –jY12vl – jY11v2j
or
v2=–;2vl–j!#l,

12=@

-y

Jv1-

By writing – Yl,/Ylt = cos o and – l/Yl, =
real or purely imaginary, one has in matrix notation

The impedance ZO is the iterative impedance of the section because if
VI = ZOII, then Vz = Z012.
The angle @ is known as the transfer angle;
tan ~, then V2 = jZOI, tan (IL+ O). W’ith respect
for if VI = jZJ,
to appropriate terminations, therefore, the network acts as a section of
transmission line of characteristic impedance Zo and electrical length ~.
The quantities ZO and @ are, of course, functions of the frequency.
If one now takes N identical sections in a chain and forms a ring by
joining the corresponding terminals, there must be similar voltages and
currents at the two ends of the ring. Thus,

where V,V+I and I.~+l are the voltage and current at the end of the Nth
section.
But this implies that
Det (MA’ – 1) = 0,
where I is the unit matrix.

However, because

cos N~ jZO sin N~
cos Nd ) ‘
[ 3% sin N@
jZO sin N@ = ~
(Cos Nf#l) – 1
‘
[ jYO sin NO (COSN+) – 1)

M >,s=
=et
or

l–cos

N+=O

and
N+ = 2s7r,
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where s = O, 1 . . 0 N/2

(assuming N is even) and

Thus, a ring of N 4-terminal networks will support a harmonic oscillation
only for those frequencies which make & equal to one of the values
2sH/N.
These are the frequencies of the normal modes of the system.
The modes will be widely spaced if @ changes rapidly with frequency.
As an example, suppose that each section consists of a shunt resonant
circuit of inductance L and capacitance C with a mutual coupling M

mxz
c

c

c

c

(a)

FIG. 4.5.—(cz)

Schematic

(b)

circuit of a chain of 4-terminal
of Fig. 4,5a.

networks;

(b)

equivalent

circuit

between each neighboring pair of inductances (see Fig. 4.5a and its
The matrix for this circuit is
equivalent circuit Fig. 4.5b).

[4

W+l

‘“(L-2M14
!
[- 1[
1

.

1

l–~

juM

Thus,

L

JWc

L–2M

cos#=l+

M

2M

L–M2~

ja(L

1

U2MC

–&c=T–

COS2 :

l+

2M)

1

JTM

L–M

–

1

—

1

U2MC

–L=–a&

()

and
1
;2

“(L-

2Mc0s2$

‘(&J”

Thence if ~, = 2s7/N, the resonant frequencies are
1
_=c
JJ●

~_2Mco#+.
(

2)

The mode spectra in this and other cases are easily examined by plotting
cos ~ as a function of u, or A, as in Fig. 46; the mode frequencies are then
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found by locating the intersections of this curve with the lines
cos @ = cos 2.m/N.
It will be noted that in this simple example the
network acts as a bandpass filter cutting off at o = l/~C
and
~ = l/~C(L
— ZM) and that the resonant frequencies lie within the
pass band.

As M increases, the separation of the modes and the width

of the pass band both increase.
In taking up the more general case, in which the number of 4-terminal
connections at each side of a unit network is unrestricted, methods similar
to those of the preceding paragraph will
-2.0
I
Y
I
be used. Certain restrictions due to
1,6
symmetry will be put on the individual
I ‘4 + . 3.Q
—L= 22
I
networks and, hence, on their impedance
1.2 +
\l
matrices.
The condition that the N
\ .
0.8
networks be joined in a ring is then ap\
\ \
plied, and this is found to yield a
* 0.4
determinantal equation for the possible
3
\ ‘2
0
A few additional theorems
frequencies.
\\
are
proved
concerning
the matrices of
-0.4
certain
other
stmctures,
consideration of
\
-0.8
which arises in cases where asymmetries
\
are introduced into the ring.
-1.2
O 0.2 0.4 0.6 0.8 1.0 1.2
As each coupling is a 4-terminal netho
work, the analysis can be made in terms
FIG. 4.6.—COS + as a function of
of the voltages and mesh currents at the
h/Ao for a chain of shunt-resonant
pairs of terminals corresponding to each
circuits with mutual coupling.
Values
of cos 0>
1correspond to +.imaginary.
link. The reciprocity theorem will hold
A, is 2. CVZZ.
for these voltages and currents. Let the
voltages
and currents at the pairs of terminals on the left be v =
(v,, i,,
o “ “ , VP) and i = (11~12, “ . “ , lP) and those on the right be
Up) and j = (Jl, J2, “ . 0 , J.), where V, i, u, and j
U=(U1,
U2, ”””,
are treated as vectors subject to matrix multiplication.

Let
i == Ylv + Y2u,
j = Y3V + Y4U,
where the Y terms are square admittance
theorem then gives
Y, = –Y,

(la)
(lb)
matrices.

The reciprocity
(2)

(the minus sign is a consequence of the use of cyclic currents in the
4-terminal links), and also that Y 1 and Y4 are symmetric matrices.
Thus,
i = Ylv + Y2U,
(3a)
j = –Yzv + Y4U.
(3b)
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Consider the case in which the sections
This implies that, simultaneously,

[:)

have horizontal

symmetry.

‘TM

and

‘T[!l
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[4

(4)

but by substituting from Eq. (3),
v’ —
H i—

–yTl

Y~’Y,
YIYy’Y4 + Y,
[

–YIY~’

and
–Y;lY,

u
[1[–j

Y, + Y4Y#Y1

=

~

)[)

(5)

j ‘

_yTl

v

Y,Y;l

–i 1 ;

)(

(6)

hence,
Y, = –Yl.

(7)

If there are N similar networks, the condition imposed by the ring connection is
(8)
where v and i refer to the terminals of any section.

This implies that

Det (1 – TN) = O
where I is the unit matrix.

Or, factoring the determinant, that
Det (LI

where A: = 1.

(9)

-T)=o,

(lo)

Rewriting Eq. (3), taking Eq. (7) into account, gives
i =

YIV +

Y2U

(ha)

– Y2U.

(llb)

and
j = –Ylv
Now, if Eq. (10) is true,

[:1

where

‘ Um

IIjm
Eq. (11)

‘w’

‘Tti:l

is a characteristic

vector for Eq.

(12)
(10).

Substituting

in

Lj. = Ylhum + Y2um,
j. = – Y2kum – Ylum,
or
(k;Y2 + 2&Y,

+ Y2)U. = o.

(13)

Thus
,A;
~

De t

(

+l

+ Yy’Y,

= o,
)

(14)
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provided Det Yz # O, where I is the unit matrix.
If L is written as
L = ei~-, whereNY~ = 2rm, Eq. (14) takes the final form
Det(–

YylYl–

1 cos$~)

=0.

(15)

Referring to Eq. (5) it is to be noted that –Y;’Y,
is, ih an obvious
The determinantal Eq.
notation, the v-u matrix of a unit section.
(15) now determines the possible resonances of the structure.
There
will be, in general, p roots or p-resonant frequencies for each value of m.
The integer m will be used to describe the mode.
It is related to the
familiar mode number n by the relation m = (N/2) – n. The notation
mp may be used to denote the p modes for each m value.
ml, m%,..”,
Since the frequencies depend upon cos $~ only, two values of $~ leading to the same value of cos t~ have the same frequency.
Thus if
$.=2T–$~or
m’= N – m, m’ and m lead to the same frequency.
There are evidently N values of m; two of these, namely, m = O and
m = N/2, lead to a nondegenerate frequency; the other (N — 2)-values
of m occur in pairs of the form (m, N — m) leading to degenerate frequencies.

There

are thus p

N
~ + 1

separate frequencies if the p
()
different frequencies for a fixed m are not degenerate.
It is possible to write the section matrix T in a form that will be found
useful later. Suppose that angles o,, @JZ,. . . , & are found such that
Cos +1, Cos #z, . . . , cos @p are the latent roots of Eq. (15), and let
the diagonalized form of – YIIY1 be denoted by Cl. Then matrices
D,, and D,, may be found such that

where S1 is also d~agonal and has the diagonal elements sin 01, siti 42,
. . . . sin @P. Between D,l and D,* the relation
S, D,,Y, + D,, = O
holds.

(17)

It is easy to see that for r identical sections one has

~ = D-IT@

= D—I

c,
[1 –s,

s,
c,

“

(18)

where C, and S, are again diagonal with elements cos roll, cos r~z, - “ “ ,
cos MI. and sin r+l, sin rdz, . . . , sin r.$p, respectively.
It may be
noted that if
u = jDT/D2zi,
(19a)
then
V = j~:D2J
(19b)
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From Eqs. (18) and (19) it is seen that the set of angles &, 42, . . . , +,
forms a generalization of the usual transfer constant and jDT/ DjZ is an
extension of the usual iterative impedance; for if the network be terminated on the right with a network whose Impedance matrix is jDT11D22)
the impedance matrix at the left-hand terminals is again jDy/ DZ2.
It may be observed that a chain of networks with 4-terminal connections is a structure which exKlbits a series of velocities of propagation
at any given frequency.
With each angle +, there may be associated
a velocity of phase propagation 2or4,/u at a frequency u; and furthermore, for each @,, there will be an individual cos ~. vs. u (or X) curve,
leading to a set of resonant frequencies.
In the event that the cell possesses end-for-end or vertical symmetry
some further properties of the matrix may be deduced.
If the various
voltage and current vectors be written

‘=

[::1’

i=

Kietc

v here the subscripts 1 and 2 refer to the two ends of the tube, then
vertical symmetry means that the same relations hold between V, i, u,
and j as between Av, Ai, Au, and Aj, where A is a matrix that transforms
the subscripts, or
A=ol
[1

I

o“

Applying this condition to Eq. (11) it is found that
AY,A = YI
and
which means that Y1 and Yz are of the form
(20)

The matrices D,, and D*Znow have the form

‘11)D22=
[: -1”

(21)

A further proposition on unsymmetrical matrices which is made use
of in Sec. 4.7 will now be developed.
Suppose that Y1 and Y2 are the
mar,rices of networks which are mirror images (left and right hand) of
each other. This is implied if

H

“ll

(22(Z)
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and

“’(-T

[-)

orif

B=

I
0

o

(22b)

“‘the:
M‘Y2B
1

[0

and

B = YZBY,

Yrl = B-IY,B

or

= BY,B.

(22.,

NTOWconsider a case in Ivhich

Y,YZ
then

()
~

=

‘y+]

[By,

-Y2B)

[~]

y=()

and if

All
A,,

2

this leads to

O

[ –2A*1
Thus
Det (A,,) = O

(23a)

or

~
H

and

v=O

A,,
A,,

2A,,
V
O1[1 i
or

‘Y2B

[“J’

co;

;

=0
“
l~et (A,,) = O
i = O.
and

(23b)

A similar set of equations holds for Y1.
The single-strapped structure does not come \\-ithinthe scope of the
general analysis of this section becallsc if the single sections are treated
as 8-terminal net~vorks, they have no horizontal symmetry and neighborThe symmetry
ing sections are mirror images rather than identical.
of the section is such that it is unchanged unfler a simultaneolls exchange
of ends and of left and right, and if this is taken into accolmt, it is not
difficult to sho\v that the U-V matrix for tlvo neighboring sections is
Q = 2APAP – 1,
\\’hereA has its previous significance an{l P is the
section.
By substituting in 13q. (15), one has

U-V

matrix for one

net (APAP – cos~ +m) = o.
It is probably simpler, ho~vever, to treat the single-strapped
4-terminal network.

(24)
case as a
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SYMMETRICAL SYSTEMS
4.4. Freed-frequency Systems.—In the most common case, that of
double strapping, the circuit for a single section indicated in Fig. 4.4a
may be dissected into three 8-terminal sections as in Fig. 4.7. The
over-all matrix T is of the form
(25)

T = T,T,T,

where T, is the matrix of a half section of strap and T, is the resonator
The term T, may be written by inspection as
matrix.
Cos 9,
T, =

jM,

o

0
Cos 0.

sin 0,

0

0

[

jM,

0
sin 0.
0 jKb sin e,
o
Cos es
0
Cos 0,1

jK.

sin 0,

(26)

where 20. = 27rs/h, the electrical length of the strap, and M, = l/K,.
The matrix for the center section may be derived by supposing that the
resonator is a symmetrical 4-terminal network with a matrix
a’

b’

[1c’

a’

and that a“ — b’c’ = Z; the mesh
equations can be written and solved,
yielding for the center matrix
1

000

0

100
1
—

II
a’
——.

T,

b’

1
—_—
b’

~::”(27)

For the case considered, a’ = cos &
FIQ.4,7.—A single section of a doublestrapped tube represented as three S-termiand b’ = jK, sin o,, where 9, is the
nal networks.
electrical length of the resonator and
K, = l/M, is its characteristic impedance.
Thus

T, =

I

Forming the product
latter is found to be

1

000

100

o

–jM,
jM,

ctn 0,
csc 0,

jM,
–jM.

csc

8,

ctn &

TaT.T8 and calculating

1 0 “
O 11
only

(28)

the U-V part, the
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cos 20. + ~K.M,
—~K8M,

The determinantal
(COS20, + ~K,M,

sin 20, ctn e,
sin 20. csc 07
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— 4K8M, sin 20. csc 6,
cos 213.+ ~KaM, sin 2$8 ctn O,)

4.4

(29)

Eq. (15) now leads to
sin 20. ctn 8, – cos VLJ2 = (~K,M,

sin 20, csc t),)’,

(3o)

which factors into the two equations
cos $~ = cos 20, + ~ K.M.

sin 28. tan $

(31a)

1
cos V- = cos 213.+ ~ K,M,

sin 20, ctn $

(31b)

and

For future reference the matrix D which diagonalizes
Eq. (16) may be written here. If
D,, =
then
D** = jK,

(
:

1
–1 ) ‘

tan e.

T according

to

(32a)

(32b)

Consideration of Eq. (12) and Fig. 4“4a shows that for the r-mode,
where Lhe voltage across the slots changes by 180° between each neighboring pair, & = O or m = O. In this case, Eq. (32) becomes
$tan

O.+ M,tan~=O

~tan

O,–

*

(33a)

and
a

M,ctn$=O.

(33b)

The interpretation of these equations shows that in the first case the two
half-strap sections, open-circuited at the midplane of the segments, are
resonating in parallel against half the unstrapped resonator, open-circuited at the median plane, and in the second case, against half the
resonator short-circuited at the median plane. These may be referred
to as symmetric and antisymmetric
modes and designated as the
(m = 0,)- and (m = O,)-modes, respectively.
A similar pair of modes
exists for any other value of m, and the symbols ml and ma will be used
to refer to them.
Returning to Eqs. (31) the following substitutions may be made:
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Forthemodes
ofgreatest interest, A > X,,, withthe result thathyperbolic
functions replace the trigonometric ones pertaining to the resonator.
Eqqations (31) then become

The nature of the mode spectrum and the effect of various parameters
upon it may now be studied by plotting the right-hand sides of Eqs. (34)
as functions of X. Figure 4.8
shows the two expressions, which
1.2
may be called cos @l and cos @z, as
functions of A\A,,, for four values
1.1
of J = K8/2Zr0; namely, k = 0.8,
0.4, 0.2, and the limiting case
,4 = O. The term k measures the
weight of strapping, and it decreases as the strapping is made
heavier.
Representative
values
for 2Ts/& and ~h/& are chosen;
these are 0,55 and 0.80.
Over the interesting range of
X/&O, cos 01 and cos & are monotonic increasing functions of this
quantity;
for sufficiently small
0.6
values of X/k,O, however, the tangent and cotangent functions will
0.5
give rise to a series of branches, but
this region is generally not releFIG. 4S.-The
dependence of cos q$, and
vant. At such values of A/&,
cos @ on A/)., o for various values of k in a
short waves are propagating up
double-strapped
tube [see Eqs. (34)].
The
and down the resonator giving a solid lines are cos .$, (symmetric modes) ; the
broken
lines am cos 01 (antisymmetric
series of modes.
For the symmodes).
Values of cos @ > 1 correspond to
metric modes (COS @l), all the
@ imaginary.
For k = O the two sets of
modes coincide.
curves pass through the point
(x/X,, = 1, cos @l = cos 27rsi&), and they lie above the limiting (k = O)curve for A,, < A and below it for & > A. As k is decreased, the (cos 01)curves approach the limiting curve. The (COS@a)-curves, on the other
hand, lie far to the left for large k and move steadily to the right, tending
eventually to the limiting curve.
Four horizontal lines are drawn on Fig.
4.8 corresponding to cos @l and cos Oz equal to cos 0°, cos 22*”, cos 30°,

134
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The intersections of these lines with the (COS@l)- and (COS

&)-curves give the wavelengths of modes for which i~ = 0°, 22&, 30°, and
45°. These represent, for example, the (m = O)-, (m = l)-, and (m = 2)modes for N = 16 (~ = 0°, 22*”, and 45°); the (m = O)- and (m = 1)-modes
for N = 12 (0° and 30°); and the (m = O)- and (m = 1)-modes for N = 8
(0° and 450).
It is clear from the form of the curves that for either the symmetric
or antisymmetric set, the modes have the opposite order in wavelength
from that in number.
Also, as the weight of strapping increases (k ~ O),
the intersections move to the right for the antisymmetric modes; i.e.,
the wavelength
increases. For
the
symmetric
modes
the intersec\
1.6
tions move to the right if cos
4~ > cos 27rs/A,, and to the left if
1.4
21rs
I
Cos #lm< Cos ~.
# I
\
@=l)l’
1 I
rO
~ 1.21
\ ‘1
Thus, whether or not the waveF
-\.
length of a mode is increased or
1.0*
‘+~30”1, ‘\\
decreased by strapping depends
-. +. 22y:
upon the mode number, the strap
0.8
length, and the resonator wavelength. Figure 4.9, derived from
0
0.2
0.4
0.6
0,8
l,o
Fig. 4.8, shows the wavelength of
k
FIG. 4.9.—The dependence of A/h,, on k
the modes as a function of k. For
for various values of ~, and & in a doublea given mode the intersections
strapped
tube.
‘The solid lines are the
symmetric modes; the broken lines are the
tend, as k -+ O, toward the points
antisymmetric modes.
cos h = cos 2zs/A
or, because
IP~ = 2rm/N, toward k = Ns/m.
Thus, the T-mode wavelength becomes
indefinitely long, while all the others tend to a finite limit, dependent only
upon the strap length, the mode number, and the number of oscillators.
The limiting wavelengths, in fact, correspond to l/m times the strap
circumference.
In practice, it is of interest to examine the mode spectrum as a
function of weight of strapping, subject to the condition that the r-mode
wavelength remain fixed. It is thus necessary to adjust the unstrapped
wavelength & in each case. Figure 4.10 shows cos O, and cos OZ as
functions of A/&, where & is the wavelength of the r-mode, for k = 0.8,
0.4, 0.2, and O. The strap length and tube height used correspond
to those of Fig. 4.8 with k = 0.4; that is, the r-mode wavelength of
the (k = 0.4)-case of Fig. 4.8 is used as the fixed mmode wavelength of
Fig. 4.10. Figure 4.11 derived from Fig. 4.10 shows the variation of the
wavelengths of some of the modes as a function of k. The limiting
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wavelengths in this case may be found by letting k d O with & tied
Eq. (34;).
The equation then
1.0
k =0,S/
becomes
k =:0.4;
27rs
Cos @l = Cos @z = Cos —
A
0.9

in

r

P’w?%f+
s“

It is seen that in this case also, the
antisymmetric
and
symmetric
modes eventually tend for very
heavy strapping to coincide in pairs
of the same m-number and that
all the modes now tend to a finite
wavelength.
4.6. Effects of Various Parameters on the Mode Spectrum.—
The general behavior of the modes
is more easily examined if approximate forms are used for Eqs. (34a)
Thus, if 2ms/k is suffiand (35).
ciently small to ignore terms of
higher than the second order in
21rs/h, the sines and cosines in Eq.
(35) may be expanded to give

VA=
FIQ. 4. 10.—The dependence of cos @I and
cos @Z on A/A~ for various values of k in 8
double-strapped
tube.
The solid lines are
cos .$1 (symmetric modes); tbe broken lines
modes).
For
are cm qh (antisymmetric
k = O the two sets. of modes coincide.

(36U)

(36b)

for the mth mode, where +. =
With the same condition
2irm/N.
upon 2ms/h and the additional
requirement that
k

Fm. 4.11.—The dependenceof X/Xmon k
for variousvaluesof @, and O*in a doublestrappedtube. The solid lines are cos #L
(symmetric modes); the broken lines are
cos .$z (antisymmetric

modes).

may be replaced by
mh

AZ

A
--J-

A;.

–1

(a condition that requires either a very short tube or light strapping)
Eq. (34a) for the symmetric modes beconms
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(37)

with
(38)
and Eq. (34b) becomes

~2~2
“

k.s
= ~
+ sinz ~

(39)

The close resemblance in form between Eqs. (36) and (37) is largely
fortuitous; Eq. (36) is valid for k small; Eqs. (37) to (39) for k large.
Taken together they reveal the main features of the spectrum.
Equation (38), which holds when the variation of the fields along the strap
sections and along the resonator can be ignored, may be written as
(40)
where C, = 2s/uK., and C, = h/wZ,, are the strap capacitance and
This shows that in the mmode
resonator capacitance, respectively.
strap capacitance is in parallel with the resonator capacitance.
The effect of the number of oscillators on the mode spectrum may
now be considered.
From Eq. (37) it follows that if two systems are
built with the same ratio of strap length to r-mode wavelength, the
relative mode separations will be the same for light strapping if

For modes with small m, ~m/N is small and k is assumed large; thus one
can write

for modes of the same m number.
Thus, the weight of strapping required
to produce a given mode separation varies as N2 for relatively light
strapping.
Again, according to Eq. (36), the limiting mode separation
varies as

K%(W

when ~m/N is sufficiently small.

NOW Ns is equal to 2m-,, or very nearly
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2ifra. The mode separation is, thus, proportional to (mA,/2n-r~) 2 and
depends essentially upon the size of the tube in terms of its operating
wavelength.
Both Eqs. (36) and (37) indicate that the mode separation
varies with 1/s2 for a given number of oscillators, indicating the practical
importance of keeping the straps short. The effective length of the straps
depends somewhat upon the shape of the resonator because it affects
the distribution of voltage at the places where the straps are connected.
An illustration of this effect is given below.
The remaining variable whose effect is to be considered is the length h.
Because Eqs. (34a) and (34b) differ only in that one contains a hyperbolic
tangent, the other a hyperbolic cotangent, the ml- and mz-modes must
approach each other when the argument of these functions becomes large.
The condition for this is that
rh
x

~’

F A:.

–

1 >1,

say.

This may come about through heavy strapping (k,, <<A) or for long tubes
(h large).
As h is increased, the antisymmetric modes very rapidly
increase in wavelength, finally reaching a state in which the (mz = O)mode is nearer to the (ml = O)-mode than is the (ml = 1). Since most
output circuits do not couple out the
antisymmetric modes, this represents an undesirable condition.
As
a solution for the difficulty centerstrapping has been used. Essen+ttially this means building a doublelength tube by putting end-to-end
two completely strapped systems
each of single length.
The mode
spectrum of the whole system is
then close to that of its co-mponent
halves.
Some actual applications of the I
formulas of this section will give an
(b)
(a)
indication of their reliability (see
l~IG. 4.12,—Two types of strapping used on
16-oscillatormagnetrons,
Fig. 4.12).
In a scaled-up model
(Fig. 4.12a) of a 16-resonator hole-and-slot 3-cm magnetron (4J50) the
measured wavelengths of the (ml = O)-, (ml = l)-, and (ml = 2)-modes
and the unstrapped wavelength are 12.400, 10.152, 7.570, and 9.47 cm,
respectively.
Any three of these may be used to calculate k and 2T~
from Eq. (34a).
With k = 0.46 and 27rs = 4.58 cm, the calculated
wavelengths are 12.35, 10.17, and 7.52 cm. The effective strap radius
is 1.86 cm compared with the actual strap radii of 1.85 and 2.04 cm.
k, tentatively estimated from the tube geometry, agrees well with the
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above value.
In a second 16-cavity tube (Fig. 4“12b) roughly twice the
length of the above, the first two modes (ml = O) and (ml = 1) were
measured to be 10.53 and 8.45 cm, and the unstrapped wavelength 6.78
cm. With a value of 4.41 cm for 2ms and 0.204 for k derived from
these measurements and Eq. (34a), the antisymmetric modes (mz = O)
and (mz = 1) were found to be 9.51 and 7.59 cm. The messured wavelengths were 9.36 and 7.45 cm. In this case the effective strap radius is
about 17 per cent greater than the actual mean strap radius. Presumably
the lower effectiveness of the strap in Fig. 4“12b is due to the fact that
the outer strap overhangs the hole and interacts with the flux through it
and also to the shortness of the resonator, which puts the outer strap at a
relatively low voltage point.
Further evidence on this point is obtained
from two 16-resonator vane-type magnetrons that had identical strapping
but different vane depths.
The wavelengths of the (m, = O)- and
(ml = 1)-modes were, for the first, 11.701 and 8.879 cm and, for the
second, 9.545 and 7.852 cm. The unstrapped wavelengths can be
calculated with some accuracy for vane tubes (see Sec. 11“2) and were
computed to be 7.36 and 5.48 cm. With this information, 2m becomes
4.22 cm for the first tube and 4.37 cm for the second.
Thus, the mechanically identical straps are electrically about 4 per cent shorter for the
system with long resonators.
The corresponding values of k are 0.263
and 0.230; the ratio of these is 1.14, whereas the calculated ratio of the
resonator capacities is 1.19.
For single-strapped systems the separate sections may be treated as
By evaluating the single term of the (u-v) -matrix
4-terminal networks.
and using Eq. (15), the secular equation is found to be

where the constants have the same significance as before, except s,
which is the sum of the effective strap lengths at the two ends of the
tube (per section).
Figure 4.13 shows cos @ as a function of ~/h,, for values of k = 0.8,
0.4, and 0.2 for a single-strapped tube similar to Fig. 4.8 on double
The behavior
strapping, in which 2ms/& = 0.55 and ~h/& = 0.80.
of the mode spectrum under an increasing weight of strapping is considerably different in this case. The wavelength of all modes (in the
range considered) increases with heavier strapping, and the mode order
is the normal one for strapped tubes.
However, the mode separation
is only very slowly increased by increasing the weight of strapping, since
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the slope of the curves of the cos @ vs. ~fh,, changes quite slowly with
decreasing k. Comparing the curves of Fig. 413 with those of Fig. 48,
it is apparent that the mode separation for heavy single strapping is far
less than for double strapping of the same impedance.
The difference
persists even when the two cases are compared on the fiasis of equal total
strap capacity.
The reason for the very different behavior of single-strapped tubes
may be found in the fact that the coupling path between oscillators now
includes the oscillators themselves.
1.2
Thus, if the resonant wavelength
be increased
beyond the un1.1
strapped wavelength by adding
straps, the coupling path of the
resonator is now beyond cutoff.
1.0
With sufficiently heavy strapping
the coupling through the resona0.9
tor becomes relatively weak, and *
mode separation is difficult to %
achieve. Actually, for sufficiently v 0,8
heavy strapping the model of Fig.
4.7 will break down because the
0.7
impedance of the coupling path
through the end cavities over un0.6
strapped segments will become
comparable to that through the
0.5
resonator.
It may be noted that
0.8
1.2
1.4
1.0
1.6
the symmetry
of the singlestrapped tube is such that two sets,
FIQ. 4.13.—Thedependenceof cos ~ m
of symmetric and of antisymmetAlb, for various values of k in a singlestrapped tube.
Values of cos 0>
1 correric modes, do not exist. Thus,
spond to .# imaginary.
long anodes lead to difficulties because of poor mode separation between (m = O, 1, 2), etc., rather than
between (m = 01) and (m = 02).
Evidence for the correctness of this picture of the mode spectrum
may be found in the data on the HP1OV, a high-power lo-cm magnetron
for which ~h/&, = 1.48, 2us/A,0 = 0.84, and N = 10. The ratio of
r-mode wavelength to unstrapped wavelength is 1.245, but the mode
separation between (m = O) and (m = 1) is only 5 per cent.
The discussion of the mode spectrum of a strapped system has shown
that the distribution of the modes in frequency depends upon the nature
of the variation of the transfer angles & with frequency.
The strapped
system waa discovered somewhat accidentally; and, so far, no resonant
system has been developed synthetical~j
in tbe sense that the word
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is used in filter design. It seems probable that alternatives to the
strapped or rising-sun systems with satisfactory mode spectra might be
found by deliberately synthesizing a network with desired transfer
characteristics, that is, with the required variation of the transfer angles
with frequency.
It has been stressed that the equivalent lumped-circuit treatment of
strapped resonant systems is not primarily a method for making wavelength calculations but is rather a model that correlates observed data.
It is possible, however, to estimate wavelengths reasonably well by calculating h,,, Z,,, s, and K, and by making use of these values in the modespectrum formula.
Methods of calculating A.,, Z,,, S, and K. are
described at some length in Chap. 11 on the design of resonant systems.
A value of ~,, can usually be estimated for any resonator shape to about
3 to 4 per cent and Z,, with perhaps half of this accuracy;s, the equivalent
strap length, is the most difficult quantity to determine with certainty.
As has already been pointed out, it will depend upon the location of the
straps with respect to the resonator and upon the shape of the latter.
Errors in its determination will not seriously affect the calculation of the
~-mode wavelength, but they will cause considerable uncertainty in the
value of the mode separation, because this quantity is so strongly dependent upon the effective strap length.
ASYMMETRICAL SYSTEMS
The discussion of the strapped anode block has so far dealt with
Three departures
situations in which all the resonators were identical.
The first is the case in which power
from this condition are important.
Here it is of interest to know how
is coupled out from a single cavity.
the wavelengths are affected and to what extent the field patterns in
Experimentally, this distortion can
the interaction space are distorted.
be produced by heavy loading, and a correlation with lowered operating
efficiency has been noted.
The second case is the presence of strap
breaks. In some tubes mode transition under certain conditions of
operation can be prevented by breaking the straps at some point over a
segment; in general, the effectiveness of this procedure depends upon the
orientation of the breaks with respect to the output.
Strap breaks give
varied effects: they cause a shift in the frequency of the modes for
m # O, thereby affecting mode selection (see Chap. 8); they may influence the coupling to the output of the modes; finally, they cause distortion of the field patterns fnr m # O, thereby making power transfer
to those modes inefficient.
The find case occurs in consideration of
tuning schemes in which the frequency of the resonator system is varied
by introducing reactance into a single cavity.
This problem is an
extension of that of loading; the questrnns of pattern distortion and
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variation of mode separation are important.
In principle, most of these
questions can be answered; the complexity of some of the results may
suggest recourse to a model, however.
4.6. Pattern Distortion and Mode-spectrum
Effects Caused by
Loading.-Pattern
distortion due to loading or tuning may be adequately treated.
Because most single-cavity tuners and output circuits
do not couple the antisymmetric modes, the 8-terminal network used
so far may be replaced by the 4-terminal one, which is obtained by
considering only the upper or lower half of the tube open-circuited at the
median plane. The resonator system will then be represented by a ring
of 4-terminal networks, one of which is shown in Fig. 4.14a.
The matrix
for one section is then

10

cos 20,

I 1[

‘j&l

jKa sin 20.

10
jYre. ~ ,
Cos 208
—
2
1[
1

jM8 sin 20,

2

(42)

where Y,., = M, tan 0,/2 and all of the other symbols have their earlier
Thus,
significance.
K.
cos d = cos 20. — ~

(43)

Y,., sin 2e8,

and
Z sin 4 = K. sin 20..

(44)

The cos 4 is identical with the function cos ~, used before.
If one
oscillator is loaded and the load is considered to be transformed to the
upper (or lower) end of the oscillator slot, the ring of 4-terminal elements
ie changed by the addition of a shunt element, jYl~, say, and appears
as in Fig. 4. 14b. The condition for periodicity is now
(45)
Using the known expression for ~“ the determinantal equation is now
cos N@ – 1
jY sin NO + iYi~

jZ sin N~
cos NO – 1 – ZYti

cos N@

sin N@

= O

(46a)

or

Nc#

sin—
which leads to

2

(

s.

N+

sin-— –-z
22
N~_o
2’

1

Ywcos

iv+
—
=0,
2 )

for @ = O,

(46b)

(47a)
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otherwise,

These equations show that except for the ir-mode each of the modes of
the symmetrical tube is degenerate and consists of a doublet, one component of which will couple the output and one which will not. The
(m = O)- or (O = O)-mode is nondegenerate because, as can be seen
from Eq. (44), Z sin @ remains finite and, therefore, so does Z sin N4/2
0

0

j

Yre~

T
0

j Yre~
-2-

K,, s

I_

1

0

(a)

FIG. 4. 14.—(Iz) The 4-terminal net wurk ~or one section of the resonant system; (b) addition
of a load to the ring of 4-termine.l networks.

in Eq. (46).
The degeneracy of the modes was also apparent from the
fact that the terms of the form e+~- that appeared in factoring TN – I
[Eq. (9)], coalesced into cos #~ in the determinantal equation when
m # O. Equation
(47b) and the equations that define coa ~ and Z
determine the frequency shift. The variation of loading among the
different modes may be examined if Eqs. (44) and (47b) are combined
to give Y., the admittance looking into the tube at a slot,
sin ~
– Y,d

= y. = +2

K,

tan Ng
sin

28:
‘

(48)

or, as it may be written by using Eq. (43),

For the ~-mode the bracketed term vanishes, and Y., the characteristic
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admittance, is
Y.=–;

ka;

.–;

()

h;ztp
(

+ Y,., .
)

8

For m # O, the unbracketed term vanishes, and

from Eq. (43).

and

Therefore,

‘1

K, sin e. cos e.

(

y+%
8

H’

Since we have considered only one-half of the tube, these values Y. may
be doubled to obtain the values for the whole tube.
For small values of 0,, X(8/8k) log sin 20. = – 1, which simplifies
the second term. The characteristic admittance for the u-mode is N
times that of a single section open-circuited at the midplanes of the
segments.
For the other modes, essentially because of the fact that they
have an uncoupled component, only N/2 times the characteristic admiti
tance of the individual resonator appears, together with N times the
actual admittance of the individual oscillator.
It must be kept in mind
that the values of Y. found above are not actually those which enter into
measurements of Q-values, because the admittance used here appears
The
individual oscillator containing the
at the top or bottom of a dot.
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output circuit acts as a transformer between the slot and the place at
which the output circuit is supposed to begin.
The effect of this transformer isdiscussed in Chap. 5.
The amount of pattern distortion caused by loading or tuning may
be analyzed in terms of the field patterns of the undisturbed modes.
Suppose that the actual voltages and currents across the resonators are
Vo, vi,...,
V(~–l) and lO, 11, . . . ,l(-l).
Letthe amplitude of the
mth mode be CZm,where, if traveling waves are used, m has the values
Then the voltage V, on the rth
o, +1, +2, . . “,+
(N/2 - 1), N/2.
resonator satisfies
v,

=

z

(49)

amei’*m.

m

Multiplying Eq. (49) by e-i’$- and summing over r, one has, because
N(~m – $.) = 2~(m – n),
N–1
(50)

If a quantity b~ is defined such that

(53)

The result of subtracting Eq. (52) from Eq. (51) and using Eq. (53) is

“ -d’”T)
k)‘H+,yll(3
:1

or, by equating terms,

‘M)
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Eliminating b~, am satisfies the equation
v,
.
1
— ~ ZYIA ~ sln f$;

am(cofj *m — cos ~) =

or, using Eq. (47b)
N@
—sin @ tan ~
am =

(55)

N(cos @ – Cos *m)“

The term ao gives directly the amplitude of the (m = O)-mode; 2a* gives
the amplitudes of the remaining standing-wave patterns.
It is to be
1.0
0.9

~ =r), ~ =6

f
/

0.8
\

/

0.7

s 0.6
e
g
~ 0.5
:
0.4 /

0,3
/

0.2
0,1

0

0.87

0.89

0.91

0.93

0.95

0.97

1.01

0.99

Cos +
6.5

FIG.415.-The

7.0

7.5

8.0

1.03

I

,

!

8.5

9.0

9.5-

Wavelength
A in cm
amplitudesof various modes as functions of

X.

1.05

Values of cos d > 1

correspond to 4 imaginary.

noted that am is expressed entirely in terms of the angle o which is presumably already known as a function of A. As an example, Fig. 4“ 15
shows the relative intensities of the modes in a 12-resonator magnetron
If this magnetron were tuned by
as a function of @ and wavelength.
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introducing reactance into one cavity, Fig. 4.15 shcmx the rclati~e
intensities of the component modes \vhen the s,ystem IMs any of its
resonances at ~andk.
~t~rc(lnv(’rli~’rl(ethec{llantity
–a,,, [(~n~,,)’]hts
been plotted.
IC(lllati(m (55) is, of co(lrsc, also valid ff~r ttlc case of
resistive loading when @ is complex, btlt l’ig. 415 appli(’s to p~lrely
reactive loading (cm ~ real).
It is of some interest to note th~t \~ith
substantial mode separation, distortion sets in above and IX’1OJVthe
mmode at about the same rate.
In the simple case of loading, the perturbations are rrlati~cly small.
l’or the rr-mode when YW is sufflricutly small for terms in the rxp:msions of cm @ and sin @ higher than ~z to Imnegkwtcd, It(Is. (43), (.11),
and (47b) give
~2 = _ Yl<t.c(
IV K,sin2f9,;
(!56)
Eq, (5.5) under similar circumstances

lxw)mcs
9

2a,,L = —--$:

--

,

2 sin’ ~~
and using the value of @z,
~a

= &,,~,_sin

2/38

2N sinz ~
Forlarge

Nand

short straps this becomes
(57)

This isa result which might have been expected.
It shows that distortion wili be severe when the effective strap circumference SN is large
relative to Am. It also shows that when the coupled admittance is
comparable to the strap admittance, there will be distortion and, finally,
that the other modes are excitedin amounts varying as l/mZ.
Because
the tangential component of electric field for the mth mode falls off
roughly as (r/r.)[~z2)–fl, the pattern may become badly distorted at the
anode because of a small amount of high-m component.
A further source of pattern distortion is the longitudinal variation in
field strength that arises from the influence of the straps at the ends. In
the symmetric modes the fields have an axial variation of the form
cosh 27rz/k #(h2/x~O) – 1, measuring z from the median plane; in the
antisymmetric modes, a hyperbolic sine is involved.
This variation is
considerable in heavily strapped tubes; thus in the long tube described
at the end of Sec. 4.5 the fields at the end are twice as great as those at the
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center; in the lighter strapped and shorter tube, also referred to in Sec.
4.5, the difference in fields is about 15 per cent. This source of pattern
distortion may be removed by center-strapping.
4.7. Effects of Strap Breaks.-In
double-strapped
tubes the two
straps at one end of the tube are customarily broken and each break is
made over a segment; the straps at the other end of the tube are continuous rings. There will then bean odd number of sections between the
breaks. The breaks may be represented in the equivalent circuit by a
series reactance introduced at the discontinuities of the strap system as
shown in Fig. 4.16. The same arrangement of the sections that was used
in the loading analysis is used here, namely, two coupling sections in the

FIQ. 4.16.—Equivalent
circuit of two neighboring sections in a strapped tube; one section
contains a strap break.
The appropriate matrix is indicated for each part.

center and half the resonator section at each end.
“break” section will be
lojxo
0100
TB=OOIO=OI”

1

jQ

The matrix for a

(58)

[1

[10001
If there were strap breaks at both tube ends on the same segments, then
Q would be given by

Q=:;.

[)

(59)

Referring to Fig. 4.16, let the matrices for the normally left- and righthand sections be L and R respectively.
Then
T = D-’TOD = LR.

See Eq. (16).
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One may write
L = D-’T,~zDF

(60a)

R = F-lD-’TOJf D.

(Oob)

,

(61)

~

Thus, ~ is the new section matrix and may be put into the same quasidiagonal form T, as T, ~vhile DF has replaced D. If the t\vo diagonal
submatrices of D F are (DF) 11and (DF) 22,these may be found and are

~
~

and
Then
~ = RL = F-’D-’T,DF.

I

and

~sc&l

(DF),,

= jK,

sin d,

[1

CscAl

2

Csc *
2

2

(63)

_csc&
2

Starting now from a point halfway bet\veen the strap breaks, supposed
(2p + I) sections apart, where p is an integer, and using ~’ for the
temporary symbol of the matrix of a section containing a break, the
periodic condition may be expressed as

The two matrices in brackets in Eq. (64) correspond to sections that arc
mirror images, and they satisfy an equation such that the theorem proved
in Eq. (23b) may be applied to either of them. The first of the matrices
may be written as
F–l

D–lTo(.,r/2J–P->j

DTBD– ITO(II+X

‘
~
!

:
j

I

DF ;

and putting
v:
H

=

F-ID-ITo(N/2)-P->2 DTBD-lTo(P+)fi)DF

i!

then, according to Eq. (23b)

‘0 ,
lo

(66)

[1

./
10=i O=O,

(67a)

v~=vo=o.

(676)

~

or

1
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Now

‘TED-l=d [:‘! [D~
4 =[:
[D:

“8)

‘D1’QD’O’

and using the iorms for Dll and DZZgiven in Eq. (32), the result is

N
tan

,

jDllQD>;

X ctn 08

= ~

“(
for breaks at only one end and

jDllQD;;

X ctn 9,
= ~
*

fi

~an&2

2

2

tan &l

tan @

2

2

tan *
2

0

~

[–

sN/2

+

(70)

tan@
2

[1
for breaks at both ends.

(69)

The conditions

(67a) and (67b) lead then to

js(N/z)-A>i(DIIQDIJ)

s(p+M)](DF),lvo

=

O

(71)

or
[SN,Z + jCcN/,)-.-L, (D1lQD)C(,+~+J]( DF),,ioio = O

P

(72)

Using Eqs. (69) and (67) and the fact that the determinants of the
matrices between bars in Eqs. (71) and (72) must vanish, the following
equations may be found:
2K,
-— –—

X ctn O

sin ~~-’ sin ‘~’

+ sin ‘~

sm
[“

(#-p-i)@’,]

[Sin(p+wan$+siny
:[’in(:
-p-i)

i

[Sin(p+i)+,ltaf
2K,

Nd,

X rtn 0,

sin —2

N4,

sin ~

[cos(p+i)~lt’n$

+ sin ~~2

[

cos

l$=o

(73U)

(~-p-i)’l

+siny::[””s(:[cos(~+i)@’@*

.

’,]

p-i)

‘$21
‘0

‘73’)

for breaks at only one end. 13ecause X>> K, tan O,for all normal strap
breaks, the first term may be neglected and
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in(’+$ll”n$

~
‘I’in(~-p-i)~,l[’in(p+

i)~,l’’n$=o’”a’

and
“nYI’”sG-p-i)’ll[
+“n9[c”’@

cos(p+*)’,l’
-p-i)

an*

@,l[’”’(p+*)@,l”n*

‘0

‘74’)

For breaks at both ends there are four equations obtained by equating
each of the bracketed terms to zero. The appearance of four equations
in this case is a consequence of the fact that there still is end-for-end
symmetry and a complete separation into symmetric and antisymmetric
modes.
When the break is at only one end, the two sets of modes are
mixed and the only symmetry is that about the plane around which
the breaks are symmetric.
Thus, the modes for which iO= O have a
voltage loop in this plane, and those for which VO= O have a voltage
node. The mmode is not affected by the strap breaks unless so much
of the strap is removed that the capacitance of neighboring strap sections is affected.
The wavelengths of the (ml = O)- and (ml = I)-modes of the HK7
magnetron have been measured with unbroken straps and with strap
breaks at one end, 30° and 90° apart (p = O, 1). For this tube N = 12.
From the unstrapped, the (ml = O) and (ml = I)-wavelengths in the
unbroken case the values of k and .s have been calculated and used with
the aid of Eqs. (74) to evaluate the first three wavelengths in the broken
TABLE4.1.—THE EFFECTOF STRAPBREAKSON THEWAVELENGTH
OF SEVERAL
MODESOFTHEHK7 MAGNETRON
Strap condition

I

P

No. of m,
mode

Exper. i,
cm

Calc. A,
cm

o
1

10.645

8.081

10.645
8.075

0
1’
~?,

10.645
8,400
8.900
10.645
9.165
8.663

10,645
8.687
8.783
10.645
9.086
8,483

::::::

“9:248
8.190

,.

Unbroken. . . . . . . . . . . . . . . . . . . . . . .

{

Broken at one end,....,.....,..

I

o
0
0
1
1
1
2
2
2

0
1’
~(,
0
1’
~,,

SEC. 4.7]

,

EFFECTS

OF STRAP

BREAKS

151

strap cases for p = O, 1, and 2. The agreement with experiment may
be seen from Table 4“1.
The 1’ modes are those having a voltage loop midway between the strap
breaks; the 1“ modes, those having a voltage node. The experimental
wavelengths are properly assigned according to pattern measurements.
It may be seen that the order of the 1’ and 1“ modes depends upon the
separation of the breaks; the order cannot be predicted without an
examination of a specific case.
Some information on double breaks at each end is available from the
(N = 16)-model 4J50 given in Sec. 4.5. Table 4.2 shows the agreement
between measured and calculated values.
TABLE4.2.—THE EFFECTOF STRAPBREAKSON THE WAVELENGTH
OF SEVERAL
THE4J50
MODESOF A (N = 16) MAGNETRON,

I

Strap condition

P

No. of m,
mode

Exper. A,
cm

Calc. A,
cm

o
1
(2

12.400
10.152
7.570

12,35
10.17
7.52

o
1
{2

12,4fM
11,660
9.970

12.35
11.57
9.99

I

Unbroken. . . . . . . . . . . . . . . . . . . . . . . .

r

,

Brokenat both ends. . . . . . . . . . . . . . .

0

The pattern distortion caused by strap breaks may be calculated by a
modification of the methods used earlier in this section.
Since both
symmetric And antisymmetric modes are excited, there will be two
amplitudes, a~, and a~,, corresponding to these for each mode number m.
and V(~,~), say, at the two ends for

In terms of these, the voltages V(?+
the mth mode are given by
t

Vc~,~) = a~l + a~,

(75a)

V(m,,)

(75b)

and
= a~, –

am,;

or if
am=a’l

am

and V(m) =

H%

v(m) =

()
;

_l

1

V(mA)
v(~’~)
[11

am = Wa..

As before, if V, be the voltages at the two ends of the Tth oscillator,
el,+ma~

Vr=w
z

m

(75C)

152

THE STRAPPED

SYSTEM

[sm. 4.7

and
~-iti.vr.

w&=;

2
r

If b- now be introduced as a similar generalization of the b~ used before
[see Eq. (51)];
‘w[::)

(76)

= Z’-’’’”(:I”
r

Then, for the case in hand,

and

T@3F

= F-lD-ITO>*D(T,

::

– 1)D-IT,-(Pw

[1

Now,
D(T,

– I) D-’

with the result that

=

(
~

~D’’QD~

DF

‘!: .
[)

(78b)

,
1

and
D(T,

– l)D-’TO*(fi~)DF

~
()

= [jDnQD;;(T

S(,+M)(DF)IIVO
+ C{p+}fi)(DF),,iJ].

(79)

Now, if Eqs. (71) and (72) are written out at length, it is easily verified
that either
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iO=()

(jD,,QDFJ)S,p+}j) (DF),,V,

=

Vo=o

(jD11QDz])ctp+j,j(DF)22io

=

[’1
1

=E

=

(80a)

E.

(80b)

[1

Thus, the right-hand side of Eq. (77) may be written
[–

F-, ~-ITo!fi
e ‘jx2”

~I(zJ+)!)h

+

#,I+hwr.]

o

{

E
}

v’.
=

if iO= O, or
e

‘j$:F–,D–l~olj[e-’(P+~”$-

(

[e‘]T2j

sin (p + ~)~n,] F–I D–ITOH

E
[1o

+

e’(p+?’~-] E

o

.

}
_ jkm
e ~ 2 cos (p + ~)~m F–ID– ITOH :
[1
. .

(81)

if vO = 0.
Equation (77) thus becomes

where the alternative ~ sin and cos forms correspond to the cases for
i~ = O and VO= O respectively.
Multiplying both sides by

gives
‘F-’D-1[(2c0s~m)’

‘2

= [2:::n

(p++)

*
but

[s

:O)IDFW[::I

*ml F-’D-l(J”;To’’-’-’%TO’”

[:)

’83)
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(62), however,

therefore,

(DF),,W

=

2 ~06ql
2

1 1

S~C 9,

0

Substituting inEq.

Nsec

0

(85)

2COS;

(84) then,

Cos 1,. — Cos @l

0,
(

~

‘sin~
‘jcos

Cos#m-.os:)

1,
P+j

[Os:

co.;]

[:::)

sin~[0s~co6~](l)(86)
+m.

and finally,
~,

-

‘sin
“(
~ cc’s

p+;

~fisin$cosll~
)

(87a)

N(cos y“, – Cos @l)
and
–sm
a m,=-

p+;

j _(Cos

imsu2~ #m

Cos

e=

)

,V(cos

4., –

Cos @,)

“

(87b)

The relative loading of the modes when strap breaks are present can
also be calculated.
It will be sufficient here to outline the method of
analysis and to quote the final results. Suppose again that the strap
breaks are (2p + 1) sections apart and that between the output oscillator and one strap break there are q oscillators; between the output
oscillator and the other break there are r sections in the opposite direction.
The problem is most easily
The relation N = 2p + q + r + 4 holds.
handled by using the T matrices rather than the ~. If the matrix for a
loaded oscillator is written D-l(TO + T.) D, the condition of periodicity
gives

‘-lT’(TO+Tti)mTBT:”+lTBD
k)=(’i

(88a)
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By rewriting this equation as

T&~~D-’T,DT#(To

+ TJTID-lT,DTJ’+J*JD
[!1

= D (1]

‘88’)

and again as
TO(.+}4)D–1T~DTO(Nt21–P–!A[l
+ TO(,–r–lJiZTUTO(r–Q–lJ’Z]

‘O(N’2)--’51TBDTO(fi)$)D)D
[1) = D [:1
‘88’)
the problem assumes a more symmetrical form.
If it be assumed that the coupling does not link the antisymmetric
modes and that the load admittance is shunted across the output resonator in the median plane, the form of Tu may be calculated.
It is

1
~jy
T. =

~ _

00

~, jK.

K,Y

~

~~
!1
tan*l
2

9,
secz ~
sin 208

tan ~

~tn &l

~

00

~

~

(89)

10

2
00

00

The problem is considerably simplified if the second and third rows and
columns of all the matrices are both interchanged.
This brings the To
matrices to the form

T] =

Cos 41
— sin @l
o
o

I

sin 41
cos @l
0
0

0

0

o

0

Cos +2 sin 1#12
– sin q$z cos 421

.

‘“I
[1

O

o

T02

.

(9(3)

The load matrix T. takes the form

~ tangl

o

(J

2
T: = – Y’K,

sin 28,

Ctn &l
2
0
0

where

The break matrix D–lT~D becomes

100
000
000

L,
’00’[1

O
’91)
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tan

*

2

(D-lTnD)*

= ‘%

0

#

tan

fi

~

2
00

0

o

4.7

_tan*

(92)
~“

2
00

2
00

The form of the load matrix shows that it does not couple the m2 set
of modes; the strap-break matrix, on the other hand, has off-diagonal
terms leading to a mixing of the ml- and ma-modes.
The final result for the perturbation of the modes when X ~ cc is
contained in the equation
~,zz + 2jYK, sin 8,
sin 61
[X,’,co’’(w)’-xlsinit+)+ll=o=o

’93)

where
~l=sin~cOS
’41

z2=—

p+~
(

1$’,cos(~-p-i)+,’an%

+sin

N~cOs

(

sin~sin(p+~]bzsin(~

p+~

l)@lcO’($-p-i)+’an$J
-p-$)

+’in?~n(p+k)’sin(
~=cos?cos(p+i)’,’os(

+atan$

:-p-i)’’an+)
~-p-i)b,tan$

+ co’ ~

cos(p+:)+lcos(:

-p-l)

~l’a”+)

and
yz = Cos

~sin(p+i)’,sin(~
+ Cos N+

-p-i)
‘in(p+k)’sinG-p-k)+

’,tan$
ltan$”

It may be noted that this is the equation which would determine the
mode spectmm in a single-cavity, tunable tube with strap breaks.
The loading can now be found by forming a Yidu from Eq. (93) and
putting Y = O. The result is
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z=

jK,

1
‘in+,
sin 0,
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cos(:-p-k)~,’

[

sin y

:(c’n@l[’an(p+i)

41

1

’$l+’an&p-i)”l

+c’n’$’[tan(p+:)

@’+’’n(:-p-:)@,l}

‘“a)

or

1

r

al’

1

‘in$’sin($-p-k)+’

aw = jKa sin 0,

co’ ‘+q

[
:lc’n@l[c’n(p+i)

&

@+c’n(~-p-i)’ll

+“n@,[c’n(p+i)@,+

r

’’n(:-p-:)@,ll

‘94’)

The variation in the loading of the two sets of modes as the output
position is changed is described by the terms l/[sin2(r – q/2)@,] and
l/[cos2(r – q/2)@ll and is readily calculated, since +1 is known.
It will
be noted that the loading for each mode is the sum of terms pertaining
to the symmetric and to the antisymmetric components.
4.8. Effects Caused by Various Types of Tuning.-The
properties of
tunable tubes dkcussed in this section are those directly connected with
the resonant system.
The general principles and methods of mechanical
and electronic tuning are given in Chaps. 14 and 15.
Single-caoity
Tuner.—In single-cavity
tuning a variable reactive
element is connected into a single resonator section, thereby changing
The reactance is generally introduced
the frequent y of the whole system.
in such a manner that the antisymmetric modes are not coupled, and
Similarly, the tuning element will not
they are, therefore, untuned.
affect those components of the doublet modes (m # O) which do not
couple with the perturbed cavity.
The addition of strap breaks, however, will cause all modes to be coupled to some extent.
For simplicity,
this discussion will be limited to the case without strap breaks.
The
equations determining the new frequencies have been given in Sec. 4“6.
They are
COS+=COS 20*-7

K.YW

sin 20,,

Z sin # = K, sin 28.,

(43)
(44)
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zYtme. = o.

(47b)

and

tan~+;
Combining

the last two equations gives

(95)

F(k).

The tuner reactance transformed to the end of the resonator slots is
represented, as before, by Yt.m.,. Cos 1#1is already known as a function of h, so that the right-hand side of Eq. (95) may be plotted as a
2
1
0
z
~1
2
3
6.0
Fh4.17.-singk+.avityt

7.0

8.o

9.0

A in cm
uningcurvea[seeEq.

10.0
(96)1.

function of~.
Figure 4.17shows the forrnof thlsfunction inaparticular
case. Because sin 21#1,and cos + are well-behaved functions of h in
the range considered, the function always consists of a series of branches
running between the poles of tan N@/2 or I#J= [%(m + &)]/N.
The
dependence of Y~_ upon k cannot be specified, of course, untif the form
of the tuning reactance is known.
In general, – Y,will be an
increasing function of h with no poles in the tuning range. The intmAs the curve
sectiona of - Ytia and F(A) now give the new frequencies.
for – Ytia moves up and down because of the variation in the tuning
reactsnce, it can be seen that all the modes that are coupled change
wavelength in the same sense. No matter how much susceptance is
coupled in, the mth mode, originally at d = 2mr/N, cannot move beyond
[(Zm + 1)~]/N.

There is, therefore, no crossing of the modes.

The main
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difficulties in the single-cavity tuning schemes arise from the pattern
distortion in the r-mode.
Equation (55) showed that the pattern distortion in a tube with a given number of oscillators is a function of @ only.
Distortion, then, is minimized by making the change in @ over the tuning
range as small as possible; this, it may be recalled, is the condition for
large mode separation.
The loading of a single-cavity tunable tube can be treated as before
by considering the insertion of a shunt element jYI..,i into the output
oscillator.
If the number of oscillators between the tuner and the output
is (p — 1), the periodicity condition is

(m::ITN-’E
:ITP(V1
=(t]

(96)

This is found to lead to

(97)
Thus, the characteristic admittance,

f,

Y, = –~A(13Y,~/c3x),

The value of Y. thus varies with the relative position of the tuner and
The variation over the tuning range does
output as secz [(N/2) — p]+.
It should be noted that
not lend itself to expression in a simpler form.
if the Y. defined here were used to calculate Q values, the resistive loads
would also have to be transformed to the top of the resonator slots.
To avoid the pattern distortion arising from tuning a single cavity,
a number of schemes have been devised that act more or less symmetrically on all the cavities.
Multicavity
Strap Tuner.—In this form of tuning a grooved ring,
mounted at one end of the tube and having its axis coinciding with
that of the tube, is moved up and down with respect to the strap system.
The grooves are arranged so that the tuner can appreciably penetrate
the strap system without directly contacting it (see Fig. 4.18).
The
other end of the tube is strapped conventionally.
For the following
mathematical treatment, it is supposed that there are no strap breaks,
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although, in practice, they would be used. The model wed differs from
that of theordlnary double-strapped tube only in that thestrap impedances are taken to be different and written K,l and K,2, where one
impedance is fixed and the other variable.
The effective strap lengths
Groovedrmg
///////

E
4 Anodeblock

b

Fm. 4.1 8.—Cross
are assumed equal.

Straps

section of strap tuner.

The strap or coupling matrix is then

(99)

The (u-v) -matrix is now found to be
K,lM,
Cos 2+, + ~

I

~

ctn 9, sin 2 be

M. csc 0, sin 24,

— K,,
~ M, csc 0, sin 21#Ia
1
K,,M.
Cos 24, + ~
ctn 0, sin 20,
1
(loo)

and the secular equation

(

K,lM,
Cos 24. + ~

ctn 0, sin 2& — cos ~~
)(

Cos 24.

K,zM,
+~

If K.,/2Z,0

ctnorsin2@”-cOs

em)=

= k, and K.2/2Z,0

2na
Cos +, = Cos — —

,;(

‘$1Kwcscersin2J’

X2
~ _ ~ sin 2~s kl + kz Ctnh &h
——
d A:,
d
[

k,+ks’
2

)

‘10’)

= k, (using the same symbols as before),

Csch’G+Ji?+;G’Yl”

~

‘102)

There are, as before, two sets of modes corresponding to the ambivalent
sign; when kl = kt, they reduce to the earlier m and m sets of modes.
If the tube is short or the strapping light, if, in fact,
kl+

k,’

() kl – k~

>> sinh’ ‘h
-r

~

r k:,

– 1,

(103)
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the second term under the radical is negligible.
The tube then behaves
as a symmetrical tube with k = kl + kz. The behavior of the modes
will then be as indicated in Fig. 4“9. At the opposite extreme, with a
very heavily strapped or very long tube,

and

The term in brackets of Eq, (102) then becomes lrl or kz; the two ends
of the tube are effectively out of touch with each other, and the spectrum
consists of the untuned modes associated with one end and the
tuned modes of the other end.
Multicavity

Segment

Tuner.—

It is also possible to tune by strapping the tube at only one end and
then moving a flat ring up and
(a)
down above the unstrapped ends
L
of the segments.
This arrangement, shown in Fig. 4.19a, introduces a new form of coupling.
As
represented in Fig. 4.19b, it may
lb)
be seen that the ring coupling is
Fm. 4.19.—(a) Schematic view of seg.
effected by the capacitances of the
ment tuner showing the tuning plate P over
the anode block A; (b) equivalent circuit
segments to the ring and that the
of segment tuner.
finite length of the ring section
It is assumed that the ring and the
introduces some series inductance.
segments form a transmission line of impedance KL. For simplicity
the length of one section is assumed to be equal to the strap length.
This is not unreasonable, because the ring and the strap system are
usually the same size. The arrangement of the sections then assumes the
form sho\vn in Fig. 4.20 in which the resonator is in series \vith the coupling net\vork at the unstrapped, tuned end and is in shunt \rith the
straps at the strapped end. The matrix for the resonator section now
has a ne\v form.
If the +terrninal net~vork representing the resonator
has the matrix

FrFr’ilc

a’
[ c’

b’
a’ ))

solution of the network equations gives
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(104)

for the matrix of the center section.

T,=. =

1

I

sec 0,
jIll, tan 0,
o

In this case
0

00

–1
o
0 1
00

–jK,

tan tJ,
sec 0,
–1 1

(105)

The coupling matrix is exactly like that for the strap-tunable

FIQ. 420.-

-A

4-terminal

network

impedances K, and K,.

representation
magnetron,

of one section

of

a

tube with

segment-tuned

The (u-v) -matrix for the whole section is now

The determinantal equation [Eq. (15)] gives
(COS ~~ –

cos 24, + +K,flf,
–

*M,K,

sin 24, tan 0.) (COS~. + cos 24,
K,M,

sin 24. tan 0,) + ~

sinz 2& sec2 d, = O.

(107a)

Using the notation k. = K,/2Z,, and k, = K,/2Z,, and substituting
usual values for M,, o., and +,, Eq. (107a) may be put in the form

the
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(107b)

The behavior of this expression may be clarified in the following way:
Then the term
consider the case k, = @ when the tube is unstrapped.
in brackets is unity; and for tubes that are not excessively long and that
have short straps,
(108)
A=%-

1)(’0s’.+’0s%9

The curves of l/4k, against ~’ are thus very nearly straight lines through
(X~O,O),and their slopes vary as cos ~~ + cos 27rs/x,,. Furthermore, for
k very large the bracketed term tends to a constant value, and the values
of l/4k~ become asymptotic to
h

iq ()

1,
–

1

(’0s *m + 1).

The wavelength Am of the modes varies, then, as l/cos (#J2).
The
ir-mode has the smallest wavelength, and the wavelengths ascend in
order of m. Thus, in the segment-tuned system the ring coupling is
dominant and the mode order is that of an unstrapped system (see Chap.
2). This result is not surprising, because the end-space and interaction‘space coupling in the unstrapped system are weak forms of the same type
of coupling that is provided by the ring. Returning to Eq. (107 b), tile
denominator of the bracketed term does not vary much for values of x
between X,Oand 2A,0, say, and the expression

is usually not zero in that region.

Thus, the behavior

of l/4k,

for k,
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very large is determined by the remaining factors or

sin

1
2~s (

COS $.

%s

— COS —

A

~z

+

k,

d q~’anh?fi’in%?

A

(109)
The term in parentheses in Eq. (109) is of the form of the function
cos~~ — cos o for a strapped tube of length 2h, the resonances being
determined bythepoints
forwhich the function equals zero. Thus for
8.0
-?n2=l

7,0

ml=l

ml=O

7.0

m2=0

6.0

ml=2

,

8.0-

5.0
~- 4,(J

. mz=l
—m2=o

6.0

ml=l

m,=O
m1=2

5.0
5-4,0

-3.0

3.0

2.0

ml=3

1.0 ‘/j!f

2.0

m1=3

K,=O.65 “ 1’0 ~JE

0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.02.2
A’/A’ro

K, =1.5

0.4 0.6 0.8 1.0 1,2 1.4 1.6 1.8 2.0 2.2
AWL.

80 ~

I
A2/ At,.
Fm. 4.21.—V.duesof l/k~ plottedagainstA2/A%for the casesk, = m, 1.5, and 0.65.

k, = w,theorder

of themodes

isthatof

a strapped tube.

I

In this type

of tuner then, as kt is made sufficiently small, the modes will cross over
completely and shift from the strapped order to the unstrapped order.
A Bell Telephone Laboratories 30-cm magnetron uses this form of
tuning.
For this tube the values of 2rS/A,0 and %h/b@ are 0.473 and
1.71. Figure 4.21 shows l/k, plotted against Xz/k~, for the cases k. = co,
1.5, and 0.65. The inversion of mode order and consequent crossing is
plainly in evidence.
It is possible to compare the above analysis directly

I

I

I
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with experiment, using the physical strap length for s, the wavelength
of the u-mode with the tuner retracted, and the slope of one of the
unstrapped tuning curves iu order to calculate the tube constants.
F@re 4.22a and b shows the observed and calculated tuning curves for
the unstrapped tube and for the normal tube.
The agreement is good
except for the (m = 3)-mode, which lies at the border of the theory.
Experimentally, (m = l)-, (m = 2)-, and (m = 3)-doublets are resolved
by various asymmetries such as the cathode leads and the notches cut in
32

30

30

28

28

26
24
E
“ 22
.E
4
20

22

18

20t?z?

1

1[
.8
O24681OI2

1

I

16
14
0246S

I/kt
(d

10

12

14

ljkt
(b)

Fm.

4.22.—Calmdated
and observed tuning curves for an unstrapped, experimental
30-cm magnetron.
The solid lines indicate calculated values; the broken lines, observed
values.
(a) The slope of the (m = O)-curve is fitted r,o the experimental value at I/k, = 0;
(b) (m = O)-curve is fitted at l/kt = O. (Courte.su of W. B. Heberutred, Bell Telephone

Labortiories.)

the tuner to clear them. These details were not included in the theoretical analysis given here.
Multicavity
Inductance
Tuner.—A third symmetrical tuning scheme
is the “inductance”
tuner which was developed by Columbia Radiation
Laboratory for use in 3-cm tubes, because the use of strap and segment
tuners was almost prohibited by dlficulties with high voltages and small
In the inductance tuner a series of pins is mounted at right
clearances.
angles to a movable plate, the up-and-down motion of which causes each
of the pins to penetrate (without contact) into the holes of a hole-and-slot
resonant system.
The 2J51 tube to which this method has been applied
is a double-ring strapped tube, and the representative network of Fig.
4.23 may be used to analyze its behavior.
The effect of the pins has
been represented by a division of the original unstrapped resonator into
The
two lengths of line 1 and h – 1 having impedances K, and K,.
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The matrix of the resonator

cos 81 jKt sin O,
cos 82 jK, sin th
Cos 81H jM, sin 82
cos 021

(llOa)

[ jMt sin 01
or

cos 01 cos t?z — KtiM, sin 01 sin (h

jK,

cos 01 sin L%+ jKt

[ jMk sin 01 cos Oz + jM, cos 81 sin 62 cos 61 cos 92 – K,Mt
.

sin 91 cos Oz
sin el sin 92 )

()
ab
cd

Proceeding

(llOb)

.

as before to evaluate the (u-v) -matrix for the section, this

of
FIG.4.23.—A 4-tarminalnetworkrepresentation

one section of an inductance

tuner.

matrix is now found to be
ld
1 K,
cos 24, + – – K, sin 21#1, — – — sin 24,
2b
2b
1 K,

[

2b

Writing the determinantal

sin 2@a

(111)

la
cos 2@a + – – K, sin 21#1,
2b
1“

equation and rearranging it gives

jK,
cos ~m = cos 2f#Ja— —
2

sin 2fp8
[

a+dfti(a-d)z+l
2b

1

The mode spectrum when the tuner is retracted is that of a strapped
tube with resonator impedance K,; when the tuner is inserted to the full
length of the anode the spectrum is that of a strapped tube with resonator
impedance Kt.
The mode order will be the same at both extremities and
there will thus be no mode crossing.
The spectrum is transformed continuously as the tuner moves through the anode.

CHAPTER
OUTPUT

5

CIRCUITS

BY L. R. WALKER
6.1. Introduction.-The
preceding chapters have treated the resonant
It has been made clear that the
system of the magnetron in detail.
electron stream interacts with the field of the resonant system and feeds
power into it. Thk power is then utilized in two ways.
One part, which
is dissipated in the form of copper losses, serves to maintain high fields
m the resonant system.
As a consequence the resonant system stores
considerable energy and acts as the main frequency-determining element
in the magnetron.
The residual power is fed to an external load, and
the circuit coupling this power to the external load is referred to as
the output circuit.
Such a circuit may be considered as a 4-terminal
transducer which transforms the load impedance to a new level within the
tube. Broadly, the study of this transducer and its relationship to the
resonant system forms the subject of this chapter.
It is clear that in microwave systems, in which the dimensions of the
elements are comparable to a wavelength, the physical separation of the
resonant system and the output circuit must be arbitrary.
There is a
similar difficulty in distinguishing between them on the basis of electrical
In an ideal situation the output circuit would store an amount
function.
of energy negligible in comparison with that in the resonant system, and
it would then be perfectly justifiable to consider the output circuit as
frequency-insensitive in the neighborhood of any resonant frequency of
the system.
Magnetrons that have been developed thus far fall into
two classes: (1) those with unstabilized outputs, in which the conditions
of the ideal case are approximately met, and (2) those with stabilized
outputs, in which the output circuit is deliberately designed to store
energy and may, indeed, store more energy than the resonant system.
The stabilized output is discussed extensively in Chap. 16 and will not
be treated here. In unstabilized outputs, the degree of departure from
ideal frequency-insensitivity
varies greatly between various types of
output circuits, but, in general, the output circuit stores less than about
25 per cent of the energy stored in the resonant system.
It will thus be
satisfactory to consider the properties of ideal frequency-insensitive
Any
output circuits as a guide to the behavior of real output circuits.
specific case may then be examined for departure from ideal behavior.
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l%. 5.1.—Center-l00p
coupling.

FIQ.5.2.—Halo-loop

coupling.

In practice a number of considerations impose restrictions upon the
output circuit.
The wavelength and power level of the tube determine
whether the external line will be waveguide or coaxial line. Constructional details of the anode block, such as its strapping and the geometry
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of the resonators, influence the form of coupling used between the
resonant system and the output line. It is a~o clear that the output

FI~. 5.3.—Segment-fed

coupling.

circuit must contain a vacuum seal and that, because some of the output
will be air-filled, it must be designed to avoid high-voltage breakdown.
Structurally: the main classifi~ation of output circuits is that into
coaxial and waveguide types.
The
coaxial-output circuit consists of a
length of coaxial line that varies in
cross section, either through tapers
or at discontinuities, and in which
the central conductor is fed from the
tube in a variety of ways.
For example, in loop-coupling, the end of
the central conductor is bent into a
loop and attached to some point on
the outer conductor.
The loop is
then placed where it will intercept
the magnetic flux in one oscillator.
Such loops have been introduced
into the resonator in the median
plane (center loop) as in Fig. 5.1 or
have been placed immediately above
FIG. 5.4.—Strap-fed coupling.
the end of one resonator (halo 100D)
as in Fig. 5.2. In unstrapped tubes the center conductor has been run in
above a segment and then attached to a point on one of the end faces of this
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segment (segment-fed coupling); in this case, the center conductor
may be considered to intercept flux passing between neighboring oscillators or to be fed by the voltage along the segment (see Fig. 5.3).
[n a
somewhat similar type of feed applicable to strapped tubes, the whole
coaxial line runs above a segment, and the inner conductor then attaches
directly to a floating strap section (strap-fed coupling) as in Fig. 5.4.
At the load side, the coaxial line output may feed either an external
coaxial line or a wave guide. If the external line is coaxial, the connection
may be directly mechanical or by means of choke joints.
In the latter,

Fm. 5,5.—Waveguide

output.

the out put circuit must include a satisfactory junction from coaxial
line to waveguide line. The vacuum seal is generally incorporated in the
coaxial line or in the waveguide feed, and the glass serves as a support for
the inner conductor.
Waveguide outputs consist of waveguide lines of variable cross
section, which are fed either by opening directly into the back of one
resonator or by communicating with it by means of an iris. The cross
section of the output is generally modified until it is equal to that of the
external waveguide, and the vacuum seal then consists of an iris window
placed between choke joints in this guide (see Fig. 5.5).
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In thk chapter the discussion is confined mainly to an exposition of
the role played by the output circuit in tube operation and of the concepts in terms of which its behavior is analyzed.
The problems arising
in the design of output circuits for specific purposes are treated extensively in Chap. 11. In general, the interesting properties of an output
circuit cannot be accurately predicted by direct calculation, but some
types of waveguide outputs, because of their geometrical simplicity,
form an exception to this rule, and an outline of the methods available
is given for this case. Many of the topics discussed are particular
applications of more general material developed in other books, but
the treatment in this chapter is adapted to the special needs of the
magnetron problem.
5s2. The 4-terminal Transducer.—In Chap. 4, it is shown (explicitly
for strapped magnetrons, but the argument is easily extended to cover
other cases) that provided the tube is oscillating in the r-mode, the
admittance of the resonator system measured at the junction of the
resonator and the interaction space is the sum of the admittances of
the N individual resonators.
The latter admittances are also measured at
the slot openings, and the planes bisecting each segment are assumed
to be open-circuited.
In thk case, the resonator system, as far as its
total admittance at any resonator opening is concerned, may evidently
be replaced by N circuits in parallel, each having the characteristics of an
Because such a representation is valid
individual, isolated resonator.
in the vicinity of the ir-mode only, the individual resonators must be
treated as single shunt-resonant circuits described completely by a
characteristic admittance Y, and a resonant frequency M. The admittance of a single resonator is then jY,(u/uO – uo/u).
For the mmode,
provided that the loading is not heavy enough to cause pattern distortion
and a resultant variation among the slot voltages, the electronic loading
The total electronic admittance will
will be the same at each resonator.
thus be N times that of an individual resonator.
If the mode is other
than a u-mode, an equivalent circuit admittance for the tube at any slot
opening may still be defined, but it is no longer the sum of the individual
values (see Chap. 4), and the variation among the slot voltages makes
difficult the definition of an equivalent electronic admittance (see Chap.
7). For simplicity, it will be assumed in the following sections that a
r-mode is being considered; the modifications necessary for other modes
will be the replacement of NY, by the appropriate equivalent characteristic admittance of the resonator system.
For the purposes of output-circuit analysis it will be convenient to
make use of this representation of the resonator system and, simultaneously, to transform the load atilttance
to the opening of the resonator into which it is coupled.
The atilttanoe
of the coupled oscillator
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and its load are calculated, and then the load admittance is found by
Thus the
subtracting the admittance of an unperturbed oscillator.
output circuit considered as a transmission path extends from the opening
of the coupled resonator to some plane in the external line which is
drawn to include all the discontinuities of the output circuit; the stored
energy of the output circuit, however, does not include that of the coupled
As an example, if a waveguide output couples directly into
resonator.
the back of a resonator, the load impedance Z a~ the junction is effectively in series with jwL, the inductance of the resonator, and appears
By restoring to the resonant
at the slot as an admittance 1/ (j~L + Z).
system the unperturbed admittance l/.juL, the load admittance becomes
+ Z); this clearly involves the properties of the resonator.
– Z/jtiL(juL
It is now necessary to develop some properties of 4-terminal transducers that will be useful in analyzing output systems.
One representation of a transducer is particularly helpful with the model being used.
For any 4-terminal network
V2 = Z2212 + Z2J1
and

(1)
VI = Z2J2 + Z1lI1, }

where Vg, 12 and VI, II are the voltages and currents on the right- and
left-hand’ sides of the transducer respectively.
Thus, if one writes

+
V2 = Z,I,

and

1, = 71VI

where the arrow notation is used to denote the direction in which one
is looking, there follows
.Z12 = Z2212 + Z21YIV1
and
V1 = Z2112 + Z1lYIV1.
Eliminating

V, and 12,
(Z2

–

%)(1

–

ZIIY1)
+

=

Z;IY1,
+

(2)

or, because Y1 = — Yl,

1In the following sections the subscript 1 will be used tQ distinguishquantities
measuredon the left-hand side of a transducer,and it will furtherbe aezumedthat
this is the generatorside. Similarly, the eubscnpt 2 will distinguishquantities on
the right-handside, or load side, of the transducer.

,
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which may be written
52=

Z2++

n’

(3)

Y, + Y1’
where Zz, Yl, and n are independent of Zz and Yl and characterize completely the transformer properties of the network.
Because
32 = –Z2

YI = – Yl,

and

Y,=

Y,+~

nz

(4)

Z2 + Z2’
the transducer may be represented by the network of Fig. 5“6 where
Zz, Yl, and n are complex; for lossless networks Z2 and Y1 will be imaginary and n real; for networks that
are slightly lossy, the real parts of
Zz and YI and the complex part of
n will be small.
The three quantities are, in general, functions of frequency; the assumption of the
FIG. 5.6.—Schematic
representation
of a
“ideal”
output is that they are
4-terrninal transducer.
frequency-independent.
it is ‘also u~eful to have a representation that puts in evidence the
relation between the reflection coefficients measured in transmission lines
of characteristic impedances K1 and K2 attached to the left- and righthand sides of the transducer (see Fig. 5“7). Such a representation forms
the basis for most measurements on microwave transducer properties.
By employing the usual definition of voltage reflection coefficient one
may write

.

+
Z,=K2~

I+qz
l–q2

and

.

+

where ql and q~ are the reflection coefficients looking to the right along
each line. Substituting
after division by KIKz,

in Eq. (2) and using ~~ = – ~2, one obtains,

+

(

l+ql_g
1–;,

)(

=+*
l–q,

)

+~=o.

K,K,

(5)
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(5) implies a relation of the type
.++
1 + Clql +

+
C,qz

+

dqlq2

=

0.

(6)

If we now write
C2 =

@*
2,
b

~l=_L,

@,
b

d =

– e“’+-,

as is always permissible, Eq. (6) becomes
ql = ~–al b + e“’qz

+“
1 + bea’q~

(7)

This representation is of particular value when the transformer is lossless.
In this case, Zll, 221, and Z*Z are all imaginary, and an examination of
Eqs. (5) and (6) shows that W, CM
are now imaginary and b is real.
This result might have been obtained in another way.
Equation
(5) indicates that the relation bm
Fm- &7.-Schematic representationof a tween ql and qz is a bilinear one.
4-terminaltransducerin terms of reflection
Because Iql < 1 for a passive load
coefficients.
and Iql = 1 for a purely reactive
load, a lossless transducer must transform the circle Iql = 1 into itself and
Bilinear transformations with this
the interior Iql <1 also into itself.
property are known to be of the forml”
(8)
1 + @q2eYQ,
where 11, ~z, and j3 are real.
Because of the frequent necessity for transforming through a given
transducer in either direction it is useful to have the left-to-right analogue
of Eq. (8). Using the system of notation shown in Fig. 5“7, one writes
by analogy with Eq. (8)
(9)

Using the relation that is inherent in the definition of q
I A straightforwardaccount of the bilinear or Mobius transformation,which k
the simplestof all oonformrdtransformations,is given in C. Carath60dory,ConfomnaJ
Reprewntatrim,
Cambridge,Ixmdon, 1932. Since alf impedanceand reflection transformations belong to this claas, a knowledge of its propertiedis very illuminating.
Equation (8) is derived from bid., p. 17, by multiplyinghIs equationby ei@I-UJand
writingZo- - s-%
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-+.
qq

1,

=

(lo)

one may show
(ha)

P’ = &
.+
Cw+al=r,
++
CO+az=m.

(llb)
(llC)

Because ~ = ~’, the prime may be dropped.
Equations (8) and (9),
It should be noticed
of course, embody the same physical properties.
that j3, al, and m are dependent upon K1 and Ka as well as the internal
properties of the transducer.
.4 physical realization of Eq. (8) or (9)
may be found by writing it as three equations.
Thus,

-+
d =

@T2,

(12a)

and

~=B+2

l+

or

q;_
+—

I–qj’

1 + i%;

()

1+/3
_
l–f?

l+q;
—

(12b)

l–~’

and
+.
ql z

I

The transformation

embodied

q~e–><.

(12C)

in Eq. (12a) is that due to an electrical

length az of line of characteristic

impedance K2.

Equation

(12b) repre-

Si’k

FIG.5.8.—Equivalentcircuitof a 4-terminaltransducer.
sents passage through an ideal transformer,
ducing Z; and Z;, the impedances
from Eq. (12b)

as may be seen by intro-

corresponding

to & and “q,.

Then,

(12d)
FinalIy Eq.
The turns ratio of the ideal transformer is [A(KJKJ]X.
(Mc) indicates a further passage down a line of characteristic impedance
K, and electrical length –;l.
Thus, the circuit of Fig. 5.8 represents
the whole transducer connected to lines of impedance K, and KZ.
The geometrical significance of Eq. (8) is shown in Fig. 5“9, which
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represents the motion of two given points in the qz-plane under the three
The first and last transformations corstages of the transformation.
The
respond to rotation through angles m and — al respectively.
passage through an ideal transformer is a transformation that leaves

FIG. 5.9.—Analys;s
into three elementary

(a)

(b)

(cl

((a

of the action of a general 4-terminal reflection-coefficient transducer
operations.
Transformations
(a) to (b) and (c) to (d) correspond

++

to rotation through angle~ at and –a, respectively.
The transformation(b) to (c) may be
termeda compressionandrefersto the transformationthroughthe idealtransformer.
Arg[(l

+ ~~)/(1

– ~~)] = Arg[(l

+ ~2)/(1 – ~)] according to Eq. (12b).

But Arg[(l + ~)/(1 – ~)] = constant is the equation of a circle through
the points +1 and – 1; such circles are thus transformed into themselves. Points lying on a common circle orthogonal to those which pass
through +1 and – 1 still lie on such a circle after transformation, since
the transformation is conformal.
Thk type of transformation may be
referred to as a compression.
It is important to note that it is only at
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this stage that the size of figures and the magnitude of reflection coefficients are changed.
The parameter A = (1 + ~)/(1 – ~), which may
be called the principal transformer constant, mainly determines the
properties of the transducer.

One may note that ql(0) = @-’ul

and

q2(0) = &’a~ are the reflection coefficients looklng into each side of the
transducer when the remote side is matched.
Since these points must
fall within Iql = 1, then O S 6 S 1 and 1 S A.
The transducer constants could clearly be found by measuring ;,(O)
and qz(0), but it is often difficult to match each of the lines, and another
method is preferable.
qj is of the form

Suppose that qz is set up by a reactive load; then

q~ = e~$,, where @Z is real.

lossless, one must have ql = e%
reducing one finds
.

Since the transducer is

Putting these values in Eq. (8) and
+
(13)

practically, ~1 (or @z) maybe found as a function of @z (or 01) by moving
a shorting plunger along one line and measuring the position of the associated short circuit in the other line. If O, (or @ be plotted against
@z (or 6),

an S-shaped curve symmetrical about the line
@l+al=dJz+a,

is obtained, repeating itself as both 01 and 42 increase by 2T (see Fig.
5.10). From Eq. (13) one has
see* 01 + ~1 do,_=
d~z
2

Asec292+a2
2

or
&h =
d~~

A sec2 ?2.+3
2
-~=A–
1 + AZ tan2 &+&z
2

A(A2 – 1)
A’+

(14)

cotz e“

From Eq. (14) it follows that d@,/d& s A, the equality occurring at
*
02 + az = 0, + a, = 0. Similarly, dO,/d@, S A, and equality occurs
+
at +2 + az = & + al = r. Thus, the transducer parameters may be
found from the maximum slope of a O, vs. ~, or & vs. O, plot and the
location of the point at which the maximum slope occurs.
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6.3. The Q-circle and the Rieke Diagram.—This section will be concerned with the behavior of a resonant system that is connected to an
external load by means of an ideal frequent y-insensitive output circuit.
The results that are derived may be applied to real output circuits
provided the assumption of frequency-insensitivity
is not seriously
violated.
It will not be assumed that the output circuit is lossless.
Making use of the representation in
/’
which the resonant system and load are
!
shunted across a resonator opening
q
and also of the representation of the
output transducer shown in Fig. 5.6,
one has the over-all transducer of Fig.
%-=,
.
+
5.11, where the Y1 and 22 retain their
previous meaning.
As a consequence
of the physical overlapping of the
-=1,
resonant system and the output circuit,
m-=2
it is not possible, in the absence of
~-%
FIG. 5.10.—Repreaentative
S-curve independent measurements of lead
for the computationof the trmedueer loss made on the isolable part of the
parameters.
output circuit, to separate the socalled “tube” and “lead” losses. Thus, the model uses a lossless shunt
circuit for the resonant system and incorporates the losses of the latter
with those of the shunt element Y1 of the output circuit.

‘m”:’=

D

B

FIG.6.1I.—Representationof remnantsystem

It will be supposed

and output circuit.

that the load impedance

coefficient qz are set Up in a line of characteristic

22 and its reflection
impedance K.

A rela-

tion will first be derived between Y1(0), the admittance looking into the
resonant system in the direction of power flow, when the external line
is matched, and q., the reflection coefficient lookhg from the terminals
CD of the transducer into the “cold”
tube which contains no electrons.
Writing jYo = jNY,(u/uo
- wo/u) for the admittance of the resonant
system, one has
7,(0)

=

jYo + Y, + *,

(15)
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+
22 + jyo~;

~.=K~=

(16)

~1”

l–q.
Eliminating the frequency-dependent
and (16) gives

term jYo + Y, between Eqs. (15)
n’

l+%-Z,++
K~–
l–q.
g_l+

Yl(o)

;,(0)

–

n2/(Zz

;=2

~+

‘

+ K)

n2/K

1+.
Y,(o)

– n’/(z2

+ m
_
—

()

()
Z,–

—

n’

n2/K

K

‘2,

– ~~

K
+K

+

K)’

+
“(0)+R1

2+1

71(0)+;

n’
(

2,–K
——
Z,+K

)

(

l–Z*KZ,+K

)

1

2Kn2
(.Z2 +

z,
X–l

7,(0)

(17)
Y,(o)

where
Z,–
iO=Z,

K

(18a)

+K

and

A= (z%)’”

(Mb)

But, if the transformer be frequency insensitive, YI(0)

~,(0)

= G. + jBL

+ j2NY,

$

is of the form

where au = (u -

uO) << COO. (19)

Thus, YI(0) is represented in the complex plane by a straight line of
It will be supposed that the assumptions of
the form G. + jB(u).
1It may be noted that the frequency shift due to the load is given by
(h).

= -

()&

r

.,.

,
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frequency-insensitivity
and freedom from extra modes in the resonant
system hold good over a frequency range sufficient to make B(u) >> GL.
Substantially

then, B(u)

runs from – ~ to +@.

Then [~1(0)1–1 is a

+
circle of center l/2GL and radius l/2GL;

and from Eq. (17), q, is repre-

sented by a circle of center ~0 + (A /2GL) and radius 1Al/2GL.
It has
been proved, therefore, that the locus of input reflection coefficients for
the “cold” tube, as a function of frequency, is a circle. This is known
as the Q-circle.
From the definition of loaded Q as Q. one has
QL =

~“

(20)

Thus,
~1(0) = GL + jBL + jNY,
=GL

= G.

(

l+j&+jQL~

(

~

26W
)

1 + jQ~ ~. [b

– (h),,]

I

(21)

or
(22)
= tan Arg ~,

A

(23)

q–go

making use of Eq. (17).

Considering

Fig. 512 which shows a possible

Q-circle and a series of observed points ~~(u~), ~,(u,), etc., it is plain that
Arg A/ (~ – ~o) is the angle between the line joining

qo to

a point q on

the circle and the diameter of the Q-circle passing through qo. Thus, if
any line pp’ is drawn normal to the diameter, the diameter and the line
++
through q and qo will intercept a segment on pp’ proportional to tan
From Eq. (23) the length of this segment varies linearly
Arg A/(~ – ;O).
with 6U and, hence, with u. In practice, then, if the reflection coefficient
has been measured at a series of frequencies and a Q-circle drawn through
the points, the diameter through ~0 may be drawn and the series of the
segments on a normal to the diameter measured as above.
If the segment length is then plotted against frequency, the slope of the resultant
straight line leads, using Eq. (23), to a value for QL. Strictly speaking,
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the value of uo is not observed, but it is usually satisfactory to use a value
As has
of u in the neighborhood of that for which Iql is a minimum.
been emphasized, this method of determining Q. is idealized, presupposing
frequency insensitivity of the output circuit and the absence of secondary
It will be possible to locate qo, the
resonances in the resonant system.
off-resonance point, with a sufficient degree of accuracy provided that
the assumed ideal conditions hold over a frequency range sufficient to
make 6W— (h). >> (tio/2Q~).
Provided that gO has been located
correctly, the method is useful because it utilizes all the points
measured and, by means of the
linearity of t h e intercept-frequency plot, tests their internal
consistencey.
Once the Q-circle has been determined, it maybe used to deduce
a number of properties of the whole
system. The circuit efficiency at
match, defined as the ratio of
power delivered to the load to that
FIG.5.12.—The Q-circle,
fed into the system at the resonator
openings, may be shown to be given by the radius of the Q-circle.
Thus
in Fig. 5.11, if VI is the voltage across All and 12 the current through CD,
then
(24)
But the input power is GL\ VI\2, and the power to the load, KII,{’,
that the circuit efficiency at match or v.(O) is

1

so

(25)
It is customary to define a quantity Q,, the external Q, which is 2T
times the ratio of the energy stored in the system to the energy dissipated
In accord with this definition, at match,
in the external load per cycle.
QE .

$k#,

(26)

where Q.(0) has been written rather than QL to indicate a value measured
at match.
It is, of course, possible to define QL values for any value of
qL,

the load reflection

coefficient.

Provided

that the system has not
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been pulled by the load from its unperturbed frequency, one has

&(;L)

_

GL

m“—

G.(O).

tlL(~.)

GL(;L)

Similarly
(27)
A
+
The behavior of ~L(qL) and ~.(q.) as functions of q’ are discussed below.
The pulling figure of the operating magnetron may be defined as the
.
maximum change in frequent y F (q@) of the system when qL is varied

.+

over au phases with 19.1 = qr. Since the pulling figure will depend upon
the susceptance of the electron stream, it is necessary to make a sirnplif ying assumption about the behavior of the latter in order to deduce the
Suppose that the electron admittance is
pulling figure from the Q-circle.
Y, = G. + jB.,

the load reflection coefficient is ;L, and the load imped-

ance consequently
0=

iS K[(l

Ge+jB,

+

qL)/(1

—

q.)];

then

n’

+i2NK~O+YI+

(28)

+“
z2+K~

l+q.
l–q.

Making the substitutions

Z,=K~P

l–qo

~2=(a+m’A=
2K

z~~

,

(1 – ;0)’

Eq. (28) becomes
0=

G.+jBe+

j2NY,:O+Y,

+~

A+

1 –qol

l–qL,

(29)

–;.;O

Using the symbol D to denote the variation in a quantity as the phase of
u.

is varied, one has
O = D(G,

+ jBe)

+ j2NYr
+D(’@)+D(fill::i)

’30)

The assumption to be made about the electron admittance is that, for
Multiplying Eq.
= tan a = a constant.
small changes, DAD
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(30) by e-’a gives

’’”~”(’”)e-i”+”
“=’”~cos-+”’m(i%
’31)

o = “(G,)

Cos a

-+

or

Thus,

. fo sec

I

a

(32)

‘“-’m(z@)

The bracketed

i

expression is A e–i”/2GL

times the inverse of a circle of

center – go and radius l/lq~l = l/qP.
Considering the inversion of the
two points on a diameter of this circle which passes through the origin,
which two points, thus, still lie at the extremities of a diameter after
inversion, the new diameter of the inverted circle is seen to be

I
1

1

—

q;’ – 1;01

+—
q’

+

2G?

—

1701

G’

–

=
1;01’

‘9P
1 –

.

Jiol’

Thus,

‘“’’m(sfi)=H’~’0’2=12~~~”

’33)

and
~(q,)

= j07.(o)

f+ec

=

fO sec

2qp

CI

Q,

1 –
‘q,

a

Qz+”

1 –

9:LOI’

(34)

q:lqol’

The value of F(qp)
is seen to be determined from the Q-circle save for
the term sec a, which is of electronic origin. The expression found by
setting a = O is known as the “cold” pulling figure and represents the
1
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effect of the oscillating and output circuits upon the total pulling figure.
The pulling figure ordinarily used to describe magnetron performance
epecifies a value of q, of 0.2.
The unloaded Q, Q“ has not been mentioned thus far. In normal
usage, this is a loose term intended to describe the tube losses. Because
of the difficulty of separating the tube and lead losses there is some
ambiguity in defining the unloaded Q. If the lead and tube losses are
grouped together, then, with an obvious notation
G. = G. + Gu,
(35)

Alternatively, the lead losses may be separated as far as possible by
defining QU as 27rtimes the ratio of stored energy to the energy loss per
cycle in the tube and lead when the latter is minimized with respect to
variations in the external load. The result derived in this way is

(36)

+

+

where (qOA) is the scalar product of qOand A. The expression may be
evaluated from the Q-circle if necessary.
The Rieke Diagram.—It has been explained in Chap. 1 that the Rieke
diagram shows the power delivered to the load and the frequency of
the system as functions of the load reflection coefficient qL. The complete theory of the diagram is given in Chap. 7. It is necessary here to
discuss only the relations between the Rieke diagram and the Q-circle.
According to Eq. (29),
–G.

– j~.

=

~,(;L)

=

j2NY,

:

+ Y, + ~

A

1 ‘+q:

(29)

l–qOl–qLqO

In Chap. 7 it is shown that the electronic efficiency is a function of Ge
only, provided that the patterns are not distorted by loading.
This
being the case, the contours of constant electronic efficiency, of constant
power transfer by the electrons,
cOnStant QL(q~) = NY,/GL(qL)

of constant G. = – Re[~,(~L)],
are identical.

In the

Y-plane,

and of
these

contours are straight lines of the form Re ( Y) + jB = G + jB, where B
is variable.
These lines must transform into circles in the qL plane;
and since each line contains the point at infinity, all the circles must
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From Eq. (29) the required trand-

contain the transform of this point.
form is ~L = l/~.

I

Now, in determining

the Q-circle, ;I

But since &’=

and thus G = O for the Q-circle.
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= – ~1 = O,

1, the circle in the

q-plane, corresponding to the Q-circle in the q-plane, is the inverse of
the former.
Thus, the inverse of the Q-circle is one of the contours
of constant Q~; namely, Q~ = O. The whole family of contours of
constant Q~ is evidently a family of nonintersecting circles passing
through l/’o and tangent at that point to the inverse of the Q-circle.
Figure 5.13 shows the disposition of these circles.
Without information from operating tubes about the variation of
B, with G., one cannot deduce the frequency contours.
The assumption
used in deducing the pulling figure cannot be used because it is true only
for small variations of G.. If it were universally valid, the frequency

.
contours would be a set of circles also passing through l/qO, intersecting
the Q. set at a fixed angle 7r/2 – a.
In order to deduce electronic efficiency as a function of load from the
Rleke diagram, it is necessary to find out how the circuit efficiency varies.
Suppose that the load reflection coefficient is ~; this may be thought of
as produced by a lossless transducer, and the presence of the latter will

++
not affect the circuit efficiency.
represented from Eq. (8) by
;,

If q~ = lq~[e~”, such a transducer

=

e,,

la

+;2
.+

1 +

is

(37)

kL192

or, from Eqs. (9) and (11),
q2=@e+

“ -

GLI _

:

+-–

1 – ]q~le~oql

\ F. I-’ -

;.1.

(38)

1 – +
lqLle7@q1
+

Iq.1

The radius of the Q-circle measured on the load side of the transducer
gives the new circuit efficiency, m
of the normal Q-circle by Eq. (38).
TO +

m

(0) ei$,

but this Q-circle is the transform
If the Q-circle is written in the form,

(~.);

the diameter of the corresponding
%(qL)

~c(o)(l

=
11 –

~OljLle;’12

–

q2

circle is

I;LI’)
–

(39)

77c(C))2~L]”

.
and this equation shows the variation of circuit efficiency with
I

q~.

The

contours of constant q,(q~) may be found by writing Eq. (39) in the form
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7C(0)

1 – ~

qc(qL)

=

It is always possible to find three real quantities
and

q2

53

%@,
ql,

q2,

e)

=

0.

(40)

and k where

ql

are independent of q.(q~) such that
Ij.ei’

– ‘tdz – ~z{~.d’ – q212 = *(FLI,

@ = 0.

(41)

Equation (41) is the equation of a set of coaxal circles having the points
ql and qz, lying on the common
diameter of the Q- and unit-circles, as
limit points.
The set may be determined in practice by identifying two of its members, namely,
the unit circle and the inverse of
The former correthe Q-circle.
sponds to qC = O (a reactive load),
and the latter to qc = — @ (for in
this case G, = O and power is being
fed into the system).
In Fig. 5.13
some members of the coaxal set
are shown to indicate their relation
with the Q-circle and constant Q’
The presence of lead
contours.
loss causes the sets of constant q.
FIG,5. 13.—Ckmtours of constant loaded Q and constant QL circles to have
Solid lines
and constant circuit eficienry.
different
c o m m o n diameters.
represent QL and broken lines represent q..
Thus, \vhen there is lead loss, the
contours of constant over-all efficiency and the contours of constant load
power in the Rieke diagram will not be circles nor \villthey lie symmetrically about a common axis. It can also be seen that the contours of con.+
will not have a simple form.
Stant QE(qL) = QL(qL)/qC(qL)
Finally, it is of some practical interest to deduce from a given Rieke
diagram the effect of inserting a lossless ransducer bet\veen the tube and
the load. The problem is to find the contour in the reflection plane into
which the transducer converts the pulling circle lqLl = gp and from the
given Rieke diagram to find the frequency range spanned by the contour.
If the transducer is specified by the fact that it transforms ql = O into
4+
qz = q,., the equations of the transformed circle are quite involved.
However, if only an estimate of the new pulling figure is required, the
problem is simpler.
For since any transformation has been shown to
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change the size of figures only in the “compression”
stage, the size
of the pulling figure can be altered only at this stage. But the compression transforms all circles through +1 and – 1 into themselves, so that
if two circles are drawn through +1 and -1 to touch the pulling circle

161= ~,, the transform of this circle will still touch the pair of circles
after compression.
Thus, the size of the new pulling circle is fixed as a
function of its radial position (see Fig. 5.14).
To a first approximation,
it may be assumed that the transform of the center of the original
\
t

t
I

I

,

]

.
pulling circle (q = O) is the center
\
.4
/’
of the new pulling circle (~ = ~.)
+
and, since qL is known, the size of the
new pulling circle is known.
5.4. General Considerations Con- -1-+1
cerning the Output Circuit Problem.—In the last two sections the
chief concepts used in describing
output circuit behavior have been
Fx~. 6.14.—Transformation
of the Pulling
introduced, and the performance of
circle.
a resonator system connected to a
load has been interpreted using the device of an ideal output circuit.
It
has been shown that most of the quantities involved in the relations
between tube and load may be deduced from the Q-circle and the Rieke
diagram. The quantity Y, which is needed for a complete analysis may
be either calculated or obtained from Q measurements together with independent experiments on the output circuit.
Thus, it is-possible in some
cases to measure directly the impedance level at the junction between output circuit and resonant system.
As has been already indicated, the
S-curve technique (see Fig. 5.10) is of great value in these measurements
on isolated output circuits.
It is now desirable to discuss in a general way the functions of the
output circuit in practice.
The relationships among loaded Q, QL, the
pulling figure F(q,), the equivalent admittance of the resonant system
NY,, and the electronic efficiency ~,, which are mentioned in Chap. 7,
form the foundation for determining output circuit requirements.
One
has the relations
(42a)

QL=N&
‘l’(qp)

fO sec a
= ~

,.
Q.

–
= Qm;(0),

2qp

+

‘

(421))

9WOI’

(42c)
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together with the empirical information that electronic efficiency is
almost invariably an increasing function of ~L. In almost any use of the
magnetron, a definite degree of frequency stability is desired in the tube
itself. This means that an upper limit is pet upon the pulling figure. A
compromise must always be effected between this requirement which,
from Eqs. (42a) to (42c), sets an upper bound upon GL for a given tube
and that which demands a high electronic efficiency or a high GL. To
some extent this dilemma may be resolved by redesigning the resonant
system to increase Y,, which permits GL to rise, while QL remains conHowever,
stant and QE and F(gP) also remain approximately constant.
this solution eventually breaks down because the additional capacitance
introduced to increase Y, lowers the circuit efficiency, and a point may
be reached at which the over-all efficiency q,q. starts to decrease.
It is
clear also that the prescribed pulling figure will be affected by the operating wavelength.
A constant pulling figure at all wavelengths would
imply a QE proportional to frequency and thus a much smaller GL at
short wavelengths.
The values of pulling figures that have been accepted
as suitable compromises in unstabilized tubes are 10 Me/see at 3000
Mc/secj 15 N$c/sec at 10,000 Me/see, and 30 Me/see at 30,000 Me/see.
These figures correspond to QE values of about 125, 280, and 420 and,
using typical values of q.(0), to QL values of 110, 200, and 300.
In different resonator systems, the admittance constant NY, might
be expected to vary considerably, since it is given by NY, = N(hyO + Y,),
where h is the anode height, yo is the admittance of the unstrapped
resonator per unit length, and Y. is the strap admittance constant.
The
value of yOis a function only of the shape oi the oscillators.
In practice
the factors compensate to some extent.
Rough ranges for the values of
NY, taken from Table 10.2 (NY, = Y.) are 0.04 to 0.20 mho at 3000
Me/see, 0.15 to 0.60 mho at 10,000 Me/see, and about 0.3 mho at 30,000
Me/see.
Using Eq. (42a), the resistance that must be shunted across
the resonator opening to give the normal QL values is found to be 500
to 2500 ohms at 10 cm, 300 to 1300 ohms at 3 cm, and about 1000 ohms at
1.25 cm. It is plain that for the types of magnetron which have been
designed thus far, this resistance falls generally within a range of 300 to
3000 ohms. It follows that the principal problem of output design is to
supply this resistance by suitably connecting the resonant system to a
matched load line whose impedance in the case of coaxial line is of the
order of 50 to 100 ohms and 200 to 400 ohms for waveguide.
The
impedance K will be used for waveguides, defined such that the power
flowing in a matched line will be given by V*/K, where V is the line
voltage.
The output circuit not only should produce the desired resistance at
the assigned frequency but should do thk without simultaneously
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The principal hazard attached to
coupling in excessive reactance.
coupling in large amounts of reactance lies in the possibility of pattern
deformation.
The susceptibility of a strapped system to pattern distortion has been discussed in Chap. 4, where it is pointed out that to a
first approximation distortion is produced to the same extent by either
reactive or resistive loading.
A criterion for pattern distortion is given
by Eq. (57) of Chap. 4, in which it is shown that the amplitude am of the
rnth mode excited when a r-mode is loaded is given by
(43)
where s is the strap length, X. the mmode wavelength, Ka the strap
impedance, and Yl~ the load admittance at the slots. The symbol
m is equal to (N/2) — n, where 2n is the number of nodes in the r-f pattern
around the interaction space. Equation (43) may be used to estimate
the permissible value of Y,A.
It will be noted that the latter depends
upon the strength of coupling between oscillators and not uniquely
upon Q..
In most strapped systems it appears that distortion does not
become serious until Q. is perhaps about 30. The normal operating
Q. will be many times greater than this, and it is thus clear that the
coupled reactance may be at least as large as the coupled resistance
without causing difficulty.
It has already been emphasized that usually output circuits which are
not deliberately stabilized store a relatively small amount of energy
compared with that in the resonant system and that consequently they
may be considered as frequency-insensitive over a frequency range of a
few times M/QL, where coo is the resonant frequency.
It is generally
considered desirable, even in fixed-frequency magnetrons, that the output
circuit should exhibit considerable frequency insensitivity over a band of
perhaps 20 to 30 per cent above the ~-mode frequency.
In this connection frequency insensitivity implies simply that the transformer properties
of the output circuit should be slowly varying functions of frequency.
Thk requirement of broadbandedness guarantees that the mode immediately below the ~-mode in wavelength will be loaded to an extent comparable to the ~-mode, and it is an insurance against the possibility of an
undesired mode being favored in the starting process because its r-f
amplitude exceeds that of the ~-mode.
In tunable magnetrons, the
broadbanding
of output circuits constitutes a special problem.
In
this instance the objective is usually to obtain a nearly constant pulling
figure across the tuning band.
From Eqs. (42a) to (42c) it is seen that
this will, in general, require GL to vary across the band which may perhaps
have a width of 20 per cent. The required variation of GL will be of the
same order. The problem thus reduces to the empirical one of arranging

.
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matters so the slow change of the output circuit transformer constants
In this
shall be in the right sense to keep GL at an appropriate value.
task the use of measurements on the isolable part of the output circuits
is indicated.
One relation between the output system and resonator system which
has been mentioned in Chap. 4 may be briefly referred to here. As the
previous paragraph has indicated, it is of some importance to couple out
For this reason,
all those modes which the electrons are likely to excite.
devices such as strap breaks have been introduced for the purpose of
distorting the r-f patterns in such a way as to cause both components of
There
an otherwise degenerate mode to couple to the output resonator.
is thus a problem, not specifically an output circuit problem, concerned
with the relative disposition of discontinuities (strap breaks or tuners)
and the output circuit.
The fundamental problem of coupling the load line into the resonant
system may be solved in an indefinite number of ways. A useful distinction is that between high- and low-level impedance circuits.
In
the former the desired high impedance is introduced by the almost direct
shunting of the load line across the opening of a resonator.
This type of
coupling is achieved in the “strap-fed”
coupling shown in Fig. 5.4,
in which the inner conductor of the coaxial line is tied directly to the
floating section of one strap. Thus, except for a slight transformer effect
due to the line length of the strap, the coaxial line is shunted across the
resonator opening.
In a high-level output circuit the impedance transformation is coniined to the external line and may be relatively small.
In general, the transformation required will be to a higher-impedance
level. At the opposite extreme lie the various types of low-impedance
level circuits which include most of the familiar designs.
In such cases
the external part of the output circuit is introduced in series with an
If the output impedance at this
oscillator at a high current point.
point be Z and the resonator inductance L, the shunt impedance added
by the output at the slot is roughly @L’/Z
(for UOL>> Z).
Thus, the
resonator acts as a transformer to raise the low impedance Z to the
requisite high level. The impedance Z may be introduced in a number
of waya. In a waveguide output it may be a direct series element if the
output communicates with the resonator by means of a slot in the back
of the resonator.
In a coaxial lime the impedance Z may appear as a
result of the mutual coupling between a single resonator and a loop
connected to the output circuit.
For these low-level output circuits
the external part of the circuit must effect a substantial impedance
transformation downwards.
For, as has been shown, @2z/Z runs from
300 to 3000 ohms, while WL is of the order of tens of ohms; thus Z must
be of the order of 1 ohm. Between these extreme types of output circuit
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it is possible to imagine intermediate forms which have been little
explored.
The output impedance of such forms is introduced as a
series or as a shunt element at a position of intermediate voltage and
current in the resonator.
5.5. Coaxial-output Circuit.-The
purpose of this section and of
Sec. 5.6 is to discuss some particular forms of output circuits in a general
way. No attempt is made to give design formulas except in the case
Methods of analysis for other
of one type of simple waveguide output.
types of circuits are indicated.
Center- and Halo-loop Circuits.—In these circuits, a loop intercepting
the magnetic flux of one oscillator (see Figs. 5.1 and 5.2) feeds a coaxial
line. The coaxial line contains a glass vacuum seal which also supports
the inner conductor.
To minimize breakdown across the glass, the glass
usually takes the form of a length
of tubing sealed to the inner conductor at one end and to the outer
conductor at the other. The cross
section of the line will usually have
discontinuities at the seal, since
the glass is butted against either a
copper featheredge or a thin-walled
Kovar cylinder.
There is thus
FIQ.5.15.—Exampleof coaxialoutput used
formed a section of line partially
as an antennafeedfor a waveguide.
filled with coaxial dielectric.
Connection to the external line is made either directly by mechanical contact
and choke joints as in Fig. 5.1 or as an antenna feed for waveguide as in
Fig. 5.15. The circuit of Fig. 5.16 represents the electric behavior.
As has been already mentioned, this type of output circuit produces
a low series impedance at CD in series with UOL,the inductance of one hole.
The main part of the transformation is effected by the loop.
The
“external transformer” EFGH which contains the glass, seals, beads,
choke joints, or coaxial-waveguide junctions performs a relatively small
This condition is desirable because the standing wave
transformation.
in the relatively irregular, air-filled line is thus kept at a minimum.
It is
rarely possible to calculate the impedance transformations in such a
line with confidence, but they are easily found by measurements either
on output circuits from which the tube and loop have been removed or
on smaller sections of the output circuit.
By empirical means or by
calculations on the regular portions of the circuit, the required properties
may be obtained by a process of correction.
Usually an effort is made
to keep the principal transformer constant at all sections aa well as the
over-all constant close to unity; this gives a section with low-energy
storage everywhere and hence a low-frequency sensitivity.
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To a rough approximation the loop and the hole act as the primary
and secondary of a transformer, but the representation is not particularly
This
valuable, since the estimation of the turns ratio is far from simple.
arises from the difficulty of calculating the effective loop area. A crude
approximation uses the mean diameter of the loop to give the area, and
this may be used to obtain a rough idea of the transformation properties
of the loop if the coupled impedance is calculated from U~M2/R, where M
is the estimated mutual inductance of the loop and hole and R is the sum
of the loop reactance and the impedance seen at .4 B. The transformer
constant is clearly very dependent on the size of the loop and, in halo
loops, also upon the height of the loop above the anode block, since the
fields fall off rapidly in the end space. Experimentally it appears that
the loop acts as a rather frequency-insensitive transformer.
In order to avoid coupling-in much reactance, it is desirable to
arrange the properties of the external transformer so that the loop
The
reactance is effectively canceled by a residual reactance at AB.
L

A

c

G

E

1

o
B

External
trans.
former

LooP
trans.
former

{N.I)L

NG

K

1:

D

F

H

Fm. 5.16.—Schematicnetworkof a loop-aoupledoutput.
It is Accurate, in fair measure, to
loop reactance may be considerable.
find the loop reactance for halo loops by assuming that the loop and its
image in the anode block form a transmission line of length equal to the
developed length of the loop.
This length may approach a quarter
The
wavelength for halo looPs, leading to large reactance
at AB.
estimation of reactive effects for center loops is difficult.
However, if
the loop transformer CDEF is represented by a network of the type of
Fig. 5.6, the series element 2s maybe found by transforming the off-resonance point of the Q-circle taken on the compIete tube, back through the
Presumably 22 represents mainly the loop reacttransformer EFGH.
ance, and this may be balanced out by redwigning EFGH to produce the
The shunt element Y1 of the transducer
conjugate reactance at EF.
can be found only by measuring the resonant frequency of the sygtem
with the output (including loop) removed and thus determining the
pulling due to YI directly. 1
I For an exhaustivediecuesionof a broadbandedhaldoop output having a wavejunction, see J. C. Slater, “Properties of the Coaxial-wavegnideJunctionin the
725A and 2J51 Oatput,” BTL Tmh. Memorandum No. MM-44-18&4, Nov. 20, 1944;
H. D. Hsgsttim, “On the Output Circuitof the L51 (TunableX-band Magnetron),”
BTL Tech. Memorandum No. MM-44-140-55, Sept. 12, 1044.
~de
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An effect that may be important in halo loops is that arising from
the electrostatic coupling of the loop to the neighboring strap. The
orientation of the loop determines whether this coupling aids or opposes
the magnetic coupling because the direction of current in the loop “;
reversed by rotating the loop through 180°, whereas the electrostatic
coupling remains unaffected.
Strap-fed Coupling Circuits .—This type of output circuit, in which an
external coaxial line is connected across the anode block and the center
of a floating strap, may be represented schematically by the circuit of
Fig. 5.17. The resonant system has
been represented by a chain of N ‘-~
4-terminal networks each consisting
of two strap sections and a resonator
such as was used in Chap. 4.
(Because the strap-fed coupling has
longitudinal asymmetry, the length
of the resonators actually has some
G
effect. Thk,, h owe v e r, will be
I
ignored. ) Suppose the impedance C
K
D
of the output circuit looking out
I 2
from CD to be Z. This may be
/
H
transformed to a shunt element at
External
Transformer
All provided that the strap length
is sufficiently small for the squares A
and higher powers of 27rs/x7, where
s is the strap length, to be neglected.
To the same approximation Z is not
altered in this transformation.
It --~----&
-FIG. 5.1 7.—Schematic network of a straphas been shown experimentally that
fed output.
there is almost no residual reactance
added in making the junction between the strap and the coaxial line;
hence Z will be the impedance at the start of the coaxial line. It has
been remarked in the earlier discussion that Z will be a high impedance
(300 to 3000 ohms, for example) and the function of the external transformer will be in all probability, with standard load lines, to transform the
impedance level up somewhat.
It is clearly possible to achieve a very
heavy loading with this circuit by making Z small, and it has thus found
more extensive application as a means of introducing reactance for tuning
purposes.
Tuning curves obtained by moving a shorting plunger in a uniform coaxial line connected directly to the strap have indicated that the”
circuit of Fig. 5.17 gives excellent qualitative agreement with the measurements.
In one case, using a line of characteristic impedance of 63 ohms,
the predicted and observed Q. values were 10.9 and 11.2, respectively.
In
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another case, \vith a line of characteristic impedance of 40.7 ohms, the
predicted and observed Q,, values \vcre 7.1 and 7.6. The end effect at the
This type of output circuit is
junction was confirmed to be negligible.
most valuable in long-~~avelength magnetrons ~vhere the end spaces and
straps are large enough to facilitate construction.
center conductor may be brought over a
Segwwnt-jcd Coupling.-Thc
segment for some distance and then bent do~vn and conncctcd to it
The analysis ~vould follow the same lines as that for the
(see Fig. 5.4).
center and halo loops, but it is some\vhat more difficult to estimate the
parameters of the loop transformer a priori, for one has an intimate
mixture of electrostatic and magnetic coupling.
5.6. Waveguide-output
Circuits.—All ~va\cguide outputs used up to
the present time have coupled into the resonant system at the point of
highest current. As a consequence, they must pu.went at this point a
lo~v impedance (perhaps a fc\v ohms or a fraction of an ohm) \vhich is
transformed by the coupled resonator to a high level at the slot opening.
There are two principal means of developing the lo~v impedance in series
with the resonator.
In one, the waveguide line opens directly into
the back of one resonator and the impedance is transformed down from
that of the external line by suitable changes in the cross section of the
waveguide.
In the other, the ~vaveguide communicates with the resonator by means of a nonresonant iris, which shunts part of the high guide
impedance.
It is, of course, possible
to combine the t~vo arrangements.
It may be noted that since the anode
height and pole piece separation of
most tubes is considerably less than
‘=
a half wavelength and, hence, less
D
B
than the cutoff dimension of rectanFIG. 51S.-Schematic
network of an
iris-cauuledoutput.
gular guide, some artifice is almost
always necessary to effect a coupling between the short block and the
wide guide.
Iris Coupling. —Iris coupling has not been extensively used because
it has the inherent disadvantage of pulling the tube frequency.
The
circuit may be rather crudely represented by the arrangement shown in
Fig. 5.18 in which the iris is represented simply as a shunt susceptance
jB1. It is likely that this is an oversimplification for an iris that is
situated essential y between lines of unequal characteristic impedance.
It will usually be the case that u&>> Il/B,l and B,>> G, where G is the
load admittance in shunt with the iris. If this is so, the combination of
iris and load gives an impedance in series with cd of value
(jB, 1+ G) -(h)+(;)
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Then, the additional shunt admittance at AB is

Using the expressions already derived for Q. and for the frequency shift
bu, one finds
BI
au
1
—.
~.
‘=2Qx
~o

u

(44)

Since B, has been supposed substantially greater than G, the frequency
shift may easily be excessive.
It is possible to compensate for this
coupled reactance in various ways. The coupled resonator may be made
with a somewhat different inductance from the others, in such a way that
the added reactance is balanced.
Also by combining the iris coupling
with suitable external transformers or with another iris from which the
original iris is separated by a cavity, the frequency shift may be eliminated. These methods are of frequent application in stabilized output
circuits and are discussed in Chaps. 11 and 16.
Directly
Coupled
Waveguide
Circuits.—The
most common method
of coupling a waveguide to the resonant system is to allow it to open
directly into the latter and to use external transformers to obtain the
correct impedance.
The two most familiar ways of effecting the transformation are by the use of a quarter-wavelength section of low-impedThe latter supplies a perfectly
ance guide or through tapered sections.
adequate means of arriving at a broadbanded transformer but is freThe tapered section is designed to have
quently mechanically difficult.
its characteristic impedance change continuously and slowly (in terms
of wavelengths) from the high level of the external guide to the required
low level. Using well-known formulas for optimum frequency insensitivity in the taper excellent matches may be obtained.
The process,
however, entails the construction of a guide the cross section of which is
varying in a rather involved way and, in addition, should be rather long
for good results. 1
The simplest transformer that can be used is a quarter-wavelength
line the characteristic impedance of which lies between that of the external
guide and the desired series impedance at the resonator.
The transforming line may take a variety of forms, the choice being principally
dictated by mechanical and dimensional considerations.
In most cases
it must be a so-called “lumped”
line or one in which the capacitive and
inductive parts of the guide are segregated to some extent.
Such lines
possess the property that their cutofi wavelength exceeds considerably
1See L. Tonks, GE Report No. 197, Mar. 23, 1943.
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their “long” dimension, thus permitting access to a short tube. Another
method of producing a high cutoff wavelength in a small space is to use a
didectric-filled guide. This technique has not been extensively used,
but quartz-filed tapers have been utilized in one type of magnetron.
When a guide of intermediate cross section is used, there will be transformer effects at the interfaces between this guide and the external line
Generally, then, Fig. 5“19 will be
and between the guide and the tube.
It will be supposed
needed to represent the whole output circuit.
that the eflect of any discontinuities (iris window) beyond the transformer are neglected and the external line terminated.
Suppose that the transformer constants of the three sections (pPCG
.
+
‘+
ceeding from load to generator) are a2z, Bz, alz; 0, 0, +; and C-WI,191,all
.
respectively.
They might also be written a.z2,I%, 0; 0, 0, cm + r – CX21;
A

E

Junction
transformer

G

Junction
trens.

K1 &
4

former

~

B

F

D
FIm 5. 19a.—Equivalent

K

T

circuit for quarter-wavelength

coupling.

:~
FIO. 6.19b.—Reduced

equivalent

circuit for quarter-wavelength

coupling

+
and O, 61, 0, where all is ignored, since it is indistinguishable from the
extem~l line. Measurements on several such transformers have indicated
that azz and&
– & are very small; this is equivalent to the statement
that the end effects of the quarter-wavelength section are small. This
observation has been made on output circuits in which the transformer
cross section was such that the electric fields were largely confined to a
There was thus
region with a small dimension parallel to the E-vector.
little interpenetr -tion of the transformer and tube or external guide
tieids, with a consequent small end correction.
Thusj ignoring ~22,
.+
m Or, in Other words, a
~12 — CX21, the transformer becomes simply O, P2131,
quarter-wavelength transformer whose apparent characteristic impedance
The output
is not that of the physical guide KI but Kz, for example.
circuit is thus modified as shown in Fig. 5“ 19b.
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Let the load impedance be Ko, the equivalent characteristic impedance
of the intermediate guide Kl, the operating wavelength X, the intermediate guide wavelength & and its cutoff wavelength h.n. Further
suppose, now, that k is unrestricted, so that the intermediate guide is not
necessarily exactly a quarter wavelength long. Suppose that its electrical length is @ = 2ul/Xa, where 1 is its physical length.
One has
Z, –

I

K,

= ~j~ K,

Z, + K,

K,

–

Kl

+ K,’

(45)

I

where Z1 is the impedance seen at CD.
For @ =- r, 21 = Ki/Ko.
Differentiating logarithmically and setting k = ho, the wavelength at
which 1 = ku/4,

I

I

where the relation dho/h~ = dk/k3 has been used. Transforming the
output impedance at the back of the resonator Zl to the resonator opening, one has for the additional admittance at the slot,
Y, = G. + jB. = Y~Zl,
when Y, << 1/2,.

Explicitly
(47)

‘e

‘iy’z@M2xoRo’

or since KO >> 21,

—
—

(48)
~y’-&’Y(2)7

where C@ is the departure of the frequency from the resonant frequency
of the transformer.
Using the relation Q. = lVY,/G., one has
(49)

This may be combined with the earlier expression 6u./uo = – B./2NY,
for the frequency shift due to reactive loading to find the resonant
frequency of the system when the transformer is not exactly a. quarter
wavelength long.
It is important to note that up to changes of the first
The changes in
order in frequency, the resistive part of ZI is constant.
series reactance will produce some effect on G. by varying the total
It is instructive to calculate the stored
reactance in series with Re(Zl).
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in the output circuit.
If, as has been tacitly assumed above, the
junction transformers are frequency insensitive, the energy storage in
the output may be compared with that of the resonant system by evaluating the ratio [uO(M?./ilWO)]/N Y, = r. Using Eq. (49), there follows

energy

(50)
T=WWY”

For a typical example with Q, = 400, K, = 400, Y, = 0.025 mho,
Equation (50) may
N = 10, &/kI = 1.25, Eq. (50) gives r = 0.12.
easily be converted to other forms that put the dependence on other variables in evidence.
The energy storage in this type of output circuit may
be relatively high as Eq. (50) indicates.
The lines used for the quarter-wavelength
section are generally
“lumped,”
and some cross sections that have been used are shown in

//
//
M

@

m, j//#
z

FIG. 5.20.—Example

of “lumped”

guides.

Fig. 520.
In all cases the guide is essentially divided into two regions,
-,
one of which is capacitive ~~ith high electric fields in a narrow crossbar
and the other inductive with high currents flowing in a more or less
cylindrical section.
The cutoff wavelength of such a guide may plainly
be higher than that of a rectangular one of the same width, since the
capacitance has been increased in the center and the inductance at the
outside.
The problem of calculating the cutoff in these sections is
exactly analogous to that arising in calculating resonant frequencies of
Thus, in order to find the fundamental transunstrapped oscillators.
verse electric mode, one needs a solution of
V2T + xzT

= O

with aF~ = O

(51)

on the walls of the guide, 1 where a/a~ denotes normal differentiation
and x = 27r/A. The fields are then given by E= = – a T/dy, E, = dT/c?x,
and H. = (x/ jcpo) T. Since the gap in the crossbar is usually small
compared with the length of the latter, it is possible to put E. = O and
to suppose E, independent of y in the capacitive part (see Fig. 521).
If the dimensions of the cylinder are small compared with h/2w, one
may solve Laplace’s equation rather than Eq. (51) in this region and
match the solutions at the junction by equating T and dT/&t there.
I See S. A. Schelkunoff,Electromagnetic
Waves,Van h’ostrmd, Flew York, 1943,
p. 380.
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Calling T, the solution of Laplace’s equation in the cylinder with
aTO/an = O, except at the junction, where aTJan = 1, one may obtain
the equation for xo = h/Ao, where ~0 is the cutoff wavelength
Atari

Xd=~+xO

(52)

TodS.

/

In Eq. (52), A is the area of the cylinder, 1 the length and d the width
of the crossbar, and the integration is carried over the cylinder.
If
Xol is small, this gives
(53)

which is the result obtained by lumping the capacitance
completely and taking account of an end correction

and inductance
– JTodS/A to

m:
l-.,--l
(Zk‘
FIG.5.21.—H-section

guide.

the length of the condenser.
The calculation of TO is not difficult
for simple geometrical shapes of the cylinder.
For H-sections as shown
in Fig. 5.21, X~ may be found from
tan X.1 =

xH@

h

11
—
[ X~S2–~–XS

-lO@l

1(’

’54)

provided that 2m/h > 1.
The impedance of the lumped guide on the P – V’ basis maybe found
from the relation
dT
~

= 2c.)pd
r

()

%

Z.O

(55)

aT

—
() ‘ax

“

.=O

For H-sections this becomes
d
K=

i

377
2

l–&—
()(

~ _

sin z~H1
2xifl

(56a)

+ 2d ;S::;X”l
)
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or

The junction between the lumped guide and rectangular guide presents
a problem that may be handled in a satisfactory manner provided the
The fieldw in the two guides may each
slot of the crossbar is narrow.
be expanded in terms of the appropriate normal modes.
The tangential
field in the rectangular guide is then put equal to that in the lumped
guide across the opening of the latter aod zero elsewhere in the same
plane. The tangential magnetic fields me equated across the opening.
Using these relations and the orthogonality of the wave functions in
each guide, a series of linear equations in the mode amplitudes may be
obtained.
So far the treatment is exact.
One now neglects all but the
principal modes or, in other words, supposes that there is no shunt
reactance at the junction.
Carrying out this procedure, the principal
transformer constant A for the junction is found to be
A=

1

1 – A2/A;
1 – A*/x;

J

[JJ(lL

(57)

“ &)d&l”

where AH and & are the cutoff wavelengths

in the H-section

and the

rectangular guide and FOH and EORare the vector tangential electric fields
in the fundamental modes, while the integral is carried over the common
interface.

~OH

and

~OR

are

normalized

A=

that

H (L

(a. .%f)dls. =
H

For H-to-rectangular

so

. L.)ds, =

1.

(58)

junctions,

X2 )4
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cos X.Y1 cos

sin 2XR1 ● 2d
XR(l

+

[ sm SXH
and
XR =
where XH = %/~H
small compared with AH and

s)

x;
z~/~R.
AR,
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COS2 x.d

lshx~
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+
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1

When all H-section dimensions are
may

be

written

as

f
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Equation (59) gives excellent agreement with experiment when the
assumptions of the analysis are fulfilled.
The transformer constants
were measured for an H-section junction at several wavelengths from
7.5 to 13.5 cm. The end corrections were found to be entirely negligible,
while the values of
1–;
A—

/.

~: ‘

which should, according to Eq. (59), be frequency independent, were
found to be as indicated in Table 5.1. The dimensions in this case were
such that the slot width was small compared with the guide width.
It
should be noted that the transformer effect at the junction is such as to
raise the impedance level even above that of the rectangular guide.
Using this value of A one may now calculate E./H, at the center of the
crossbar at the junction with the tube and obtain
TABLE5,1.—TRANSFORMER
CONSTANTS
OF AN H-SECTION
JUNCTION
Dimerisionsof H-section: d = 0.191 cm; 1 = 0.952 cm; s = 0.495 cm; h = 1.95 cm
Dimensionsof rectangularguide: b = 3.81 cm; a = 8.58 cm

h,, cm

7.16
8.46
9.51
10.58
11.51
12.57

36.3
34,6
39.9
32.6
36.0
36.7
AVG36.

+

+

CR,degrees

ai+,

degrees

+10.0

+9,5

+4.3
–3.6
–0.7
–1.4
+5.0

+5.0
+2,2
–2.2
–3.0
–6.5

O f 2.2*

(;.” . &)dsH]’,

(61)
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To a first approximation
~=~

the coupled resistance

E.

(62)

21 “ z=’

since it may be assumed that the magnetic field in the cylinders is very
loosely coupled to the resonant system.
For EC-sections the result
becomes
~z w
R=Gb

4d2 .

()
l–G

1–~

A;
COSixE
COS(1 + t?)xR — COS lxR
XH
x; — x:
.( sm sxK
2d COS2lxH
sin 21XH
—-----+
1 –
21XH
lshx~

COS

(z +

S)xH

2

)

377 ohms.

(63)

Using the approximation

of Eq. (60) one has

This equation indicates the critical dependence of the coupling upon the
width of the crossbar d. In strapped magnetrons the fields in the
resonant system vary along the length of the anode as cosh ax, where x
is again measured from the median plane (see Chap. 4), while the fields
in the crossbar vary as cos zx.v. This fact will affect the coupling at
the junction with the resonant system, and there w1ll be some transformer effect.
This may be taken into account by multiplying R by
+.
another factor [f~ (Eo~ . Eo,r~)]Z, where Eo,,., is the normalized resonator
field across the junction.
This factor may be evaluated for an H-section
and is

(/

~1 cosh aX COSxxx

2

sin 21XH
1( 1 –

—+
21XH

2d COS2lxH
lshx~

)/

1
o

coshz aZ dx

2

dx

)
“

(65)

The magnitude of this correction will be small unless the tube is heavily
strapped.
The formulas of Eqs. (63) and (64) appear to give very close
agreement with experimental results. For example, when applied to
the case of the 4J50, a 16 hole-and-slot 3-cm magnetron having a quarterwavelength H-section transformer of this type, a cold pulling figure
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of 9.3 Mc is calculated.
This compares favorably with the experimental
values which are distributed close to 10 Mc.
One sees that contrary to the assumption of an earlier paragraph,
there is some frequency dependence of the transformer effect at the
1 – (A2/A&) %
This may be miniiized
junction ‘Ven by the ‘em [ 1 – (h’/A~) 1 “
by making k. = AE.
Iris Windows.—The
vacuum seal in waveguide-output
circuits is
usually an iris window.
This consists of a disk of low-loss dielectric,
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FIG. 5.22. —Variation

/

3.1

3.2 3.3 3.4
Wavelen~incm

of shunt susceptance

3.5

with thickness of window.

usually glass, sealed across a metal iris opening.
By a suitable choice
of the glass thickness and iris diameter it is possible to obtain a window
that, when placed between circular choke joints, produces a satisfactory
Since the window is placed between
match over a relatively broad band.
guides of similar characteristic impedance, it behaves liie a pure shunt
susceptance.
Figure 5.22 shows the variation of this shunt susceptance
vs. wavelength for a particular window.
The apparent external Q of
the window loaded by the matched line is 2.6. Thus there is little energy
stored in the window itself. By placing the window at a suitable distance
from the junction with the intermediate guide, the variations in the
resistive component of the reactance at the tube may be minimized.
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BY L. R. WALKER
6.1. Introduction.—The
central problem of the present chapter is to ( ~
examine the interaction of the electron stream with the electromagnetic
field of the resonator system in the annular region bounded by anode
d:
~
cathode.
At present the design of a magnetron of given characterist”T s,
‘
such as wavelength, magnetic field, operating voltage, power output, apd
‘~
pulling figure, is in principle a straightforward matter, the difficulties
,
J
arising in practice being largely those of realizing the design mechanical
,
In view of this fact it is surprising to find that our understanding of t t e
~
interaction processes is largely of a qualitative nature. That successf~l
;
design should be possible may be ascribed to three facts: (1) A formula
is at hand that has a sound theoretical basis and full support fro!u
~
experiment for estimating the voltage at which a magnetron of giv&~
~dmensions will operate when a definite magnetic field is applied.
(2)
The behavior of the electron cloud maybe shown to depend upon a small
number of parameters derived from the tube dimensions and the operating
variables (see Chap. 7). Thus, it is possible to say that any two magnetrons which may be run under conditions that make the values of these
parameters the same will operate with equal efficiency.
One magnetron
design may, in this way, be derived from another that is known to be
satisfactory.
(3) Finally, experience has shown that the efficiency of
magnetrons is remarkably insensitive to large changes in magnetic field
and d-c current and, to a somewhat lesser extent, to changes in load.
A performance chart for a 3-cm magnetron is shown in Fig. 6.1, which
may be regarded as typical of present design.
Figure 6.2 shows the
effect of load upon the efficiency of the same tube.
In this figure the
electronic efficiency has been plotted as a function of the electronic (or
load) conductance.
As a result of this broad range of satisfactory
operational conditions it is evidently possible to allow considerable
leeway in the choice of design parameters and still be confident that a
good magnetron will be obtained.
Presumably, it is a consequence of
thk happy situation that it has not been thought essential during the
wartime development of magnetrons to attack thoroughly the problem
of understanding the processes whereby the electrons transfer energy
to the oscillatin~ field.
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There is little doubt that an acceptable qualitative description of the
process may be given, and the picture that this offers has been adequately
verified in those few instances for which numerical calculations have been
undertaken.
Quantitatively
and analytically, however, the progress
The steady-state problem may be
toward a solution has been meager.
formulated in the following way.
From a given applied d-c voltage
and r-f voltage at the anode and a uniform magnetic field in an interaction
space of known dimensions, calculate the d-c and r-f currents that will
flow to the anode.
Then from these data, the input d-c power and the
output r-f power may be calculated and, consequently, the efficiency.
Knowing the in-phase and out-of-phase components of the r-f current
and the r-f voltage, the admittance of the electron stream is calculable,
and this will be the negative of the load admittance measured at suitably
This problem has not been
defined terminals on the anode surface.
solved analytically under any set of operating conditions, even in an
Numerical solutions have been obtained for a
approximate fashion.
few isolated cases but never for a range of values of the operating parameters in the same tube.
Turning from the steady-state problem to that of the initiation of
oscillations, an equally unsatisfactory condition is revealed.
No rigorous
criterion has been established that will determine whether or not, under
given conditions of magnetic field, voltage, and. load, oscillations will
build up from noise level. Similarly, there is no theory of starting time,
which would require a solution of the problem with a constantly increasing
d-c voltage. 1
Although the inconclusive status of many of these problems may be
attributed to the fact that emphasis has been laid on empirical development, they nevertheless present formidable analytical difficulties.
In
the a. .ount of the theory given in this chapter an attempt is made to
formulate the problem in a straightforward way and thus to show where
the difficulties arise that prevent a complete solution.
An outline of
various attempts to solve the main problem and certain simplified versions
of it are given.
6.2. The Assumptions Underlying the Analysis.-Any
discussion of
the interaction problem must begirt by making a number of assumptions,
which are of varying degrees of plausibility.
The more familiar of these
will be discussed before setting up the equakinns of motion and the field
equations.
The justification and significance of some statements made
here may not, however, appear until later. Reference to FM. 6“3 will
indicate the region in which the flow of etectrons is to be investigated.
The cylindrical cathode of radius r. is held at aero potential; the concentric
I See, however, Chaps. 8 and 9 of thie volume for pn empirical approach to the
amdyeieof transientbehavior.
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anode of radius ra has applied to it a d-c potential VO. In the annular
region bounded by anode and cathode there exist r-f fields that form part
of the total field of the resonant system and that must, therefore, satisfy
The applied magnetic field
certain boundary conditions at the anode.
is supposed everywhere to be constant in magnitude and to be parallel
to the axis of the cylinders, which axis is also taken as the z-axis of a
system of polar coordinates.

Fm. 6.3.—Interactionapaceandrelatedcoordinatesystemfor (N = 8) magnetron.
The first assumption is that the whole problem may be reduced to a
two-dimensional one. In real magnetrons this can be a good approximation ordy for regions near to the median plane of the tube, since there will
be appreciable end effects at the extremities of the interaction space.
Here there will be, because of the discontinuity in the cross section of
the anode block and the possible presence of straps and of hats on the
cathode, a considerable modification of the tangential field, and furthermore z-components of the d-c and r-f electric fields will appear.
In view
of the extreme complexity of the field patterns in this region, however,
it is desirable to ignore these end effects. Experimentally, no specific
effects have been found that indicate critical conditions in the end regions,
and it is roughly true that a magnetron of double length behaves like
one of single length operating at half the current and power level if the
effects of length in mode spectrum are compensated for. Thus, it is
probably justifiable at present to treat the magnetron as part of an infinite
cylindrical structure in which all the electric fields are tangential and
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independent of the z coordinate and in which the magnetic fields are
purely axial. Similarly it will be supposed that the motion of the
electrons is wholly in the (r-@) -plane.
Since the thermal velocity of emission in the z direction is small, this is a reasonable assumption in the
absence of axial electric fields. It may be noted that the function
of cathode hats, whether electric or magnetic, is to cause a deliberate
distortion of the electric or magnetic fields at the ends of the interaction
space, thus tending to keep electrons within the interaction space despite
the effects of space-charge repulsion in an axial direction.
It is customary to assume that relativistic corrections and other
effects that depend upon the finite velocity of propagation of light may
be ignored.
These include the relativistic variation of mass with velocity,
the influence of the r-f magnetic field on the electron motion, the change
in d-c magnetic field produced by the circulating currents, and the use
The conditions
of the wave equation rather than Laplace’s equation.
under which it is valid to make these approximations are discussed at
some length in the succeeding section.
It will be found that some of the
simpler consequences of the equations of motion may be preserved in
relativistic form.
Conditions of space-charge limitation are generally supposed to
prevail at the cathode, and, in consequence, the potentials and radial
components of all fields are supposed to vanish there. It is impossible
to test the accuracy of this hypothesis, for there is no simple state of the
space charge in a magnetic field the theory of which has been sufficiently
worked out to provide an experimental test. At present one can merely
assume the condition true until it is demonstrated that it leads to false
results. It is true that the current densities drawn in magnetrons frequently exceed substantially those which can be drawn from identical
cathodes in pulsed diodes under verifiably space-charge-limited
conditions. However, the existence of excess cathode heating during magnetron operation indicates the presence of back bombardment
by
electrons, and the known secondary-emitting properties of oxide cathodes
suggest that secondary emission is probably sufficient to yield the
required current densities (see Chap. 12). The possibility of secondary
emission from contaminated anode surfaces is a further complication
which is ignored.
Associated closely yith the assumption of space-charge limitation is
the hypothesis of a zero velocity of emission of the electrons from the
cathode.
Plainly, the electrons have actually a thermal velocity distribution at the cathode, but it seems reasonable to suppose, since the
mean thermal energy is so small compared with the energies acquired
by the electrons in moving through the field, that the effect of the distribution is negl&ble in an opsrating magnetron.
It will appear that
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there are certain oversimplified conditions having critical solutions that
might be affected by an energy distribution at the cathode, but these are
far from simulating the conditions in a real tube.
The experimental
observation that, for many tubes, operation is independent of cathode
temperature over a wide range may confirm the assumption that the
initial velocity distribution of the electrons is not significant.
A most important simplification in the problem is effected by a further
set of assumptions concerning the nature of the field with which the
electrons interact.
These simplifications may be combined into the
definition of an anode voltage of the form ~, + V, cos (no – a,t),
where n is the mode number and coo is 21r times the frequency of the
resonant system.
The principal point here is that the r-f voltage is
This assumption will be discussed
represented by a traveling wave.
more full y in Sec. 6.3, but the argument may be summarized here. The
electromagnetic field in the interaction space may always be expanded
in a series of Fourier components, each of which represents a traveling
or rotating wave in the interaction space. For a particle moving so
that its angular velocity is close to that of the slowest of these waves, the
other components
(at least for the condition of mmode operation)
represent a high- frequency perturbation the effect of which can be
ignored in general. A more complicated situation arises, however,
for modes other than the r-mode.
It will be shown that for a single
rotating component it is always possible to define a” voltage” or potential
in which the electrons move.
The form used above for the anode voltage
also assumes that the anode surface is a zero impedance sheet at the
harmonic frequencies 2u0, 3b0, etc., so that the harmonic components of
current induce no corresponding voltage components on the anode.
The steady-state problem may now be formulated again for the sake
of clarity.
In the annular region between two coaxial cylinders there
exists a constant, uniform magnetic field B. parallel to the axis of the
cylinders.
The inner cylinder of radius r. is held at zero potential, and
the radial fields at its surface also vanish; electrons are emitted from thk
surface with zero velocity, and their z-component of velocity remains
aero. The electromagnetic fields are transverse electric,’ and a potential
Vo + v, Cos (n@ - Mt) exists at the surface of the outer cylinder of
radius ra. It is desired to calculate the radial current density J, at the
anode in the form of a Fourier series
cos (nd – uot) + J,,-,
sin (n@ – ud)
+ J,,, cos 2(7u$ – uot) + J.,.-, sin 2(n@ – ud) + higher terms.

J, = J,,o + J,,l

Then the d-c power input is 2n-r,JJ,,oVO or ZOVO, and the r-f power output
1S. A. Sohelkunoff,ElectrornqneticWaves,Van Nostrand,New York, 1943,p. 154.
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The admittance of the electron stream is

The salient features of magnetron operation maybe pointed out again
by an examination of Figs. 6.1, 6.4, 6.5, and 6.6 which show the performance of strapped magnetrons in the alternative forms of Vo vs. 10 and V.
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FIG.6.5.—D-c voltage vs. d-c current for typical 9-cm strapped magnetron (N = S)
with —
magnetic field in webers/sq meter, ----power output in kw, —-—
efficiency
in per cent.
vs. B. plots. Similarly Fig. 6“7 shows the performance of a rising-sun
Features that are typical of the normal
magnetron on a VO vs. 10 plot.
performance of strapped magnetrons are the linearity of the operating
lines in the V. vs. 10 diagram and the linearity of the constant-current
lines in the B, vs. VO diagram, the general tendency of efficiency to
increase monotonically with magnetic field at fixed current, and the
falling of the efficiency at very low and at high currents.
The fall in
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efficiency at low currents varies rather markedly among dMerent types
of tube. Tt is generally believed to be due to leakage current, a comprehensive term used to refer to electrons that reach the anode by means
other than a direct interaction with the r-f field. The rising-sun magne30
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(N = 8) with

tron is further complicated by having a region of magnetic field in which
the efficiency temporarily falls off (see Chap. 3).
Figure 6.8 shows a series of operating lines on a (Va,lO)-plot for various
The operating lines are
values of the load conductance GL = –G~.
now seen to be in general somewhat curved and to move toward higher
These data are derived from a 10-cm
voltages as GL is increased.
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magnetron, butthebehavior
isgenerally observed foralltypee.
Finally
Fig. 6“9 shows the variations’ of 11 and l_L a.a functions of Voand V1.
Exhaustive data of this nature have rarely been taken, but general
experience confirms the main features of Fig. 6.9.
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All these curves lend support to the observation that the efficiency
of operation of the magnetron is a slowly varying function of voltage,
current, magnetic field, and load.
It is also indicated experimentally
1The data from which this plot was obtained me given
Chap. 7.

in

the last section of
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that the properties of the space-charge cloud are singularly frequency
independent and certainly negligibly so compared with the resonant
system.

Dc current in amp

FIG.6,8.—Operating

lines for various values of electronic conductance and r-f voltage
at a fixed magnetic field.
10-cm magnetron, 1371 gauss, N = 8 with —
electronic
conductance in mhos, ----peak r-f voltage in kv.
(Values in parentheses are reduced
values.)
Reduced linear current densities are given by 1/36.

6.3. The Field Equations.—The
Fourier analysis of the r-f fields
existing in the interaction space was shown in Chap. 2 to lead to an
indefinite number of components, the dependence of which upon time
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and angle was govermed by a term of the form exp j(cmt + ?x$), where

p=*[m-N(’+i)l=*[-”-’N’
Here N is the number of segments; 1 an arbitrary integer, positive or
negative; m the mode number in the sense of Chap, 4; and n the usual
mode number’ = (N/2) – m. Waves for which p is negative travel
/./u
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FIQ.6.9.—In-phase

and out-of-phase r-f current amplitudes as a function of d-c and r-f
voltagee.
Reduced linear current densities are given by 1/36.

counterclockwise or in the same sense as an electron in a positive magnetic field. In the r-mode the slowest wave traveling in the same sense
as the electrons has p = —N/2(rn = 0, 1 = O). For an electron at rest
with respect to such a wave or traveling so that on the average it is at
rest with respect to it, another component, p’ say, will appear to move
with an angular velocity M( 1/p’ + 2/N) and thus produces a perturba+
2/N) or
tion whose frequency is p’uo(l/p’

“++?01

= Uo[l + (21’ +

l)].

1The appearanceof this particularset of componentsis always to be expectedif
the fields satisfy the relation, VIO + (2m/N)] = e“~flN V(+), regardless of the form of
+.

+-

For, if V(~) = ~ a~ej”’~, then V[.$ + (z7r/N)] = ~ a~ei@+it2~~/NJ
and
—.
—.
one must have 2nu/N = (2mx/N) + 2~ or m = n — pN, where p is arbitrarybut
integral.
V(@).

i
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Thus, the perturbations produced by the othor components have the
frequencies + 2u0, + 4w0, k 6w0, etc. The situation is somewhat more
For the mth mode, the two slowest
complicated for the other modes.
components in the counterclockwise direction have p = —[(N/2) f m],
and the frequencies of the perturbations due to other components are found

‘0be
‘Ven
by
‘Pending
‘o‘he+
‘ign
and
–
N(Z + 1)

[ (N/2) + m 1[‘0 and

N(l + 1)
2 – (N/2)+

[ (N/&–

m

1[

m

‘0 and

1

‘0 ‘n ‘he case cOrre-

2 +

(N/~–

m

1

w“

for the case of the – sign. For the case m = 1, which is usually of most
interest when m # O, there are always low-frequency perturbations; the
`owestfrequenciesare[
(N/;+
lluOin`hefir`tcase"nd[
(N;;Il@o
in the second.
It follows that in r-mode operation the perturbations,
produced by other components upon an electron that moves slowly on
the average with respect to the slowest counterclockwise component, are
all of high frequency, whereas for other modes this is certainly not the
case. It appears, then, to be plausible, at least as an initial assumption,
to ignore all the field components save the slowest counterclockwise one
To justify the assumption
when the tube is running in the r-mode.
completely it would be necessary to show that in the field of such a single
component electrons actually move so that they have on the average only
a small angular momentum with respect to the wave and furthermore
that the high-frequency waves do indeed have no secular effect.
It will
be found that this justification can be carried through in part and also
that there are certain consequences of the rotating-wave hypothesis
which are adequately confirmed by experiment.
It is, in fact, found that
even in cases of operation in modes for which m # O, a single component
determines certain features of the operation.
The above considerations
apply to strapped magnetrons without reservation, but in the rising-sun
design there is always present, even in the r-mode, a component for which
p = O (see Chap. 3). The effects of this component have to be given
special consideration (see Sec. 6. 11).
A considerable simplification is introduced into the problem if only
one component of the total field need be considered.
For then in a system
of axes that rotates with the angular velocity of this wave, all electromagnetic fields are independent of time. In addition, the electron distribution in velocity and position will be a stationary one. Thus, if
the electromagnetic fields in the interaction space are described by a
scalar potential A Oand a vector potential A = A,, A+, A., these are functions of the variables r, @ – d, z, where u is the angular velocity of the
rotating wave.
one may write ~ = @ – at. As has been indicated
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in the previous section it will be assumed that the fields are transverse
electric. and independent of a. The potentials are thus functions of r
and # alone.
In writing down the field equations and the equations of motion, the
relativistic form will be used for the latter and no terms dropped from
the former.
In this way, the approximations that involve the velocity
of light may be made consistently.
The MKS system of units will be
adhered to throughout.
The field vectors E and B. which will be supposed to contain the
applied fields are connected with the potentials through the equations
E=–grad

AO–x

dA

(1)

and
(2)

B. = curl, A.
The potentials themselves satisfy
a2Ao
V2A0 – IWO—.
ap

.p
EO

(3)

with p positive for an electron cloud and
dlv grad A – pOCO
~

(4)

= ~oJ,

where p~ = 1.257 X 10–8 henry/meter, co = 8.854 X 10–12 farad/meter,
and p and J are the charge and current densities at any point.
The
subskhary relation holds
div A + POCO
~

= 0.

(5)

Equations (1) to (5) may now be written out in the (r-~) -system.
should be noted that

from the definition of $ and from the fact that 8/&
(1) and (2) give

= O.

It

Equations

(6)

(8)

Equations

(3) and (5) give
@)
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and
(lo)
Equation (4) requires a more extended treatment.
A. + jAv

= e-~~(A,

+ jA$)

and

One has the relations

J= + jlv

= e-y~(J, + jJ4).

Thus, Eq. (4) may be written in an obvious notation
V;,$
(

_

wo

[e-i* (A,

~

+

jAJl

=

poe-WJ,

+

jJJ

(11)

)

or

yielding the pair of equations

and

Equations (9), (10), (14a), and (14b) may be combined to give the two
equations that imply the equation of continuity, namely,

+(:-’*@’’)%]”

‘15’)

The bracketed function is essentially the stream function for electron
flow in the rotating system.
It is to be noted that in writiug down Eqs. (3) and (4), which imply
that the fields are derivable from a continuous distribution of charge
and current, a further assumption is being made which requires justification. Strictly speakng the charge distribution is not continuous, and
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the expression p should be replaced by a summation over the individual
elect rons. In using the expression for the average charge density to
calculate the field, one is ignoring the effects of what is usually referred
namely, the process whereby two electrons
to as “electroni nteraction,”
exchange energy directly as a result of a close encounter rather than
through their average effect on the field. Some idea of the magnitude
of this effect maybe obtained in the following way.
Consider avolume
V containing nV electrons distributed at random.
Then the force at
The analogous
any point fluctuates statistically about a mean value.
problem of the gravitational field of a distribution of stars has been
considered by Chandrasekhar,’ and it is found that the natural measure
of the force fluctuations is
(16)
Assuming an emission
in the notation of the present problem (p/e = n).
of 50 amp/sq cm and a radial velocity of c/10 one finds for F the value
104 volts/meter or 0.1 kv/cm.
This is very small compared with the
field strengths normally existing in the magnetron (20 to 50 kv/cm).
The procem of electron interaction, however, must be expected to play
some role in the neighborhood of the cathode where electron densities
are highest and the fields weakest.
6.4. The Equations of Motion.—The
equations of motion may be
derived in numerous ways.
It is convenient here to make use of the
Lagrangian
function. 2 Two theorems concerning
the Lagrangian
equations of motion will be found useful in this connection.
Suppose
that L(xl, x2, . . . W; il, x2, . . . X.; t) is the Lagrangian function of a
particle, involving the time explicitly, but that by means of a change of
,
variables. l=zl+
at, zj=z~,
. . . . . . x: = z., the time dependence
may be eliminated.
One haa

d
= z“
1 S. Chandrasekhar,“Stochastic Problemsin Physicsand Astronomy,” Rev.Mod.
Phyu., 15, 1 (1943).

z A very lucid account of Lagrangianand Hamiltonian equationsfor high+peed
(relativistic) particlesis given by MacCOll,Bell System Tech. .Tour,, 29, 153 (1943).
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Thus, the Lagrangian equations of motion

d

dL

_

8L

a~–z
()

q=l,2,

. ..n

(17a)

become
d
~

dL’

(-)ax;

_

aL’

(17b)

– -ax:’

where
L’(x;, z;, “ “ “ ; i;, 2;, . “ . ; t’) = L(x1,

x2,; *I,

XZ, o 0 “ ; t).

(18)

The Eqs. (17a) and (17b) for a Lagrangian that does not involve the time
directly are known to possess the integral
(19)

Thus, an integral may be found for the equations of motion although
the fields in the original coordinates are time varying.
Now consider H’ and L’ as functions of the coordinates x,, and denote
derivatives with respect to the coordinates by d/dz4.
Then
aH’

?
I

~

.-$
+H%+MZ+ZX’X3

and using the equations of motion (17b) where s = 1, 2, “ . “ , n

E’+zx&(%)-5t$)l=0
I

if all the particles have the same energy constant.
if one writes $

Then in 3 dimensions,

= pa, one hsa curl ~ = i~, With ~ independent of position
a

{

and time.
The Lagrangian function for an electron in a transverse electric field
is in the relativistic case, with e a positive quantity,

Since it has been supposed that the transformation @ = ~ + d will
eliminate the time dependence of the potentials, the lemmas of the
I Where the same equation is given in relativisticand nonrelativisticforms, the
same numberwill be used with the aflix R or N to distinguishthe casea.
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C)nehas

?2 + P(IJ + W)2 M
~z

1

+ e[AO –

T/i,

–

+ a)Ad],

@

(22R)

and the equations of motion are

and
aAo

.
‘F–[

a(rA+)

i.!l&(#+@)TJ

(24R)
1

where

/y = t’ + T’(* + GJ)2.
c’
Or, alternatively,

_+!g_Lx’,
d m,r’(# + u)
~A–
Z [ (1 – j3’)*$ 1 =edt[

o

wrA.J+ei

aA

1

8(rA$)
~——.

8A,

–

+ ~)A~]

[

a+ 1

(25R)

(26R)

The integral H’ may be formed:
H’=mds

l–
[

t’ + r2(ql + w)2 H
— e[A O – iA,
@
1

r(~

– e(AO – O,A$).

(27R)

If the convention is introduced that A 0, A+, and A, shall all vanish at
the cathode and the assumption of vanishing velocities at the cathode
in the stationary coordinate system be recalled, one has

Since His independent of the electron considered, the second le~a
holds with A = O, and one has

(m)

THE
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This equation may be written as a pair of equations

and (27 R) becomes

In the nonrelativistic
Lagrangian is now
L’ = ‘0
~[

r’ +

case a similar set of equations

7-’(J

+

ti)z] + e[Ao – iA.

–

r(i

is found.

+ ~)A4],

The

(zl~)

and the equations of motion are

In this case the equations may be further modified to read

I

These equations have a simple interpretation.
They are the equations
of motion of a particle moving in a scalar potential

.

.

and in a magnetic field
~ (rA+)

–

a$

–

2m~
~“

The term (m,/2e)c@r’ is related to the centrifugal force, and the term
2m~/e
to the Coriolis’ force, appropriate to the rotating axes. Such a
formulation of the equations was not possible in the relativistic case.
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The integral H’ is now
H’

=

–~[?’+r’(J

+@) ’l-e[AO

–tA,

–r(~+@)-4t]

+ rm[t’ + T21J(J+ 0)1 –etA,
= y

(F2 + ~’$’) – e(Ao — noAd)

mo ~ z.,
— ~~~

(27N)

and with the usual conditions at r = r,, one has H’ = O.

(29N)

and
(30N)
(31N)

e~o+”%=Ao[(eAr+

%Y+(eA$+:%Yl

(32N)

It will be noted that Ecw. (32R) and (32N) are essentially the Hamilton-Jacobi
equations of the system, since a W/W = – w (8 W/t3#).
W is thus the action function of the system.1
The introduction of the
action function in the magnetron problem does not appear to be so
The reason for this lies in one of the most
fruitful as one might expect.
complicated characteristics of the electron motion, namely, that the
motion is essentially of a multiple-stream type.
Through any point
in the interaction space, transformed into the rotating system, there will
This fact hardly requires proof, but
pass a number of electron orbits.
it has been established empirically by computation of orbits.
It follows
as a consequence that the electron velocity is a multiple valued function
W, then, is a function
of position and thus that W has similar properties.
having many branches, and these branches will meet along branch
curves which will be the envelope of a series of electron trajectories.
The character of these branch curves has been discussed by Cherry,2
who has given expressions for the potential and velocities in the neighborhood of such curves.
The multiple-stream property of the electron flow gives rise to severe
analytical difficulties in handling the field equations, for it is necessary
to write an equation of continuity for each stream, where a stream is
1The function W has been uwd by Gabor, F’roc.IRE, S3, 792 (1945), in problems
of electrondynamics.
z Cherry, “General Theory of Magnetron,” Cmmcil for Scientificand Industrial
Research, Sydney, Report No. MUM-1, 1943, has dieoucsedthe formulation of the
m~etron equationsh tema of ~.
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defined as a set of electron orbits leaving one branch curve and terminating on another.
With each stream there is associated a charge density,
and it is the sum of these charge densities and the sum of the currents
that must be substituted in Eqs. (9), (14a), and (14 b). So far there does
not seem to have been developed any analytical method that will effectively handle all the streams together and automatically perform the
required summations.
It is always necessary to handle the individual
streams separately and fit them together at the branch curves.
There are two important equations that may be deduced from the
Thus, if a particle is to r~ach a given point
integrals (27R) and (27N).
in the interaction space at all, one must have F and ~ both real at that
point.
Putting ? = O in Eq. (28R) and writing v + u = & one has
mocz + e(iio

– Wfl+)

=

,
d
=i~i)
%)‘0
mo(cz — 7%4)

= ~

C4-2C’’’+T+U’”’”
& .- 2C27+J4+
(’4”2+%)

c’ –

(

For the reality of ~ one must have

(’4”2+%3‘c’””’
(’4-$)

or

(33R)

The nonrelativistic analogue is easily deduced from (27N) or from (33R)
by supposing TU<<c and is
e(AO – n.A$)

s

–

mor2u2
~.

(33N)

Equations (33N) and (33R) play a very important role in the analysis
of magnetron behavior, since they yield an inequality that the fields
must satisfy in order that electrons shall reach a preassigned point in the
interaction space.
They will be discussed further at a later point in this
section.
Another pair of significant formulas is obtained by rewriting (27N)
In this way one finds
and (27R) in terms of the stationary coordinates.

“@’
=‘“$=+)
- ‘(A”
- “’A*)

(34R)
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and
O=

;(t’}T’~2)

<~

1– ~2

–

e(AO — rcoA@) — m0r2&o.

(34iV)

From (34R)
eAO -- m&2
(

–l=–
)

mouT21#l

+ eorA,

= –u

a;,

(35R)

W7

and from (34N)
mO .2
j~.
eAO — — (r + ?’2~2) = —m072fju + e6m.44 = —u —
2

(35A9

The expression on the left of Eq. (35N) is the difference between the
potential energy of an electron in the scalar field and the kinetic energy
of the electron; it therefore represents the energy loss of the electron to
the oscillating field.
6.6. Conditions under Which Relativistic Effects May Be Eliminated.
Before discussing more fully the equations of motion it is essential to
find out under what conditions the relativistic and propagation effects
can be eliminated.
The field equations, Eqs. (9), (10), (14a), and (14b),
and the equations of motion (25 R) and (26R) describe exactly the condiWhen one proceeds frc)m the relativistic
tions in the interaction space.
Lagrangian to the nonrelativistic form, the procedure is equivalent to
ignoring all terms in the relativistic expression of higher powers in v/c
than the second, where v is the electron velocity.
It is important then
to ignore all terms of the same order occurring in the field equations.
To be able to recognize such terms it is useful to introduce a set of
characteristic variables for length, time, scalar and vector potentials,
and charge density that will be appropriate to the relativistic regime.
~us, for a characteristic length one uses TO = c/u = rAO/%,
since the
quantity PNOW2= CJ2/C2is the only parameter occurring in the field
equations.
For a characteristic time, h = l/u is chosen; and for the
scalar and vector potentials, the natural units are m0c2/e and m~~e.
The characteristic charge density is e/mow*cO. Writing

Eqs. (9), (10), (14a), and (14b) become
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where the bar denotes clifferentiation with respect to t*. Similarly
the integrals of the equation of motion are
1 – T*’(? + 1)
(40)
I+
A:–r*A:=
~1 – T*2 – r*2(lJ + 1)2
and

In order to examine the conditions under which the above equations
may be simplified, one calculates A+ for the applied magnetic field B, in
if
Since Be = (1/~) (a/ar)(rA~),
the absence of an electron stream.
Ah = O at r = r., then
Bo
rA+ = — (rz — rz}
c,>
2

(42)

or, in reduced variables,
r*A~

eBo (r*2 – ‘Y’)
= —
2m.@

= + (r”’

– E?9,

(43)

where
-y =-. 2mw
eBO

The unperturbed magnitude of T*AZ evidently depends upon two
independent quantities: r* = 2irr/nhO, which measures the size of interaction space in terms of n~o, and 7, which is the ratio of the Larmor
frequency of the electron precession in a magnetic field BO to the angular
velocity of the rotating wave.
Suppose that r“z <<1, then the cond~tion
[Eq. (33 R)] that an electron shall be able to reach a point in the interaction space becomes

where (r*fl$) is the contribution to r*A~ coming from the r-f fields and
It will now be assumed that A ~, r*A$,
from the circulating currents.
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and A: are all small compared with unity.
This isequivalent to saying
that all voltages are small compared with moc2/e = 506 kv; this is true
for all ma@etrons
that have been built up to the present.
For the
inequality to be satisfied, it is to be noted that a lower limit is set upon
the value of y in a tube of given dimensions (fixed r: and r%). Using
Eq. (28 R), limits maybe set upon the values of ?* and T*(* + 1); thus,
(45a)
and

where
B=l+.4~-r*A$.
Thus l?*\ and r“l? + 1! are of the order of (-4% – ~*A?)%.
From Eq.
(36), p* k of the order of A,; and neglecting squares of r“’, At satisfies
Poisson’s equation.
The right-hand sides of Eqs. (38) and (39) are of
– T*), and these equations may be written
order r*A~~ and A~(Aj’~
1
a
~7a*

([

aA*
~
– ;*

(r*A$)

1)

= T* !w+I!2&
)
(
+ terms of the order of (r*A$~),

(46a)

and
1 aA*
a
tw* 7 [ ‘-+@*A~l
at
-(
The right-hand
left, and thus

‘+[””%-’”%1
+ terms of the order of (A~~

sides of these equations

g:
aq

–

$

(r*A$)

= r’

–

(46b)

r*A~).

are small compared

with the
(46C)

times a constant

which for the particular boundary conditions = —Bo.
leads, neglecting r*2A O in comparison with r*A4, to

Equation

(37)

(46d)

Combining, the part of A ~ depending upon the r-f fields and circulating
current and A? satisfy
(47a)
and
(47b)
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$=0.

(47C)

where
la
——
r* &*

--)

~*aT

dr*

(

++2$

It may be noted that
(47d)

Summing up the results of this section, it appems that for the neglect
of relativistic effects and of propagation effects to be permissible it is
necessary to have ?* small and also ~ sufficient y small so that A ~ is
small compared with unit y, while r*A ~ must also be small compared with
unity.
Physically, the dimensions of the tube must be small in units of
nx/27r, and all voltages must be small when measured in a unit of 500 kv.
Under these circumstances the scalar potential A o satisfies Poisson’s
equation, while the potentials A, and Ab are derived from a quantity T
satisfying Laplace’s equation.
Furthermore, the term entering the
equations of motion of the form [8 (rA$) /dr — dA,/d+] is in a nonrelativistic approximation equal to BO, the applied magnetic field; fo.” if the
second integral [Eq. (29 R)] of the motion is written in reduced units,

&%J-%&J=*-a*

’48)

and the right-hand side is —r*BO plus small terms.
6.6. The Nonrelativistic Equations.-The
equations of motion in the
normal, nonrelativistic case may now be put into a more convenient
form.
Substituting the expression ~BO(r – r~/r) for the part of the
vector potential A+ due to the applied magnetic field and dropping the
term A,, which contributes only to the r-f magnetic field just shown to be
negligible, Eqs. (33) and (34) become, writing fio for the r-f tangential
component of vector potential,
m,f = mo~’

+ e$

[

A,

–

ur~,

OBO
-T(r

~_

1
- &

$

[morq]

= e ~

A,
[

7n022

r~)+~wr

–

wr&

–

(Bo

uBo
~
(r’ — 7%) -1- ~

+e’r(Bo
or

-

w2rz

2~W),

(49a)

1

-*)’

‘4”)
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(50b)

where

and
2mti

B1=B,

–—.

e

(51b)

The associated field equations will reduce to two by virtue of the neglect
of A, and the other small terms. Since, in the equations of motion,
A Oand & appear only in the combination A O – ur~$, it is useful to write
down the equation that this new variable satisfies, and this is plainly

The two equations involving the currents are no longer of interest in so far
ae they affect the potentials, but the equation of continuity that they
imply remains, and one has

:

(pti)

+ ;

(p?+) = o,

(53)

where properly there is one such equation for each stream, and p in
Eq. (52) is summed over all streams.
Equations (49a) (49 b), (52), and (52) may be taken as the fundamental equations of the magnetron problem.
It is convenient at this
point to introduce a new system of reduced or dimensionless variables
suitable for the nonrelativistic problem, by choosing an appropriate
charactc.1 istic length, time, voltage, and so forth.
The choice of such
units is largely arbitrary.
There are, for example, two natural frequencies appearing: (1) the angular velocity of the electromagnetic
fields u/2T = uJ27rn and (2) the frequency of precession of an electron
in a ccnstant magnetic field Bo, namely, (1/>) (eBO/2m), in the absence
of electric fields. Either one of these frequencies might be used to determine a characteristic time.
The unit of length might be chosen to be
one of the radial dimensions of the tube T. or T. or might again be associated with the free-space wavelength as was natural in studying propagation effects. Similarly, various unit voltages suggest themselves because
any suitably defined energy or amount of work associated with an
electron when divided by e gives a possible voltage.
Thus, one could
use the kinetic energy of an electron at rest in the moving system at some
appropriate radius; the kinetic energy of an electron moving around
a circle of given radius in a constant magnetic field B,; the work done
in moving an electron at rest in the moving system against magnetic
forces over a definite distance, and so on.

~
!
~
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The system of characteristic quantities that will be used here is as
follows: For length, the cathode radius is used, r.; for time, the reciprocal
of 2r times the Larmor frequency, or 2m/eBo (this has the advantage
of enabling one to pass readily to the case where there is no traveling
wave); for a unit voltage, &Bor~ will be used. The latter is the work
done against the magnetic field 33oin moving unit charge at rest in the
rotating system from r = O to r = r.. It would be more natural, no
doubt, to use &B. (r: — #) as a unit, since this would me~~re the work
done between cathode and anode, but this choice leads to clumsy expressions in the reduced equations.
Thus, one writes

as before.

Then the equations (49a) and (49b) become
(54a)
(54b)

where the bar denotes differentiation
~E=aO–sd#

with respect to r and

–(s2–l)+~s2.

(55)

The field equations [Eqs. (52) and (53)] become
(56)
and
(57)
For future reference, the form assumed by Eqs. (54a), (54b), (56), and
(57) for the case of a linear magnetron will be written down here. It
will be assumed that n and TCtend to infinity together in such a way that
rJn = XO/2m, where XOwill be the wavelength of the traveling wave
Measuring y outward from the cathode and z parallel
in the linear tube.
to the cathode, then

and
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(54a) and (54b) become
(58Q)
(58b)

where
6=~=—–=—

2mOu n
eB 27r

mouo

ueB

and
(59)

VEp=$(ao–iiz)-2{+$
Equations (56) and (57) take the form

(60)
and
(61)
The formulation of the magnetron problem is now completed by
Since
specifying the boundary conditions for the fields and velocities.
the electrons are supposed to leave the cathode at rest in the stationary
system, one has
S= (),
(62a)
(62b)

ats=l,

4=–7
and
~=t),
~=–~

(63a)
at(=O

(636)

in the linear system.
At the cathode (s = 1 or { = 0) the potcntids
ao and Sii+ (or ti.) vanish; and if there is to be space-charge limitation,
so must the radial field E, (or EM). Since
E, = – $

+Um

a’”

= – $ (AO – WA+)
—
– :

–

w-B’

(’4, – GJfl,),

=0
then
(64a)

I

I

I

1
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or
at(=o.

$(aO–6z)=0

(64b)

The boundary conditions at the anode are set on the potentials and are
assumed to be
(65a)
ao = Ao,
at s = s. = rJrC,
(65b)
s% = Al cosn~
or
at ( = ~. = y.~~o.
(65c)
a= = A 1 cos 2irE
All potentials must be periodic then in #/n or ~/2Tr. It will be recognized
that in the preceding paragraphs, the assertion made in the first section
that a potential could be defined on the anode whose value was said to be
V, + VI cos (n@ – c@) has been justified.
For the combination of
potentials a. – s& or ao — if, is the only one entering the nonrelativistic
ecmations of motion.
It should be noted from Eq. (7) that this potential
is-–JrE$ d~ or the tangential integral of the tangential electric-field.
The solution of the problem would consist of a determination of the
electron velocities, the charge density, and the potential at any point
of the interaction space.
From these the radial current density p? could
be found in the form
p+

=

J, = J,,o + ~,,1 cos n+ + ~,,–I sin n+ +

. . “

(66)

where
z=
2~rJ,,,

=

I,

pTf

d+ = ~

/ o

2*

7rr3r,l =

/ o

pr? cos rqbd$

Or, if 2meuB{r~m/4rn is introduced as a characteristic
unit length, with the definition, i = ps~,
o
/

current density per

2*

2X

%i,,o =

1,
= —~
h

I@ d+,

Tl,,l
‘
=

\o

@i

COS@ d+,
7
rl,,— I =

2r

/o

psS sin n# d~, etc.

where 1,,0, . . . are reduced linear current densities per unit length.
The d-c power input is 27rT,JJ’,,OVO= (~h/4m)eco’B8fc0( ~,,d o), and
the r-f power output is TTAJ,,lVI = (rh/8m)eti2B$~tO(;,,lA
J.
The
admittance of the electron stream per unit length is
.
eBO t, 1 + jir,– 1
~mr Jr,, + jJr,-,
= G~ + jB~ = W.
a
‘r%%’”
v,
Sk
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Under equilibrium conditions, G.+ jll~ = – Yl~.
In principle, then,
the potentials determine the currents, and, in turn, the load maybe found.
Practically, one sets the load, and the potentials and currents adjust
themselves to suitable values for producing the correct admittance of
the electron stream.
One may summarize the analysis by putting the result in functional
form.
Thus,
Ud = V(7, s., aO, %, n)

(67)

i,,. = ir,O(-y, sa, ao, if+, n);

(68)

and

~ is a parameter in the equations of motion; sO governs the range of
integration; ao and & appear in the boundary conditions; and n in a condition of penodicity.
The nonrelativistic Eqs. (54a), (54b), (56), and (57)
and their solution in the form of Eqs. (67) and (68) provide the basis for
the process of” scaling” magnetrons.
Thus, if the linear dimensions of a
magnetron are changed by a factor a, the operating wavelength changed
by a factor a, and the magnetic field altered by a factor I/a, it is clear
that the variables 7, so, a,, and 54,1 do not alter provided that the d-c
and a-c voltages are unchanged.
It follows from Eqs. (67) and (68)
that ya and i,,o do not change.
If the height h is also scaled by the factor
a, the characteristic admittances and currents for the tube will be
unchanged, and thus the total current and admittance remain the same.
Thus, two magnetrons related in this way will operate at the same d-c
voltage and current with identical power output and loading (provided,
one must add, that the circuit efficiencies are the same).
Similarly if the wavelength and magnetic field are left unchanged but
the radial dimensions of the interaction space are multiplied by a factor
p, the values of S. and ~ are unaltered.
Now, an increase of a factor Pz in
the d-c and r-f voltages leaves ao and sa@ unchanged.
One has, again, no
change in i,,o and ya. The characteristic admittance for the whole tube
,is left the same, while the characteristic current is increased by j3*.
Thus the loading is unchanged, while the total current increases by ~z.
The power level increases by B4. A scaling process of this nature is
referred to usually as voltage scaling.
The process of scaling is extensively used in practice to design new
magnetrons, and the systematic
of the method are described fully in
Chap. 10. The prediction of similar operation when the variables
~, s., n, ao, and s~* are unchanged has been thoroughly confirmed by
experimental results. The first scaling process will retain its validity
in the relativistic range, since there will be no change in the additional
parameter r = 2rr/nA which appears in that case. However, voltage
scaling will not be applicable because of the uncompensated change in r.
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Attempts have been made to reduce the number of parameters upon
which tube performance depends by introducing various combinations of
y, s., and n into the definitions of the characteristic variables, thus
It is hoped that in such variables a
obtaining new reduced variables.
fewer number than five may suffice to describe the behavior.
One such a
set is due to Slaterl and has been extensively used by Clogston in Chap.
10. In this case a characteristic magnetic field given by BO(l – &/r~)
is used. The quantity is closely related to the vector potential of the
magnetic field. The characteristic voltage is I/e times the kinetic energy
of an electron moving around the cathode surface at rest in the rotating
svstem.
The characteristic current is chosen to be the current flowirw
at cutoff in the magnetron acting as a diode when a certain special voltage
is applied to the anode. z It is not clear that this current has any intimate
connection with the currents flowing in an operating magnetron, since
the mechanism whereby electrons reach the anode in the operating
magnetron is quite different from that involved in the magnetron without
tangential fields. The characteristic voltages and currents may be used
to define a characteristic admittance.
In terms of these variables,
reduced performance charts may be plotted for tubes with various values
of n; and if the variables had been expeditiously chosen, one might hope
to find no dependence upon n. As pointed out in Chap. 10, this hope
is not fulfilled.
Analytical
Deductions
jrom
the Equations of Motion.-Returning
now to the discussion of the equations of motion one may note that the
expressions (27N) and (29N) now take the form
*(3’ + s?’)

= 7P’,

(69)

and
:

(s’J) – #

= 2(1 – 7)s.

(70)

The condition that an electron be able to reach a point in the interaction
space is simply that VE > 0 or ao — s& > (1, — 7/2)sz — 1. This
appears quite clearly as a consequence of the fact that the motion now
takes place in a conservative potential field. So far as it has been possible
to check this inequality
experimentally it appears to be universally
confirmed.
In order to make the comparison it is necessary to know the
r-f voltages within the tube, and this ~nformation is gener~lly not available. If the data shown in Sec. 7.7 are examined, it will be found that
under all circumstances the sum of the d-c voltage and the r-f voltage
I J. C. Slater, “Theory of MagnetronOperation,” RL Report No. 42-28.
ZThis voltage is the thresholdvoltage defied in the next section. As Eq. (75)
wifl show, there is only one magnetic field at which thresholdand cutQffvoltage can
be equal.
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exceeds (~c/rA)&[(l
- l/s~)Bo – (ma/e)] which is the form taken by
the inequaMy when written in ordinary variables,
The inequality
provides information about the d-c voltage only when the r-f voltage is
taken to be vanishingly small.
Under such circumstances one has
a~ > (1 -

7/2)s2 – 1

(71a)

or at the anode
V&9.42

)

1–;

X106~

a

[(

0.0107

B,-~.

1

(71b)

The voltage defined by the equality sign in Eqs. (71a) and (7 lb) is known
as the threshold voltage.
Its significance for the operation of magnetrons
was
first pointed out by Hartree;1 essentially the same form had been
found by Posthumusz for the case of vanishingly small cathode radks.
It may be thought of as the minimum d-c voltage that will permit
electrons to reach a point in the interaction space as the r-f voltage is
made vanishingly small. It therefore plays a role for the multisegment
(or tangential resonance) type of magnetron analogous to that of the
Hull or cutoff voltage in a magnetron with cylindrical symmetry.
The
relation between the two formulas may be seen if Eq. (54b) is integrated
in the form

‘-1+

’=+(-’+’/%”)

(72)

and the result substituted in Eq. (69)
32 +

[

(1 – -y)s +

:(-’+

’/%’T)r
= 2v(ao -

‘2+(S-:)+%[(’-’):

II*

Then in the absence of tangential
satisfied by (ao - sd~) is simply

s%) – 7(2 — T)S2 + 27,

’*+$(

J%”)”)
= 27(UO – Sii+).

(73)

fields (a VX/t?$ = O) the condition,
2

~(ao–siit)a~

s–~

.

(74)

()
This is the classical Hull formula giving the maximum radius that an
electron can attain in a constant magnetic field under a given voltage.
Using an obvious notation one has
1D. R. Wrtree, CVD Report No. 1536, Msg. 17.
z K. Posthumus,?Vireleua
Eng. and Ezp. Wireless,12, 126 (1935).
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‘:(s-:)-’(’-$s2+”

2

(7–1)s++

=;
[

1

The threshold voltage thus lies below the Hull voltage save at the point
(~ – 1)s = – 1/s or ~ = 1 – 1/s’; at this point the curves of threshold
and Hull voltage as functions of ~ have a point of common tangericy.
It is found experimentally that if the threshold voltage given by Eq.
(71b) be plotted against B,, the straight line resulting is generally very
nearly parallel to the constant-current lines in the Vo, Bo representation
of magnetron performance.
Depending upon the value of gd, the threshold, or Hartree line as it is frequently known, lies above or below the
Vo, BO line for extrapolated zero current, by different amounts.
Strictly
speaking it should coincide with the zero-current line, and the data ahown
in Sec. 7.7 indicate that at very low currents the constant Bo lines in a
normal Vo, 10 performance chart must be curved.
This region of very
low r-f voltage is almost unobservable experimentally because of the
presence of leakage currents.
Somewhat fortuitously, for most magnetrons operating with their normal loads and at normal currents, the
constant-current lines in the BO, Vo plane lie quite close to the Hartree
line. The agreement is usually good to about one kilovolt.
This fact
has been of outstanding value in the design of magnetrons, since it
permits the operating voltage at a given field to be estimated with
sufficient accuracy in advance.
At the same time the good agreement
between the operating voltage and the threshold voltage over a very wide
range of magnetic fields provides a confirmation of the supposition that
the electrons interact with only one rotating component of the total
field.
According to Eq. (35N) the energy that an electron contributes to
the oscillating field measured by the difference between its potential
energy in the scalar field A Oand its kinetic energy is

= ew&
Writing

+

eo

~

(r2 — r:) — mof2co(J + u).

(6.35N)
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then
&=s~(l–7–?)–l+sti+
=Sii+-y
/
and the e5ciency

(76a)
~(ao – siid) ~T
a+
‘

(76b)

of an individual electron q is given by

(77)
The efficiency for vanishlngly small r-f voltage and a d-c voltage equal
to the threshold voltage may be written down directly; then since
$= OandsZ4 =0, one finds
q=

s2(l–-y)-l=l
&l_;
()

_

1

(78)

2
;1–+–1
()

_l

E5ciencies calculated from this expression are substantially higher
than those observed in practice (for example, for the 3-cm strapped
magnetron whose performance chart appears in Fig. 6“1, the calculated
efficiencies are greater by a factor of 1.2to 1.5). This might have been
expected from thehlghly idealized conditions under which Eq. (78) was
derived.
At the same time, the unavoidable presence of leakage current
in operating tubes lowers the efficiency in the very region of low r-f
amplitudes.
Equation (78) indicates an identical efficiency per electron
for magnetrons

having

the same value

of ~

()

1 – ~z .

This will no

a

longer be true if the accurate expression for energy loss is used, but
corresponds roughly to a fact of experience, namely, that a lower
(higher magnetic field) is needed for the same efficiency when s.
decreased.
As a rough working rule the connection between ~ and
may be assumed, indeed, to be 1 —
efficiency.
The actual over-all e5ciency

()
:7
a

it
~
is
S.

= constant X 7 for the same

of the magnetron will be given by

where the integrals are the sum of two integrals over anode and cathode

THE

SEC. 6.6]

separately.

Equation

NONRELA

TIVISTIC

EQUATIONS

241

(79) may be written as

I

!

!

I

I

the first term of which is the expression in Eq. (78),
voltage.
The behavior of the energy loss function [Eq.
Figs. 6.10 and 6.11 which show the energy loss as a
field at fixed load for a 3-cm strapped magnetron

if a, is the threshold
(76)] is indicated by
function of magnetic
and as a function of

23
22
21
20
19

j :
~ 16
~
s 15
2 14
13
12
11
10
9
O-ccurrentinamperea
FIG. 6.10.—Averagb energy loss per electron in kilovolts at constant load for a typical
3-cm strapped magnetron with —
magnetic field in weber,q/sq meter, ----electron
loss in kv.

r-f and d-c voltages for a 10-cm strapped magnetron.
It is of some
interest to see that for the particular load of Fig. 6.10 the average energy
loss per electron is remarkably independent of current, which indicates
that the general behavior of the individual electrons is not much altered
as the operating line is traversed but that the number of electrons
increases. This may be accidental, since the evidence from Fig. 6.11
is that the average energy loss is largely a function of r-f voltage and
relatively independent of d-c voltage.
One cannot be certain that the
apparent maximum in the energy loss as a function of r-f voltage is real

INTERACTION

242

OF THE ELECTRONS

[SEC. 6.6

or whether or not the presence of leakage current at low levels is giving
low values of energy loss. The maximum energy loss observed under
the conditions of Fig. 6“11 is 2“33, which compares with the value of
S:(l – 7) – 1 of 3.5. It must be recalled that the average energy loss
is diminished by inclusion of the energy gain due to electrons returning
to the cathode.

?!m:,k.(.)
/3.85kv ,

13.10kv(-o.o)\/(1.oi

, //

Ip;g

.. .. . ,-.-,

//

,/

,’

,, ;/J,

./-

- ly(3.5)

‘1
‘i/&

11.80 kv

(-0.48)

,

.“

,/, /,,/:

‘
~11.15kv
(-0.72)
‘%?ii
%@ ;0.50kv(-0.95~-

5

‘ 15.4 kv (4.0)

..”’~:

:

-’- _-

--

-/

‘--

0.7
=

17.3kv(4.5)

15
25
10
20
1-1, totalout.of.phaaer.fcurrent
inamp

30

FIG.6.11.—Averaeeenergyloss Perelectron(in reducedunits) at constantmagnetic
d-c voltage contours in kv, —-—–
field with —
trnnlossinkv.
Fi@re~in parentheses arereduced
old. Reduced linear current densities aregivenby

r-f voltage contours in kv, ---elec.
voltagee; d<values relative to thresh.
I/36.

One further point may be noted in connection with Eq. (761r). Writing the radial conduction current density as jca.d, the r-f power must be

But the first term is simply the r-f power delivered by the conduction
current, and hence the second term must be the r-f power supplied by the
displacement current.
It is worth while noting that the second term is
the one from which the dominant contribution to the power arises while
the first may and, in general, does represent a loss. This fact was pointed
out by Slater.1 Equation (76b) puts the energy loss in a form that shows
clearly the contribution arising from the electron’s moving in a time
varying potential, when it is recalled that tI/~t = –u(13/~~).
1J. C. Slater, “Theory of MagnetronOperation,” RL Report No. 43-28.
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The various forms of the expression for energy loss indicate that the
latter will increase with sC. This is seen from the leading term of Eq. (80)
or the second term of Eq. (81) and arises from the fact that the larger
S. is the longer the time the electron spends in the interaction space.
If d (ao – sit+) /W has the sign appropriate for a loss of energy over
most of the path, the total loss will increase with transit time. Thus,
from the standpoint of efficiency, sO would naturally be made large:
There is no series of carefully controlled experiments to confirm the
expected increase of efficiency with s*, but all the scattered data confirm it.
In practice, the choice of S. is determined by considerations connected
with mode shifting.
It appears to be true that for any number of
oscillators N there is a maximum value of SCbeyond which operation
will not take place consistently in the mmode.
Since mode shifting is
in at least one aspect a starting problem, the lack of a theory of starting
prohibits a determination of the maximum SC. It is probably true,
however, that the essential factor is that as S. is increased, the ratio of
the intensity of the ~-mode field to that of the field of any other mode
decreases for equal amplitudes at the anode when the ratio is measured
at some point within the initial nonoscillating cloud of space charge.
Thus the building-up of some other mode than the ~-mode is more
probable.
6.7. Symmetrical States.-In
this section the inveatigations that have
been carried out on symmetrical states of the magnetron or those in
which the potential has no angular variation will be considered.
Despite
the very different conditions that prevail in a normal magnetron, it
might be expected that the symmetrical states would be of importance
in the initiation of oscillations.
Many of the difficulties that prevent
exact integration of the equations of electron motion in the presence of a
rotating potential wave persist in the symmetrical case, notably the
difficulty of dealing with multistream states. In fact, the solutions
of the symmetrical problem are sufficiently tentative so that it is difficult
to make them the foundation of a theory of starting for the tangentialfield type of magnetron.
Because the problem is in some respects
simpler than that which includes rotating waves, it has been the subject
of considerable analytical and numerical work. It is proposed to outline
some of this work mainly to bring out the dMiculties involved and to
indicate the relevance of the conclusions to the major problem.
The
discussion is based upon the work of Hartree, Allis, Brillouin, and
Blochl and follows most closely the work of Bloch.
The equations of motion in the absence of a rotating field may be
formed from Eqs. (54a) and (54b) by letting -y tend to zero and writing
1D. R. Hartree, CVD Report, Msg. 23; Allis, RL Report No. 9S, Sec. V, 1941;
L. Brillouin, AMP Report No. 129; F. Bloch, NDRC 15-411-175,1945.
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This leads to
(82a)

and
:

(s%fT) = 2ss,

(82b)

where Vz is equal to (4nz0/eB~r~).4Oand is independent of angle but may,
however, now be a function of time. The second equation may be
integrated; and putting t = O at s = 1, there follows
(83)
Substituting this value in Eq. (82a) one finds

g=++~!!
1
= ——s
@

as
—ez.

(84)

The other equations are
la
‘—
s as

dvz

=_la
; ~

() ‘%-

(se2)

=

w

(85)

and

: ;
where the displacement
Equation (86) leads to

[S(yps – t?,)] =

o,

current Zt must be included
S(pFy — Z2) = l’i,

(86)
in the current.
(87)

where i is the reduced current per unit length and is independent of s.
Thus, using Eq. (85)

I

=

—-yi

(88)
I

I

and Eq. (84) takes i@ most compact form,
(89)
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Eqs. (87) and (89) have one very specialized solution which may be
written down immediately.
For suppose that 3 = O identically.
Then

Vz+ S–;*,

(90)

()

and
(91)
The solution represents a single-stream state in which all the electrons
move in circles about the cathode with angular velocities given by Eq.
(83). The charge density is so disposed that the space-charge forces
exactly balance the magnetic ones. The cloud of electrons extends out
to some definite radius beyond which a logarithmic potential continues
the solution to the anode when the voltage on the latter is lees than
~[s. – (1/s=)]’.
The potential at any point is exactly the Hull cutoff
voltage, as one might expect, since S = O. There is no radial current,
since the charge density is everywhere finite; this means that r has to
be allowed to become indefinitely large in Eq. (89).
This special solution
was discovered by Blewett and Ramol for the case of negligible cathode
radius and again by Brillouin;2 it is frequently referred to as the Brillouin
steady state. It will be described here as a type S state, indicating
It may be observed that an analogous
that it is a single-stream state.
state may be found when the exact relativistic equations of motion and
field are used. It is necessary here to take into account the ,effect of the
magnetic field of the circulating current.
Another conceivable steady state is one in which the electrons return
to the cathode after turning back at some point.
In this case there will
be a double-stream or type D state. Since the voltage is to be considered
constant, the current is constant and one may write
(92)
since there will be equal and opposite currents through any point of
the interaction space. Consider i-y as representing the ingoing or outgoing current.
Explicitly

where 1 is the current per unit length.

Evaluating

one finds

i-y = 4.55 X 10–12 ~.
B3r~
1J. P. Blewettand S. Ramo, Phys. Rev. 57, 635 (1940).
2 L. Brillouin,Phys. Rev.60, 385 (1941), and 65, 166 (1942).
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Forthe values of 1, r., and B common in operating magnetrons i~~ill
be quite small. Solutions of Eqs. (89) and (92) with s = 1, 3 = O at
~ = O have been investigated by Allk and others. It may be shown
that for iy tending to zero, S >0 for all s <2.271 and, hence, that no
type D state is possible for cloud radii less than 2.271. For i~ not
zero, numerical integration must be resorted to, and Allis, Hartree, and
Brillouin have shown in this way that a slightly lower critical cloud
radius is found.
The value of this radius appears to approach a limit
close to 2 as iy becomes large. Thus, in a tube for which so >2.271 it
appears that as the anode voltage is raised, no type D state will be possible
until the voltage exceeds a certain minimum value; such a state will
exist over a certain range of voltages, after which current will be drawn
to the anode.
A question that has been treated extensively by Bloch is that of the
transient phenomena occurring in those cases where i is not constant in
time. Writing Eq. (89) in the form
Sif = $2

— -$2+ dJ(T,ro),

(93a)

where
r
I#)(r,ro)=

I To

yi dr,

(93b)

it will be supposed that ~i <<1 for all ~, which, as was remarked
The linear
above, will be true over the usual range of parameters.
Putting
case will be considered also because of its peculiar features.
s = 1 + #Cand allowing

T. +

Eq. (93a) becomes

GO,

U = –4y

+ 7-c@(T,70).

(94a)

This is simply the equation of a harmonic oscillator subject to a driving
force r.~(r,r,).
A solution is required with y = O, ~ = O at r = ,..
The problem admits of an exact solution.
Considering a function
y,(7,#) such that
a2~o
_+4yo=a*+4yo=o

(94b)

and
yo(T’,7’) = o

~

(r’,T’) = 1,

one may multiply Eq. (94a) by VOand Eq. (94b) by – y.
the results and integrating from ro to T’, one has

(

dy
Yo ~

dyo “
–%,,

)/

“
=

,0

rc@(7,rO)yO(T,#)

dr

Then, adding

(95)

I
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and using the boundary conditions on YO
–y(T’)

=

yo(To,r’)
$&To)
–Y(TO)*(TO,T’)

#

+ / ,,

r04(r,r0)y0(7,7’)

dr.

Observing the boundary conditions on y(r’),
,’

~(r’) = -

/ ‘0

T.lfJ(r,To)yo(T,T’) (27.

(96)

A suitable choice for the function yo(~,#) is t sin 2(7 – r’), and thus Eq.
(96) becomes
y(r)=–+
Consider, now, dY(r)/13r0.
—

1’
2 /

sin 2(T, _ ~) dr’

Zo

i

.

since f$(70,ro) = O

r,yi(ro) sin 2(r’ — r) d7’
To

= – + ro~i(ro) [1 – Cos 2(TO– T)]

~

(97)

From Eq. (97)

1 ‘ d[re@(#,To)]
2 \ To
aro

ay

—.—

aro

=-

‘ rc~(r’,r~) sin 2(7’ — r) dr’.
/ vu

(98)

since i(ro) Z O.

Thk, however, is exactly the condition that electron orbits shall not
cross, for it implies that at any given time an electron emitted later than
another lies closer to the cathode than does the latter. The state is
thus of type S. The result is independent of the variation of current
On the other hand, if the condition of
and hence of that of the voltage.
space-charge limitation is relaxed, Brillouin has shown that the orbits do
cross. Although the orbits do not actually cross in the case considered
above, they may touch and, indeed, will do so when TO– r = (n + ~)r.
There will then exist curves in space defined by this equation with which
the orbits have tangential contact; the charge density on such curves will
be indefinitely large. This appears to be an instance in which the inclusion of an initial velocity distribution for the electrons might be expected
to modify the results very considerably, but thk point has not been
investigated.
The situation in the cylindrical case is considerably more complicated,
and the nature of the results quite different.
To make progress by
analytical means it is necessary to suppose that (YZ) <<1.
Then
O(r)r,) is a slowly varying function of T. If thk be so, an approximate
solution of Eq. (93a) is seen to be given by SO,where
S; —.yi 2 = I$(T,70),

(99)
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for SOdefined by Eq. (99) is a slowly varying function of r, and So will
be small.
Suppose then that
S=so+z,

(loo)

where x is capable of being written in the form
$=

AZI+A2Z2+X3Z3

+””

“

in which A is of the order of &$/8r and, hence, A <<1.
Eq. (100) in Eq. (93a) one has
= + 2(1 + S; ’)x = —30 + (%1 + 55i5)zz — (%-z
+ 9s;’)23 + (s;3 + 14S;7)Z4 –

Substituting

o . . .

(101)

This is, once again, the equation of an oscillator driven by the forces
represented by the light-hand side. There is, however, the important
distinction that the frequency of the oscillator is slowly changing because
of the dependence of sO upon r. The total motion of the electron thus
consists of a slow drift, monotonically away from the cathode, given by
S0(7,7.), superimposed upon which is an oscillatory term with adiabatically
varying frequency.
The secular motion becomes more sluggish as
8q$/8T or i ~ O. Equation (101) may be solved correctly to the first
order in &$/& by neglecting the terms in X2, X3, etc., provided that
solutions of
(102)

z + 2(1 + S;4)Z = E + @(7,70)z = o
are available correct to the first order in 8@/&.

To obtain these intro-

duce O(T,TO)= ~’u,(T,ro)
d~, and write z = exp ~azdt);
o
To
variables Eq. (102) becomes

then in such

(lo3a)

z’+~++z+l=o.
Putting z = + i + p, where p is of the order of 8$/8,,
first-order

one has to the

(103b)
or, integrating,
p=fi

ea
/o

—

10g ~1

ae’

exp T 2i(0 – 0’) dO’

(103C)

and

‘=ex”[+ie+i[de’

l”wexp

+2i@-e’)de’lo

‘103’)~

SEC.

6.7]

SYMMETRICAL

249

STATES

Integrating by parts

‘ = “%0

@c310g l.&
dtl’
/“

“p

“p

(103e)

~ 2i(0 – 6’) de’.

(

Provided that the variation of current is reasonably uniform, the last
integral will be of the order of dw’130 or ~@/d7. Thus, the zero-order
solutions are of the form
A
(104)
‘=wGexp
*i+”

+

The solution of Eq. (101), correct to first-order terms, may now be found
as it was in the linear case, where for the function yO(~,7’) one uses
sin (0 – 6’)

go(7,T’) =

(105)

<W(T,70)0, (7’,To)-

Thk satisfies the condition that WO(T’,T’)/fJT = 1, since EM/tIT= uI(7,To)
by definition.
Making use of Eq. (95) and noting that the driving
term is –%, one has

#
Y(T’) = – Yo(To,T’):

(TO) +

~

(To,T’)Z(TO)+

~o(T,To)ycI(T,T’)

/

T

dT.

‘o

(106)

,.
Now,s, + x satisfies the boundary conditions so + x = 1 and 30 + 5 = O
at ‘r = To; thus, z(T,,70) = O a~d 13z(roro)/dT = – 3Q(Tc.,70). Thus, Eq.
(106) becomes, using Eq. (105),
y(T’) = –

sin e’

S(70,TO)

@(To, ~o)W(T’,To)

“ 30(7,70)

+
!

sin (0 – e’) dT
~l(T,To)UL(T’,TLI)
(107)

To

Since fdI(To,To) = 2 and because 2s0(s, + si’) = d@(~,m)/d~, which
implies SO(TO,TO) = ~(&#J(70,To)/dT), the final result for the motion correct
to first-order terms in a@/a7 is
S(7,TO) =

SO(T,70) —

“0”0)

4 %&#’

+’

sin (0’ – .9)

\ =o(T’,To)ti@,(~,@J,(T’,To)
70

If this is to be a type S state,
g<o

for all TOand T.

dr’.

(108)
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Differentiating
fist order,

with respect to TOand retaining only terms of zero and

as
as. — Z(TO,TO) sin 9
—.—
aTo
aro
4
ti2w,(T,To)
sin e
+ 30(T0,TO)

6(70,70)
——
4

cos

V-~
30(70,70)

+f
H,0

#UI(7,TO)@I(70,TO)

ae

o

<f.dL(T,To)kII(#,To)

1

COS(8’ – @ dr
[(=)

1“

“09)

To the first order, the second and fourth terms cancel, leaving
as
—.—
aTo

l$(To,To) cos 9
as. ——
aTO
4
<2.,(,70)
f

ae
w

3J(T0,TO)

+

H,0

duI(T,To)W(T’,To)

l[(~-:)cos(e’-e)

d’l;

“10)

furthermore,
IJ(TO,TJ
2(s0 + s~g)‘

as.
—..
aTo

and
a%.
~=

+7(T0,To)
2(s0 + s;’)

-

1;.;3:;:;3

S;3 + J&o)

TO

‘(’0’”0)2”

So one has
as
—.—
dTo

tfl(ro,ro)
s, :
4
[

ae
1

ae’
“

+
!

ae
aTo –370

~(TcI,TcI)

,, 2(s0 + ‘;’)

Cos

(0’ — 0) dr.

(111)

<fJ,(T,To)U,(T’,70)

This reduces, as it should, to Eq. (98) when s = 1 + (y/rc) and TC~ m
for then S, = 1, 0’ = 2(T’ – To), and ~I(T,,o) = 2. The conditions for
as/arO <0 are now more complicated than they were in the linear case
if d(~o,ro), or, in other words, the current, is allowed to vary in an unrestricted fashion.
If the current is small enough and its rate of change is
tdso small and regular, the integral term in Eq. (111) may be ignored
and the condition for a type S solution becomes
2
so + S;3 2
By h

1
~2C01(T,To)

ae
~o

(l12a)

“

definition
a
%

ae
(

‘aTo-)

ae
ar,

——.

aul(T,To)
‘–—=
f.LU(TO,To) +

fhl(T,To)

ar

aTo

@)

i(r)

‘ ati1(7’,fo) i(70) dT,.
‘~
—
i(r’)
-./

.\..,

(l12b)
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Thus, even for small currents, the form of M/a7, varies considerably
according to the law of current.
When i is constant,
ae

I

To

=

w(T,To)

=

<2(1

+ S:4)

(112C)

and the condition in Eq. (112a) becomes
2%
1<~—
so () 1 + s;’

(l12d)

or
So <2.271.

t
r

T

Thus, a solution of type S exists as long as the cloud radius is less than
2.271; thk is the same limiting radius found by Allis as the lower limit
of cloud radii for which a type D state was possible.
It may, indeed, be
shown that for finite currents there always exists a critical radius separating type S and type D states.
Now suppose that i is no longer constant but increases or decreases
Since UI steadily
monotonically, remaining at all times small, however.
decreases with T, tk/&
is negative; and then for positive currents, from
Eq. (112b), – W/&O must also decrease monotonically
with T. If i
increases monotonically y, i(70)/i(T) < 1 for all r; and using Eq. ( 112b)
again, one has
2>

–

a:>W(T,TO).

(113)

Since the condition for breakdown of a type S state is Eq. (112a) or
2% ~-

.—— ae ,
aro

so + S;3

this may be combined with Eq. (113) to give an inequality for the critical
radius

or
2%2)4(1 +

t

2>

S;4)M
>

:
2}4(1

+

S;4)%.

SD(1 + S;4)

This yields
2.271>

4-

SO>1.434.

(114)

There is thus a critical cloud radius between these limits, the exact value
of which hinges upon the law followed by the current at which a type s
state becomes impossible.
Since Allis’ work shows that there is no type
D state, it would appear that under a condition of increasing anode
voltage, if a single-stream state is set up when S.Lu~< 1.434, this must

252

INTERACTION

OF THE ELECTRONS

[SEC.6.7

break up into some transient state until the voltage is high enough to
give a cloud radius greater than 2.271.
When the current decreases monotonically [i(TO)/i(T)] >1, the integral
term from Eq. ( 112b) decreases faster than ui(7,ro) and furthermore
– ao/a70 < COl(rO,~O).Two things may happen: If I– W/arOl < ul(70,70),
the condition for the breakdown of the S state Eq. (112a) is altered to
give a larger value of so and the S state may persist beyond sO = 2.271;
whereas if I—M/&Ol > ~1(r0,70), as may happen if —M/&O becomes
sufficiently negative, the breakdown condition, as in the case of a monotonically increasing current, becomes more severe and the S state breaks
down for cloud radii less than 2.271.
Fipally suppose that a small current flows for a certain time T, after
which it becomes zero. Then

For r > T, this expression becomes
aU1(T,To)
—=+——
aro

4s;5
W(T,TO)(SO

+

S;a)

~i(TO)
—>0,
h

(116)

and, from Eq. (112b)j
a

~

ae
(-) aTO

— a positive constant,
–

r>T.

It follows that th9/arOcan become as large as one pleases after sufficiently
long times. Thus the instability criterion Eq. (1 12a) shows that a cloud
of any radius established during the flow of current becomes unstable
after a sufficient length of time. The length of time required for the
instability to appear will be of the order of l/~i(ro).
This review of the work which has been carried out on the’ symmetric
states of magnetrons has indicated the unsatisfactory status of the analysis. There are essentially no experime~tal data to confirm or to contradict any of the tentative conclusions reached; and in fact, it is not
clear for those cases of greatest interest in which no anode current
is drawn how experiment would distinguish among the various states of
electron flow. Probe measurements would invalidate the assumption
of azimuthal symmetry.
One or two points maybe noted.
One is the connection between the
cylindrical and linear problems.
The solution of the linear problem
has a very artificial appearance.
The appearance of a series of layers
on which neighboring orbits touch, as indicated by Eq. (98), thus giving
an infinite charge density, would probably be modified if an initial distribution of electron velocities was included.
Furthermore the slightest
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curvature of the cathode surface, in the concave sense, will give rise to a
crossing of orbits, while in the convex sense, it will cause the orbits no
longer to touch.
If a linear flow of the type indicated by the solution
(98) initially existed, a small curvature applied to the cathode would
render it unstable, since the cloud radius would be less than 2.271 r..
Presumably, however, it would be quasi-stable in the sense that a considerable time would elapse before the initial organization was destroyed.
This raises the question whether or not there may not be states with
cloud radius 5 2.271 times the cathode radius which are effectively stable,
in the sense that over periods of time which are comparable to the starting
time of the magnetron, they would maintain a potential distribution and a
cloud radius closely comparable to that of the Brillouin steady state.
In this connection it should be noted that in double-stream states, where
they can exist, the potential distribution is always close to 1/27[s – (1/s)]2
unless very large radial currents are flowing.
6.8. The Bunemann Small-amplitude
Theory.-The
only serious
investigation of the conditions under which tangential resonance oscillations will build up in a magnetron has been made in an extensive report
It cannot be claimed that Bunemann’s results are
by O. Bunemann.1
conclusive or that the assumptions of his treatment are completely sound.
However, the viewpoint taken in the paper is illuminating, and it will
be discussed here rather fully.
Bunemann’s approach is to assume an initial state of electronic motion
that has azimuthal symmetry under conditions of constant d-c voltage
and magnetic field. It is then supposed that a rotating r-f wave of very
small amplitude, of frequency uo and angular velocity u = m/n, is
imposed on the anode.
The small perturbations of the original steady
state are then worked out, taking into account the equations of
motion, the equation of continuity, and Poisson’s equation.
In this
way the impedances of the electron cloud is calculated and the wave
impedances within and without the cloud are matched.
The variation
with frequency of the impedance of the charge cloud is studied and is
shown to be such as to lead, under some conditions of voltage, magnetic
field, and frequency, to a state in which oscillations will build up spontaneously.
The analysis is then extended in a more speculative manner
to determine the rate of buildup of oscillations with various loads.
This formulation of the problem appears to simplify the true state
of affairs, for it divides the process of initiation of oscillations into two
stages: (1) the establishment of a steady azimuthally symmetric state
which is supposed to persist while the anode voltage remains constant,
(2) the breakup of this state under the angle-dependent rotating perturba10. Bunemann, “A Small Amplitude Theory for Magnetrons,” CVD Report,
Msg. 37, 1944.
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tion.
In practice one has a d-c voltage that increases steadily during
theprocem.
If the time of rise of thevoltage betaken to be O.04psec,
which is fairly typical, this becomes, in terms of the unit of time 2m/eBo,
A typical rate of rise in
equal to 3.6 X 102B0 (Bo in kilogauss).
reduced units gives t3ao/& x 5 X 10-9(nX/~~B~) (MKS).
It is evident
that the rate at which the voltage rises is indeed slow in terms of the
natural units, occupying many Larmor periods.
Thus it is probably
satisfactory to consider the problem as a static one.
0.9
0.8
0.7
0.6
0.5
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FIG. 6.12.—Radius of Brillouin steady-date ras a function of ‘y, for various anode
radii r., when the anode voltage is equal to the threshold voltage.
Log r~o.~/rm,~.
is
plotted against y for various values of log rti/r~th~e.
The boundary curve showe the
radius of the stationary layer.

The state chosen by Bunemann as an initial state for the electrons
is the Brillouin steady state in which the radial current is zero and the
electrons move about the cathode on concentric circles. As has been
shown in the previous section, if the cloud radius is less than 2.271, no
stationary double-stream solution with zero radial current and constant
anode voltage is possible.
The only single-stream state for vanishing
radial current is the 13rillouin one. In Fig. 6.12 the radius of the Brillouin
steady state is showti for various anode to cathode ratios and values of ~
when it is assumed that the anode voltage is given by the threshold
voltage.
This assumption is a reasonable one, since the cloud radius does
not vary rapidly with anode voltage and the magnetron certainly operates
near the threshold voltage.
It maybe seen that for most practical cases
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the cloud radius under these conditions is less than 2.271. While the
result that only the Brillouin steady state is possible as a stationary
condition for fixed anode voltage must be accepted, it must also be
recalled that Bloch’s analysis indicates that when the anode voltage is
actually varying, the motion maybe more complicated.
It cannot then
be said that the establishment of the Brillouin steady state under a slowly
rising voltage has been unequivocally shown.
The conditions in the Brillouin state are described by the equations
30 =

(l17a)

o,

$0=1–7–$

#

(l17b)

1
‘“=z

()

p,=;

s—i>

1’

(117C)

1+:,

(l17d)

()

:

where the zero subscript refers to unperturbed values.
If the perturbed
state be also a type S’ state, then one may introduce a single-valued
“velocity
potential, ” from which the velocities may be derived [see
Eq. (30N, 3 lN)].
In the nonrelativistic case the velocity potential may
be introduced directly from Eq. (70),
aj

(l18a)

‘=%’
s2y_1+T+~
#

(

=y,
a+
)

(l18b)

where f is chosen so that dj/ds and dj/W vanish at s = 1. For the
unperturbed state, evidently ~ = O. Equation (69) takes the form

{

‘[”,

-s’+
-(1-i)

s2+’l=i[t:Y
2

(1–7)s

+
y

–:+::

[

11

.

(119)

Writing
1
a“–sa+=zs–i

12
()

‘al

(120)

and neglecting squares of af/as and aj/a~, one has
(121a)
I

If the perturbations

are now such that their dependence on angle is given
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= Ij\e-n’* and al = lalle-n~~,
(121b)

It is generally the case, as a study of Fig. 6.12 will show, that
1 –-y – (1/s2) passes through zero within thecloud and at that point
the linear term in dj/13# will not be large compared with the quadratic
ones. Equation (121 b), however, gives correctly thetermin
the voltage perturbation that varies as e-nl$. Physically, the vanishing of
1 –~–
(l/s2)corresponds
tothepresence
ofalayer ofchargethat
isat
rest in the rotating system.
Shells of electrons within this layer have
negative angular velocities; those without it, positive angular velocities.
Substituting ao + a, in Poisson’s equation
(122)
where PI = lplle-ni~ is the perturbation

of the charge density.

Finally,

one has the equation of continuity

or, correct to first-order terms,

%H(l+WWS(l-+’””
—

2;

1 + ;

Ijl = O.

(123b)

()

Eliminating la,! and 1P,]between Eqs. (121 b), (122), and (123 b), one finds
for 1~]the second-order equation
~

A a#
[1

= (A + B)ljI,

(124)

where tisgiven by s = e’{” and thus,
c1
sd—,
—=.
dt
n ds
and
‘4=-2
B=:(,-,-$.).

(1++)

+”2(’-’-+Y’

(125a)
(125b)

+
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The value of t at the anode for practical magnetrons is very nearly constant. The form taken by Eq. (124) for large n may be found as before
by writing s = efln = 1 + (xo/rJ ( or f = 2mf. It is
$(1

– t“) ~y

= (1 -

t“)lj[,

(126)

where
t’=27r

f–;.
()

Equation (124) forms the basis of Bunemann’s analysis.
Since it is a
linear differential equation of the second order, it is impossible for
(jl and dljl/df to vanish at the same point, without Ifl vanishing identically.
Equation (124), therefore, indicates that the perturbations of
voltage and of radial field cannot vanish simultaneously; in particular,
they cannot both vanish at the cathode.
Thus, if the potential vanishes
at the cathode, neither the radial field nor the radial velocity can vanish
there. Bunemann endeavors to avoid the difficulty caused by this
conclusion, which appears to be in conflict with the usual assumption of
space-charge limitation and vanishing initial velocity, by asserting that
these conditions properly apply to the total radial field and velocity, but
not to any one Fourier component.
The nature of the difficulty may be brought out by considering more
closely the behavior of j close to the cathode.
Suppose that the case
of radial symmetry be examined; the azimuthal variation does not affect
the conclusions.
Then if there is an outgoing current i,
aj
psz=l,

.

(127)

with
(128)
2’”=

(s-9’+(9

Combining these into an equation for 8j/t3s, one haa

Ws$[(s-)’+wl]

‘2’”.

(129)

Near to the cathode (s = 1), j behaves like ~(9~i/2)~(s
– l)%. The
thickness of the sheath close to the cathode in which j follows this law
may be estimated by equating s – (1/s) and 8j/8s.
This gives,
stia,h = 1 + ~i.
The charge contained in the sheath varies as i,
while the charge density varies as (S — 1)–3$. It is also evident that
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beyond the sheath one will have

t

(130)

If the Brillouin steady state be imagined as derived from such a solution by allowing i to tend to zero, it is clear that conditions at the cathode
will be somewhat peculiar, since for any finite i however small, j will
behave like (S – l)% through a sheath +yi in thickness.
Thus, in Bunemann’s analysis, if the perturbation causes currents to flow at any part of
the cathode, ~ will be of the order (S – l)% and the term (~j/13s)2 in Eq.
(130) will be of a lower order than f over a distance of the order of i from
the cathode.
Bunernann ignores this sheath and puts j = O essentially
at a distance i from the cathode, where, in fact, j is about

1

.

It would appear that this is justifiable. 1
Accepting the validity of these arguments one may consider Eq. (124).
This has certain features which are independent of n. It has always
two singular points, which may be labeled s+ and s., given by
(131a)
‘@)=

-2(1+

9+n’(1-’-Y=0

‘

This may be written as
‘?n4J0
H

eB

=Y=;(@iJ(l+JJ=Ta
— nfq

~ x//l — 2b* + 2b$,

(13 H))

where b = +(1 — 1/s2) and runs from 1 to *(1 — s:*).
The radius
at which the unperturbed velocity vanishes in the rotating system is
given by
l–

7.–$=0

~=

2bo,

or

~

= nbo = A

(131c)

Figures 6.13a, b, and c show nwo/eB or T8 as a function of b+, b_, and bo
for three values of n, (n = 4), (n = 8), and (n = CO).
The variable d must be thought of as running from – @ to – m,
since one is interested in perturbing waves running in either direction.
Considering a fixed 8, or a fixed frequency and fixed magnetic field,
1See in this connection, W. E. Lamb and M. Phillips, Jour. App. Phus., 18, 230
(1947).

$
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thecloud radius will increase astheapplied voltage increases. Thus,b.1..d
will increase steadily from zero, and the cloud will contain all values
of b between O and b.~.d. From Figs. 6.13a, b and c, it may be seen

0.4

E

Reactive

❑
❑
❑

Positiveconductance
Negativeconductance
Ambiguous

0.3

1

b
0.2

0.2
b

0.1

0.1

0
-1.0

0

+1.0

(b)

-1

0
(c)

Fm. 6.13.-(a) Radliof thetwosinsukrstreamsandthestationarystre.sm asafuncis plotted.
The broken
tion of nwo/eB for n = 4. The functionb = *(1 –r&~e/r!)
line represents atypical value forthe anode radius, andthedotted
line indicates the cloud
(b) Same for n = 8.
radius when the anode voltage is equal to the threshold voltage.
(c) Location of the singular etreama and stationary etream as a function of rrm~/eBfor
n = m. The variable2dY/AD),whereAois the wavelengthof the fieldin the interaction

space, is plotted. The cloud radius coincideswith that of the stationarylayer when
the anode voltageis equal to the thresholdvoltage foreach case.
that when r8 < – 1, none of S+, sO, or s- is within the cloud; for
-1<
m! < O,s+ is included for a sufficiently high voltage; for O < d <1,
sO is first included, then S+; for 1 < d, s_, so, and S+ are successive] y
included as V increases.
Not all cases maybe realized, since b.~~ < bud..
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The values of b corresponding to the threshold voltage as the anode
have also been plotted; for n = co the stationary layer is exactly at
the cloud boundary when the threshold voltage is on the anode.
Clearly
the presence or absence of the singularities depends upon voltage,
magnetic field, and frequency.
The singularities have some physical
significance, for n[l –~ – (1/s’)]
is the frequency with which the
electrons encounter the variations in potential while, as was shown
previously, V2[1 + (1/s4)] is the local frequency of oscillation of the
space charge in a cylindrically symmetric field. The two singularities
The two roots
correspond to resonance between these frequencies.
appear from the two senses of rotation of the electrons; they are separated
by the root for the stationary layer as they should be.
It is now necessary to derive an expression for the wave admittance
H./E$ at the surface of the space-charge cloud.
Some care is necessary,
since a quasi-static approximation is being used. One has

neglecting U2WOT2 compared with 1 and putting VI = A o — WA ~.
Be~ween ‘the concentric “circles that bound the per~urbed layer of the
space charge there is an r-f surface current of rnawitucle + PoAT(~o+ U),
where A is the amplitude of the perturbation of the surface. A may be
found from the equation’
af
—
aA
—.— ?
a+
40

or

A=

aT

nj~o

(133)

Thus,
H, = Hz(inside) + H(surface current)

(134a)
and
(K34b)
1An unreducedf is used at this point.
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The cloud admittance is thus given by

(135a)
where YO = ucor
In reduc~d variables
(135b)
Since, according to Eq. (121a) ~al = – [1 – ~ – (1/s2)]njf
+— A f,
n2g2 j

_p=;

(136)

where g = 1 — ~ — (1/s2)
Substituting for Aj’/j in Eq. (124), one obtains the equation for P
,2

P+;

dP
—.
dt

–l+

(137)

()

P’+:+

a’–l’

where

or, for Q = l/P,

the normalized impedance

dQ
—.
dt

For n ~

(

–l+Q’I–~

)
C#

(138a)

_ (l+$QY
~2—1

“

@, this becomes

‘$=Qz

1–+2
()

– ()

1+$’

t’~– 1

–1

(138b)

where, as before, t’= 27r(u – IS/2).
The Eq. (138a) has to be integrated up to the surface of the charge
cloud with the condition that Q = ~ at t = O. It maybe well to emphasize that these equations do not describe the variation of admittance
or impedance as one moves through a cloud of fixed radius but rather
represent the variation of these quantities at the surface of the cloud
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aa the radius of the latter is varied (say by increasing the voltage).
Functionally 1’, Q = p, Q(s,, n, -Y). The singularities of Eqs. (137)
and (138a) are the same as those of Eq. (124).
The zero value of a does
not lead to a singularity; for from Eq. (138a), if so or tOmarks the stationary layer,
Q = (s – so)’

or

(f – t,)’

near sOor G. This is the result as given by Bunemann and is not strictly
correct, since in the neighborhood of sO, the definition of A has to be
modMed in view of the vanishing of $. Examination shows that one has
Q = IS – S,].
Since sOis a function of CJ(through 6), then, if u =
So(@o) = s,

tio

+

(U

–

UO)

where

(139)
Bunemann’s discussion of stability depends upon the following conConsider an admittance
siderations concerning admittance functions.
G + @ (or an impedance E + jX) that is a function of the complex
frequency u + ju. Then for networks and for any system whereby
the admittance is calculated as a function of frequency by analytical
means, G + jB is an analytic function of u + ju. Using the CauchyRiemann conditions,
aG

—.—
iko

aG
—.
au

aB

au

,

aB .
——
aw

For. a circuit that is reactive for real frequencies
a = h

(v = 0), one has when
(140)

Thus if & is negative, corresponding to a slightly increasing amplitude
of oscillation, 5G is positive for normal networks, since aB/a~ > 0,
But if aB/t3u were negative, Z
and the network behaves like a load.
would be negative and any transient that started to build up would be
Thus a network,
aided by the circuit which could act as a generator.
purely reactive for real frequencies, will be unstable if aB/au < O;
similarly, when i3X/h
<0.
The behavior of Q (or P) must then be studied as a function of fre-
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Consider j in the neighborhood of one of the singularities.
quency.
Since the zero of A is simple, if it occurs at t = t+ corresponding to
s = s*, then j has the form C + log (t+– t) or C’ + log (s* – s).
TMS may be inserted into the equation defining P which, noting that
A (s*) = O, becomes
P*=T

r[
~
5$+1

1+

2
c’ + log (s* – s)

1

4
+ 1)
1
.
c’ + log (s* – s)

+ n(s:

(141)

The first logarithmic term dominates the second for n > 1. The plus
sign refers to the left-hand (upper) hyperbola in Figs. (6”13); the minus
sign to the right-hand (lower) one. As before, s&, defined by A (sJ = O,
is a function of w Thus
c’ + log (s* – s) = c’ + log [S*(U) – s]
= c’ + log

[

s*(@*) + (0 – U*) *

– s

1

= C“ + log (u – o*),

(142)

where
S+(f.o+) = s.
Thus, the dominant part of – Y~oud, considered as a function of
frequency for fixed cloud radius s in the neighborhood of a singular
frequency CO*,is

The logarithmic character of the singularity indicates that f acquires
an imaginary part in passing a singular point and P (or Q) will acquire
a real part.
It is evident from this fact that in case the admittance
gains a negative real part, the whole analysis has been extended into a
region in which it is invalid.
For if the space-charge cloud is to act as a
generator [Re(P) < O] in a steady state, there must be a steady flow of
energy into the resonant system.
This, in turn, implies that electrons
mu~t flow to the anode, and this is incompatible with the earlier hypothPhysically, then, one cannot safely
esis of the small signal theory.
carry the analysis beyond the singularities.
If in some region f is complex, say f = fl + jjz, then the imaginary
and the numerator is
part of A (d log j/ds) is A (jlj~ – Jzfl) /fl +X,
Subindependent of, t,since jl and jz individually satisfy Eq. (124).
stituting in Eq. (141) defining P, it is seen that the conductance can
change sign only at t+or t–,where f, and j~ are discontinuous.
Starting
from a cloud radius of unity, the admittance will be purely susceptive
and c’ real. As the first singularity is passed, log (s* – s) acquires an
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imaginary part kjm whose sign depends upon the path by which the
One is interested in a case where COO
= UO+ ja
aingularit y is avoided.
and u is slightly negative.
Using the relation

one has
2n _
m.
——auo .—
eB

as

d
~

S3 +

l+–

S5
()

%;

(144)

S4

and for n > 0, dwO/ds > 0, so that if 6u0 = ju where u is negative, then
&Im(s) <0
and the path of integration goes below the axis. This
The term
means that the logarithm increases by —jr.
[c’ + log (s0 – s)]-’,
therefore, acquires a positive imaginary part. Examining Eq. (143)
it is seen that the sign of the real part of Y is the same as that in fron~ of
and opposite to it for u, >0.
The b, ma plane is
the radical for aO <0
now divided into reactive regions and regions of positive and negative
conductance as shown in Fig. 6“13. The behavior in the region beyond
the second singularity is ambiguous without special examination.
From Eq. (143) for the admittance in a susceptive region close to a
singularity, i.e., immediately to the right of the singular curves in Fig.
6.11, it is found that the susceptance decreases with frequency to the
right of the s+ curve and increases to the right of the s– curve. Since
in the neighborhood of the sO curve the susceptance follows lu – uOl
and therefore its variation with frequency changes sign, it is reasonable
to conjecture that throughout the susceptive region between the sOand
S+, the susceptance decreases with frequency.
This has been verified
by Bunemann by numerical integration of Eq. (124) in several cases of
different n values, and the behavior for the several n values turned
out to be substantially alike. It thus appears that these regions will be
unstable according to the criteria set up. Bunemann now pursues the
analysis to obtain a match between the reactive part of the admittance
and that of the load, leaving the real parts to adjust themselves.
For
sharply resonant circuits matchhg can be eflected at a given u~ and B
only for a narrow range of cloud radii. Thus, if s. be also fixed, a nearly
unique voltage is defined at which build-up can occur. This “instability”
voltagel will differ from the threshold voltage; one may expect the startIThis voltage has been calculatedby Copley and Wdlshaw,G. E, C. Report S493,
August 1944, for several N and s.. The application given there to oscillating states
is questionable.
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ing voltage of the tube to exceed either. The inevitable presence of leakage at low levels makes experimental check difficult.
6.9. Analysis by the Method of Self-consistent Fields.—In the fist
sections of this chapter the equations of the magnetron are set up and
discussed.
The analytical difficulties that arise in their solution have
been pointed out, and it has been found that many of these difficulties
are carried over into the symmetrical case. The case in which tangential
fields are present has been the subject of considerable numerical investigation. This has not been carried so far as one might wish, but the results
have given considerable insight into the operating conditions.
The
methods used are, in any event, of great importance.
The problem may be stated once again to emphasize the aspects
One has a static field, satisfying certain boundary conditions
of interest.
at the anode and cathode.
In this field the electrons move, satisfying
the equations of motion and the equation of continuity.
As a result of
their motion, a charge density exists and the static field must be consistent
Thus, in the terminology
with this density through Poisson’s equation.
of atomic physics, the problem is a self-consistent field problem.
That is,
the electron motions are determined by the fields in which they move;
the fields are determined by the distribution of electrons.
In the atomic
problem of many-electron energy levels, it may be recalled, the method
of the self-consistent field assumes a potential; the Schrtinger
equation
is solved for the motion of individual electrons in this potential; an
effective charge distribution is found from the wave functions so determined; and, finally, this charge distribution yields a new potential.
A
repetition of the calculations using the new potential will yield a second
potential and so on. In general, the potentials and wave functions found
in this way will converge to a set of values that satisfy all the equations
of the problem.
Similarly, in the present method, a potential distribution is first
assumed that satisfies the boundary conditions and in the selection of
which may be reflected any knowledge of the probable behavior of the
fields. In this potential the electron trajectories are calculated by
numerical means. From a sufficient number of orbits a charge distribution may be calculated.
From this charge distribution by virtue of a
numerical solution of Poisson’s equation a new potential distribution
is found.
If this potential field agrees with the original field, the problem
would be solved; if not, new orbits may be found and so on through
the cycle of operations.
Intelligent correction of the field may be made
at any point.
It may be anticipated that if the initial choice of field
were a good one, the successive calculated potentials would show convergence to some limit, and this potential distribution, with its accompanying orbits, would provide a solution of the original problem.
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The method clearly has disadvantages in comparison with an approximate analytical solution, for it provides information about only one set
of initial conditions.
Thus if the d-c voltage, r-f voltage, magnetic
field, or the interaction space dimensions are altered, the calculations
must be started ah initio.
If the new parameters are close to the old
ones, it is probable that the assumption of the final field of one problem
being the initial field of the next would lead to fairly rapid convergence.
However, the labor involved is excessive with any except the more
On the other hand, a self-consistent
recent types of digital computers.
field calculation carried through until the solution converges satisfactorily
provides very definite information about the behavior of the magnetron
It thus enables one to see how the
under some assigned conditions.
magnetron is actually working at some point.
Combining this with the
empirical fact that magnetron operation is not much affected by substantial changes in operating parameters, it may be felt to furnish
Thus, its value lies not so much
information about typical conditions.
in the particular numerical values that it yields as in giving an accurate
physical picture of processes in the interaction space and in suggesting
new lines of attack upon the analytical solution.
The principal work in this direction has been carried out by Hartree
and his coworkers at Manchester and by Stoner and his group-at Leeds.
The discussion given here will be based principally upon a report by
Tlbbs and Wrightl which is typical of the methods developed.
Actually,
only three cases have been studied extensively by the self-consistent field
method, and one of these cases showed a notable absence of convergence.
The magnetron studied by Tlbbs and Wright was a British 10-cm
tube, the CV76, which had been the subject of earlier work by Hartree2
at low fields (1050 gauss, ~ = .520).
The relevant parameters for their
problem are
N=8

n=4
Anode radius . . . . . . . . . . . . . . . . . .
Cathode radius . . . . . . . . . . . . . . . . .
Wavelength,
. .. ... .. .. .. .. .. .. .

.,,

D-c voltage, . . . . . . . . . . . . . . . . . . . .
R-f voltage . . . . . . . . . . . . . . . . . . . . .
Magnetic field, . . . . . . . . . . . . . . . . . . .
Observed

8.55kv
2300 gauss
17.5 amps/cm

current . . . . . . . . . . . . .

In reduced variables
Sa =
ao =
al = saii~ =
y =
1 Tibbs

and Wright,

Z D. R. Hartree,

CVD

CVD

Report,

Report,

Msg.

Msg.

r~=O.8cm
rt=O.3cm
10, Ocm
28,5kv

2.67,
5.85,
1.75,
0.233.

41, 1945.

36, 1944.
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The anode potential may be written as
(145a)

a = a. + al cos n~,
and the potential in the interaction
a(s) = aO(s) + al(s)

cos n+ +

space as
sin n+
+ a,(s)

a-l(s)

cos 2n~ +

“ . “

(145b)

while the cathode emission density is
~=jO+jl

cosni+j-l

sinnt+j2cos2n4+

“ “ “ .

(145C)

It is assumed that all but the first three terms of these series may be
ignored.
Then
—e,

.=

aao

+~cosn*+~sinn#

= —e. – el cos n~ – e–l sin n~,

(145d)

where e, is the radial field. The initial procedure is to make estimates
of eO, el, and e–l, from which the potentials are found in the form

Experience indicates that the success of the self-consistent field
method depends upon an intelligent choice of the initial fields. These
fields are usually subject to two conditions.
Since current is being drawn,
if space-charge limitation is to be adhered to, each of the functions
eo, el and e-l must behave close to the cathode like (s – 1)~~, as was
This ensures that the total radial
shown in the preceding section.
In the second place,
field will behave correctly close to the cathode.
eO, el, and e_l must satisfy the conditions
—aO=
—al =

8.
/ 1
s.
J1

O=

ea ds,

(146a)

e, ds,

(146b)

‘“ e-, ds.
/ 1

(146c)

The choice of eo is suggested by the fact that near the cathode where
the r-f fields are relatively weak, the electron motion should, in its d-c
component, resemble the motion in a magnetron without r-f and with
If the cloud radius exceeded 2.271,
the same d-c voltage on the anode.
one could use the fields of the double-stream steady-state that have
been found by numerical integration; for s.,0.. <2.271 one can make use
of the single-stream state up to the first radius at which the electrons
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have a point of inflexion (or f = O). Thus, the computed diode field
is used up to this radius and then fitted to a logarithmic potential beyond
this point, corresponding to an absence of charge.
In fitting, the peak
in the diode field brought about by the large charge density at the junction must be drastically smoothed out.
Using known diode fields’ the initial cloud radius is found to be 1.49
with the given conditions; this is only slightly different from the radius
in the Brillouin state for this case, namely, 1.44. In smoothing out the
field, regard has been paid to the fact that there is actually d-c current
in the whole interaction space, and the field has been made constant
~ather than of the form 1/s beyond the cloud radius.
If there were no space charge, e, cos n+ would be of the form
ms.

s“ + s–” (30sT@/
s–n — s’
.—.

(147)

and this expression is chosen to represent el in the region 1.6 < s < 2.67
outside the cloud.
A constant multiplier is introduced to satisfy the
Close to the cathode the field is of the form
boundary conditions.
A(s – l)%, and this expression is used between s = 1 and s = ~.
Between these two regions one has little guidance save from previous
calculations, and these have indicated that the r-f fields vary very little
with radius. Thus, e, is put equal to the value of the Laplace field
A is adjusted
ats = 1.6 and held constant betweens = 1.6 ands = ~.
for fit at s = ~~, and the constant multiplier in the other fields adjusted
to give a, correctly at the anode.
The selection of e–l is very arbitrary.
It is put equal to D’ (s – 1))*
from s = 1 to s = ~~. It is again assumed to be independent of s
from s = ~$ to s = 1.6 but of only half the value of el. This makes
the phase angle of the rotating field tan–l (e-,/el)
equal to – 26.5°.
Beyond s = 1.6 it is made to fall off linearly in such a way that a_l is zero
at the anode.
In order to have some means of testing the choice of a trial field
without the labor of calculating several orbits, Tibbs and Wright introduce the idea of “favorable regions” of the field. The idea here is that
it is possible to say that in certain parts of the interaction space an
Thus, if it stays in those regions,
electron will continually lose energy.
If an electron situated in the favorit will eventually reach the anode.
able region (determined a priori) cannot reach the anode, the trial field
may be rejected.
Assuming for the moment that the phase of the r-f
field does not change over the radial region of interest, one may write
—sad = j(s)
1Stoner, CVD Report, Msg. 8, 1941.

cos wV,
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Now considering one of the expres-

J

s%)dT,

a(ao–

%4d =Sa+—y
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(148)

a+

this is undoubtedly positive for T/2 < n~’ < T; thus, this may be considered a favorable region. Tibbs and Wright claim that O < n~’ < 7T/2
is also a favorable region.
Their argument depends upon combining
Eqs. (54a) and (54b) in the form

s=;

l–~
[J

a(ao

sa~)

—

8$

2
“

1

a(a,
‘S+T

They point out that for O < n+’ < 7r/2, if s.(y)
in the absence of tangential forces,
3>

5D.

– ‘a’).
as

(149)

is the radial coordinate

(150)

Then, since an electron returns exactly to the cathode at the end of its
first loop, when tangential fields are absent, it is asserted that the inequality (150) implies that an electron moving wholly in O < n$’ < T/2
It is fairly clear that this does not folwill not return to the cathode.
low from (150),’ and there seems to be no reason for thinking that
k
actually a favorable region.
The whole idea of
O < n+’ < Ir/z
“favorable regions” is rendered of somewhat doubtful value, as Tibbs and
Wright themselves admit, by the fact that electrons leave the cathode
with angular velocity –-y and may possibly cross from favorable to
unfavorable regions and vice versa.
As a trial orbit the electron starting at n+ = 90°, which is in the region
90° < nt’ <180°, both close to the cathode and in the diode region, is
used. Thk orbit and another trial orbit are shown in Fig. 6.14.
It
appears that the orbit is going to run over into the unfavorable region;
and according to Tibbs and Wright, it does not reach the anode.
The
reason given for the failure of this trial field is that it makes the average
tangential velocities come out too high, so that electrons pass from the
favorable to the unfavorable region.
In the diode field the angular
velocity is 1 — ~ - 1/s2; and if this is averaged to the edge of the cloud
from the cathode, one has ~mw= 1 – ~ – l/s&u~. A possible choice
of the diode field may now be made by making Stid = 1/(1 — -y),
which has the effect of making $.= = O, and on the average an electron
in a favorable region might be expected to stay there. This leads to a
= 1/(1 - 0.232).
Simultaneously
new choice of cloud radius of sz Consider the functions s, = 1 — cm r and S* = a - a em r where a < 1, then
- S*; therefore, S, > Sz at the same value of S, but both
il=l
- s,andiz=a
sj and S*start with s = 3 = Oat r = O,and both returnto s = (t.

INTERACTION

OF THE ELECTRONS

[SEC. 6.9

FIG. 6.14.—Equivalent
potential for rejected tricl field in Tibbs and Wright’s aelfconcktent field calculation.
Two orbits are shown.
Shaded regions are inacceccible to
the electrons

FIG. 6.16.—Equivrdent potential for acceptable trial field in celf-consistent field calculation.
Four orbitsare shown. Shaded regions are inaccessible to the electrons. Arrows
indicate the direction of the mcular motion of electrons.
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FIG. 6.1 6.—The in-phase potential a, (in reduced units) as a function of radiue.
field; (b) derived field.

(a) Trial

with this change in the radial field, a change is made in the field e–l.
This is now made euual to – e_l. The trial orbit now reaches the anode,
Some
and the new field is made the basis for several orbit calculations.
of these orbits are shown in Fig. 6.15. Figures 6.16 to 6“18 show the
new choice of potentials uO, al,
a_l.
The calculation of the charge
density and the cathode emission
depends upon a method intro1
duced
by Hartree. ~ In this -0.61 1 1 I , ,
1.0 12 1.4 M 18S20 22 24 2.6 2S
method the orbits and the interacl%.
6.17.—The
out-of-phem
potential
tion space are subjected to a transU_I (in reduced units) as a function of ~adiW.
formation.
When an orbit has
(a) Trial field; (b) derived field.
been calculated, it is implied that
one knows r = r(r,#O) and # = ~(r,~o), where to is the initial aaimuth at
the cathode and r is the transit time.
It is thus possible to make a trans10
8

(2) —
/

6
b“

\
/

\

/

4

(1)

2
0~

1.0

Fm. 6.18.—The

I
I
I

I

12

1.4

1.61.

s

32.02224262S

effective radial potential aO(inreduced uniti) ~ a function of radiua.
Trial field; (b) derived field.

Hartree,CVD Report, ldag. 36,1944.

(a)
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formation
=~(r,#) and#0=40(r-,4).
The orbits appear as vertical lines
in such a (l,$O)-plot, and lines of constant r and ~ may be drawn in the
diagram.
The (r,#O)-plot forthefirst set of orbits isshown in Fig. 6.19.
Poisson’s equation is solved in the following way: A function
q(n~, logr/rO) = q(f?,l)i sintroduced,define
dby
O/n

1

IJ(e,l) =’n
H 10

0

1
—
Pr dr dd;

(151)

co

Poisson’s equation then reads
(152)
If aq/a$ is expanded in a Fourier series, one has

and VO, V~ may be found analytically if q is known.
But the latter may
be found in the following way; if the cathode emission has the form
J = Jo + JI cos n$ + J-I sin n#
=

(Jo

–

J,

–

J-J

+

Ji

(cos n~ + 1) + J_, (sin r@ + 1),

(154)

where a partition haa been made that makes all the terms of the emission
positive, the three cases 1, (1 + cos n#), and (1 + sin n+) may be
treated separately.
For each case the appropriate q may be found,
since each element of area in the (r,#O)-plot has associated with it the
charge that left an element of the cathode 1#0,IJO+ d~o between the
times (7, r + dT); it thus contains a charge j(#O) d+o dr. Thus, the charge
in a region of the (1,0)-plot may be found giving q. The V’s calculated
from the three q’s are multiplied respectively by JO – J1 – J–I, JI, and
J.1.
There are thkee boundary conditions, and these give three simultaneous equations to determine the J’s.
The fields derived from the charge distribution may now be compared
with those originally rweumea. lt the agreement is good, the calculation
may be considered complete; if not, a further repetition of the process is
The convergence of the process is frequently poor.
An
necessary.
earlier calculation by Tibbs and Wright 1 for a 3-cm magnetron showed
very little convergence after several stages and was found to require
exceedingly high cathode emissions at each stage. They were led to
I Tibbs and Wright,
“Temperature
Magnetrons,”
CVD Report, Msg. 3S.

and

Space
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Limited
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conclude that the req~lirement of space-charge limited emission could not
be met and to abandon this Imlmclary conditi(m.
I1o\rmw-, as they
later pointed o~lt, the trol]hle dors not lic in thv physical conditi(ms
of the problem I)ut rather in the fact that if the s~lccrssive solutions of

I

I

I

‘o0
I
I

0° Initialazimuth of emission ($.)

I

FIQ. 6. 19.—7 vs. $0 diagram for the self-consistent field analysis with ----contours of
contours of constant radius s. Orbits are lines parallel to
constant azimuth # and —

1

the r-axis.

Vertical scale represents ~.

the problem are to converge, it is apparently necessary to make a good
initial estimate of the fields.
As may have been noted, the methods of choosing initial fields are
rather arbitrary and entail a process of judicious extrapolation from
earlier calculations.
Furthermore, the estimation of the goodness of a
solution by a simple visual comparison of the radial plots of the field
In the next section a possible method
components seems unsatisfactory.
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of improving the self-consistent field technique will be referred to.
Despite the lack of precision in the solution found by Tibbs and Wright,
the efficiency and cathode emission that they derived are in reasonably
good agreement with experiment.
6.10. Qualitative Discussion of the Interaction.—The analytical difficulties that prevent a solution of Eqs. (54a), (54b), (56), and (57) compel
one to fall back upon a qualitative discussion in order to understand some
In this discussion one
of the salient features of magnetron operation.
is helped to some extent by the self-consistent field calculations, but it
appears that these have not been carried far enough or worked out for a
sufficient variety of cases to be of great assistance.
The most important feature of the magnetron equations in determining the characteristic behavior of the tube is that they may be
formulated as the equations of a static problem.
It follows that the
nature of the effective potential given by Eq. (55), is of considerable
significance and that an examination of this potential function should
give considerable insight into the type of motion possible.
Were the
potential function known in its entirety, of course, it would imply
that the whole problem had been solved, so that one is restricted to a
qualitative knowledge of its variation.
From experimental data on
operating tubes it is known that the d-c voltage always lies within about
20 per cent of the threshold voltage.
Thus at the anode

k

() ‘-~

‘2+

’1<02[(1-0s2-’1

(155)

Furthermore, it appears from what little data are available that when
the r-f voltage is equal to the d-c voltage, operation becomes very
inefficient and the region of usual operation is at considerably lower r-f
voltage.
If thk is the case, at the anode again,
Isadl<

()

l–~s2–L

If one treats 7VE as the effective wtentid
then it apwars
that T VZ
is of the order of 7[( 1 - -Y/2)Sz – 1] at the anode.
At other points of
the interaction space one cannot be precise, b~t a consideration of the
potential distribution for the symmetrical diode or the Brillouin steady
state, when the anode voltage is equal to the threshold voltage, indicates
that the potential -YVE will be everywhere of the order of y. It is a consequence of this that the forces due to the potential will also be of the order
of y. (“Effective” and “equivalent” potential are used interchangeably.)
For the purpose of visualizing the motion in crossed electric and magnetic fields one needs an approximate solution of the equations of motion
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in an arbitrary static potential and a constant magnetic field. Suppose
that the equations of motion are written in Cartesian coordinates as
E = L@ + V=(z,y),
f = –cut + Vv(z,y),

(156a)
(1562))

where V, = a V/ax, VV = 8 V/8y, and V is a function of position.
if x + jy = Z, one may write
Z +j(&

= (Vz +jVv)

= F.

Then,
(156c)

Now if F were independent of position, this equation would have the
solution with the initial conditions Z = ZO, 2 = ZO,
(157)
This represents a combination of two inde~endent motions: the first
given b; – j(Ft/u), which is a motion at right ~ngles to the field F of velocity lF1/w; the second, a motion around a circle of radius IF – j&?ol/d,
with frequency u/2%r. If, now, F varies with position but sufficiently
slowly so that it does not change greatly over the orbit during one cycle,
it might be expected that the new solution could still be represented as a
superposition of two motions.
One motion should consist of a path
The
everywhere at right angles to F, traversed with a velocity lF1/a
other would consist of a circular motion centered about the instantaneous
position of a point on the first path. The frequency of the circular
motion might be expected “then to be a slowly varying function of time
If these conditions were fulfilled, the center of the circle
or of position.
would, since it moves always at right angles to F, be moving along an
equipotential or line of constant V. Before examining thk solution
analytically it is useful to consider Fig. 6“15, in which has been plotted
the effective potential corresponding to the fields used by Tibbs and
Wright’ and also the orbits that they calculated in this field. It maybe
seen that the orbits do actually consist of a series of loops, the centers
of which travel rather closely along the equipotential lines. It will be
shown below that this is not a particular y favorable case.
Writing D = djdt, one may solve Eq. (156c) formally in the form

1‘f!ibbs and Wright, la. cit.
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The convergence of this expansion depends upon the smallness of
(1/u’)D”F.
Suppose that all terms beyond the second are ignored.
Then
(159a)
or

where 20 = Z and i?? = ZOat t = O.

Thk may be written
(160a)
(160b)

The higher terms in the expansion become, using this approximation,

–j”

)(

()[(
u

Tcosd+:

Considering

:+

_r5in@t_y=

.aj)1

C3

“-’ (V.+jVJ.

(161)

only the first term, one has

If this is to be small compared with the first term (V. + ~VV)/jU, then
r

Vz=,rV=, rVw,

In the magnetron

V“v=.– Vzvq2 Vvvv – V=vw<< UIV.
cd

a!

+ jV.1,

(163)

problem

V’g=y

[

ao–sa=–

( –;‘)
1

(Z’+y’

)+1

1

(164)

A proof that the inequality (163) is satisfied cannot be given in
rigorous form because of the lack of knowledge of the fields. One may
argue in the following way, however.
If 20 is taken to be a point on the
cathode, V. = Vu = O and 20 = -y; thus r = y. If, in addition, the
earlier assumption is retained that V = -y, V., VV, V=, VVV,and Vw = T,
then the inequality (163) is satisfied provided that ~ <<1 (for the field
used by Tibbs and Wright, ~ = 0.232, which is not very small compared

I
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with unity).
A similar argument would indicate the smallness of
higher terms in the expansion, Eq. (158).
It is quite evident that
the above reasoning is tentative and that there may be regions of the
interaction space, small in extent, over which the fields change more
rapidly than will allow Eq. (163) to be satisfied.
However, it is likely
that in the main the considerations hold good. The most likely regions
for difficulties to arise are in regions of large charge density and fairly
rapid motion.
The region very close to the cathode does not appear to
be one in which Eq. (159) fails because in this case although the field
derivatives are large, this is compensated for by the low velocities.
One may note that substitution of the first-order approximation
(15W) into the next term of the expansion (158) leads to a second-order
approximation
3 ET

I+T

v,=
cos”’-’%sin+[:(l+%

()

?7= —r

()

1+7

)%)
– ;

~

+ ~

~].

1

(165a)

v.
‘in”’+

’%cos”’+[-:(l+%)
(165b)

One may consider first the starting process from the viewpoint of the
potential diagram.
Figure 6.20 represents the effective potential for a case related to that of Tibbs and Wright.
As in Bunemann’s
analysis it has been assumed that a Brillouin steady state exists before
oscillations are initiated.
The anode d-c voltage is that of the problem of
Tibbs and Wright, and a logarithmic potential is assumed between the
anode and the cloud radius. The potential corresponding to the Brillouin
steady state has been assumed right up to the cathode as was done by
A r-f field, supposed to satisfy Laplace’s equation with an
Bunemann.
amplitude equivalent to that used by Tibbs and Wright, has been
added to the d-c field. The amplitude does not affect the argument,
which is purely qualitative, but it is chosen large for convenience in
drawing the potential diagram.
Two important features appear clearly in this diagram.
These are
the shaded regions in which the potential is negative and into which
the electrons therefore cannot travel and the appearance of two saddle
points in the equipotential surface.
The appearance of a forbidden
region near the anode is a consequence of a choice of d-c voltage
in excess of the threshold voltage and a rather large r-f voltage.
The forbidden region near the cathode will occur for any r-f voltage,
effective
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cloud is

y~~=w:)’-(’-+’l’l
2
=;

[

O

–7)s–;

-

(166)

1

The potential vanishes for s; = 1/(1 – y); and if the cloud radius is
greater than this, there will be created, when an r-f voltage is super-

‘\ .
FIG. 6.20.—Equivalent

,’
‘. . //’

potential for the starting problem in reduced units.
regions cannot be traversed by electrons,

The shaded

imposed that isnegative in some places, a region of negative potential ora
forbidden region. Now, according to Bunemann,

where

‘vE=(’-’-:,)$

IfyVzvaries
ascosn~, then .ivaries assinn~fors
> sOand as — sin n+
for s < SO. Thus, the orbits are deformed in the same way as the
equipotential lines in Fig. 6.20. One may now argue ~hat the motion of
the negative charge cloud toward the higher saddie point will make the
potential in the neighborhood of the latter lower. In the new potential

I
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thus derived the orbits will be still further distorted in the same sense.
It is then possible, although not assured, that the distortion of the orbits
If this process continues until the
will proceed further in this way.
saddle point lies within the electron stream, one can expect a radical
change in the nature of the flow. For it is now the case that an equipotential originating inside the electron cloud travels over to the anode
and it will be possible for an electron to follow this equipotential, precessing about it. Thus, a part of the stream of electrons may turn off
toward the anode, setting up further instability in the original cloud.
It
is easily shown that if the cloud radius be less than sO,the perturbation of
the electron stream is away from the higher saddle point and toward the
lower saddle point.
This produces such a change of potential that the
perturbation is opposed.
This picture seems to give a good physical representation of Bunemann’s analysis.
For as long as the orbits are lying symmetrically
disposed about the position of maximum r-f voltage, the impedance of
This may be seen, since E, will vary
the charge cloud is purely reactive.
as cos nr, and dE,/13t = – u(dE,/dx)
will vary as sin n~. The case
for which s > sO and in which the perturbation grows corresponds to
Bunemann’s instabilityy given by (~ yd..d/a@) <0, while for s < SO,he
found (d Y.,.., /I3u) >0 and the perturbation is self-damping.
If the
dkturbance grows to the critical amplitude at which the saddle point
enters the stream, the asymmetrical nature of the latter after splitting
gives an in-phase component of current.
When current has actually begun to flow to the anode, the resultant
asymmetry of the charge cloud with respect to the maximum of the r-f
voltage on the anode means that the assumed r-f field must be modified
Furthermore, since there is now a
to include an out-of-phase teim.
nonuniform distribution of space charge producing r-f fields, the latter
must not be expected to satisfy Laplace’s equation but rather Poisson’s.
Thus, in the operating case one is led to the choice of such fields as was
Figure 6.15, previously
made in the self-consistent field calculations.
referred to, shows the effective potential for the field chosen by Tibbs and
Wright as the starting point of their calculations.
It may be remarked
that in its essentials this potential distribution has much in common with
the naive starting field of the previous paragraph.
The outer saddle
point is now at a much lower potential and, in fact, lies below the inner
saddle point.
This implies that equipotentials starting from quite close
to the cathode may reach the anode.
(Arrows have been drawn along the
equipotentials to indicate the directions of motion of the center of the
precessional circle.)
It would seem that the diagram of effective potential might be very
useful in connection with self-consistent field calculations, since it gives
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considerable insight into the possible flow patterns of the electrons.
Figure 6“21 shows the effective potential for the field derived by Tibbs and
Wright from the space-charge distribution set up by the orbits of Fig.
6.15. It may be seen that the space charge has lowered the potential
sufficiently to eliminate the outer saddle point and the two forbidden
regions have coalesced.
Comparison of the orbits of Fig. 6.15 with the
potential diagram of Fig. 6.21 reveals the unfortunate fact that most
of the orbits lie over a considerable part of their length in the forbidden
region. This indicates that self-consistency has not been achieved in a
satisfactory manner, although the derived radial fields appeared to
agree fairly well with the initial ones. The new field, though it differs

lJI~.6.21 .—Equivalent

potential for derived field in self-consistent field calculation.
orbits calculated in the initial field are shown.

Two

in detail from the starting field, retains some features in common.
There
are still equipotentials starting from close to the cathode that run up
to the anode, and the orbits will presumably lie along these. However,
the shape and orientation of the resultant arm of space charge cannot be
predicted until a self-consistent field has been found.
Inasmuch as a
method with a self-consistent field procedure is largely an empirical one,
proceeding by a series of estimates and approximations, it would appear
that the use of the effective potential diagram would aid materially in
visualizing the state of affairs in the interaction space. At the same time
it provides a sensitive check on the approach to real self-consistency.
A comparison of the potential fields for the artificial starting problem
shown in Fig. 6.20 and those assumed and derived in the self-consistent
field calculation (Figs. 6.14 and 6.15) enables one to deduce some of the
general properties of the field in an operating magnetron.
There is a thin
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layer surrounding the cathode in which the potentials vary radially as
(s – 1)~$. Within this layer electric forces will originally predominate;
but after a certain distance has been traversed, the magnetic forces will
In Sec. 6.8 it was estimated that the thickness of
become comparable.
this layer was ~~i, and the voltage drop across it is found to be ~Iy.
Considering the case for which self-consistent fields have been calculated
in Sec. 6.9, the thickness is 0.04 and Aao equal to 0.015; thus, the thickness is very small, and the potential drop under these circumstances
small compared with the cathode potential of 0.116.
At very high
currents the cathode layer may become thick enough and the potential
drop across it large enough to alter the initial stages of the motion.
Beyond the cathode layer there exists a region that might be called
the “bunching”
or “sorting”
region. This may be thought of roughly
as extending out to about the radius of the Brillouin steady state appropriate to the d-c anode voltage.
Passing radially outward from the
cathode through this region one always encounters a potential minimum
at about the radius so = 1/(1 — -Y)at which the Brillouin steady state had
a potential of zero. The effect of the r-f field is to depress an angular
region around this minimum to a negative potential, thus producing a
forbidden area; between each pair of forbidden regions there will be a
saddle point.
Electrons leaving the cathode from points opposite the
forbidden region travel close to the cathode, held there essentially by a
negative radial r-f field, until they pass the end of the excluded area,
where they enter a region of tangential r-f field, so directed that they
move outward.
Electrons starting between the forbidden region and
the saddle point move mostly in a positive (outward) radial r-f and d-c
field once they have crossed the minimum; this causes them to move
toward the left and brings them into step with the first set of electrons.
Finally those electrons which start from beyond the saddle point may
either cross the minimum and be sent toward the left like the second set
or, if they approach close to the forbidden region, be sent back to the
cathode by the tangential electric field. The over-all effect is that
electrons which have started behind the forbidden region to the left of
the saddle point are bunched together while electrons coming from the
cathode between saddle point and forbidden region return to the cathode.
The general features of this bunching mechanism will not be changed in
their essentials provided that the potential field retains the characteristic
features described earlier.
Beyond the bunching region, in which the electrons have been concentrated into a relatively narrow range of angles, lying in the region
of maximum tangential field, the stream travels out to the anode.
The
stream, as it moves outward, will continue to lie in the region of maximum
tangential field, following the equipotentials.
It can be expected, then,
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to arrive at the anode at some effective potential near zero but, of course,
always positive.
There will be a process of phase focusing in this region
as may be seen by considering the equipotentials in Fig. 6.15. The
equipotentials surrounding the zero equipotential converge toward the
anode, and the various orbits centered on the equipotentials will also
tend to converge.
It is within this region that the process of energy
conversion largely takes place, since the electrons have now been concentrated entirely into regions in wKlch the tangential electric field has
the proper sign for the electrons to lose energy.
One sees that for low
magnetic fields (slightly greater than I — 1/s~) the efficiency will be low,
for the initial cloud radius will extend out very close to the anode and
the energy-exchange region will be small.
As T decreases, the radius
of the bunching region will decrease and more of the interaction space
will become available for energy loss.
The fact that the magnetron problem may be formulated in static
terms seems to be fundamental for its behavior.
That operation will be
possible over a large range of values of ~ with an efficiency steadily
increasing with 7 appears evident because changes in y mean only
changes in the initial velocities of the electrons and a consequent change
in the effective potential.
The frequency of precession of the electrons
about the magnetic field in a field of constant effective potential is
2(1 – T)/27r; the oscillatory motion to which this precession corresponds
is not driven by any harmonically varying forces, and it thus exK~bits
no resonance effects for any ~. Variations of -y then mean merely
variations in the boundary conditions and equations of a purely static
problem.
Similarly by examining the definitions of the reduced variables it
is seen that the dependence of the operation upon frequency is contained
in the dependence upon ao and y, for this is the only place in which
the frequency appears.
Now a, is essentially correlated with ~ by the
necessity of satisfying the threshold criterion everywhere; thus, the
frequency dependence is principally contained in the y-dependence.
Since there is reason to suppose that the latter is small, one deduces that
the frequency dependence is small.
Once again, there are no resonance
effects.
The dependence of the operation upon the r-f voltage as contained in
Fig. 6.9 is very inadequately understood.
6.11. Departures from the Rotating-wave
Hypothesis.-The
foregoing discussion of magnetron operation has been based on the assumption
that only the slowest rotating wave which moves with the electrons has
any appreciable interaction with them.
It now appears that many of
the characteristic features of magnetron behavior are due to this mode
of interaction.
It is, therefore, of interest to consider cases in which

1
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One notable example of this
another Fourier component plays a part.
As has
occurs in the operation of the rising-sun type of magnetron.
been shown in Chap. 3, the presence of two sets of resonators, alternately
large and small, gives rise to a Fourier component that is not normally
This is a mode for which
excited in unstrapped and strapped systems.
there is no angular dependence (n = O). Such a field will appear in any
rotating system as a tangential electric field varying as e~WOt,
without
angular dependence and falling off slowly toward the cathode.
A method
of estimating the effect of such a perturbation was indicated by Slater; 1
his treatment will be followed in a more general form.
Writing Eqs. (54a) and (54b) in Cartesian coordinates again, one has
(167a)
(167b)

where x and y are measured in units of r, and
VE = (a. – sii~) –

1–;

(Z’+y’)

+1.

(167c)

()

Suppose now that xo(t), yo(t) are the equations of an orbit satisfying
Eqs. (167a, b), and consider the perturbation of a single orbit.
Let
x = XO+ n and y = YO+ {, and where n and ( are small. Then to
terms linear in n and {, one obtains
(168a)
(168b)
Writing d/d7 = D, then Eqs. (168a) and (168b) become
(D’ – 7V,.)n – [2(1 – -Y)D + -rVw]C = O,
[2(1 – y)D – yk’w]n + (D’ – TVVM){ = O.

(169a)
(169b)

Thus, ~ and ~ \vill have solutions dependent upon r as e“ \rhere
G4 + [4(1 – 7)2 – 7(V.,
To a first approximation

G2 = –4(1
=–4
G=Lj

+ VUV)]G2+ y2(V,zVVu – V:)

= O.

(170)

then,

[
[

– ?)2 +

7V2VE

l–-y-~V2(aO-siio)>
.
2–y–~V~(a,

1J. C. Slater,RL Report No. V5-S.

1
–siih).

(171)
1
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Suppose, generally, that a perturbation of the form ef””ot = e]=n~rbe
applied; then there will be resonance between the applied perturbation
and the small oscillations about an equilibrium orbit if
7WT = 2 – ‘y – ~ V2(U0 – Sii+)
or
(172)

Yr-[na + 1 + *V2(a0 – Sii$)] = 2,

is the value of Y for which resonance takes
where -y,., = 2mW0/neB,..
place and, similarly, B,,, is the magnetic field at which resonance occurs
for a fixed u,. Writing mocoo/e = B.yC, where BCYOis the so-called
cyclotron field, Eq. (172) becomes

B,.. = B.,.
‘1?.,,.

[
[

a + ~ + ~n vz(ao — Sil$)
a+~+~ip.

1
( 73)

1

For the rising-sun case, a = 1 and
B=

B.,.

[

l+~+~e.

1

(174)

It is difficult to go further than this, since one’s knowledge of p is very
inadequate.
Roughly since
2??
@SSd+,
/ 0
2~ip
Q... - ==—
savm(sA#)’

2riP =

(175)
(176)

where sAX is the breadth of the outgoing electron stream.
Furthermore
since p is not constant throughout the cloud, it is not clear where its
value should be taken.
The performance chart for a rising-sun magnetron (Fig. 6.7) shows
the characteristic behavior of these tubes.
The efficiency instead of
rising monotonically with magnetic field shows a minimum for a fairly
definite magnetic field. The effect, in most cases that have been examined, is less pronounced at high currents.
Using crude estimates of
s..= and (sA~), the formula Eq. (174) gives reasonable agreement with
experiment.
Slater has given a result that has been frequently quoted in this connection.
This expression is
B ,..
=1+4.
B .,0

(177)

Zu>
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It maybe derived from Eq. (174) in the following way: Slater considers a
special orbit in a cylindrically symmetric field, namely, one in which an
electron moves on a circle about the cathode with an angular velocity
equal to that of the traveling wave. In the rotating system then the
From Eqs. (54a and b), if ~ = O in a
orbit degenerates to a fixed point.
symmetric field,
1–7=$
and also
O=

E=s($–l
1
—
—
~ —s+7

+y)z–s(l–
~(aO –

a(uO–sZi~)=l
ds

T)a +7–

~(aO – Sfi$) _ (2
as

‘y)s

SE+)

as
s_l

at$z=l

.#

-r ()

—~.

Now in Eq. (174) one has
V2(a0 – sti$) = ~ ~s

s
[

d(ao – Sfi@)
as
1

(178)

_ a2(a0 – sii@) + ~ a(a, – Sii+),
—
s
as
dsz
and neglecting the second derivative, as does Slater,

Substituting in Eq. (174) gives
B rem
B ,,. ‘1+%”

3

(6.177)

The result, although agreeing quite well with experiment, cannot be
considered as well founded.
A phenomenon that occurs in strapped magnetrons appears to be of
the type considered in this section.
Measurements of the energy
transferred to the cathode by electrons that return after being accelerated
in the r-f field have been made for a number of tubes. An example of
the results obtained is shown in Fig. 6“22’ where the contours of backbombardment power are shown on a regular performance chart.
It may
be seen that the back bombardment shows a maximum at 1400 gauss
for this magnetron which operates at 10.7 cm. It appears that at this
field for which B/Bwc = 1.41, there is some kind of resonance effect,
since there is no obvious reason why any special back bombardment
I W. E. Danforth, C. C. Prater, and D. L. Goldwater, “Back-bombardment of
MagnetronCathodes,” NDRC l&309,
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might be expected to take place if the electrons are moving in the quasistatic field. There is observed little or no effect upon the efficiency of
the magnetron, so that the whole process is much less pronounced than
that taking place in the rising-sun type.
The fact that the critical field is
substantially greater than B.,. indicates that the resonance effect, is
not confined to a layer near the cathode in which the electrons are at
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rest in the laboratory system of coordinates, for in that case one would
expect a field equal to B.Y. toproduce a disturbance.
The most plausible
explanation is that some (n = O)-contamination is actually present.
Actually it has been observed from data taken on field patterns in
nonoperating magnetrons that there is indeed a certain amount of
(n =0)-mode
present in strapped tubes.
This is caused by the fact
that one strap lies behind the other, and thus in the interaction space
there will exist a net radial component of electric field having (n = O)symmetry, which will be strongest at the ends of the anode.
It should

i

~
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be noted that this is a radial electric field rather than a tangential one,
A somewhat minor point in
as in the case of the rising-sun magnetron.
favor of this analysis is that the maximum of back bombardment was
not observed for an unstrapped design on which measurements were made.
The observed B,,, for the data of Fig. 622 is in good agreement with that
calculated from Eq. (174) making plausible estimates of 3..= and (sA~)
from Hartree’s calculations on a 10-cm. magnetron operating near 1400
gauss.
One related fact may be mentioned as indicative of the operation of
fields not included in the rotating wave. From Eqs. (54a), ‘(54 b), and
(55) for an electron at the cathode one has
52+$2=Y2
and for the energy loss from Eq. (76a)
a,.,, = —~ — J.
Thus
–27

< a10,8<0.

Therefore the maximum energy with which an electron can return to
the cathode is 27 or in volts, 2(m0/e) (uT,) 2 = 2(nzOc2/e)(27rr./7zk)2, which
gives 4 X 104(r./nA)2 kv. For rc = 3 X 10–3 meters and X = 10–1 meters
n = 4, the maximum energy is 2.25 kv. The evidence from the work
of Danforth and his associates is that energies considerably higher than
this are found, although these experiments are difficult to perform.
In discussing the perturbations produced by other Fourier components
earlier in this chapter, it was found that for the r-mode the frequencies
of the perturbations were t 2u0, t 4u0, etc. Thus, it might be expected
from Eq. (174) that the perturbations with frequency 2u0 which is due
to the (p = +N/2)-component
would be in resonance with the electron
orbit perturbations at a field B,.. given by

For any magnetrons that have been operated at fields as high as this
No cathode back.
value of B,-, no decline in efficiency has been found.
bombardment data have been taken at these levels.
The absence of
such an effect upon the efficiency is probably due to the fact that the
(P = +~/2)-field
falls off rapidly toward the cathode as compared with
a (p = O)-field. It thus acts effectively only close to the anode, and the
number of cycles that an electron spends in a significant field is not suffiThis is a possible clue to the
ciently great to affect its behavior.
action of the (p = O)-field in lowering efficiency, for it suggests that it
must act relatively close to the cathode and probably interferes with the
sorting of the electrons into bunches.

CHAPTER
THE SPACE CHARGE

7

AS A CIRCUIT

BY F. F.

ELEMENT

RIEKE

7s1. Introduction.—The characteristics of a magnetron as an oscillator
One
can be described in terms of two quite distinct sets of properties.
set of properties belongs to the complex of resonant cavity, output
coupler, and r-f load considered purely as passive circuit elements.
The other set of properties is associated with the electron cloud, or space
charge, as it exists in the configuration of electric and magnetic fields
peculiar to the magnetron.
The purpose of this chapter is to show how
the over-all performance may be analyzed in terms of these two sets of
properties and how an understanding of them may be used to predict
the manner in which performance will be influenced by modifications
in the design of the circuit or by peculiar conditions of operation.
To a large extent, the discussion concerns the various influences
that the output load exerts on the performance of the magnetron.
Actually, these effects in the magnetron have a general resemblance
to the corresponding ones in many other types of self-excited oscillators,
and it may be of some interest to examine the reasons for giving them
here a much greater prominence than they ordinarily receive in discussions of vacuum-tube oscillators.
An intensive study of the effects of variations in the load was first
taken up primarily out of practical considerations.
Originally, the
load was adjusted to secure maximum efficiency consistent with general
stability.
It then came to be realized that satisfactory performance of a
radar system depended also upon the stability of the jreguency of the
magnetron.
Inasmuch as there was some correlation between changes
in frequency and changes in load, there immediately arose a need for an
understanding of the relation between the two. Thus, the problem arose
out of a combination of circumstances that are more or less peculiar
to microwave pulse-radar, namely,
1. The primary, frequency-controlling
oscillator is directly coupled
to the load, since no suitable buffering amplifier is available.
2. The output system tends to have an unstable impedance, as it
is large in terms of wavelengths, so that mismatches can give
rise to a complicated spectrum of resonances,
2s8
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3. The magnetron must operate in conjunction with a fairly selective
receiver (at least in consideration of noise figure, if not of
interference).
The experimental studies that grew out of the situation indicated
above eventually resulted in the construction of “ Rieke diagrams” for
a large assortment of magnetrons operated under a wide range of conditions. It then occurred to many who became familiar with these
diagrams that basic information about the inner workings of the magnetron could be obtained from them.
In consequence, methods were
developed’ for analyzing the effects of the load in a more fundamental
way. These methods, although generally applicable to self-excited
oscillators of many types, are particularly useful in the study of microwave oscillators, of which the magnetron is but one example.
With conventional oscillators that generate ordinary radio frequencies,
the interior conditions of the active oscillator—as represented by various
voltages and currents—can usually be evaluated by direct measurements. In microwave generators, however, all the essential parts are
contained within the vacuum envelope, and the only alternating-current
measurements that are at all easy to make, even in principle, are those
of impedance, power, and frequency.
Consequently, to evaluate the
internal conditions one either must be content with indirect methods or
must undertake elaborate experiments on tubes designed for the express
purpose of making the measurements possible.
In the special case of the oscillating magnetron, the only quantities
that seem to be fundamental and that also can be measured conveniently
are (1) magnetic field; (2) power, frequency, and load impedance at the
output terminals; and (3) current and voltage at the input terminals.
Accordingly, it becomes worth while to exploit fully the relations among
these quantities so as to obtain information about the internal conditions
of the oscillating system.
The results will necessarily be expressed in a
rather abstract form, since the detailed theory of the magnetron has
so far not provided a sufficient framework of general relations to permit
a complete analysis of the data.
To some readers, the profuse use of equivalent circuits in connection
with the magnetron cavity may seem questionable, inasmuch as the
dimensions of the cavity are not small compared with the free-space
Strictly speaking, the concepts of
wavelength of the oscillations.
inductance, capacitance,
an d resistance imply a particular form of
approximate solution to Maxwell’s equations which is valid only for
] J. C. Slater, “Theory of Magnetron Operation,” RL Report No. 200, Mar.
8, 1943; F, F. Rieke, “ Analysis of Magnetron Performance, Part I,” RL Report
No. 229, Sept. 16, 1943. J. R. Pierce, “ OscillatorBehavior,“ BTL Memorandum
MM-43-140-19.

290

THE SPACE

CHARGE

AS A CIRCUIT

ELEMENT

[SEC. 7 I

systems that are small compared with the free-space wavelength at the
frequencies involved.
Leaving aside the question of L, C, and R for
the moment, it can be said that the concept of impedance can be so
generalized as to avoid this limitation by defining the impedance as the
ratio of the orthogonal components of the electric and magnetic fields. 1
In special cases, the generalized impedance can be related to currents and
voltages, particularly where a Z’EM-mode is involved (as in a coaxial
line) or where the fields have approximately a TEM-mode character, as
in the slot of a magnetron resonator.
The theory of cavity resonators, based directly on Maxwell’s equations, z leads to the result that various impedances in such a cavity are
related to each other in the same way as the impedances in LRC-networks, which means that between certain components of electric and
magnetic fields there are linear relations of the type
El = z1lB1 +

zIZB2,

E2 = z12B1 + z22B2

which correspond to the relations between currents and voltages in
Moreover, when the z,~ factors are expanded in terms of the
a network.
frequency, the forms are of the same general type as those met with
in network analysis.
According to the theory of networks, given such an
impedance function, it is always possible to ‘i synthesize” LRC-networks
which will have just that impedance function.
(This statement is
subject to the condition that the cavity can be adequately represented
by a finite number of terms in the expansion.)
Accordingly the cavity
can be represented by an equivalent network, but this equivalent network need have no physical relation, part by part, with the cavity and
is not even unique.
Thus the equivalent circuit, in one extreme, may
be regarded only as a special representation of a mathematical formula.
However, between this viewpoint and the other extreme, that of literal
interpretation of the elements in the equivalent circuit as inductances,
capacitances, and resistances actually existing in the resonant system,
there is a middle ground, because the LRC approximation to a solution
of Maxwell’s equations can be a quantitative rather than a qualitative
matter.
In practice, one attempts (on the basis of intuition or experience)
to derive a suitable equivalent circuit from the shape of the cavity and
its observed behavior.
From measurements, one then arrives at values
~LC,
and R ~L
that are meaningful,
of such quantities as ~C/L,
although the values of L, R, and C derived from them may not be (or
1 S. A. Schelkunoff,
Electromagnetic Waves, Van Nostrand, New York, 1943.
z J. C. Skater, “Forced
Oscillations in Cavity Resonators,”
RL Rsport No.
Dec. 31, 1942.
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may be so only in a limited sense).
The degree of comdication of the
eq~ivalent circuit first assumed is dependent upon the particular situation and the degree of approximation required.
7.2. The Electron Stream as a Circuit Element.—The features of the
magnetron cavity relevant to the following treatment are illustrated in
Fig. 7.1; the nature of the electric fields is indicated by lines of force.
In this discussion only the alternating component of the electric field
E is considered; thus the field indicated by the lines of force contains a
time factor cos tit, or in the conventional complex-variable notation e~”’.
The instantaneous value of the integral fE . ds acrcss any one of the
slots is substantially independent of the path of integration, provided
the path lies entirely within the interaction space, so the integral can be
considered to represent an instantaneous voltage across the slot; it is

FIm 7. 1.—The electric fields in a magnetron

cavity.

an alternating voltage ~e’”’.
In the principal or r-mode of oscillation of
magnetron cavity ~ alternates in sign from one slot to the next, but it
has the same magnitude for all of the slots, and this magnitude can at
present be considered to be the a-c voltage developed by the cavity.
A voltage amplitude ~ having been defined, a current amplitude ~
can also be defined, simply by making use of the fact that ~(~~) must
equal the average power delivered by the electron stream to the resonant
system.
However, because there are also reactive effects connected
with the electron stream, it is convenient to treat the current-amplitude
~ as a complex quantity in order to express the fact that it has a component in quadrature with the voltage.
The power is then equal to
one-half the real part of the product ~~.
The physical meaning of the current ~ can be understood by considering the contributions of the individual electrons to the instantaneous
VI product.

An electron with vector velocity ~ at a point where the
.
vector electric field is E makes an instantaneous contribution e~ .;
to the VI

product.

The significant

terms in ~. ~ can be calculated
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by considering the interaction of the electron with the particular Fourier
component of the electric field that rotates in unison with the preHowever, partly because of
dominant motion of the electron stream.
the complications in the motion of the electron (see Fig. 7.2a and b),
~ . ~ contains many higher harmonics that are not pertinent to this
discussion.
The electric field of the significant component is illustrated
in Fig. 7 .2c; the fields and the electron stream may be considered to
rotate together, in a clockwise direction.
An electron near the cathode,
as at A, makes only a very small contribution to the VI product because

.

EiK3
(a)

(b)

(c)
FIG. 7.2.—(u)
Actual path of electrons;
(b) simplified
lations; (c) e!ectric field configuration of the Fourier component
the predominant motion of the electron stream.

path assumed for calcuthat rotates in unison with

E is small near the cathode.
Electrons at B absorb energy from the
field and thus make a relatively large positive contribution to the real
part of ~, whereas those at C make a negative contribution.
Electrons
at D make a positive contribution to the imaginary part of ~; those at
E a negative contribution.
Because of the space modulation of the
stream, there is a preponderance of electrons at positions like C, so the
total current has a negative real component.
Having shown that the voltage ~ and the current ~ as applied to the
electron stream have definite meanings, one can treat their ratio ~/~
as an admittance.
Accordingly, the perimeter of the interaction space
can be considered as a pair of terminals—in a generalized sense—at
which the electron stream is connected to the resonant system, and the
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complete assembly of resonant system and electron stream can be
represented by the equivalent circuit drawn in Fig. 7.3. The terminals A
represent the junction of the electronic current ~e = ~el + j~ez and the
load current ~.. Because ~. and – ~. are identical, with the convention
indicated in Fig. 7.3 for their positive directions, and ~ is common to
the resonant system and electron stream, the relation
Ye+

Y.=o

(1)

must always be satisfied (unless ~ = O).
The part of Fig. 7.3 to the right of A is composed of ordinary circuit
elements—resistances, capacitances, and inductances—so its admittance
has well-known properties.1
In particular, Y. is independent of the
amplitude ~ and depends only on the frequency v; that is
G. = G.(v)

and

B. = B.(v).

(2)

For the moment it is supposed that these functions are known.
Consequently, if under particular conditions of operation it is observed that

f=lEFH3
i

FIG.7.3.—Equivalent

circuit of the resonant system and the electric stream.

the magnetron oscillates at a frequency u’/27r and generates power ~’,
the conditions within the space charge can be computed by ‘means of the
following equalities:
–G; = G.(J),
–B:

(3)
(4)

= BL(J),

(5)
The components of the current can be found from the relation ~. = Y,17.
One thus has a procedure for evaluating experimentally the conditions
within the space charge.
The inverse problem of predicting v and P when the operating conditions are specified may now be considered.
The method consists essentially of solving a system of equations made up of Eq. (2) and additional
1 Au electronic
admittance,
on the other hand, has properties
that are quite
different from those of the admittance
of a passive circuit (which is composed only
of condensers, inductances,
and resistances).
A passive circuit is linear; in other
words, its admittance is independent of the applied voltage and depends only on the
frequency,
whereas electronic
devices are necessarily nonlinear except for applied
voltages

of small amplitude—at

large amplitudes,

saturation

effects

always

set in.
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These
equations that contain the properties of the electron stream.
additional equations relate Ye to such quantities as the d-c voltage
applied to the magnetron, the magnetic field, etc. The general nature
of these relations will be taken up first.
In a typical experiment on a magnetron, one applies a magnetic field
(B, a d-c voltage Vat the input terminals, and an impedance Z = R + jX
at the output terminals.
In turn, one observes that the magnetron
oscillates at a frequency V,generates power P, and draws a direct current
V, R, and X—
The first four variables—~,
1 at the input terminals.
have been set arbitrarily and can be termed the independent variables of
the system.
The values of the last three variables—~, ~, and I—are
fixed by the choice of the independent variables and by the inherent
properties of the magnetron; V, ~, and 1 are the dependent variables of
the system.
A some\vhat different ordering of the original experiment
would correspond to a different choice of independent variables—for
instance, one might have decided to fix the input current 1 arbitrarily
The essential
and let the input voltage V adjust itself accordingly.
fact is, ho\vever, that four independent l-ariablcs and three dependent
variables, or, generally, se~-en~-m-iablcs and three relations bet~vcen them,
are required to describe the fundamental properties of the magnetron.
A convenient form for expressing these properties is the following set
of relations:
Gc = G,(V, V, v, 6),
(6a)
B, = B.(v,
v, v, a),
(6b)
(7a)
I = 1(V, 7, ,, 63).
An alternative form for l;qs. (6a) and (61)) is

~. = (Gc +jBOV

= f<(V,

~,

u,

m).

(7b)

A direct physical interpretation can bc attached to this set of relations
Suppose that under particular
by considering an ideal experiment.
conditions of oscillation the quantities involved in ljqs. (7a) and (7~)
have the values 1’, V’, V’, .’, oi’, and I:.
In principle, the part of the
system to the right of the terminals A in Fig. 7.3 can be replaced by a
generator that has an output voltage V’ and frequency V’; the conditions
to the left of A remain unchanged, and all the variables listed above
must retain their original \-alucs. By varying ~, V, ~, and v and
observing 1 and 1. all possible conditions of oscillation can be duplicated
and the results expressed in the form of Ills. ((is), (6 b), and (7a) or
alternatively IZqs. (?a) and (Yb). In addition, the relations could be
extended by means of such {experiments to ranges of the variables that
do not correspond to any stable state of oscillation.
For example, it is
plausible that for very large values of ~, saturation effects of some sort

.-. ———
——.

I
I

I
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would set in, and the real component of 1, (and therefore G.) would
become positive, which would entail the absorption rather than the
generation of alternating-current power by the electron stream.
Actually, information about the functions (6a) to (7b) has to be obtained
principally from data on stable states of oscillation, but it is important
to realize that the functions have meaning for extended ranges of the
variables.
It so happens that in most of the applications of relations (6a) to
(7b) only a small range of the frequency v is of interest.
For example,
if one is concerned with the effect of the external load on the performance
of a fixed-tuned magnetron, one need consider frequencies that differ
from the “normal” frequency of oscillation vo by at most a few per cent.
In handling such problems it is very convenient to mdke the approximation that the relations (6a) to (7b) do not involve the frequency at all—
relations evaluated at vo are used throughout the entire range of v.
Evidence showing that this procedure is permissible will be discussed
later. Inasmuch as there will be no ambiguity about vo in problems
of the type indicated, it will be convenient to have available for reference
the relations (8a) to (9b) in the following approximate forms:
G. = G.(V,
Be = B,(v,

~, 6),
-v,

(8a)

a),

(8b)

I = l(v,

v, 63),

(9a)

1. = 1.(V,

v, a).

(9b)

In practice, the functions (8a) to (9b) are known only in the form of
It has not seemed feasible to fit
tabulations of experimental data.
analytical equations to the data, and the relations are actually used in
the form of graphs; but since a function of three variables cannot be
represented by a single two-dimensional curve, only partial relations
can be expressed.
For example, if in Eq. (8a) ~ and (B are held at
fixed values, G, can be plotted against V. Such questions as which
variables should be held fixed are matters that have to be adapted to
the particular problem in hand. Therefore, any attempt to carry through
the present dkcussion on the basis of a specialized form of the relations
would involve much graphical solution of equations, replot ting, etc.,
For
and it seems preferable to adopt a somewhat general viewpoint.
the present, it will be taken for granted that the necessary information
about relations (8a) to (9b) is available and that it can always be put into
a desired form by the appropriate computational procedures.
One may now consider the problem that initiated the discussion of
relations (6a) to (9fI), namely, that of predicting the frequency of oscillation v and the power output P from the known properties of Y. and Y.
[the approximate forms (8a) to (9a) will be used]. If a magnetic field

296

TIIE SPACE

CIIARGE

AS A CIRC(JIT

ELEMENT

[SEC. 72

~’ and a d-c voltage V’ are applied to the magnetron, the real and
imaginary parts of Eq. (l), with Eqs. (2), (8a), and (9a) substituted into
it, become

G~(v) +G.(V’,
B.(,) +B,(V’,

~,m’)

=0,

~, (8’)

=0.

(lo)
(11)

These two equations may be solved for ~ and v; the solution ~’, V’ then
substituted along with V’ and ~’ into Eq. (9a) to obtain Z’; and the
problem thus completed.
A graphical solution would take the following
form:
The pair of relations
G = G.(v)

and

(12)

B = B.(v)

are the parametric equations for a curve in the GB plane. Such a curve
is illustrated schematically in Fig. 7.4, where the variation of the parameter v along the curve is represented
B
f Y= Y’ (~)
13
by the small circles that mark off equal
increments in v. (The fact that only a
12
small range of v is represented has been
indicated by marking off Av rather v.)
Similarly, the pair of relations
5

G = –G.(V’,

~, a’)

and
1

B =

–Be(V’,

~, a’)

(13)

are the parametric equations for a
second curve which is also illustrated
in Fig. 7.4. The variation of the paAV =1
rameter ~ along this curve is indicated
by a scale. According to Eq. (9a), 1
I
also varies in a perfectly definite manl:l(;. 7.4. —Arfmittanre plots in the
ner along this curve [that is, 1 = l(V’,
GB plane for a mwnetron
operated
at co)).tant 8 and 1’.
~, G’)], and its variation is indicated
by a second scale. A curve of this type is sometimes termed an “ operating curve”; other sorts of operating curves may be drawn, however, so
when a distinction must be made, the present type may be referred to
as “an operating curve at constant V.”
The intersection of the two curves indicated in Fig. 7“4 by the point S
is a solution to Eqs. (10) and (11).
At the intersection S the values of
v’, 1’, and v’ can be read from the scales attached to the curves.
It has thus been shown that the operating curve for @ = ~’, V = V’
is the curve defined by the simultaneous equations G = –G, (V’, ~, @’)
and B = — B,(V’,
~, ~’) and that the operating cl;rve for R == G’,
ALI=2

I
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V, @’),

and 1’ = I(V,
~, ~’).
If, however, one should
wish to take into account the fact that the c)-c power supply (or modulator) used to drive the magnetron has an internal voltage drop that varies
with the current drawn, the appropriate operating curve can in principle
be obtained as follows: Suppose that V and 1 are connected by a relation
B =

–B.(V,

~,

@’)

v = $(1)

(14)

and that @ = c%’; then the operating curve becomes simply a plot of the
function (14) in the curvilinear coordinate system formed by the various
constant-V and constant-1 operating curves for @ = CB’.
Diagrams of the general type of Fig. 7“4 provide a means for the dkect
interpretation of many aspects of magnetron behavior.
The curve
Y = Y.(Y) has the important property of depending entirely on the
system that lies to the right of the terminals A in Fig. 7“3. Thus any
effect that accompanies a change in either the resonant system or the
external load can be interpreted in terms of the corresponding shift of
the Y. curve.
In the same way, the curve Y = – Y, depends only on
what is to the left of the terminals A, so that all effects which are connected with changes in the input conditions (V, 1, ~) can be interpreted
in terms of shifts in the — Y. or operating curve.
The loop in the curve Y = Y.(v) of Fig. 7“4 strongly suggests the
possibility that Eqs. (10) and (11) may sometimes have more than one
solution.
Since multiple solutions present a special set of problems,
discussion of them will be postponed to Sec. 74.
In addition, there is
the possibility that a solution to the equations may represent an unstable
state of oscillation; the question of stability will also be taken up in
Sec. 7.4.
7.3. Analysis of the Resonant System.—In the foregoing discussion
it was assumed that the properties of the part of the system to the right
of terminals A in Fig. 7“3 were known in the form of the functions
These functions, whose specialized forms are analyzed
G.(v) and B.(v).
in this section, contain combined properties of the system (magnetron
cavity + output coupler + lead + transmission line + termination).
An example of such a system is illustrated schematically in Fig. 75a.
The divisions between the various components is to some extent a matter
of convention.
Oscillation of the magnetron in only the r-mode is considered, and
it is assumed that the resonances of the other modes of the cavity are
well enough separated from the r-mode resonance so that their presence
may be ignored.
That is, the frequency of oscillation is considered to
be much closer to that of the mmode resonance than to any other mode,
and it is then possible to analyze the system in terms of the equivalent

~JII~ S1~A~~~C[[A li~fi AS A CIRC UI ‘T EI>E~fKI\’ !/’

298

[sm. 7.3

The parallel-resonant circuit has constants
circuit drawn in Fig. 7.5b.
that are appropriate to the cavity alone (\vith the output loop completely
removed from it); it thus contribute an admittance Y. at the terminals A.
When the loop, with the remainder of the load system attached to it,
is inserted into the cavity, the admittance at .4 is augmented by an
admittance Y,; thus
(15)
l’. = 1’” + 1’,.
The terminals h’ in Fig. 7.5b represent an arbitrary division bct\veen the
magnetron proper—which will be treated as a tixcd system—and whatTransmission
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(d)
7.5.—(R) The components of the resonant s~-stem; (b) representation
system of Fig. 7.5a; (c) equivalent circuit of 1,’ig. 7.5b; (d) simplification

of the resol~zmt
of Fig. 7.5c.

ever power-absorbing
equipment one chooses to attach to it. The
admittance Ys of that part of the system to the right of S’ will be treated
for the present as a known function of the frequency inasmuch as its
evaluation does not involve any properties of the magnetron.
The
transducer D-S in Fig. 7.5b is a device introduced to express the fact that
at any given frequency the currents and voltages at D and at S are connected by linear relationships.
In terms of admittances these relationships take the form
~=aYs+e
(16)
‘
@Ys + 9’
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where @ a, C, and D are complex and are functions of the frequency.
The general properties of relations of this type and methods for evaluating
the quantities ~, 6$ ~, and D or their equivalents are described in Chap.
5. For some purposes it may be convenient to replace the transducer
D-S by an equivalent chain of transducers connected at intermediate
pairs of terminals.
For example, it may sometimes be desirable to
bring the terminals O of Fig. 7’5a into evidence in the equivalent circuit.
In order to concentrate attention on the most interesting features of
the resonant system, the approximations will be made
1. That the transducer D-S is free of electrical losses.
2. That the coefficients of Eq. (16) can be treated as constants over
frequency bands a few per cent in width.
The special effects associated with the quantities neglected in the first
of the two approximations are treated in Chap. 5, and the effects that
are connected with the frequency sensitivity of the transducer are discussed in Sec. 7“5.
As a result of the approximations introduced above, Eq. (16) can
be written in the form
~ = dYs +jc,
(17a)
,
jbYs

+ a

It is possible to represent a
where a, b, c, and d are real constants.
relation of this type by an equivalent circuit composed of a shunt susceDtance B, an ideal transformer of turns-ratio k, and a length 1 of transmission line of the same characteristic admittance M as the output
transmission line. Accordingly, the circuit of Fig. 7.5b can be made
exactly equivalent to that of Fig. 7“5b; and if the admittance of the output
transmission line is evaluated at the reference plane T instead of at S,
Eq. (17a) takes the form
(17b)

Ye=jfl+$YT.

The circuit of Fig. 7“5c can, in turn, be replaced by the simpler circuit
of Fig. 7‘ 5d in which the parallel-resonant circuit has a resonance frequency of VUinstead of v., where
~u=v——.
“

P

4RC

(18)

To make use of the circuit of Fig. 7 “5d, the admittance in the output
transmission line must be computed at the reference plane T instead of
at S. The reference plane T can, of course, be translated any
integral number of half wavelengths (Xu) toward or away from the
magnetron, but by properly choosing T it is possible to compensate to
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some extent for the errors introduced by the simplifying assumption
originally made, namely, that the coefficients u, b, c, and d of I@. (17a)
The best choice of T can be determined
are independent of frequency.
for the particular magnetron from cold-test measurements or from a,
Rieke diagram.
It follows, then, that if the admittance in the output transmission
line is computed with respect to an appropriately chosen reference
plane, the resonant system of the magnetron viewed at the terminals A
will behave approximately as a parallel-resonant circuit shunted by an
admittance equal to (l/k*) Y~. The properties of a parallel-resonant
circuit will thus be referred to frequently in the succeeding sections, and
in order to provide a convenient summary of the notation and the various
approximate formulas that will be used a revie\v of the pertinent properties of this type of circuit is given below.
In the notation of Chap. 5, the admittances that have so far been
introduced in this chapter are properly written
~,, ;~,

~., ~,, F.,, and ;,.

Inasmuch as the direction of these admittances will remain consistent
throughout this chapter, however, the arrows will be omitted in the
following treatment.
Usually impedance and admittance formulas are developed on the
basis of sinusoidal voltages and currents expressed as exponential, viz,,

It is equally feasible to develop the formulas for positively or negatively
damped sinusoidal voltages and currents, also expressed as exponential:
I = ie@

and

V = vep’

where p = ~ + jti. That is to say, impedances and admittances can be
defined for a complex frequency p/2rj as well as for a real frequency
v = Q/27r. Later on, the complex frequency will be used in the treatment of transients by approximating a voltage of varying amplitude
V = V(t)e’”’ as a pure exponential V = oe(~+’~)’,where f = (d/dt) In V(t).
A circuit composed of an inductance L, a capacitance C, and a resistFor
ance R = l/G, all connected in parallel, is a convenient prototype.
this circuit, the condition for the conservation of charge can be written
(19)
The general solution to the equation is
V = Clep,’ +

CzepO*t,

(20)
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The Q of the circuit is defined by the relation l/2Q = – ~0/wo. The
two terms in the right-hand side of Eq. (20) represent the two natural
oscillations, or modes, of the system.
For an impressed voltage of the type V = ue@ the admittance and
impedance of the circuit are given by the formulas

y=

~.c

G+jB.

(P –

PO)(P – P:)

(21)

P

or
z=~
where

(

—

c

—

a*

p:po+p–p~’

)

(22)

po

a=
po

–

p:”

If the usual convention of representing a sinusoidally applied voltage
V = vej”’ by a positive value of o is adopted, then for a real frequency
w/2r, Eq. (21) can be written in the forms
(23a)

(23b)
All of the foregoing formulas are exact, but it is generally more
convenient to use approximate formulas that are accurate only to firstorder terms in &/wo, .io/uo and (u — WO)
/uo. Ordinarily there will be no
loss of accuracy in using these approximations, because the use of a
parallel-resonant circuit to represent the properties of a complicated
cavity for frequencies near one of its resonances is usually in itself signifiIf Eq. (21)
cant only with regard to first-order terms in these quantities.
is expanded, then an approximate formula is obtained which can be
written in any of the following ways:

)

Y=j=Yc~–$+2jW~
(

where
Yc=c@o=
Y = ;

J
= 2c(p

(24a)

c
~
– po),

(24b)
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and
1
‘=~=y’

(24c)

where

When the constants of the equivalent circuit are derived from impedance
measurements, the follo\ving relations are used:
UO = CI)]B=O
Yc = 2+og

or

VO= VIB4J,

B=o = &o%

(25a)
(25b)

B=”’

11
To = -d
Yc

(25c)

‘=0”

It is sometimes convenient to represent the combination of a parallelresonant circuit and a shunt admittance Y’ = G’ + jB’ by an equivalent
parallel-resonant circuit that has a resonance frequency different from
that of the original one. Thus

‘c

where

(

1

.U—uo

Qo +

‘2

1
~=Qo

~o

~+gc

+

G’ + jB’

)

and

1

‘Yc

.0—0;

( a+~2

~:

) ‘

’26)

2B’
w: — Wo
— —
—
Y, “
Uo

Returning to the resonant system of the magnetron,
expressed in the form

Eq. (15) may be

Y. = Y. + Y.;

(27)

where
Y. = G. + j4&(v

– V.) +j@

and
Y. = ;

Y..

It is frequently convenient to express Y, in normalized form, that is, as
y, = YT/Jf, where Jf is the characteristic admittance of the output
transmission line; this gives

y. = G. + jkTc(V – V.) + jd + ;

y,.

(28)

Equation (28) is often used in either of the forms of Eq. (29) or (30)
given below.
The subscripts U, E, and L that appear in these equations
will be used consistently to denote the follo\ving:
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of the “unloaded”
condition of the resonant
system,
E = contribution connected with y, = gT + jbr,
L = characteristic of the “loaded” condition of the resonant system.
U = characteristic

When the variation of y, with frequency can be ignored, Eq. (28) can
be written as
(29)
Y. = G. + j47rC(V – v.).
Inasmuch as the difference between Y, = Cu, and Cw, is small, Eq. (29)
can also be written as
“

= ‘c

where

(

1

Q; + 2j ?.LL

(30)

)‘

(31a)
(31b)
(31C)
VL =

VU+

‘u = ‘“ –

(32a)

VE,

P

(32b)

Gc’

(32c)
The special case where the output transmission line is matched
(i.e., yr = 1) is of particular significance.
For the present, the values
of QL, v~, etc., for this case will be indicated by the subscript M, viz.,
Q,~, Q.~, etc.
By making use of these quantities, Eq. (28) can be put
into still another form:

‘L=y’

(

1

CL+2J

“~+&yT

)

.

(33)

Equation (33) is especially useful because Q., v~~, and Q.~ can be derived
very simply from the ‘‘ Q-circle” which is obtained by making impedance
measurements looking into the terminals T from the output transmission
line (see Chap. 5). By using for Q“ the value obtained in this way, one
compensates in part for the electrical losses inherent in the output circuit.
With the derivation of Eq. (33) the properties of the resonant system
and output circuit of the magnetron have been taken into account, but
the term y. in Eq. (33) still remains to be considered.
In general, y.
is a function of the frequency, but the nature of this function depends
very strongly on the particular type of system that is to the right of the
terminals 2’ in Fig. 7.5a.
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In one extreme, VT is essentially independent of frequency (as when
the transmission line is perfectly terminated), and YL then has the
frequency dependence of a parallel-resonant circuit as illustrated in
t
u“
Q“

B~

B;

G~
—v
[ lJu
GL

‘“’
FIG.

L

(b)
(a)
7,6.— (a) Curves of G’~ and BI. vs. frequency for a non frequency-sensi tive load;
(b) F,g. 7.6a replotted ,n terms of G~ vs. k?~,

Fig.’ 7.6a; the YL(u) curve is simply a straight vertical line with the
frequency varying uniformly along It, as in Fig, 7(;b.
In the other
extreme, the load has a complicated spectrum of resonances (as when
numerous reflections take place in the output transmission line), and
BL

$~ k
GE

Bu

%

r —

— .—

—.-

G~

Gu
V

(a)

(b)

FIG. 7.7.—(u) Curves of Gu, GE, Bu, and B.E VS. frequency for a frequency -sensitive
load; (b) the load curve: EL ( = BE and BL,) plotted against GL ( = GEand Gu).

the components of Y, = GE + jB,, vary with frequency in the general
fashion indicated in Fig. 7.7a; Go and Bu are also sho\vn. Figure 7 .7b
sho\~s B~(= B& + B.) as a fun~ti~~l of G.(= Gti + ~fJ).
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7.4. Interactions between Space Charge and Resonator.—In
the
previous section it was shown that the state of oscillation of a magnetron could be obtained from the intersection of two curves in
the GB plane such as those given in Fig. 7.4. It was also indicated
how the operating curve Y = – Y,( ~,a) could be derived from systematic observations on the performance of the magnetron and how
the admittance curve Y = Y~(v) could be computed from known
properties of the magnetron cavity, output circuit, and load.
The
symbol a stands for whatever input parameter is considered to be
variable. For instance, one may wish to consider a set of operating
Y=YL (a)
\

B

Y= YL (@g)
tG

a Y~
K
ai-~)
av

Fm. 7.8,—Stability
diagram on the basis of the load and operating curves.
The
condition for stability is that the angle a, between the vectors d yL/a@ and d ( – Y.) /d,
measured in a counterclockwise direction, must lie between 0° and 1SO”.

curves for various constant values of 1, of V, or of VOwhere Vo = V + RI.
When the discussion does not concern changes in input conditions, a
will be omitted.
The various types of phenomenon that are connected
with the intersections of the curves and with displacements or distortions
of one or the other of these curves are discussed below.
General Considerations
oj Stability.—It is evident that when the Y.
curve has loops, as illustrated in Fig. 7.7b, the operating curve can
intersect it in several points.
It has been stated previously that some
of these intersections may correspond to unstable states of oscillation;
the present discussion is concerned with a rule that may enable one to
distinguish between the stable and the unstable states. A necessary
condition for stability can be derived on the basis of Fig. 7.S and the
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following consideration: If by any means ~ is made to take on a value
~’ rlfferent from the value ~ that it has at the intersection of the load
and operating curves, the system can be stable only if there exists a
natural tendency for ~ to return to the value ~’; it will be unstable if
the anomaly in ~ tends to increase with time.
The condition of the space charge for ~ = ~’ will be represented by
the point ~’ on the operating curve shown in Fig. 78.
At first sight,
this condition might seem to involve a contradiction, since the relation
Y.(d) + y.(~) = 0 is not satisfied at r’.
However, the curve
Y = Y.(u)
holds only fo: steady-state conditions, that is to say, for ~ = constant.
When T7 = V“, the amplitude V changes with time, or, in other words,
the frequency is complex.
Through the point ~’ there passes another
admittance curve Y = YL(~,t’).
If t’ is negative, the amplitude ~
is decreasing with time; if positive, increasing.
Thus if (P’ – ~)
and ~ have opposite signs at the point ~“, ~ must tend toward ~, and
The problem consists then of the determinathe system is stable at ~.
tion of the sign of ~’.
The problem can be solved by making use of the fact that Y. is an
analytic function of the complex variable p = .$+ jti. This circumstance
enables one to derive the necessary information about the dependence
of Yb on 1 from its known dependence upon w. For values of ~ that are
nearly equal to ~’, the variation of i along the operating curve can be
obtained from the relation
(34)
where a Y~/a ~ is taken along the operating curve.
Since YL is an
= –j(aYL/aO),
so Eq. (34)
analytic function of p, dY./dp = ayL/C@)
can be written
a(–ye)
ap

=

()

TV

aV
.aYL
–~ ~

“

(35)

()
[In Eq. (35) ap/tt~ and a( – Y,)/a~
are directional derivatives, along
the operating curve; aY~/il@ is a dkectional derivative along the Y(u)
curve.]
Shce ~ = O at ~, it is necessary that the real part of ap/a~
be negative at ~ in order for ~ to be negative when ~ – ~’ is positive.
The derivatives in the right-hand side of Eq. (35) can be expressed as
vectors in the manner indicated in Fig. 7“8. In terms of these vectors,
the condition for stability is that the angle a measured between the
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a yL/& and a( – Y.)/aV vectors in a counterclockwise direction must lie
between O and + 180°.
The various types of intersection that can occur between the load
and operating curves are illustrated in Fig. 7.9. According to the criterion just derived, the intersections D, E, and F in this figure represent
states of oscillation that are inherently unstable, whereas at intersections
B

L
G
1
u

-~ (6

\
Y+

I

I

t~ ~

FIG. 7.9.—Types

of intersection

Lc

between the load and operating curves.

A, B, and C oscillations might be stable.
intersections two questions arise:

With regard to these latter

1. Can the system oscillate simultaneously in more than one of the
possibly stable states ?
2. If the system can oscillate in only one state, which of the possibly
stable intersections represents the preferred state?
Inasmuch as these questions are of considerable practical importance,
they will be discussed in some detail, even though a complete answer to
them cannot be given.
As far as is known, a state of oscillation that corresponds to an
intersection of type C in Fig. 7.9 has never been observed.
This intersection represents a somewhat peculiar combination
of conditions;
namely, the negative of the electronic conductance —G. increases with
The condition
~, and the Ioad-susceptance B. decreases with frequency.
is necessarilyy connected with the presence of a loop in the YL curve,
since in the absence of such a loop BL increases with increasing frequency
(see Fig. 7.6).
A second important general observation is that the magnetron does
not oscillate at two frequencies simultaneously.
This must mean either
that there is involved some SOrt of selection process which operates in
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favor of one or the other of the intersections or that simultaneous oscillation at two frequencies is an inherently unstable state. In discussing
this matter further, it is necessary to make a distinction between pulsed
magnetrons and c-w magnetrons.
In the case of pulsed operation, one
is interested primarily in “turn-on” phenomena, while in the case of c-w
operation one is interested also in the way that the magnetron behaves
when adjustments are made in the load or in other operating conditions
without interrupting the applied voltage V.
Consider c-w operation with oscillation established at some intersection such as B in Fig. 7.9. If the voltage applied to the magnetron (or
the magnetic field) is altered gradually, the – Ye curve will move so that
the intersection B travels along the YL curve. It can happen that the
intersection B suddenly disappears, as when the operating curve first
becomes tangent to the top of the loop and then moves completely
beyond the loop.
In that case the frequency becomes complex; and
according to the argument applied in connection with Fig. 7.8, .$is negative, 1 so the state of oscillation that involves this particular intersection
becomes positively damped and thus dies out. It seems plausible that,
in general, oscillations will start up again and the steady-state will then
be established at an intersection such as A, although it is conceivable
that oscillations might not be reestablished.
Similar arguments can
be applied to the case where the Y. curve is altered by some adjustment
of the resonant system.
This adjustment might consist of a change in
the external load or a change in the tuning adjustment of a tunable
magnetron.
In these cases the Y. curve either will suffer a simple
translation or will be made to go through some snakelike deformations,
and pairs of intersections can coalesce and then be extinguished.
While
the above considerations must apply generally, it is also possible for an
established state of oscillation to become unstable for reasons other than
the vanishing of an intersection in an admittance diagram.
It might
happen that at some critical condition it becomes possible for oscillations
at some other frequency to build up and make the initial state unstable.
This possibilityy will be discussed later on in this section.
In any case, it
is understandable that in c-w operation a certain amount of hysteresis is
observed in changing from one state of oscillation to another.
In pulsed. magnetrons, one is concerned principally with erratic
selection of the frequency of oscillation at successive pulses.
(Hysteresis
effects ordinarily do not occur; and when they do, they must be attributed
to such secondary causes as thermal lags.)
Considerable experience has
been accumulated in two rather different types of situation.
One concerns the performance bf the magnetron when it feeds into a moderately
1 This
traversed

statement
presupposes
in a clockwise direction.

that

with

increasing

From experience,

frequency

a loop

is always

this seems to be the case.

r

I

i

I
~
I
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long, mismatched transmission line; the other concerns the use of auxiliary
cavities coupled to the resonant system of the magnetron for the purpose
either of tuning it or of stabilizing the frequency.
In the case of the long
line, it seems that the selection of frequencies is erratic when the two
intersections (between the — Y. and the Y~ curves) are close together.
When the intersections are well separated, the one that occurs at the
lower (or lowest) value of G. is preferred.
(The subject of long transmission lines is treated in detail in Sec. 7“6.) The general problem of an
auxiliary cavity involves a much wider variety of Y. curves than does
the mismatched transmission line, and no simple rule for the selection
of intersections is universally applicable.
In some situations the “minimum conductance rule” just stated provides some correlation for the
observed behavior, but the general case is not at all clear.
Multiple
stable
Intersections
of the Looxi and Operating
Curues.—
Considerations of stability that are based entirely on the intersections
of the — Y. and YL curves have an inherent flaw; they rest on the assumption that oscillations at more than one frequency are never present.
While this assumption is justified by experience as far as steady states
of oscillation are concerned, it is entirely unjustified with regard to
transient states. To state the case more exactly, it has been assumed
that the instantaneous a-c voltage vi is of the form
Vi

=

a exp (f + ju)t.

(36)

However, there is no reason why a voltage of the form

~i=ale’’’

+a2ey+y””+””””

where p~ = & + jo~ cannot exist temporarily

“

(37)

in the system, and the

stability relations derived on the basis of Eq. (37) may be quite different
from those derived on the basis of Eq. (36).
The Y~(v) curve does not give any very direct indication of the
response of the resonant system for a voltage of the form of Eq. (37),
and there thus seems to be some advantage in approaching the problem
from a somewhat different viewpoint, namely, the consideration that
one is dealing with coupled circuits or with a system that has several
natural modes of oscillation.
It is to be noted that the word “mode”
as it is used here has a context somewhat different from the one that it
Usually the modes that are
usually has in discussions of magnetrons.
mentioned are the natural modes of the magnetron cavity either unloaded
or with a nonresonant load coupled to it, each of these modes having its
own peculiar configuration of electric fields in the interaction space of
the magnetron.
However, under conditions where there are irregularities
in the load curve one is dealing with the natural modes that arise when
the m or N/2-mode of the cavity is coupled to a highly resonant external
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system but where the fields in the interior of the magnetron are always
those characteristic of the -mode.
The occurrence of loops or other irregularities in the Y.(u) curve is
in itself evidence that more than one mode of oscillation of the resonant
system is possible.
According to a general result of circuit analysis the
impedance of any passive circuit at a pair of terminals can be expressed
in the form
al
—+—
Z=+=

”p;:p’

—+
( P–P?

a2
P –* P2
~+”””
P–P;

+

““”
+

bo + blp,

(38)

)

where the pk)s are the natural modes of the system when it is opencircuited at the terminals.
In any physical passive system the p~’s
are complex, and their real parts (~~’s)
x
must be negative, for in a passive
system all resonances are necessarily
@—
positively damped.
For high-Q resonances, which are the sort that will
generally be dealt with here, the ~~’s
are relatively small; that is,
– ~k= &

<< ~k.

A term a,/(p – pk) becomes especially important when (p – p~) is
Small, and if a particular pk~ay
pi—is quite different from any of
FIG. 7.1O.—A plot of Z(u) of Eq. (39).
the others. then for D nearlv eaual
to p, Eq. (37) can be approximated by just its first term: If f, is s’tiall,
then al necessarily has a small imaginary part that can be neglected
(otherwise Z will have a negative real part for some values of U) and
Y=;=

2cl(p

– p,)

1
where 2CI = —
Re(aJ”

(39)

This is just the state of affairs which enables one to approximate a
complicated circuit by a simple parallel-resonant circuit, because Eq.
(39) is the same as Eq. (24b).
The curve of Y(u) for Eq. (39) has the
form shown in Fig. 7.6b, and the curve Z(W) in the RX plane has the
form illustrated in Fig. 7.10.
When two or more of the p~’s are nearly equal, things become more
complicated.
To keep the illustrations reasonably simple, it will be
assumed that pl and p2 are nearly equal in Eq. (38) but that they are
very different from any of the remaining pk’s. Then for p nearly equal
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are of comparable importance, and the
Eq. (38) is the sum of the fhwt two terms.
that al and a~ have negligible imaginary
(39), one may write

z=~J--+~J-

2C, p –

(40)

pl

2C2

p

–

pz

or
y

= ;

= 2C @

–

~ =

C,c,

PI)(P

p–po

–

(41)

P2),

where
c’, +

c,

and
+ C2P2.
c1 + c,

p. = Clpl

It is evident that for a certain range of p the properties of the system
can be represented by the equivalent circuit to the right of the
1
terminals A in Fig. 7.1 la. The
A
Z(u) and Y(u) curves have the general forms illustrated in Fig. 7.1 lb
and c. To a first approximation,
(a)
IZ(co)l has a maximum and IY(u)l
has a minimum for u = COland
u = U2; IZ(a) I has a minimum
and IY(co) I a maximum for ti = uo.
When the terminals A are opencircuited, the system has the
natural modes pl and pi; when
the terminals A are short-cir(b)
(c)
cuited, the system has the natural
FIG. 7.11. —(Iz) Equivalent circuit repre.
mode po. When any admittance
senting the case of two possible transient
Y’, which varies only very slowly
modes of oscillation; @) tbe Z(u) curve for
the circuit of Fig. 1la; (c) the Y(u) curve
with frequency,
is connected
for the circuit of Fig. ha.
across the terminals A, the system
has normal modes that are ~olutions of the quadratic equation

a=”

2c(p

–

pl)(p

1In

–

p,)

+

Y’(p

the general case this is not necessarily
This point
1la may not be appropriate.

–

po)

=

o.

true, and the equivalent
is discussed, for instance,

(42)
circuit in
by Bode

Fig.
in Network Analysis and Feedback Ampli~
Design, Van Nostrand, New York, 1945,
p. 202.
The general argument to be outlined can be applied equally well to any
circuit, but for purposes of illustration
a circuit has been chosen that brings the
normal modes

directly

into view.

312

THE SPACE

CHARGE

AS A CIRCU1 T ELEMENT

[SEC. 7.4

If Y’ represents a paasive circuit element, the solutions necessarily have
negative real parts; but if Y’ has a negative component of conductance,
it is possible for one or more of the solutions to have positive real parts.
In the latter case it is possible for one or more modes of oscillation in
the circuit to build up from any slight disturbance of the system such as
might arise from thermal excitation or any other source of nm”se.
For the present it will be taken for granted that it is sensible to
substitute the electronic admittance Y, for Y’ in Eq. (42).
Since the
aim here is simply to illustrate the qualitative aspects of the problem,

(d

,-.
pf
OB

‘

f-q2(G,)

PI\
“1

q,{G, )

*

;2

L

-4

L

o

(a)
(b)
FIG. 7.12.—(a) The general behavior of the roots q,G, and qfl. plotted in the u – f
plane for the indicated negative values of G,; (b) tbe related YL(O,U) curve.
The G-axis
coincides with the operating curve -G, ~.

it is also assumed that Ye is a pure conductance.
one must find how the roots of the equation

ZC(P – PI)(P – p,) +

Ge(p –

To proceed further,

po) = O

vary when G. takes on negative values.
There are two roots, p = ql(G,)
and p = qz(GJ; these can be plotted in the p (or ~, u) plane and will
trace out a curve as G. varies.
When G. = O, the roots are, of course,
When G. ~ – LW,one
pl and pz; that is, ql(0) = pl and q2(0) = pi.
of the two roots must approach pO (which of the roots does this depends
in a rather complicated way upon the values of PI, P2, and PO), and the
other root must approach (+ ~ ,0). The general behavior of the roots
for negative values of G, is illustrated in Fig. 7.12a. The related YL(O,U)
curve is shown in Fig. 7.12b.
According to the simplifying assumption made above—that Y. is a
pure conductance—the operating curve in Fig. 7. 12b lies along the G-axis.
It intersects the YL(O,CO)curve in the points a, p, -y and these points
correspond exactly to those similarly labelled in Fig. 7.12a, where either

SEC. 7.4]

SPACE

CHARGE

RESONATOR

SYSTEM

313

The criterion for stability based on Fig.
ql or qz is a pure imaginary.
7.8 is fulfilled at a and y provided 6G’e/8~ >0 and at D provided
6G./6~ <0.
That criterion, however, is only a necessary condition for
stability inasmuch as its fulfillment insures merely that a state of oscillation is stable against its own transients.
We wish further to find out
which of the states listed above are stable against transients of other
modes of oscillation; this can be done by means of Fig. 7.12a.
The point a is associated with a value of – 2.8 for G. and B with a value
of —7.2. For both of these values of G. the real part of qz is positive and
this circumstance implies that a mode of oscillation associated with q2 will
build up exponentially from any small disturbance.
Consequently one
may conclude that neither a nor j3 represents a truly stable state of oscillation. At the point y, on the other hand, the value of G. is – 1.2 and for
this value there is no q that has a positive real part; consequently ~
represents the one completely stable state in the present example.
The
above conclusions, however, are based on the assumption that the
space charge can be treated as a linear circuit element, which is obviously
an oversimplification.
If the conclusions were valid, it could happen only
as the result of exceedingly improbable circumstances that either one of
two modes could be stable alternatively under identical operating conditions, whereas such instances are commonly observed with c-w magnetrons.
Therefore the next step is to inquire how the foregoing considerations can
be modified so as to take into account the nonlinearity of the space charge,
particularly when the voltage contains components of different frequencies.
A voltage of the type expressed by Eq. (37) can also be expressed as a
sinusoidal voltage with superimposed amplitude and frequency (or
phase) modulations; that is,
(43)
If, in Eq. (37), the $“s are relatively small and the differences between
the a’s are also small, ~ and @ ‘in Eq. (43) are slowly varying functions
of the time; thus the modulations are slow. Since no fundamental
change in the symmetry of the electric fields in the interaction space of
the magnetron is involved, the electron stream, or “space-charge wheel, ”
That is to say,
can readily accommodate itself to the slow modulations.
the relation between ~ and ~, must be practically the same as for steadystate operation, although they both vary with time. Thus

For the present purposes it is sufficient to consider a case where Eq.
(37) contains just two terms, one much larger than the other, and where
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the frequencies are real, in which case Eq. (37) can be written as
Pi = ~le’”’” + V2@W2’= P,e’””(1
where u = ~Z/~1 <<1 and Q = CM— 01.
the form

+ ue’~’),

(46)

For this case Eq. (43) takes

(47)
which can be approximated

by

P, = [~~(1 + u COSW)] [(1 + ju sin W) exp (jult)].
Equation

(45) can be approximated

(48)

by

where

Thus Eq. (44) becomes
T., = ~.(~1)(1

+ 6 cos W)(l

+ jc sin u,t)e~ti”.

(50)

If the term in U6 is neglected, Eq. (50) can also be written
(51)
We assume that the cross term in ul – Q = 2til – ma can be ignored;
then Eq. (51) can be written
(52)
The terms in parentheses evidently are the effective admittances for the
respective voltage components in Eq. (46).
In what follows ~c will be treated as a real quantity, in accordance
with the simplifying assumption made previously that the operating
curve lies along the G-axis.
(If ~, were considered to have an imaginary
component, the real and imaginary parts could be treated independently
in the way indicated above.)
A plot of – ~. (actually, of the real component of —~.) against ~ is presumed to be of one or the other of the general
types illustrated in Fig. 7.13a and c; corresponding operating curves are
shown in Fig. 7. 13b and d. The solid parts of these curves correspond to
observations made on steady-state oscillations; the dotted parts are
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based on indirect evidence discussed in Chap. 8. When the magnetron
is oscillating steadily at frequency UI at the point (~’, 1) in Fig. 7“13a,
the space-charge conductance G1 for the steady-state oscillations is equal
to IL/V’; however, the space-charge conductance Gz for any superimposed transient of small amplitude at some frequency cu distinct from
ulis equal to one-half the sum of ~,/~ and the differential conductance
(For a superimposed transient at frequency u,
d~,/d~ at that point.
Since, in general, Gz is considerably
the conductance is just d~,/dV.)
less negative than Gl, an established state of oscillation has the odds

i

“(-’’l>
-l:k=..:k
~\
(c)

Fm. 7.13.—(0),
voltage

(d)

(c) The real component of the electronic current ~, plotted vs. the a-c
T; (b), (d) the operating curves corresponding to l%. 7.13a and c.

weighted in its favor; thus hysteresis effects can be accounted for.
Nonlinearities will not, however, serve to stabilize oscillations under the
conditions represented by the intersection C in Fig. 7.9 and by @ with
L$G,/8~ <0 in Fig. 7.12. Inasmuch as 6~,/6~ is more negative than
~,/~ in these cases, as at the point c in Fig 7.13c, the electronic conductance is more negative for a transient than it is for the steady state.
As regards turn-on phenomena, the nonlinearity of the space charge
tends to stabilize the mode of oscillation that builds up most rapidly.
The initial buildup” of oscillations can take place only along an operating
curve such as is represented in Fig. 7“13a and b as distinguished from
Fig. 7.13c and d. For such an operating curve the space charge is
approximately linear for small values of ~; that is ~. is nearly directly
proportional to ~, and the earlier discussion based on Fig. 7.12 is directly
applicable.
Thus for the conditions represented by that figure it is
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evident that Mode 2 will build up more rapidly than the other mode,
inasmuch as G. starts out by being strongly negative and & is then also
strongly negative.
Itsohappens
that, inthissituation,
themost stable
mode isalsothe onewhlch starts most rapidly.
Itcanhappen,
however,
that the mode which starts most rapidly is not the most stable on the
basis of a linear space charge but isnevertheless able to establish itself
because it always has by far the greater amplitude when the nonlinearities
first become tiportant.
In that case the preferred mode will not necessarily be the one of minimum steady-state GL.
The above discussion of nonlinearities of the space charge is based on
the assumption that only one of the amplitudes is large. The case where
two amplitudes are large can be treated by the method outlined in
Chap. 8.
The emphasis in this section has been principally on stability and
transient behavior for one specific mode of the magnetron cavity as
affected by loops in its YL(co) curve. For the most part, the input
conditions have been assumed to remain fixed or to vary only slowly
Related problems
and to be contained implicitly in the operating curve.
are treated in Chap. 8, but there the emphasis is placed on the effect
of rapid variations in the input conditions, and the YL(u) curve is generall y assumed to have the simple form illustrated in Fig. 7”6b. Because
of the complexities that are involved, no adequate effort has been made
either here or in Chap. 8 to take into account the reactance that may be
present (and that physically are never entirely avoidable) in the input
circuit of the magnetron.
In principle the reactance can give rise to
more possibilities for instability, since they introduce additional degrees
of freedom into the complete system.
In magnetrons that are tuned by means of a very tightly coupled
auxiliary cavity there exist modes of oscillation that are all associated
with one definite mode of the magnetron cavity but have frequencies
which differ by 10 per cent or even more. In such cases it is no longer
justified to treat the space-charge properties as independent of frequency;
selection among these modes involves some of the factors that enter
into the selection of the various natural modes of the magnetron cavity.
7.5. The Description of Magnetron Performance.-It
was shown in
Sec. 7“2 that the performance of the magnetron can be expressed in terms
of three functions of four independent variables and that by making use
of the approximation that the space-charge properties are insensitive
to the frequency, the number of independent variables can be reduced to
three. If this approximation is adopted, one then has to deal with functions of the general type
u = F(z,y,z),
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which are to be represented by means of graphs.
If the possibility of
interpolation is allowed, z can be held at some fixed value z’ and the
resulting function plotted as
u’ = j(x,y)

= F(x,y,z’)

in two dimensions by drawing contours of constant u’ in the xy-plane.
The contours are simply curves defined by the relation

when U’ takes on a series of discrete constant values.
If F is to be represented for all values of Z,V,Z, a set of contour diagrams, one diagram
for each of a series of values of z, must be plotted.
Any one diagram,
regardless of type, is necessarily incomplete, since it alone can give no
indication of how the performance of the magnetron is influenced by
variations in z.
By following the scheme just outlined, Eqs. (8a), (8b), and (9a) can
be represented in a great many different ways; there are 6 choices for
the variable z, and for each choice of z there are 10 choices for the pair
z,y, or 60 choices in all. Some of these systems of relations might be
impractical because of multiple-valued functions, et c., but it is nevertheless surprising that only two types of diagram are very widely used.
These diagrams which are in general use fall into two classifications:
those in which y, is held constant and those in which the magnetic field
(Bis held constant.
The former are of value in exhibiting those properties
which are not extremely sensitive to the load, such as the useful range of
operating conditions.
In many more specialized problems, however, the interesting phenomena occur at constant applied magnetic field; detailed information
about dependencies on @ is therefore superfluous and can profitably be
left out of the diagram in order to make room for the display of information about the dependencies on the load yr.
Probably the most familiar diagram of magnetron performance is the
performance
chart.
Ideally in thk type of diagram the external load
y, is held fixed, 1 and V are the independent variables, and ~, @ and B.
are represented by contours.
Ordinarily the power ~ is plotted instead
of ~ and the frequency v instead of B., but this does not alter the shapes
of the contours.
As the load is constant, G, is also constant, and a curve
of constant ~F = GE~z is also one of constant ~. Furthermore as
–B. = B. = BE + 4rC(v – v.) and B, and v“ are constant with constant external load, contours of v and B. are identical.
Another widely used type of diagram is the so-called Rieke diagram
in which the magnetic field @ and the current 1 are held constant; the
two components of the load are the independent variables that provide
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the coordinate system in which contours of r-f voltage ~ (or power ~),
electronic susceptance B. (or frequency v), and input voltage are plotted.
Alternatively, the diagram may be taken at constant input voltage V,
with the current I plotted as contours.
The pair of variables that
specify the load can be chosen in numerous ways: the conductance GEand
susceptance BE, the normalized values gr and b~, or the absolute value
and angle of the complex reflection coefficient q~ = (1 – y~)/ (1 + y~),
etc. It is to be noted that in this type of diagram two variables are held
If the assumptions implicit in Eqs. (8a), (8b), and (9a) are
constant.
valid, there must be some redundancy in the diagram for two independent
variables are used where one should be sufficient.
On the other hand,
the diagram can represent the properties of the magnetron regardless
of whether or not those assumptions are valid, that is, even when the
space-charge properties and the transducer functions vary appreciably
with the frequency.
In the ideal case the various Rleke diagrams take on very simple
forms. The simplest form occurs when the components of the admittance Y. are chosen as the independent variables.
In that case all the
constant-v contours coincide and are identical with the operating curve
discussed in Sec. 7“3, and the V and ~ (or ~) contoum are just the scale
marks that indicate the corresponding quantities along the operating
curve. Other Rleke diagrams, which involve different independent
variables, can be regarded as being generated by transformations of
the operating curve.
In general the frequency contours become separated because the transformation involves the frequency-each
frequency
contour is shifted by an amount that depends upon the frequency.
If the diagram is drawn in the Y, plane, the transformation from the
y. plane is
G, = G. – G.,

B, = ~.

–

4d7(v –

Vu).

The form of the diagram and its relation to the operating curve are
illustrated in Fig. 7. 14b. The diagram will have a similar appearance
in the Yz and yT planes in so far as the transducer properties involved
do not vary appreciably with the frequency;1 and if this is so, then Fig.
7.14b can also represent the diagram in the yT plane. If instead of
rectangular coordhates the Smith chart is used for g~ and b~, the diagram
should have the appearance illustrated in Fig. 7. 14c. Plotting the diagram in the Smith chart is equivalent to a transformation to the q,
plane where qT is complex and is related toy. by qT = (1 – y~)/(1 + y,).
1 In the coordinate system GE, BE, the diagram will be similar except for the
frequency shift w – v“ connected with the susceptance P that is associated with the
output coupler; if ~ varies non-uniformly
with frequent y, the frequent y contours in
the Yis plane wiU not be uniformly spaced.
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At some other pair of terminals such as ASin Fig. 7.5c, the diagram differs
from that at !!’ principally by a rotation.
Figure 7“14c may be considered to be an ideal Rleke diagram.
It is
distinguished by the following features: the constant-~ (or ~) contours
and constant-V contours are a set of circles all tangent to the unit (or
(YT = cc) circle at a common point, and the constant-v contours also
(a)

1,

(c)

If-77
u

—

-G, =GL

Operating
curve

::

L Freq.contours

I
Fm. 7.14.—(Q) Ideal Rieke diagram in the YL-plane; (b) ideal Rleke diagram
Y,-plane; (c) ideal Rieke diagram in the reflection coefficient plane.

in the

converge at that point.
Any diagram constructed from experimental
data shows several departures from the ideal form, on account of one or
more of the circumstances listed below.
1. The quantities a, b, c, d of Eq. (17) are not constant but vary
Each constant-v contour is transformed
with the frequency.
differently from its neighbors, and the contours do not have a
common point of convergence.
The ~ and V contoum have
similar shapes but are not circles.
2. The transducer is not dissipationless.
The ~ and V contours do
not have exactly identical shapes; the ~ contours may become
kidney-shaped.
Furthermore the v-contours (extrapolated) may
converge at a point outside the unit circle.
3. The space-charge properties are not independent of frequency.
Some dependence is to be expected, merely on the basis of the
scaling relations; however, at constant current one should expect
the relative change in the voltage to be a little smaller than the rela-

320

THE SPACE

CHARGE

AS A CIRCUIT

ELEMENT

[sEc. 7.6

tive change in the frequency.
It is also possible that “ detuning”
of the cavity by means of reactance coupled into just one oscillator
may affect the space-charge properties by distorting the pattern
of the electric fields in the interaction space, and these effects
might be expected to give rise to kidney-shaped power contours.
4. The measurement of the power is likely to be affected by a systematic error which increases with the standing-wave ratio in the
transmission line, particularly when the power is measured calorimetrically and no account is taken of losses in the standing-wave
introducer.
5. The diagram may be incomplete because the load actually used
When the external load varies
in the experiments is resonant.
rapidly with the frequency, the stability relations are such that
some regions of the Rieke diagram become inaccessible.
This
effect is discussed in considerable detail in the following section.
7.6. The Mismatched Transmission Line as a Resonant Load.—The
effects caused by mismatches, or standing waves, in the output transmission line of a magnetron are important both in practical applications
Probably the best illustration of the
and in laboratory experiments.
nature of these effects is provided by the behavior of a tunable magnetron
operating into a moderately long, mismatched line. Figure 7.15a and b
illustrates the tuning curves that are observed with pulsed magnetrons
under those conditions, Fig. 7“15a with a small mismatch, and Fig. 7. 15b
with a fairly large mismatch.
In these figures, x represents the position
of the tuning mechanism; the light straight line is the tuning curve
observed when the line is perfectly terminated, and the heavy curve is
that observed when there is a mismatch.
Under conditions that correspond to Fig. 7“15a, the magnetron is
observed to have an abnormally broad spectrum over those parts of the
tuning curve which are nearly vertical.
In addition, the frequency
varies rapidly if either the input current to the magnetron or the output
load is changed.
Under conditions that correspond to Fig. 7“15b, the operation of the
magnetron is generally satisfactory except for tuning adjustments that
are near the breaks in the curve; at such points two frequencies are
excited randomly at successive pulses. However, since the tuning curve
is discontinuous, it is not possible to adjust the frequency to any arbitrary
value, some values being inaccessible.
Figure 7. 15c has been added to illustrate the sort of behavior that
might be expected of a c-w magnetron under the conditions of Fig. 7“15b.
In the neighborhood of a break two frequencies are possible; the adjust~mentat which the break occurs depenrl~ uDon the direction from which
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the break is approached.
Although the discontinuities in frequency are
not so large as in Fig. 7. 15b, there are nevertheless some frequencies
that are inaccessible.
The spacing Av between the breaks or anomalies in the tuning curve
depends upon the length of the transmission line measured in wavelengths; the width of the breaks WAV depends upon the degree of mismatch. The location of the breaks varies uniformly with the phase of
the reflection; and if the tuning adjustment is held fixed and the phase
is varied, the frequency may change rapidly or discontinuously at some
particular phase. Thus a mismatched transmission line can also lead to
unsatisfactory operation of a fixed-tuned magnetron if the reflection
in the line is variable.

I

I

x-+
(a)

x—

x<
(b)

(c)

FI~. 7.15.—Tuningcurves: (a) Pulsedmagnetron,slightlymismatchedline; (~) pulsed
magnetron,greatlymismatchedline; (c) c-w magnetron,greatlymismatchedline.
Many variations of the effects just described are possible.
For
example, the mismatch may arise not only from an imperfect termination
of the transmission line but also entirely or in part from reflections that
occur at intermediate points because of imperfect joints and bends.
In
the latter case the reflections may reinforce each other at some frequencies
and tend to cancel at others. The general result will be that the breaks
or anomalies in the tuning curve are irregularly spaced and the widths
of the breaks are unequal.
Inasmuch as the more complicated cases
involve the same general considerations as the simpler ones, the subsequent discussion will be confined to the somewhat ideal case where the
mismatch arises entirely from an imperfect termination.
In the ideal case, the phenomena described above can result only
from the influence of waves that have traveled to the end of the transThe
mission line, been reflected there, and returned to the magnetron.
phenomena cannot occur when the two-way transit time of the transmission line exceeds the length of the pulse generated by the magnetron
and must therefore disappear when the line is made very long. In
view of this fact, the phenomena have sometimes been referred to as
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“short-line effects, ” although the term i‘ long-line effect” has been more
generally used in the United States. Most of the following considerations are based upon steady-state formulas for the admittance of a
mismatched transmission line, and it is therefore implied that the transit
time of the line is small compared with the length of the pulse.
In
practice, the results derived seem to apply fairly well when the transit
time is only a few times smaller than the pulse length.
The tuning curves illustrated in Fig. 7“15 are closely related to the
The latter might be calculated by substituting
admittance curves Y(v).
in Eq. (33) the appropriate values of y I- obtained from transmission-lime
charts or formulas.
The possible variety of Y(v) curves is very great,
since many parameters are involved, but it will be shown that all of the
curves can be derived from a two-parameter family of curves.
The two
parameters can in a certain sense be thought of as (1) the degree of mismatch in the line and (2) the ratio (Q of the line)/ (Q of the magnetron).
In computing the admittance y~ it is assumed that the transmission
line is terminated in a load with a reflection coefficient q = lal exp (j@)
which is independent of v. At the terminals T of Fig. 7 .5c the reflection
coefficient qT iS giVen by
q. = [Id exp (2al)][exp j(d

– 201)] = u exp (jtl),

where a — jp is the propagation function of the transmission
may be treated as a constant, but p varies with v.
In terms of the standing-wave ratio p at the magnetron

(53)
line; a

~=(P–l)
(P +

1)

where p is the SWVR.
Since D = 2iT/A0 where ~. is the “ wavelength
in guide” for the transmission line,
(54)
For some frequency vO,Ois just equal to – (2n + l)r, and for frequencies
not too different from VOone may use for @ the approximate expression

e=-~[2n+1+4’t~)vo(-vo)l
(55a)
‘-2”(n+*+’)

where

()
d>

~=21>9

dv

,0( V–VO)

=2+*=”.

Vo

(55b)
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The admittance Y~ is given by the formula
l–

a2 — j2a sin O

(56a)

YT=I+a2+2acos6

or, in terms of e,
I–az
gT=l+a2–2acos2rE

= g(e,a)

(56b)

– 2a sin 2m
= b(e,a).
1 + az – 2a cos 2m

(56.)

and
by =

For the calculation of Y. it is convenient to write Eq. (33) in the form
‘~

.

Y. ==‘~

..

+ j2Q,.

= go + jbo +
where

‘B=

+ j2QE. ;

[“

~~ + g(w)

Q.m
‘0 = “T’

+ jb(ea)

~

1

,

+ YT
(57)

bil = 2Q~M ~

and
1

1 X,o

A=~L—–
—.
vo QEM AO XO

If the transmission line is fairly long, the possible values of m are
close together and vo can be chosen nearly equal to W. In that case
A

1 Xao

‘KKQE~

1
—=—

1 A,”
—— 1 .
Au AC,Q~.,r

(58)

The general shape of the Y.(v) curve depends upon the terms in the
square bracket, since the y alone depend upon V; the parameters that fix
the shape of the curve are A and a.
For convenience, the square bracket of Eq. (57) will be represented
by the quantity w = u + jv, where
u = g(e,a)

and

v = ~ + b(e,a).

(59)

The YL( V) curve has the same shape as the w(s) curve; it differs from it
ml
(cAo)/(WO)
= Av/AE and bY a
by scale factors Yc/QE~ = AyL/Aw
translation gO+ ~%o. Tuning the magnetron, which amounts to changing
translates the curve vertically, since b. varies almost linearly with VU.
The shape of the w(e) curve is governed by the parameters A and a.
Three general forms are possible; the separate components of w(e) are
illustrated in Fig. 7.16, and the function w(e) in Fig. 7“17. If the quantity
m,

.s=

:eo=;-&,
()=

=;-T(p’-l)

(60)
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is less than zero, the w(s) curve has 100PS, as in Fig. 7“17c. If s = 0,
the curve has cusps as in Fig. 717b; ifs >0, the curve has merely undulations as is Fig. 7.17a.
When the operating curve cuts across a loop in the Y(v) curve, there
are two intersections and therefore two distinct frequencies at which
oscillation might be stable.
In case the 100ps are so large or so closely
spaced that they overlap, there may be four or more such intersections.
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FIG. 7.16.

FIQ. 7.17.

FIG. 7. 16.—Plots of the terms of Eq. 59. (a) Values of b (c,u) and c/A as functions of
c for three valuee of a; (b), (c), (d) v~lles Of o (C,IZ)as funCtiOns Of c fOr the same three
values of a; (e) the function u = t/A + b (*-a) plOtted against c fOr the same three v~ues
of a. The parameter A is kept constant at 1/u.
Fm. 7. 17.—(a), (~), (c) The functiOn w = w + ~~ Of Eq. (59) fOr the three cOnditiOns
shown in Fig. 7.:6.
Valuee of c are indicated.
~
extensive series of experiments was performed in the MIT Radiation
Laboratory with a pulsed 3-cm tunable magnetron and various values of
1, the line length, and of a, the degree of mismatch.
From these experiments it was concluded that oscillation is ordinarily established at that
intersection which has the lowest value of G’%;only in cases where the two
lowest values of G. are nearly equal are two frequencies excited randomly
at successive pulses.
In other words, the tuning curve of Fig. 7. 15b can be interpreted in
the following way.
As the magnetron is tuned, the w(e) curve of Fig.
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7. 17c is moved across the operating curve and the frequency of oscillation
corresponds to the intersection of minimum Gfi. At the stage where
there are substantially two such intersections, the frequency alternates
randomly between two well-separated values; otherwise the frequent y
changes discontinuously as that stage is passed. The width of the break
in the tuning curve WAV is exactly equal to the frequency interval that
carries the Y~( v) curve completely around a loop.
The irregularities in the tuning curve in Fig. 7.15a can be interpreted
in a similar manner.
The steep parts of the tuning curve correspond to
those parts of the w(e) curve where v(e) varies very S1OWI
y with E. When
conditions are such that the Y(V) curve and the operating curve intersect
at a very small angle, one should expect the frequency of oscillation to
vary rapidly not only with the tuning adjustment but aiso with the input
conditions of the magnetron, as a small shift in the operating curve
must lead to an appreciable change in v. Consequently it is understandable that the spectrum, or Fourier analysis of the pulse, should be
abnormally broad in such cases. To a fair approximation, the development of a cusp in the w(s) curve represents the transition from an uneven
tuning curve to a broken one, although if the operating curve has an
appreciable slope, the transition occurs at a somewhat lower value of
a than that which leads to a cusp. In practice, however, the transition
is gradual, since it is difficult to distinguish between one broad spectrum
and two broad spectra with nearly equal center frequencies.
The spacings Av of the breaks or irregularities in the tuning curves
correspond to the period of the functions g(s,a) and b(E,CI), which is 1 in e
w ~(c/1) (A/&) in Y. If 1 is expressed in meters, v in megacycles per
second, and the value 300 meters/psec is used for c, then the spacing
is equal to
Av _ 150 k meters X megacycles
(61)
1 A“
second
and is actually just the spacing between the resonances of the transmissitm line. The width WAV of the breaks can be computed on the
basis of the loop that occurs near e = O (Fig. 7. 17c). The values of s
where the w(e) curve intersects itself and the u-axis are the solutions
(other than E = O) of

;

+

b(E,~)

O.

=

It is simpler, however, to compute the value A’ that will give rise to such
intersection at E’ from the relation
1
A’

_ b(e’ja)
—.
=

E’

The width WAV of the breaks is equal to

2E’Av.

(62)
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For practical purposes it is convenient to express A in a form that
involves the pullhg figure F of the magnetron rather than Q~~, aa
ordinarily F is given in the specifications.
From the relation
(63a)

where tan a is the slope of the operating curve of —B. vs. —G., it follows
that
A =1~

F
A 0.42C Sec a“

(63b)

In Fig. 7.18, Eq. (62) is presented graphically by plotting a against the
In constructing the
quantity 1(~/A)F for various values of W = 2e’.
5.67

4.00

3.00

2.33
D
1.36
1.50

1.22

1.00

1~ F

FIG. 7. lS.—The

(metersx megacycleslaec)

effect of mismatch on the tuning curves.
The width of the break is
~Au where Au = (150/1) (x/ho) meters Me/see.

of 1.05 has been assumed for sec a, so that the coordinate
is numerically equal to 131A.
The uses of Fig. 7.18 are illustrated by the following example.
It is
proposed to use a waveguide transmission line 10 meters long with a
pulsed 3-cm tunable magnetron.
The pulling figure F of the magnetron
is 15 Me/see; As/A for t,he waveguide = 1.3; and the attenuation is
0.20 db per meter. The following information is then required: (1)
the permissible mismatch of the termination if the operation of the
magnetron is to be satisfactory at all frequencies withh its tuning range
figure

l(&/x)F

a value
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and (2) the efiect on the performance if the standing-wave ratio of the
termination reaches 2.0. In this example, &o/h = 13, so that the spacing
AV of the irre~larities in the tuning curve is ~
= 11.5 Me/see.
The
quantity lFAg/A is equal to 195. The attenuation factor of the guide is
antilog10 2.0 = 1.6.
The following considerations then apply:
1. The value of a that corresponds to lFh,/h = 195 and W = O
is found from Fig. 7.18 to be 0.06; multiplying by the attenuation
factor gives the value Iq] = 0.096, which corresponds to a standingFor perfectly satisfactory
wave ratio p = 1.2 for the termination.
performance at all frequencies a SWVR somewhat lower than 1.2
will be required.
2. The value p = 2.0 corresponds to Iql = 0.33 and
a =

0.33
1.6 = 0“208”

From Fig. 7.18 the value W = 0.65 is obtained,
of the breaks in the tuning curve is thus equal to

and the width

11.5 X 0.65 = 7.5 Me/see.
Thus with a termination of SWVR 2 one cannot be sure that the
transmitter can be adjusted to any arbitrarily chosen frequency
more closely than within A 4 Me/see.
The considerations that apply to tunable magnetrons apply also,
However, in the case of the
of course, to fixed-frequency magnetrons.
latter the effects connected with long transmission lines can be examined
Consider first an
in greater detail by making use of Rleke diagrams.
ideal Rieke diagram appropriate to the terminals T of Fig. 7.5c, such as
is illustrated in Fig. 7.19a. The ideal diagram appropriate to terminals
at a distance s to the right of T can be obtained by rotating each contour
of Fig. 7.19a through an angle equal to 4mS/A0; since AOdepends upon v,
The appearance of the new diagram
each contour is rotated differently.
will be determined by the relative rotations of the various contours.
Let the value of v for the contour that passes through the center of the
diagram be denoted by v, and the rotation of the other contours, relative
to the V, contour, be denoted by ~(v).
By analogy with Eq. (55b)
one may write
*(V) = 4?r:

*

=O.
Vo

(64)

As the result of this transformation, the ideal diagram appropriate to
the extreme end of the transmission line will take on a form such as is
illustrated in Fig. 7. 19b.
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According to this figure, v is a multiple-valued function of the load
in some regions of the diagram; these regions represent just those values
of the load which give rise to loops in the YL(v) curve. When the stability

(a)

(b)

(c)
(a) The ideal Rieke diagram at the
Fm. 7. 19.—Transformations
of the Rleke diagram.
output terminals; (b) at the extreme end of the transmission line; (c) actual contours
nbaerved for condition (b); (d) result of transforming diagram (c) back to the output terminals referred to in diagram (a).

relations are taken into account, it turns out that the contours which
might actually be observed are those illustrated in Fig. 7. 19c. The point
S of this diagram has sometimes been referred to as the “frequency
sink. ”1
1It is only for loads which fall within the shaded region of the figurethat there
is an uncertaintyin the frequencyof oscillation.
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When the diagram of Fig. 7- 19c is transformed back to the terminals
?’, it takes on the form shown in Fig. 7.19d. The last figure illustrates
the fact that a long transmission line makes a part of the ideal Rieke
diagram inaccessible for measurements; the sise of the region increases
with the length of the line and with the pulling-figure of the magnetron.
In experimental setups, the effective length of the transmission line is
that which is included between the magnetron and the standing-wave
Although this distance is relatively small—perhaps
six
introducer.
wavelengths or so if a slotted section is placed next to the magnetron
for standing-wave measurements—it makes it very difficult to study
the performance of pulsed magnetrons at the larger values of G~. TKIS
difficulty can be surmounted by -using magnetrons with very small
across
values of QEM, for if QEM is small, large values of GL are browht
the center of the diagram into the region where operation is always
stable. With c-w magnetrons, these difficulties might be surmounted
by taking advantage of hysteresis, although it may happen that the
phenomena dkcussed in Sec. 7”4 will prove to limit the usefulness of
thk procedure.
7.7. Experimental Data on the Space-charge Properties.—This
section consists principally of a summary of the results of a long series of
experiments that were performed on a particular 2J32 magnetron (see
Fig. 19. 18); all the data included in Figs. 7.21 to 7“30 were taken on this
magnetron.
The first set of experimental to be described were performed principally to test the validlty of the equivalent circuit analyses of the preceding
sections and to find out if a Rieke diagram could actually be reduced to
an operating curve.
The properties of the output lead (actually a duplicate provided by
the manufacturer) were measured in the manner described in Chap. 5.
Measurements were made at several different frequencies, and in all the
subsequent calculations the variation of the transducer coefficients
with frequency was taken into account.
By means of these coefficients
and appropriate formulas, all measurements of impedances both on the
“cold magnetron” and on the load in cases where the magnetron was
oscillating were reduced to impedances at the terminals of the coupling
loop.
The analysis of the data has been carried out on the basis of the
equivalent circuit shown in Fig. 7 “20. An elementary calculation leads
to the result that the ‘‘ cold impedance” ~—observed
the loop, with the terminals A open-circ~lited-should
1 R.
formance,

Platzman,
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Evans,
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and
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No. 451, Mar. 3, 1944.
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(65)

++j2~
“

(

)

where

‘O=L1(’

-E)’

M
‘=Z’
Y. =

;7
J

%,,

= +2.

The term in LO may be regarded as being the “leakage reactance”
of the loop.
The measured values of Z(V) proved to be consistent with
Eq. (65), and from them, by curve-fitting,
values of the constants Lo, m2/ Yc, Q., and v.
were obtained.
As will be shown presently,
z ‘Iwp’ the computation
of the admittance
Y~ in
‘m”k
a.bsolute
units
(mhos)
requires
that
Ye be
Fm. 7.20.—Equivalent
circuit for a loop-coupled
magknown, whereas the cold-impedance measurenetron.
ments yield a value only f or m2/ Y..
A numerical value for Y. was computed from the value Lz = 5.1 X 10-10 henry,
given by A. G. Smith. 1
Smith’s measurement is based on the following considerations.
If a
capacitance AC is connected at the terminals A of Fig. 7.20, the square
of the resonant wavelength should vary linearly with AC, and from the
relation
A(xj) = (%rc) 2LZAC

(66)

L2 can be obtained.

In the experiments Ac was the increment in the
capacitance of the slots caused by filling the slots with material of a
known dielectric constant.
(Smith’s value of Lz is consistent with one
obtained theoretically on the basis of a very elaborate lumped-circuit
model of the cavity.)
The incremental capacitance AC in Smith’s
experiments may be regarded as the “standard impedance” upon which
all the absolute values of r-f voltages and currents quoted in this section
are based.
From the cold-impedance measurements and the adopted value of
Lz, all of the constants that appear in Eq. (65) can be given numerical
I A.

G. Smith,

B.S. Thesis,

“Establishment

Massachusetts

of Tolerances

Institute

for the Eight-oscillator

of Technology,

1943.

Magnetron,”
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values. To illustrate the magnitudes of these quantities, the values are
given in the following list:
henry,
= 6:3 X 10-’
henry,
L2 = 5.1 X 10-’0
henry,
M = 2.4 X 10-’0
farad,
C = 6.3 X 10-1’
mho,
Y. = 0.111
Q“ = 1610,
1
ohms.
a = 1“4 x 104

L,

The admittance

Y. at terminals A as a function

of v and the load

impedance Z at the loop is given by
Y. = Y“ + Y,,
where

Y,=+

Z

‘2 .
+ j2~vLo

Datm for three Rleke diagrams,
all at approximately the same magnetic fields (1300 gauss), were taken
at input currents of 12.5, 17, and
26 amp, respectively.
Inasmuch
as the diagrams are qualitatively
similar, only the one at 12.5 amp
will be shown in detail.
Constantpower and constant-V
contours,
plotted in the G,, B,-plane are
shown in Fig. 7.21 to illustrate the
Ge in mhGS
departure from the ideal forms of
FKQ. 7.21 .—Constant output a-c power
the Rleke diagram which would
and constant input d-c voltage contours in
the GkBeplane for a 2J32 magnetron opersimply be straight vertical lines.
ating at 1270 gauss and 12.5 amp.
In the cold-impedance
measurements at frequencies far removed from resonance, the magnetron
had a SWVR of about 90, or a reflection coefficient of 0.98.
In the
most unfavorable part of Fig. 7.21 the loss of power in the lead could
thus not amount to more than 6 per cent. The admittances Y~ for all
of the experimental points are plotted in Fig. 7.22. This figure demon-
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strates that within experimental error, all of the constant-frequency
contours actually do coalesce into an operating curve when they are
plotted in the YL-plane.
The input voltage V and the power output ~, are plotted against
G. in Fig. 7.23.
The dotted&mve
in Fig. 7 .23b represents ~,GL/G,,
the total r-f power deIivered by the
electron stream.
In Fig. 7“24 the
electronic efficiency ?. = ~L/VI
is plotted
against GL. These
curves are an important consideration in the design and application of magnetrons, because they
provide the means of relating the
efficiency to the unloaded and
external Q’s of the cavity.
Fortunately, the general shape and
the location of the maximum in
these curves do not depend
Fm. 7.22.—Operating
ourve in the G=,
B=-plane for input current of 12.5 amp and
strongly on either the magnetic
magnetic field of 1270 gauss.
field @ or the current 1, so the
most favorable choice of load for a magnetron is more or less independent
of operating conditions.
In addition to the Rleke diagrams, performance charts were also taken
at several different values of GL. In principle, this series of performance
charts should constitute an exhaustive description of the performance of
the magnetron.
Actually, the data were accumulated over a considerable period of time, during wKlch appreciable changes in the calibrations of the apparatus and perhaps also in the magnetron itself took place.
The Uncertainties thus introduced obscure many of the cross relations
that involve relatively small differences between observed quantities.
(This experience is mentioned to illustrate some of the difficulties encountered in attempting to secure self-consistent data on magnetron operation.)
Consequently only one of the performance charts is reproduced
as Fig. 7.25.
When efforts were later made to extend the concepts and methods
developed in thk chapter to the transient behavior of magnetrons, the
need arose for a better understand@
of the relations among G,, ~, V,
and I at constant (B, and it was decided to work out these relations as
completely as possible.
Actually they were worked out for just one
value of LB. The necessary data were taken in the following way. The
frequency was kept at a constant value V’ throughout, and the contour
v = V’ was traced out in a Rleke diagram for nine different fixed values
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Fm. 723.-(a)

Input d-c voltage vs. G~; operating conditions 1270 gauss and 12.5-smp
input; (b) a-c power outputvs. GL for same operatingconditions.

of V; for each observation q,
. P, and 1 were measured. In all. about 140
observations of thk kind were
60
I
made. By taking all the data at
/=12 amp
one frequency, the computation of
.
the YL’S was greatly facilitated.
50
/
To avoid fluctuations in the magF
:
I
netic field, a permanent magnet
k40 /
was Used. The combination of a
.s
1’
very strong air blast for cooling
-“
I =17 and 26 amp –
and a low duty-cycle
(1/2000)
30
served to keep the temperature of
/
the tube low at all times and
20
thereby minimize changes in the
1
0
2
3
4x 10-3
resonant frequency that would
GL
enter as errors in ~. in the final
FIQ. 7.24.—Electronic
eficiency
q. aa
function of GL for three velues of input
results.
current.
As has been mentioned previously, there are many possible systems for representing the data graphi-
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FIG. 7.26.—Plots of (a) rms 8-a voltage fi, (b) electronic conductance G,, and (CJ
electronic susceptauce B, as functious of the input d-c current I, with the input d-c voltage
V aa parameter.
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tally.
A few systems are illustrated (some only partially) in the following
series of figures. Some of the figures are given because of their relation
to topics dk.cussed in various places in this book; others are giveu because
they seem likely to be significant theoretically.
In principle, the various sets of curves ought to be mutually consistent
where cross relationships exist, but actually they are not entirely so.
Generally, the curves have been drawn to fit plotted points that repreThe
sent pairs of values based on the original, individual observations.
drawing of smoothed curves is partly a matter of judgment, inasmuch
It has not seemed worth
as theoretical relationships are nonexistent.
while to go through the elaborate process of adjustment that would be
required to make all of the curves strictly consistent with one another,

o

1

FIG. 7.30.—Operating

2

3
– G, inmho

4

5x 10-3

curves with d-c input current I as parameter.

to keep the curves plausibly simple, and at the same time to secure a
good fit for all the data.
Figure 7“26a, b, and c are straightforward plots of the original data.
Figure 7“27 illustrates the functions that appear in Eqs. (9a) and
(%), represented by means of contours in the V, ~-plane.
F@me 7.28 is a plot of ~.1 against ~ for various constant values of
V and I.
Figure 7.29a is the “conductance map” used in Chap. 8 as the basis
for the discussion of the transient behavior of the magnetron.
The associated susceptance map is illustrated in Fig. 7Q9b.
Figure 7.30 contains operating curves for various constant values of Z.
Inasmuch as the frequency varies linearly with B. when the external
load is held fixed, these curves show how the conductance G.
influences the degree to which the frequency depends upon the
input current 1.

CHAPTER
TIUINSIENT

8

BEHAVIOR

BY F. F. RIEKE
It is inevitable that a magnetron cavity with many resonators should
have several natural modes of oscillation, and it is generally possible for
Inasself-excited oscillations to occur in more than one of the modes.
much as the modes have different frequencies and the operation in some
of them is very inefficient, it is highly desirable that oscillations should
occur consistently in the proper mode. The problem of securing such
correct properties of mode selection has actually been one of the major
obstacles encountered in the development of new magnetrons.
Ideas concerning mode selection tended for some time to center about
the concept of interaction and competition between modes, and a great
amount of effort was expended on devising and trying out features
designed to handicap oscillation in undesired modes.
As experience
accumulated and techniques of observation improved, it became evident
that any such simple approach could at best be only sporadically successful. Actually, mode-selection processes are diverse in nature and are
influenced in varying degrees by many factors that have to do not only
with the magnetron itself but also with the auxiliary equipment with
which it is operated.
Some essential parts of the present subject are treated in preceding
chapters—the natural modes of the cavity in Chaps. 2, 3, 4, and 6 and
resonance relations in Chap. 7. According to the resonance relations,
self-sustaining oscillations in a particular mode can occur only if certain
conditions are fulfilled by the magnetic field and applied voltage.
In this chapter it will be shown that the resonance relations do not,
in general, restrict oscillations to one mode but merely limit the possibilities. The deciding factors under these circumstances are (1) the noise
levels existing in the various modes just prior to the starting of oscillations, (2) the transient phenomena that occur at the onset of oscillation,
(3) the stabilities of the states of oscillation.
An evaluation of these
factors is largely dependent upon the detailed observation of mode.
selection phenomena.
8.1. Steady-state Properties of the Modes.—The
(N – I)-modes of
an N-oscillator cavity, such as the magnetron cavity described in Chap. 2,
are frequently spoken of as” the modes. ” This chapter is concerned with
339

340

Transient

BEHAVIOR

[SEC. 81

these modes of oscillation only, although it is possible that some magnetron phenomena involve modes of other types.
Throughout the
discussion only cases in which N is even are considered.
It has been shown by Hartreel that when a Fourier analysis is made
of the electric field in the interaction space, the only components associated with a mode of number n and frequency f are those which have
angular velocities of f 2uf/~, where ~ = n + mN and m is an integer,
positive or negative.
If the mode is to be excited by the space charge,
it is necessary that something like a condition of resonance be established
between the angular velocity of the electrons and some one of the Fourier
components mentioned above.
Hartree’s condition2 is
v–

v,

=

2+7 (1? –

B,),

where

and

The value of V given by this formula is, theoretically, the minimum
d-c voltage, at magnetic field B, at which electrons can reach the anode
when an alternating field of infinitesimal amplitude is applied; it should
therefore represent a condition for the starting of oscillations in the
y-component.
At magnetic fields less than By, oscillations in the ~-component should not start at alI. So far, excitation has been observed
only through components for which m = O or — 1. The symbol (y/n/N)
is adopted here to indicate, in order, the component number, the mode
number, and the number of oscillators; thus (5/3/8) indicates the (7 = 5)component exciting the (n = 3)-mode in an eight-oscillator tube.
In
common practice, this condition is sometimes referred to as the” 5-mode. ”
It should be emphasized that the (5/3/8)and (3/3/8)-modes
are
identical in so far as wavelength and r-f field configurations in the cavity
are concerned.
They differ only as regards the conditions within the
space charge. The above equation may be represented graphically as in Fig.
8“1, which shows the Hull cutoff parabola and the Hartree lines for the
modes commonly observed in eight-oscillator strapped magnetrons.
On
the baais of this diagram it should be expected that at a magnetic field
equal to B’, excitation of the (n = 3)-mode should start at voltages
V’ and V“’ and of the (n = 4)-mode at V“; at V“” the tube should draw
current without oscillating.
1D. R. Hartree,CVD P-sportNo. 1536, Msg. 17.
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In the actual operation of a magnetron it is found that at constant
magnetic field the voltage at which a tube runs in a given mode increases
with the direct current drawn and with the degree of loading of the r-f
circuit. The d-c voltage relations for the (4/4/8)-mode
of a typical
eight-oscillator magnetron (the 2J32) for several different values of
load at one fixed value of magnetic field are shown in Fig. 8,2. It may
be observed that oscillation (at finite amplitude) is possible at a voltage
somewhat below the value given by the Hartree formula.
At constant
current and load the voltage increases linearly with the magnetic field.
Similar relations between B, V, 1, and load are observed for components

v

v

H&?e
voltage

I

F1~.S.1.—Schematic

Hartree diagram
an eight-oscdlator magnetron.

of other

modes,

alt bough

they

for

cannot

FIG. S2.-Current-voltage

relations
the (4/4/8)-mode
of an ~ight-oscillator
magfietron
at constant B with various
values of load (schematic).
be

followed

over

so great

a range.

some of the modes for which n # N/2 are so
weakly coupled to the output load that it is impossible to exert an-y
appreciable influence on them by varying the external load.
In such
cases the output power may be so low that the wavelength can be measured only with difficult y, even though the mode is strongly excited.
For questions having to do with mode selection, one is frequently
interested simultaneously in the (V, I)-relations of several components,
all at the same ma@etic field and at a fixed setting of some matching
device in the output transmission line. The relations may be represented
by (V,l)-diagrams,
such as those shown in Fig. 83.
The voltage of
each component is, to a first approximation, equal to its Hartree voltage.
The difference between the actual voltage and this approximation
depends upon the load and the current, as is illustrated for a (4/4/8)component in Fig. 8.2. However, it is important to remember that a
It sometimes

happens

that

I
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6xed setting of the matching device implies a different degree of loading
for each mode, both because of the differences in coupling and because of
the frequency sensitivity of the matching device.
Thus, adjustments of
the device may affect two modes oppositely and may interchange the
relative positions, in a ( V, I)-plot, of the curves for two components
with nearly equal values of -yA. As the magnetic field is changed, the
(V,l)-diagram
changes in accordance with the curves shown in Fig. 8“1.
The cutoff curve of Fig. 8.3 is drawn as it is observed in magnetrons
It has sometimes been confused with a
of the type under discussion.
The fact that the current increases
noncoupled mode of oscillation.
continuously rather than discontinuously at the cutoff voltage is a wellThe
known discrepancy between magnetron theory and experiment.
cutoff

cutoff
v

krEr
I
v

(u) B< B3

gz

I
(b)B> B~

v

v

I
(c) B XB5

.~

I
(d) B> B5

(V,Z)-relations
for an eight-oscillator
magnetron: (a) and (b)
difference between modes and (c) and (d) with large wavelength
N.O. indicates a ncmoscillating state.
difference between modeu.
FIO. 8.3.—Schematic

with small wavelength

curve has been identified with cutoff because the bend occurs at approximately the correct voltage, because the voltage varies quadratically
with the magnetic field rather than linearly as do the modes, and because
the current follows the application of voltage instantaneously (as far
as can be observed) rather than with the delay of a few hundredths of a
microsecond which is associated with the oscillating states.
The nonoscillating state just above the (4/4/8)
component indicated in Fig. 8.3b and d generally escapes observation because with
many tubes it can be observed only if the pulser has special characHowever, such nonoscillating states seem to occur whenever
teristics.
adjacent components are widely separated in voltage.
Apparently, oscillations can persist in just one mode at a time.
At least the author is unaware of any instance in which a magnetron
has been observed to oscillate in two modes simultaneously and continuous] y for as long as. a very small fraction of a microsecond.
However, it is very common for oscillations to change from one mode to
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another. Changes of mode may take place in either of two ways:
One or the other of two modes pay be excited at successive turn-ens
or pulses, or oscillation may suddenly shift from one mode to another
during the continuous application of voltage.
In either case operation
in each of the modes appears to be normal; that is to say, when the
respective instantaneous currents and voltages are plotted in a (V,l)diagram, the resulting lines for each mode appear as in Fig. 83, and the
data join on continuously with (or may even overlap) those taken with
the tube operating entirely in one mode or the other.
8.2. Steady -state Propetiies of the Pulser.-The
effect of thecurrentvoltage characteristics of the pulser in determining the voltages and
currents at which a tube may operate in any one of the various modes is
now considered.
For the present, the dk,cussion is restricted to steadystate operation, thereby excluding the very rapid transients that occur
at the beginning of oscillation or within an intrapulse transition from one
mode to another.
(Experimental details of the measurements will be
discussed later.)
If instantaneous currents and voltages for each mode are observed
when a tube is changing from one mode to another, then for each setting
of the pulser-supply voltage one
\
I
obtains a pair of voltage and curVI
\’\
rent values, which, when plotted,
\\
are found to lie as shown in Fig.
\\\
\\\
8.4a. The solid lines represent
the ( V, I)-characteristics
of the
respective modes. The dotted
lines which may be interpreted
as (V,l)-characteristics
of the
pulser are drawn through pairs of
points (one point for each mode)
,
1
that are observed with the same
I
I
value of input voltage to the
(a)
(b)
modulator.
This interpretation
FIG. 8.4. —(V, I)-relations
for a magis confirmed by repeating the netron that is changing modes. In (b) the
internal resistance of the pulser has been
experiment with a resistor conincreased over that of (a).
nected in series with the cathode
lead of the magnetron to increase the internal resistance of the rmlser.
The (V, I)-poin& are then found to lie as illustrated in Fig. 8.4b, aid the
change in the slope of the dotted lines is equal to the negative of the value
of the added resistance.
The (V,l)-characteristic
of a hard-tube pulser maybe related directly
to the (Ip,llP)-curves of the tubes in the final stage. If the characteristic
of the tube (or parallel arrangement of tubes) is such as that shown in

I

\
1

v

‘J+’(I
‘w
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Fig. 85a when the control-grid voltage is equal to that delivered by the
driver, then the (V,I)-characteristic
of the pulser is like that shown in
Fig. 8.5b, where the supply voltage is represented by V’.
In spark-gap, thyratron, and
other line-type pulsers, the pulseforrning network behaves approximately as a constankvoltage
generator of emf equal to the
potential to which the line is inL
tially charged, in series with an
ohmic resistance
equal to the
characteristic impedance of the
46)
(a)
network.
During
steady-state
Fm.
s.5.—(a)
(Ip, V=)-characteristic
of
tubs
in output stage of hard-tub
pulser; (b)
operation the associated pulse
(V,&characteristic
of the pulser of (a).
transformer functions essentially
as an ideal transformer.
Thus the characteristic of such a pulser is a
straight line, aa shown in Fig. 8.6. Usually the pulse-forming network is
matched to the magnetron at the operating current and voltage, as at P

\

v
\

v

‘\

\
\“
\\P

1
N.O.

-D

I
Ib.

8.6.—(V,I)-characteristic
pulaer.

of a line-type

Fm.

8.7.—Comparison
of (V,I)-character.
istics for different pwlsers.

in Fig. 8.6, so the open-circuit voltage is just twice the normal operating
voltage of the magnetron.
Although the (V,l)-relationships
of the pulser and magnetron
together result only in necessary conditions which must be satisfied by
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the steady-state currents and voltages of whatever modes are excited
(the actual selection of modes being influenced by still other factors),
they provide an explanation of many of the variations that are observed
when tubes are tested on different pulsers. As an illustration, consider
the ideal case represented by Fig. 8.7. A magnetron having the characteristics shown is to be operated in the (4/4/8)-mode
at the point P.
Only selection among the (4/4/8)and (3/3/8)-modes
and the nonoscillating states is discussed; it is assumed, as is commonly the case,
that there is no interference from the (5/3/8)-mode.
Curve A represents
a line-type pulser, which obviously will permit operation in either the
(4/4/8)- or the (3/3/8)-mode.
Curve B represents a hard-tube pulser
with a large reserve of current-carrying capacity which permits operation
only in the desired mode.
Curve C is typical of a hard-tube pulser
operated near the upper limit of its capacity; it offers the choice between
the (4/4/8)-mode
and the nonoscillating state. Curve D illustrates a
hard-tube pulser at plate-current saturation, which will permit operation
in the (4/4/8)- and (3/3/8)-modes,
just as does the line-type pulser.
8.3. Types of Mode Changes.—As has been mentioned in Sec. 8.1,
One form consists of a
changes of mode may take either of two forms.

/nA_ih.u

(a)
FIG.S.S.—Symptoms of

(b)

(c)

(a) The voltage pulses, (b) the current pulses, and
a mode skip.
(c) the spectrum.

random alternation between two modes at successive turn-ens or pulses;
this type will be referred to as a “mode skip. ” The other form is a
transition from one mode to another during the continuous application
Sometimes
of voltage; this type will be designated as a ‘f mode shift. ”
the :WO forms appear in combination.
The mode skip is the more common form in pulsed magnetrons.
Its
symptoms are double voltage and current pulses such as are shown in
Fig. 8.8a and b and a spectrum that, with the conventional analyzer,
appears to have lines missing as in Fig. 8.8c. The proportion of the
numbers of pulses in the respective modes changes with power-supply
volt age, usually continuous y as indicated in Fig. 8.9; but because of a
sort of instability connected with the regulation of the power supply, a
sudden transition from all pulses in one mode to all pulses in the other
may take place when the power-supply control
is than ged gradually.
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(This instabtity is discussed at greater length in Sec. 8.7.)
Mode skips
are generally attributable to failures to start, or” misfiring, ” in the lowervoltage mode and in many cases can be eliminated by su5ciently reducing
the rate at which voltage is applied to the magnetron.
A mode shift in a pulsed magnetron results in current and voltage
pulses such as those illustrated in F’ig. 8.10. (This figure represents a

m

100
4 Loweerw&eRege
=:
~~
:2
8= High;.vcltege
o

Power.supply
voltage+

FIQ. S.9.—Effect of power-supply voltage on the distribution of pulses in a
mode skip.

r’LA
(a)

u))

FIG. S. IO.—The pulses of (a) voltage and (b)
current that are associated with a mode shift.

shift from a lower- to a higher-voltage mode, but shifts in the opposite
direction also occur.)
The spectra of the respective modes have no
“missing lines” but are somewhat broadened because of the shortened
effective pulse in each mode.
Mode shifts may be considered to result
from the loss of stability in the initial mode of oscillation.
The condition of instability may be reached as the result of a change (however
gradual) in the operating conditions or, conceivably, as the result of
In many cases it is quite sensitive to
changes within the magnetron.
the load on the r-f circuit.
Mode shifts can be especially troublesome
in c-w magnetrons that are amplitude-modulated.
Methods
of Observation.—In formation about the dynamics of the
types of phenomenon just mentioned has been derived principally from
observations on pulsed magnetrons.
Measurements
with a
Pulser
peak voltmeter and average-curMagnetron
rent meter are entirely inadequate
Voltage
CRT
for such studies.
It is possible to
divider
Current.
construct diagrams such as Fig.
viewing
resistor
83 point by point from measureB
(V,I) oscilloscope
ments of instantaneous current
FIG. 811,-Schematic dla~ram of an and voltage made with a synchrooscilloscopeused for automaticplotting of
scope, but a more convenient and
voltageagainstcurrent,
satisfactory method is to connect
the cathode-ray tube as shown in Fig. 8.11 so that the tube itself plots voltage against current automatically.
As a first approximation, for each
setting of power-supply voltage this arrangement yields one point in a
(V,l)-pIot corresponding to the flat portions of the pulses or two points in

I
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This limitation can be overcome, however,
case the tube changes modes.
by modulating the power supply at a low frequency—say 60 cps—so that
the successive pulses, during one complete sweep of the power supply,
trace out a complete diagram.
To make the arrangement practical, the
cathode-ray tube must be intensity modulated, somewhat as in the synchroscope, so that the beam is on only during pulses.
Actually, since both current and voltage vary continuously throughout
traces out a closed curve for each
a pulse, the beam of the ( V, I)-scope
pulse, and the form of the curve is related to the transients.
Figure
8.12 represents schematically
a typical (V)l)-trace,
correlated with
the corresponding parts of the voltage and current pulses. The current
maximum at i’1arises from charging the capacitance associated with the
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in which
the (V,l)-scope
may be used.
To view the steady-state characteristic, the intensity modulation is set
to bring out the flat part of the pulse (t~ to t4in Fig. 8.12) and the power
SUpply is modulated.
To view the transients, the intensity modulation
is set to bring out the appropriate portion of the pulse—the leading edge,
for instance—and the power-supply voltage is held fixed. When the
apparatus is arranged so that the change from one type of observation
There

are

thus

two

ways
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to another can be made quickly and so that the various controls can be
manipulated without interrupting the observations, it is possible to survey
the behavior of a magnetron very quickly.
8.4. Survey of the Process of Mode Selection.—As a preface to the
detailed dkcussion of the observations on mode selection, the pattern
into which they fall is summarized here, and it is shown how the ( V,l)traces provide a convenient basis for discriminating between the various
types of mode-selection processes.
The characteristic feature of the (V,l)-trace
in a mode skip is the
branching illustrated in Fig. 813, where the heavy arrowed curves
represent the two alternative paths of the ( V, I)-point, one to Mode A

s

v

v

c/

I

1
FIG. 8. 13.—Mode
skip determined
speed of starting in tbe lower mode.

I
by

FIG. S.14.—Mode
skip governed by ru,,tpetition between two modca.

and one to Mode 1?. As will be shown later, modes widely separated
in voltage have associated with them distinct regions of the (V, I)-plane
within which oscillations in one, and only one, of the modes can build
up and sustain themselves; these regions are indicated by shading in
Fig. 8.13. When voltage is applied, as at the beginning of the pulse,
the ( V, I)-point rises to within the starting region of the lower mode
where oscillation and consequently d-c current build up. If the buildup
is sufficiently rapid, the ( T’,1)-point may be held within this region
because of internal drop in the pulser, even though the open-circuit
voltage of the pulser lies above this region.
However, if the buildup
is less rapid (relative to the rise of open-circuit voltage of the pulser),
the current and voltage point may pass OU1side the region of the lower
mode—whereupon oscillations in Lrodc A q~lickly die out-and
thence
into the oscillation region of Llodr l?. Drpending upon circllmstances,
the ( V, I)-point might eventually come to rest on the steady-state characteristic of B or on the cutoff curve some\vhere above B; it might also fall
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short of entering the region of the higher-voltage mode and come to rest
at a nonoscillating state—say at C—between the t\vo regions, as shown
in Fig. 8.13. All the above possibilities are, of course, subject to the
relations discussed in Sees. 8.1 and 8.2. It is clear that in this type of
mode selection the controlling factors are the speed ~vithwhich oscillations
start in the lower mode and the characteristics of the pulser, particularly
the rate of rise of voltage; there enters no element of competition between
the two modes directly concerned.
A variation of the mode skip is illustrated by Fig. 8.14 in which two
modes are so close together in voltage that their oscillation regions
overlap extensively.
Here it maybe supposed
that oscillations start in both modes simultaneously but that during the later stages of
buildup the nonlinearities in the space charge v
enter in such a way that one of the modes gains
predominance and eventually &ppresses the
other. If the competition were very evenly
balanced, the outcome might be determined
by random fluctuations; hence a mode skip
would result that, contrasted with the type
described earlier, would be very little influenced by the rate of rise of the applied voltFIG. 8.15.—Mode
shift
age. Direct interaction between modes might
b; suspected of being an important factor
~~~dm~ei~t~b~~~ur~~n~~
whenever two modes have components with
nearly equal values of 7X. However, as will be discussed in more detail
later, the above condition alone does not appear to be a very good index
of the importance of interactions.
The mode shift is an entirely different sort of selection process and is
characterized by a (V,l)-trace such as is illustrated in Fig. 8.15. This
drawing corresponds to a case in which the rise of voltage is relative] y
slow, so that after the initial stages of buildup, the ( V, I)-point proceeds
toward higher currents along the steady-state characteristic of Mode A.
Eventually a point of instabilityy is reached; the oscillations in A cease
to be self-sustaining; and as they die out, the (V,l)-point moves upward
quickly, more or less along the pulser characteristic.
Figure 8.15 represents a case in which the (V, I)-point then enters the oscillating region
of Mode B and eventually comes to rest on the steady-state characteristic
of that mode.
In case the modes are widely separated and the pulser
has a low impedance, the ( V, I)-point may arrive at a nonoscillating
state between Modes A and B. If the magnetic field is too low to permit
oscillation in Mode B, the ( V, I)-point will end on the cutoff curve.
In addition to the sort of shift that has a (V,l)-trace
of the type

,I
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illustrated in Fig. 8“15, there are sometimes observed shifts with ( V, I)traces like those illustrated in Fig. 8“16. These transitions can arise
only from an interaction between modes; for if the primary event were
simply the cessation of oscillations in the initial Mode A, the current
(which can flow only because of the oscillations, since the voltage remains
well below cutoff throughout) should tend to decrease and the voltage
to rise during the transz”tion-which is opposite to what is observed.
Evidently, while the tube is in Mode A, a condition is reached that
permits B to build up, and eventuality the oscillations in B reach a great
enough amplitude to suppress A.
The mode instabilities that have been investigated most thoroughly
are the mode skip of Fig. 8“13 and the mode shift of Fig. 8“15. These

v

.---A

K
●

//-B

I

I

(a)

Frm 8. 16.—Mode

shifts caused by competition

I
(b)
between modes.

are dkcussed separately in detail in Sees. 8.5 and 86.
The more complicated phenomena, in which interactions between modes play an
important part, have so far been studied only more or less incidentally
and are considered in Sec. 8.12.
8.5. The Mode Skip.-As
a rule, mode skips are encountered when
attempts are made to operate pulsed magnetrons at high currents, and
in many such cases the mode skip can be attributed to misfiring in the
desired mode of oscillation; that is, the mode-selection process is of the
type illustrated by Fig. 8“13.
The manner in which a mode skip caused by misfiring usually develops
when increasing voltages are applied to a magnetron (at constant magnetic field) is illustrated by the series of (V,l)-traces
reproduced in
Fig. 8“17a to f.
A complete steady-state characteristic taken at the same magnetic
field is shown in Fig. 8“18. In Fig. 8.17a, the voltage is just below that
at which oscillations start; in Fig. 8.17b and c, oscillations start at every
pulse, and the steady-state current increases as the voltage i$ raised.
At higher voltages, oscillations start in the lower mode only during some
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of the pulses, but in such pulses the steady-state current continues to
increase with applied volt age. In Fig. 8. 17d and e, failure to start in
the lower mode results in a transition into a nonoscillating state, but

-..——.

.——. .—.
.- ..<

[
.- —...

(e)

‘

. ..—. —

I

..._

.._.

FIG. S 17.—( V,I) -traces of a mode skip arranged in order of increasing voltage.
Only the trace corresponding to the rising edge of the pulse is shown.
(a) Below oscillations; (b) beginning of oscillations; (c) middle of oscillation region; (d) beginning of misfiring; (e) misfiring into the non oscillating state; (-f) misfiring into a higher-voltage mode.

i
with a still greater applied voltage (Fig. 8. 17j) the (V, I)-point continues
upward through the nonoscillating state and into the higher-voltage
mode.
Additional evidence that misfiring in the lowervoltage mode is the primary cause of the mode
skip when the modes are widely separated in voltage is provided by the fact that the proportion of
pulses in the higher-voltage mode (or alternatively,
the nonoscillating state) can be decreased by reducing the rate at which the voltage rises at the
leading edge of the pulse. With a sufficiently slow
rise of voltage, the upper mode is suppressed
FIG. 8. 18.—Steadycompletely.
Thk behavior is readily understood
state characteristic of
on the basis of the discussion of Fig. 8.13. (The
the mode skip illustrated
possibility that a mode shz”t may occur when the in Fig. S.17.
rise of voltage is made very slow does not affect the validity of the
argument. ) The effect is further discussed in Sec. 8.9.
8.6. The Mode Shift.-The
type of mode shift that seems to occur
most commonly and about which most is known is that illustrated in

352

TRANSIENT

BEHAVIOR

[SEC.

8.6

Fig. 8.15, in which the transition is caused by simple instability in the
initial mode of oscillation.
In many cases the instability at high currents
appears to result from an inherent property of the space charge in the
oscillating magnetron, although in others it is definitely attributable to a
deficiency in the electron emission from the cathode.
The inherent instability shows up most prominently in magnetrons
scaled to operate at low voltages, particularly in tubes designed for c-w
operation.
Its outstanding characteristic is a strong dependence of the
limiting current upon the r-f load; lighter loads (large loaded Q’s) permit
oscillation to continue to higher currents. The effect was recognized
first by R. N. Hall and L. Tonks of the General Electric Company,
Schenectady, N. Y., who encountered it in the course of developing c-w
magnetrons for radar countermeasures.
The conclusion that this limitation on current is an inherent property
of the magnetron such as can occur even when the emission from the
cathode is limited by space charge is based on the facts that the observed
limitation does depend strongly on the load and that the effects observed
in a wide variety of magnetrons show a qualitative consistency.
However, the impossibility of ascertain10~
ing to what degree the emission is
actually limited by space charge in
t
v
an oscillating magnetron precludes
any precise analysis of the data
available.
Figure 8.19 shows the limiting
5 current that may be expected for
various values of load. The plot is
presented in the form of reduced
variables (see Chap. 10). Operation at a given load is possible only
to the left of the load line. In
oo~
addition to the uncertainties meni4
tioned, there is some question as to
Fm. S.19.—Limiting current as a function Of load conductance.
The parameters
how exactly effects in dissimilar
are expressed in reduced variables.
magnetrons can be correlated by
means of reduced variables, so that pre~ctions based on Fig. 8.19 ma;
well prove to be in error by a factor of 2 in special cases.
In most of the magnetrons designed for pulsed operation the inherent
limit on current cannot be demonstrated, because these tubes run at
high current densities, so that other limitations, such as low emission
or sparking from the cathode, appear first. It has been observed, however, in low-voltage pulsed tubes (for example, the experimental LL3
magnetron described in Sec. 8.9) by the application of a heavy load and
a slowly rising pulse.

TIIE

SEC.w]

MODE

353

SHIFT

Another type of limitation on current shows up in some tubes when
the cathode is abnormally poor or IVhen it is run at a subnormal temperature, and this limitation is thus attributable to inadequate emission.
Usually when the current is limited by cathode emission (includlng

FIQ.S 20.—Steady-state
heater power.
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F1~.S.21 a.—Steady-state characteristic showing misfiring into the cutoff curve.
FIG. S21b.-Steady-state
characteristic for the same conditions as Fig. S.21a, but with
There appears an upper limit to the
a 500-#wf condrnser in parallel with the magnetron.
amount of current that can be drawn in the main mode.
FIG. S21C.-A
(V, I)-trace for a voltage setting on the cutoff curve of Fig. S21b.
(Note
that oscillations which build UP in the main mode become unstable at high current.)

FIG. S.21d,—The curent pulse of F~g. 8.21c indicating the relative lengths of time
involved in this transition.
(Note also that sometimes the tube misfires directly into the
cutoff curve.)

the cathode.
The four parts of Fig. 8.20 demonstrate this behavior
in the LL3.
A good example of how a poor cathode can cause a tube to behave
abnormally because of a mode shift is provided by some 725 magnetrons
that had received very severe treatment.
Normal 725 tubes operate
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with no evidence of mode instabilities; but in testing these tubes on a
hard-tube pulser which had a very slowly rising pulse, it was observed
that oscillations started with each pulse but ceased as soon as the current
rose to about 30 amp.
Examination then showed that the pulsed primary
emission was hardly detectable.
Pulsed tubes normally do not exhibit a mode shift unless they do have
very poor cathodes and the rate of rise of the voltage pulse is sufficiently
slow, because misfiring takes place instead, when the voltage is raised
in the attempt to increase the current.
As an example, Fig. 8“21a shows
a steady-state (V,l)-diagram
of the LL3 taken at a low magnetic field.
(The upper “mode” in this case is the cutoff curve.)
When a 500-~~f
condenser is shunted across the modulator, the misfiring is eliminated,

v

/
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I

Fm. 8.22.—Schem8tic
diagram of the
trace shown in Fig. 8.21c of a mode instability.

I

t
I

‘k

t—
FIG. S,23.—A current pulse showing
excitation of a low-voltage
mode at the
beginning and end of the pulse.

and a mode shift occurs. The steady-state characteristic for this case
is shown in Fig. 8. 21b, and the corresponding ( V, I)-trace and current
pulse for a high-voltage pulse are shown in Fig. 8“21c and d. These
figures show that the misfiring has not been completely eliminated.
The
(V,Z)-trace of Fig. 8“21c is copied schematically in Fig. 8“22; the arrows
show the direction of motion of the ( V, I)-point.
Sometimes a mode shift occurs very early in the pulse, so that the
lower mode is excited for only a brief interval at the beginning of
the pulse and for another brief interval at the end of the pulse when the
voltage falls again within the starting range. The current pulse then
has the shape indicated in Fig. 8.23. The suddenness of the transition
from a normal current pulse to one of this type maybe accentuated by an
instabllit y of the combination of magnetron, pulser, and power supply,
which will be discussed in Sec. 8“7. If, ss is usual in such cases, the
limiting current is a function of cathode temperature, peculiar time
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lags may be observed, since the heating by back bombardment maybe
very different in the two conditions of operation.
Shifts in which the second mode has a lower voltage than the initial
mode have been observed to occur in two ways, corresponding to Fig.
b.
Type a, in which the instability setsa lower limit to the
816aand
current in a higher-voltage mode, requires special conditions for its
observation—namely,
that a higher-voltage mode be reached initially
(as a result of misfiring or high-current instability inthe lower mode)
and that the voltage then fall so that the lower current limit of the highervoltage mode is approached from the high-current side. This SOI%of
transition has been observed only between closely spaced modes; it is
exhibited well in some unstrapped X-band tubes (specificaUy, the 2J21).
Practically, it does not seem to be of much
import ante.
Type b, as shown in Fig. 8“16b, was
V
observed in an experimental tube (the
LM2 produced by the Raytheon Manufacturing Company) in which the 2J39
anode block is strapped to a wavelength
of 12.3 cm. When run on a hard-tube
pulser, this tube has a steady-state characteristic for certain loads such as is indicated by the heavy curve in Fig. 824.
Here, misfiring in the (4/4/8)-mode
on a
medium-voltage pulse leads to the nonFxrJ.
S.24.—Asteady-statecharacteristic of the LM2. At high
oscillating state N. O.; but a higher-volh
voltagegthef-componentis excited
age pulse, which rises to where the
at the startof eachpulse.
(5/3/8)-mode should start, results instead
Close observation of the current
in the excitation of the (4/4/8)-mode.
pulse shows, however, that the (5/3/8)-mode
is actually excited for a
brief interval at the beginning of the pulse.
8.7. I.nstabilky of the Power Supply: “Mode Jumps? ’—When a mode
change takes place in such a way that an increase in applied voltage
results in a decrease in magnetron current, complicating phenomena
For instance, pulsed magnetrons sometimes exhibit a very
may occur.
sudden change from one mode to another, apparently with no perceptible
transition range. This phenomenon—occasionally
referred to as a
“mode jump “-has
sometimes been interpreted as a distinct type of
change different from those which have been described in preceding
sections. Actually, such behavior is a result of instability of the combination of power supply, pulser, and magnetron rather than a special characteristic of the magnetron.
A power supply that consists of a rectifier and filter will, in general,
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have a time constant that is large compared with the repetition period
of the pulser, and its output voltage (as affected by internal regulation)
will be dependent upon the average current drawn by the magnetron
If the power supply has a condenser
rather than the pulse current.
output, the condition for stability is that

;+$>0,

wh~e R is the internal resistance of the power supply, 1 is the average
current, and Vis the input voltage to the pulser (considered to be equal
tothe open-circuit output voltage of thepulser).
In the case of a mode skip, the average current as a function of powersupply voltage can be computed ‘on the
basis of curves such as are illustrated in
Figs. 8.4 and 8.9. In general, an A’shaped curve such as is shown in Fig.
8.25 will result. With a power supply
that has a characteristic like that shown
by the broken lines, there will be a region
of instability.
As the supply voltage is
increased, there will be a jump from A to
B—the mode skip is observed as a
“jump.”
~
On the other hand, if the voltage is decreased, the jump will be from C
FIG. S25.-A
negative resistance
This hysto D; thus hysteresis occurs.
region offered to the power supPlY of
teresis effect seems to be present in all
the pulser because of a mode change
in the magnetron.
‘i mode jumps, ” and a close examination
of the current pulse just prior to the jump usually indicates the beginning
of either a mode skip or a mode shift.
Conditions that tend to make dI/dV have a large negative value are
that the transition (Fig. 8.9) occurs in a narrow range of voltage and
that the currents in the two modes be widely different for a fixed supply
voltage.
Both conditions are most likely to be fulfilled with a hardtube pulser inasmuch as a rapid rise of voltage at the beginning of the
pulse will tend to make the transition region narrow and a low pulser
impedance will tend to make the difference in currents large.
Under special conditions a mode shift in a pulsed magnetron can also
be influenced by instability of the power supply.
For instance, if the
shift is like that illustrated in Fig. 8.15 and the voltage rises throughout
the pulse, a small increase in supply voltage can cause the shift to a
lower current to take place earlier in the pulse and thus result in decreased
average current.
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It is obvious that conditions of instability can also arise with c-w
magnetrons and may lead to oscillations in the input circuit.
8.8. Outline of a Theory of Starting.-It
has been indicated in Chap. 7
that the type of analysis there applied to steady-state operation can be
extended to apply to transients, and this section is essentially an elaboration of that idea. Many of the general principles involved are derived
This treatment may be termed an
from a report by J. R. Pierce.’
“adiabatic theory” of starting, because it is based on the assumption
that the transient takes place so slowly that it may be approximated as
a continuous succession of steady states. Even under conditions where
the approximation is rather poor, the theory should give some insight
into the nature of the phenomena that take place.
Of course, it is
possible to conceive of conditions in which an adiabatic approach is
entirely inadequate, but it is not evident that such conditions are commonly realized in current practice.
The analysis of the steady-state operation has been based on the
fundamental relation
Ye+ Yc=o,
(1)
where Y, is the admittance of the space charge and Y. is the admittance
of the circuit.
In so far as admittances can be defined for transients,
the same relation must apply because it is simply an expression of the continuity of current. The discussion of Chap. 7 has indicated that the
admittance of a circuit has a defi!+%
nite meaning, and that it can be
computed from the usual formulas
by substituting the “ complex freLoad
YL
quency “ instead of the purely real
frequencies, for oscillations that
increase or decrease exponentially
v-l
with time. The admitt ante Y. of
FIO, S.!26.-Equivalent
circuit of a magnethe electrons is assumed to depend
tron.
only on the instantaneous values
of the applied voltage V and the r-f voltage V, not on their time derivatives—this assumption constitutes the hypothesis that the buildup is
adiabatic.
A detailed discussion will be given only for the case in which the
resonant system may bc represented as a simple parallel-resonant circuit
(Fig. 8.26) with admittance given by

Y. = Zc(p

–

=G~+2C

p.)

~~+j(@–OL)
[-

1 J. R.
1942.

Pierce,

“Oscillator

13chavior, ” BTL

1

,

(2)

MemorandumMM-42-140-60, Sept. 8,
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where -~p. iS the loaded, COmpleX,reOOnantfreqUenCy eqUal tO U. – jfL
Chap. 7). In so far as one is interested in the amplitude of the r-f
(see
voltage, but not the frequency, as a function of time, ordy the real part
of Eq. (2) need be considered; with the value of Y. substituted from
Eq. (l), it is
ld~

.—
rdt=zlnv=–

d

-

G, + GL

(3)

T

where G, is the electronic conductance and G. is the steady-state conEquation (3) h~s to be solved in conductance of the loaded circuit.
junction with relations that describe the dependence of G. upon ~ and
the input conditions.
The solution will contain a constant of integration
that is related to the noise level from which oscillations begin.
Equation (3) is now to be developed in such a way as to make direct
connection with the (V,l)-traces
which constitute the greater part of
the observational material on the starting of oscillations.
That is to
say, the behavior of the system will be followed by tracing its course in
the (V, Z)-plane.
As shown in Chap. 7, the properties of the space charge, at some fixed
value of magnetic field, may be expreeeed in the form

r = 7(VJ)

(4)

G. = G.(V,I).

(5)

and
(Because the magnetic field is ordinarily constant during any transient,
it enters only as a parameter and will not be included explicitly.)
It is
convenient to represent the functions ~ and G, by means of a “conductance map, “ which is constructed by drawing contours of constant ~ and
constant G. in the (V,l)-plane, as illustrated in Fig. 8.29. For the present,
it is assumed that the functions are known.
In the interest of simplicity, the reactance in the pulser and in the
input ..circuit of the pulser will be ignored, so that the pulser can be
described by a relation of the forrn~
v = v(I,t).

(6)

At every instant Eq. (6) defines a curve-the
instantaneous pulser
characteristic-on
which must lie the point ( V,Z) which describes the
state of the system.
It is convenient to make the following substitutions:
1With reactance, Eq. (6) must be repIacedby relationsthat contain derivatives
and integrals. An attempt to take reactance into acoount in a generalway would
involve one in the theory of the transient responseof networks, with the added
complicationof the magnetronse a peculiarcircuit element.

I
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G. + G.

–

(7)

~,

and
v
4(V’1)

= ln

(Fo

=

reference level.)

To”

(In the conductance map, conto~rs of constant $ are identical~except for
labeling, with those of constant V and the gradients of+ and V are in the
same direction; similarly for &and –G,. ) In terms of tandx,
Eq. (3)
takes the form
$*(V,I)

(8)

= t(v,z).

From Eqs. (6) to (8) the following relations maybe derived by differentiation:

-(%(91+’

g.
“

-

and
‘v_

(9)

(%1(%+(3”
(~)v(%+(%

a-(%)1(31+(%”

(lo)

These two equations give the velocity in the (I, V)-plane of the point
P which describes the system, in terms of known functions of the coordinates of P and of the time t. The result can be put into a form that can
be interpreted more directly, for inspection of the equations shows that
one tangent
to the instanthe velocity of P is the sum of two vectors,
taneous
pulser
characteristic
at P and of magnitude proportional to f,
contour
through
P and of magnitude
the other tangent to the constant-~
WI and W2 are chosen
as
proportional to (61V/&)r.
If two unit vectors
shown
in Fig. 827,
the velocity of P may be expressed as a vector W
where

of W for various
The direction
and ~ is indicated by sectors in
The
to

be

which
8.28,

quantitative
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point
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the resonant circuit indicated by
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displacement
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is so drawn that the increment
in ~ is equal to At times the value
of & averaged over the length of
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such measurements are confined to regions of stable operation, whereas
during a transient, region are accessible in which the system is
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inherently unstable.
Consequently
the functions must in part be
Inasmuch as existing measurededuced from observations of transients.
ments of transients are very crude, as judged by the present requirements, it is possible to make only qualitative deductions about the
behavior of G, and V in the regions not covered by steady-state
measurements.
From consideration of all the information available, it seems that the
conductance map derived from steady-state measurements (see Fig.

L

/

I—
Ihw S.29.—8chematic

graph of ; and G. as functions

of V and 1.

7.29a) should be extended in the general fashion indicated in Fig. 8.29
In Fig. 8.29
in order to explain the transient phenomena observed.
the constant-~ contours aresimply extrapolated from Fig. 7.29a and are
consistent with the premise that 1 should increase monotonically with
both ~ and V. The (~ = O)-contour resembles the current-voltage
characteristic of a magnetron without oscillators, as it is actually
observed.
The curving of the G. contours in the lower left part of the
diagram is introduced to explain the starting voltage and related phenomena, which are described in Sec. 8.9. (With regard to this feature
there is some uncertainty.
As drawn, the contours are entirely consistent with the observed behavior of pulsed magnetrons, but they are
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not precisely consistent with the characteristics of c-w magnetrons at
low currents, which are discussed in Sec. 9.2.)
The doubling back of the G. contours at high currents is designed to
account for the observed instabilityy at high currehs and for the fact
that the limiting current decreases as G~ is made larger. This phenomenon is described in Sec. 8’6. The G. contcurs are made to return
to the (~ = O)-curve at higher values of V (upper left part of the diagram)
in order to restrict the range of V in which oscillations can start and thus
states
indicated in Fig. 8.3 and further
to explain the nonosm”llating
described in Sec. 8“9.
The question of stability will be taken up first, and the types of
transient behavior that are connected with Fig. 8.29 will be considered
later. When the modulator characteristic is stationary, (dV/dt), = O,
and, according to Eq. (11), the intersections
of the (~ = O)- or
( –Ge = GL)-contour with the pulser characteristic should represent
stationary states. Such an intersection will constitute a state of stable
operation, however, only in case small displacements from it tend to
Since the input circuit is condiminish rather than increase with time.
sidered to be free of reactance, any displacement from an intersection
P’ must occur along the pulser characteristic and can be represented by a
distance s. In the neighborhood of P’, the change in ~ can be approximated by (13$/ds)s and Eq. (11) can be written as

(12)
as
Thus, the condition for stability is that the right-hand side of Eq. (12)
be negative; that iq, ~ (or – G,) and ~ must increase in opposite directions
along the pulser characteristic.
However, it is doubtful if the condition just mentioned is stringent
enough to ensure stability in an actual case, for this condition is based
on the assumption that reactance are entirely absent from the input
circuit, although they can never be eliminated completely in practice.
If reactance are included, P is not constrained to move along the steadystate pulser characteristic, and additional possibilities arise. According
to the condition that has been derived, stable operation could be achieved
in the upper portion of Fig. 8“29 by the somewhat artificial but not
altogether impossible expedient of using a pulser with the proper negative internal resistance, but it seems implausible that this would actually
work. Very probably oscillations of one sort or another would take
If reactance
are taken into account,
the input
place in the input circuit.
circuit

will,

in

general, have a multiplicity

of normal modes

(in the
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conventional network-theory sense), and for stability it is required
that all of these modes shall be positively damped.
It seems reasonable to conclude that with a normal pulser (with
pow”tive internal resistance) stable operation is limited to the lower
part of Fig. 8“29, where –G. increases with V. At low currents, operation can be stable only if the internal resistance of the pulser is large,
o

v

t

I
;

v’

(a)

I-

(b)

!0
v
v’

I—
(c)
It is to be noted that the coordinates are
Fm. 830.-Examples
of transient behavior.
input current and voltage; the lime enters only as a parameter, which increases along each
of the paths in the direction indicated by the arrowa but the exact time dependence of V
and I is not shown.
and

even
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trated in Fig. 8“30, have been arrived at by qualitative considerations
based on Eq. (11) and Fig. 8“27, but there can be little doubt that the
procedure illustrated by Fig. 8“28 would lead to substantially the same
Cumes.
The shaded area of Fig. 8“30 (where $ is positive) is the region in which
oscillations always increase with time; outside the shaded area, oscillations always decrease with time. It is assumed that the pulser is simply
a voltage source with internal resistance r,
and the applied open-circuit voltage is in the
form of the pulse illustrated’ in Fig. 8.31.
In Fig. 8.30a and b, which applies to the
.%
first half of the pulse shown in Fig. 8.31, the
E
open-circuit voltage rises at a uniform rate to
.--—v’
a final value V’ as indicated and then remains
fixed. In Fig. 8.30c, which applies to the
second half of the pulse, the open-circuit voltTimet age, having remained at the value V’ throughFm. 8.31 .—The open-cirout the period of steady-state operation, falls
cuit pulser voltage as a function of time.
to zero at a uniform rate. In Fig. 8.30a, V’
lies within the starting range; that is, the line V = V’ – rI ~the steadystate pulser characteristic) cuts the (~ = O)-curve in the region in which
~ is positive.
One steady-state condition, represented by the point O, is reached
invariably, regardless of how rapidly or sIowly the voltage is applied
at the beginning of the pulse. The series A to D illustrates the variation
in path as the rate of rise of voltage is increased.
In Fig. 8.30b, V’ lies outside the starting range, and therefore two
steady states are possible: the oscillating state O reached by paths
A’ and B’ and the nonoscillating state N.O. reached by paths C’ and D’.
In cases where this nonoscillating state is reached, the phenomena
illustrated by Fig. 8 .30c occur during the failing edge of the pulse. In
Fig. 8.30c path A“ represents the limiting case in which the rate of fzll of
volt age is sufficient y slow that the final decay of oscillations occurs
Path D“
along the steady-state
characteristic
of the magnetron.
represents the opposite extreme where no oscillations at all occur, and
C“ and B“ are intermediate.
The nature of the (V,l)-curves is greatly influenced by the fact that
the gradient of $ is very large in the neighborhood of the ( ~ = O)-contour.
The point P enters the positive-~ region closely alongside this contour,
because the noise excitation of the resonant circuit is relatively small,
.G

I-CL

&

I Figure 8.31 does not represent the voltage
it simply represents
draw current.

the voltage

that

would

across the magnetron
exist

there

output

if the magnetron

terminals;
did not

!
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and departs from it only very slowly at first. It is just this circumstance
—that oscillations must build up for some time before the current Z is
affected appreciably—which
gives rise to the possibility of misfiring
when the voltage is applied very rapidly.
The noise in the resonant circuit has been treated, so far, as a conIf fluctuations in the noise are taken into
stant, which it actually is not.
account, each of the three cases represented by a single path in Fig. 8“30
should be shown as a bundle of paths.
Ordinarily the bundle wifl be
narrow; but if conditions are critical, so that the fluctuations determine
which of two widely different general courses will be followed, the
bundle will spread out. Thus a path such as C’ may become fuzzy,
as illustrated in the insert of Fig. 8“30b. For some purposes it may be
necessary to consider the dependence of the noise on time, for the noise
excitation depends on the input conditions, and the amplitude of the
noise voltage in the circuit will have its own law of buildup.
The time relations along any given (V,l)-path
may be computed
by means of the line integral

“’-’’=
R=CG%$

(13)

The speed of starting is sometimes expressed
taken along the path.
in terms of the starting time, which is the interval required for oscillation
to build up to the point where the r-f output and the increase in input
current are easily perceptible on instruments generally used to measure
the final or steady-state values of these quantities.
The starting time
will be least when the early stages of buildu~in
which the greater
part of the increment in In ~ has to be covered—take place where $ has
its maximum value, which is somewhere near the middle of the starting
range.
It is informative to express the starting time At in terms of an “ effective Q for buildup” Q, according to the relation
At = – ~ Q~A in ~z == –1.22

X 10-llXQBA ]oglo ~z.

(14)

The orders of magnitude that seem to be generally involved, for 10-cm
pulsed magnetrons, are At = 10–8 see, QB = – 20, and A log,O ~z = 4.
It is interesting to inquire into the implications, as related to transient
behavior, of the same scaling relations that are used to systematize the
steady-state properties of magnetrons.
This may be done by expressing
the various quantities that enter into Eq. (3) in terms of the “reduced
variables “ introduced by Slater. 1 According to the ideas of dimenI J.
1943.

C.

Slater,

“Theory

of Magnetron

Operation,”

FtL Report,

No. 200,

Mar.

8,
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sional analysis, there exists for each mode of each magnetron a set of
“characteristic parameters” @, V, and 4, such that Eqs. (4) and (5) have a
universal form when expressed in terms of the dimensionless “reduced
b = B/@, etc. It is convenient to
variables”
u = V/’U, o = ~/v,
introduce also the ‘(characteristic conductance”
s = tJ/11.
In what follows, the discussion will be restricted to the

(N/w’o~

.-

component, and it is assumed that the cathode-anode ratio is chosen
Subaccording to the widely used formula T./T= = (N – 4)/(N + 4).
ject to these restrictions, the expressions given by Slater for the characteristic parameters can be written in the forms
ifcml
‘=TZX
w =Z@:s,

4
() l+m’

2

()

(15)

1

J
The formulas have been put in the above
where AN = 1.24 + (9.6/N).
forms to clarify the dependence upon the number of oscillators N. The
expression for 4 agrees within 5 per cent with the more complicated one
given by Slater se long as N is not less than 8.
When written in reduced variables, Eq. (3) can be put in the dimensionless form

~
d;

in O(V$) =

-g.(v,i)

(16)

– g.,

a

where

t.= $.

●

The parameter t,may be treated as the “characteristic
time interval
for transients.”
From Eq. (15) it is evident that the transient behaviors
of two magnetrons should be compared on the basis of their respective
However, even on this basis Eq. (15) will not have
reduced times t/t,.
identical types of solutions for the two magnetrons unless the pulsers
are appropriately scaled, that is to say, unless Eq. (6), when written
for each of the pulsers in the reduced variables appropriate to the magnetron with w~ch the pulser is associated, take; & &e identical fo&
V=v

t
i,-.
t,
()
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If it is assumed that the last condition is fulfilled-which
is never
the case in practice—there still remains the question of the initial conditions that represent the noise. Here it appears that the principle of
similitude breaks down, for it would require that the charge on the elecIt seems not too unreasonable to
tron be scaled to the magnetron.
suppose that the noise has some relation to the shot effect, which invol~es
e rather than the quantity e/m, which appears in the scaling relatiohs.
Thus, where noise is involved, the scaling relations can be applied only
with some degree of reservation.
In so far as noise is not involved, the speed of transients should vary
inversely as t,. According to Eq. (15)
(17)
The factor in parentheses depends only on the shape of the resonant
system.
809. Observations
and Discussion of Starting.-The
observations
described in the first part of this section were made on a magne~~’
designed especially to demonstrate the starting of oscillations udder
(This magnetron will be referred @
the simplest possible conditions.
as the “LL3.”)
It has a very large mode separation, so that the principal
mode is excited at voltages far below those at which the various co
T%
nents of the other modes might occur; thus, the operation in the principal
mode should be, a priori, free of interactions with those modes. ~ In
addition, the LL3 operates in a convenient range of voltages (3 to 10&)
and is thus readily adaptable to a variety of demonstrations; c Se. ~~.j
;.
quently it has been used for most of the illustrations of this chap
v er.
It is convenient to consider the LL3 as the “standard case” and to discuss
other tubes in terms-of their deviations from the standard.
The LL3 is an eight-oscillator tube with anode dimensions identical
with those of the 2J39 (LVS); namely, T= = 0.4 cm, T, = 0.15 cm, and
h = 1.20 cm. It differs from the 2J39 in having double unbroken ring
straps (instead of single broken rings) and in, having no internal pole
is at 11.3 cm; cold tests down to 7 cm failed
pieces. Its (4/4/8)-mode
to reveal any other mode.
The tube can be made to oscillate at 5.5 cm,
and the voltage of this mode is consistent with that of the (5/3/8)-mode.
The (V,l)-relations
thus correspond to Fig. 8“3c and d. Observed
steady-state (V,l)-diagrams
are reproduced in Figs. 8“18 and 821a.
The observations described first are those which demonstrate the
existence of nonoscillating
states between widely separated modes
and which show that for a given mode there is a definite range of voltage,
quite sharply defined both above and below, within which it is possible
for oscillations to start. The nonoscillating state between modes is

.]
,
i
,;
:
~

I
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shown clearly in the steady-state (V,l)-diagram
reproduced in Fig. 8.18.
Figure 821a demonstrates that when the magnetic field is too low to
permit the excitation of the upper mode, the nonoscfilating state joins
continuously with the cutoff curve.

Fxa. S.33.—CompIete
(V, D-traces for rapidly rising applied voltage, for a series of
Note the gap in the descending part of
voltages increasing thrOugh the Os~~ating range.
(a)
the traces in (d), (e), (J), and (u). where the tube makes an ‘‘ attemPt” tO start.
Below oscillations:
(b) beginning of oscillations;
(c) end of oscillations;
(d) alternately
oscillating and misfiring; (e) misfiring; (f) misfiring into cutoff (note that there is no delay
in current); (g) mkdiring into cutoff at higher voltages.
There is still no delay in current.
in Fig. 8“30a and b.
This series demonstrates that with such a pulse,
starting occurs only in case the voltage comes to rest within the starting
range. If the final open-circuit voltage of the pulse is above the starting
range, the voltage remains withh the range for so short a time that
buildup does not make appreciable headway.
The pictures were taken
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with a &psec pulser, and Fig. 8.32a, a voltage pulse below the starting
range, shows that the entire rise occurs in about 0.02 psec. Figure
8.32b shows a voltage pulse within the starting range, and Fig. 832c
shows the corresponding current pulse. The ‘‘ spike” at the leading
edge of the current pulse represents the current required to charge 1 the
input capacitance of the cathode circuit as the voltage rises and is
especially large in this case because of the magnitude of clV/dt at the
leading edge of the pulse; the corresponding deviation in the (V,l)-trace
serves to distinguish the leading edge from the trailing edge of the pulse.
Because the charging current drops almost to zero and then rises again,
it may be seen that the space-charge current does not start to build up
until the volt age has practically ceased rising. Figure 8.32b shows a
small hump on the beginning of the voltage pulse which is absent in
Fig. 8.32a; this hump results from the voltage drop that occurs, because
of pulser impedance, when the magnetron starts to draw current.
Figure 8.33 shows ( V, I)-traces taken with pulser voltage increasing
from just below the starting range (Fig. 8.33a) to well above it (Fig.
8“33g). The steady state corresponding to this series is approximately
like that illustrated in Fig. 8.21a.
These traces were taken with the
magnetic field just too low to permit excitation of the upper mode.
For Fig. 8.33d the voltage was just at the top of the starting range;
during a few pulses oscillations start, but during the majority they do
not, and the (V,l)-point
remains at the non oscillating state, which lies
on the cutoff curve.
At a slightly higher voltage (Fig. 8.33e), oscillations
invariably fail to start during the pulse, and at still higher voltages
(Fig. 8.33j and g), the (V,l)-point
proceeds directly to the cutoff curve.
It should be noticed that when the voltage reaches the cutoff curve,
current is drawn immediately-there
is no indication of the delay in
current that is evident when oscillations must start before the current
can build up. The current pulses (not reproduced) show that within
the oscillation range, the delay in current is subject to appreciable
variations; it is greatest at the extremes of the starting range, where
it is equal to the pulse length and decreases fairly continuously toward
the midrange where it is about 0.015 psec.
Further indication of the extent of the starting range is given by the
behavior obser-ved when the voltage, having passed by a mode at the
beginning of a pulse, falls again into the starting range of that mode at
the end of the pulse, as has been assumed in drawing Fig. 8.30c. If the
voltage does not fall too rapidly, the (V,l)-point
reaches the steadystate characteristic and follows it to lower voltages.
(Usually the slope
of the voltage pulse has a much smaller magnitude at the trailing edge
of a pulse than it does at the leading edge.)
This sort of path is shown
I This chargingcurrenthas not been taken into account in Fig, 83&z and h
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very clearly in Fig. 8.34. If the voltage falls rapidly, only a slight
deviation in the ( V, I)-trace occurs.
Evidence of starting at the trailing
edge of the pulse may be seen in Fig. 8.33 even with the faster falling

FIG. 8.34.—A complete (V,I) -trace of a mode skip in a magnetron operating from a
hard-tube pulser.
Note the gap in the descending part of the trace for the higher-voltage
(The oscillations are due to a natural
mode, where the lower-voltage
mode builds up.
resonance in the pulser.)
The actual photograph (c) is a result of the superposition of two
(V, I)-paths represented by the tracings (a) and (b).

voltage, but in most of these photographs the deviation is evidenced by
only a gap, since an exposure time adapted to the slower parts of the
trace is not long enough to register the deviation, which is swept out
rapidly and therefore appears only faintly on
the oscilloscope screen.
The lower limit of the starting range will be
referred to as the “starting voltage”; for the
LL3, as for most magnetrons, it is somewhat
v
greater than the minimum voltage for steadystate oscillation.
Consequently, if the opencircuit voltage of the pulser is brought up just
to the starting voltage, the steady-state current
~
increases discontinuously, as is shown by the
Fm. S.35.—Effect of the
gap at the low-current end of the steady-state
r-f load and pulser impedacharacteristic of each mode in Fig. 8.18. The
nce
on minimum steadystate current.
A is for high
minimum current for steady-state operation is
pulser impedance;
B is for
influenced by the impedance of the pulser and
low pulser impedance; and S
is the starting voltage.
by the r-f load on the ma~etron as illustrated
in Fig. 8.35. In drawing this figure, it has
been assumed that the starting voltage is independent of the r-f load;
while this may not be exactly true, visual observations of the ( V, I)-traces
have shown that it is a moderately good approximation.
Figure 8.36,
a series of photographed
( V, Z)-traces taken with’ various resistors
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in series with the modulator, shows how the minimum steady-state
current decreases when the internal resistance of the pulser is increased.
In terms of the conductance map, the general behavior just described
has been interpreted to mean that the constant-Ge contours bend upward
toward low currents, as in the lower left part of Fig. 8.29. It might

FIG. 837.-The
effect of parallel capacitance onthe shapes of the current and voltage
pubes.
(a) Voltage andcurrent pulses with no condenser.
The first part of the voltage
pulse does not show because the sweep of the oscilloscope is triggered by the driver pulse
of the pulse generator.
(b) Voltage and current pulses with 250 ##fin parallel with the
magnetron.
(c) Voltage and current pulses with 1000 ppf in parallel.

further indication that the magnetron characteristics do not fall uniformlytoward
very lowcurrents may be seen in (V,l)-traces that show
the trailing edge of the pulse, particularly Fig. 8.38a and b. There it
appears that at a certain minimum current the (V,l)-point
suddenly
changes its direction of motion and—as judged by the density of the
trace—also its speed.
Observations that indicate how starting behavior is influenced by
the speed with which voltage is applied to the magnetron are illustrated
1Unfortunately, this series of traces does not correspond to the sequence of
For those
Curves A’ to D’ of Fig. 8,304 which have been discussed theoretically.
curves, it was assumed that the reactance in the input circuit of the magnetron was
negligible, but in the present series of traces the effects have been produced
The demonstration
would be more
by adding reactance to that circuit.

entirely

pertinent
if the rate of rise of voltage had been controlled entirely by ‘modifications in the
driverof the pulser.

,,
,

siderably slower than that of the ~-~sec pulser used
for Figs. 8.32 and 8.33. The effect of the parallel
capacitance on the current and voltage pulses is shown
in Fig. 8,37. Figure 8,38 shows the effect of the parallel capacitance in reducing the overshoot of the
applied voltage.
In Fig. 8.38c the rate of rise of voltage is slow and the current builds Up suddenly when
the voltage reaches the starting value; but when the
voltage rises more rapidly (as in Fig. 8 “38a), there is
an increasing tendency to overshoot the starting voltage before the buildup of current sets in. Figure
8“38d shows a steady-state characteristic corresponding
FIG.
8.39.—A
to Fig. 8.38a.
(V, I)-trace from a
2J42 magnetron,
A (V,l)-trace of the exact type of Curve C’ in Fig.
showing
the “at8“30b was not observed with the LL3 magnetron,
etart
tempt”
to
made by the 10weralthough some attempt was made to produce condivoltage mode even
tions in which it might appear.
However, such a
when the tube eventually oscillates in
curve has been observed with a clifferent magnetron.
the
higher-voltage
mode.
(Photograph Figure 8.39 is a reproduction of a ( V, I)-trace for a
courteag of J. V.
2J42 (LVX) magnetron that gives unmistakable evidence
Leba.wz.)
that a false start is made on the rising part of the trace.
8.10. Observations on R-f Buildup.-The
results just-described, along
with the theoretical considerations contained in Sec. 8.8, give a fairly
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general qualitative understanding of the way oscillations start in a
magnetron.
However, the speed of the transients in microwave magnetrons is so great that a rather complete revision of the measuring
techniques is essential if the subject is to be put on a quantitative footing.
The following experiments, which were interrupted by the end of the
war, represent a start in that direction. 1 They were made possible by
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FIQ. 8.40.—The buildup of magnetron current and r-f voltage through the operating
range of applied voltage.
(a) Typical applied voltage; (b) envelopes
of r-f oscillations for
different voltages; (c) tube currents for differeut applied voltages.
(The ordinate is the
voltage developed at the oscillograph, and is proportional
to the r-f voltage within the
magnetron.)

the development’ of
than 10–10 sec. The
systems that record
Thus it is possible to
and the input current

an oscillograph with a “resolving time” smaller
instrument actually consists of three oscillograph
on the same photographic plate simultaneously.
record, for a single isolated pulse, the r-f output
and voltage as functions of time.

1 For a more complete report of the experiments,
NDRC 14-543, November
1945.
z By G. M. Lee, in the Insulation
of Technology.

Research

see R. C. Fletcher

Laboratory

and G. M. Lee,

of Massachusetts

Institute
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The aim of these experiments was to investigate the speed of buildup
This was to be done by applying a
as a function of the applied voltage.
rapidly rising voltage pulse, so that the buildup would occur at essentially
constant voltage, as along path D k
Fig. 8030a. From such results, it
would be possible to derive G. as a
function of V in the neighborhood of
the ( ~ = O)-curve.
One series of experiments was per(a)
formed with the +psec pulser that
had been used for Figs. 8.32 and 8.33.
F@re
8.40 shows typical voltage,
r-f and current pulses as obtained
from measurements of oscillograms
like those in Fig. 8.41.
(The r-f and
current
pulses
for
4.75
kv
are peculiar
(b)
and will be explained later. ) It is
,,...
,...
evident that the pulser is rather slow
.,
for the present purpose, for, as is
‘-’ --—v
shown by the overlapping of the charging current and the buildup current
-,
.p:>
— _.&k4@3’L
.
in Fig. 8.40c, the buildup of oscilla(c)
tions
has proceeded quite far before
F~cA S.41.—Typical
oscillograms of
the applied voltage stops rising.
the high-speed
oscillograph.
(a) Ap&~~ ~;f~~;
(b) r-f oscillations;
(c)
The rate of buildup cap be represented conveniently bv dotting the
logarithm of the amplitude of successive oscillations- ag&t
the ‘ordlnal number of the cycle, as is done in Fig. 8.42 for the same traces
as were used for Fig. 8.40. Within the limits of experimental error,
the curves (except that for 4.75 kv) approach a straight line at low r-f
voltages, which indicates that the oscillations build up exponentially
at first, that is, according to the law ~ a e“c, where a is positive. 1 From
the slope of the straight-line portion of the curve the “buildup Q‘’ QB
may be computed according to the relation
1
—.
QB

–2.30 A log,a ~’.
—.
27r

(18)

AN

Values of Q, so obtained, from Fig. 842 and from additional data of the
same sort, are plotted against V in Fig. 8“43. (Here V is taken equal to
the maximum value reached by the applied voltage.)
1It should be emphasizedthat this law of buildup is entirelydifferentfrom that
for a parallel-resenantcircuit suddenly connected to a constant-currentsource, in
which ~ = (1 - e-”t).

SEC.

8.10]

375

OBL!JERVATIOiVS ON R-F BUILDUP

Above 4.6 kv the curves were peculiar, somewhat like the 4.75-kv
curve of Fig. 8“40, and it waa not possible to derive values of Q~ from
them. The horizontal portion of the 4.75-kv curve in Fig. 8.40b does
not represent a tme stable state of oscillation, for it is common at the
higher applied voltages for the curves to stop rising and then start in
10,OOO
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plots of the r-f envelopes

shown in Ilg. S.40b.

again. This behavior may be interpreted to mean that the (V, Z)-point
follows a path that is very nearly tangent to the upper boundary of the
positive-~ re~on.
From the results one can conclude that the buildup is exponential
in its early stages, that —Q~ is about 25 in the middle of the starting
range, and that —Q~ tends to decrease at lower applied voltages.
A
more complete analysis would be difficult, because the applied voltage

i
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varies considerably during buildup and its variation would have to be
measured very precisely.
8.11. Effect of Design and Operation on Starting.-In
succeeding
paragraphs an attempt is made to enumerate the various factom entering
into the design and operation of
30
magnetrons that are related to
starting and misfiring.
The discussion applies only to cases in
which interactions between modes
are not important.
According to
28
the considerations of Sec. 8.8, it
should be possible to reduce the
0
tendency toward misfiring by (1)
increasing the amplitude of the
noise, (2) increasing the rate of
.-26
buildup as measured by – l/QB,
0
&
and (3) increasing the time interb
m
val during which the applied volt2
==
age remains within the starting
range. What e v e r information
m 24
there is has to be obtained from
0
over-all effects such as the location of the current boundary on
0
the performance chart where mode
0
22
Because detailed
changes occur.
observations are lacking, it is not
always possible to form a very
clear picture of how the primary
factors m e n t ion e d above are
I
I
[
I
I
I
20
3
4.0 4.1 4.2 4.3 4.4 4.5 4.6 involved.
Voltage
inkv
Some caution should be exerFIQ. 8.43.—The “ buildup Q“ as a function of
cised
in drawing conclusions from
applied voltage.
observations
on mode changes.
For instance, it has been rather common practice to describe this as;ect
of magnetron performance by drawing a “mode boundary”
on a performance chart. The results already presented show that this boundary
is not a property of the magnetron alone but rather of a specific combination of magnetron and pulser. Also, it must be remembered that misfiring is a threshold phenomenon and that just at the threshold small
influences can lead to large effects. Magnetrons that are prone to skip
modes are obviously those which have at best a narrow margin of starting speed, so it should not be surprising if such tubes prove sensitive in
some degree to almost any sort of variation in construction and operating
conditions.

I

I

II

r

v
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loads, according to general observations,
The R-f Load.-Heavy
result in a reduction of the current at which misfiring takes place.
This behavior is not at all surprising, but the primary factors listed
There is perhaps some
above seem to enter in a rather obscure fashion.
reason to believe that the load should not have a strong effect on the noise
level. At least, if the noise does behave like the shot effect, the voltage
amplitude of the noise should depend on the effective capacitance of the
circuit and not on its Q. Furthermore, Q. should not be strongly
affected by such changes in load as are ordinarily met. For instance,
if it is assumed that QB is equal to —25 when the loaded Q is equal to
150, the relation between Q. and Q. is as indicated in Table 8.1.
TABLE 8.1.—RELATION

*
F

1

377

STARTING

QL

300

QB

– 23

150
–25

BETWEEN QL AND QB

100

75

50

30

– 27

– 30

– 37

– 75

Ordinarily, such extreme loads as are represented by the last two columns
Thus it appears that the more
in Table 8.1 are not applied in practice.
important direct effects of heavy loads are to restrict somewhat the
starting range and, more important, to raise the steady-state characteristic, so that a higher voltage must be applied to the tube in order to
obtain a given current.
It is common in experimental work and in testing to vary the load
by means of transformers in the output transmission line. When rapid
transients are involved, the effect of the transformer can be expected
to depend quite appreciably on the distance between the transformer
and the coupling loop.
If the reflection coefficient at the magnetron
is equal to q for steady-state oscillations, then for oscillation increasing in
amplitude as exp ( –,ut/2QB), the reflection coefficient is equal to q
exp (til/u ~Q~), w~ere 00 is ‘the’ group velocity in the transmission line
and 1 is the distance from the magnetron to the transformer.
In coaxial
line, v, = ko/%,
and the factor is exp (2m?/AQB); for l/k = 1, which
might apply to a fixed transformer put as close as possible to the magnetron, the reflection coefficient is reduced in the ratio of 0.78; and for
i/i = 5, which might apply to a test bench with a standing-wave detector
between the magnetron and a variable transformer, the factor is 0.28
if Q~ is assumed to be – 25.
The Eflective Capacitance
of the Resonant Circuit .—Other things being
equal, the speed of buildup is inversely proportional to the capacitance C.
In addition it seems likely that the capacitance influences the amplitude
of the noise voltage; for in so far as one can judge by the behavior of
the shot effect, the amplitude of the noise voltage should be inversely
proportional to C. Thus, from the standpoint of starting, it is desirable
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that C be made small.
On the other hand, if C is made small and at
the same time the loading is adjusted for high efficiency, the frequency
becomes unstable against changes in load, so that some compromise has
to be made.
At first thought it might be expected that highly stabilized magnetrons—for instance, those which have an external stabilizing cavity—
would tend to start very slowly, since the effective capacitance is increased
Actually the “stabilizing
in proportion to the stabilization factor.
resistor” that is used in such arrangements to damp out extraneous
resonances must to some extent isolate the magnetron from the high-Q
10QT
80
%
8
gw
.E
~
.E40
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\
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of cathode diameter on (a) misfiring and (b) efficiency.
45 per cent loop; triangles for 60 per cent loop.
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There
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its normal

and
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cavity

Circles are for
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rate
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be

some

and

for

more

Slowly.
D~a?neter
oj the Cathode.—It has been observed with several types of
magnetrons that increasing the diameter of the cathode reduces the
tendency toward misfiring.
This effect is illustrated by Fig. 8.44a,
which represents data obtained at the Bell Telephone Laboratories 1for an
The curves of Fig. 8.45fI show the
eight-oscillator 25-cm magnetron.
effect of the cathode diameter on the efficiency and demonstrate, in
accord with general observation, that enlarging the cathode tends also
to reduce the efficiency of the magnetron, so that again the design must
be based on a compromise.

1H. D. Hagstrum, W. B. Hebenstreit, and A. E. Whitcomb, “On the Maximum
CurrentLimitation Encounteredin L-band Magnetrons,” Case 24375-2, BTL Memorandum MM-45-2940-2, June 25, 1945.
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Cuthode-tmd
Structures. —Some
experiments by Forsbergl indicate
that the details of the structures at the ends of the cathode—put there
for the purpose of confining the electrons to the interaction spaceexert a considerable influence on the tendency to misfire. The experiments started from the observation that a partial correlation could be
made between current at onset of misfiring and “leakage current”;
some of the tubes that had the least tendency to misfire were those which
had a steady-state characteristic that fell off gradually at low currents,
more or less as illustrated by Curve A in Fig. 8.45, rather than ones with
Attention was then
a sharp break such as is indicated by Curve B.
directed toward inventing end structures that would accentuate the
leakage but would not r~duce the efficiency in the range of currents
where the tube normally operated.
It was
found that a slight enlargement of the cathode
for a small distance at the ends served the
purpose.
The leakage was effective only if it
occurred within the interaction space. Larger
end disks were retained to confine the space
charge; details of the structures are described
in Chap. 12. Forsberg further found some
indication that the tubes which showed the
FIQ. S.45.—A study of misleast inclination to misfire also had the greatest
firing based on steady-state
characteristics.
Tubes
of
noise levels; his curves indicated differences
Type A show more tendency to
as great as 20 db. However, the observations
misfire than tubes of Type B.
were not sufficiently detailed to warrant the
conclusion that this is the only effect which is involved.
Cathode
Em&ion.-With
some magnetrons, the tendency to misfire
is correlated to some extent with low primary emission of electrons
from the cathode.
However, it is difficult to understand why the
tendency to misfire should be very much affected by the condition of the
cathode unless the condition is very poor, for the observations with
the ( V, Z)-scope indicate that the conditions leading to either misfiring
or complete buildup are established before the current has built up very
far. (Of course, a correlation should be expected if what is occurring
Otherwise it may be a secondary
is a mode shift early in the pulse.)
effect-for
instance, if inadequate emission raises the steady-state
characteristic (as in Fig. 8.20), it will also result in the application of a
higher voltage when comparison is made on the basis of constant
steady-state current.
Magnetrons that do not ordinarily skip modes
(presumably those which start very rapidly) seem generally to function
satisfactorily even when the primary emission of the cathode is very
low.
t According to private communicationfrom P. W. Forsberg,

380

TRANSIENT

.IIEHA VIOR

[SEC.

8.12

Uniformity oj the Magnelic Field. -Nonhomogeneities
in the magnetic
field can have a pronounced effect on the tendency to misfire. For
instance, the 2J39 was improved to a marked degree by making a slight
change in the magnet poles that reduced the excess of magnetic field
at the ends of the interaction space. The original inhomogeneity
presumably caused a strong concentration of the space charge at the
Effects of nonuniform and nonaxial
middle of the interaction space.
fields on starting have been observed on many occasions.
The Pulser.—The principal means available for correcting misfiring
If it can
in any completed magnetron is control of the input conditions.
be so arranged that the open-circuit voltage of the pulser falls within
the starting range, no difficulty with misfiring should be experienced;
but when the magnetron has to be operated at a relatively high current,
or when the use of a high-impedance pulser is dictated by other considerations, there exists some possibility that misfiring may occur.
To eliminate the misfiring, one must, in essence, reduce the rate at which
voltage is applied to the magnetron, but this is only a qualitative statement of the requirements.
A precise statement of the conditions just
sufficient to ensure reliable starting could be made only on the basis
of a thorough understanding of the effects of the reactance in the input
An analysis of these effects could be made by extending the
circuit.
methods developed in Sec. 8,8, but such a program would undoubtedly
For further discussion of pulsers,
involve very extensive calculations.
the reader is referred to Vol. 5 of the Radiation Laboratory Series.
8.12. Interactions between Modes.—The
preceding sections have
dealt with a more or less ideal magnetron—one purposely designed to
have so great a mode separation that as far as operation in the principal
mode was concerned, the existence of other modes could be ignored
completely.
In practice, magnetrons have to be designed to meet other
specifications, and it may be impossible, with existing techniques, to
meet those specifications and at the same time make the mode separation
great enough to fulfill the condition mentioned above.
Therefore it is
important to inquire how, in such cases, the transient beha}-ior and the
stability of the principal mode can be affected by interactions with other
modes, even though thk inquiry must be largely speculative.
It seems obvious that an interaction between modes must introduce
a considerable additional degree of complexity into the phenomena
treated in Sees. 88 and 8.9, so perhaps it should not be surprising that
reliable experimental data are exceedingly scarce. In most of the early
work on mode selection, it seems that it was taken for granted that any
mode change could be interpreted exclusi~rely in terms of an interaction
between the two modes.
Since it is now known that misfiring and
instability can occur entirely independently of such causes, all conclusions
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abmt interaction which are based on the mere observation that a mode
change does or does not take place should be regarded with skepticism.
If one excludes from consideration purely electromagnetic interactions which can be investigated by cold-resonance methods, an interaction between modes can take place under normal operating conditions
(i.e., no external source of r-f power) only if two modes are excited simultaneously by the space charge. The simultaneous excitation of two
modes occurs only as a transient, for as had been mentioned previously in
this chapter, it is never observed under steady-state conditions. 1 Evidently the nonlinearities of the space charge are of such a nature that
oscillation in two modes represents an unstable condition when the
amplitudes of oscillation become large.
Ways in which an instability of this sort may come about can be
illustrated by extending the analysis outlined in Sec. 8.8 to include
It is assumed that one has to
simultaneous oscillation in two modes.
deal with two modes that have
Mode1
4I
different values of n and that no
~interaction other than that which
~, Y,
t“ ‘
enters through the space charge
,
1)
v
Space
need be considered.
Because the
charge
Mode
2
)
f
modes have different frequencies
L
4I
and their electromagnetic
fields
q, Y2
are of distinct types, the excita1
1I
tion of each mode can be characterized by an r-f voltage and an FIG. 8.46.—Equivalent circuit for the simultaneouaexcitationof two modes.
electronic admittance.
The admittance for frequencies in the neighborhood of the resonance of a
mode behaves like that of a parallel-resonant circuit; thus the complete
system can be represented by the equivalent circuit shown in Fig. 8.46.
The nonlinearity of the space charge, which for one mode is expressed
by the dependence of the admittance on the r-f voltage, is for two modes
expressed by a dependence of each of the admittances on both r-f voltages
as well as upon the input voltage 1’. In addition, the input current is
dependent on both r-f voltages as well as upon the input voltage V. The
magnetic field enters as a parameter that need not be expressed, and
the electronic susceptance may be ignored, because small shifts in frequency are not of interest.
Thus the space charge can be described by
the relations
(19)

G., = G.,(V, ~], V,),
~1,-~2),
G., = G.,(V,
I = 1(V, VI, v,).

(20)

(21)

1The observationof a relative]y weaknoise spectrumat the frequencyof a second
mode

is not considered

to indicate

excitation

in the present

sense.
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The transient behavior is governed by the relations
$ln

Vl=

–

(G,, + GM),
2C1

(22)

$ln

Vz=

–

(G., + %),
2C2

(23)

v =

V(l,t),

(24)

where Eq. (24) describes the properties of the pulser.
Some idea of the nature of the solutions of the above set of equations
can be obtained by following through a somewhat idealized special case
which can be treated by graphical methods.
It is assumed that the opencircuit voltage of the pulser rises so rapidly that it can be approximated
by a step function, with the result that the entire buildup takes place
along a fixed curve-the
steady-state pulser characteristic—in
the
(V,l)-plane, and Eq. (24) can be replaced by
v =

v’

– j(I).

(25)

(This is the analogue of the case represented by Curve D of Fig. 8.30a.)
By combining Eqs. (21) and (25), 1 can be eliminated and V can be
expressed as a function of ~1 and ~Z; consequently G,l and G,i can be
expressed as functions of VI and ~z only.
Thus when substitutions
corresponding to Eq. (7) are made, Eqs. (22) and (23) take the forms

:$2

=

<2(41,42).

(27)

The course of the transient can be followed by tracing the path of the
point (t1,40) in the (rl,~j)-plane;

the differential equation for the path is

d+,
_
= t1(#1,$2).
d$,
t2(#l,#2)

#

(28)

The solution of Eq. (28) will contain the initial values of ~, and ~z which
represent the noise voltages that exist in the respective modes at the time
buildup starts.
If the functions ~1and ~z are represented by a contour map, the solutions can be traced out as illustrated in Fig. 8.47. The initial noise
voltages in the respective modes can be represented by a density distribution of points (~l,~z) o (which presumably are concentrated somewhere
1Equation (28) and diagrams of the general type of Fig. 8.47 were originally
applied to the presentproblemby Arnold Nordsieckin some informal lecturesat the
Radiation Laboratory.
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The probability that the system
in the lower left region of Fig. 8.47).
will follow some path that lies between any two given paths is directly
proportional to the number of points (tl,tz) o that are contained between
those two paths; this is the form of the final result.
The contours of $1 and $2 in Fig. 847 have been drawn on the basis
It seems entirely reasonable to suppose
of the following considerations.
that when either r-f voltage is small, the space charge should be linear

“[,=3
Fx~. S.47.—Contoum

E,=2

t,=l t,:o

El=-l

of t, and ~, in the (~,,#z)-plane.

with respect to that voltage.
Thus, when ~, is small, both .h and h
are independent of ~,, and the dependence of [2 on *Z is the same as if
Mode 1 did not exist. It is further assumed—and this is open to question
—that when & and & are both large so that nonlinear effects become
important, the dependence of & on $ ~is stronger than its dependence on
Figure 8.47 is supposed
$z; similarly with the subscripts interchanged.
to represent a case in which the two modes would have nearly coincident
conductance maps if interactions were not present and in which the pulser
characteristic passes near the centers of the starting ranges.
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According to Fig. 8.47 the system has zero probability of arriving at
the intersection of the (~ = 0)-contours-which
conceivably
might
represent a stable state of simultaneous oscillation in two modes—because
out of the infinity of orbits leaving the lower left part of the diagram,
This result is a consequence
only one orbit proceeds to the intersection.
of the fact that the contours have been drawn in such a way that certain
By making
requirements for stability are not fulfilled at the intersection.
approximations similar to those made in deriving Eq. (12), it can be
shown that operation at the intersection can be stable only if the following
conditions are fulfilled at that point:
*,+*,<o
a~1at2 ___>o.
at, at,
a+, a*2
a*2 a$,

(29)

If these conditions are fulfilled, orbits that pass within the neighborhood
In so far as simulof the intersection will also reach the intersection.
taneous steady oscillation in two modes is not observed, it would appear
that relations (29) are in contradiction to some inherent property of the
space charge.
A more rigorous treatment of the input circuit would
undoubtedly lead to additional requirements for stability.
A further development would consist in finding how the mode selection is influenced by operating conditions such as the magnetic field,
the r-f loads on the respective modes, the open-circuit voltage and the
internal resistance of the pulser. All of these variables enter into the
values of .&as parameters; in addition, some of them may influence
Still other problems arise in ~connection with the
the noise distribution.
design of magnetrons, and one might inquire how the values of ~ and
thus the mode selection are influenced by the separation of the modes and
the character of their field patterns in the interaction space.
So far, the discussion has been based on an idealization, namely,
that the buildup occurs along a stationary pulser characteristic.
As
shown in the closing paragraphs of Sec. 8.9, this approximate ion is rather
poor. With an applied voltage that rises during buildup, the values of
f depend explicitly on the time, and the contours of Fig. 8.47 have to be
thought of as moving about during the transient.
An important problem
that arises in this connection is that of the effect of mode interactions
on starting time. For instance, as between two modes that interact,
the undesired mode may never win out, but the interaction may have the
effect of slowing down the buildup to such an extent that there is an
Or the interaction might
abnormally great tendency toward misfiring.
conceivably produce the opposite effect.
Inasmuch as the strapping of magnetrons has received much promi-
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nence as a device for controlling mode selection, it seems worth \rhile
to consider how the functions of the straps are related to the considerations advanced above.
The primary function of the straps undoubtedly
is to tighten the coupling between the individual oscillators of the cavity;
this effect naturally results also in increased separations between the
frequencies of the modes.
In addition, the straps afford the possibility
of exercising some measure of control over the loading of the various
modes and over their patterns in the interaction space.
Symmetrical
straps, such as unbroken rings, regularize the patterns of all the modes.
Asymmetrical straps, such as broken rings, separate the members of the
doublet modes from each other in frequency and tend to deteriorate the
patterns of all the modes; however, the asymmetries can be so designed
The
as to distort the (N/2)-mode
much less than the other modes.
orientation of the asymmetries, relative to the coupling loop, determines
whether only one or both of the members of a separated doublet will
be coupled to the external load.
In so far as there maybe present some interaction between the (N/2)mode and an undesired mode, it would seem advantageous to distort
the pattern of the unwanted mode and thus “handicap”
that mode.
In addition it would seem desirable that the unwanted mode should be
damped to some extent by being coupled to the external load.
On
the basis of these arguments, strap breaks have been incorporated
into many magnetrons.
In most cases, the introduction of the breaks
definitely affects the behavior of the magnetron, but there are not
available sufficient data to show whether the effects are attributable to
the patterns, the loading, the removal of the degeneracy, or simply
the quite appreciable change in mode separation that occurs when the
straps are broken.
Certainly strap breaks should not be considered at
all as a remedy for misfiring in the type of situation presented by the
LL3.
The mode that usually gives trouble of the sort that might be
attributed to an interaction is the

r“

n-

~ + 1

l/$-mode,

f’’ritso

happens that in many magnetrons this mode and the

(:/$/N)-mode
have nearly equal values of ~k, and thus have overlapping starting ranges.
The values of -yx are exactly equal when the wavelength of the
1
($+1/:-

)

N -mode
/

is just

N/(N

+ 2)

times

that

of the

N -mode—for instance, 0.8 for eight oscillators, 0.86 for
G/:/
)
twelv~and”it
so happens that in high-voltage magnetrons it is difficult to
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make the mode separation very different from this value.

)

1
(:+’A

N -mode

/

frequently

seems to have

Moreover, the
considerable

vitality.
One type of behavior is common to the following magnetrons:
2J39, 4J33, and 720.

In all these magnetrons the

(G+l/~

-

2J38,

‘/N)-

mode has a slightly larger 7X (lower voltage)

than the
G/:/$All of the tubes exhibit mode changes

mode, and the straps have breaks.
at low currents; that is to say, the
if attempts

(:+1/:l/N)-modeisexcited
are made to run the tube at too low a current in the

(wN)-mOde

To some extent, the behavior can be interpreted

on the basis of the starting voltages.

of

thestartingvo’tage

If the applied voltage is above

’/:- ‘/N)-modebut

the(J+

N , the former is excited; if the applied voltage enters
Ofthwv

)

I

‘restarting
range
‘f‘he(w)

N -mode, that mode takes control.

From this argument

one should expect that with a very slow rise of

‘O1tageOperatiOninthe(~
)
+ 1

/N

~ – 1

/

N -mode could be pushed to

higher currents.
Examination of the (V, I)-traces of a 2J32 magnetron,
however, showed that very complicated intrapulse transitions occurred.
With a more rapid rate of rise of voltage, the starting behavior of these
magnetrons in the normal operating range is like that of the LL3.
The 725 and 2J42 magnetrons have mode separations similar to
those of the tubes listed above and have broken straps, but these tubes
show no tendency at all to oscillate in the

(G+l/:‘/N)-mode
Omission of the strap breaks in the 2J42 was found to have no eflect
on its behavior.
Qualitatively, the starting in these tubes is entirely
similar to that of the LL3, although the 725 starts so rapidly that it is
exceeding] y difficult to make it misfire.
A third type of behavior was observed in two experimental
4J33 magnetrons from which strap breaks had been omitted.
The

(wN)-andG+’/~/)
1

N -modes had voltages so nearly
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There
equal that they could just be distinguished in the (V,l)-scope.
was a skip between these two modes, quite independently of whether a
rapidly or slowly rising pulse was applied, and both modes persisted to
very high currents.
Apparently this is a case in which two modes
overlap so perfectly that the interaction diagram (Fig. 8“47) preserves
its general symmetry for all possible positions of the pulser characteristic.
The first and last sets of examples give some indication of how the
effect of interaction depends upon the mode separation, although the
difference between the first and second set of examples remains unexplained.
It would not seem too difficult to invent interaction diagrams
that would account for thepeculiar phenomena illustrated in Fig. 8.16.

CHAPTER

9

NOISE
BY F. F.

RIEKE

9.1. Introduction.-The
problems that involve the noise-generating
properties of the magnetron appear to be of two rather distinct types.
In one sort of problem the noise is of interest as the starting point for
In the other type of problem the
the buildup of coherent oscillations.
noise is of concern as one of the factors in the signal-to-noise ratio of the
steady-state oscillations of the magnetron.
It is emphasized in Chap. 8 that the “starting time” of a magnetron
bears a close relation to the maximum rate at which the input voltage
can be applied without causing the magnetron to misfire. The starting
time, in turn, is determined by two factors, each equally important,
namely, the noise-level from which the buildup of oscillations starts and
the rate of buildup.
Thus the matter of noise generation enters into the
problem of mode selection, and it was primarily in this connection that
studies of noise in magnetrons was taken up in the Radiation Laboratory.
A rather special problem, closely related to the more general one just
mentioned, is concerned with the practicability of establishing phase
coherence between successive pulses by “priming” the pulsed magnetron
An imporwith power derived from a stable source of c-w oscillations.
tant consideration in any application of this device is the amount of
It seems
c-w power required to ensure a specified degree of coherence.
reasonable to suppose that the voltage from which buildup starts is the
vector sum of the c-w voltage (of constant phase) and the noise voltage
(of random phase).
On thk basis the c-w power required to ensure a
given degree of coherence between the pulses can be related to the
noise-power normally present in the magnetron.
The second type of problem—that
of signal-tcmoise
ratio-was
encountered (in the RCA Laboratories) in developing a c-w magnetron
for a special sort of radar that required part of the transmitted signal to
be fed into the receiver as local-oscillator power.
In this case the over-all
signal-t~noise ratio of the system is strongly dependent upon that of the
transmitter,
a circumstance quite different from the one met with in the
more conventional pulse radars. Although the case just mentioned is a
rather specialized one, similar problems very likely will be encountered in
any attempt to adapt magnetrons for use as local oscillators, and it is
388
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not unlikely that the magnetron will be given serious consideration for
that purpose for frequencies somewhat above 30,000 Me/see.
In addition, there is already some indication that signal-to-noise ratio in magnetron transmitters will be an important consideration in the adaptation
of these tubes to wideband communication systems.
Considered from a more theoretical standpoint, studies of noise may
provide an additional means of investigating conditions within the
electron stream in the magnetron, a matter far from settled by existing
theoretical treatments.
This possibility has been pointed out previously
in a paper by Linderl on the evaluation of the electron temperature in
single-anode magnetrons.
Linder found that probe measurements and
also the results of an analysis of the cutoff curves in single-anode magnetrons indicated electron temperatures of the order of 1050, and he
suggested that so high a degree of disorder in the electron stream should
also manifest itself in the noise-generating properties of the magnetron.
The actual investigation of noise in magnetrons has been taken up
only recently, however, and it is not possible to discuss the subject with
very much assurance.
It is hoped, nevertheless, that the present chapter
may be of value in giving some indication of the present status of the
subject.
9.2. Preoscillation
Noise.—The
noise that occurs in magnetrons
before coherent oscillations start is of practical interest in connection with
pulsed magnetrons.
Because of experimental dMiculties, however, it
was possible to make only crude measurements of the noise in pulsed
magnetrons.
Conditions for measurement are much better in the case
of c-w tubes; and as there is no fundamental difference between the two
kinds of magnetron, the c-w measurements will be described in greater
detail.
The measurements were made on a series of tubes that had similar
oscillator structures but varied considerably in the construction of the
“hats,” or end disks, placed at the ends of the cathode to confine the
(It was not apparent that
elect ron stream to the interaction space.
these modifications caused any significant differences in the behavior
of the noise.)
The magnetron was pumped continuously.
A spectrum
analyzer, with a pass band of 0.1 Me/see, was used to measure both the
power and the bandwidth (between half-power points) of the noise.
In computing the noise power, the power per unit frequency interval
observed at the center of the spectrum was multiplied by 7r/2 X W,
where W is the width of the spectrum in megacycles per second between
half-power points.
1Linder, E. G., Jour. Appkkd Phys., 9, 331 (1938).
z The magnetron

was a 9. S-cm, 20-oscillator

gauss, 10 = 0.31 amp.

tube, with VO = 175 volts,

Do = 399
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The results of a representative experiment are shown in Fig. 9.1,
where bandwidth, power, and input current are plotted against the
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As the applied voltage approaches 722, the power rises rapidly and the
bandwidth goes sharply to zero. (Actually, of course, it is not possible
to measure the half-value width when it becomes less than the pass band
of the analyzer.)
At 722 volts the input current also starts to increase
rapidly, and this point may be considered to be the critical voltage where
self-sustained oscillations begin.
Observations on pulsed magnetrons indicate crudely the same sort
In one respect the pulsed tubes
of behavior as that described above.
differ-the
current increases discontinuously at the critical voltage, as is
illustrated in Fig. 8.36. This discontinuityy shows up in some c-w magnetrons and not in others, for reasons so far not understood.
The phenomena just described can be interpreted in the following
way. The space charge generates a (noise current)2 per unit frequency
interval (denoted by di~ldv), that is a slowly varying function of the
frequency.
Inasmuch as the noise current is substantially constant
over the frequency interval v/Q, the observed noise spectrum is simply
the constant-current response of the resonant system of the magnetron
The variations in the bandwidth are
expressed in terms of power.
attributed to the changes in the Q of the system caused by electron
loading, which can be described in terms of the electronic conductance
G, discussed in Chaps. 7 and 8. The Q of the system is given by the
relation

I
Q =

—QLGL
.
G. -I- G.

The narrowing of the spectrum just below the critical voltage,
according to this interpretation, means that G. is negative in this range.
To check this hypothesis, impedance measurements were made” looking
into” the magnetron while voltages below the critical value were applied
to it.1
The normalized conductance go of the magnetron at resonance is
given by the expression
~o=Gu+Ge=G.
G,

+Ge
GL – G.”

As G. becomes increasingly negative, starting from zero, go decreases
to zero, then changes sign and becomes
from the value G./G. = Q./Q.
increasingly negative.
(It is to be expected that when go becomes equal
I Except
measurements

for the fact that the electron stream is present in the magnetron,
these
measurements.
” Since the signalused
are similar to ‘‘ cold-impedance

in the measurementsfalls entirelywithin the pass band of the analyzer,the deflection
produced by the signal greatly exceedsthat produced by the noise even though the
signal power is of the same order of magnitudeas the noise power generatedby the
magnetron.

I
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to – 1, the system will break into sustained oscillations, and from then
on the nonlinearity of the space charge will be the controlling factor.)
From the impedance measurements one obtains PO, the standing-wave
ratio at resonance, and

;

=

Igo]

provided lg~l < 1, as was always the case in this experiment.
Thus
there isin principle an ambiguity in the sign of goas determinedly
the
standing-wave measurements.
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standing-wave

ratio at resonance

POas a function

of the applied voltage

The values of PO obtained in a series of measurements are plotted
against Vin Fig. 9.2. Inplotting
the pointsit has been assumed that
g, does change sign at zero, and the shape of the curve indicates that
this assumption is justified.
Because of the interference caused by the
noise at higher applied voltages, it was not possible to carry the impedance
measurements further.
The data given in the figure, however, seem to
justify the interpretation that has been given for the narrowing of the
noise spectrum near the critical voltage.
From the foregoing analysis it follows that when the bandwidth of
the noise is narrowed, part of the observed noise power is generated by
the noise current and part of it by the negative conductance of the space
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charge. Toobtain thepower generated bytheno&
powers must be multiplied by

current theobsemed

observed bandwidth
v/QL

G.+ G.=
G.

The points of Fig. 9.1 for which the correction is appreciable are indicated
by open circles connected to the corresponding uncorrected points.
In another experiment the noise power was measured over a wide
range of magnetic fields. The results of this experiment are shown in
Fig. 9.3; the noise powers plotted in this figure have been multiplied by
the correction factor given above.

FIG. 9.3.—Noise
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With the values P- = 10–4 watt and Q. = 150, a temperature of
4 X 101l”C. is obtained, which is numerically equivalent to a mean
electron energy of 2 X 107 electron volts.
Surprisingly large noise powers for the nonoscillating magnetron
were also derived from experiments on the phasing of pulsed magnetrons. 1
Experiments were performed on two magnetrons.
One of them delivered
pulse powers of 2 to 25 kw; the other 20 to 150 kw. To obtain a moderate
degree of coherence between pulses, 0.05 to 1.0 watt of priming power
1J. E. Evans, R. C. Fletcher, and F. F. Rieke, “R-f Phasing of Pulsed Magnetrons,” RL Report No. 1051,Feb. 6, 1946.
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had to be absorbed by the smaller magnetron; 0.5 to 2.0 watts were
required in the larger one. A crude theoretical analysis led to the conclusion that the noise powers generated in the magnetrons might well
be larger by at least a factor of 10 than the powers required for phasing.
Direct measurements of the noise in the smaller magnetron, pulsed just
below the critical voltage, yielded values of the order of 10 watts.
9.3. Signal-to-noise Ratio. I—The work to be described was done in
connection with the development of a 4000-Mc/sec
c-w magnetron
designed to operate at about 900 volts, with a power output of 20 watts.
Many of these magnetrons generated excess noise; the noise rose precipitously at a threshold voltage V~O that varied somewhat from tube
to tube.
Usually Va, was below or dangerously close to the specified
operating voltage of the tube.
(An electronic tuner built into this
magnetron determines the magnetic field and therefore the voltage at
which the tube must be operated.)
The primary problem was to eliminate the excess noise or to raise Vao well outside the operating range.
In the course of the attempts to do this, noise measurements were made
on many magnetrons that differed from each other in one or more details
of their construction.
The measurements of noise were carried out in the following way.
The output of the magnetron was fed through an attenuator into a
crystal; by varying the attenuation, the crystal current was adjusted to a
standard value of 0.5 ma. The high-frequency components of the crystal
current were fed into a radio receiver, and the output of the second
detector of the receiver was registered on a microammeter.
This system
The coherent component of the magfunctions essentially as follows.
netron output provides local-oscillator
power for the crystal, which
operates as a mixer. The “signal”
is made up of those frequency
components—the
noise—in the magnetron output which fall within
the ranges (VM – ~. – 5P) to (VM – v. + 6v) and (v~ + v, – 6v) to
(vM + v, + 6v), where v~ is the magnetron frequency, v, is the receiver
frequency, and 28v is the bandwidth of the receiver.
In the experiments, v, was usually 1.5 Me/see and 2~v was 4 kc/see.
In general, the excess noise decreased with larger values of V. and was
quite small for v. = 30 Me/see—as is to be expected, for the loaded Q
of the magnetron could hardly have been less than 100. Within the
limits indicated above, the excess noise observed did not depend strongly
upon the tuning of the receiver.
Diverse correlations suggested the working hypothesis that the excess
Residual gas
noise was related to ionization within the magnetron.
in the tubes, however, does not provide a consistent explanation for the
1The materialfor this section has heentaken from an RCA report: R. L. Sproull,
“Noise in Magnetrons,” Report No. 29, Navy Contract NXsa 35042.
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noise; rather, as is shown by observations to be described presently,
it is barium and strontium from the oxide-coated cathode that are
involved.
One of the observations consisted simply of detecting the
Followspectra of Ba and Sr in the interaction space of the magnetron.
ing thk observation, apparatus was constructed especially for the purpose
of measuring the ionization in the neighborhood of a hot, oxide-coated
From the results obtained with
cathode bombarded by electrons.
this apparatus it was concluded that the equivalent pressure of Ba and
Sr near a hot magnetron cathode is of the order of 10–’ mm.
In other experiments, the relation between noise and residual gas
was studied.
In magnetrons with conventional oxide-coated cathodes,
the introduction of neon had no influence on the noise as long as the
pressure was less than about 5 X 10–a mm; at 10-2 mm a glow discharge
began to set in. Other magnetrons were constructed with tungsten
spirals for cathodes.
In these tubes, varying the pressure of neon
(Apparently
between 10-3 and 5 X 10–3 mm did influence the noise.
the oxide-coated cathodes provided so many ions that the introduction of
neon produced little additional effect.)
The magnetrons with tungsten cathodes had also been operated
sealed off; under these conditions the threshold voltage V=o was about
1000 volts when the heating current through the tungsten spiral was just
sufficient to permit normal oscillation, but V~O dropped to 700 volts
when the heating current was increased by 10 per cent. It seems not
quite certain whether thk result is to be attributed entirely to residual
gas released as a result of the increased temperature of the cathode (and
also of the other parts of the magnetron) or some obscure additional
effect is involved.
The preponderance of evidence supported the hypothesis that the
excess noise in magnetrons with oxide cathodes was caused by electron
Consequently a special form of
bombardment
of the oxide coating.
cathode was devised to minimize the bombardment of the coated surface. The sleeve had longitudinal V’s cut in its surface, so that it
resembled a long pinion gear; only the sides of the teeth facing in one
direction were coated.
Since the electrons that return to the cathode
have predominantly
an azimuthal motion and the direction of the
motion is determined by that of the magnetic field, it was possible to
arrange matters so that either the coated or the uncoated sides of the
teeth were the more heavily bombarded.
Magnetrons constructed
with these cathodes had decidedly better signal-to-noise ratios with
the magnetic field in the “correct”
direction.
9.4. Origins of Noise.—The observations reviewed in the preceding
section demonstrate quite conclusively that ions in the interaction space
of an oscillating magnetron can give rise to strong sidebands of noise

396

NOISE

[SEC.

94

in the magnetron output.
Presumably the noise gets into the output
of the magnetron as the result of modulation effects, for it is hardly
conceivable that the motions of the ions contain the frequency compoThe ions move much more slowly
nents present in the noise spectrum.
than the electrons, and for the electrons the transit times across the gaps
of the resonators are just small enough to permit the electrons to deliver
power at the resonance frequency of the magnetron.
It seems likely
that the effect of the ions is to be explained somewhat as follows: The
ions, by neutralizing space-charge, cause momentary variations in the
electron current, and thus there results an irregularity or noise modulation
of the magnetron output.
The noise generated in the absence of oscillations (described in Sec.
9.2) might also be termed “excess noise,” since, as will be shown presently, it is orders of magnitude larger than can be accounted for by
elementary considerations.
To what extent this type of noise is influenced by ions is entirely unknown, but to dismiss the results summarily
as a manifestation of “gas” would appear to beg the question because
Modulation effects
of the difficulty with transit times mentioned above.
could hardly be invoked, for in this case there is no carrier to be
modulated.
One source of noise must be present under all circumstances, namely,
shot effect, and it may be of interest to calculate an upper limit of the
noise power to be expected from it. This calculation can be carried
through quite simply for the nonoscillating magnetron operated at
magnetic fields below cutoff on the basis of the single-stream solution to
the space-charge equations (see Chap. 6). This solution has been
used quite widely as the starting point for theoretical investigations of
magnetron phenomena.
Mathematically,
the d-c current to the anode
is zero under the conditions assumed; in practice the current is relatively
There is, however, a large azimuthal component of current that
small.
flows across the faces of the resonators, and it seems reasonable to suppose
that the shot effect arises primarily from this component of the electron
current.
Inasmuch as only a rough calculation is to be made, equations for a
plane magnetron will be used. If the distance between oscillators is s,
the formula r,/ra = (N – 4)/(N + 4) yields for the cathode-to-anode
distance in a plane magnetron the value 4s/~, and the characteristic
parameters (see Chap. 10) of the magnetron are
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where VOis the frequency of the n-mode, N the number of oscillators,
and L the length of the anode.
(A numerical factor of 1.24 is omitted
from g.) The solutions to thespace-charge equations are

4gB2
‘=

NG2;

()

G

‘

for

,<$(, -J,-;(:)))
where v is the velocity of an electron at the distance y from the cathode
and p is the charge density.
The current due to a single electron is computed as follows.
With
an r-f voltage ~ on the resonant system, the alternating electric field
has an x-component E= given by E= = (2~/.s)j(y) (COSTZ/s) cos >vf
+ higher components, where j(y) is approximately
1 at the anode
and falls to zero at the cathode.
Since only an upper limit is to be computed for the current, j(y) is taken as equal to 1 throughout.
The
higher components are small and will be neglected; the error thus introduced will be discussed later. The component wave that travels along
with the electrons has an amplitude E= = ~/s, and an electron traveling
with the wave (U = 2SV) does work at the rate ev~~s. Thus the current
i. induced by a single electron is given by

The (noise current) ‘/unit frequency interval di~/dv is equal tot: summed
over all electrons with velocities between 2SVand 25(v + dv). Thus
di:

(2ve)2 ~ NLs ~

G=
.

26
—e
7r
di:
—.
dv

~

‘gB

()

a;

dv

V>vm

(1)

‘0
0;

v < Vm,

where
V*C

,o[:-J(:y-;].

Taking the result at its face value, di~/dv should vary as V2up to Vand then fall suddenly to zero. Had the higher components of the
electric field been included in the calculation of the noise current, how-
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ever, there would be a weak extension of the spectrum toward higher
frequencies.
The maximum in the noise spectrum at v~ occurs at the
resonance frequency of the magnetron when the applied voltage is just
— 1]. Because the tube
equal to the Hartree voltage V = v[2(B/@)
would break into oscillation \rith so high an applied voltage, the noise
measurements described in Sec. 9.3 were all made at lower applied voltages. Thus a noise current computed on the basis of Eq. (1) must
surely represent an upper limit.
For the magnetron- used inthc measurements of noise, g = 0.3 amp.
With B = 463, Eq. (1) yields the value

The noise power integrated over the rcsouance curve of the magnetron
is given by
~_Tvg

n

2YC

d:”

The value of Y. forthemagnetron
isestimated to be 0.5mho and leads
tothenumerical
value forthenoise
P. = 4 X 10–s watt, or74db below
1 W. Since this value is roughly 40 db lower than the noise powers
observed, it is evident that the observed noise cannot be accounted
for on the basis of shot effect in a single-stream space charge.

PART

III

DESIGN
Thk part of the book is devoted to magnetron design. The available
theoretical and experimental knowledge of the electronics of magnetrons
and of their resonant systems and magnetic circuits will be used to develop
procedures by which a tube can be designed to meet specific requirements.
The general principles that are needed have been discussed in Part I
and Part II of the book, and to this will be added a great deal of experimental information gathered at the Radiation Laboratory and from
industrial laboratories.
The design of a magnetron must consider f our principal components:
the cathode, the interaction space of the fields and electrons, the resonant
ystem, and the magnetic circuit.
Chapter 10 will discuss the rather
complex interrelations of these components; it will also analyze in detail
the problem of designing the interaction space to meet given conditions
of operation.
Subsequent chapters will consider the resonant system,
the cathode, and the magnetic circuit.
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10s1. The Primary Design Parameters.—When
a need arises for the
design of a new magnetron to meet operating conditions not fulfilled
by existing types, experience has shown that the requirements of the
situation can be set forth by the specification of certain primary design
parameters.
These parameters express the relationship of the magnetron
to the other components of the equipment in which it is to be used and
indicate the requirements set for the tube by the over-all equipment
specifications.
The primary design parameters to be considered are
1. Frequency.
2. Pulse-power output.
3. Voltage.
4. Efficiency.
5. Pulse duration and average power input.
6. Heater power.
7. Tuning requirements.
8. Frequency stability.
9. Weight.
The emphasis on the various parameters will not, of course, be similarly
distributed in all cases.
It may happen that the requirements made upon the design will be
impossible to meet through existing techniques, but the analysis to be
carried out will indicate the compromises that may best be made to
arrive at a usable design.
The outstanding characteristics of any oscillator are its frequency
and power output.
Magnetrons ranging in frequency from 30 to 30,000
Me/see and in power output from 30 to 3,000,000 watts have been
developed.
Generally, from 30 to 1000 watts c-w operation has been
feasible, while pulsed oscillators capable of delivering from 1 to 3000 kw
have been developed.
The working voltage range covered by existing
types of magnetrons extends from about 500 to 50,Wi0 volts, indicating
by comparison with the power range a rather narrow spread of static
input impedance.
Magnetrons have been built in which the electrons generate r-f
power at efficiencies up to 80 per cent.
Usually much of this efficiency
401
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is sacrificed to gain other ends, and a certain amount is inevitably lost
in the resonant system.
The over-all efficiencies of most existing
magnetrons fall in the range of 30 to 60 per cent at the nominal operating
point.
Magnetrons have been required to operate under a variety of duty
ratios.
Pulse durations from 0.1 to 10 psec have been used, and a
number of applications
have required continuous-wave
operation.
The corresponding average power outputs have covered a much more
restricted range than the pulse powers, extending only from 1.5 to 1500
watts, or from about 3 to 3000 watts average power input.
Occasionally an upper limit is placed upon the cathode heater-power
consumption by considerations of equipment weight.
Tubes designed
for airborne service have had a cathode drain as small as 1.5 watts, while
very high power magnetrons have required as much as 150 to 300 watts
heater power.
It is desirable in many applications that a magnetron be tunable
Tunable magnetrons exist that
over a particular band of frequencies.
achieve, by complex mechanisms, tuning ranges varying from 5 to 40
per cent. In some cases in order to permit precise frequency settings a
tuning range of only 1 per cent or less has been obtained by very simple
methods.
Recently several methods of electronically
varying the
frequency of a magnetron have been developed.
For the f-m transmission of video data or very precise stabilization of frequency, it is now
feasible to build magnetrons with an electronic tuning range of several
megacycles per second.
Tubes have been built at 1000, 3000, and 4000
Me/see with a deviation range of about 10 Me/see.
For electronic
tuning, the ratio of megacycles per second of tuning to volt of signal is of
considerable design importance, as is also the required bandwidth.
Magnetron tuning is closely allied with the problem of frequency
stabilization.
In a number of applications it is necessary that the
frequency of a tube over a wide range of operating conditions remain
within very narrow limits, set perhaps by the pass band of a receiver.
This must be accomplished without constant manual attention, and the
fluctuations are indeed often too rapid to be compensated by mechanical
means. An example of such stringent conditions is given by the 2J32,
Thk tube must not vary from its
a magnetron used in lo-cm beacons.
center frequency by more than ~ ~ Me/see as its temperature varies
f 10”C, its plate current varies from 8 to 12 amp, and its load varies
over all phases with an SWVR equal to 2.0. The problem has been met
by the development of a technique of tightly coupling high-Q resonant
cavities to the magnetron, achieving thereby stabilizing factors up
to 10.
Because a magnetron requires a strong magnetic field for its operation,
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the combined weight of tube and magnet is considerably greater than
The weight of the magnet
that of the more conventional electron tube.
required is therefore a factor of considerable importance in design.
Very severe requirements have had to be met in tubes planned for use
in airborne equipment or in sets designed for extreme ease of transportation. Magnets have ranged in weight from several ounces to 100 lb.
10.2. The Method of Magnetron Design.—There is one very simple
approach to magnetron design.
In the past a great variety of tubes
has been constructed, and their performance examined.
If one of these
tubes comes close to meeting the requirements of the situation, small
variations may be made in its design with good hope of success in meeting
the new conditions.
The relations among the components of a magnetron
are so complex, however, that it may not always be possible to arrive
easily at a new design simply by variation of an existing type.
A more
analytical approach is necessary to formulate a procedure that is applicable
in all cases and to bring out most clearly the processes involved.
The four parts of a magnetron are so interdependent that no one
of them can be designed independently of the rest. Each component is
affected not only by the primary parameters but also by the design of
the other three parts.
It is necessary, therefore, to arrive at a solution
to the design problem in which each part of the tube, besides meeting
the requirements set by the primary design parameters, is consistent
with the design adopted for the other components.
The most convenient
way to do this is to settle upon a trial design of the interaction space.
A complete set of specifications is thereby established for the other
components, and it is a straightforward matter to decide whether or
not each component can be designed to meet these conditions.
Figure 10.1 is a block diagram setting forth an analysis of magnetron
design conceived in the above manner.
At the left are the 10 primary
design parameters discussed in the previous section; the four tube comp~
nents are shown in heavy outline.
As indicated in this figure, the design of the interaction space depends
chrectly upon the required current, voltage, and wavelength.
These
quantities alone, however, are insufficient to determine the size and
shape of the interaction space and its state of oscillation.
It will be
seen in Sec. 10.8 that, in addition, it is necessary to specify three quantities, N, u, and p, called the “shape factors,” and three other quantities,
b, i, and g, which constitute what will be called the “relative operating
point. ” The shape factors determine the cross-sectional shape of the
interaction space but not its size, while the relative operating point can
be considered as determining the nature of the electronic orbits.
The choice of the shape factors and the relative operating point
determine the trial design of the interaction space mentioned above.
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In principle, this choice can be made without previous information and,
if proper, will lead to a consistent solution of the design problem, if
such exists. Ifthechoice
isinept, ontheother hand, itcan be discarded
and replaced by a more suitable one. In practice, experience with
other tubes should reduce the choice of N, u, and P and b, i, and g to
well-defined limits.
The data that have been gathered in Chap. 19
summarize a considerable amount of previous experience that may be
found useful.
In Sec. 10.8 it will be shown that the determination of the interaction
space leads to the specification of 10 quantities which will be called the
“secondary
design parameters. ” These include four dimensions—the
anode radius TC,the cathode radius r,, the anode height h, the slot width w,
and the number of oscillators N—and five operating constants including
the electronic efficiency qe, the change of electronic susceptance with
current dB,/dI, the slot conductance GL arising from internal losses
and external loading, the cathode-current density J., and the magnetic
field B.
By referring to Fig. 10.1, it is seen that a number of conditions are
placed in this way upon the design of the resonant system, the cathode,
and the magnetic circuit.
These conditions are indicated by arrows
leading from the various design parameters to the appropriate components. In order to proceed with the problem, it must be decided whether
or not each part of the tube can be designed to meet the conditions
imposed upon it. If this is possible, the choice of interaction space has
been a good one, and a satisfactory solution can be achieved.
If, on
the other hand, it is impossible to arrive at a design for a particular
component, or if the design would be very extreme or inconvenient,
it becomes necessary to make a new choice for the interaction space or
to make a compromise with the primary design parameters.
It is
necessary to rely in each case upon the particular circumstances to
indicate the proper direction to take.
In arriving at the design of the interaction space, theory and the
available data are not always competent to specify closely the magnetic
field B and the electronic efficiency q,, and very little data are available
The tentative solution, however,
for determining the quantity dB./dI.
specifies the dimensions required to build trial magnetrons if necessary
Other factors not considered
and to measure the questionable quantities.
in this analysis, such as noise level, can be similarly determined.
In the design of each component of the magnetron, there must
constantly be considered whether or not an unduly difficult mechanical
problem is presented.
A design may often be unfeasible because it
requires impossibly
small parts or unreasonably
close machinidg
tolerances.
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10.3. Conditions Imposed on the Resonant System.—The analysis of
the preceding section yields a set of 11 conditions upon which the resonant
system is simultaneously dependent, namely,
1. Tuning range.
2. Frequency stability.
3. Number of oscillators N.
4. Anode radius ra.
5. Anode height h.
6. Slot width w.
7. Wavelength k.
8. Circuit efficiency ~..
9. Slot conductance GL.
10. Average power input.
11. The change of electronic susceptance with current, dB,/dI.
In addition, the resonant system must extend to the electrons a reasonably
pure mmode under all conditions of tuning, stabilization, and loading.
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and the load through a conductance GE, also presented at the slots.
The interrelations of these four quantities and the 11 conditions listed
above are set forth in Fig. 10.2.
The quantities N, T., h, and w determine
that portion of the anode shown in Fig. 10”3.
The rest of the structure must be constructed so
that the proper wavelength and mode separation
is obtained and the desired average power can be
dissipated without an excessive temperature
gradient.
A variety of structures maybe possible, each with a characteristic G. and Y,. If
one of these is chosen, a number of conditions
FIG.10.3.—Anodeinteraction-spaceinterface.
are placed upon GE and S.
The
Gu and

slot
GE by

conductance
the

G.

and

the

circuit

efficiency

q. are

related

to

expressions
G= e

‘c =

?

ON THE RESONANT

G. + G.,
G,
GE +

(1)
(2)

G.”

The shift of wavelength AA with a change in current AI, a change of
temperature AT, and a change of normalized load reactance Ab = AB/ Y,
are given approximately by
(3)

and
AX_

1
I

G.AAb
SYC 2

(5)

‘

where a is the linear thermal expansion coefficient and it is assumed
that the stabilizer is unaffected by changes in temperature.
These
relations will be established in Chap. 16.
The change in wavelength of the tube with a small change in the
parameters of the resonant circuit can be taken as roughly representative
of the available tuning range. For a change AC in the capacitance of
the anode block one has
AA = (7rC)&

c

AC.

A change AL in the inductance of the anode block causes a shift

(6)

1
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and a change AA. in the wavelength of the stabilizer gives

i

AA=

S–l
s

AA
8“

(8)

f

I

~

(
;

~

Equations

(1) and (2) impose two conditions on G.:

where the inequality sign is inserted because there can certainly be no
objection to a circuit efficiency greater than the required value of q..
The anode block must be designed so that Eqs. (9) and (10) are simultaneously satisfied.
If the bracket ( )~ means in each case the maximum tolerable
ratio allowed by the primary design conditions of frequency stability
and tuning range, one obtains from Eqs. (3) to (8) and Eq. (1) the following relations which set upper and lower limits to the stabilization that
must be incorporated into the design:
(11)

(12)
w.

s>~

G, – G.
Y,
‘

LA

~
()

(13)

Ab m

AA,
s>

(-)

(14)

‘A”
AA,
_ ~’
(-)AA .

s < (.C) +C

()

g

~,

(15)

.

(16)

and
s < (7rc)YG +
()

m

One of the Eqs. (11) to (13) will set a lower limit to S. If tuning of the
resonators is employed, Eq. (15) or (16) will set an upper limit to S.
Tuning by means of the stabilizer, on the other hand, will set a lower

I

SEC.

10.3] CONDITIONS

IMPOSED

ON THE RESONANT

SYSTEM

409

In order to have a possible design,
limit to S according to Eq. (14).
these various limits must not overlap.
Equations (9) through (16) depend on three primary design parameters: the wavelength; the frequency stability expressed by (Ak/AT)m,
0,8
0.6
q, 0.4
0,2
0 EEEl%
0123456

GLinarbitrary
units
FIG.10.4.—Electronic

*
b

efficiency as a function of slot conductance.

(AA/AI)m, and (AX/Ab)m; and the tuning range entering through (AL/A~)_,
(AC/AX)m, or (AAJAX)m. In addition, three secondary design parameters
(dB./dI),
G., and q, are involved, as are also the quantities GWand Y..
If the various conditions (9) to
(16) set for G, and S are inconsistent, changes must be made in
G“ and Y. (that is, the anode
block), in the secondary design
parameters (that is, the interaction space), or in the primary
design parameters.
This situation is expressed most clearly by
Fig. 10.2.
Equations (l), (2), (11), and
1,0
(13) form a basis for discussing
0.8
the relations between the over-all
efficiency of operation q and the
: 0.6
conditions of frequency stability.
.:
As has been discussed in Chap. 7, s 0.4
the electronic efficiency q. of a
0.2
magnetron is a function of slot
v
0
conductance GL of the form shown
3
o
2
PI
in Fig. 10.4. Also, it will be seen
Y, inarbitrary
units
in Chap. 11 that for a group of FIG. 10.5.—Conductance
and eficiency as a
function of Y..
similar anode blocks the internal
losses G“ increase with increasing Y. as indicated in Fig. 10.5. Suppose
it is desired to keep the stabiliza~ion against changes i; load requir~d by
Eq. (13) constant.
In that case it is necessary that
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G.
= k,
K
Using Eq.

where k is some constant.
Eqs. (1) and (2)

103
(17)

(17),

there is obtained

G= = kY, + G.

from
(18)

and
k Y.
“

= kY.

+ G.”

(19)

Equations (M) and (19) allow the curves for G. and q. to be drawn
in Fig. 10.5. Furthermore, with ~, known as a function of G’L and G.

GLmarbtrary
umts
FIG. 1O.6.—(CUI.,IW as a function of GL.

as a function of Y., a plot of ~. against Y. can be made in Fig. 10.5.
Then using the relation q = q,q~ the total efficiency can also be plotted
against Y.. It is observed that ~ must obtain a maximum value at some
A
point P to the left of the point at which q, obtains its maximum value.
magnetron that has been inadvertently designed with Y, not at
P can be redesigned for a higher
efficiency without sacrifice of stability against changes in load by
changing the Y. of the resonant
system.
When other operating conditions are held constant, the rate
p“ 2
1
of change of electronic susceptance
Ycin arbitrary
units
FIG. 10.7. —(dB./d1)
and 1/ Y.(dB./dI)
w
with current dB./dI is a function
functions of Y,.
of total slot conductance as illustrated in Fig. 10”6. It obtains a minimum value at some value of
conductance G1. From Eq. (3), it is observed that the shift of wavelength with current, at constant S, is proportional to 1/ Y.(dB./dI).
Maintaining the stability against changes in load constant as before,
dB./dI and 1/ Y.(dB./dI)
can be plotted as functions of Y. in Fig. 10.7.
In general,
At some point P’, 1/Y. (dB./dI) will have a minimum value.
P’ will not be coincident with P in Fig. 10.5.
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The following situation, then, exists in the choice of Y.. By always
maintaining the stability against load constant, a maximum value of
~ is obtained at one value of Y. and a minimum value of 1/ Y.(cZB./d1)
at another point.
Frequency stability against changes in current can
therefore be achieved at the expense of efficiency.
10.4. Conditions Imposed on the Cathode.—In
Sec. 10.2 it was
pointed out that the cathode design is subject to the following eight
conditions:
1. Anode height h.
2. Anode radius T..
3. Cathode radius r..
4. Plate voltage V.
5. Cathode-current density J..
6. Average power input.
7. Heater power.
8. Pulse duration.
The cathode that is to meet these conditions performs two important
functions in the magnetron.
It must supply the stipulated cathodecurrent density under conditions of complete or very nearly complete
space-charge limitation, and it must dissipate the energy of the backbombarding electrons without harm to itself.
The design of the cathode structure may at present draw upon experience with three types of electron emitters: (1) low-temperature oxide
cathodes; (2) high-temperature
cathodes such as thoriated tungsten,
tantulum, or thorium oxide; and (3) cold cathodes that operate by
secondary emission, such as beryllium or silver-magnesium alloy.
The
properties of these cathodes are so disparate that each finds its particular field of usefulness.
A second property of the cathode at the disposal of the design is the
supporting structure.
It is necessary to distinguish two methods of
support because of the very different effect that they have on the magnetic
circuit.
The end-mounted cathode is accompanied by built-in, hollow
pole pieces and, in practice, attached magnets; the radial-mounted
cathode requires a wider magnetic gap and is usually accompanied by an
external magnet.
This interdependence is indicated in Fig. 10.1.
The back-bombardment
power on the cathode of a magnetron is not
far from a fixed percentage of the average input power in all cases and is
determined, therefore, by Condkion 6. For handling very large backbombardment powers, water-cooled secondary-emission
cathodes have
been used successfully; but because of several disadvantages, these
cathodes have not yet seen extensive application.
With heated cathodes, there is an intimate relation between the
back-bombardment
power and the heater power.
Suppose that the
Furthermore,
bombardment power is P, and the heater power is Pa.
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to simplify the argument, suppose that the distribution of heater power
is thermally equivalent to the distribution of Pfl. Suppose that it is
considered permissible to initiate operatio~ of the tube with a cathode
temperature TI and to operate with a temperature Tz > T1. The power
dissipated in the cathode to maintain the temperature T, will be PH,
while a higher power ~PH will be required to maintain a temperature Tz.
Finally, suppose that the heater power can be reduced to an amount
XPH during operation.
During operation, the heat balance of the
cathode will therefore be expressed by
P, + xpH = /3PH.

(20)

Solving Eq. (20) for PH then gives

‘“ = (P:x)”

(21)

In Fig. 108 P.q is plotted as a function of x for @ = 1.4 and @ = 1.0.
A large P, requires PH to be large
13
also, and a great reduction is brought
12
about in PH by tolerating a certain
~ 11 range in cathode temperature.
Fur‘: 10 thermore, arranging to reduce the
heater power in operation allows a
.—
still further decrease in these quantities. A requirement for very low
.:6
heater power can be met in a design
that calls for small average power
Back-bombard.
mentpower
input (low PD), tolerates wide tem:3
perature limits, and permits reduc‘2
tion of the heater power in operation.
1In general, the high-temperature
~~
cathodes
can dissipate more power
0.8
1.0
o
0.6
Fraction
z of standbyheaterpower than the low-temperature ones, and
usedduringoperation
it is usually easier to design an endFIG. 1o.8.—PH as a function of x for
mounted cathode for large dissipatwo values of B.
tion than a radial-mounted one. The
length and diameter are important factors in settling on the proper
cathode and supporting structure.
A magnetron normally operates under conditions of space-charge
limitation at the cathode.
This situation results in the familiar, nearly
linear contours of constant magnetic field in the ( V, I)-plane.
If the
total emission of the cathode is insufficient to maintain space-charge
limitation beyond a certain current, a potential gradient appears at the
cathode, and the magnetic-field line deviates from its normal position
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toward higher voltage.
This shift of the ( V, Z)-characteristic results
in an increased tendency to mode-skip in pulsed magnetrons (see Chap. 8)
Continuous-wave
and is sometimes accompanied by a poor spectrum.
magnetrons will tolerate a somewhat larger deviation from space-charge
limitation but will cease oscillating if the deviation becomes great enough.
To maintain normal operation, Condition 5 requires that the cathode
be capable of furnishing a space-charge-limited current density at least
equal to ~.. In the operating magnetron, because of the back-bombardment electrons, ~. may be composed partially of primary electrons and
partially of secondary electrons, and only a portion ~p of the required
The secondary emission
current density need be primary emission.
current, at a given operating point, depends upon the nature and state
of the cathode, its temperature, and the distribution of energy in number
of the returning electrons.
If these factors are all known, .JP can be
calculated and constitutes a requirement on the cathode.
Actually,
very little information is available on the energy distribution of backbombardment electrons because of the difficulty in making the necessary
measurements.
For oxide cathodes, therefore, it is usually impossible to specify
Instead, the practice has been to see that ~. does not exceed a
Jp.
limit .T_ set by cathode sparking.
Because of the high secondary
emission of the oxide cathodes under the conditions present in most
magnetrons during oscillation, JP is usually a small fraction of .J.. Moreover, the primary emission normally to be expected from such a cathode
is a larger fraction of Jm, and it is therefore sufficient for space-chargelimited operation.
On the other hand, if the secondary emission ratio
is about unity, the primary current density must be nearly equal to J..
Such a case obtains with the high-temperature metallic emitters such as
thoriated tungsten or tantalum and with very low voltage magnetrons in which the returning electrons have low energies.
A limit Jm exists to the total current density, both primary and
secondary, that can be furnished by the low-temperature oxide cathodes
without sparking.
This limit depends considerably on the structure
of the emitting material and increases as the pulse duration decreases.
The current density J. required by Condition 5 must therefore be considered for consistency with the pulse duration set by Condition S.
No corresponding limits are usually encountered with the high-temperature metallic emitters.
The dktance between the anode and the cathode set by Conditions
2 and 3 is of some importance.
The potential gradient that appears
at the cathode surface upon failure of space-charge limitation is roughly
inversely proportional to this distance, and a smaller separation may
therefore lead to increased sparking.
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1005. Conditions Imposed on the Magnetic Circuit.-The
function of
the m~gnetic circuit is to produce a fairly uniform magnetic field of the
desired value over the extent of the interaction space, and this must be
done within the specified limits of magnet weight.
There are therefore
five conditions set for the magnetic circuit:
1. Anode height h.
2. Anode radius ra.
3. Cathode radius r..
4. Magnetic field B.
5. Magnet weight.
The magnet weight is essentially proportional to the square of the
field strength, to the distance between the magnet poles, and to the area
of the uniform field. The distance between poles is determined by h and
by the decision to end-mount or radial-mount the cathode.
In principle,
the area of the magnetic field need be only the cross-sectional area of
the interaction space, but it may be impossible in practice to confine it
to thk region.
Magnetic material is occasionally included in a magnetron cathode
to decrease the effective pole separation, improve the shape of the field,
A further
or produce a focusing field at the ends of the interaction space.
interdependence of the cathode design and the magnetic circuit is introduced if this is done.
10.6. The Scaling Laws.—It has been seen in Chap. 7 that the operation of a magnetron is determined by the external magnetic field B, the
plate current 1, and the r-f impedance presented by the load to the output circuit of the tube, Z(X).
In thk case, the plate voltage V, the
In
operating wavelength k, and the power output P are determined.
order to eliminate dh-ect consideration of the resonant system, the specification of Z(k) may be replaced by a description of the anode-block
interaction-space interface and the specification of G,(k) and B,(A), the
conductance and susceptance respectively for each resonator opening.
In the following considerations G,(x) and B,(h) will be taken as identical
for each resonator opening, and the values of G, will be taken as independent of A. In this case the operation of the tube maybe specified by
the magnetic field B, the plate current 1, the total slot conductance G.,
Such a specifiand the wavelength X; V and P are thereby determined.
cation is possible for magnetrons with resonant systems made up of
equivalent resonators.
For rising-sun magnetrons, B,(A) has a different value for alternate resonators, but this fact may be ignored except in
the vicinity of the critical field (see Chap. 3).
One further piece of information is needed before the operation of
any magnetron is completely specified, namely, the boundary conditions
satisfied by the electric fields at the cathode.
Normally all cathodes
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impose the boundary conditions that the field be zero at the surface,
A cathode with an unduly heavy
and the question can be ignored.
current drain, however, may present a different boundary condition to
the fieldawith a correspondingly altered behavior of the magnetron.
It has been shown in Chap. 6 that provided the interaction space is
such that (k/2n-r~) may be considered a small quantity and provided
that the interaction of the electrons and the r-f magnetic field may be
neglected, the basic equations of a magnetron may be expressed in terms
of a set of dimensionless variables
(22a)
W(4B

(2%)
‘(:)(wi’

x)(k)%’,
Tc
—1
TO

(22C)
(22d)

and
21rc ~

(22s)

()T“

<

Consequently, on the basis of the various assumptions
made, it follows that the specification of the quantities
le
5L27TC
()()

~

B,

that have been

(23a)
(23b)

&(:)(kY&’

and
(23c)
determine the additional quantities

for a group of magnetrons with geometrically similar interaction-space
cross sections, possessing resonant systems made up of equivalent
resonators and with cathodes imposing a zero-value boundary rendition

.
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on the electric fields. A group of magnetrons answering this description
is said to form a ‘f family” of magnetrons.
Henceforth the dimensionless variables corresponding to B, V, 1,
G., and P will be called “reduced variables” and will be designated by
b, v, i, g, and p, the corresponding
quantities being related by the
expressions

b=:)
V=_,

(25a)

v

(25b)

v
i=—, I
9
g=—,

(25c)

G.

,

(25d)

s
p=;.

(25e)

@ V, 9, S, and & are characteristic scale factors for a given magnetron
and will be termed the “characteristic”
magnetic field, voltage, current,
conductance, and power. They are given by the expressions
a=2:

g
(‘(

‘[’

-i2)’l

= (~’)r~’?:)’l

‘auss’

‘2’s)

‘

‘O1’s

v

(262))

‘Kww-’=253000(3’

‘=[’-N;(+$:)(2Y”””
8440al
‘[1-()’12(+’)(%):

s=:,

(26c)
amp’
(26d)

and
@ = 9V.

(26e)

These characteristic scale factors were brought to their present form
by J. C. SlaterL who introduced the expression for 9. The quantity al
is a function of rJr. and is shown in Fig. 10.9 taken from Slater’s report.
It is seen that b, v, i, g, and p are identical with the dimensionless variables
given in Eqs. (23) and (24) except for factors involving the mode number
~J. C. Slater, “Theory of Magnetron Operation,” RL Report No. 200, Mar. 8,
1943,
.
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For magnetrons with georatio u = r,/ra.
metrically similar interaction spaces these factors are constant and have
no effect on the situation.
They are included in the expressions for
b, U,i, g, and p to facilitate a comparison made later of magnetrons with
different values of n and rc/ra.
1.5
1—
For the purposes of this chapter,
n will always be equal to N/2,
where N isthe number of oscillat1.0
~
ing segments of the magnetron.
The performance charts for
0.5 any magnetron, presented in reduced v a ri a b 1es, express the
0
behavior of a whole family of
1
4
3
5
‘2
6
magnetrons.
To predict the be%/%
FIG. 10.9.—aI as a function of TJr..
havior of a new member of the
family, it is necessary merely to
calculate the characteristic magnetic field, voltage, current, power, and
Performance charts for the new tube
conductance of this new member.
can then be drawn up using the relations

n and the anode-cathode

B = ba,

(27a)

v

(27b)

= VW,

I=i$,

(27c)

G = g~,

(27d)

P = p@’.

(27e)

and

This process has come to be known as the “scaling”
of one magnetron
to another.
It is obvious that for scaling one must always use the power
generated by the electrons, correcting for the power lost in the resonant
system.
To specify the family of magnetrons represented by a reduced
performance chart, it is necessary to indicate the shape of the interaction
space. Referring to Fig. 10.10, it is seen that the shape of the interaction
space can be specified by the number of oscillators N and by the ratios
u = r./ra and p = w/d. A reduced performance chart should therefore
be accompanied by values of N, u, and p. The load for which the data
were taken should moreover be indicated by a value of g = G/s.
The accuracy with which a reduced performance chart of an actual
magnetron represents the ideal behavior of a family of magnetrons is
limited by several factors discussed below.
The equations that are used to characterize the magnetron represent
by a potential function the field presented to a single electron by all the
other electrons.
This procedure does not consider the small effects due
●
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to near electron encounters which produce noise fluctuations of the spacecharge cloud.
The noise currents generated will not scale precisely like
the normal currents.
Wherever the noise currents can be important,
as, for instance, in the low d-c current region, the reduced performance
chart will cease to be representative.
End-space effects are of considerable importance in actual magnetrons.
Direct currents flow at the ends of a tube by leakage from the interaction
space and by emission from the end shields. These currents considerably
affect the behavior of some magnetrons in the low-current region
and naturally do not scale from
tube to tube.
The low-current
behavior may also be affected by
r.
spurious oscillations in the end
w
‘.
spaces of a tube.
In some cases,
the r-f fields are not uniform along
the length of the anode, and the bed
~d
havior of the magnetron is affected
in a way difficult to assess. A
magnetron with small mode separan?
tion may have irregular r-f patterns
that cause its operating characterFIG. 10.10.—Crosssection of interaction istics to depart widely from the
space.
ideal behavior of its family.
In
particular, the electronic efficiency is likely to be lower than normal.
These sources of inaccuracy will be systematic in a number of identical
samples of a magnetron design.
In addition, data taken on a particular tube may be nonrepresentative
for some further reasons. Normally a magnetron operates space-charge
limited.
As already mentioned, under conditions of heavy cathode
drain, space-charge limitation may fail, and the boundary conditions on
the electric fields at the cathode become dependent on the nature and
The operation of a magnetron under such
state of the emitting surface.
conditions cannot accurately represent the space-charge-limited behavior
Data taken near the extremes of operaof other members of its family.
tion of a tube are likely to be inaccurate and may be less reliable for some
samples than for others. Sparking and misfiring of a magnetron are
greatest in these regions and affect the average values of power and
Thk effect tends to close the efficiency contours about the
current.
region of operation.
Finally, a particular tube may be poorly constructed.
The anode, for example, may be irregular in shape, causing a
reduction in electronic efficiency, or a cathode may be off-center with a
resultant decrease in efficiency and a reduction of d-c voltage.
The

u
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nonsystematic errors of this sort maybe largely eliminated by averaging
data over a number of tubes or by using data taken on a tube of known
average behavior.
The latter method is often to be preferred for realizing
self-consistency of the information.
10.7. Reduced Operating Data on Various Types of Magnetrons.—
For design purposes, the data that one would like to have on a particular
14,
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—— %

6.6
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14.1
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35.2

\_

~
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\
4.8

—--

7.1

6

2

1

FIG. 10.lla.—Reduced

3.0~
4

3
i

performance

chart of ZP676.

N -4;

U = o.15; p =0.36;0

= 0.28,

20

P 18
n
16 m
0.2

0.1

0.3
9

0.4

05

Don

Fm. 10.llb.
FIG. 10.11c
FIG. 10llb.-Load
curve of ZP676 for b = 5.5 and i = 2.S.
FIG. 10.1 le.—Cross section of interaction space of ZP676.
magnetron

of interest

are

a set

of wide-range

performance

charts

taken

however, there are available only a
performance chart taken at one load and a Rleke diagram presenting,
as a function of load, the operation at a particular magnetic field and
current.
The Rieke diagram can substitute in some measure for having
.
at

a variety

of

loads.

Usually,
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several performance charts if it is assumed that a magnetron’s performance varies fairly uniformly with load over its range of operation.
Very often, the diagram contains data only on power and frequency,
In other cases there is available
omitting information about voltage.
only a performance chart.
7
1

—’P

3.6

—b
——

\

\

6

6.87

5.62

4.37●

qe

3.12.
5 1.87
‘P
4 ~

3 ‘0.63

/

20~
3.0

‘t’

Fm. 10.12a.—Redu.ed

performance

chart of 2J32.

N = 8;u

= 0.3S; P = 0.37; u = 0.51.

10.0
8.0

6.0
P
4.0

2.0

0.0
0
FIG. 10.12b.—Load
B,b

.

0.2

0.4

0.6

0.8

1.0

9
curves of 2J32 for various values of b and i. For A, b = 3.6, i = 2,1;
= 2.4, i = 2.2; C, b = 2.4, i = 1.4; D, b = 2.0, i = 1.0.

Accordingly, the data set forth in thk chapter for a variety of
magnetrons will be presented by a reduced performance chart at fixed
g and, if the information is available, by a reduced load curve showing
p as a function of g, for a particular value of b and of i.
When the dimensions of a magnetron are known, it is easy to calculate
B, V, g, and CPfrom Eqs. (26) and to construct a reduced performance
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chart from measured data. The measured power output of the magnetron, however, must be corrected for the circuit efficiency of the
resonant system and output circuit.
The losses in the output circuit
usually represent only a 2 to 3 per cent correction to the power lost in
20 I

I

I

7.0
6,6
6.1

I

I

I

I

I

45.3

36.1

27.2

17.9

15

v

I

54.4

1

63.4

\

10
4.3
3,83.3
5

e

~

2:3- —
1,9
0[
o

~

—p

2

1

Fm. 10.13c7.—Reduced

3

performance

the

resonant
data

system

formalcing

approximation,

one

and

chart of 2J39.

have

been

ttiscorrection
can

5

4

write

for

neglected
are

the

not

circuit
1

~c =

=0.3S;

= 2.4 andi

P =0.52;

8
g =0.17,

= 2.0.

in what
generally

7

follows,

available.

because
In this

efficiency

(28)

~+@
&L

6

N =8;0

9
curve for2J39forb

Fm.10.13b.-Load
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.
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‘-Ve

QU

PRINCIPLES

422

[SEC.

OF DESIGN

10.7

where QE and QU are derived from impedance measurements on the
nonoscillating tube. The quantity a. is the ratio between the conductance presented to the tube by the load and the characteristic admittance of the line. The conductance G, at the slots can be calculated if
6,5
—P

—b

6.0 ‘—

7,

3,6
/
3.2

./

v 5.0
3.0

2.6

+1+

/

4.0
2.4
3.5

12
i

0.8

0.4
Fm. 10.14a.-Reduced

performance

1.6

chart of HP1OV.
o = 0.22.

N = 10;

2.0
. = 0.60;

P = 0.36;

1.5

P 1,0

0.5 EEEl
o
FIG. 10.14b.—Load

the characteristic
In that case,

0.1

0.3
0.4
0.2
9
curve for HP1OV for b = 2.44 and i = 0.79.

admittance

Yc of the resonant

‘L=

system

is known.

(29)

‘G+:)’

(30)
‘=+(++

3)”

Unfortunately, Y., can at present be measured only with great difficulty,
and only approximate methods exist for its calculation.
Thk difficulty
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introduces a considerable degree of uncertainty into the general design
procedure, in the sense that the value of GL for which a certain performance is to be expected may not be accurately predicted.
In the
data presented below, the best available methods have been used to
calculate Yc; if better methods are found, a recalculation can be made
from the information given in Chap. 20.
13

12

11
v

5.4
10
&.8”
9

—P
b~

8 ,
2.0

—b
——

/

‘3.0

4,0

5.0

v.

6.0

7.0

i
.10. 15a.—Reduced

parformanoe chart of 4J33.

N = 12; a = 0.69; K = 0.33:g

22

20
P

/

18
/

16

/

= 0.46.

1

#l

14
120

0.1 0.2 0.3 0.4 0,5 0.6 0.7 0,8

I?m. 10.16b.—Load

0
curve of 4J33 for b = 4.8 and i = 3.9.

Figures 10”11 to 10”26 contain the data used in this chapter.
The
factors employed in reducing the performance charts and load curves
from the original data are listed in Tables 10.1 and 10”2. Some particular
points in connection with the charts should be discussed.
The charts of Fig. 10.11 are for the ZP676, sometimes known as the
‘‘ neut rode. ” A sketch of the anode cross section is shown in Fig. 101 lc.
Technically, these charts can be used only in scaling to similar cross

*

to
b

TABLE 10. 1.—CHABACTEIUST1C SCALE FACTOIW AND PARAMETERS EMPLOYED IN (20MPUTING THE REDUCED PERFORMANCE CHARTS

—

Tube
type
ZP676
2J32
2J39
HP1OV
4J33
4J39
725A”
725At
4J50
LCT
QK61
AX93
3J31
Scwc
BM50
RD1l-~
GK13-I

cd,

‘u,

puss

volts

271
577
682
533
502
633
1480
1480
1470
125
437
1210
2940
331
1045
2610
2060

102
3470
1220
8030
2420
3840
1820
1820
2500
423
149
3440
3260
167
160
4010
3040

6’,

~,

I

amp

0.107
12.0
2.52
79.8
12.8
25.4
7.05
7.05
15.6
0.761
0.362
49.6
20.3
0.346
0.227
48.7
47.1

* Western Electric rncdel.
t Raytheon model.

I

watts

10.9
41,600
3,070
568,000
31,000
97,600
12,800
12,800
39,000
322
53.9
171,000
66,200
57.8
36.3
195,000
143,000

s,

I

mhos

0

P

N

x,
cm

Qu

QE

Ve,
%

—
1.05 x 10-2 0.15
0.38
3.46
2.07
0.38
0.50
8.82
0.59
5.29
6.61
0,59
0,50
3,87
0.50
3.E7
0.66
6.25
“1,.80
0.61
0.60
2.43
0,62
14,4
0.60
6,23
0.60
2.07
1.42
0.61
12,1
0.71
15.5
0.77

0.35
0.37
0.52
0.36
0.33
0.33
0.39
0,43
0.53
0.44
0.48
0,41
0.39
0,50
0.50
0.53
0.49

4
8
8
10
12
12
12
12
16
16
16
18
18
20
20
26
38
—

127 0.65
66 0.96
136 0.90
1500
10.6 1500 119 0.93
10.7 1500
85 0.95
8.50 1100 193 0.85
3.20 650 221 0.75
3.20 1000 220 0.82
3.20 840 305 0.73
33,5 1050
0.92
0.72
9.42 770 3:
3.16 1070 350 0.75
1.25 1010 480 0.68
10.0 1000 200 0.83
3.20 556 230 0.71
1.25 920 668 0.58
1.30 1000 805 0.55

40.0
10.7
9.06

240
1600

1000
Q.
—

y,,
mhoa
.

Y.
F

9

—

12,0
15.9

0,024
0.111

22.9
32,1

8.02
9.07
12.6

0.045
0.183
0.194

21.7
24.5
36.7

6.10
6.06

0.271
0.327

41.0
84.5

5.55
4.48
11.5
4.55

0.162
0.341
0.109
0,173

41.8
54.6
60.6
71.2

3.80

0.608

42.2

3.07
6.00
6.16
2.58
2.24

0.298
47.8
0.291 141.
0.216 152.
..... .....
..... .....

0.28
0.51
0.17
0.22
0.46
0.25
0.51
0.23
0.25
0,70
0.32
0.16
0,15
0.85
0,94
....
....

~
~
2
S
2
g
~
~
b

~
3
~

TABLE 102. -FA(ToRs

N

Tube

I–az

u

1 – ~z)z

1
—
n

INVOLVING N
l+!

ANDu

u

1

N

N(1 – cl)

x

0.256
0.145
0 145
0.133
0.126
0.126

19.0
22.5
22.5
17.9
14 9
14.9
21.5
13 0
17.7
18,6
18.5
20.7
22 9
22.2
15.4
14.3

Nu

——

—

ZP676
2J32
2J39
HP1OV
4J33
4J39
725A
4J50
1.CT
QK61
AX93
3J31
Scwc
B hf50
RDII-2
GK13-1

4
8
8

10

I

12
12
12
16
16
16
18
18
20
20
26
38

0.152
0.375
0.375
0.500
0.585
0.585
0.500
0.660
0.605
0.596
0.619
0.600
0 600
0.605
0.707
0.765

a,

*A“=’”(’

+-:)

A
~r 2;

o 977
0.859
0 859
0.750
0.658
0.658
0 750
0.565
0.634
0.644
0.617
0 640
0 640
0.634
0 ~oo
0.416

0.955
0.738
0.738
0.562
0.433
0.433
0 562
0.319
0.401
0.414
0.381
0 410
0.410
0 401
0. 2{50
0.173

6.57
2.67
2.67
2.00
1.71
1.71
2.00
1.51
1.65
1.68
1.61
1.67
1.67
1 65
1,41
1.31

I

1.52
0.963
0 963
0.937
0.950
0.950
0 937
0.988
0 960
0.953
0.963
0.955
0.955
0.960
1.017
1,060

7.57
3.67
3.67
3.00
2.71
2.71
3,00
2,51
2.65
2.68
2,61
2.67
2,67
2.65
2.41
2.31

0.210
0.356
0.356
0.557
0.809
0.809
0.557
1.24
0.903
0.859
0.967
0.872
0.872
0.903
1,69
2.65

0.111
0.110
0.0986
0 0970
0.0900
0.0867
0.0781
0.0788
0.0769
0.0632

0.608
300
3.00
5.00
7.03
703
6.00

60
9.69
9.55

10

11.1
10.8
12.0
12.1
18.4
28.7

0.0865
0.0148
0.0148
0.0112
0.00954
0.00954
0.00775
0.00731
0.00583
0.00562
0.00487
0.00447
0.00364
0 00372
0.00352
0.00243

1,55
1.45
1 45
1,49
2 39
3 47
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The assumption has been that the tube operates as though
sections.
the missing gap were present, but it should not be considered an accurate
representative of a family of magnetrons with N = 4, The data were
taken on a single tube not known to be an average sample.
9
6.03

7.24 8,45

9,65

8

V7

6
—P
—b
——

5
1,0

1.5

2.0

2,5

3.0

7,

3.5

i
FIG.1016a.-lteduced

per fOrlIlance chart of 4J39.

N = 12; u = 0.59; p = 0.33; g = 0.25,

‘;=
0,1
FIG. 10.16b.—Load

0.2

0.3
0.4
9
curve of 4J39 for b = 4.0 and i = 1.6.

The data plotted for the 2J32 in Fig. 10”12 are the most complete
known to have been taken on a single tube. The tube was an average
sample, and the data were very carefully compiled.
The performance chart of Fig. 10.13 is plotted from data on a single
average 2J39 and covers a wider range of reduced variables than any
of the other charts. The load curve represents average data for the
2J39 tubes.
The performance chart and load curve of Fig. 10.14 are derived from
This tube is known
average data on production HP1OV magnetrons.

SEC.10.7]

REDUCED

OPERATING

DATA

427

ON MAGNETRONS

to have an irregular Q-curve and an anode block long enough that variations of r-f voltage and magnetic field along its length are appreciable.
The data may therefore not be representative of this family of 10-oscillator magnetrons.

4.1

7
v

E!f?
3.7
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\

5

-

/
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6.25

~

5.21

2.4
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——?,

0.5

2.5

i

Fm. 10.17~.—Reduced

3.0

N = 12; u = 0.50; P = 0.43; g = 0.51,
performance chart of 725A.
(Bell Telephone Laboratories.)

4.5Raytheon
4.0

I
Western
Electric

P
3.5

(

t

3.0

2.50
FIG. 10.17b.—Load

0.1

0.2
u

0.3

curve of 725A for b = 3.7 and i = 1.1.
Telephone Labmatories.)

The performance
data for production
The performance
for production 4J39

4
(Courtesy of Raytheon and Bdl

chart and load curve shown in Fig. 10.15 are average
4J33 magnetrons.
chart and load curve of Fig. 10.16 are average data
magnetrons.
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The performance chart (Fig. 10. 17) is plotted from data on an average
Western Electric 725A. Load curves are given for the Raytheon 725A
and the Western Electric 725A, each curve being an average of data on
three normal tubes.
Because of their different oscillator construction,
the tubes have very different characteristic admittances and operate at
The agreement
between
the two curves
is satisdifferent load points.
11

9

U7

5

3

0.2

0.4

0,6

0.8

1.0

1.2

1.4

i
FIG. 10. lSa.—Reduced

performance

chart of LGW.

N = 16; u =0.61;

1.6

p = 0.44; g =0.70.

4.0
3.5
P
3.0
2.5EERl
0.2
0.4

0.6

0.8
I .0
1.4
1.2
9
FIG. 10.l Sb.—Load curve of LCW for b = 4.0 and i = 0.66.
factory.

The

slightly

higher

curve

of the

Raytheon

tube

may

be due

to

of the values of Y..
Figure 10.18 shows data for a single LCW magnetron not known to be
an average sample.
The data of Fig. 1019 were obtained on a single average 4J50
magnetron.
Figure 10.20 was plotted from data on a single average QK61
magnetron.
less

electron

leakage

or to an error

in one
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The performance chart of Fig. 10”21 was taken on a single AX9
magnetron not known to be an average tube.
The performance chart
shows the efficiency valley that is characteristic of the rising-sun resonant
system. Thk region of anomalously low efficiency is not representative
10

1,75

3.51

5.26

4.6
4.3
4,0
U6
3.5
3.0 ~

1.8

L

20

2.0

1.5

1.0

25

i
FIG. 1019a.—Reduced

performance

chart of 4J50.

N = 16; u = 0.66; jI = 0.53; a = 0.25.

6.0

5.0

.
~

“

P

4.0

3.0

0.1

FIG.. 10.19b.—Load

0.2
9
curve

of 4J50 for b = 4.1 ud

0.3
i = 1.0.

of this family of magnetrons but is caused by the zero-component content
of the r-mode which occurs in the rising-sun type of magnetron (see
Chap. 3).
The data of Fig. 10.22 were obtained on a single average 3J31
magnetron.
The performance chart and load curve given in Fig. 10.23 were
derived from a single BM50 magnetron which was chosen from several
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samples because its data appeared most normal.
For this reason it
cannot be considered very reliable.
The performance chart and load curve of Fig. 10.24 were obtained
on a single SCWC magnetron not known to be an average sample.
14
4.67

3,12
1.55
~

0.26 J

12

\\

I

10
v
8

6~
=;
—-

Fm.

%

10.20a. —Reduced

performance
chart ~f QK61.
Q =0.32.
(Rautheon.)

N = 16;

a =0.60;

# =0.4S;

2.5

2.0
P
1.5

1.0

0

I?IG, 10.20b.—L0ad

0.2

0.4
0.6
9
curve of QE61 for b = 4.1

c

and i E 0.=3S.

The performance charts shown in Figs. 10.25 and 10.26 were obtained
on single samples of RD 11-2 and GK13- 1 magnetrons that are not known
to be average tubes.
These tubes are closed-end rising-sun magnetrons
and have a sinusoidal variation of r-f voltage along the anode.
Consequently, neither is really representative of its family, and the data are
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FIG. 10.22b.—Load

9
curve of 3J31 for b = 2.6 and ; = 0.69.
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v = 0.50;
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included as the only available information on 26- and 38-oscillator magnetrons. No load curves are included because of the ambiguity introducedin Y. bythelengthwise
variation of r-f voltage.
It will be noted that many of the load curves show a definite maximum, the existence of which may be regarded with considerable suspicion.
11 3.13
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FIG. 10.24a. —Reduced

performance
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i
chart of SCWC.
g = 0.85.
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u = 0.60;

1.0
p = 0,50;

1.5-

1.0
P
0.5

00.4
FIG. 10.24b.—Load

0.6

0.8
0

1.0

1.2

curve of SCWC for b = 3.3 and i = 0.29.

in a region of heavy loading (large g), a number of factors tend to affect
the power output unfavorably.
The output-circuit loss is most impor tant at large g, as is the loss in any external tuning device, and these
losses have not been considered.
Furthermore, in this region any mode
instability of a tube is enhanced, and the r-f patterns become the most
irregular.
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10.8. Determination
of the Secondary
Design Parameters.—As
described in Sec. 10.2, the primary parameters affecting the design of the
interaction space are the voltage V, the current I, and the wavelength k.
These are not sufficient, however, completely to determine the interaction
space and permit the calculation of the secondary design parameters.
In addition, it is necessary to choose a set of shape factors, N, u, and u,
and settle upon a relative operating point expressed by b, i, and g.
the nine quantities V, I, and A; N, u and p; and b, i, and g can then be
used to calculate the secondary parameters r., r., h, w, q., G., J, and B.
In the present formulation, the choice of the shape factors and
relative operating point has been considered essentially a guess that
provides a trial solution to the design problem that may or may not turn
out to be self-consistent.
Actually, in many cases, past experience will
serve as a guide. Furthermore, the expressions that are to be calculated
for the secondary design parameters will readily indicate how an inadequate choice of the shape factors or operating point must be amended.
In fixing N, u, and p, a choice is made of a particular family of magnetrons represented by one of the reduced performance charts.
A
choice of b and i then determines where, relative to this chart, the new
magnetron is to operate.
If now a value of g is selected that is the same
as that for which the chart was measured, values of v and of p can be read
off dkectly.
If a different value of g is desired, an approximation must
be made to the proper performance chart in a way to be considered
short 1y.
The magnetic field B can be found directly from Eqs. (25a) and
(26a) and may be written
B=b

42,400

(31)

AN(1 – u’)”

The anode radius is determined from Eqs. (25b) and (26b) to be

–J

NV
T
“ = A 6320

~“

Similarly the anode height his found from Eqs. (25c) and (26c) to be
(1–a’)’
h=

2.39A+

1+!
(

:N

u

al

()()

).

(33)

By using Eqs. (25d) and (26d), the load G. is given by
Q=g;

()()
I
;.

(341
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=ura, onehasfrom

108

Eq. (32)

(35)
Similarly,
becomes

the slot

opening

is determined

by w = p(2m-./N),

which

(36)
The cathode-current

density J is found from Eqs. 25c and 26c to be

1
al
N’(T (l_az)z
()

1+!u “

Finally, the electronic efficiency is read from the performance
calculated from

(37)

chart or

I
(38)

Equations (31) to (38) express the secondary design parameters in
terms of the voltage, current, and wavelength; the shape factors N,
a, and p; and the relative operating point given by b, i, and g.
In Sec. 10.9 a comparison will be made of the reduced performance
charts presented in this section.
30
It will be found, after a load correction is applied, that they are
very similar except for a moderate
20
decrease in electronic efficiency
Ica
0
with larger values of u. To a first
N(l-u2)
approximation,
t h e re f or e, the
10
~
T
e
effect of the shape factors and
relative operating point upon the
o
secondary
design parameters can
40
10
30
0
20
N
be considered independent.
FIG. 10.27 .—100/[N(l
– U2)], as a function
It is of interest to consider in
of N.
detail the effect of the shape factors, the relative operating point, and the primary design parameters
upon the magnetic field, the anode height, the cathode radius, and the
cathode-current density.
Magnetic F’ield.-From
Eq. (31) it is seen that the magnetic field is
– U2). An attempt to operate
proportional
to b, l/A, and l/N(l
high on the reduced performance chart, in search of high efficiency, for
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example, requires a high field. Furthermore, the shorter the wavelength
the greater the magnetic field must be. In Fig. 1027, the quantity
l/[N(l
– 02)] has been plotted against N for the tubes considered in
A steady decrease with increasing N is observed, indicating
this section.
that a smaller field is required for larger values of N.
It is necessary to discuss at this point a limitation that is placed
upon the choice of b when an anode block of the rising-sun type is used.
It has been shown in Chap. 3 that the mmode of a rising-sun anode block
contains a certain amount of the zero component and that this contamination particularly disturbs the electron orbits and therefore decreases the
electronic efficiency at magnetic fields for which the frequency of the
cycloidal motion of the electrons is close to the oscillating frequency.
For a plane magnetron, thk critical field should be given by
~

c

= 10,600
A;

(39)

but for cylindrical magnetrons, a very qualitative argument by Slater’
indicates that a correction term should be added so that the field becomes
~

c

= 10,600
1+;”
A
()

(40)

In Fig. 10.28 the electronic efficiency at constant current is plotted
against M? from data obtained with two 18-vane 3-cm magnetrons and
An efficiency minimum is exhibited
with one 22-vane l-cm magnetron.
by the curves that checks surprisingly well with Eq. (40).
Unfortunately, no rising-sun magnetrons have been made with N smaller than
18, so that Eq. (40) cannot be experimentally checked for low values of
N: An interesting” f act will be found in Sec~ 12”6, however, which may
It will be seen that the back-bombardhave bearing on this subject.
ment power on the cathode of a 2J32 magnetron expressed in ~ercentage
of inp-ut power reaches a maximum val~e in the ~eighborho~d of 1460
gauss. By placing k = 10.7 and N = 8 in Eq. (40), a value of B. is
obtained equal to 1360 gauss. If the increased back-bombardment
power could be ascribed to the same type of interaction that produces
the efficiency valley of a rising-sun magnetron, the agreement of these
fields would be additional evidence for the validlt y of Eq. (40).
The
identification of the two phenomena, however, cannot be made with
certainty with the present knowledge of magnetron electronics.
No particular significance should be attached to the values of efficiency at the minimum point because they depend primarily upon the
amount of zero component present, and that in turn depends mainly
on the ratio of cavity sizes and on the anode diameter.
1 J.

C.

Slater, RL Report

No. V-5S, August

1941.
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It is clear from Fig. 1028 that a range of about f 25 per cent around
the critical value of magnetic field B. is excluded in designing a rising-sun
magnetron.
By using Eq. (40) a plot is made in Fig. 10.29 of All.
against N. The region to be avoided is delineated by two dashed lines
spaced plus and minus 25 per cent
from the full curve.
For magne30
trons of l-cm or shorter wavelength that have a large number
of oscillators, the dhliculty of
getting strong fields at moderate
magnet weight may serve to limit
10
“om
20
o
10
30
40
the field to values for which AB
N
is less than 0.9 X 104 gauss-cm.
FIG,10.31.—N/~ as a function of N.
For longer-wavelength
tubes,
fields correspondhg to MI values greater than 1.7 X 104 are easier to
obtain, and operation above the critical region becomes feasible.
From Eqs. (31) and (40), the critical reduced field is found to be

I

b,=

t

I

(1 - 17’) ~.

(41)

By using the values of u given in Table 10”2, a plot of thk quantity is
made in Fig. 10.30, showing how b. increases with increasing N. An
average curve is drawn through the points, and two dashed lines spaced
plus and minus 25 per cent from
the average curve indicate approximately
the region to be
avoided.
Anode Height.—In Eq. (33),
the anode height is found to be
v/i, and
proportional
to I/V,
N[(l – c’)’(1 + l/u)]/a,.
A lowimpedance magnetron therefore
requires a long anode.
In addL
tion, a long anode is required for
N
FIG. 1O.32.—NLT as a function of N. Nu =
operation in the upper left of the
0.S5N – 3.S3.
reduced performance chart (in
general, a region of high efficiency), although a short anode is obtained
in the lower right portion of the chart (a region of low efficiency).
In Fig. 10.31 a,/[(1 – c+)’(1 + l/u)] has been set equal to A, and the
quantity N/A plotted against N. It is observed that there exists no
definite trend of N/A with increasing N. This slow variation of N/A
From Eqs. (26b) to (26d) it
with N has an interesting implication.
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may be computed that
$j _ 0.420A
z–

A

N“

(42)

Hence, normalized to the same wavelength, the tubes thus far designed
have had values of u such that the characteristic conductance
per unit
length have varied over a relatively small range. Referring now to
Eq. (34), it is clear that in general
0,8
G. will be proportional to h/A almost independently of N.
Cathode Radius.—In Eq. (35),
0.6
o
the cathode radius is observed to
(>
be proportional to WV
and NIS.
The product of Nu is plotted
u 0.4
4/
against N in Fig. 10.32 and is observed to be nearly a linearly in/’
creasing function of N. For a
/
0.2
low-voltage magnetron with small
V, therefore, the cathode can be
kept at a reasonable size by inI
o
0
10
20
30
40 creasing N instead of by using a
N
very small value of v and acceptFIG. 10.33.~
as a function of N.
ing a consequently low efficiency.
The straight line in Fig. 10.32 has the equation
I

Nu = 0.85N – 3.83

(43)

or
g = 0.,5-3$.

(44)

Equation (44) has been used to draw the solid curve shown in Fig. 10”33,
where u is plotted against N.
Cathode-current
Densitu.—The cathode-current density J expressed
by Eq. (37) is proportional to i, l/i2, WV,
and A/Nzu. - It is interesting to observe that J has no explicit dependence on 1. Other things
being equal, a low-current density is obtained only by operating at the
far left of the reduced performance chart. This fact is illustrated by
the charts for the various c-w magnetrons that, although operating at
very low plate currents compared with pulsed tubes, obtain the lowcurrent density appropriate to a c-w cathode only by operating at small
reduced currents.
The dependence of .l on A illustrates the well-known
law that the current density required of a cathode varies inversely as the
square of the wavelength.
The dependence on V/V indicates that a
smaller current density is required of low-voltage magnetrons and of

I
I

(

I

{
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magnetrons operating high on the reduced performance chart. The
quantity A/Nzu has been plotted against N in Fig. 10.34. It decreases
steadily with increasing N and indicates that a lower J can be achieved
for a larger number of oscillators.
If a value of g is taken different from the value indicated on the chosen
performance chart, the values of v and p will be correspondingly altered.
To correct p, it must be assumed that it varies in the same manner as
the curve in the corresponding chart of p vs. g, even though different
relative operating points may be
involved.
The assumption of a
generally uniform variation of the
performance chart with load is
the o n 1y justification
of this
procedure.
The value of v, for a given b
and;,
cent
being
The

1

COMPARISON

may
over
lower
data

vary
the
for
for

from

ordinary
small

making

10 to

15 per

range
values
this

of g,
of g.

correc-

tion are not usually available.
11—1—11
If the correction is ignored and a
30
40
10
20
o
N
value of v is used larger than the
as a function of IV.
FIG.10.34.—AIN2U
correct value the tube will be
found to require a magnetic field somewhat larger than the calculated
value in order to operate at the voltage V and current 1.
1009. Comparison of the Reduced Performance Charts.—The usefulness of the scaling principle naturally suggests an attempt to correlate
the performance of magnetrons of different families.
The quantities
defined in Eqs. (26) have been suggested as being characteristic scale
factors sufficient to reduce to a common basis the performance of magnetrons not only of different size and wavelength but also of different
N and u. If this is correct, all performance charts with the same g
and y should be similar when reduced in this manner.
The characteristic factors defined in Eqs. (26) have been obtained
The quantities v and (B are the
only by arguments of plausibility.
voltage and field at the point of intersection of the cutoff curve and
Hart~ee resonance line in ~ diagram of voltage against field, and g is the
correspondhg current.
Because this is a very characteristic point in
such a diagram, it is thought possible that the performance of a tube
expressed in units of B, V, and g should be nearly independent of its
size, shape, and frequency.
The reduced performance charts of this
chapter have been expressed in terms of 6$ V, and g and will be used to
examine this supposition.
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The factor P determining the relative slot width should have little
effect on operation over the range of values listed in Table 10.1. For
unit voltage across the slots of a magnetron, the tangential electric field
in the interaction space for the r-mode is given by

(45)

where 1#1is the angular coordinate.
The coefficients
m = N/2, 3N/2, 5N/2, “ ‘ “ , and are given by
NN
—
()7rra

~m.

In Table 10.3 the values of
3N/2,

(

exist

for

m
sin — 7rp

m

sin ,V r~

(46)

m
T ‘p

)/:

and 5N/2 and various values of p.

TWare given for m = N/2,
It is seen that the fundamental

TABLE11J3.—VALUES
OFSIN~ TP ~ WI FOR SELECTED VALUES

/

I
0.30
035
0.40
0.45
0.50

a-

0.699
0.605
0.505
0.402
0.300

0.963
0.950
0.936
0.919
0.900

OF m AND p

——
57rp
2
0.300
0.139
0.000
0.108
0.180

component a~/Z varies only about 6 per cent as v goes from 0.30 to 0.50.
The successive components vary more but are much smaller contributors
to E~ within the interaction space because of the factor
[J~(27rr/x)]
[J~(2m-./x)]

Successive components are multiwhich varies essentially as (r/r&-l.
plied by (r/ra)N, which for N as small as 4 and r/r~ as large as ~ is only
0.316.
Experimentally it has been observed that only very slight changes
are made in the performance of a magnetron when ~ is varied within the
range 0.30 to 0.50. Measurements illustrating this fact are included
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in a report by M. Healea. 1 Consequently, a difference in p will not be
considered a source of serious disagreement between the reduced data
of various magnetrons.
Although the factor p may be disregarded in comparing the various
reduced performance charts, this comparison should still be made for
charts with the same reduced load g. The charts of this chapter vary
widely in load; they cannot, therefore, be directly compared but must be
first corrected to a common g.
Two difficulties present themselves: (1) The value computed for g
in any case is directly proportional to Y., a quantity whose value calculated by present methods is always dubious.
The amount of correction
to a particular case to bring it to a chosen value of g is theref ore uncertain.
(2) Even if g were accurately known, the load curves give very incomplete
information about the variation in a performance chart as its g is changed.
In meeting these dlficulties, the reduced magnetic field lines and power
contours will be considered separately.
It is much more convenient to compare eficiency contours than
It will be seen that the efficiency
contours of constant reduced power.
contours can be represented with
sufficient accuracy by straight
lines, and this fact simplifies the
b
extrapolation and interpolation of
v’
b
v —----,%
the data. It will be necessary to V
assume that power and efficiency
‘“P’
P
vary proportionally as the load is
changed at a point on a performance chart, and an approximation
is thereby introduced that is illus(a) i
(b) i
FIG. 1035.-Variation
of performance
trated in Fig. 1035.
The load
chart with load.
(a) Load g; (b) load
curve gives the relation between
g’ > g.
the reduced powers p and p’
corresponding ‘to g and g’ at constant b and i. Because the voltage
increases slightly as g is increased, V’ will be larger than V, and the efficiencies will be related by

kkkf
(47)

The efficiency qu at v and i with load g’ will be again slightly smaller
than ~~. Because (v’ – u) is small, the error in placing
(48)
I M. Healea, RL Report No. 586, Aug. 1, 1944.
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is unimportant compared ]rith the other sources of error mentioned
earlier.
Instead of trying to correct all the performance charts to a common
value of g, each set of efficiency contours willbe adjusted by multiplying
them by the ratio of the po]rer at the maximum of the appropriate load
curve to the power at the load point of the performance chart. It
will develop that the efficiencies corrected in this way show certain corIf it is
relations, so that the procedure is useful even if arbitrary.
assumed that the efficiencies of all magnetrons at all operating points
are the same function of g, and if S operates as a proper scale factor, a
group of ideal load curves should appear as the full lines in Fig. 1036
with their ordinates everywhere
proportional.
Experimental load
b,,~l
curves appear to change very
slowly after reaching a maximum
point, and Fig. 1036 has been
drawn accordingly.
Because lead
P
losses and pattern distortion may
cause the power to increase less
-——.
_
rapidly than expected for increasing g and in a different way for
each tube, the load curves should
actually be expected to appear, un9
Qo
der the above assumptions, as the
FIG. 10.36.—Expected
appearance of a group
dotted lines in Fig. 10.36, where
at load curves.
small changes in power have caused
With load curves of this shape,
the maximum points to scatter widely.
the adjustment of the efficiency contours to maximum power results in an
approximate correction to a common load go located somewhere in the
flat region of the curves.
An assembly of the actual load curves up to N = 16 is given in Fig.
10.37. These curves seem to depart further from proportionality than
the assumptions made above would lead one to expect.
This behavior
can be due to (1) inaccurate values of ~,, (2) inaccurate data, (3) unsuccessful scaling by S, or (4) nonadherence to the assumption of completely uniform variation of the performance charts with load.
The
source of the difficulty is not evident at present.
The data beyond N = 16 are not considered reliable enough to
cent ribut e to the comparisons that will be made, while the data for
ZP676 and HP 10V are to be excluded for reasons given in Sec. 10.5.
Data concerning the QK61 will be found to have poor agreement with
the other data used and have also been omitted from Fig. 10.37. The
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load curve for the 725A in Fig. 1037 is an average of the curves for the
Raytheon and Western Electric tubes.
As a first step, the adjusted efficiency contours for all tubes of a
given N have been collected on a single plot, These plots are sho~vn
for N = 8, N = 12, and N = 16 in Figs. 10.38 to 10.40. On these plots,
it has been possible to draw a set of straight lines representing the data
22

/

----

2C

16

12
P

8

2J32
4

0
0.0

0.2
FIG. 10.37.—Assembly

0,4
9

0.6

0.8

of the reduced load curves.

within 15 per cent except at one or two points.
A number of reasons
have been given previously that indicate why efficiencies should be lower
than normal at the extremes of operation of a tube, thus tending to close
the efllciency contours about the operating region. This effect should
be considered in evaluating how well the straight lines represent the data.
In Fig. 10.40, there is observed the very unusual behavior of the efficiency
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It is not certain whether this shape is due to some
lines for the QK61.
dkturbing effect, such as leakage current, or represents the real behavior
of the contours below i = 0.5. The straight lines have not been extended
into thk region.
The general good consistency of the efficiencies in the plots for
N = 8, N = 12, and N = 16 confirms the reasonableness of the adjustments made in the contours and
13
indicates that the small differences
in u for the tubes of the same N
either have been taken into account by the scale factors or cause
,!,
,,
negligible effects.
Consequently,
11 ., I
’80%
each chart has been indicated as
*
valid over the range of u shown.
,1
70%
In Fig. 10.41 the efficiency
~
/
I
lines for the various values of N
I
have been drawn or, a single chart.
~
.
Two important points emerge: (1)
//m%
VI
The various lines show a remark~
able family resemblance; and (2)
although the contours for N = 12
and N = 16 show reasonable numerical agreement, the efficiencies
~
\’
for N = 8 are everywhere much
higher. From the first point, support is given to v and g as proper
I
1
I
scale factors.
From the second
s
1
3
2
point, however, it is clear that the
0
1
scaling process used has not re~10.10.40.—Collected
efficiencycontours
for
.~
=
16.
u
=
0.60to 0.66,
suited in a complete coincidence
of the efficiency contours and in that sense has failed.
Before considering this matter further, a comparison will be made of
the contours of constant b. Again, this comparison cannot be strictly
made unless the reduced charts are first reduced to a common value of
g; but because the data to make this correction are unavailable, it will be
dkregarded.
A direct comparison will nevertheless be of value, because
the correction would result only in a small, roughly parallel displacement
of the field lines. In Fig. 10.42 the contours of almost all of the tubes
have been superimposed for b equal to 2.50, 3.50, 4.50, 5.50, and 6.50.
These particular contours have been obtained by a linear interpolation
of the lines of b on the individual performance charts. The data for
the QK61 have been excluded because of extreme disagreement of
unknown origin. Included on the chart are a set of straight heavy lines

1

I

I\\/

,“,.

448

PRINCIPLES

[SEC. 10.10

OF DESIG.V

Hartree
identified by a value of b, passing through the corresponding
voltage at i = O and giving, in each case, the best average agreement
The intermediate lines
with the corresponding experimental contours.
are interpolated.
The vertical spacing of these lines corresponds well
with the spacing of the experimental contours.
Thus, by inspection of
Fig. 10.42, it isseenthat
there isamatimum
spread in each set of field
contours of 20 per cent and a maximum deviation from the straight lines
of 10 per cent. The correction for load would increase or decrease the
deviation by a small amount.
To this extent, therefore, the field lines
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FIG. 10.41.—Assembly

2

3

4

5

6

7

of efficiency contours for N = S, N = 12, and N = 16.

There appear to be some systematic
have been brought into coincidence.
changes in shape of the contours as N increases, but this question cannot
be adequately discussed without data sufficient to reduce the charts
accurately to a common g.
1001O. The Universal Performance Chart.-The
comparisons that
have been made above indicate that the scale factors ~, v, 9, and S are
sufficient over the range considered to produce at least a rough coincidence
of the magnetic field lines and to demonstrate a similarity between the
efficiency contours of tubes with different N. An efficiency contour
passing through a particular point of the (v,i)-plane appears to have a
particular direction independent of the value of N. However, the

r
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numerical value that this contour possesses does seem to depend on N.
The use of these scale factors, therefore, results in what may be calleda
“pseudoscaling”
of a magnetron.
The inability of the scale factors to produce a true scaling is confirmed by measurements taken by M. Healea. 1 The efficiency of an
was
magnetron
eight-oscillator
8measured at constant magnetic
a =0,29
field, current, and load for three
different values of u. These three
6
u =0,37
points appear in Fig. 1043, tov
qe=31%
gether with efficiency lines from
Fig. 1038, which correspond to a
4
/
o
value of u = 0.38. The value of g
for Healea’s data is not the same
as that appropriate to Fig. 10.38
20
4
1
2
3
so that her efficiency for a = .37
i
does not agree with the values
FIG. 10.43.—Variation
in efficiency with u
for N = 8.
indicated on the efficiency lines.
Nevertheless, it is observe-d that there is a spread of 25 per cent in the
three efficiencies, although the spacing of the lines would predict a spread
of not more than 7 per cent.
That the scaling introduced by ~, V, 9, and S should behave in thk
way has been suggested in a report by Allis. 2 He calculates that the
efficiency of a magnetron should be constant along a line given by
(49)
D = %

I
I

= ConSt”’

and that the efficiency to be associated with each such line is a function
of O. This theory, however, is uncertain in many ways, and in particular,
as will be seen shortly, the efficiency contours predicted by Eq. (49)
do not agree completely with Fig. 10.41. Therefore, Allis’ results cannot
be called upon to indicate a theoretical method of associating efficiencies
for each case with the various contours.
In establishing a universal performance chart, one can proceed with
the present data only to the following extent.
A set of (v,i)-characteristics can be drawn that represent the data of this chapter within
10 per cent but that do not reproduce well the shape of the experimental
characteristics in all cases. These lines are drawn with no dependence
on load because there is insufficient data to introduce such a correction.
A set of straight lines are added that when assigned the proper values in
1M. Healea, RL Report No. 586, Aug. 1, 1944.
ZW. P. Allis, ‘‘ Theory of Space Chargein an OscillatingMagnetron,” RL Report
NO.176, July 1, 1942.
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each of three cases represented by different values of N and u, reproduce
the experimental efficiencies within 15 per cent when these are corrected
power.
to a loading that gives maximum
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A universal performance chart constructed in this way is shown in
Fig. 10.44. Above b = 2.50, the (u,i)-characteristics are the same as
those drawn in Fig. 10.42 and can be represented by the linear equation
9+b.

v=(2b–l)+Tt.

(50)

The contour for b = 1.00 must be a horizontal line passing through
consequently,
it is assumed
“ = 1, a condition not satisfied by Eq. (50).
that

below

Slater’

and

b =

2.50

given

by

the

characteristics

have

the

slope

suggested

by

v = (2b – 1) + 2(b ~; 1)2i

(51)

The characteristics defined by Eqs. (50) and (51) coincide closely for
b = 2.50.
Having defined the ( V, I)-characteristics,
it is possible to
draw in the cutoff curve that must satisfy the relation u = bz. All
efficiencies must become zero on this curve to be consistent with the
(V,l)-lines.
The efficiency contours of Fig. 1041 have been matched closely with a
family of straight lines given by
(52)
The quantity q is a parameter designating a member of the family, and
its value is indicated on each efficiency line drawn in Fig. 10.44. The
efficiencies to be associated with these lines will be called 70(gjo,N) and
are indicated in Table 10.4, to the extent of the present data. There are
TABLE 1O.4.—TABLE

OF EFFICIENCY qo AS A FUNCTION OF q, .,

q

N=8,
a = 0.38

N = 12,
u = 0.50 to 0.59

N = 16,
u = 0.60 to 0.66

1.5
2.0
3.0
4.0
5.0
6.0
7.0
8,0

0.30
0.50
0.62
0.73
0.82
....
....
....

....

....
....
0,48
0,59
0.67
0.72
0,76
0,79

0.46
0,57
0.62
0.67
....
....

included values obtained from comparison
for the SCWC.
I J.
1943.

C. Slater,

“Theory

of Magnetron

ANDN

3CWC, N = 20,
a = 0.60

....
....
....
. ..
0.68
0.74

with the performance

Operation,”

RL Report

chart

No. 200, Mar.

8,

I
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of efficiency lines and lines of constant D.

FIG. 10.45.—Comparison

10.0

10

LCT
/

0.9
0.8
0.7

aa: 0.6

+
+

/

0.4
0.3 O.z
0,1

0.2

0.3

0.4

0.5

9/90
FIQ. 10.46.—Normalized

0.6

0.7

load curves,

0.8

0.9

1

454

PRINCIPLES

OF DESIGN

[SEC.

10.11

Using the (u,i)-characteristics defined in Eqs. (50) and (51), the lines
of constant D defined in Eq. (49) can be constructed.
These lines are
compared in Fig. 10.45 with the efficiency contours defined by Eq. (52);
the lines disagree badly in slope except close to the cutoff curve.
The
experimental efficiencies therefore decrease more rapidly with increasing
current than Allis’ theory would predict, except for small values of b.
This observed fact is consistent with the careful data taken by Rleke, 1
Platzman, and Evans in which the efficiencies are found to follow very
closely lines of constant D because their data do not extend above v = 6.
It would be very desirable at this point to be able to exhibit a single
curve giving the variation of the efficiencies of the universal performance
chart with load.
As has been said, the unsystematic appearance of the
load curves in Fig. 10.37 makes it impossible to state a single value of
g for which the efficiencies that have been given are valid.
A certain
amount of progress can be made, however, by normalizing the load curves
to the maximum value of p and the corresponding value of g. These
curves are shown in Fig. 10.46 where p/p~U has been plotted against
Except for one case the curves now show a
g/go for the cases considered.
reasonably similar variation with g/gO and can be represented by an
equation of the form

(53)

Therefore, using an approximation

introduced in Eq. (48), one can write
4g
go

V.
~o(9,fJ,~) =
()

1+1

(54)

2’

go

or
(55)
The difficulty that has been encountered can now be expressed by
saying that the data do not indicate if a single value of go exists. The
average value of go is 0.5, but the range is from 0.25 to 0.80, or almost a
factor of 2 each way.
10.11. The General Design Formulas.-The
analysis that has been
made of the general scaling laws opens the way for more comprehensive
The 10 equati&s that ha~e been formula~ed are
design procedures.
I F. F. Rieke et al.,
No. 451, Mar. 3, 1944.

“Analysis

of Magnetron

Performance,

Part II,”

RL Report
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42,400
B = b Nk(l – u’)’
NA

V

‘“ = –J”
6320

~

~_239AhJ
—.

(56)
(57)

~

v

(58)

Az~’
()()
T

Nu

rc.h—

(59)

6320 J ~’
~=420~
~A,
A’ J v N2U

px
w = –J
1010
GL=g,y-v

(60)

7
;’
Iv
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(61)
(62)

~,

()()
‘e = ~O(~’u’N)
v=(2b–

b z 2.50,

l)+(9+b)~

v=(2b–l)+2@;
v=

(63)

(1 rT)”

5q~6+gi.

l)2i

b <2.50,

(64a)
(64b)

(65)

The accuracy of this set of design formulas is limited by Eqs. (62),
In Eqs. (62) and (63), g has been replaced by
(64a), (64b), and (65).
~g” in such a way that all the uncertainty about g“ appears in the equation
for G.. The quantity ? = g/g,, indicating at what fraction of the load
for maximum power a magnetron operates, replaces g as a variable.
The precision with which Eqs. (64a), (64b), and (65) represent the
magnetic field lines and efficiency contours has already been discussed.
The scope of the design formulas is limited by the factor qo(q,u,N)
in Eq. (65) which is known with the present data only to the extent of
Table 10.4.
The 10 equations listed above contain 19 quantities; any design
procedure must fix in some way 9 of these quantities.
In Sees. 10”5
through 10.8 a process has been discussed at length in which the primary
design parameters X, V, and 1 are fixed; the shape factors N, u, and p
and the relative operating point b, i, and ~ are assumed; and the quantities V., G., B, J, r., r., h, and w are computed and then examined for
consistency with other aspects of the design. Some alternative procedures are to be discussed below which again fix the values of h, V, and 1
These alternatives
and result in trial values of the remaining quantities.
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vary by assuming the values for different groups of six parameters.
Table iO.5 illustra~es the choice made in thre~ such alternatives.
TABLE1O.5.—THEFIXEDPARAMETERS
IN ALTERNATIVE
DESIGNPROCEDURES

Parameter

Alternative

Those used in
Chap, 10

I

II

III

N
o

P
b
i
‘Y
:L
B
J
r.
r.
h
w

d

d
d
..

2

..

v’

..

..
..
..

..
..
..
..
..

I

d
..

..
..

Alternative
I.—This case recognizes an attack made on the general
Hebenstreit, and Whitcomb
of Bell
design problem by Hagstrum,
Telephone Laboratories.
The choice of assumed parameters used here
assures that the design will meet certain fixed requirements laid on the
circuit efficiency, the magnetic field, and the anode height.
One relation
between v and u can be obtained from Eqs. (56) and (64), and a second
relation is provided by Eq. (58).
When these expressions are combined,
u becomes

“=[(~)&l’-[&o@+

$’’-”’):$=o:$=o
(66)

This equation is not precisely that obtained by Hagstrum, Hebenstreit,
and Whitcomb because, instead of Eqs. (64), they use an expression more
closely fitting their particular case and neglecting any change in slope
of the (v,i)-characteristic with increasing b.
Equation (66) does not necessarily provide a reasonable value of u.
The parameters entering the equation, therefore, have the restriction
that u must lie within some accepted range. The remaining undetermined quantities can now be found by using the value of u given by
Eq. (66).
Alternative 11.—This procedure fixes the cathode current density J,
the electronic efficiency q,, and the relative operating point.
From
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Eqs. (64) and (65) v and q can be determined immediately; Eqs. (60)
and (55) then provide two relations between N and u as follows:
A
_=N2

—_h2J

u

420 ~V

~i
—,

(67)

i

and
m(q,IJ,N)

(68)

= q. “ ~7T)2

By choosing a value of N, A/u is determined and therefore a can be
found from Fig. 10.47. The value of qOcorresponding to these values of N
and u can then be estimated from Table 10.4 if they are within the known
4
A
7

3
*
T
~2
<
\
1

/
~

o

0

FIG.1O.47.—Aand

0.2

0.4

Alu as functions~f

0.6
N.

A = aI/[(1

0.8
- az)~(l

+

I/a)].

range and examined for consistency with Eq. (68).
A certain slack has
to be permitted at this point, because N is not a continuous variable.
Equations (67) and (68) restrict somewhat the choice of the fixed quantities. In particular, A/u has a minimum value of about 0.94 at u = 0.35.
The values of u and N determined from Eqs. (67) and (68) allow the
calculation of the remaining unknowns.
Alternative
111.—This case is presented as one corresponding rather
closely to the way in which many magnetrons have been designed in
practice.
The shape factors N, u, and y are assumed fixed, as are the
circuit efficiency and the cathode-current density.
It is also assumed
that the tube will operate at a fraction ~ of the load for maximum power.
From Eq. (55), a value can be obtained for qo(q,a,N) and then a value
for q by using Table 10.4. Equations (37) may be written
(69)
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The quantities on the right of Eq. (69) are fixed and therefore determine @/i.
The values of N and u employed will approximately
satisfy Eq. (44) in order to correspond to Table 7.6, and a graph of
A/N2u as a function of N can therefore be given in Fig. 10.48.
q)In Fig. 10.49, contours of constant b have been drawn in the (@/i,
plane and serve to determine b. With q and b known, v and i can be found
idX30

-.
1:
10

0

0

FIG. 1048. -A/N2u

10

20
N

30

40

as a function of N for u = 0.85 – 3.83/N.

8

6
w
~
4

2

0
0

2

4

FIG.10.49.—~i

6

as a function

9

8

10

12

14

of -y for various values of b.

from Fig. 10.44 or computed from Eqs. (64) and (65). The remaining
parameters can then be found without difficulty.
10.12. Numerical Example.—In
order to illustrate most clearly the
methods discussed in this section, a numerical example will be considered.
Suppose that it is desired to build a c-w magnetron that
operates with A = 10 cm, V = 1000 volts, and 1 = 0.15 amp.
Suppose
further that an electronic efficiency of about 0.70 is desired for ~ = 1.00
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and that it is required that .J equal 0.15 amp/cm2 in order to remain
well below an arbitrary limit of 0.20 amp/cm2.
Consider first the procedure established by Alternative III.
Suppose,
on the basis of previous experience, it is believed that N = 16 may be a
From Eq. (44) the corsuitable number of oscillators for the tube.
responding value of u is found to be 0.61. Since it is assumed that
-y = 1.0, it is necessary that qo(q,u,N) ~ 0.70. The corresponding value
of q is found by reference to Table 10”4 to be equal to 6. By the use of
Eq. (69) and Fig. 10I48, it is next found that ~j’i
= 4.9. With this
value of v$/i and the value q = 6, a reference to Fig. 10.49 determines
the value of b as 3.9. The value of u is found to be 7.0 from Fig. 10.44,
and the corresponding value of i is (i/v’;)
~
= 0.54.
From Eqs. ,(56) to (59) B = 1600 gauss, h = 0.87 cm, ra = 0.30 cm,
and r. = 0.19 cm. The tube the main features of which are thus established corresponds roughly to the QK61 c-w magnetron dkcussed in
Chap. 19.
Alternative H can now be illustrated by supposing in the same
example that b and i have the values already calculated but that N and
u are undecided.
The quantities v and q can be considered as determined
by b and i. From Eq. (67) it is now found that
A
— = 5.5 x 1O-3N’.

(70)

a

By use of Eq. (70) and Fig. 10.47, one can now construct

Table

10.6.

TABLE1O.6.—POSSIBLE
VALUESOF N IN AN EXAMPLE
OF MAGNETRON
DESIGN

\

N

A
—
u

10
12
14
16
18
20

0.55
0.79
1,08
1.41
1.78
2.20

u

....
....
0.50
0.59
0.66
0.69

085_~
N
0,47
0.53
0.58
0.61
0.64
0.66

It is observed that the conditions imposed on the design cannot possibly
be met with N less than 14. At N = 14 the calculated value of u is
considerably less than the value given by Eq. (44), but at N = 20 the
calculated value becomes larger than the value given by Eq. (44).
The
best match is given by N = 16 or 18. For N = 16, reference can now
be made to Table 10U4,where it is found that ~o(q,U,N) for q = 6 and
N = 16 is consistent with the desired value.
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SMITH

11.1. Factors Influencing Choice of Resonant System.—Chapter
10
analyzed the problem of designing an anode block based on trial values
The present chapter
of the parameters N, d.JA, p = w/d, and h/i.
will give specific solutions to the problem and indicate modifications
necessary in the trial solution.
The specific types of blocks to be considered are the rising-sun

block

—

and the strapped

block,

which are

L

FIG. 11. I.—Double-ring-strapped

anode block.

discussed from a theoretical viewpoint in Chaps. 3 and 4 and which are
illustrated in Figs. 1101 and 3.1. For wavelengths above 3 cm strapped
resonant systems become increasingly preferable to rising-sun resonant
systems, while for wavelengths below 3 cm the situation is reversed.
The three major factors influencing the choice between these two designs
are size and ease of construction, unloaded Q and circuit efficiency, and
mode separation as functions of dJi and h/L.
At 1 cm the prime design criterion is that dimensions be as large as
The rising-sun construction with
possible compared with a wavelength.
46a
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its elimination of straps and accompanying increase in resonator dimensions fulfills this criterion.
At 10 cm the prime size criterion is to make
the complete anode block as small as possible, hence favoring strapped
blocks.
The unloaded Q(Q~) for a strapped block is about half that for a
comparable rising-sun block.
Furthermore, because Qu decreases and
the external Q(QE) increases at short wavelengths and large N, the circuit
efficiency in a strapped tube becomes quite low at 1 cm. A comparison
of rising-sun and strapped-block values at this wavelength, for v = 3 kv
and N = 18, is as follows: (1) In the rising sun, Q. = 900, QE = 500,
and q. = 64 per cent.
(2) In the strapped, Qu = 550, Q. = 500, and
q. = 52 per cent. By contrast, at 10 cm, typical values for rising sun
are Q. = 2500, QB = 150, q, = 94 per cent; and for strapped, Q. = 1500,
QF = 150, q. = 90 per cent. Thus at 10 cm, the difference in q. between
strapped and rising-sun blocks is negligible.
Conservative strapped
anode-block designs have values of da/A and h/x less than 0.3, with
resulting mode separations in excess of 15 per cent for the double-ring
strapping illustrated in Fig. 11.1. Successful magnetron operation has
been attained, however, with rising-sun blocks having values of da/k
and h/x of about 0.6 and mode separations as low as 2 per cent. Thus
mode separation appears to be incidental to the choice between strapped
and rising-sun blocks.
One consequence of the small mode separations
accompanying large values of dJX and h/x is the difficulty encountered
in tuning the resonant system.
STRAPPED RESONANT SYSTEMS
By W. V. SMITH
1102. Wavelength and Characteristic Admittance.-This
section is
concerned only with r-mode wavelengths, because this is usually the
operating mode in strapped resoL,
c. 1
c, 1
nant systems.
The accuracy of
T
1
prediction is +3 per cent, so that
as a rule it is necessary to build
a model, measure its wavelength,
L.= Resonator
inductance,
and make minor corrections for
C,=Resonator
cspacity
+fringing
capacity.
the final tube.
Cd=Strapcapacity.
The analysis of Chap. 4 shows
FIG.11.2.—Equivalentcircuit of a single
that for certain conditions, usually
resonator in a strapped magnetron operating
in the m-mode, seen from the interaction
equivalent to keeping da/h and
space.
h/A less than 0.3, the r-mode wavelength L and the characteristic admittance of the entire block Y, can
generally be computed with sufficient accuracy by the aid of the simple

1
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parallel-resonant circuit of Fig. 11“2, where L, and C, are the inductance
and capacitance of a single unstrapped resonator and C, is the capacitance
The total block capacitance
of the straps associated with one resonator.
is N(C, + C,).
C, maybe computed from the d-c approximation because
pertinent dimensions are small as compared with a wavelength.
No
simple formulas can cover the multiplicity of possible strap designs, but
2.5.
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FIG. 11.3.--Circuit

parameters of vane-type

resonator.

the formulas given in Eq. (1) for the strapping of Fig. 11“1 are typical
Greater accuracy is
of the approximate relations that are most useful.
not consistent with the approximations made in the rest of the problem.
(la)
where
fA .

?!&J

and

f,=

2s+2t+2b
~

“

(lb)

The circuit constants of the unstrapped resonator are best computed from
field theory following the methods discussed in Chap. 2. Because these
methods yield resonant wavelength & and capacitance C. as the fundamental circuit constants, it is not necessary to evaluate the inductance

6EC.11.2]

WAVELENGTH

AND

CHARACTERISTIC

ADMITTANCE

463

explicitly.
In this development the resonator is assumed to be a section
of an infinitely long cylinder, thus neglecting the fringing fields at each
end of the resonators.
The constants are determined in two steps
10

5
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[

1
parameters of a hole-and-slot

resonator.

In the first step (primed symbols) the fringing fields in the interaction
space are neglected.
In the second step, the effects of the fringing capacitance Cf are added to thk result to give
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C,=c;

+cj=

CT=

C,+

A, =

A;

C*=

J

SYSTEM

total unstrapped capacitance
I
N
total capacitance
N’

1+ ~

= unstrapped ~vavelength,
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(2U)
(2tl)
(2C)

r

(2d)
A resonator of the vane type is illustrated in the cross-sectional
sketch of Fig. 11.3. Also plotted in this figure are curves sho~ving C~
evaluated at the plane P and A: as functions of the parameters TO,r~, h,
and N. The resonant wavelength is computed by solving Maxwell’s
equations for the resonator, subject to the boundary condition H = O
along the plane P.
The admittance Y’ = (h/w) (H,/Eo) is evaluated at
P as a function of u, and the
characteristic admittance Y: per
resonator from the relation
(3)
where O: is 2r times the resonant
frequency of a single oscillator
neglecting the fringing fields.
A hole-and-slot
resonator is
illustrated in Fig. 11.4. In this
type of geometry the resonant
wavelength may be found from
the plot of L/w as a function of
a/h~ and w/a, where L, a, and w
are shown on the cross-sectional
sketch.
The capacitance
C: is
given by the d-c approximation
FIG. 11.5.—Fringing
capacitance
per resoco(Lb/w) multiplied by a dimennator as a function of p.
sionless constant y also plotted in
the figure. In the simplest lumped-constant approximation, ~ would be 1.
It is seen that y is nearly 1 for 0.03 < a/~~ <0.04, where all dimensions
are small as compared with a wavelength.
In deriving the above results for the hole-and-slot resonator, it was
necessary to match admittances appropriate to the two geometrical
shapes involved at the boundary Q in Fig. 11.4. A list of appropriate
transformation formulas is given in Chap. 2. Because dimensions are
small as compared with a wavelength, the fringing capacitance per
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resonator Cf may be computed by
solving Laplace’s equation in the
section of the interaction space
shown as the shaded area of the
insert in Fig. 11.5. The boundary
conditions are that Hz = O on the
boundaries AB, CD, and EA and
that Ee = O on the boundaries BC
The
and DE of the vane tips.
resulting
plotted

Cf

approximate
in Fig.

‘W+

11.5,

’”’.:)”

f o r m u 1a,
is

‘4)

This formula is independent of the
shape of the resonator, as it depends only on h and ~.
Observed and computed circuit
constants for a number of tubes
are listed in Table 11.1. Not
all of the geometrical solutions
included in the table correspond
exactly to those of Figs. 11.1, 11.3a,
and 11.4, but the calculation methods used are similar to those described.
In all cases the block
height has been assumed uniform
along the vane length, and no
allowance has been made for the
notches in which the strapping system is set. Tubes are listed in
order of increasing v.
The average
deviation of observed and computed wavelengths is seen to be
about f 3 per cent.
For some purposes, it is useful
to conceive of the equivalent circuit looking in at the back of a
resonator, as shown in Fig. 1145.
The fundamental constants are the
inductance Lb and resonant wavelength h,. The inductance Lb is
only slightly affected by the fring-
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ing fields at the interaction space, and therefore the symbols used will be
unprimed.
Referring to the vane resonator illustrated in Fig. 11“7, the
characteristic impedance Zb looking to the left
L,/2
~
from the plane R is computed from Eq. (3),
I
I
The resulting
~bl
-LC, replacing Y; by zb and C: by L,.
value of Lb is plotted against ro/r*.
~o
Regions of validity of the above computa‘,/2
Fm. 11.6.—Equivalent tions are approximately 0.1 ~ h/A ~ 0.3, becircuit of a single resonator
cause when h/A < 0.1, the fringing fields in
in a strapped magnetron
the end spaces become important, and when
OPeratingin the r-mode,
men from the back of the h\X >0.3, the equivalent circuit of Fig. 11.6 is
resonator.
not appropriate.
In practical tube design many geometries other than the ones computed may be useful.
For instance, a vane tube may be constructed
with the back half of each vane reduced in height.
This design increases
2.1
1.9
~

/

1.7.

hNL,

~xlo’

/ ‘

To
-..

1.5
1.3
1.11
0

FIO. 11.7.—Inductive

the

tube

circuit

inductance,

Wr’

- a:
0.1

+Zr

0.3
0.4
0.5
?’ r,
J
parameter of a vane-type resonator.
centimeters; L* in henrys.

thus

02

increasing

the

wavelength,

0.6
All dimensions

without

in

any

change in vane length.
11.3. Unloaded Q.—For estimating Qu of the magnetron, the equivalent circuit of Fig. 11.2 must be expanded to that of Fig. 11.8. The
internal losses of the resonator represented by G, can be computed from
the unstrapped u n 10 a d e d Q = Q,
given by
Qr = ‘~
where
is

the

G!r is

given

cross-sectional

.,,,
in

,:
Eq.
area

LrmG8

(2a).

A

of

the

FIG. 11&-Equivalent
circuit, including losses, of a single resonator in a
strapped magnetron operating in the
r-mode, seen from the interaction space.

P is the perimeter of the resonator; and 6 is the skh depth.
The strap losses can be computed by representing the double-ring straps
as having spacing b, an open-circuited parallel-plate transmission line

resonator;
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Q

of length 1/2, characteristic admittance YO, and attenuation constantl
a = (6/b) (P/2), whereiil = 2w/A. If Y, is the admittance of this section
of the straps, then
Y,=

(6)

Yotanh(a+@)~,

1

whence, for 1/2 <<A,
YC = Yoj(a+jP)

=G.

+juxC,

and
Q,++:.

(7)
*

Analyzing the circuit of Fig. 11.8 in terms of Q, and Q,,
(8)
I

I
I
,

The unloaded Q values calculated by means of Eqs. (5), (7), and (8)
are too high, as the computed and observed values of Table 11.2 demonstrate. This is probably owing in part to the lower conductivity of the
soldered portions of the anode block as compared with that of the solid
copper structure assumed in the computations.

I
TABLE11.2.—TEE T-MODEUNLOADED
Q VALUESOF STRAPFED
ANODEBLOCK
Material

= OFHC

copper

1

Q,
CM16B
BM50
2J42
725BT-L
725E.V
4J33
4J50M
4J50M0
HP1OV

9,90
3,10
3.20
3.20
3.20
10.70
3.20
3.20
10.70

0,198
0.135
0.369
0.450
0,481
0.448
0.626
0.486
0.342

2370
1o1o
1850
1545
1940
3150
1450
1700
3690

Q.

Q.”
computed

L
444
198
783
477
666
750
390
390
1280

1590
785
1500
1040
1470
1860
818
957
2830

Q.

observed
1200
550
900
680
920
1500
735
928
....

* Although individual discrepancies between observed and compukd valuea of Q. are fairly large,
the average Q. values for 3-cm tubes are 800 observed and 1100 commted: for the two 10-cm tubes.
1350 obseked and 1725 computad. Using these sverage values, the ratio of tbe observed Q. for
10 cm to tbzt for 3 cm is 1.7; the theoretical VPJWwxnp”ted for wavelength scaled Amctures is 1.8.

Equations (5) and (7) for copper anode blocks with dimensions
roils and wavelengths in centimeters take the form
1J. C. Slater, Microwave Transmission,
140-145.

in

McGraw-Hill, New York, 1942, pp.
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‘r‘“’”--d”&’
=70
%’
Q-”’=(%)(%)

(9a)

(9b)

and

‘“=3

(9C)

Equation (9b) shows the approximate inverse proportionality of Q, to N.
11.4. Mode Separation.—The
analysis of Chap. 4 shows that for
double-ring-strapped
tubes with d~/X and h/~ less than about 0.3, the
mode separation is given by Eq. (4.37).
This equation may be rewritten
as

w _d~
A.

where

l+CY’

(lOa)

(lOb)
Table 11.3 lists separations between the r-mode

()

and the next lo~ver

N

– 1 as computed by Eqs. (10), together with observed values.
3
Agreement is “seen to be good for double-ring strapping.
It does not
apply to single-ring strapping and if used will yield wrong results, as
shown in the table.
Mode separation for single-ring strapping is less
than that for double-ring strapping at the same Cs/C,.
The two
columns labeled “quantities that should be <<1” are quantities that,
according to the analysis of Chap. 4, should be small compared with
unity in order for Eq. (10) to be valid.
From the agreement between
theory and experiment, it appears that the criterion “small compared
with unity” may be interpreted as ~ 0.5. This is not surprising because
it is shown in Chap. 4 that Eqs. (lOa) and (lOb) are also valid for
Cs/C, >>1.
It is not correct, however, to assume universal validity of
Eqs. (10) simply because they agree with more rigorous equations in two
dhlerent limiting cases.
Table 11“3 and Eqs. (10) show that large mode separations are easily
attained in low-voltage tubes, where i~/2n-r. is large. For high-voltage
tubes, the decrease in i=/2n-r, must be compensated for by an increase in
C8/C=. Large values of Ca/CT may, however, introduce other difficulties,
such as excessive variations in r-f field patterns along the block length
mode

i For more exact restrictions,see Chap. 4.

I
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~

Tube

Type of
strapping

I

I

I

1

469

FOESTIiAWEDANODEBLOCK.
Quantities that
should he << 1

y-,)

‘(’-,)

A=
cnrrputlxi

A=

observed

—l—l—l—l—
~hI16B

Doublerirlg

9.90~0.19813.37012.2201 0.013

0.004200

0.,551

0.57

BM50

strap
Single-

3.10 0,135 2.150 0.626

0,025

0,000029

0,783

0,89

2J42

ring
strap
Double.

3,20 0,369 1.410 0.732

0.420

0,069000

0,760

.

725BTL

ring
strap
Double.

3.20 0,450 1.390 0.863

0.420

0. 1S0000

0.733

0.7?

3.20 0,481 1.390 0.690

0.420

0.101000

0.768

....

0.70 0.448 1.415 0.898

0.420

0.147000

0.725

0.75

725~,y

4J33

ring
strap
Double.
ring
strap
Double.

.

ring
strap

4J50M

Double

3.20 0.626 1.005 0.635

0.480

0,518000

0.783

0.81

4J50M,

ring
strap
Double

3.20 0.486 1.005 0.547

0.480

0.223000

0.803

0,83

0.70 0.342 0.942 0.304

2.400

0.608000

0,875

0.95

ring

HP1OV

strap
Singlering
strap

1!!1

or dkplacement of other modes toward the r-mode wavelength.
Th~u
for long, heavily strapped anode blocks, the mode nearest in ~avelengtll
to the mmode may be one with rr-mode azimuthal symmetry bllt, ~rit,h o
Denoting this mode as
node at the center of the block longitudinally.
~’, Eq. (4.34) yields

470

THE

RESO.VANT

[sm. 11.4

SYSTEM

Computed values of L, /h. are listed’ in Table 114
TABLE11.4.—THE RATIOx.,/x. FORSTRAFFED
ANODES
Tube

A.
observed

c,
es

8#r,7
>-

A.

A.,

AT,
A=

4J50hI
HP1OV*

3.2
10.7

0.60
1,88

2.51
14.25

3 02
10.46

2 15

0 713

8.89

0.850

—

* The 11P1OV con,put. tions are for double-r,ng straupmg, although the act,, al st, appi,,g used is
single ring.

mode m,<lthe r’-modc a,, al,,,ost equally
(~ - ‘)IncreamngCs decreasesthe separation from the =’-mode;

For double-ring strapping both the

removed from the x-mode for Cs/Cr = 0.34.

decreasing C’s decreases the separation from the

(:

- ‘)-”’o~’

The rwtt,al use of single-ring

strapping o“ the HP1OV anode block satisfactorily diaplacm the =’-mode but leaves the

G’

- ‘)-’’’o~”

uncomfortably close.

With long anode blocks the lowest modes, such as N = 1 or N = 2,
can also approach the main mode wavelength and do so for the HP 10V.
The general features of the mode spectrum of various structures are
discussed in detail in Chap. 4.
The preceding analysis has been found applicable to designs where
one or more straps are broken over one of the vanes to which the strap
is not attached.
The function of the break is to distort the r-f patterns
of one of the lower modes by interrupting the current flow at the strap
break. The r-f patterns for the r-mode, however, are undisturbed,
because in the r-mode no current normally flows through the location
of the strap break.
Although the strap break does function in the
above manner (see Chap. 4), correlation of the effects of strap breaks
on tube performance is poor.
Existing information indicates that in
many cases the primary effect on tube performance is caused by the

N

~ — 1 -mode resulting from the strap break.

shift in wavelength of the
()

The subiect of stra~ breaks will be dismissed with the remainder that
the break removes the degeneracy of the lower modes, changing each
into a doublet.
Both components are then displaced in wavelength
nearer to the r-mode.

I

I

RISING-SUN RESONANT SYSTEM
BY S. MILLMAN
The general design principles of Chap. 10 apply equally well to the
Because of the differrising-sun and strapped-block resonant systems.
ence in structure of these two types, however, the emphasis in the design
1For experimentalverification of Eqs. (11) using data from other anode blocks,
see Chap. 4.

I
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parameters is not the same. In the rising-sun magnetron, the strap
design is entirely omitted, andinits
place the ratio of resonator depths
T, appears as a new parameter.
The quantity C/L, which is so important
in strapped-tube design, has played a relatively minor role in the design
of rising-sun magnetrons.
Similarly the quantity Q., representing the
internal losses, is rarely regarded as an independent design parameter.
The losses of the rising-sun tubes are less than in strapped tubes and are
not appreciably affected by changes in other parameters that are likely
to be made in ordinary block design. The concept of mode separation

(a)

FIG. 11.9.—Rking-sun
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along the axis. Perspective skctchcs of these resonator types are showm
in Fig. 11.!kz and b.
11.6. Limitations on Secondary Design Parameters.—In this section
a brief account is given of the available information on the range of useful
values for some of the secondary anode-block parameters of rising-sun
magnetrons, i.e., the anode diameter da, the number of resonators N, the
ratio of resonator depths T1,the block height h, and t/w, the ratio of vane
thickness to the space bct]veen vanes.
finode Diavwtcr.—The limitations on the size of the anode diameter
in the rising-sun resonant systems are some~vhat similar to those in
strapped tubes.
For a gi~-cn number of resonators and for a fixed value
of the ]vavelength, an increase in the anode diameter decreases the ~vavclength

separation

betl~een

the r-mode

N

and the

~ – 1 -mode

and

()

increases the fraction of zero contamination in the r-mode if the ratio
of resonator depths is held constant (see Chap. 3). Either of these
If the increase in diameter is accomresults is, in general, undesirable.
plished ~vith no change in mode separation, as can be done by increasing
the resonator depth ratio, the zero-mode content is increased even more.
The theory as presented in Chap. 3 is capable of predicting the magnitude
of these changes but cannot, of course, predict in any quantitative ~vay
A summary of the largest values of
the effect on magnetron operation.
anode diameters used successfully
is presented in Table 115.

in various

TABLE11.5.—LARGEsT
.4~oI)E DIAMETERS
h“sm
Type of anode block

rising-sun

magnetrons

IN RISING-SUN MAGNETRONS

d.”
T

Nlimbcr
of Resonators.-llising-sun
magnetrons have been const ructcd mtiinly ~}-ith anode blocks of 18 or more resonators because
these tubes ~vere first drsigned for the l-cm region where a large number
Hov+ever, from the theory
of resonators is partic~darly advantageous.
of the rising-sun stmctlwe and from the comparison of the behavior of
tubes having 18 resonators l~ith those of a larger number, one can safely
predict that systems having less than 18 resonators should make good
magnetrons.
It is the use of a number of resonators substantially greater
than 18 that bccumes troublesome.
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As the number of resonators increases, the ranges of useful values
for other parameters decrease.
In the case of 18-cavity anode blocks
there is considerable latitude regarding the other parameters.
Good
magnetrons can be built in the high-voltage region (V = 3.0 kv) ~vith a
considerable range of values for the ratio of cavity depths rl. Moreover,
the performance does not critically depend on the value of u (the ratio
of cathode-to-anode
radius).
For 22-vane magnetrons the indications
are that the useful ranges for T1, d~, and u are not likely to be restrictive
In the case of 26-vane tubes, however, there
in anode-block design.
impractically no latitude in the choice of rlfor high-voltage blocks, while
for 38-vane magnetrons no combination of values has been found for r,
and u that would produce even moderately fair operation at high voltages.
In the lower-voltage region (V = 450 volts), the indications are that good
magnetron design can be obtained with 34-vane anode blocks.
In the closed-end resonant system a considerably greater number of
Good magresonators is possible than in the open-resonator system.
netrons in the high-voltage region have been built with 26 and with 38
The upper
resonators and in the low-voltage region with 34 resonators.
limit of the useful value of N for closed-end anode blocks is not known
at present.
Anode-block
Height.—For the open-cavity
rising-sun magnetrons,
the block height does not in a first approximation affect the mmode
wavelength, the mode separations, or zero-mode cent aminat ion of the
r-mode.
This block parameter can therefore be chosen independently.
No mode instabilities have been encountered for block heights up to
0.8A.
For magnetrons having closed-end resonators the practical block
height falls within a rather narrow range, because the r-mode wavelength is necessarily less than twice the block height and therefore the
lower limit of the length is 0.5A. In order to keep the resonator sizes
from getting unduly large, one would probably not design a magnetron
with a block height of less than 0.55A. The block should not be too
long, perhaps no longer than 0.7A, if one intends to produce a substantial
decrease of the wavelengths of the resonances associated with the large
The lengths of practically all of the closed-end blocks fall
resonators.
in the range of 0.58A to 0.72h.
Ratio of Vane Thickness to Space between Vanes.—The ratio of copper
to space at the anode circumference does not enter critically into the
An increase in the thickness of the vanes
operation of the magnetron.
for a fixed value of the anode and resonator diameters increases the mode
separation, the zero-component content of the r-mode, the wavelength
The changes are not very great and
of the r-mode, and the C/L ratio.
do not affect the magnetron operation in the same sense; thus an increase
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in mode separation may be desirable, while an increase in zero contamination is not.
Experiments with l-cm 18-vane magnetrons to determine some
optimum value for this ratio have not yielded any conclusive results,
because there was no marked variation in magnetron performance for
values in the range of 1.0 to 2.0. The value used in the standard l-cm
tubes is 1.5, and that in the high-power 3-cm magnetron is 1.4. Values
in the range of 1.0 to 1.3 have been used in experimental tubes, particularly in those of shorter wavelengths.
11.6. Desirable Mode Spectrum.-The
theory of the rising-sun anode
block has been fully presented in Chap. 3, but a brief review of the
essential characteristics of the theory as it affects the anode-block design
will be given here. A typi~al
-2.25
mode
spectrum for an 18-vane
n= 1
open-resonator rising-sun system
2.W is exhibited in Fig. 11.10. The
variation in wavelength of the
1.75 various resonances is plotted in
?@
‘n.3
terms of the r-mode wavelength
1.50 as a function of the ratio of the
~
resonator depths rl for fixed values
Az
of the ~-mode wavelength, the
anode and cathode diameters, and
the vane thickness.
For sufficiently large values of TI the mode
spectrum can be regarded as consisting of three distinct parts.
1.2 1,4 1.6 1.8 2,0 2.2 2.4 2.6 There is a long-wavelength multiplet (n = 1, 2, 3, 4) which is charT1
FIG. 11 .10. —Mode
spectrum of an lSacteristic of a symmetric anode
vane open-resonator
rising-sun anode block
block having nine resonators of
as a function of the cavity ratio r,.
about the same size as the large
—
resonators of the rising-sun design; a short wavelength
multiplet
(n = 8, 7, 6, 5) which is associated with the nine small resonators and
corresponds to modes 1, 2, 3, 4 respectively for a symmetric anode block
having only such resonators; and the r-mode somewhere between
the two multiples but nearer to the short-wavelength resonances.
For
a rising-sun system with more than 18 cavities, the mode spectrum is
very similar to the one shown except that additional resonances appear
below and very close to each of the two multiples.
The most important factor that determines the type of spectrum that
will here be considered desirable is the absence of mode competition of
r-mode operation.
This design consideration is of particular significance

‘IYsa

I

I

DESIRABLE
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in rising-sun resonant systems because a greater number of modes are
generally involved than in strapped systems, and it is almost always
possible to find a harmonic of some mode the oscillating region of which
overlaps that of the mmode, i.e., in which the value 7A for the competing
mode is close to (N/2)x7 (see Chap. 8). As far as the lower multiplet is
concerned,

one need consider only the

()
N

~ – 1 -mode, as it is the only

one that has ever been observed to compete with r-mode operation.
was

shown

in Chap.

N

3 that the

~ — 1 -mode

It

has a considerable

()

admixture

of an (n = 1)-component,

which increases with increasing

r
value of rl and which renders operation

N

in the

~ — 1 -mode

less

()
f

efficient and more difficult to build up.
to favor r-mode operation, not only
separation

between

the

(N/2)-

An increase in r, is thus likely
by increasing the wavelength

N

and

~ – 1 -modes

but

also by

()

1

increasing the cent amination of the latter with the (n = 1)-component,
The fact that disturbance from this source appears generally at low
magnetic fields and recedes to lower fields with increasing rl may be
owing to the circumstance that the radius of the charge closed is larger
at lower fields. The electrons find themselves in a region where the
fraction of (n = 1)-component is less, and they can thus more readily
support the

()
N

— – 1 -mode.
2
As far as’ the lo;g-wavelength
multiplet is concerned, the requirements of a good mode spectrum favor small-wavelength
separation
between this multiplet and the mmode, a condition that is generally in
line with low values of rl. Before discussing possible explanations for
this requirement, the available information bearing on this subject will
be summarized:
1. For the range of TI values that are of interest in the design of
rising-sun systems, the n~ values for any of the fundamentals of
the long-wavelength multiplet are sufficiently less than (N/2)k7
so that they do not form a source of mode competition with ~-mode
operation.
The components ~ = (N/2) – n of some of the modes
in this multiplet do constitute sources of mode competition.
2.

N

Serious interference with mmode operation results if

-2 – n

()

for n ~ 4 is close to (N/2)Xr.
i See Sec. 3.3.

L
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3. Mode

competition

from

the

N

component

~ – 3 , has

11.6

been

()

observed, but it is likely that such disturbances can be eliminated
N
– 3 X3 is near (N/2)A7, by a suitable choice of U,
() z
the ratio of cathode-anode diameters.
4. No interference has ever been observed from components of the
(n = 2)- and (n = I)-modes.
5. Interference from the long-wavelength resonances can in general
be eliminated if the follo]ving empirical relationship is satisfied
for the wavelength of the mode of the upper multiplet that has
the highest n value
even if

‘<

N

A’N–6”

A qualitative explanation for the experimental results listed above
can be given.
In the long-~vavelength multiplet, ~ for the competing
mode is less than N/2, so the r-f field falls off less rapidly in the direction
toward the cathode for the competing mode than for the r-mode.
At the
start of oscillations the electrons are relatively close to the cathode, and
thus the coupling of the electrons to the component field is favored.
The
This
effect becomes worse as (N/2) --y increases, i.e., as n increases.
explains why mode competition from a long-wavelength resonance of
smaller n value is less probable than from one of larger n (smaller ~).
In addition, component operation is handicapped by the domination
(shielding effect) of the r-f field of the fundamental associated with the
iesonance, since the fundamental content of the r-f field impairs the
efficiency of the component
operation and raises its buildup time.
l-he domination increases \vith increasing value of the difference
(y–n)=

().
~

–2n,

t

This again renders competition to r-mode operation less probable from
modes of 10IVn value.
A good mode spectrum for a rising-sun system requires, then, suffiN
~ – 1 -resonances,
()
and low values for the wavelengths of the long-wavelength resonances.
The first condition favors large values of rl, while the second condition
is more easily met ~vith small rl values.
For open-resonance blocks the
two conflicting requirements become increasingly restrictive in anodeblock design as the number of resonators increases and lead to the neces-

cient

mode separation

between

the (N/2)-

and

OPEN-RESONATOR
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sity of modifications
in the oscillating circuit, such as the use of
closed-end resonators.
The dependence on N of the required mode separation between the
(N/2)-

~ – 1 -resonances

and

is not

well established.

Evidently

()

it is not necessary to have as much mode separation for a resonant system
of large N as for one of smaller N. Thus in the case of the high-voltage
region, v x 3.0 kv, 38-vane magnetrons with a mode separation of only
about 1 per cent operate satisfactorily at low magnetic fields, whereas
for similar operating conditions 18-cavity magnet rons require a mode
separation of 5 per cent. In the high magnetic-field region, the highpower 18-cavity, 3-cm magnetron is relatively free from mode interference even though the wavelength separation between the m and 8-mode
is less than 4 per cent.
1107. Comparison between Open-resonator and Closed-end Systems.
As the number of resonators in a rising-sun anode block increases, the
conflicting requirements of a desirable mode spectrum discussed in
On the one hand, large rl values are
Sec. 11.6 become very restrictive.
required to overcome the decrease in mode separation between the
(N/2)-

and

()

~ – 1 -resonances,

caused by the increasing anode and

cathode diameters, a“nd on the other band smaller ~1 values are needed
in order to avoid mode competition from the long-wavelength multiplet.
As demonstrated in Chap. 3, however, both requirements can be met
for large N values with the use of closed-end resonators.
In this type
of design,
on

the

large

T1 values

low-wavelength

wavelengths

of the

are
side

upper

used
of

the

multiplet

to

obtain

the

proper
the

same

separation

and

are

low enough to avoid mode

kept

at

mode

~-modej

time

the

competition from that source.
The probability of exciting a component of an upper-multiplet resonance as compared with that for starting the mmode decreases as the value
of -y for that component approaches N/2.
The difference (N/2) – ~
may thus be taken as an indication of the likelihood of competition from
that source.
As the number of resonators increases, the value of
(N/2) – ~ will increase if -yA is to be approximately equal to (N/2)&
and the wavelength ratio A/Ar is to be constant.
For example, if in an
18-resonator rising-sun system the competing component is the ~, with
a wavelength of 1.5A., the disturbing component of wavelength 1.5A.
for a 30-resonator system ~rill be the +0. The increase in (N/2) – y
from 3 to 5 is believed to aid the probability of competition with mmode
operation.
This effect is further aggravated if rl is increased and the
wavelengths of the upper-multiplet resonances are thereby also increased.
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As a closed-end block is more difficult to build than an open-resonator
type, it should probably not be undertaken unless it is believed that a
system with the required number of open resonators wilI not be a safe
design. One electrical disadvantage of closed-end design is that the
block height is rather restricted, whereas in the open-resonator type,
the height can be chosen practically at will. For Klgh-voltage magnetrons, V = 3.0 kv. The closed-end construction should be used if
the number of resonators required is 26 or more. In the low-voltage
region (V = 450volts), theuseof thesimpler open-resonator construction
can be extended to a system of 30 or more resonators.
11.8. Ratio of Resonator Depths.-In
designing a rising-sun magnetron, it is best toplanto
useassmall a value of rl as possible, consistent
N
— — 1 -mode.
The available informa() 2
tion on theproper value for the resonator depth ratio for various values
of N is based mainly on experience with magnetrons that were designed
for operation in the low-field region (Ml from 6000 to 10,000 gauss cm).
The optimum value of ~, for the high-field region is not necessarily the
same as that for low fields. The study of the performance of 18-vane
open-resonator magnetrons designed for v close to 3.0 kv but with
TI values varying in the range of 1.4 to 2.5 showed that in the low magnetic-field region, values of T1less than 1.6 are too low because of competition from the (n = 8)-mode while rl values greater than 2.0 are
objectionable because of competition from the resonances associated with
the large-resonator systems.
In the high-field region, however, an r,
value of 1.6 was found quite satisfactory for magnetrons in the same
range of voltage.
A summary of the range of probably useful values of
r~ for various values of N is given in Table 11.6 for open-resonator magwith noninterference

from the

TABLE 11 .6. —USEFUL VALUES OF n, THE RATIO OF RESONATOR DEPTHS, FOR AH
BETWEEN 6000 AND 10,000 GAUSS/CM

N

V, kv

18
22
26
34

3.0
3.0
3.0
0.4

T

Range

of ~1

1.7-2.0
1.7–1.9
1.75
1.8-2.0

netrons designed for operation in the low-field region. The lack of any
definite range in r, for the case of N = 26 demonstrates the difficulty of
buildlng large N, open-resonator magnetrons in the high-voltage region.
For the closed-end system the values of r, are higher than in the openresonator type.
This trend is consistent with theoretical expectations,

t

.

*

SEC. 11 .9]

WAVELENGTH

CALG’ULA

TIONS

FOR

THE

.-MODE

479

because for a given value of r, both the mode separations and zero-mode
contamination of the r-mode are less for the closed-end than for the openresonator type.
In the closed-end system these electromagnetic properties depend, of course, on the block height as well as on rl. One would
expect to find smaller values of rl with longer blocks.
In closed-end
resonant systems containing 26 cavities, values of TI from 2.1 to 2.7, for
block heights of 0.63X, and w values of about 3.5 kv have been found
satisfactory.
The optimum value of r, is probably in the region of 2.2
to 2.4 for this block height.
Good closed-end 38-vane magnetrons have
been built with r, close to 2.7 for a block height of 0.7A and v of 3.3 kv.
11.9. Wavelength Calculations for the ~-mode.—For
a vane-type,
open-resonator, rising-sun magnetron, the wavelength of the r-mode
can be calculated to within 2 or 3 per cent by means of a simple empirical
formula involving principally the perimeters of the two different resonators. Thus, if P represents the perimeter of the total path for two
adjacent resonators in a block cross section, as shown by the solid lines
in Fig. 11.11, then with certain restrictions the wavelength is given by
x = P[l.03

– 0.06(7-, – 1.8) + 0.05(r2 – 1.5)],

(12)

where rl is the ratio of the radial depth of the large resonator to that of
the smaller resonator, (r~ – ra)/(rs – ra), and TZis the ratio of copper
to space, t/w.
This formula, which is consistent with the data on 18-, 22-, and
26-vane open-resonator magnetrons, will apply only if the end-space
geometry is not appreciably different from that shown in the openresonator rising-sun magnetrons in Chap. 19, if the anode diameter
corresponds to a v near the range of 2.5 to 3.5 kv,
and if the other block parameters are consistent
with good tube design.
For example, despite the
rl’.
fact that the decrease of the ~-mode wavelength
,,1, ;
,-,
\
l-l1 1
with increasing cathode diameter is appreciable,
the cathode diameter does not appear in the wave‘i,{&:’”length formula, because this effect is small if one is
F
t
confined to the range of u values that is likely to be
FIG. ll.ll.—Geoused. A decrease in anode diameter, however,
metrical quantities
the calcuused in
brought about by decreasing V from 3000 to 500 VO1tS Iation
.f ~he.-mode
with P, rl, rt, and u held constant increases the
wavelength.
r-mode wavelength about 10 per cent.
Equation (12) should enable the magnetron designer to select the
proper resonator diameters with sufficient accuracy for a first model.
Subsequent small changes in the anode-block geometry, within the
precision of tube construction, may then be made to correct for an
initial error in the wavelength obtained.
When more accurate wave-
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length predictions are needed, the formulas given in Chap. 3 should
be used. These are based on the field theory calculations and include the
parameters P, r,, r,, u, and d. but omit effects of the geometry of the end
spaces and the cathode end shields. The theoretical formulas may also
be used for calculating resonances of the mode spectrum other than
that of the r-mode.
The wavelength calculations for a closed-end system are somewhat
more complicated, particularly when the resonators depart from the
The procedure for wavelength calculation
sect or-shaped cross section.
of the r-mode is outlined be] ow for two clifferent types which represent
n,ost of the closed-end anode blocks that have been used.

(F))
(“)
.-,
.-,
(a) ITane-type; (b) with circular cylinders
FIG. 11. 12.—Closed-end rising-sun anode blocks.
at the backs of the large resonators.

CASE I.—Completely

closed vane-type anode block (see Fig. 11. 12a).

1. Calculate A cc (block of infinite length with no variation in
properties along the Z-axis) with the aid of the formulas given
in Chap. 3 or from Eq. (12), adding about 7 per cent for end-effect
corrections.
2. Compute the r-mode wavelength from the expression
(13)

where h is the block height.
In the design of an anode block
the procedure will very likely be reversed.
The desired A will
be known, and the block height will be decided on before deterIn that
mining the cross-sectional geometry of the resonators.
case apply Eq. (13) to compute the required value for &
The
perimeter of the resonators is then determined by either of the two
procedures given in Step 1. From this value and from the
predetermined values of the anode diameter and of the resonatordepth ratio the diameters of the two resonators are determined,
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CASE 11.—Gase II differs from Case I in that the backs of the large
resonators are circular in cross section (see Fig. 11”12b).
1. Follow the procedure outlined in Case I to determine the proper
sector-shaped geometry to produce the desired wavelength for the
chosen values of h, rl, and da.
2. Using the formulas or curves given in Chap. 3 for the admittance
of circular- and of sector-shaped cavities, design the proper hole
geometry to give the same admittance at plane A (see Fig. 11“12b)
as that obtained with the section of replaced sector-shaped cavities. If the circular section is designed to give the same crosssectional area as the replaced sector section, the wavelength
generally turns out to be too 10W, because that region is not completely inductive, whereas if the substitution is based on preserving
the perimeters, the resulting wavelength is too high. The procedure of determining equivalent admittances may also be followed
where the substituted portions of the resonators have other than
circular geometries.
OUTPUT
13Y W.

V.

SMITH AND S. MILLMAN

11.10. General Properties of Coaxial and Waveguide Outputs.-The
function of the output of a magnetron is to couple the r-f energy generated
in the tube to a useful load.
To accomplish this end, the output must
have the following properties: (1) As a circuit element, it must transform
the load impedance to some desired level inside the tube.
(2) As a
physical element joining the evacuated tube to a transmission line, it
must contain a vacuum seal. (3) As a section of transmission line, it
must be capable of transmitting the high average and pulse powers
generated by the magnetron.
The circuit properties of the output are treated in Chap. 5. For
magnetrons that do not differ radically from the examples shown in Chap.
19, the analyses of Sees. 5.4, 55, 5.6, and 11.2 maybe used to estimate the
suitability of a given output design for the particular block geometry and
The type of output is determined by
loading requirements involved.
requirements of mechanical strength, constructability,
size, pulse or
average power transmission, and frequency sensitivity.
At 1 cm, waveguide outputs are the logical choice, because at this
wavelength the construction of waveguide outputs is simpler and more
reproducible than coaxial outputs, and coaxial lines will withstand only
At 3 cm, where the ultimate transabout 20 kw of l-cm pulse power.
mission line is also waveguide, waveguide outputs are generally used,
although coaxial outputs embodying coax-to-waveguide
transitions are
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satisfactory for pulse powers under 50 kw. The ultimate transmission
line for 10-cm radiation is generally coaxial for pulse powers less than
200 kw and waveguide for pulse powers in excess of this amount; waveguide is also used to transmit average powers greater than 400 watts.
Consequently,
10-cm magnetrons that deliver less than 200-kw pulse
or 400 watts average are equipped with coaxial outputs, while more
powerful tubes are designed with either waveguide outputs or coax-towaveguide transitions.
The large size of waveguide equipment at 10-cm
makes it uneconomical to use this type of construction for operation at
low-power levels.
For linear scaling to different wavelengths, the percentage frequency
sensitivity is unchanged, whereas the change in size affects the breakdown power which scales as the square of the wavelength.
In coaxial
line, at a fixed wavelength, the breakdown power scales as the square
of the diameter of the line, assuming that the characteristic impedance
is maintained constant and the lead construction is similar.
Both of
these conclusions are dependent upon the assumption that at atmospheric
pressure, breakdown will occur above a maximum field strength Ethat is independent of wavelength.
The breakdown voltage decreases
as the duty ratio increases, and for c-w operation it is considerably below
the pulsed values.
11.11. Coaxial Outputs.—The observations in thki section are concerned with outputs designed for wavelengths in the vicinity of 10 cm.
However, the data specific to a given wavelength may be scaled at least
qualitatively.
Figures 1113 to 11”15 illustrate coaxial leads designed
for loop couplings.
As shown in Chap. 5, other types of coupling may
be used, however, depending on the external Q desired and the type of
magnetron under consideration.
Whenever possible, the coupling is
designed to give the desired loading at a minimum shift in tube wavelength and with a minimum frequency sensitivity, the rest of the lead
being kept as well matched as possible.
This technique generally
improves the breakdown properties and minimizes the complexity of
In special cases, however, it is possible to cancel one
construction.
reflection with another and one frequency sensitivity with another by
use of the method given in Sec. 11.12 for coaxial-to-waveguide
transitions.
Frequency
Sensitivity .-A
typical medium-power coaxial output for
&ln. line is shown in Fig. 11”13. The lead consists of a section of line A
of characteristic impedance 2A, a taper B, a section of line C of characteristic impedance Z,, a glass seal D, a choke joint E, a section of line F
of characteristic impedance ZJ, a connecting “bullet”
G of the same
characteristic impedance ZO as the final coaxial line, and a quarter-wave
transformer H of characteristic impedance Z~.
The lead is terminated
by the final matched transmission line of characteristic impedance 20.

~
COAXIAL
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A more simplified design is shown in Fig. 11.14 in which the elements
A, B, C, and D are essentially similar to those of Fig. 11“13 but in which

the single series impedance J in the outer conductor replaces elements
E, F, and G. The elimination of the transformer is made possible by
setting the size and penetration of the loop to give the desired external
Q. The design of Fig. 1114 is mechanicall~ sturdier than that of Fig.

Fm. 11 .13. —2OO-kw pulse-power

coaxial output and coupling section with choke joint.

11.13 and is also less frequency sensitive, because it contains no large
discontinuities of characteristic impedance.
The improvement in the design is primarily due to the use of the
Kovar-to-glass sealing technique. 1 The use of a Kovar cup rather than
a small tungsten lead for the inner conductor allows a construction that
fits into a standard r-f coupling, and the short length of J eliminates the
necessity for the choke joint.

..
&

4

..’.

,.,

.

1

,

~

FIG. 11. 14. —3OO-kw pulse-power

I

I

coaxial output and coupling asction without choke joint.

A calculation of the series impedance introduced by section J shows
that it is negligible.
Thus, with J & in. long, the outside diameter
~ in., and the inside ~ in., the series impedance is given by
ZJ = 60 log, ~ tan

in. = ~

27r(&)

~

ohms.

As the line characteristic impedance is 48 ohms and the loop impedance
usually of the same order of magnitude, ZJ can be neglected.
The glass seal approximately halves the characteristic impedance
of the line in the region of the bead but leaves the impedance practically
Assumunaltered where the glass is thin and near the outer conductor.
I It should

be noted,

however,

that the No.

Kovar seals is more 10SSYthan the No. 707 glass

704 glass which

is used in matig

usedin the tungstensealof Fig. 11.13.

I
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ing the bead length to vary up to a maximum length of ~ in. or lo/8
(allowing for the short wavelength in glass), the resulting impedance
transformation represents an effect comparable in magnitude to the loop
impedance.
As a rule no attempt is made to balance out these two
impedances.
A modification of Fig. 11.14 is illustrated in Fig. 11~15 which shows
a drawing of a lead for a Is-in. line. The design of Fig. 11.15 differs
qualitatively from that of Fig. 11.14 because, in the larger size, a longer
length of Kovar is necessary for a satisfactory metal-to-glass seal and a
half-wave choke must be included.
From the dimensions shown it may
be calculated that the frequency sensitivity of the choke joint is negligible.
In conformity with standard choke-joint design, the frequency sensitivity
of the choke joint is minimized
by making section A of relatively
high characteristic impedance-and
$
section B of low characteristic
impedance.
Section B is thus
terminated at its junction to A
)
by a high impedance that, transFm. 11 .16. —8OO-kw pulse-power coaxial
output
and coupling
section with choke
joint.
The

junction

appears

C

in series

is therefore

not

tube

joint
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from
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Voltage Breakdown
and Average Power Transmission.—For
a given
output power P into a matched line of inner and outer diametem a and b

the mean squared electric field ~~ at the center conductor is

g

-

6~p ~.

(14)

az log ;
The relative values of ~;, for b/a = 6.5 as in the design of Fig. 11.13,
for b/a = 2.17 as in the design of Fig. 11“14, and the optimum value of
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1.65 are 4.0, 1.2, and 1.0 respectively.
A further increase in the
diameter of the center conductor over that given in the design of Fig.
11-14 would therefore have small value.
To minimize surface breakdown, the glass seal should present a long
path to the electric field, and the component of the electric field parallel
to the glass surface should be
Remade as small as possible.
entrant glass surfaces with crevasses between the glass and the
outer conductor should be avoided
because localized high-frequency
discharges take place in the crevasses and the glass is eventually
ruptured.
Safe pulsed ratings for all
phases of a 1.5 SWVR are 200
kw’ for the design of Fig. 11.13
and 300 kw for the design of Fig.
11. 14; average power ratings are
250 and 450 watts respectively.
On the basis of the scaling
laws, the breakdown power of the
high-power lead of Fig. 11.15 is
computed to be 1000 kw. This
design may be conservatively
rated at 800 kw, although it will
usually pass 1500 kw into a wellmatched line. On average power
transmission, it will safely pass
1.5 to 2 kw and with forced-air
cooling has transmitted
3 kw
experimentally.
11.12. Coaxial -to-waveguide
Transit
ion s.—Coaxial-line-toFIG. 11. 16.—1 O-cm, SOO-kw pulse-power
waveguide transition sections z are ‘‘ doorknob” transitionfor 1{-in. coaxialline

b/a =

I

‘)

illustrated by the “doorknob”
‘0 1*- by 3-in”‘avetide”
transition type of Fig. 11.16 and the “probe” type of Fig. 11.17.
The breakdown characteristics of the doorknob transition are similar
to those of a lead terminated in a coaxial line. The probe type, however,
1The breakdown data given in this section refer to pulsed operation at 1 psec,
1000 PRF, and remaiu valid as the pulse duration and repetition frequency are
variedby a factor of 2.
2See Vol. 9, Chap. 6, Radiation Laboratory Series,for a detailed treatment of
this subject.
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has been improved in this respect by the location of the glass seal in a
region of low electric field. At 8.5 cm the probe transition is rated at
800 kw as compared with 500 kw for the doorknob type.
The frequency
sensitivity of the probe design is also superior to that of the doorknob.
A set of data showing the frequency sensitivity of the probe transition
of Fig. 11“17 is given in Fig. 11”18 in which the standing-wave ratio
in the coaxial line is plotted as a function of wavelength, the waveguide
being terminated in a matched load. To attain the low-frequency
sensitivity shown in Fig. 11”18 it is necessary deliberately to mismatch
Section through A.A

A-

Standard
flangel% x3
waveguide,
FIG.11.17.—S.5-cm,SOO-kw
pulse-power‘‘ probe” transitionfor coaxiallineto 1&by 3-in.
waveguide.
1.16[

l.oo~
10,0
Wavelength in cm
Fm. 11.lS.—Frequency

characteristics

of a “ probe”

transition shown in Fig. 11.17.

the junction of probe to waveguide and then to cancel out the resultant
reflection by an inductive iris in the waveguide.
This procedure sets
up standing waves in the transition section and may reduce its breakdown power, but the sacrifice is unavoidable if broadbanded transition
is desired. The theory of this type of broadbanding
is given
in Vol. 9, Chap. 6.
11.13. Waveguide Outputs.-The
two important components of a
direct waveguide output for magnetrons are the window and the transformer.
The window functions as a vacuum seal and an r-f connection
between the internal and external guides, and the transformer transforms
the load impedance to a value proper for magnetron operation.
The
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design information presented in the following sections is restricted to
component types that have been widely applied.
The discussion of
windows is limited to those of the circular cross sections, because this
type of window is easily manufactured in a reproducible way and has
been used in almost all of the magnetrons with direct waveguide output.
Similarly, most of the discussion on transformers is devoted to the
quarter-wave type, a design for which considerable information is
available.
A description of the circular iris output, used with a halfwavelength stabilized cavity, is included in Sees. 11.14 and 11.15.
good window should be almost lossless and almost
The Window.—A
reflectionless.
A practical approach to a lossless window for 1.25-cm
magnetrons is shown in Fig. 11.19. The design embodies a low-loss
glass (Corning No. 707) sealed in the base of a Kovar cup. Electrical
0.6

\+

~

0.170”

f

0.5

0.4
0.04

0.06

0.08

0.10

i
F1a.

11, 19.—Window
for the waveguide
output of a 1.25-cm magnetron.

FIG. 11.20 .—Waveguide-window
diameter d required for match as a function of
glass thickness t.

contact between the window and the guide is effected on each side by
means of standard r-f chokes, one of which is shown in the figure.
The nonreflecting property of the glass window is achieved by the
choice of the proper diameter and thickness for the glass. A nonreflecting
window may be looked upon as a short circular waveguide of the same
characteristic impedance as the rectangular guides between which the
window is inserted.
The characteristic impedance of circular guide
increases with decreasing diameter, and a rectangular guide of high
characteristic impedance therefore requires a window of small diameter.
The comparison should not be used for quantitative calculations, however,
because the window thickness is only a small fraction of a wavelength and
also because the end effects play an important part in the matching of
the window to the guide. Thk is verified by the fact that the proper
window diameter for nonreflection is not independent of thickness.
Figure 11.20 shows a plot of the observed window diameter required for
match as a function of window thickness for one fixed set of guide dimen-
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sions. A procedure that is commonly followed in designing a window is to
choose the thickness on the bails of mechanical considerations and then
to determine the diameter by testing for nonreflection.
The thickness
of windows in common use ranges
from 0.02x to 0.04A, and the diameters from 0.4X to 0.8x. It is not
difficult to make windows with
reflection coefficients of 0.05 or less
for guides transmitting r-f power
at l-cm or longer wavelengths.
Although
the breakdown
strength of the window design in
Fig. 11.19 is considerably better
than that of a coaxial output, it is
inadequate for high-power magnetrons. Arcing at the window
r*707Glass~
may occur at about one-quarter
1
the power required to break down
!+0.340”4
/
the guide itself because of the
sharp physical discontinuities between the circular window and the
rectangular guide, particularly at
the center of the guide where the
electric field is strongest.
Initial
attempts at ‘<rounding the corners” of the guides have led to a
L Kovarcup
system at i c and reproducible
FIG. 11.21 .—Waveguide
window for chammethod of chamfering the guide
fered guide.
to obtain a physical match between the guide and the window (see Fig. 11.21).
- When the guide is chamfered at the window boundary, there is a
twofold improvement of the breakdown strength.
Not only are the
sharp discontinuities removed, but also there is an increase in the diamThk increase in diameter may
eter of the window required for match.
be regarded as resulting from the fact that the chamfering has served to
introduce shunt inductances on both sides of the window and that this
is balanced by the equivalent shunt-capacitance effect of a large window.
As the nonreflecting properties are achieved by a balance of shunt
susceptances, the spacing between the window and the guide should
be the same on both sides of the window.
For the chamfer design
shown in Fig. 11.21, the diameter of the window is about 35 per cent
larger than for ordinary guide and the power-handling capacity of the
guide is almost doubled.
With this type of window geometry a pulsed

I
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power of over 700 kw has been transmitted without arcing at atmospheric
pressure for a 3-cm magnetron operating with a pulse duration of 0.5 Ksec
and terminated with a matched guide.
The available data on the broadband properties of the combination of window and r-f chokes for the two types of window geometries
dkcussed above do not permit a good evaluation of the advantage or
dk.advantage of chamfering the guide from the standpoint of frequency
sensitivity .- The
ran g e of wavelengths for which a given window
will introduce a reflection coefficient
of 0.1 or less is of the order of 20 per
cent for either type and can probably
be improved if the broadband property of the window is taken into
Idol
account when the window geometry is
1.05
A
designed.
Atypical plot of the stand~
ing wave introduced by the window
FIG. 11.22.—Standing-wave
voltage
and chokes as a function of waveratio introduced bv window and chokes,
as a function of wavelength, for a winlength is given in Fig. 11”22 for a
dow design that includes chamfered
window design that includes chamguides.
fered guides. The details in the curve
are not always reproduced, but the general appearance of the curve is
similar for windows of presumably identical construction.
The low-loss No. 707 glass that is used in windows is adequate for
ordinary magnetrons but is inadequate for outputs transmitting high
Thus with 3-cm radiation, 500 watts of average power
average power.
is close to the upper limit that can be transmitted through the window
without the use of special cooling devices.
As the losses in glass increase
with temperature, a ‘(blow-in” of the window becomes a serious limitation in the high-power tubes.
The substitution of mica for glass seems
to offer a good solution to the high-power problem because the loss in
mica is about 1.5 per cent of that in No. 707 glass. The technique of
constructing mica windows for waveguide outputs is given in Sec. 17.4.
The Transformer.—The
transformer in a waveguide-output
design
serves as an impedance-matching device that reduces the high impedance
of the waveguide used in power transmission to a value sufficiently low
(about one-hundredth of the guide impedance) to effect the proper
loading for the magnetron.
A simple form of such a transformer is a
quarter-wave section of waveguide of rectangular or other cross section
which connects one of magnetron
resonators to the short section of
—
standard waveguide used in the output.
At the transformer-resonator
boundary the current is co~tinuous, so that the axial current in the
transformer is equal to the r-f current in the back of the resonator.
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The impedance required at the resonator depends on the block geometry
and the desired stabllit y of the magnetron; i.e., on the external Q. This
quantity may be written in the form
‘1
g lkz:
I

u
Q.

=

‘:1

,

(15)

where & is the equivalent inductance of a resonator, lk is the current
amplitude in that resonator, I is the current amp~ltude at the transf ormerresonator boundary, R is the real part of the impedance presented by the
load at the resonator, and the summation extends over all the resonators.
For a strapped anode block the values of tk are the same for all
Furthermore, if the loading is assumed to be sufficiently
resonators.
light, the current amplitudes will be nearly the same in all resonators
and the quantity ~E will assume the simpler form
Q,

.

$!.

(16)

Thus when the effective inductance of a resonator of a strapped block
is known, and when QE is specified, the required load is determined.
Equation (16) is not valid for open-resonator rising-sun blocks because
the equivalent inductance of a small resonator is less than that of a large
one and because the current amplitude in the back of a small resonator is
greater than that in a large one. For this type of magnetron design, then,
Eq. (15) will take the form
(17)
where 11and 11 refer to the small resonators, 12and 12 refer to the large
It follows from this expresones, and light loading is assumed as before.
sion that the required load will depend on whether the output is taken
from a large or from a small resonator.
When the output is taken from a
large resonator, as has been the case in all rising-sun systems, Eq. (17)
becomes

QE=UN(’2+’+);

2R

(18)

and as II is greater than Iz, QE is greater than CON(1I+ lJ/(2R).
When
the output is taken from the small resonator, however, QE is less than
uN(1I + 12)/ (2R).
It follows, therefore, that in the rising-sun system
the required load is not uniquely determined by the block geometry

t
I

I
,

I

i
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and the specified Q..
Thus when Q. is defined for a rising-sun magnetron
in terms of an equivalent inductance of a simple series resonant circuit
Q, = COL/R, it is implied that the equivalent value of L depends upon the
This simply emphasizes the fact
resonator that is used for the output.
that the definition of an equivalent inductance for a resonator is, in
general, not unique and depends on the current distribution in it.
Closed-end rising-sun systems require a considerably greater load
resistance for a given QE than do the open-resonator systems, because
the closed-end resonators contain two different kinds of oscillating currents. One is the usual radial-circumferential current which is associated
with an axially oscillating magnetic field; the other current is transverse
and is associated with radially oscillating fields. The transverse current
does not couple to the transformer, because its amplitude vanishes near
the output.
However, a considerable amount of stored energy is associated with the transverse current, particularly when the block height
is close to a half wavelength, and this increase in the total stored energy
of the block requires an increase in R to maintain the same QE. The
actual value of R depends on the block height; for some closed-end
designs a value six times as large as that needed for the open-resonator
type has been found necessary.
The Rectangular
Transforrner.-A
11.14. Waveguide Transformers.
simple type of quarter-wave transformer consists of a section of angular
waveguide.
With this type of transformer, neglecting end effects and
assuming that the window does not reflect and that the waveguide used
for the power transmission is terminated with a matched load, the
impedance presented to the output resonator of the magnetron will be
real and given by the expression
(19)

where ZO is the characteristic impedance of the guides on each side of
the window and Z; is that of the transformer guide.
From the V2/w
definition of impedance of a guide, the expression for Z, and Z: in terms
of the respective guide dimensions a, b and a’, b’ are, in units of 377 ohms,

‘o=%-(w)’

and

“=w-wr’o

’20)

Substituting Eq. (20) in Eq. (19) the expression for Z becomes, in units
of 377 ohms,

If a, a’, and b are kept constant, as is usually the case when one is determining the proper loading for a given magnetron, the impedance is
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directly proportional to the square of the narrow dimension of the transformer.
Having measured Q, for a block with a given transformer
geometry, it is simple to determine the proper value of b’ for any desired
loading.
To ensure that the load presented to the magnetron resonator is
one of pure resistance, it is necessary to take into consideration the end
It is relatively
effects that were neglected in the preceding discussion.
simple to determine the equivalent shunt reactance associated with the
physical discontinuities at the ends of the transformer and allow for
them by a small departure of the transformer length from the value
A,/4.
An experimental procedure for determining the proper transformer length has been described. I
The broadband characteristics of the rectangular waveguide transformer are satisfactory for ordinary magnetron operation.
The variation
of the magnetron load with frequency can be seen in the expression for
the impedance presented at the transformer-resonator
boundary for
arbitrary lengths of the transformer; namely
~+jtan%~
Z=z:
1+~~

. z,

;’
tan 2T ~,

where it is assumed that the impedance at the window end of the transformer is ZO and that 1 is the effective length of the transformer, where
end effects have already been taken into account.
For values of z
close to Ao/4 one may write
Z=l?+jx=z;

();0

Csczy–jz{coty.
9

9

(X2)

The broadband characteristics of the output will be determined by the
dependence of the real part of Z on wavelength and by the effect on the
r-f current in the output cavity produced by the imaginary part of Z.
The dependence of R in Eq. (22) on wavelength is not very marked.
The factor Z~/ZO can be made independent of x by making a’ = a, and
for a well-chosen guide a change in wavelength of 10 per cent will effect
Z~ by only about 5 per cent and CSC2(2%rl/A@)by less than that.
The
frequency dependence of R can be further improved by making a’ somewhat greater than a, as shown in Fig. 11.23, where R/RO is plotted as a
function of X/hO for various values of a’ and a, the large dimension of the
transformer and output guide, respectively.
The transformer dimension b’ is chosen to give the desired R value (Ro) at midband (AO).
1 S. Millman,
Feb.

1, 1944.

“ Waveguide

Output

for

1.25-cm

Magnetrons,”

NDRC

14-245,
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The effect of the imaginary part of Z, aside from the small change in
the magnetron wavelength and the almost negligible distortion in the
mode pattern, is to alter the r-f current in the output cavity.
Assuming a
fixed r-f voltage across the mouth of the output resonator, the change in
current will be given

where 10 is the current amplitude at midband and L is the equivalent
The effect of this
inductance associated with the output resonator.
1.20

1.15

1,10
R
F.

1.05

1.00

0
0

I
I

0.95

1.00

1.05

1.10

A

To
FIG. 11.23. —Resistive component of magnetron load vs. wavelength for various combinations of the dimension a of the transformer guide and the external guide.

current change on QE is, according to the definition of QR as given in
Eq. (15), to multiply Q. by a factor that is to a first-order approximation
[1 + (X/UL)]’, wherein the effect of X on the total stored energy of the
magnetron has been neglected.
This factor is easily evaluated from the
definition of X as given in Eq. (22) when the value of L for the output
resonator is known.
The Transformer
of H-shaped
Cross Section.—For
magnetrons with
short block heights, the large size of the dimension a’ of the rectangular
waveguide transformer may prove mechanically inconvenient.
With
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the H-type waveguide, however, an effectively large a’ can be achieved
with small physical sizes. A transformer of this guide shape has been
used in the output design of the 4J50 magnetron described in Chap. 19.
The relative dimensions of this H-type cross section and the output waveguide are shown in a drawing Of the transformer-guide boundary (Fig.
1124).
The proper transformer length is obtained by determining h, in
this type of guide and by evaluating the end corrections at the boundaries.
The value of A. can be either measured experimentally or calculated as shown in Sec. 5.6.
The end corrections can be determined in the
same way as those for the rectangular guide
transformer. 1
The required transformer width depends
on the load to be presented to the magnetron
at the output resonator.
However, in this
type of transformer the effective resistance at
the output resonator depends not only on the
characteristic impedance of the H-eection and
of the output waveguide but also on the transformer action at the boundary between the
waveguide and transformer.
This is a result
of the fact that the coupling between the
transformer and waveguide extends over only
a fraction of the total height of the guide.
The calculations for this effect are given in
Sec. 5.6. The effect of the difference in height
between the transformer and waveguide is to
require an increase in the transformer width.
The dependence of the resistance on the
FIG. 11 .Z4—Relative
sizes
square of the transformer width holds for the
of H-section transformer and
H-section as well as for the rectangular waveoutput waveguide in the 4J50
output.
guide type and can be used for correcting
initial errors in the design.
The frequency dependence of the H-section transformer is very similar
to that of the rectangular waveguide type.
When good broadband
characteristics are required, the dimensions of the H-section should be
chosen in such a way as to yield a cutoff wavelength in the transformer
that is at least as long as that in the output waveguide.
The Iris Transformer.—A
method has been developed for controlling
the magnetron loading by means of an iris-type transformer in conjunction with a stabilized cavity. 2 The stabilizer is in the form of a half1mid.
2A. Nordsieck, ‘(New R-f Output Transformer for K-band Magnetron,”
ILL
CoordinataunMinuta, 7, 45, Sept. 13, 1944.

.— .. —-.

—.

~~. 11.14]

WA VEGUIDE

TRANSFORMERS

495

wavelength section of rectangular waveguide inserted between the output
guide and one of the magnetron resonators.
The strong coupling required
between the cavity and the resonator is achieved by means of a rectangular resonant iris, while the comparatively weak coupling between
the cavity and the output guide is obtained with a circular iris in the
thin wall separating the cavity from the output guide. The diameter
of this iris determines the magnetron load.
The stabilizing properties
of the half-wavelength cavity will be further discussed in Chap. 16.
The discussion in this section will be concerned with the proper cavity
length for a pure resistive load, the
dependence of Q, on the diameter of
the iris, and the frequency sensitivity of
the iris-type transformer.
L
The proper length for the stabilizing
cavity is that length which does not
change the resonant wavelength of the
anode block.
The departure of this
length from &/2 is due to end effects.
ector
At the resonator end of the cavity, a
resonant iris gives maximum coupling
between the cavity and the resonator
and also eliminates any shunt susceptance at that junction.
An experimental setup for determining the proper
-1
iris length is shown in Fig. 11.25. A
rectangular iris of arbitrary width and
thickness and of length h is soldered to
a short section of waveguide having the
same

cross-sectional

dimensions

as the

FIG. 11 .25. —Experimental
setup
for the determination
of the zmomr
length h of a resonant iris.
- -

The source of r-f
stabilizing cavity.
power and the standhg-wave
detector are attached to the other end of
the guide. Two sections of parallel-plate transmission line having the
same cross-sectional dimensions as the back of the output resonator of
the anode block are alternately butted up against the iris. The length L
of one of these sections is hO/4, and that of the other is iO/2.
The experiment consists of varying the length of the iris h and recording for each
value the minimum position of the standing wave Xm for each of the
two parallel plate sections used. The criterion for resonance is that iris
length which yields

This method of determining the length of the resonant iris avoids
the need of making assumptions concerning the proper geometrical plane,
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in an iris of finite thickness, that would represent the electrical location
of the junction between the cavity and the resonator.
At the guide end of the cavity a correction to the cavity length is
required because of the equivalent shunt susceptance of the circular iris.
In Vol. 10 is given the value of this susceptance for circular iris diaIt can also be deduced for an iris
phragms of infinitesimal thickness.
of finite thickness from the measurement of the external Q of a half-wave
cavity coupled to waveguide by such an iris. However, because of the
ambiguity

in the electrical reference plane, the knowledge of the shunt
susceptance is not quite sufficient
to determine the end correction.
The proper cavity length can be
obtained experimentally by attach1200
ing the whole coupling unit, includ/
Wk
ing the resonant iris, to an anode
/
800
block of known resonant wavelength and observing the resonant
wavelength of the entire combina~
400
tion as a function of cavity length.
The loading of the magnetron
0.98
0,99
1.01
1s30
1,02
is controlled by the diameter of the
~
Aa
circular iris, and the external Q is
FIG. 11.26.—Theobserveddependence
of the externalQ on the resonantwave. approximately proportional to the
length of the combinationof anode block
sixth power of the diameter.
It is
and stabilizing resonator.
still easier to control the external—wO
with this type of coupling device, however, than it is with a quarterwave transformer, particularly at short wavelengths.
The major disadvantage of the iris-type transformer is its frequency
sensitivity.
The observed dependence of Q. on the resonant wavelength
of the combination of anode block and stabilizing cavity is shown in Fig.
11.26 where the change in wavelength was obtained by changing the
length of the cavity and keeping the anode-block resonance and dimensions of the two irises fixed. This curve indicates one reason why it is
necessary to match the resonant frequency of the cavity to that of the
block.
The electronic efficiency of the magnetron is also affected by an
appreciable mismatch of the resonant frequencies.
This type of transformer is therefore not suited for use in a magnetron in which a tuning
range of more than a few per cent is required.
Neither is it advisable
tu use this coupling device with experimental magnetrons, because it
may aggravate the probIem of mode competition from resonances having
wavelengths appreciably clifferent from that of the mmode.
It should
be introduced into a block design only after all disturbances to the proper
magnetron operation due to other modes have been eliminate@..
lEOO
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11.15.
Examples of Waveguide Output.– A brief description of the
important features of waveguide-output
design will be given in this
section for three output types that have found wide application in shortwavelength magnetrons.
Output Design jor High-power
l-cm Magnetrons.—Figure 11“27 shows
a waveguide output that is essential y the one used for the 1.25-cm
3J31 magnetron and for other tubes in thk wavelength region. The

I

dlmens,ons
Ox0,420 ,

t--i-=

k!E
m

—

/’

< //, y,

I
FIG. 11 .27.—A typical waveguide

‘///

6

Gold
solder
~

Softsolder

—
S,T.solder

output for 1.25-cm magnetrons.

chamfering of the guides at the window permits the transmission of
pulsed powers up to 130 kw at atmospheric pressure. The transformer
dimensions shown in the figure give an external Q of about 400 for
the 3J31 tube. The required transformer dimensions for open-resonator
anode blocks having more than 18 resonators are not appreciably different. Scaled versions of this design have been used in the high-power
3-cm rising-sun magnetron and in tubes of wavelengths less than 1.0 cm.
Output udh H-section Transformer. —This output, shown in Fig. 11“28,
has been used in the 16-resonator, strapped, high-power 3-cm magnetron,
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Iized iris output used in the 1.25-cm, 18vane, rising-sun 3J21 magnetron.
The
window end of the output guide is almost
identical with that of Fig. 11.27. The
0.403
dimensions of the circular iris are appropri0,025
ate to an external Q of about 550. As a
/
/
result of the stabilizing cavity the QOvalue
of thk tube is about 1.6 as great as that of
a magnetron having the same anode block
but a simple rectangular-guide transformer.
Disturb11.16. End-space Geometry.
/
ances Produced by End-space Resonances .—
In designing a magnetron anode block
1.125
attention may have to be given to the end
regions surrounding the resonatom.
The
//
—
dimensions of the end spaces have not been
0.3s0
taken into account in the design of the
..
essential resonator dimensions, partly be—
cause of the general difficulty of handling
/
2
end effects and partly because in most cases
the magnetron mode spectrum
is not
—
0,503
appreciably affected in a manner that would
interfere with u-mode
operation.
The
J
1/
effects on the wavelength and on the mode
separation that are produced by changes in
11 .2S.—The
H-section
Fm.
transformer used in the 3.2-cm
the end spaces can usually be compen4J50 magnetron.
sated for by relatively small changes in
some parameter of the resonant system.
The end regions are frequently
not “designed,” therefore, but simply assume a geomet~ that is dictated
mainly by mechanical considerations after the requirements of the more
essential tube parameters such as block height, pole gap, and output
transformer have been satisfied.
Such a procedure does not always
lead to a good magnetron design. Tube resonances other than those
associated with the normal magnetron modes may couple to the electrons
in the interaction space at the same voltage and field values as the r-mode,
thus offering considerable disturbance to the operation of the magnetron.
For such oscillations, the end spaces store a considerable fraction of the
r-f energy and therefore determine the wavelength of the disturbing
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resonances and the conditions for maximum interference with normal
magnetron behavior.
Although the following discussion on the need of end-space design
is based principally on the experience gained with rising-sun magnetrons,
it is not to be inferred that magnetrons having strapped blocks are
necessarily free from end-space disturbances.
The difference in size
between the large resonators of the rising-sun block and the small

o

S&R??- “o.+”
I
*

Fm. 11.29.—The

stabilized iris output of the 1.25-cm, 18-vane, rising-sun 3J31 magnetron.

resonators associated with strapped blocks of the same wavelength makes
it more probable that smaller end spaces will be found in strapped tubes.
It is this circumstance, as well as the fact that the wavelengths of the
competing end-space resonances are large, which makes end-space disturbance less likely for strapped tubes than for rising-sun magnetrons.
A good example of the effect of end-space geometry on magnetron
performance can be found by comparing the performance at a given
magnetic field for two 18-vane open-resonator rising-sun magnetrons
differing only in the geometry of the end-spaces.
Longitudinal sections
of the blocks and end regions of these tubes are shown in Fig. 11.30a
and b. Voltage-current plots at 7900 gauss are given for these tubes

500

!CHE RESONANT’

SYSTEM

[SEC.

1116

in Fig. 11.31a and b; the operating efficiencies at the same field are
plotted as a function of anode current.
It is shown that the dynamic
impedance dV/dI is much greater in the low-current region for the tube

[a)
FIG. 11 ,30a. —Rking-sun
FIG. 11.30b.—IZking-sun

Magnetron current

inamp

(b)
magnetron with large end’ spacea.
magnetron with small end races.

Magnetron
current
inamp

(a)

(b)
comparison of the operating characteristics at 7900 gauss of the magnetrons of Fig. 11 ,30a and b. (a) Voltage-current characteristics; (b) e5ciency as a function
of anode current.

FIG.11.31 .—A

with the larger end spaces.
Moreover, the operating efficiencies measured at the output guide are practically zero for this tube up to 7 amp.
This is in marked contrast to the performance of the tube with the smaller
end-spaces.
From a study’ of the long-wavelength resonances that are
1A. Ashkin and S. Mllman, “ Dynamic Impedance of A-type IMagnetrone,
”
NDRC 14-266, Mar. 1944, p. 1.
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observed at low currents near the cathode leads and are accompanied
by abnormal overheating of the cathode, it was conclusively established
that these differences in performance were not due to leakage or emission
from the cathode end shields but rather were consistent ~~iththe assumption that the end-space oscillations could be characterized by a predominantly radial electric field in the interaction space and r-f currents
in the end-space regions, as sketched in Fig. 11.32. The low-current
disturbances to magnetron operation that arise from end-space resonances
can be eliminated by decreasing the diameter of the end-space cylinder.
No end-space disturbances are observed with open-resonator rising-sun
blocks when the difference between the diameter of the shell and that
of the large resonators is kept small ( < 0. 16A). For closed-end systems
the end-space problem is automatically solved when an axial mount is

FIG. 11 .32. —Possible

charge and current distributions

for end-space oscillations.

used for the cathode and when the pole pieces are in contact with the
block covers.
Leakage of r-mode Radiation
at End Regions.—The end spaces may
further affect magnetron operation adversely either by absorbing r-mode
r-f power or by transmitting it to the exterior of the magnetron.
Both
of these effects are characterized by abnormally low Qo values for the
anode block; and if the r-f power is transmitted to the exterior, a considerable amount of r-f power will be observed at the cathode supports.
These energy “sinks” are obj actionable not only because they decrease
the output efficiency but also because the extraneous losses are likely
to be variable, particularly for short-wavelength
experimental tubes
in which the end spaces are not always readily reproducible.
The manner in which the r-f energy couples to the end spaces is
different for strapped and rising-sun magnetrons.
In the former case
the coupling arises from the fact that the two inside straps are usually
connected to alternate fins and are therefore oppositely charged.
As
the induced charges on the cathode produced by these straps are greater
than those arising from the more distant outer straps, a net induced
dipole on the cathode results. A radial electric field with a voltage node
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in the central plane is then produced in the interaction space. The power
that is radiated through the cathode in this manner will depend, of course,
on other parts of the transmitting circuit, which may include the end
spaces, and transmission by means of the lowest coaxial mode through
the cathode leads is possible.
In the rising-sun design there is no comparable coupling action between anode block and cathode.
When the
cathode is accurately centered in the tube, the only coupling mechanism
is by means of the zero component of a TEO1-mode in which the electric
field possesses only an Ed component, and large holes in the pole pieces
or in the pipes surrounding the cathode supports would therefore be
required to transmit the radiation.
When the cathode is off center,
the zero mode at the cathode may have an admixture of a TEl,-mode,
and the transmission of power in this mode requires considerably smaller
holes in the pole pieces.
The conditions under which r-f leakage has been
observed at the cathode supports in rising-sun magnetrons corroborate
this anal ysis; practical y no r-f leakage is observed when the hole sizes
are small enough to cut off all but the principal coaxial mode of
transmission.
When the cause of the r-f leakage has been determined, it is generally
not difficult to eliminate the spurious losses. In general, it is preferable
to decrease the volume of the end spaces.
If the geometry of the end
spaces provides a resonating chamber for the ~-mode, a small change will
shift their resonant wavelength to a harmless region.
If the losses are a
result of transmission through the cathode leads, however, the leakage
may be greatly reduced by introducing an r-f choke in the coaxial line
in wlich the inner conductor forms the cathode support.
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or (3) good secondary emitters that will give enough electrons to build up
the required current density under back bombardment.
The ideal
cathode would be of Class 1 because it would impose fewer restrictions
on tube design and the associated electrical equipment; the cathodes
that can now be made in production magnetrons are not ideal, however,
and are workable only because they have desirable features from Classes
2 and 3. For instance, investigations at the Bartol Research Foundation
have shown that even a relatively inactive alkaline-earth oxide cathode
will give at least five secondary electrons per primary electron at operating
temperatures.1
Prominent limitations that depend upon cathode emission properties
1M. A. Pomerantz and D. L. Goldwater, “Secondary Electron Emission from
Oxide-oated Magnetron Cathodes,” NDRC-1431O.
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exist in magnetron performance even after the geometrical design
problems on a tube have been finished. These limitations may be
classified as two types of instabilities in performance: (1) frequency
instabilities, such as mode changes and poor spectra, and (2) sparking.
In some cases the limitations in magnetron performance, which under
fixed testing conditions are manifested by high-current mode changes,
current limits for a good spectra, or other types of frequency instability,
are dependent upon the primary thermionic emission that is available
from the cathode during the buildup of oscillations.
The magnitude
of this primary emission is essentially that value of current which is
available from the cathode with zero electric-field gradient at its outer
surface.
For a given magnetron under fixed oscillation conditions, there
is evidence that a minimum value of primary thermionic emission exists
below which stable operation cannot be expected at the chosen operating
point.
For tube types having alkaline-earth oxide cathodes, this
primary-emission minimum need be only a small fraction of the pulse
This may be shown by comparing the
current required for operation.
primary current available without magnetic field with the current
For example, in the low-voltage 10-cm
available during oscillation.
2J39 magnetron the fraction may be as high as one-sixth at an operating
point of 5 kv, 5 amp, at 0.1 per cent duty ratio and may be as low as
one-hundredth in the medium-power
3-cm 725A magnetron at an
operating point of 11 kv, 15 amp, at 0.1 per cent duty ratio. Presumably,
this fraction is influenced by (1) the secondary-electron-emission
properties of the cathode, (2) the operating voltage, (3) the effective rate of
rise of the voltage pulse, and (4) the details of the design and loading
of the tube.
Current instabilities in magnetrons, i.e., sparking, arcing, or flashing,
have appeared as limitations in the performance of nearly every design
Although considerable progress has
of pulsed microwave magnetrons.
been made in the elimination of these instabilities, they still remain a
major problem in magnetrons operating at high power levels, long pulse
durations, or continuous
wave. Because most pulsed microwave
magnetrons have used alkaline-earth oxide cathodes, the majority of the
investigations on cathode sparking was devoted to this type of emitter.
A detailed discussion of the fundamental sparking properties of alkalineIt is probable that
earth oxide cathodes is given in the next section.
sparking in high-vacuum tubes is caused by more than one abrupt
breakdown mechanism; for although the role of the cathode in sparking
was the first source of trouble to be located, attention has recently been
directed to processes occurring at the anode and other parts of the tube.’
1W. E. Ramsey,
Thermionic
Tubes,”

“A General Survey
NDRC
14-516.
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The choice of the type of electron emitter suitable for the conditions
existing in a given magnetron depends on many factors besides the
primary and secondary electron-emission of the cathode, but an appreciationof these fundamental emission properties is essential.
lhe following
sections will describe some of the properties of alkaline-earth oxides,
thorium oxide, and such secondary-emission surfaces as silver magnesium
and Dowmetal.
Test
kfethods.-From
the
12.2. Af.kafine-earth Oxide
Cathodes.
standpoint of physical-chemical
theory the oxide-cathode emitter is a
very complex system, and it is, therefore, doubtful that the optimum
preparation and processing have ever been achieved. However, a cathode
that emits satisfactorily according to usual expectations maybe obtained
by many variations in preparation techniques.
The oxide cathode is
commonly prepared by coating a base-metal structure with a definite
weight of alkaline-earth carbonates. 1 The cathode is heated in vacuum
to convert the carbonate coating to oxide and then is activated by passing
current through it.
Several forms of the alkaline-earth oxide cathode have been used in
pulsed magnetrons: plain uncombined oxide, uncombined screen, metallized, “ overwound, ” nickel “mesh,” and sintered nickel. 2 Because the
basic structure is the plain, uncombined oxide cathode, the discussion
The procedure
of fundamental properties will be restricted to this type.
for testing the thermionic activity of cathodes in diode structures consists fundamentally in obtaining characteristics of plate current Z vs.
plate voltage V at a fixed temperature and interpreting these data by
the use of the Langmuir-Child’s law which may be written in the form
1% = K%V;

(1)

this equation expresses the current 1 and voltage V relation in a diode
when the current is limited by space charge.
Pulse methods of testing cathodes have been developed.
These
tests are taken with pulses of short duration and low recurrence frequency,
in order to eliminate the rise in temperature that occurs when cathodes
are pulsed at high-duty ratios and to reduce the chances of destroying
the cathode surface by sparking.
For the measurement of the (V,l)-curves
of both simple cylindrical
test diodes and magnetrons without magnetic field, the voltage is applied
to the anode as a series of negative pulses (see Fig. 12.1).
The fundamental emission tests are taken at 1 psec 60 PRF, but pulses of ~- to
1In

this chapter

“double

carbonates”

will refer to a 50-50

of barium and strontium carbonates.
Z E. A. Coomes, J. G. Buck, A. S. Eisenstein,
June 1946.

and A. Fineman,

molar

solid solution

RL Report

No. 933,
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10-Psec duration at pulse recurrence frequencies from 60 to 4000 have
also been found useful. The voltage pulses are obtained from a hardtube laboratory pulser that has been provided with a special 60-PRF
trigger circuit.1 The pulse voltage is measured with a noninductive
resistance divider or capacity divider and viewed on a synchroscope.
The pulse current, also viewed on the synchroscope, is observed as the
voltage drop across a noninductive resistance in series with the tube
under measurement.
The cathode
Theoretical spacecharge line
is set at the desired temperature,
and the pulse voltage across the
tube is increased until the cathode
just begins to “spark.”
The term
$
“sparking”
refers to that cathode ~
limitation which is characterized by .E
z
g
i

,
r

Io——

z

-,.,,
Voltage
divider f

w

under
test

Pulse voltage
FIG. 12.1,—Arrangement
of test equipment for the measurement of pulse current
and voltage.

F1~. 12.2,—Diode
curve of
cathode
showing
the normal
emission effect.

an oxide
Schottky

the physical transfer of incandescent particles of oxide coating from the
cathode sleeve to the anode.
The most convenient manner to present pulse-emission data in
diodes is by plotting of W vs. V. A computation of K$~ can be made from
tube geometry, and a theoretical space-charge line drawn to satisfy
the Langmuir-Child’s
equation.
A cathode can then be classified by
the manner in which emission data follow or deviate from the theoretical
space-charge line.
The results of testing a considerable number of diodes in the manner
outlined above indicate that the cathode-emission curves are characterized by several different types of behavior.
TWO of these may be
considered prime types.
1. The normal Schottky effect is shown in Fig. 12.2. The experimental points follow the theoretical Langmuir line up to a current
value represented by 10 (corresponding to the maximum space1SW Vol. 5 of the RadiationLaboratory&ries
and pulse test methods.

for a discussionof

pulse equipment

.
T
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charge-lfilted
emission).
Experimental points from ZO up to
the sparking point (1.,V,I
can be plotted to the form of the
Schottky emission equation, but the slope is usually described as
corresponding to a fictitious temperature considerably different
from the true cathode temperature.
2. The anomalous Schottky effect is shown in Fig. 12”3. This
type of emission curve efilbits the same characteristics as Fig.
12.2 at the beginning of the curve but has an inflection point
followed by a region in which the emission increases rapidly with
From correlations
voltage.
bet wee n nonoscillatingand oscillating-magnetron
characteristics
it appeam
that the location of the ~
inflection point and the
S
slope
of the anomalous
“~
Schottky characteristic are
Z
5
of considerable importance
J
in cathode
sparking in
~
m i c r o wave
magnetrons.
No completely satisfactory
theory exists for fitting the
curve in this region; however, it is possible that the
anomalous Schottky effect
FIG. 12.3.—Diode
curve of an oxide
may

be

associated

with

cathode

showing

the

anomalous

Schottky

pro~erties of the interface
‘fission ‘ffect”
between the oxide coating and the base metal.
This type of
behavior is generally to be expected at some time in the life of the
double carbonate oxide cathode.
Other types of deviations from the space-charge line have been
observed and will be considered in connection with applications.
Small
amounts of gas are often evidenced by large and random fluctuations
in experimental curves, and larger amounts generally produce systematically increasing deviations above the space-charge line. Cathodes
that have been poisoned during preparation have had, in a number of
instances, emission curves that indicated that the current was not limited
by space charge at any voltage but showed slight deviations below the
theoretical space-charge line even down to zero voltage.
Figure 12”4
is an example of this phenomenon.
The useful terms defined in Figs. 12.2 and 12.3 may be summarized
as follows:
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1. The maximum space-charge-limited emission 10 which is taken as
the point on the plot of W VS. V at which the experimental points
first deviate from the theoretical space-charge line.
2. The type of behavior above 10 (the Schottky region) corresponding
to one of two types: (a) the normal Schottky effect, in which
the experimental
points
follow the form of the
Schottky emission law, and
Theoreticalspace
charge line
(b) the anomalous Schottky
effect in which the (1~~,V)curve has an inflection point
in the Schottky region.
3. The sparking current and
voltage (1,, V,) which are
the diode values at which
cathode emission is limited
by sparking.
12,3. Alkaline-earth
Oxide
Life Tests and SparkCathodes.
ing Phenomena.—Diode
life tests
at 800°, 875°, and 950°C have
shown that in this temperature
region the expected life at fixed
operating conditions is markedly
dependent on temperature; the
higher the temperature the lower
/
the pulse life. The expected life
of a double-carbonate coating on
Pulsevoltage
Grade A nickel under the test
FIG. 12.4.—Diode
curve of an oxide
condition of 1 Ksec, 400 PRF, and
cathode showing gradual deviations of the
pulsed emission from the space-charge line.
10 amp/cm2 is illustrated in Fig.
12.5.
In Fig. 12.6 the sparking current is plotted against life for electrolytic-nickel base metal and compared with that for Grade A nickel base
metal; standard double-carbonate coating was used in both cases. It is
seen that the same general pattern is followed in both cases but that the
pure nickel curve lies above that of the Grade A.
It has
of

been

sparking

oxide
may

cathodes.
be

made

recognized

encountered

previously*
when

Differentiation
in the

follo~uing

] O. H. Shade, Proc. IRE,

high

that
pulse

between
manner:

7, 341 (1943).

there

are probably

currents
these

are
two

two

demanded

types

of

types
from

sparking

f

&
:
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1. Space-charge-limited
sparking, in which the sparking current
has a value 1, = I.o on the space-charge line. The value of 1,0

‘“r

..
...

‘“*

i, \.
k =F
800°C

+

t----

I

875“C

g’”oc

10

o!

I

I

200

400

Life in hours
FIG. 12.5.—The expected life, at three clifferent temperatures, of a double-carbonate
coating on Grade A nickel.
Test conditions: 1 psec; 400 PRF; 10 amp/cmZ.

measured at 1 psec and 60 PRF is about 50 amp/cm2 at 800”C
for double-carbonate coating—on Grade A nickel and is about 100
amp/cm2 for double carbon140
ate on pure nickel. Sub- E
I
I
I
stitution of triple carbonate
~ 120
containing 4 or 11 per cent 5 ~W
of GaC03 does not appreci- ~.
Pure nickel
=8’
ably change these values.
2. Field-limited sparking that
$ 60
occurs late in the life of an
g 40
‘Mean deviation
oxide cathode, in which the ~
of least squar*
sparking is limited by a s 20
values
critical value of field corre00
100
200
m
m
spending to V. = F,f.
The
Life in hours at 300° C
value of F,f has been found
FIG. 12.6.—Sparking currents under pulse
conditions as functions of life for pure nickel
experimentally to depend in
and GradeA nickel cathodes.
a
fundamental
m anner
upon the nature of the oxide at the cathode surface.
Its experimental value lies between 40 to 60 kv/cm for cathodes prepared
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with SrCO g or BaSr(CO J z and in the range 100 to 125 kv/cm
single BaCOs cathodes.

12.3
for

The transition from Type 1 to Type 2, as life progresses, is shown in
Fig. 12.7 for double-carbonate coating on Grade A nickel.

Start
IS‘lsO>

1

.W
*
‘:
c
g
~

Theoretical space
charge line

~
z

o

200

100

e me

0’
o
Fm.

1
5

12 .9.—Sparking-current

1
10

300

Hours of life at 875 ‘C
FIIA 12.8.—Dependence
of sparking
current on the pulse length during the
life of an oxide-coated cathode.

Pulse voltage
FIO. 12.7.—Transition
f~om space-ohargelimited sparking to field-limited
~parking
during the life of oxide-coated cathodes.

I

[

20
15
Coeting weight in Mg/cm 2

density under pulsed conditions
weight on Grade A nickel at 875°C.

I
25
as a function

I

I
30
of coating

The dependence of sparking current on pulse length, which is marked
early in the life of a cathode before the field-limited state sets in, dkappears when the cathode sparking becomes entirely field limited.
This
condition is shown by Fig. 12.8, which gives a comparison of the sparking
current at 1 and at 10 psec as a function of life. The cathodes consisted
of double-carbonate coating on Grade A nickel.
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Emission Dependence on Cathode Coating. —Proper choice of coating
weight and density is important in obtaining the optimum pulse emission
to which an oxide cathode can be activated.
Figure 129 shows the
pulsed sparkhg current in amperes per square centimeter as a function
of coating weight available for plain oxide cathodes of density about
gm/cm3, prepared with double carbonates on Grade A nickel for fixed
processing conditions.
These curves display a range of optimum weights
Experience has also indicated that
of approximately 9 to 13 mg/cm2.
cathodes prepared with higher-density coatings are better pulse emitters
when processed to optimum.
Published reports of correlations between carbonate particle size
and emissionl have suggested the advisability
of maintaining rigid
It has
controls of the particle-size distribution of the cathode coating.
been shown by Eisenstein, 2 however, that no correlation exists between
the size of the carbonate particles and crystals and the size of the oxide
crystals because
1. Both the crystal and particle sizes of the carbonates begin to
increase at about 500”C and approach an equilibrium of values
that depend primarily on the time and temperature of treatment.
2. A similar crystal growth in the oxide occurs rapidly about 950”C,
dependent primarily on the maximum temperature and bearing
no relationship to the crystal or particle size of the carbonate from
which it was formed.
It therefore appears that the correlation
between carbonate particle size and emission is not due to a direct
The cathode-coating texture
interrelation of these two factors.
may be affected by the carbonate-particle-size
distribution under
This resultant texture coupled
a fixed set of spraying conditions.
with a fixed processing schedule could then influence the final
emission obtainable from the cathode.
Emission

I

Dependence

on Cathode

Base

Metal.—The

following

base

metals were studied for pulse emission:
1. The purest available nickel.
2. Grade A nickel.
3. Nickels alloyed with large amounts
found in Grade A nickel.

of the elements commonly

Well-activated cathodes with base metals of the purest nickels, such as
the electrolytic nickel obtainable from the International Nickel Company
1 M. Benjamin,

R. C.

R. J. Huck,

and R. O. Jenkins,

Proc. Phys. Sot., 50, 345 (1938);

Chirnside and H. P. Rooksby,
General Electric Limited Report
December
1943; A. S. Eisenstein, “A Study of Oxide Cathodes by X-ray
Methods,
Part I,” Jour. Applied Phys., June 1946.
Z Eisenstein, op. tit.

No. 8355,
Diffraction

I
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or Driver Harris No. 499, give sparking currents of 90 * 10 amp/cm2
for periods of several hundred hours when operated at 800”C. The
corresponding figure for electronic Grade A nickel was 50 t 10 amp/cm2.
The emission efficiency in terms of pulse amperes per watt was 18 for
the pure nickel cathodes as compared with about 10 for the Grade A
nickel cathodes.
I
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Pulse current in amp
Fm. 12. 10.—The variation of cathode temperature over the performance chart of a 10.7-cm
magnetron operating at constant load.
(CourtesV of C. S. Robinson, Jr. )

Cathodes composed of double carbonates on nickel alloys containing
5 per cent of Al, Si, Mn, or Ti had pulsed lives and sparking currents less
than those obtained for Grade A nickel at an operating temperature of
875”C.
A 5 per cent Cr alloy, however, showed an improvement over
Grade A nickel and produced results equal to the high values obtained
from the pure nickels.
Pulse Temperature
Rise and Coating Resistance. -When
the temperature of an oxide cathode is measured in a magnetron oscillating at

(
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constant load over its (V,l)-performance
chart, it is found that the temperature may increase several hundred degrees above its value at zero cur-

g
0

5
~

\

900
20

o

40

60

Average power output in watts
FI~. 12.11.—The effect of loading on the cathode temperature.
The data were taken
(courte.~ of
on a 9.1-cm strapped magnetron at 1000 PRF and l-psec pulse duration.
C, S. Robinson, Jr.)
rent. 1
The

Figure

cathode

1210

illustrates

temperature

the

is also

order

changed

of
with

magnitude
varying

of
values

the

effect.
of

mag-

netron load as shown in Fig. 12.11.
Part of this temperature increase
is caused by an “increase in back
bombardment.
H owe v e r, the
cathode temperature will increase
with pulse current even if the
magnetron is operated as a diode.
The magnitude of this increase in
temperature, the pulse temperature rise (PTR), is a function of
the pulse current, the duty ratio,
the initial quiescent operating
temperature,
and the physical
state of the cathode.
The PTR
200
“o—- lm
300
400
5CQ
vanes with the cathode construcCathadelife in hours
FIG.
12. 12.—Pulse
temperature
rise
tion and from cathode to cathode
(PTR) as a function of cathode life.
The
of the same type; it also varies
PTR was measured at 10 amp/cml,
l-~sec
pulse duration, and 1000 PRF from a quiesthroughout the life of a given
cent temperature
of S50”C.
During Iife
cathode.
The
average
PTR
testing, the tube was operated at 10 amp/cm2,
l-psec pulse duration, and 400 PRF and
measured in diodes for a number
S75”C.
of double-carbonate
cathodes of
the plain uncombined oxide, the uncombined screen, and the metallized,
screen cathode types are given as a function of life in Fig. 12.12.
The PTR of a cathode in a diode is apparently due to the 12R dissipation ~vithin the cathode when the pulse current I flows through the oxide
1 C, S. Robinson
11-5S. Mar. 31.1942.

Jr,, “ Cathode

Temperatures

in Magnetrons,”

RL Report
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coating.
Values for the total coating resistance R, measured either
by a calorimetric methodl or by probes embedded in the cathode coating, 2
have been found to be a function of the pulse current and to have characteristics typical of a blocking-layer rectifier system.
Screen Cathodes.—The need for cathodes of longer life in the strapped
3-cm medium-power magnetrons resulted in the development of the
screen cathode.
This cathode is made by firmly bonding nickel mesh to a
supporting nickel sleeve and impregnating the interstices of the mesh
with the cathode coating.
Experience has shown that in order to obtain
a good cathode of high primary emission with normal Schottky emission
characteristics, it is necessary first to bond the nickel mesh to the underlying metal at as many points of contact as possible.
This contact is
important for obtaining good thermal and electrical conductivity and is
accomplished either by welding the mesh at close intervals or by sintering
in a hydrogen furnace.
Second, it is important that the carbonate coating make good contact with all the exposed area of the nickel mesh and
the substrate nickel and that it be firmly packed to prevent all voids
(see Sec. 177).
In the 3-cm 725A and the 10-cm 4J32 and HP1OV
the screen cathode showed decided advantages over the plain oxide
cathode in extending tube life, improving the stability of operation, and
increasing output power.
Early life test studies on screen cathodes in magnetrons were made
with mesh sizes up to 60 by 60, and the longest lives were obtained with
the finest mesh. Further life tests on screen cathodes with 150-by-150
mesh showed that the normal Schottky emission characteristic extended
to higher sparking voltages and that the sparking currents for 10-psec
pulses were higher. The use of this fine-mesh cathode in low-voltage
3-cm magnetrons resulted in increased mode stability, less sparking,
and longer tube life.
Direct-current
Emission Values.—At a temperature of 800”C, cathodes
made of double carbonates on Grade A nickel have operated at 1 amp/cmZ
direct current for over 1000 hr under space-charge-limited
conditions.
Preliminary tests have shown d-c emissions of 10 amp/cm2 under spacecharge-limited conditions at 850° C for several hours. These results
indicated that cathode poisoning by structures external to the cathode
may be an important factor in limiting the d-c emission from oxide
cathodes.
It is difficult, if at all possible, to correlate the pulsed and d-c emission
properties of oxide cathodes.
About all that can be stated at the present
time is that good pulsed cathodes are usually good d-c cathodes but that
the reverse is by no means true.
1E. A. (%omes, Jour. Applied Phg.s., July 1946.
$A. Finemanand A. S. Eisenstein,Jour. Applied Ph~8., July 1946.
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12.4. Thorium Oxide Cathodes.-A
type of thorium oxide cathode
suitable for use in magnetrons has been developed by the Bartol Research
Foundation. 1 The cathode, which consists of a shell of sintered thorium
oxide, is prepared by compressing thoria powder in a die and heating
to a high temperature in a specially prepared furnace; a coil of fine heater
wire is embedded in the thoria.
80 [
I
I
I
I
I
I
I
I
Cathode shapes of any desired
form may be made in this manner,
The fundamental problems concerned with thorium oxide cathodes are still incompletely solved,
but this progress has excited considerable interest in the possibilities of applications in magnetrons
for high-pulse powers, long-pulse
durations, and high-duty ratios.
Studies of thoria cathodes in
test diodes have indicated that
the elaborate activation schedules
which are generally used with
2
alkaline-earth oxides can be disI
J
15
r
pensed with. Thoria cathodes of
1680”C
small area are simply raised to
/
10
/
~
their emitting temperatures for a
few minutes and then operated
I / <,
5
immediately.
The activation of
3
large-area cathodes (about 7 cm’)
2
in high-power magnetrons may be
1
somewhat more difficult to accom.
‘0246
8101214:
plish (as is also the case with
Pulsevoltagem kv
alkaline-e art h oxide cathodes);
FIG. 12, 13.—Pulsed thermionic emission
there are, however, good indicaof a sintered thorium oxide.
Test condition,:
1 #se. and 1000 PRF.
(Courkzsu of M. .4,
tions that the thorium oxide cathPomerantz.)
ode is much less sensitive to those
conditions existing in a tube which ordinarily cause deactivation of
emission surfaces.
Cathode sparking of the type discuswd in Sec. 12.2
for alkaline-earth oxides appeam to be completely absent in thoria
cathodes. 2 The thoria cathode would thus be of considerable importance for magnetrons operated at high-pulse powers or long-pulse
durations.

‘“w

‘ M. A. Pomerantz,“Sintered Thoria Cathodes,” NDRC 14-517.
2W. E. Ramsey, “A GeneralSurvey of Sparking Phenomenain High Vacuum
ThermionicTubes,” NDRC 1*516.
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Typical diode (V, I)-curves obtained for thorium oxide are given in
Fig. 12”13. The cathode temperatures given on the figure are brightness
temperatures obtained by an optical pyrometer.
The emission eficienties of thoria cathodes in terms
60
of amperes per watt areabout O.4
166 hours
at 1580”C and O.7 at 1740”C.
O hours.
/1:
:/1
70 [1111
The thermionic emission from
lsk’!c%!el/l
lxx-”-[’
sintered thorium oxide cathodes
60
was observed with pulses varying
from less than a microsecond to
50
several milliseconds.
At a current level of 30 amp/cm2 no decay
in the pulse emission was found
during
this interval.
Furthermore, in the temperature range in
which it was possible to measure
both the pulsed and d-c emission,
the diode (1, V)-characteristics obtained for pulse and d-c operation
agreed quite closely.
From these
data it would appear that the
emission in respect to time effects
differs fundamentally from that
observed in alkaline-earth oxide
4
I
cathodes. 1
3 I
2
Figure 12”14 illustrates the
1 -’
type of diode (1, V)-curves that
0
have been obtained with sintered
02468101214161820
Pulsevoltsgein Idlovolte
thorium oxide cathodes at differFIG. 12.14 .—Pulsed-thermionic
emission
ent intervals of life. It is seen
of a sintered thorium oxide cathode at differthat at the end of 800 hr, the
ent intervals of life.
(Courtes& o~ M. A.
Pormratiz.)
m a x i m u m space-charge-limited
Teet conditions
Life test conditions
emission has decreased to approxi1 psec
0.9 psec
mately a third of its initial value
1000 PRF
400 PRF
1800”C
1650”C
but that the total emission has
15 amp/cma
decreased only slightly.
Cathodes have also been operated at 1.5 and 2 amp/cmz dh-ect
current for periods of 400 hr. Emission densities exceeding 5 atip/cmz
direct current were obtained for ‘short intervals of time and in the experiments performed were limited by factors involving the allowable anode
dissipation rather than the emission capabilities of the cathode.
1E. A. Coomes, Jour. Applied Phys.,
(1945).

July 1946; R. L. Sproull, Phys. Rev., 67, 166,
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12.5. Secondary Electron-emission
Properties of Magnetron Cathodes.—A magnetron will operate stably in certain regions of the performance diagram even when only a small primary thermionic current
The remainder of the pulse current
is available from the cathode.
The
required by the tube is supplied by secondary electron emission.
nature of the back-bombarding
electrons has been investigated both
experimentally and theoretically, but theory and experimental data can
at present give little aid to the designer of new types of magnetron.
Nevertheless, the possibility of using metallic cathodes having suitable
secondary electron-emission characteristics to furnish the pulse currents
required and capable of dissipating large powers and operating at long
pulse durations has instigated considerable interest.
Several working
models have been developed. 1
An example of this type of cathode design is the c-w 30-cm 10-kv
split-anode tube, the VC-303W.
The cathode of this tube is made from
Dowmetal J 1 alloy (93 per cent Mg, 6 per cent Al, 1 per cent Mn) and
has an average life of only about 200 hr, probably because of the removal
of the Dowmet al surf ace during operation.
Pulsed multicavity magnetrons using silver magnesium alloys have
been operated at 1-, 3-, and 10-cm wavelengths for short periods of time.
At l-cm, densities of about 100 amp/cm2 were obtained.
At 10-cm,
several cathodes were run with a maximum life of about 400 hr, at an
initial operating point of 14 kv and 30 amp and a duty ratio of 0,2 per
cent. The output power of these tubes fell off rapidly by about 25 per
cent within a few hours and then remained almost constant.
A study of the secondary emission properties of cathodes in magnetrons has been made by McNa112 by incorporating an electron gun
in one of the cavities of a multioscillator magnetron.
A magnetron
with a given cathode is run over its performance chart at a constant
load in order to determine the range of stable operation for a given set
of operating conditions.
The secondary emission characteristics are
then determined.
By suitable treatment the secondary emission properties of the cathode surface are changed and the region of stable operation
Figure 12.15 shows the secondary
of the magnetron is again determined.
yield ti as a function of primary energy for a Ag-iMg cathode in several
From these data it has been possible to draw
states of activation.
contours of the minimum value of the secondary electron-emission yield
that is required for a given magnetron tested under fixed operating
Such a performance chart is given in Fig. 12.16 for an Ag-iMg
conditions.
cathode in a 2J30 anode block.
It is possible to operate stably at all
1 J. W. IMcNall,
Research Report
2 Ibid,

H. L. Steele,

and C. L. Shaclcelford,

No. BL-R-929-76-1.

Westinghouse

Electric

Co.
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FICJ. 12.15 .—Secondary-electron-emission
yield 8 of an Ag-Mg cathode surface under four
different states of activation.
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(C’ourteaUof J. W. McNczU.)
yield of an Ag-Mg cathode in a 2J30 anode block.
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values of voltage and current to the left of the contour corresponding
to the chosen value of &
Many secondary emission surfaces have been tried in pulsed and c-w
magnetrons
with varied success. These attempts have included silver—
Dowmetalmagnesium
alloys,
metal alloys, beryllium,
alunlinum, n i c k e 1, a nickel-barium
660“C
Talloy, thorium, a beryllium-copper
alloy, beryllium-plated
copper,
and evaporated magnesium on
Silver magnesium, Dowcopper.
metal-metal alloys, and possibly
beryllium appear to be the most
promising of the surfaces studied.
Almost invariably the alloys are
oxidized before assembly or at
some time during the processing
in order to obtain surfaces with
high secondary yields.
Many of
these surfaces studied have not
been satisfactory under the con)0
ditions chosen for operation in the
Primary.electron energy i“ volts
magnetron or have been unstable
FIG. 12. 17.—Secondary-electr on+mission
in varying degrees during proyield 6 of an alkaline-earth oxide cathode as
a function of primary energy and of temperlonged
test in g. Deactivation
ature.
(Courtesg of M. A. Pomerantz,)
caused by arcing, gas, or other conlaminations has been encountered in most of the studies made; there
have been encouraging signs, however, that satisfactory solutions can
be obtained for particular tube applications.
It was pointed out in Sec. 12”1 that most magnetrons using alkalineearth oxide cathodes have operated satisfactorily only because the
secondary electron-emission properties are capable of compensating for
the thermionic emission deficiencies.
The secondary electron-emission
yields of alkaline-earth oxide cathodes are high, 1,2 and they have been
reported to increase rapidly with temperature over a considerable range
of operation.
Figure 12.17 shows the secondary yield 6 for an oxide
cathode as a function of primary energy and of temperature.
HEAT

I

CATHODES

BALANCE

IN THE

BY A. M.

CATHODE

CLOGSTON

The next three sections of this chapter discuss the problem of heat
balance in a magnetron cathode.
The amount of back-bombardment
Electron Emission from
1M. A. Pomerantz and D. L. Goldwater, “Secondary
Oxide-coated
hfagnetron
Cathodes,”
NDRC 14–310.
z J. B. Johnson, “Enhanced
Thermionic
Emission,”
Phys. Rev., 66, 352 (1944).
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power delivered to the cathode of an operating magnetron will be discussed in Sec. 12”7, while Sec. 12”8 will consider how a cathode may be
designed to dissipate this power.
12.6. Thermal Behavior ofa Pulsed Cathode.-Because
the best data
available on back-bombardment
power have been measured on pulsed
magnetrons, and because applications of these sections may be made to
pulsed tubes, consideration must be given to the differencesin behavior
between a cathode receiving pulses of back-bombardment
power and one
receiving the same average power continuously.
To study this question, the following simplified problem will be
solved and used as a basis for qualitative conclusions about the behavior of real cathodes.
Consider an outer cylindrical layer of a cathode
unwrapped to form a rectangular sheet as in
Fig. 12.18. Suppose thata back-bombardment
power of P, watts is delivered uniformly over
Area

N
Acm2

\

—

Back.bombardment

T( z,O

L

TO

a

—
FIG. 12. 18.—Cathode surface
developed into a plane.

I

Fm.

P*

T(U)

z+

12,19.—Cathode
surface and
coordinate system.

this surface during a pulse of duration 7 repeated at a frequency j times
per second.
The developed area of the surface will be A cm’, and it will have a
depth of 1 cm. Let it be supposed, tentatively, that it has been possible
to choose this depth so that the back surface can be considered to remain
at a fixed temperature To.
Suppose that the cathode surface is arranged relative to a coordinate
system (z) as indicated in Fig. 12”19. The temperature distribution
within the layer will then be indicated by T(@).
It will be supposed
that the area A is large enough that transverse variations of the temperature are unimportant.
Furthermore, suppose the origin of time is
chosen so that a pulse of power is applied to the cathode from t = O to

t=T.
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the pulse, a power of PB/A watts/cm2 or 0.239 PB/A
is fed to the surface at z = 1. Therefore, if

of the material in calories per
where K is the thermal conductivity
centimeter per second per degrees centigrade, one has at the surface
~=1
dT

forOstsr,

() ZZ=l=q

(2)

and
dT

(-)ax

z-t

forr<t

=0

<~-.
f I

The partial differential equation governing nonsteady-state
in one dimension may be written
1 aT

82T
a&

=

heat flow

(3)

a2 Z

The thermal capacity per unit mass is indicated by c,
where a’ = K/cP.
and the density by p. A table of values of az may be found in Strong.’
The solution of Eq. (3) appropriate to the present problem may be
written =

.

T(x,t)

. n27rj
t— az z +

A ~e–im2rlt in

=

r

z
.=—.

TO.

(4)

If the constants A ~ are now arranged so as to satisfy the boundary
conditions set by Eqs. (2), Eq. (4) becomes
“

T(z,t)

(ein2mfr– 1)

= ~
z
“=-m

sin

r

i ~f

(iYYcOs@z

Z

“n’”’’+TO°

‘5)

The quantity that will be of interest is the difference in temperature
of the f rent face of the layer just before a pulse starts and just after it
ends. This fluctuation in temperature will be called AT and is defined by
AT = T(l,r)

–

T(l,O).

(6)

I J, Strong, Procwiures
in Experimental
physics,
Prentice-Hall,
New York, 1945,
p. 494.
2 H. Bateman, Partial Differential Equutimu of Mathematical Ph@c8, Dover, New

Ymk, 1944.p, 214.
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From Eq. (5)

.

AT .

~{

[’-%’anJ=+z‘1~&.fyr)
a’

n-1

‘and-”]’‘7)

or

Equation (8) is the solution to the problem.
An interesting observation
If 12 > a2/.f, then 21 ~n~
> ~.
can now be made about Eq. (8).
Because n is never smaller than unity, 21 w“>3.54.
Under this
condition the second fraction in the series is very nearly unity for all n
and may be disregarded.
Therefore, AT does not depend upon 1. This
result can mean only that the fluctuations in temperature experienced
by the front face of the layer become insensible at a depth a/~
behind
the front face. In the most unfavorable csw that will be considered, a
will have the value 0.5 cm/sec~ for nickel, whereas if pulsing rates no
slower than f = 400 are considered, a/W
can at most be 0.025 cm or
approximately 0.010 in. Thi$ example provides the justification for
assuming that the problem which has been solved will represent the
behavior of real cathodes.
It is consistent to assume that a cathode
receiving periodic bumts of energy will fluctuate in temperature only in a
very thin outer layer and that there will be a cylindrical surface at some
depth greater than a/d
which may be considered to remain at constant
temperature.
Assuming from now on that 1> a/fl,
Eq. (8) may be written

(9)

By the use of Poisson’s summation formula,’ the series maybe written
m

2

n-l

.

sin’ nifjT
~%=o

!

“ sin’ Tjrx
dx+’
~%

= sinz rjrx
2/

n-l

o

x%

‘0s 2rz?rxdx.

(lo)

1Courantand Hilbert, Melhoden&r Ma&molic Ph~w”k, Vol. I, Springer, Berlin,
1924,p. 59.
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The integrals in Eq. (10) can be evaluated with the result

I

(11)
provided
becomes

that f, < 2, which is always true.

If now jr <<1, Eq. (11)

~pp]fJIin]:ltcl~

I

I

-i”=

= -T

– 2.612:

(fT)’.

(12)

,,,-’,
By neglecting even the term in (~r)2, 13q. (9) becomes

I
I

AT = 2qa

J

~,

(13)

with the two conditions of validity

%
and
f, <<l

I

(14)

.

The magnitude of the fluctuations in temperature of a cathode caused
by periodic pulses of back-bombardment
power will now be calculated.
In data presentedl in Sec. 12.7 one has I = 10–6 sec and j = 500 per
second.
The surface layer of the cathode is a mixture of barium and
strontium oxides.
Approximate values for the constants of this oxide
mixture at 900”C are K = 0.013 and a = 0.11. With these values, the
condition of validity noted in Eq. (14) requires that

~

1>0.005

cm = 0.002 in.,

which is certainly true. Furthermore, j7 = 0.5 X 10–3, which is much
less than unity.
Suppose now that 10 kw of power is delivered to the
The surface area of the cathode
cathode while the tube is operating.
under consideration is 3.8 cm~. It is easily found that q = 49,000°C/cm.
A fluctuation of 17°C is obtained by substitution in Eq. (13).
If the cathode surface presented to the back-bombardment
energy
were nickel instead of an oxide mixture, the constants would be K = ().22
and a = 0.50. With the same back-bombardment
power,
!l = 3000°C/cm

and AT = 5°C for nickel.
i W. E. Danforth, C. D. Prater, and D. L. Goldwater, “Back Bombardmentof
Magnetron Cathodes,” BartcdResearchFoundation, NDRC 14-309, Aug. 25, 1944.

THE CA THODll

524

[SEC.

12.6

It is thus observed that if the assumptions made in these calculations
are allowed, the fluctuations of ‘cathode temperature caused by periodic
pulses of back-bombardment
power are rather small.
It must now be mentioned that the problem just solved does not
contemplate cooling by radiation of the cathode surface drawn in Fig.
12.18. Suppose that the surface shown in Fig. 12.18 were radiating
between pulses from its front surface.
Suppose also that it is considered to be so thin that no temperature differences exist inside the
material, and suppose that it is thermally isolated from its surroundings.
These last two assumptions are artificial but will permit a calculation of
If the emissivity of the surface
the importance of the radiation effect.
is taken as unity, the energy lost in time o%from the surface is AuTA dt
watt-seconds, where a is Boltzman’s constant.
If c is the heat capacity
per unit mass and p the density, one must have for the temperature change
in time dZ’
AuT4 dt =

–cPA1

dT.

(15)

If TI is the temperature at time t = O, Eq. (15) can be integrated to give
(16)
for the temperature at time t. If the material being considered is
The value of IJ
nickel, c = 0.59 joule/gin per ‘C and p = 8.4 gm/cm3.
is 5.74 X 10–12 watt/cm2 per “C. Let t = 0.002 sec be the time between
pulses at a 500 cps repetition rate, and let 1be 0.02 cm, or approximately
With these values it is found that
the depth indicated by Eq. (14).
T!
T3

=

1 + (3.5

x

10-’’)T”.

”

(17)

From Eq. (17) it is found that T is
Suppose now that TI = 1200”A.
less than TI by only 0.02 per cent.
On the basis of this example, it is concluded that radiation has a
negligible effect upon the fluctuations in temperature of a pulsed cathode.
Consequently,
fluctuations in cathode temperature due to periodic
back bombardment may be disregarded under the conditions assumed in
this section.
A source of periodic cathode heating during pulsing not considered
here is the ohmic loss in the cathode coating due to passage of electrons.
In the Bartol data that will be considered, this effect has been taken
into account bv.- operating the ma~netron under consideration as a diode
and measuring the temperature rise due solely to to ohmic loss. In
applications of the results of these sections, the two effects should be
considered separately.
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12.7. Measurements
of Back-bombardment
Power.—It is generally
understood that a certain fraction of the electrons which leave the
cathode of an operating magnetron return to the cathode with an
increased energy gained at the expense of the oscillating fields.
This
increment of energy is expended in heating the cathode structure.
Experience has led to general acceptance of the fact that about 3 to 10
per cent of the input power of a magnetron will appear as back-bombard-

/
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FIG. 12.20,—Contours

12

16

18

Current in amps
of equal back-bombardment

14

power.

20
QL = 56.

ment power at its cathode.
Very few serious attempts have been made,
however, to measure back-bombardment
pow-er accurately.
The best data on this subject have been measured on a 2J32 magnetron at the Bartol Research Foundation. 1 Under a variety of operating conditions, these investigators measured the x%e in temperature
of the cathode of this tube above that maintained by the heating element
during nonoscillating conditions.
Furthermore, similar increments of
1W. E. Danforth, C. D. Prater, and D. L, Goldwater, “ Back Bombardmentof
MagnetronCathodes,” Bartol ResearchFoundation, NDRC 14-309, Aug. 25, 1944.

THE CATHODE

526

[SEC.

12.7

temperature were achieved by increasing the heater power.
In their
case, the dktribution of these two sources of heat can be considered
equivalent, and it has just been shown in Sec. 12”6 that effects due to
periodic back bombardment can be neglected.
The temperature rise
during oscillation can be correlated with an average back-bombardment
power and, knowing the duty ratio, with a pulse back-bombardment power.
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I. 12.21 .—Back-bombardment

14
Currentin

16

18

20

22

amp

power in percentage of input power for the 2J32 magnetron.
QL = 56.

In Fig. 12.~ a chart is shown of contours of equal back-bombardment
power in the (V,l)-plane for a 2J32 magnetron operated at a loaded Q
of 56. The magnetic field lines are also shown.
This chart is typical
of a number of such plots given in the Bartol report.
In Fig. 12”21,
the same data are presented in terms of percentage of input power.
It will be observed on this chart that from 2 to 5 per cent of the input
power appears at the cathode at this loaded Q.
Furthermore, it will be observed that a very definite maximum in
the percentage of input power returned to the cathode occurs in the

I
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neighborhood of 1400 gauss. Mention of this fact has already been made
in Sec. 10.8. It was stated there that this field value was empirically
predicted by the formula
~
I

c

= 10,600 1+;.
A
()

(18)

Until more information is available, it will be impossible to say whether
or not a maximum in the percentage of input power returned to the
cathode can generally be expected in the neighborhood of the field
predicted by Eq. (18).
In Fig. 12.22 a plot is shown of the back-bombardment
power of the
same 2X32 as a function of total slot conductance G, for a field of 1200
gauss and a current of 12 amp.
A curve of power Ps delivered by the
electrons to the resonant system is included for comparison purposes.
It will be seen that the back-bombardment
power nearly doubles as the
load is decreased, while over the same range, the output power is decreasing by nearly a factor of 2.

HEzEEfI
1$=
o

1
2
3
4xlo-3m
o
1
2
4X1O-3
3
Conductance
in mhos
Conductancein mhos
FIG. 12.22.—The dependence on load of (a) output power and (b) back-bombardment
power for B = 1200 gauss, 1 = 12 amp, and G~ = 0,11/QL.

The data presented in Figs. 12.21 and 12.22 indicate that the backbombardment power delivered to the cathode of a 2J32 magnetron may
vary from 2 to 10 per cent of the input power over the known ranges of
operation.
Consideration can now be given to the usefulness of the Bartol
Research Foundation data in predicting the behavior of other magnetrons.
If the 2J32 magnetron satisfies the requirements for exact
scaling expressed in Sec. 10.6, the data can certainly be used to predict
the back-bombardment
power of other tubes in thi~ family.
Furthermore, in this case, the data should scale to magnetrons of different N
at least as well as the output power.
Consideration of the structure of
the 2J32 indkates that it should scale properly, and performance charts
for the tube given in Chap. 10 do, indeed, fit into the general scaling
scheme.
It has been shown in Chap. 10, however, that a rising-sun
magnetron does not really satisfy the requirements for exact scaling.
The coincidence that Eq. (18) predicts the critical field for a rising-sun

,
1

I
I

I
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shown in Fig.
tube and also the field of maximum back-bombardment
12.21 raises a possible suspicion that the 2J32 magnetron used here
possesses in a slight degree some of the properties of a rising-sun magnetron.
If this is true, the back-bombardment
power might be very
strongly affected while the output power and other properties of the tube
are only negligibly influenced.
The possibility exists, therefore, that
the data presented may not be scalable to other magnetrons.
Other data have been taken, less extensive and reliable than that
presented in the Bartol report.
C. S. Robinson, Jr.l has taken data on an
early model of the 2J32 that substantially confirms the Bartol data.
In Fig. 12.23, cathode-temperature
characteristics are given fora 2J42
Curves are given showing cathode
low-voltage,
3-cm magnetron.
temperature as a function of heater power for various average input
The data always refer to the same operating point because the
powers.
average input power has been changed by varying the duty ratio. By
reading across at a constant temperature of 900”C, the following table
can be constructed.
At thk operating point, therefore, about 8 per
cent of the input power to a 2J42 magnetron is delivered to the cathode.
TABLE12.1.—COMPUTATIONAL
TABLE
I

I

Power supplied

by

Ratio

at

Input power,
watts

Heater power,
watts

53.2
27.2
13.6

0,93
2.91
4.06

4,22
2.24

7.9
8.3

1.10

8.1

0.0

5,15

0.00

12.8.
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Thermal
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a certain

above

a minimum
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when

without
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furthermore

in Cathode

of active
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surface

fixed

following

conditions
rated

with

the
power

temperature

that

to

voltage
the

other

cathode

with

considerations

magnetron
must
will

is applied

active

below

Design.—A
by

a

must

conditions:

heater

plate

be kept

back bombardment,
watts

back-bombardment
power to input
power, y.

surface.

a maximum

in a nonoscillatory
maintain

permit
at

the
The

value

the

cathode

oscillations
required

to be
rate

temperature
set by

and
must

considerations

of life.
I C, S. Robinson,
Illar. 31, 1942.

Jr., “ Cathode

Temperatures

in hfagnetrons,”

RL Report

No. 90,
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2. With the magnetron oscillating and the cathode receiving a
certain back-bombardment
power and with the rated heater power
reduced by a prescribed amount, the cathode temperature must
be maintained in a range ensuring proper operation of the tube
and an adequate life.
3. The rated heater power must not be greater than some limit set
by operational requirements.
4. For barium-strontium
oxide cathodes it must be possible to
dissipate sufficient power in the heating element to bring the
cathode to breakdown temperature.
The design problem presented by these requirements is so complex
and so different for each case that no attempt will be made to describe
specific
methods of procedure.
Certain general features of the problem
will be considered, but there will be no close discussion of questions of
heat flow and radiation.
Various degrees of calculation and experiment
will be appropriate in each case to arrive at a satisfactory design.
To
summarize the existing art of cathode design imd to serve as a point of
departure in designing new cathodes, data will be presented on the
construction and thermal properties of a number of cathodes that have
already been built to meet a variety of operating conditions.
An increased understanding of the problem of cathode design can
be gained by considering a class of cathodes for which certain general
relations can be derived.
This class includes cathodes answering the
following description:
1. Their heater construction is such that the heater power and backbombardment power may be considered thermally equivalent.
2. Heat is lost from the cathode almost entirely by radiation.
3. The whole cathode structure is at a nearly uniform temperature.
Radial-mounted
cathodes that lose only a small proportion of heat
through their supporting leads roughly satisfy this description.
Suppose that P~ is the rated heater power corresponding to a minimum tolerable temperature T I for starting and that 6PM is the power
corresponding to a maximum tolerable temperature Tz during operation.
It has already been shown in Chap. 10 that PH must satisfy the equation
P,
‘H=

where x is the fractional reduction
cathodes under consideration,
P.

(19)

D–X’

= C(T:

in PH during operation.

– T:),

For the

(20)
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and
BPtr=C(Tj–

T:),

(21)

where C is some constant depending on the cathode shape and To is
the temperature of the surroundings of the cathode and is assumed to
remain constant.
From Eqs. (20) and (21)
(22)
Suppose, for example, that safe temperature limits for a barium strontium
oxide cathode are 750° and 950°, If TiI is comidered negligible compared with Tl, Eq. (22) yields, for this case, P = 2.1.
With P~ determined from Eqs, (19) and (22) the design problem
for this class of cathodes is reduced to arranging that the cathode struoture maintain a temperature TI when PH watts are dissipated in the
heater.
For a radial-mounted oathode with fixed length and diameter
of active surface, this essentially involves proper design of the end
shields.
If the heater power required by Eqs. (19) and (22) is more than a
radial-mounted cathode with an active surfaoe of the speoified dimensions
can” be designed to dissipate at the temperature Tl, the use of an endmounted cathode is indicated.
On the other hand, Eqs. (19) and (22)
may specify a heater power so small that the dissipation of the cathode
structure oannot be sufficiently reduoed to enable the temperature
T, to be attained at Pn watts in the heater.
In this case, it is clear that
the temperature range T1 to T2 may be decreased with a consequent
decrease in B and increase in PH.
The cathode data to be presented will include several examples of
radial-mounted structures.
It will not be possible, however, to correlate
these data with Eqs. (19) and (22) because insufficient information
exists on the temperatures T1 and TZ that have been considered
practicable,
The cooling of tm end-mounted cathode or of a radial-mounted cathode
with heavy supporting leads is a mixture of radiative and conductive
heat loss, The construction of end-mounted cathodes, furthermore,
is often such that the distribution of heater power and back-bombardConsequently, ge~eral relations
ment power are far from equivalent.
such as Eqs. (19) and (22) cannot be established for end-mounted
cathodes, and the design problem is more complicated.
A considerable simplification is made in the problem if the heater
power oan be decreased to zero during operation (x = O). Then the
cathode structure can first be designed to dissipate the back-bombardment power P~ at the temperature TZ, and P~ can be separately arranged
so a$ to maintain a cathode temperature TI in the nonoperating tube.
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TMWX 12.2
Cathode
type

Tube

Radial mounts:
2J32

4J70

Active
areaof
mthode,
cm2

Maximum

Stand-by
heater rat;!

iverage

power

input,
volts

amp

watts

watts

6,3

1.5

9.5

600

3.1

50.0

1200

Plain

3.77

oxide
Metallized

7.36

16

7.36

12.6

25.5

320.0

1500

18.84

13.0

8.5

110.0

3000

0.52

6.3

1,0

6.3

180

83

screen
4J70

Thorium
oxide

HP1oV

hide
screen
M&tallized
screen

J3nd mounts:
2J42

Oxide

0.36

6.8

3.0

3,0

BM50

screen
Oxide
screen

0.12

6.3

0.30

1,9

QK61

Oxide

1.12

6.3

3.5

22.0

350

1.07

12.6

2.2

28.0

700

12,6

1.6

20,0

110

3.0

50.0

150.0

500
.

0.19

screen

4J50

Oxide
matrix
Oxide
matrix
Tantalum

3J21
I

A-131

., .,.
0.11

1200F

1100

.&
1>1

=.A--=-4
.1%$

0
:~

A

1000-

9C4

800

700

0

1

2

3

4
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6

7

Heater power in watta
12.23.—Cathode
temperature vs. heater power characteriatios of the 2J42 for
The curves were obtained by
various values of average input power to the magnetron.
varying the duty ratio at a constant operating point of 5.5 kv, 4.5 amp, pulling figure of
12 klcl~ec, and loaded Q of 240.
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A structure arrived at in this way can furthermore serve as a starting
point in designing a cathode for which x is not to be equal to zero. If
the radiative or conductive heat loss of this first approximation is sucThe increments
cessively increased, both Pn and xPH must also increase.

F
=

Lavite insulator

—

~ickel sleeve

—
—

i-’!i

Oxide layer

C,oiled.coil
tungsten heater

❑

Nickel end shield
L
FIG. 12.24.-Plain

Supportingstructure

oxide cathode of the 2J32.

(2 X.)

.
Nickel end shield

--Y
~

J

~ Nickel lead wire
!2manded end cathode

n

ZIPl_
Nickel sleeve
and screen
Weld

E

D

Fm. 12.25 .—Metallized

“

❑

l—
I
screen cathode of the 4J70.
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XPH will be greater than those in PH, however, because T2 > T1.
Therefore, by sufficiently increasing the heat loss, x can be brought to
the desired value.
Figures 12”24 through 12”34 are 11 enlarged-scale cross-section views
of cathodes that have been used in various production and experimental
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magnetrons.
Five of these cathodes are radial- and six are end-mounted
designs.
These tubes are listed in Table 12,2 with data on the type of
emitting surface, the emitting area, the stand-by heater ratings, and the

FIG. 12.26.—Thorium

oxide cathode of the ~J70,

(2 X.)

I
Nickel end shield

c!
I

I
.,

E3u

L.--_l

Nickel end shield

FIG.

Lavite insulator
1
1

12,27.—Oxidescreencathode

of the HP1OV.

(Actual size.)

maximum average input power that the tube is rated to accept at any
operating point.
Except for the 2J32, which is dk.cussed in Sec. 12.7,
there is insufficient information to translate this input power into terms
of back-bombardment
power.
Consequently these figures can be taken

.—.
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only as a rough indication of the power-handling capabilities of the various
For three of the tubes, the average power entered in the table
cathodes.
is underlined to indicate that the tube has accepted that power successfully but that it has not been determined to be a maximum value.
The characteristics of most of the tubes listed in Table 12:2 are
discussed in Chap. 19. One exception is the A-131, a 3-cm c-w magnetron
developed at RCA, 1 This tube has operated with an input power of
I
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Rather complete data are available on the characteristics of the 2J42
cathode.
These data are presented in Fig. 12.23 as an example of the
thermal behavior of an end-mounted cathode.
ESTABLISHMENT OF AN AXIAL BOUNDARY TO THE SPACE CHARGE
By A. Li.

CLOIXTON

12.9. Cathode End Shields.—Cathode
end shields are short sections
of enlarged diameter at the ends of a magnetron cathode.
Iiurnerous
examples of these structures may be seen by referring to Figs. 12.24
through 12.34. The end shields may be relatively close to or far from
the top of the anode block.
The diameter of the shields may vary from
only slightly greater than the cathode diameter to even larger than the
anode diameter.
The temperature of the end shields may be equal to
the cathode temperature or may be sometimes so constructed as to
maintain a temperature several hundred degrees cooler than the cathode.
Mechanically, the shields may be an integral part of the cathode sleeve
or may sometimes be separately mounted from the cathode supports.
The potential of the end shields, however, is always kept the same as
that of the cathode.
●
End shields are a necessary part of a magnetron cathode, required
to prevent electron leakage from the interaction space.
If the end
shields are omitted from the cathode, the volt-ampere characteristic
at a fixed field will be as shown by the
solid curve in Fig. 12”35, whereas the
-- ——-—
characteristic of a normal tube is as
.---—
——
shown by the dashed curve.
It has
1’
been demonstrated that this current
$ /
/
flowing to the anode in the absence of
> i
end shields is collected almost entirely
on the end plates of the magnetron as
Amperes
is below
long as the applied voltage
FIG. 12.35 .—(n,i) = characteristic of a
cutoff.
For example, currents up to 60
magnetron without end shields.
or 70 amp may thus flow out of the
interaction space of a 4J70 magnetron built without end shields.
Under
these conditions a magnetron cannot oscillate.
There are two possible explanations of these large leakage currents
that are not encountered in ordinary electron tubes, and both are connected with the presence of the magnetic field. (1) A magnetron is
usually operated at a voltage several times greater than would normally
be applied to a similar nonmagnetic diode.
Consequently, the spacecharge densities necessary to give a zero gradient of electric field at
the cathode are also several times larger. The repulsive force exerted
on electrons near the ends of the interaction space by this large space

c
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charge may therefore account in part for the large leakage currents.
(2) If the magnetic field near the ends of the cathode decreases in a directionaway from thecenter plane of the anode block, theelectrons in this
region will feel an additional force directing them out of the interaction
This effect can sometimes be counteracted by constructing the
space.
end shields of magnetic material in such a way that the fields increase
away from the center plane. The4J50cathode
illustrated in Fig. 12.31
has Permendur end shields for this purpose.
A discussion of this effect
will be found in Chap. 13.
Cathode end shields prevent electron leakage from the interaction
space by distorting the equipotential lines near the ends of the interaction space in such a way as to inflict an inwardly directed component
of force upon the electrons.
This component of force, being essentially
parallel to the magnetic field, simply urges the electrons toward the center
plane of the anode block,
The presence of the end shields, unfortunately, is not always felt
Under certain conditions, the
solely through their electrostatic effects.
shields may emit electrons that, originating closer to the anode than do
those emitted from the cathode surface, respond differently to the electric
fields. Such electrons may contribute to an observed leakage current,
and they may sometimes act to increase or decrease the mode stability
A further discussion of thk matter is to be found
of a pulsed magnetron.
in Chap. 8 and in a report by P. Forsberg. 1
Under various circumstances, the electrons emitted by an end shield
Primary emission is promoted by a
may be either primary or secondary.
high end-shield temperature and by the accumulati~n of active material
Secondary emission
on the shield by evaporation or surface diffusion.
apparently can arise from bombardment of the shields by the longitudinal
movement of electrons in the interaction space as already discussed.
Evidence for this effect will be found in the report by Forsberg.
For all practical purposes, the design of end shields is completely
empirical,
A good procedure for a new case would be to start with a
design that resembles inechanically and electrostatically
one of the
examples in Sec. 12.8. If behavior of the magnetron is then satisfactory,
the end-shield design can be considered adequate.
On the other hand,
the tube may present large leakage currents or poor mode behavior.
In order to determine whether m not these effects are a matter of endshleld design, tests should be made to discover (1) if current is escaping
from the interaction space and (2) if electrons are being emitted from the
end shields. Point 1 may be tested directly by inserting insulated end
plates or pole pieces in the tube and measuring the current collected upon
1p Fors&r~, f(s~~e Relations between End Effects and Mode Stability in the
4J31-35 Magnetrons,”
RL Group Report No. 52, Nov. 2, 1945,

.
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them. The point may also be studied by redesigning the end shields
to decrease electron leakage from the interaction space and then observing
the change in tube behavior.
This redesign should increase the diameter
of the shields or bring them closer to the top of the anode block.
Point 2 is difficult to test directly and can be best studied by making
changes in design that tend to decrease any end emission present.
The
most effective course is to redesign the shields so that they operate at a
lower temperature.
The end-shield temperature can be directly observed
if a window is incorporated into the tube.
In making this redesign, it
must be remembered that the shields may receive energy from electron
bombardment as well as by conduction and radiation from the cathode.
If improvement in the tube characteristics results from a decrease in
the end-shield temperature, indicating that emission from the shields is
present and important, further improvement in behavior may possibly
be obtained as f ollows: (1) by designing a trap to prevent surface diffusior,
of active material to the shields, (2) by constructing the shields from or
coating them with a very poor emitter, and (3) by decreasing the diameter of the shields so that any electrons which are emitted will have a
less deleterious effect upon the operation of the tube.

CHAPTER
THE MAGNETIC
BY J. R.

13
CIRCUIT

FELDMEIER

The essential features of the magnetic circuit for microwave magnetrons are (1) minimum weight, particularly for airborne radar; (2)
constant magnetic field under operating conditions; and (3) a proper
field shape for efficient magnetron operation.
The most convenient
source of magnetic flux satisfying (1) and (2) is a permanent magnet,
for an electromagnet requires a constant-current power supply.
Electromagnets are, however, more convenient than permanent magnets for
testing experimental tubes, as it is usually necessary to co~’er a considerable portion of the performance chart by varying the magnetic field.
Thus both electromagnet and perm~nent-magnet designs are of concern.
The principles of electromagnet design are generally understood and
covered in most texts on electricityy and magnetism; the principles of
design of permanent magnets are less well known and so will be reviewed
here with special emphasis on those features which are important in the
design of lightweight permanent magnets for microwave magnetrons.’
13.1. Design of Permanent Magnets.-The
general type of magnetic
circuit used with microwave magnetrons is showm in Fig. 13-1. The
following symbols are used to define the geometry of the magnet and
air gap:
1, = length of air gap,
of air gap,
A. = area of air gap,
L = length of magnet,
A. = area of magnet (neutral section).
d, = diameter

To arrive at a relationship of these geometrical variables with the flux
densities and field strengths associated with the magnet and the air gap,
one applies the equations of continuity and conservation of energy to the
magnetic circuit;

/

B dA = const., for any cross section of the circuit,

I See R. L, Sanford, “Permanent Magnets,”
general

discussion

and for a bibliography

Eur. Standards
of the subject.
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and
~

dz = O, for any closed path around the circuit,

(2)

/

]vhere B is the flux density and H is field intensity or magnetizing force.
Equations (1) and (2) are difficult to integrate because of the flux
leakage along the circuit and the
uncertainty of the path of a given
line of force.
For this reason it is
customary among magnet designers
to define B~ and H~ as average values
in the neutral section of the magnet
and BO and Hv as average values
within the geometrical
gap area.
f
magnet material
Approximations to the integral equaFIG. 13.1.—General
type of magnetic
tions are then obtained by the use of
cmcuit.
leakage factors defined as
--—

..—.--,--- -—F, f

B.A.
HJ~

= BOAOF,

(3)

= H,l,f.

(4)

Combining Eqs. (3) and (4) gives A~l_ = (Fj/B_Hm)B,HQA,l,.
Using
p as the density of the magnet material, one obtains an equation for
magnet weight.
Weight of magnet = ~ ‘fp
B:AJO,
mm

(.5)

where H~ and B“ are considered numerically equal in the gap.
L?(gauss)
-Peak
flux denstty
———-——
Remanence.R, -

I
I

Peak
j
magnetlz[ng I

Coercive
forcef{<~

#
1

I
,

/

1’
/’

1
I

force K;
H loersteds}

~j
___ .’

~--:---FIG. 132.-Typical

IIysteresis cycle of magnetic material,

Thk equation shov’s that the magnet weight is proportional to the
leakage factors and to the volume of the air gap. The weight is also
least for the maximum value of the product B,,LH~, which is known as the
“energy
because it is proportional To the energy per unit
—.———.product”
. ..—
~olorne of magnetic material al~ailable for maintaining a magnetic field
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in a gap. Questions such as how to maximize the energy product and
what values can be expected can be answered by studying the hysteresis
A typical hysteresis cycle is shown in
cycle of the magnetic material.
Fig. 13.2. The solid line in the first quadrant is the path followed by the
magnet material when the magnet is charged by applying the indicated
peak magnetizing force and then reducing the magnetizing force to zero.
For the present consideration the second quadrant of the cycle, resulting
from a demagnetizing force due to the introduction of an air gap, is the
important one because it is the region occupied by a working magnet.
This second quadrant contains the so-called “ demagnetization curve. ”
14,00012

Demagnetizingforce H in oereteds

Energy product BMHM-

FIG. 133.-Demagnetization
and energy product curves of Alnico alloys.
(From
the
Arnold Engineering Cq. Bulletin, “ Pmmanent Magnets for Indudr~,’ v and from the Indiana
Steel Products Co., Permanent Magneta Manual No. 3.)

Such curves for several magnet materials are shown separately in Fig.
13.3, along with their corresponding (B~H~)-curves,
The advantage of
Alnico V from the point of view of weight conservation is patent, for its
energy product is three times greater than the next best magnet material,
Alnico II.
In order to realize the maximum B~H_ value of Alnico V of
4.5 X 10C,the magnet must be operated at the point on the demagnetization curve of 95oC gauss flux density and 475 oersteds field strength.
The point on the detiagnetization curve at which a magnetic circuit will
come to equilibrium upon the introduction of a gap may be expressed in
terms of the angle a shown in Fig. 13.3, which results from Eqs. (3) and (4).

. . tan-,

~*”.
moa

(6)
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Thus for a magnetic circuit with an air gap (~ = 1) of given dimensions
and for fixed leakage factors, the ri=o~
the area to the length of the
magnet material should be adjusted for maximum B_H~.
Figure 13.3
and Eq. (6) indicate that if the operating value of magnetic flux density
is below 95OOgauss, the magnet must be decreased in cross-sectional area
and increased in length (for the same magnet weight) in order to increase
the magnet efficiency.
Roughly, this adjustment is an increase in the
magnetomotive force at constant reluctance with a correspondhg increase

1
0

/
3

10

15

20

25x106

Gap flux den6ity in gauss squared’
FIG. 134.-Variation
of weight with the square of the gap flux density for a gap length
of 0.312 in. For magnet 1: I?m = 7730 gauss; Ifm = 525 oersteds; B~H~ = 4.1 x 106;
F = 28; andf
= 1.8.
in

flux

motive
that

density.
force

This

balancing

is analogous

is a nonlinear

to the

function

of
case

of the

magnetic

reluctance

of a battery

working

current,

and
into

magnetoa resistance

1

Eq. (5) is only an approximate solution to the exact integral
equations and the factors F, f, B~H~, and 1, are not independent, the
equation does afford a convenient means of scaling from one set of conditions to another, particularly for small scaling factors,
The equation
predicts that the magnet weight should vary as B; when the other quantities are assumed constant.
This relationship is supported by experiAlthough
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ence. The variation of 1?, with the gap length 1, for a given form of
magnet material as predicted by Eq. (5) is not obtained in actual practice
because F, j, and B~H~ are strongly dependent on 1,. The data plotted
in Figs. 13.4 and 13.5 exemplify
1.0
these two cases; these data were
taken using the iron pole tips
described by Fig. 13.6. These
0.5
curves are numbered to correspond
to (1) the 27-oz 2J42 magnet, (2)
4“
the 12-oz 2J39 magnet, and (3) a
.z
7.5-oz magnet similar in contour to
02
the 2J39 magnet.
The relationship between lg and Bg is determined by the log plot of Fig. 13.5.
0.1
The slopes of the lines for all three
10,000
1000
2000
5000
magnets are nearly the same and
LogBg
have a value of 1.06 rather than 2,
FIG. 13.5.—Log
plot of gap length
against flux density for three magnet
the value
predicted
by Eq. (5).
designs.
The plot of weight against B: in
Fig. 13.4 is in much better agreement with Eq. (5).
The usefulness of Eq. (5) is limited by the difficulty of calculating the
Methods for estimating these factors’ have
leakage fact ors F and j.

FIG. 13.6.—The

2J42 pole tip.

been devised, but none of them claim any great accuracy; hence greater
reliance should be placed on experience obtained from similar circuits.
1 E.
Sanford,

I

M.

“ Permanent
Magnet
Design, ” Electronics,
Underhill,
op. cd., p, 31; Staff, op. ant,,, p. 105.

16,

126
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Flux leakage can be reduced if the following rules are followed:
1. The permanent magnet material should be located as near the gap
as possible.
Magnets 1 through 8 of Fig. 13.7 demonstrate this
rule; the magnetic material is next to the air gap, and the iron yoke
serves as a base.
2. The magnet material at all points should be worked at the optimum
This is accomplished usually by increasing the
flux density B~H~.

cross section of the magnetic material as the dk.tance from the air
gap is increased.
3. In arrangements similar to that shown in Fig. 13.1 (except for
the ends nearest the gap) the magnetic material should be kept
separated as much as possible to prevent leakage across the
enclosed region.
4. The angle of taper on iron pole tips should be the maximum that is
consistent with saturation of the iron.
The latter is explained by reference to Fig. 13.8. For cylindrical pole tips
as shown in Fig. 13.8a there will be less flux leakage across the space from
one cylindrical surface to the other than in the case of the tapered tips
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(truncated cones) shown in Fig. 138b.
The flux leakage results in an
increase of total flux in the iron with distance from the gap. Under the
condition of constant cross-sectional area the flux density away from the
gap will increase and the permeability decrease, 1 resulting in an increase
in the reluctance of the iron. By tapering the iron to increase the crosssectional area with distance from the gap, the reluctance can be maintained constant so that the iron will saturate uniformly along its length.
This is done at the cost of increasing the flux leakage.
If, in addition,
the reluctance of the iron is maintained negligible compared with the
force will
reluctance of the gap, then the maximum magnetomotive
appear across the gap.

7
/
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Figure 13.7 shows a variety of magnets that may serve as a basis for
new designs; Table 13.1 gives the weight, field, md gap dimensions of
these magnets.
TABLE 13.1 .—PERTINENT
4pproximatc
Magnet
No, *

Weight
lb,

DATA ON THE MAGNETS SHOWN IN FIG. 137

Gap
l,, in.

Gap
diam.
do, in.

2500
2500
1350
4800

2.70
2,75
1.50
1.40
1.30
1,50
0.69

2.50
2,00
1.62
1.62
1,62
1,62
0.75
0,75

B,, gauss
(stabilized
570)

length

2
s
4
5
6
7

2.Xl
100
42
14%
13%
6%
13%

8

8

4850

0.63

l%
%

5000
3800

0.28
0.28 )

1

9
10

3000
2400
3400

+

Remarks

Iron base
Iron base
Iron base
Iron base
Iron base
Iron base
Ainico

“ C’s”
bolted together
with iron spacer
Alnioo
‘‘ C’s”
bolted
together
by ahrminum base (no iron)
Using irmr pole pieces
described in Fig. 13.6.

(5 OZ)

* Additional data on magnet weight and flux density are given in Chap, 19,

~;
Physical Properties
of Alnico V.—One of the most important physical
properties of Alnico V for magnet design is the directional property of
flux conductivity.
This property is a result of the heat-treatment process
to which Alnico V is subjected during manufacture.
In the heat treatment the magnet material is cooled in the presence of a magnetic field,
the direction of which is the same as the field to be generated by the
working magnet.
The shape of the Alnico V should conform as closely
as possible to the magnetic field in which it is processed, and the difficulty
of produc@g a processing field of any desired shape places a limitation
on the possible shapes of the magnetic material.
The bar magnet is the
easiest to heat-treat because the neoessary field can be produced between
flat polee of an electromagnet.
A C-shaped magnet like that of the 2J39
is not much more difficult to heat-treat because it can be treated in the
fringing field of flat pole pieces.
If one must deviate from these simple
shapes, care should be taken to arrive at a shape consistent with the field
shapes that can be obtained for heat treatment.
Neve~theless, magnets
of unusual shapes have been succes~fully made by locating ferromagnetic
material in such a way as to distort a normally uniform field or a fringing
field into the desired form.
In addition to the alignment of the magnetic field during heat treatment, a rapid quench is important.
For this reason the volume of a
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single piece of Alnico V must not be too great. To obtain a rapid quench
for very large magnets it may be advantageous to make the magnet in
several sections ~vhich finally are combined and held together with iron
yokes to form a completed circuit.
Alnico V must be cast, andin this form it is coarse-grained, brittle,
Because holes cannot be drilled
extremely hard, and nonforgeable.
Soft-iron inserts
economically, mounting holes are cored in the casting.
are cast into the magnet during the pouring process and later drilled and
tapped; but because of the large shrinkage during cooling (2.6 per cent),
this is successful only when the dimensions of the Alnico are large compared with the hole.
Flat surfaces can be ground to close tolerances, but cast tolerances are
usually set by the magnet manufacturers at not less than f 0.015 in.
Arc welding of Alnico with stainless steel or phosphor bronze rods is only
partially successful; soft soldering can be done if the surfaces are carefully prepared with an acid. The magnetic properties of Alnico V are
impaired if it is raised to a temperature over 1100°F after the heat
treatment.
Table 13”2 gives some additional properties’ of Alnico V useful for
design purposes.
TABLE 13.2,—PROPERTIES
Specific gravity . . . . . . .
Electrical resistance at
Tensile strength ., . . . .
Transverse modulus of
Hardness,
Coefficient

.. .. .. .
.
25°C.
.. .. .. .. .. .
rupture.

’’Rockwell
C’’ . . . . . . . . . . .
of thermal expansion.
.

OF ALNICO V*
.

..

.

.

.

7.3
47 X 10-’ flcm/cmg
54501 b/in.Z
10,200 lb/in.j
4s55
11.3 X 10-’/”C

* Courtesy of E. M. Underhill.

13.2. Magnet Charging.—The
magnet material is magnetized by
taking it through the first quadrant of its hysteresis cycle as discussed
in Sec. 13.1. In order to reach the maximum value of magnetic flux
density, every part of the Alnico V must be magnetized to the point of
practical saturation, and for this a magnetizing field of about 3000
oersteds applied to the Alnico in the direction of the working field is
If the magnetic material is properly heat-treated-and
the
necessary.
above value of field strength is applied to the Alnico V, a remanence
value of magnetic flux density of 12,600 gauss should be realized as shown
in Fig. 13.3.
An electromagnet that can supply the required field provides a convenient means of charging bar magnets, as they require only straight
fields. Magnetron magnets, however, are usually of such contour that
I E. M. Underhill,
~ronics, 17, 126 (1944).
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CHARGING

it is simpler to charge them by surrounding the material with one or more
solenoids.
In this arrangement soft-iron bars areplaced across the ends
The
of the magnetic material so that a closed magnetic circuit results.
solenoid may be excited by connecting it across a d-c source with high
current capacity, but a better” method is to employ a high-current
impulse.
Condenser discharge and half-cycle’ impulse chargers have
been employed.
Atypical circuit forthecondenser
discharge method is
shown in Fig. 13.9. The storage condenser consists of a bank of 100
40-pf dry electrolytic condensers connected in parallel by heavy leads.
The condensers, which have a rating of 500 working volts, are charged
to 400 volts by a small 200-ma d-c power supply and discharged through

DC

FIG. 13.9.—Circuit

of condenser-dkcharge

method for charging magnets.

an ignitron (GL415) in series with the magnetizing coils. Peak currents
Care must be exercised when a
o~1000 amp can be obtained in this way.
condenser discharge is used for charging to prevent oscillations in the
circuit and the resulting reversed magnetic fields. In this circuit the
ignitron serves this purpose.
The magnetizing coil must be constructed so that for the pulse current
If the length of the
obtainable a field of 3000 oerstedsin air is produced.
coil is short compared with the magnet length, the coil should be moved
along the magnet to apply the maximum magnetizing field to each portion of the Alnico V. Care should be taken not to cross-magnetize the
magnetic material.
If the magnetron is the “ packaged type,” that is, with the magnet
permanently attached to the tube, the magnet can be charged separately,
stored with an iron “keeper,” and then slid onto the magnetron so that
‘ See H. W. Lord,
Reu., 40, 418 (1937).

“A Half-cycle

Magnetizer

with Thyraton

Control,”

Gem. E~ec.
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the magnet is never made to operate into a gap greater than the working
gap.
13.3. Magnetic Stabilization.-Inspection
of a performance chart
shows that the characteristics of a magnetron are such that constancy of
magnetic field is extremely important if constant power input, power
output, and magnetron frequency are to be maintained.
This section
will dkcuss qualitatively the phenomena of magnet stability and give
some quantitative information on the effect of various demagnetizing
forces.

Stability

against

Fields. -Figure

Change

in

Air

Gap

or agaksi!

~iTCLY

Demagnetizing

13.3 is useful in obtaining a qualitative understanding of
magnet stability.
It is prefer~ble
Bg
for this purpose, however, to plot
the flux density in the air gap B,
along the vertical axis instead of
the flux density in the magnet B~,
because B, is the variable of direct
concern.
According to Eq. (3),
this amounts to multiplying the
vertical axis of Fig. 13.3 by the
factor A~/A,F.
Referring now to
Fig. 13.10, a is the point at which

a gapless magnetic circuit will
come to equilibrium
after the
Hm
charging field is applied and then
reduced to zero. If the keeper is
FIG. 13.10.—Variation
of gap flux density
removed, introducing an air gap
with demagnetizing force.
of length 1~,the circuit will ba in
equilibrium at point b, where b is defined according to Eq. (4), and may
be expressed in terms of the angle P thus:
(7)
The flux density B, corresponding to the point b has become known as the
If a further demagnetizing force
“saturation value” of flux density.
Hz – Ho is applied and then removed, the circuit will first follow the
major hysteresis curve b to c and then the minor hysteresis loop c to d.
The result of the demagnetizing force is a decrease in magnetic flux
density of Bo – B1. If the same demagnetizing force is applied and
removed a second time, the magnet will follow very closely the same
minor hysteresis loop and return to the point d with a negligibly small
change in B. Hence BI has become known as the ‘‘ stabilized value” of
flux density, stabilized for a demagnetizing force smaller than Hz – H,.

,
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The previous discussion is valid for demagnetization effects due to the
introduction of air gaps into the magnetic circuit or to the presence of
neighboring a-c or d-c magnetic fields. Quantitatively the resistance of
magnetic materials to these demagnetizing forces is a function of the
As seen in Fig. 13.3, Alnico IV is better
coercive force of the material.
than Alnico V in thk respect.
[A
recently reported new Alnico, Alnico
IX, has an even higher coercive force
(approximately
950 oersteds), but
like Alnico IV its energy product is
o
203 400 w
Sw 1000 1200
Alternatingfield(ampturnsper inch)
F
1ow-1.8 X 106.] Figure 13.11 shows
FIG. 13.11.—Resistance of magnetic
the effect of stray demagnetizing
materials to stray demagnetizing fields.
fields on Alnico V compared with
(From the Arnold
Engineering
co.
Bulletin
‘‘ Permanent
Magnet.
for
tungstenand cobalt-alloy
steels.
Industr~. ”)
The coercive forces for the tungsten
and cobalt steels are 65 and 230 oersteds, respectively.
It has been
arbitrarily established that for magnetron magnets, the operating flux
density Bl (see Fig, 13-10) is set from 3 to 5 per cent below the saturation
value BO. This controlled demagnetization is most conveniently accomplished by subjecting the Alnico to an a-c magnetic field. For magnetron
magnets separate from the tubes, this can be done by alternately applying an a-c field and measuring the resultant flux density (see Sec. 10.5).
It is also customary to “keeper stabilize” the magnet.
This is done by
On the
inserting and removing the magnet keeper three or four times.
BH curve of Fig. 13.10 this amounts to running up and down the minor
hysteresis loop c-d, reducing the effects of the actual nonlinearity and
nonreversibility of the path c-d.
Temperature
Stability .—The
effect of temperature changes on the
magnetic properties of Alnico V is of a
u 100
different nature from the effects dis.-t
Alnico
2
Cobalt
cussed previously.
This effect from
-Y
36%
– 180° to + 500”C is reversible, so that
i.:
50
steel
~ ,&
any temperature cycle between these
Tungsten
z
&
steel
values results in no permanent change
go
m
A typical value for
1500 in field strength.
o
500
1000
Temp. IDeg F)
thk change is – 0.25 per cent in field per
FIG. 13.12.—Resistance
cf magdegree centigrade.
This change in magmaterials
netic
to
temperature
netic field with temperature produces a
changes.
(From the Arnold Engineering Co. Butietin ‘‘ Pemnanent
change in magnetron current that deA4aOnetsfor Industry. ”)
pends on the dynamic impedance and
rate of change of voltage with magnetic field of the particular magnetron.
Figure 13.12 shows the behavior of Alnico over a wide range of temperature, along with a comparison of Alnico with some alloy steels.
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Effects of Neighboring
Ferromagnetic
Material. —Neighboring
ferroThe first is
magnetic material has tivo effects on a magnetic circuit.
shunting of magnetic flux by the material, which has the same effect on
the flux density in the magnet as a decrease of gap length; and hence, if
the magnet has been stabilized to a great enough degree, no residual
The
change in field strength remains after the material is removed.
second effect is a rearrangement of the magnetic dipoles in the magnetic
material.
This does leave a permanent effect unless the magnet is
recharged.
The magnitude of degaussing, produced by the proximity
of ferromagnetic material, depends upon many factors, such as the size
of the magnet and ferromagnetic object and the location of the point at
which contact is made.
An idea of the order of magnitude of this effect
can be had from the fact that magnet 5 in Fig. 13”7 is degaussed by 5 per
cent from the saturation value if an iron bar ~ in. in diameter and 6 in. in
length ii touched directly on the

‘“”=
o

1000

Number of impacts
FIG. 13.13.—Resistance
of magnetic
efTects. (From
materials to vibration
the Arnold Engineering Co. Bulletin, ‘ 6Permanent Magnets for Industrg. 7‘)

degaussmg effect drops off
with
distance of approach of
‘nicovnearamagnetpo’e”
so that the degaussing
bar,
0.8 Der cent if the bar is

rapidly
the ‘his
iron
is only
brought

within‘.

spot

~’~ in.

of

the

same

as

above.
For thk reason magnetron
magnets are always covered with a
protecting material to prevent direct contact with magnetic material,
particularly in the neighborhood of the magnet poles.
Vibration Eflects.-Even
though the effect of vibration on Alnico V
does not appear important for any practical conditions associated with
magnetron magnets, data are presented in Fig. 13”13 showing the resistance of Alnico and some alloy steels to vibration.
13.4. Field Uniformity-The
efficiency of a magnetron depends upon
the magnetic-field uniformity within the interaction space.
Except at
the very ends of the interaction space (see Sec. 12.11), a uniform field is
desirable.
The need fol uniformity arises from the large changes in current that
result from small changes in magnetic fields. The performance chart of a
typical magnetron is shown in Fig. 19.44, and from this it may be seen
that a change in field from 5100 to 5330 gauss results in a 2 to 1 change in
Thus, a variation of this amount in magnetic field along the
current.
height of the anode will result in operation over the low-field regions at
tlvice the current density of the high-field regions.
Damage to the
cathode at these low-field high-current points has frequently been
observed.
Axial uniformity to better than 5 per cent is a safe rule to
follow.

TESTING

SEC. 13.5]

AND

553

MEASUfZEMENT’S

For magnetrons having separate magnets with flat pole pieces, this
condition is satisfied if the gap length is equal to or less than the gap
diameter, provided the anode diameter of the magnetron is less than half
the gap diameter.
When tubes have attached magnets, often the pole
tips have holes in them to admit the cathode structure.
Up to a certain
ratio of hole diameter to anode diameter, the holes tend to increase the
field uniformity in the center of the region between the tips. Very large
holes must be drilled in magnetrons with a large number of resonators, as
the ratio of cathode to anode diameters becomes large, and undesirable
field configurations are likely to occur.
With 16 or more resonators it
has been found that this hole becomes so large and the magnetic field so
distorted that very low efficiencies result. To correct this, magnetic
material is attached to the cathode structure, thereby effecting a concentration of flux toward the axis of the magnetron near the ends of the
anode, and approximating the desired form as discussed in Sec. 12.11.
The material attached to the cathode structure must not saturate below
the working flux density, and, furthermore, the Curie point of the material must be above the cathode temperature.
The magnetic material
Permendur (50 per cent Fe, 50 per cent Co) meets these requirements
satisfactorily.
This material was used in the 4J52 (see Chap. 19), where
it replaces the usual nickel electrostatic shields to prevent electron leakage
at the anode ends.
In addition to producing the desired field shape, it
also reduces the effective gap between the poles.
13.6. Testing and Measurements.—The
testing of permanent magnet
materials to determine the shape of the hysteresis cycle 1 as well as
methods for determining flux density 2,3 in the gap or neutral section Of a
finished
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1,R. L, Sanford, “ Magnetic Testing,”
z F. A. Laws, Electrical Measurements,

Bur. Standards Circ. C415, 1937.
McGraw-Hill,
New York, 1938.

~ Attention
is drawn to a novel fluxmeter developed
Instrument
Co., hfanchester,
N. H., which is extremely
checks on flux density.

Reo. Sci. Instrwrwzts,

by the Marion Electrical
useful for making quick

17, 41 (1946).

‘ The details of the standard ‘‘ ZOO” coil suitable for gaps and magnetic
fields
encountered
in 3-cm magnetrons may be obtained by writing to the U.S. Bureau of
Standards.
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Field Shape.—The
shape of the magnetic field in the interaction space
is of considerable importance, and it is often necessary to determine the
If the volume of the air gap is large
field shape for a new tube design.
compared with the volume of the field-measuring device, the field pattern
can be obtained by direct measurement of the field intensity at several
points over the gap. For the air gaps associated with magnetrons at
5-cm wavelengths or longer, field plots can
Eq
be made with a magnetometer developed by
e
the General Electric Research Laboratories
having a sensitive element only ~ in. long
and ~ in. in diameter.
Equipotential
plots of the electrostatic
fields between model pole tips immersed in
water give the shape of the magnetic field
directly if three dimensional models are used. 1
FIG.. 13.14 .—Two-rlimenaional
A geometrical method of obtaining flux
field plot.
plots satisfying Laplace’s equation has been
developed by Grout.a This method is useful in a wide variety of applications and will be considered in detail,
For simplicity the method will be described by considering the case
of a static two-dimensional magnetic field. Suppose a number of lines
of force and equipotentials be drawn as in Fig. 13.14 and the tubes of flux
and the strips bet ween adj scent equipotentials be numbered according
to the following definitions:

u=
v=
Au1, Au2,

“ - “ =

Avl, Av2, “ . “ =
R,i =

E,] =

L.

potential at any point,
flux between a reference line of force and that point,
potential difference across the various strips formed
by the equipotential lines,
curvilinear rectangle comprising the region common to the ith strip and Jth tube of flux,
fluxes in the flux tubes of unit depths seen as
IQ from above,
reluctance of the volume of unit depth seen as
)~1 from above,
energy in the volume of unit depth seen as ~
from above,
permeability of the medium containing the field
(assumed constant throughout the field).

1 V. K. Zworkin and G. A. Morton, Television. Wilev.
M. Myers, Mectron Optics, Van Nostrand,
New York,

New York. 1940. D. 73:
1939, p. 129; A.’ Kolinj

“ MercuryJet Magnetometer,” Rev. S.i. Indrumenfu, 16, 209 (1945).
a Prescott D. Crout, “The Determinationof FieldsSatisfyingLaplace’s, Poiseon’s,
and AssociatedEquations by Flux Plotting,” RL Report No. 1047, Jan. 23, 1946.
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and
~,. = Au,Avi
u
8r “

(9)

Now if the Aw’s are all equal and if the Au,’s are all equal, the curvilinear
rectangles will all be similar and have the same reluctance and contain
the same field energy.
Furthermore, the
m.
field will consist of curvilinear squares if
the spacings of the lines are such that
K~~
p(AtL/Av) = 1. Therefore, a map of the
O*
,+
field can be obtained by sketching in a
network of curvilinear squares by trial and
.K ~
e
error. The accuracy of the plot may be
+
improved in any region by further subFIG.13.15.—Rela,tion
between
dividing the initial squares.
When the field
gradientsand partialderivatives
V.
of
u
and
is known to have definite symmetry, this
fact should be used to reduce the size of the required map.
To prove that the “square” flux plot is a possible field, one resorts to
the definition of a gradient to obtain
Au
(lo)
Wij

and to Eq. (8) to show that
IF’UI-!=K=
Ivvl

const. for all points.

(11)

P

Hence the gradients and the partial derivatives of u and v are related as
in Fig. 13.15, from which it follows that
au .Kgl
Tx
i)y

(12)

and
au
—.
ay

_K~
ax”

(13)

By differentiating Eq. (12) with respect to z and Eq. (13) with respect
to y and adding, one obtains Laplace’s equation:
(14)
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and similarly,

$2+$=0.

(15)

By similar arguments one can arrive at the conditions for the case
three-dimensional
field, which is the case
of an axially-symmetrical

-1

Line of symmetry
between two like
pole tips

FIQ. 13. 16.—Flux

plot of magnetron

pole tip.

usually met in magnetron-magnet design.
Using the same notation as
before but rotating ~1 through an angular depth of 1 radian to form the
element of volume rather than taking a linear depth of 1 cm, one can say
(16)
and
~,, = AuiAvi
V
8X ‘

(17)
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where rij is the radius of the center of ~.
Rather than a network of
curvilinear squares, the plot must be constructed to meet the condition
1,1
—
= Kr~j,
Wij
where
K – ~Aui – const.
Avi

(18)

Figure 13.16 shows the result of the application of this method to the
problem of magnetron pole-tip design.
In addition to being a quick method for obtaining a plot of any
desired accuracy, this has the advantages of beiag applicable to peculiar
boundary conditions, of giving a complete picture of the field, and of
conveying an idea of the relative importance of the various factors that
determine the field.’
1For applicationof the method to severaladditional cases, see the original report
by Crout.

I
~,
I

——. .-——

— —

-.

—

PART

I

TUNING

IV

AND STABILIZATION

One of the most inconvenient features of microwave magnetrons is the
Because the resonant circuits are
difficulty of making them tunable.
within the vacuum envelope, they are rather inaccessible, and changing
either their capacitance or inductance presents a mechanical problem of
some intricacy.
The problem is complicated further by the general limitations on space and the requirement that the tuning mechanism leave the
normal resonances relatively undisturbed.
Considerable effort was expended in making magnetrons tunable, as
this feature adds greatly to their usefulness.
Not only does tunability
permit a single magnetron to operate on a number of frequencies, but
also it is essential if operation at a precise frequency is required.
Two distinct kinds of tuning exist. In one, the variation in frequency
Here the rate at which tuning
is accomplished by mechanical means.
can be accomplished is S1OW,but the range of tuning is large. This topic
is the subject of Chap. 14. The second kind is the so-called “electronic
tuning, ” in which the frequency is varied by injecting a beam of electrons
into a region containing r-f fields. Electronic tuning (Chap. 15) provides
only a small tuning range, but the rate of tuning can be very rapid.
It
is thus well suited to applications requiring frequency modulation.
Stabilization of frequency is closely relative to the problem of tuning,
and for this reason it is included in this part of the book.
Both tuning
and stabilization are aspects of the problem of control of frequency and
must be considered together because high stabilization and large tuning
range are incompatible.
The question of stabilization also arises in
of the Electrons
other chapters.
It appears in Chap. 6, “Interactions
and the Electromagnetic Fields, ” because the frequency of oscillation is
affected by space-charge conditions; it appears in Chap. 8, “Transient
Behavior,” because stabilization affects mode changing; and it appears
in Chap. 10 “Design,” because the design of a magnetron is influenced
by the degree of stabilization required.

CHAPTER
MECHANICAL

I

BY W. V.

1

\

I
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14
TUNING
SMITH

14.1. General Considerations.—A
mechanically tunable magnetron
is one whose resonant frequency is changed by moving some element in
the resonant circuit associated with the magnetron.
In general, the
motion must take place in vacuum, although in low-power magnetrons
the moving parts may be in air, separated by a dielectric vacuum seal
(usually glass) from the high-vacuum portion of the tube.
A tuning
method is classed as “mechanical”
whenever the frequency change is the
result of a motion—whether
the primary driving force is mechanical,
thermal, magnetic, or any other. The term “electronic tuning” (Chap.
15)’ is reserved for frequency changes resulting from the injection of electrons into the resonant system.
From a consideration of circuits, two classes of tuning may be distinguished: symmetrical and unsymmetrical.
In symmetrical tuning,
the circuit elements are changed in a manner that preserves the angular
symmetry of the operating mode which, unless otherwise specified, will
be taken as the ~-mode.
In unsymmetrical tuning, this angular symmetry is not preserved; as a rule, only one side resonator is tuned, genThe lack of symmetry results in
erally by means of a coupled circuit.
alteration of the r-f mode patterns over the tuning range (Sec. 4.5) with
consequent lowering of electronic efficiency at wavelengths removed
from the unperturbed tube wavelength.
Symmetrical tuning avoids
this difficulty, often, however, by the loss of other advantages.
The three main subdivisions of symmetrical tuning are inductive
tuning, capacitive tuning, and tuning by a coupled circuit.
In inductive
tuning, the inductance of the resonant circuit is varied by changing the
surface-twvolume
ratio in a high-current region of the oscillator (see
The unloaded Q is also changed—an important
Element A in Fig. 141).
In capacitive tuning, the capaciconsideration at short wavelengths.
tance of a gap is changed.
Because this capacitance (see Element B in
Fig. 14.1) is connected across adjacent, oppositely charged vanes, the
voltage across the gap remains constant whereas the breakdown voltage
varies with the gap width.
This consideration is important at highvoltage levels.
Some conduction current flows in the capacitive regions
of short-wavelength tubes where only displacement current would exist
561
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This conduction current results in skin losses that
at long wavelengths.
will somewhat lower the unloaded Q of the tube because of the small
surface-to-volume ratio of these capacitive regions. The principles of
coupled-circuit tuning are more involved and will be discussed later.
From the standpoint of operation, the extent of the tuning range is
determined by mechanical limitations, by sparking across high-field
regions in the tuner, by the falling off of efficiency, by mode-shifting,
and, in special cases, by variation of some other of the many magnetron
properties that can alter over the
tuning range. Most of these properties are independent of whether
the tube operation is pulsed or c-w.
Two properties, however, are not
independent; in a pulsed tube a spark
is extinguished b e t w e e n pulses,
whereas in a c-w tube a spark, once
initiate
d, is maintained.
If the
spark is an r-f spark (becoming an
arc) in the tuning mechanism, it may
persist without destroying the tube,
but it will alter the tube wavelength,
often drastically.
The nature of the
mode-shifting also differs between
pulsed and c-w magnetrons.
If the
tuning range of a pulsed tube is exFIG. 14.1 .—Cross section of a holetended to a point where mode-shiftand-slot side resonator in a magnetron
tuned by the inductive element -4 and
ing occurs, the percentage of pulses
the capacitive element 1?. ~ is the r-f
firing in the wrong mode increases,
magnetic field directed into the page; +
is the r-f electric field; and — — > - is the
finally becoming intolerably high.
r-f current.
When the tube operation is c-w,
however, the tube may be tuned to this range and somet~mes considerably
If the tube is turned off and restarted
beyond without jumping modes.
Thus there is
in this region, however, it will start in the wrong mode.
effect present in c-w tunable tubes that is not present in
a “hysteresis”
pulsed tubes.
One property of magnetrons that is common to all tunable tubes is the
variation in the scale point (see Chap. 10) with a fixed operating point
caused by the fact that the normalized parameters are functions of k.
By using the scaling laws developed in Sec. 10.6, this variation may be
evaluated for a magnetron operating at constant B and I but with varying k. The physical dimensions of the cathode-anode region are assumed
If 1,, l?,, and V, are defined as the operating parameters
constant.
at XI; 11/gl, B1/@l, and V@ 1 as the normalized parameters at A,; and
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I,, B,, VZ, 1,/92, B,/@Z, and V,/V,
Az; then, from the conditions that

as the corresponding

and

II = Iz
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B,

= Bz

quantities at
(1)

and from the scaling laws

(2)
92

(B2

and from Eq. (10”32), where it is shown that

(3)

the value of (V@ ,)/( VZ/7JZ) maybe found.
Its wavelength dependence
is complicated.
For low-scale currents and high-scale magnetic fields,
however, V/W is proportional to h. Hence, because
2

vl=~
G

() Al

(from Sec. 10.6),

(4)

Because the qualifying conditions on Eq. (4) hold in the operating region
of most tubes, it is necessary to vary the tube voltage approximately
inversely with the wavelength in order to maintain constant current at a
constant magnetic field.
The above variations in scale point and voltage will result in a variation in efficiency, in output power, and in the current at which the tube
changes modes.
In view of the wide range of scale points at which tubes
have been operated successfully, however (see Sec. 10.9), these variations
do not, in general, limit the tuning range. It is to be noted that the
optimum loading of a magnetron also varies over the tuning range and
that for tuning ranges with ratios of the extreme wavelengths from 1 to
1.5, a deliberate variation in the loading can partly compensate for the
change in scale point.’
The loading is made lightest at the long-wavelength limit where the high-scale currents approach the region where
mode changes occur.
1 An intentional
in some General

variation

Electric

of load over

the tuning

designs of wide tuning

range.

range

has been incorporated
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Attainable tuning ranges for multiresonator magnetrons vary widely
with resonant-system designs. The widest ranges (extreme-wavelength
ratios of 1 to 1.5) have been obtained with symmetrical tuning on
resonant systems having wide mode separation and dimensions small
compared with a wavelength.
These resonant-system properties are consistent with c-w designs at the longer wavelengths of from 20 to 50 cm or
longer, that is, short, low-voltage (1 to 5 kv) resonant systems with a
small number of side resonators (6 to 12). The difficulties of shorter
wavelengths and higher voltages are reflected in the 10 per cent tuning
range attainable at 3-cm radiation for a 12-kv resonant system with 12
resonators (the 2J51 magnetron of Chap. 20).
INDUCTIVE AND CAPACITIVE TUNING
In practice, inductive- and capacitive-tuning methods are generally
symmetric.
A case of unsymmetric tuning of this type is mentioned
in Sec. 14.5.

F1~. 14.2.—The sprocket-tunable
magnetron 2J51 developed at Columbla University
(a) Pitch diameter of the pins; (b) the pitch diameter
and Bell Telephone Laboratories.
of &he resonator holes.
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14.2. Symmetric
Inductive Tuning.-The
name “sprocket tuning”
has been applied to a form of symmetric inductive tuning illustrated by
the 2J51 magnetron shown in Fig. 14”2. This tube was developed at the
Columbia and Bell Telephone Laboratories;
—--——
-— --.——-— -R
its resonant system is a symmetric, strapped,
t
dl
12-oscillator anode block of the hole-andT
slot type.
A round pin is inserted through
~
1
n
the pole piece into each hole of the anode
block; the pins are moved by means
aa
4
r
of a diaphragm or bellows.
The effect of
FIG, 14.3.—Cross section of
the pins is to decrease the inductance of
the pin-to-hole region of one side
resonatorin a sprocket-tunable
each side resonator and hence to lower the
magnetron.
resonant wavelength of the tube.
The
complete theory of the mode spectrum of this type of tube as a function
of pin penetration, etc., is given in Sec. 4.6. The features of this theorv
that a~e useful for design purposes will be summarized briefly.
-

*W”’
I

//

I

r

//

I

r

Theoretical ea. (5)
--with a=O.4 and b=O.6
A = Experimental1

I

I

3,2

3,3

~}= Experimental2

I

3.4

3.5

WavelengthA in cm
FIG. 14,4.—Observed and computed tuning curves for the sprocket-tunable
magnetron.
The dimensions given in Table 14.1 were used for the experimental tubes and the calculations.

The wavelength separations of the conventional modes do not vary
greatly over the tuning range, and the wavelength of the main mode is
given by the following simple formula:1
1P. Kusch and A. Nordsieck, “ The Tuning Propertiesof Tunable Magnetrons
in the 3-cm

Band,”

iNDRC

14–234, p, 2, Jan, 11, 1944.
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(5)
The dimensions entering Eq. (5) are shown in Fig. 14.3; XOis the wavelength at zero pin penetration; x I is the wavelength at penetration hl
(measured from the top of the anode block); ho is the anode length; do
the hole diameter; d, the pin diameter; and a + b = 1. It is seen that
for a = O and b = 1, Eq. (5) may be derived from the simplest lumpedconstant analogy in which the inductance is assumed localized in the
holes, proportional to the area, and inversely proportional to the length
of the hole. The current flow in this lumped-constant picture is circumferential around the pins, as shown in Fig. 14.1. Thus, because there is
no longitudinal current flow, the nature of the contacts made by the pins
with the pole piece is unimportant.
For the 725 anode block, a = 0.4 and b = 0.6 when
0 .6 <

~

<0,75,

do
Typical tuning data are shown in Fig. 14”4. The check with the semiempirical Eq. (5) is seen to be excellent except in the fringing-field region
of small pin penetrations.
TABLE

14.1.—TuBE

DIMENFJONS* FOR THE SPROCKET-TUNABLE MAGNETRONS OF
FIG. 14.4
Pitch

Experimental

~.

tube type

d,

diam. of
resonator
holest

1
2

0,082
0.085

0.0515
0.0590

0.394
0.405

Pitch

Pin-to-

diam. of
pins t

strap
clearance

Pin-tOback-wall
clearance

0.4040
0.4135

0.015
0.016

0,010
0,009

* Dimensions are in inches.
t See Fig. 14.2. The pitch diameter is defined as the diameter of the locus of hole center. m pi”
centers.

The problems of mechanical design with 0.010- to 0.015-in. clearances
between the pins and the oscillator walls have not proved to be serious;
the limitations on tuning range have been set by other considerations.
The most troublesome problem is the elimination of extra resonances
Typical of these resonances is
introduced by the tuning mechanism.
that in which the lumped capacitance between the pin and the hole wall
of Fig. 14”3 resonates with the lumped inductance of the end cavity.
“In
this mode, current circulates up the back wall, through the lid, and down
the pins. The effect of these extra resonances is both to distort the
tuning curve and to introduce loss. The loss is most pronounced when
the r-f contacts generally present in the current path are poor; but loss
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may also be troublesome even if the contacts are good, because excessive
These extra resonances are most
currents may flow near resonance.
troublesome for long anodes and large end spaces (that is, wherever
dimensions become large compared with a wavelength).
They are most
easily removed by reducing the size of the end space.
There is a fundamental limit to the use of tuning of this type in the
shorter wavelengths because the unloaded Q decreases with k and sprocket
tuning further decreases Qu. A rough estimate of the magnitude of this
effect may be made by assuming that all the circulating current in the
resonator is located in the region of the holes, yieldhg the approximate
formulal
(6)

where B = magnetic flux density,
/
\

dr = integral over volume of resonator,
da = integral over surface area of resonator,
s.

=

hr(do

s,

=

(ho

–

+ d,),
hl)frdo

+

‘q

VA = hl ~ (d: – d~),
VB

=

(hO

–

hl)

:

d:,

b = skin depth, proportional

to x/x,

and
B.
—.
B,

~
d: –

.
d?

Equation (6) yields the unloaded Q of the resonator proper.
This
must be combined with the strap unloaded Q, that is, Q,, as follows:
(11.10)
where C, = resonator capacitance,
C, = strap capacitance,
c,

i

=

c,

+

c*.

1 E. U, Condon, Rev. Mod. Phys., 14, 364 (1942).
The factor of 2 given in Eq. (6)
comesfrom the approximateuniformity of B over the cross section,
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Using the values of Q,, C,, and C, listed in Table 11.2 for the 725 anode
block, the theoretical Q. curve of Fig. 145 is obtained for the constants
there listed. The theoretical and observed unloaded Q values are in fair
agreement except for the region of greatest pin penetration, where the
particularly low observed Q“ ( = 144) is believed to be caused by a pinto-end-space resonance.
It is desirable to maintain an external Q of about 400 with the 2J51
magnetron because low circuit efficiencies (less than 50 per cent) result
in those regions of the tuning curve
3.4
where the unloaded Q is less than
400.

Typical performance data on
the 2J51 magnetron are shown in
E
Fig. 14.6 and in Sec. 20.12. The
u
c
pulling-figure variations shown in
:
z 3.2
Fig. 14.6 indicate both the necessity
G
for and the difficulty of adequately
&
;
broad-banding
the output circuit
%
(Sees.
11.11
to
11.13).
The aver3.1
age efficiency of 32 per cent at 14
amp and 15 kv may be compared
with 35 to 40 per cent for the non3.0
tunable version.
The sacrifice in
0 0.02 0.04 0.06 0.08 0.10
Pin penetration h, in inches
efficiency is to be ascribed primarily
FIG. 14.5.—Cold-resonance
data for
to the low unloaded Q of the
magnetron.
ho =
the
sprocket-tunable
tunable tubes.
0.250 in,; do = 0.086 in. ; d, = 0.0623 m.;
5/A = 2.1 X 10–s for copper at 3.2 cm;
Sprocket tuning has been tried
Qo was computed from Eq. (1 110).
on other magnetrons.
An 18-vane
1.25-cm rising-sun magnetron (the 3J31 discussed in Sec. 20.17) has been
tuned 3 per cent by inserting relatively small pins in the large oscillators
only, thus maintaining a fairly high unloaded Q and resonable ease of
construction.
In applying sprocket tuning to rising-sun magnetrons, it should be
noted that tuning only the large side resonators results in a change of the
ratio of resonant wavelengths of the large to the small resonators and
therefore a change in the mode spectrum and in the amount of zero-mode
contamination
of the main mode (Sec. 3.4).
Because satisfactory
operation of rising-sun tubes depends in part on the proper choice of
resonator-to-wavelength
ratio, it may be desirable to tune all resonators
so that this ratio is maintained constant.
This illustration of zero-mode
variation is essentially a change in the r-f pattern resulting from imperfect
symmetry in the tuning method.
3.3
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14.3. Symmetric Capacitive Tuning.
The Cookie Cutter.—Thc term
“cookie cutter “ is applied to the capacitative method of tuning illustrated by the QK59 magnetron in Fig. 14.7. In this method a
metal cylinder is inserted between the two rings of a double-ring-strapped
magnetron, so that the strap capacitance and hence the wavelength are
increased.
Since the general theory of cookie-cutter tuning has been
presented in Sec. 4.6, only the salient features will be repeated here. The
main-mode wavelength may be calculated by assuming that the increased
strap capacitance is in parallel with the tube capacitance.
The mode
separation from the next lower longitudinally symmetric mode increases
as the main-mode wavelength is increased, whereas the longitudinally
antisymmetric r-mode approaches the r-mode most closely at that point
in the tuning range where the capacitances at each end are equal.
For
long, heavily strapped tubes this mode may cause some difficulty, but the
main difficulties are with end-space resonances as in the sprocket-tunable
magnetron; that is, a resonant circuit exists that is composed of the
tuner-to-strap capacitance and the end-space inductance.
It is usually
possible to dkplace the resonance from the desired tuning region by
varying the end-space geometry.
The anode block for the cookie-cutter-tunable
magnetron (QK59) is
described in Sec. 203.
The unstrapped capacitance of the QK59 is
taken as NC, = 6 p~~ (see Chap. 11). The strapping consists of a
cylindrical condenser 0.100 in. high, with 0.348 in. ID and 0.588 in. OD.
Ignoring fringing fields, its capacitance is CA = 0.3 ~~f. The strap-tovane capacitance may be estimated as approximately 0.55 ppf.
When the plunger is inserted between the straps, the sum of the gaps
between straps is 0.020 in. instead of 0.120 in. and the interstrap capacity
is multiplied six times. When the total capacitance Cl of the untunwl
tube is compared with that (C,) for the tuned tube, and when the fact that,
only one of the two strap cylinders is tuned is taken into consideration,
c1

T,
and

=

7.7
6 + 0.85 + 0.85
6 + 0.85 + 0.55 + 6 X 0.30 = 9.2
‘1

(7)

Because the added capacity is linear with plunger penetration, the change
in wavelength is also linear for a small tuning range. The effects of the
fringing fields will be to extend the tuning somewhat beyond the O.100-in.
tuner motion.
They should also increase the over-all tuning, but, to a
first approximation, this correction is canceled by the fact that the straps
are not connected to the highest-voltage points of the vanes (the tips) but
are of necessity located some distance back along the vanes. The
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observed tuning curve is plotted in Fig. 14.8. In view of the approximations made in the computations, the 30 per cent dkcrepancy between
the computed tuning range given
r
by Eq. (7) and the experimental
11
data is reasonable.
I
—
/
Operating data for a slightly
10
modified version of Fig. 14.8, in
$ ~
[
I
which clearances are reduced to
.=
G8
!
about 0.007 in. and the strapping
t
~
is removed from the untuned end
~
i
of the tube, are shown in Fig.
~ ~
I
(n=7)mode
14.9. Theoretical
unloaded-Q
t
6’
;
values for the extremes of the tunI
El
ing range are 2370 and 866. The
A!
agreement with observations
is
50
0.04
0.08
0.12
Displacement of tuning plunger in inches
good only at the long wavele~gth
FIG. 14 S.-Tuning
characteristics of the
end of the tuning curve.
cookie-cutter-tunable
magnetron.
At A the
In comparing
cookie-cutter
plunger is flush with the bottom of tbe straps;
at
B
it
is
flush
with
the
top
of
the
straps.
tuning with sprocket tuning, it
mav be noted that because cookiecutter tuning requires smaller clearances and smaller motions at a given
wavelength, it is more appropriate for the longer wavelengths.
The

Displacement of tuning plunger
I:[o. 14.9.—Data

ininches

for cookie-cutter-tunable
magnetron operating
The pulling figure is 6 Me/see.

at 125-ma plate current.

high voltage appearing across the tuner-to-strap gap restricts the application of cookie-cutter tuning to relatively lo\r-voltage tubes, particularly

_-—
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ncrease the possibility
of voltage breakdown.
14.4.- Other Symmetric Inductive and Capacitive Methods of Tuning.
The preceding examples of sprocket and cookie-cutter tuning illustrate
the general limitations involved in inductive and capacitive tuning,
namely, the high voltages appearing across the tuning element and the
consequent danger of voltage breakdown for capacitive tuning, and variation in the unloaded Q for both capacitive and inductive tuning.
Other
examples of these types of tuning will be briefly discussed to illustrate
the kinds of modification that may be required by specific tube problems.
For some purposes, particularly at the longer wavelengths, the
Examination of
motion required in sprocket tuning may be excessive.
lk~s. (5) and (6) shows that this motion, corresponding to the plunger
penetration h,, can be decreased for the same percentage tuning by
increasing d, (at the expense, however, of a decrease in unloaded Q).
Because the increase in Ab makes the unloaded-Q problem less serious at
the longer wavelengths, a relative shortening of hl becomes feasible.
The pins, instead of penetrating the pole piece as in Fig. 142, may bc
suspended above the resonator holes from an annular metallic ring
(dotted lines Ii in Fig. 143) which moves with the pins. Then provided
t,hc clearance t betl~een the ring and the top of the vanes is large compared i~ith that between the pin and the hole wall, there is no change in
the tuning curves because the current flow in the pins is circumferential
(Fig. 14 1). When t is small, however, radial currents are induced in the
ring by the magnetic field in the end spaces, and the ring contributes to
thr tuning.
All degrees of compromise bet~veen complete sprocket
tuning and pure ring tuning (hl = O) are possible.
Motions are smallest
in pure ring tuning because in the ~-mode the magnetic flux is strongly
concentrated very near the vane tops, and consequently the ring is
clfcctive only when f is small. As t is decreased, the mode separation is
incrm,scd because the magnetic flux for the lower modes fringes farther
out into the end spaces and is more effectively tuned by the ring.
Similar gradual variations in capacitive tuning methods are possible
start ing from the cookie-cutter
tuner. Instead- of varying th~ strap
capacitance, the tube capacitance may be varied in the manner shown
in I~ig, 14.1, and any combination of tube and strap capacitances can be
varied.
Because increasing the tube capacitance decreases the ratio
of thc strap capacitance to the tube capacitance, the mode separation of
thr untunrd rcsonaut systrrn is decreased by this method of tuning, and
the modes may e~en cross each other (Sec. 4.6).
Although this decrease
in mu<l~,wparat ion is an ol)jcct ion to ~,arying the tube capacitance, it is
to inc~orpor:lte
larger clearances
in a design by varying
somc~tinl[is ~)ossil)lc
tube capacitanw
rather than strap capacitance and hence to obtain

at,
the shorter wavelengths where small clearances
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higher r-f voltages without breakdown.
The capacitive-tuning element
operating between the vanes (Fig. 14. 1) can be supported from an
annular ring similar to the modification of sprocket tuning previously
mentioned.
Also, this ring alone can be used for capacitive tuning over
the vane tops, just as a ring alone over the resonator holes can be used

w
FIG. 14.10.—Cutaway
view of the ZP639.
This tube is tuned by the inductive tuning
ring L with inserts P and by the capacitive tuning ring C with segments S. (Courtes~ of
General Electric Co.)

I

for inductive tuning.
One of the most difficult engineering problems of
this tuning method, as of sprocket tuning and cookie-cutter tuning, is the
elimination of extra end-space resonances.
The widest tuning range attained on a multioscillator magnetron has
been obtained by an ingenious design incorporating in a single tube
several of the tuning methods mentioned above.
This type of tuning
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is illustrated in Fig. 14”10, which shows a portion of the 12-oscillator
ZP639.
A capacitive ring C with tuning segments S’ is connected by
pins extending through the oscillator cavities to an inductive ring L
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FIG. 14.1 I.—Tuning curve of inductive-capacitive-tunable
magnetron ZP639.
power is 1.0 kw at 5.0 kv.
(Courtes~ oj General Electric Co,)

The input

that supports a set of inductive tuning inserts P. Vertical motion of
this two-ring combination simultaneously increases or decreases both
inductance and capacitance together.
Operating data for this tube are
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shown in Fig. 14”11. For an input power of 1 kw at 0.200 anlp, the
efficiency remains above 50 per cent over a range of 1 to 1.5 in resonant
wavelength.
In two examples that were given of inductive and capacitive tuning—
the sprocket-tunable and the cookie-cutter-tunable
magnetrons—there
is very little tendency for the normal tube modes to cross each other,
even over an extended tuning range and even if the initial mode separation
is small. Nevertheless it seems significant that the widest tuning range
(about 50 per cent) was observed on a tube with wide mode separation
(40 per cent), that this tube had its anode length and radius small compared with a wavelength, and that the wavelength in question was long
(15 cm).
It is therefore important to summarize the factors independent
of the r-f output power and other than normal mode crossing that limit
the tuning range. These are
1. Extra resonances, associated with the end space or the tuning element or both.
These resonances are favored by having tube
dimensions large compared with a wavelength, a condition that
also produces small normal mode separation.
2. Mode selection.
Considerations of Chap. 8 show that it is difficult
to establish general rules indicating what mode spectrum is most
favorable to mmode operation; in specific cases, however, variations in the mode spectrum over the tuning range may cause
unfavorable mode selections.
3. Unloaded Q. This is a function of wavelength and tuning range,
not of mode separation.
In general, Qu decreases as the wavelength is decreased and as the tuning range is increased.
For a
10 per cent tuning range at 3 cm, Qu, becomes about 500, a barely
acceptable figure.
It is empirically observed that the operating tuning range seldom
exceeds the mode separation of the original untuned anode.
14.5. Unsym.metric Inductive Tuning.—For the purpose of fixing a
magnetron frequency within the normal scatter band of untuned magnetrons it is sometimes desirable to incorporate in the tube a small and
simple tuning element capable of a restricted tuning range of about 1 per
cent. Such a device usually is limited to tuning one resonator, for
example, by means of a screw inserted in the side of the resonator hole.
For mode separations greater than 5 per cent, deterioration of the r-f
pattern from this unsymmetrical tuning is negligible (Sec. 4.5).
The
problem therefore is purely an engineering one of obtaining an adequately
compact diaphragm and control mechanism, of eliminating extra resonances in the vacuum envelope associated with the diaphragm and
tuning screw, and of maintaining adequate clearance between the screw
and the oscillator walls to keep the unloaded Q high.
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COUPLED-CIRCUIT TUNING
In coupled-circuit tuning, the coupling is usually introduced through
one resonator and therefore produces asymmetrical r-f patterns.
14.6. General Theory.-Tuning
methods based on varying the
magnetron frequency indirectly by a second resonant circuit coupled to
the magnetron are free from some of the geometrical limitations imposed
by anode-block dimensions.
Furthermore, these coupled-circuit-tunable
magnetrons can often, but not always, be made with higher unloaded Q’s
than the inductive and capacitive tunable magnetrons discussed in
Sees. 14.2 and 14.3. In some cases the mechanical motion of the tuning
element may take place outside the vacuum envelope, but to date such
magnetrons have generally proved less satisfactory than inductive or
capacitive tunable magnetrons.
There are two general properties of coupled-circuit-tunable
magne(1) The added resonant circuits increase the stabilization of the
trons.
magnetron by storing r-f energy; (2) they introduce new modes to the
spectrum.
The added modes are often harmless, but they are never an
advantage, and the increased stabilization usually increases the tendency
When this tendency
of the magnetron to operate in undesired modes.
can be overcome, however, the added stabilization represents an advantage, as shown in Chap. 16. Most coupled-circuit-tunable
magnetrons are unsymmetric; hence distortion of the r-f pattern occurs over
the tuning range. The resulting decrease in electronic efficiency and the
increased tendency to shift modes at wavelengths removed from the
untuned resonant frequency (Chap. 8) generally limit the useful tuning
range of a coupled-circuit-tunable
tube to from one-third to one-half of the
As a corollary of this pattern dismode separation of the untuned tube.
tortion, the coupling to the output circuit, hence the external Q, may
change over the tuning range. This effect is distinct from the variation
in external Q caused by change in stabilization over the tuning range,
although it is not distinguishable by Q-measurements alone.
14.7. Double-output Tuning.-The
term “double-output”
tuning is
applied to the coupled-circuit type of tuning illustrated in Fig. 14.12.
A magnetron is provided with two output terminals; the first is actually
used as a power-output terminal, while the second is used to couple into
the resonant system a reactance that changes the resonant frequency of
the magnetron.
The variable reactance is provided by a short-circuited
transmission line of variable length 1. These circuits may be described
with the aid of the equivalent circuits shown in Fig. 14.13. In these
circuits
L = the resonant-system
C = the resonant-system

inductance,
capacitance,

DO UBLE-O UTPUI’
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where Q. I = the unlodedQ
of the resonant
system,
thedistance totheshort-circuiting
plunger,
the characteristic admittance of the coaxial line of the tuner,
the VSWR in the tuner line,
the characteristic admittance of the coaxial line of the power
output as seen across the slots (that is, transformed through
the-power-output coupling)

G = d(C/L)/Q.,,
1 =

Y1 =
G~/Y2 =
Y, =

(i

I

I

*

1

,

!

Radiator’
FIG. 14. 12.—An example of double-output tuning.
The
reactance

of the equivalent

corresponds

to the

circuit
low

shown

external

in Fig.

14.13r2 for the

Q pin-to-strap

type

coupled

of coupling

in Sec. 5.2.
It will be proved
later that this low Q (here, QEZ) is
prerequisite for a wide mode-free tuning range; for example, QE2 = 10
corresponds to a 10 per cent tuning range. In the circuit of Fig. 14.13a
the magnetron is connected directly across the tuner line at Terminals ‘2,
discussed
a

I

part
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and the small junction effects are neglected.
The power-output circuit
is represented by the admittance Y1 = < (C/L)/Q~l
at Terminals 1,
where Q~l is the external Q of the power-output circuit (with the tuning
reactance removed).
The frequency pulling by the power-output circuit
is assumed negligible compared with the tuning introduced by the shortcircuited tuner line.
It may be deduced from the analysis of Chap. 5 that a low external
Q is possible, without the introduction of extra resonant elements into
the circuit, only for coaxial-line outputs.
Consequently, the analysis
of Fig. 14.13a is here restricted to a tuner consisting of a coaxial stub.
Although it is possible to devise double-output-tuning
methods
incorporating an evacuated tuning line, the primary purpose of the
method of tuning shown in Fig. 14.12 is to allow the mechanical motion
to take place outside the vacuum envelope.
This type of tuning is thus
applicable only to magnetrons with low pulse-power outputs because

I

‘lmg‘lIFEF
[0)
FIG. 14.13.—Equivalent

circuits for double-output

(b)
tuning.

(

I

breakdown would be encountered in the tuner line or across the tuner
vacuum seal at high pulse powers.
The nature of the tuner vacuum
seal also limits the average output power of the magnetron because the
high r-f fields that generally exist in the glass for at least a portion of the
tuning range may heat the glass to its melting point.
Coaxial-line
tuners, having center diameters of } in. and inside diameters of their
outer conductors equal to +% in., have been attached to double-output
magnetrons.
These tubes, with seals of No. 704 glass, have been tested
at pulse powers up to 10 kw and average powers up to 200 watts.
A final
limitation on this method of tuning is the circuit efficiency, which maybe
appreciably lowered from that of an untuned tube even if the plunger
in the tuning line sets up a standing-wave ratio of 40 db or more.
As a result of these limitations, double-output tuning has not proved
to be very successful.
However, the low-Q coupling devices developed
for thk type of tuning have been useful as means of coupling electronically controlled reactance into a magnetron and thus are an important part of some of the methods of frequency modulation discussed in
Chap. 15. For this reason and also to illustrate the type of analysis
that may be useful in other related problems, the various circuit properties

/
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of double-output tuning will be derived from the equivalent circuits
(Fig. 14.13) and compared with experiments.
The parameters to be evaluated in terms of this circuit are the tuning
curves, the variation of stabilization, the circuit efficiency, and the total
resistive loading over the tuning range for clifferent values of the variables
in Fig. 14.13a. The large mode separation in the untuned tube (the
QK44, see Table 11.3) minimizes pattern distortion, which is therefore
neglected in the computations.
By evaluating the admittance seen looking to the right at Terminals
2 of Fig. 14.13a, the simpler equivalent circuit Fig. 14. 13b is justified
for (GZ/ YZ tan 27rl/x) 2>> 1 (for a perfect short circuit, G2 = M). In this
figure
(8)

Letting l?, be the admittance seen looking to the right at Terminals 1
of Fig. 14.13b and defining QBZ = (v’(C/L)/YZ,
the tuning curve is
given by
Ao
~–+0,

l=~cot–’QE,
()

I

where hois the resonant wavelength of the anode block.
S is then given by

(9)
The stabilization

dB ,

!

~=~
dB ,

=

1 + ~z ~
CSC22;.
ko QEZ

(lo)

du :~:::::?e,

I

If the magnetron, tuned to some wavelength A, is force-oscillated through
the power output, it will yield a Q-curve similar to that for a nontunable
magnetron, and the resulting parameters (unloaded Q = QUand external
Q = QE) have the usual relation to the operating behavior of the magnetron. These quantities are given by the relations

I

1

(11)

whence the circuit efficiency q. is

and

(12)
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The total resistive loading GTO, appearing across Terminals
be expressed as

—–+,+&g
c.

GT.T

++”

_

J

1 or 2 may

(13)

()

E

The r-f voltage in the tuner is also readily derivable.
When the value
~, at Terminals 2 is evaluated, the entire pattern in the tuner is easily
deduced.

Q, = 27rv(energy stored) =
P.

whence

V;

J

2P.

g

_ ~;Y2QE2
–

– 2P.

‘

I

(14)

where PO = output power.
As a check on the validity of these derivations, a comparison of the
theoretical Eqs. (9), (1 1), and (12) with experimental data is shown in
Figs. 14.14 and 14.15. The experimental tube used in these measurements was a variant of the CM 16B described in Sec. 20.3.
These two figures contain the calculated curves of A, Q,, QU, and qC,
which are fitted to correspond to the observed points by theoretical
calculations based on the above equations and the five arbitrary constants QEZ,Qzl, Qtil, Gz/Yz, and the branch m of the tuning curve, that
is, the number of voltage nodes in the tuner line, counting the plunger
position as one node. Thus the trial values QEZ = 30 and m = 4 give
good agreement with the data of Fig. 14.14, and the additional trial values
of Qtil = 950, QEl = 110, and G1/ Ya = 42 db give good agreement with
the data of Fig. 14.15. Independent measurements determine three of
these constants as Q.1 = 1200, + 30 per cent, G1/Yl = 40 to 45 db,
and m = 3, in good agreement with the trial values except for the value
of m. It is reasonable, however, to expect the best fit of Eq. (9) to
occur for a larger value of m (for example, 4) than that given by the
physical length of the lead (namely, m = 3) because the frequency
sensitivity of the lead (the taper, the glass seal, and the series inductance
in the outer conductor) is equivalent to an extra length added to the
tuner line.
The most noticeable feature of the curves in Fig. 14.14 is the multiplevalued dependence of wavelength on tuner position.
Thus, for a 70-mm
plunger position, two resonant wavelengths, 9.7 and 10.48 cm, are possible
because of the multiple-valued properties of the cotangent in Eq. (9).
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FIG. 14.14.—Observed
and theoretical tuning curves for double-output
tuning.
The
theoretical curves from Eq. (9) (with Q,g, = 30) are fitted in position and slope to the
experimental curve at AO = 9.9 cm.
(a), (b), and (c) represent different branches of
the tuning curve.
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output tumng,
The QE curve was calculated with m = 4, Qm = 30, and QEI = 110.
The Q. curve was calculated for m = 4, Qm = 30, Gz/ Y, = 126 (42 db), and Q., = 95o.
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TheeeKIarationin wavelength of the tuning branches a, b, and c is also
seen from Eq. (9) to be greatest for low QEZ and for low m.
The important feature of the curves in Fig. 14”15 is the frequency
sensitivity of rI~and QE (which is proportional to the stabilization S).
Consideration of Eqs. (10) to (12) shows that the frequency sensitivity of
q. is diminished by low QMZand that of QE is diminished by low QEZ
and by small m (that is, short 1). A lower limit, however, is placed on
QEZ at the center of the tuning range by the circuit efficiency, which
varies inversely to QEZ,and by stabilization, which varies directly with
Q,,.
Chapter 8 shows that both q, and S’ decrease the current at which
operation in the ir-mode is stable by their effect on ~C/LroT
(here,
S @)
and G (here, GTOT). Furthermore, for QE2<<10, the equivalent
circuit (Fig. 14. 13a) breaks down because the frequency sensitivityy of
the lead becomes appreciable.
Even in the example chosen, for Q,, = 30,
this frequency sensitivity required an increase in the effective branch
of the tuning curve. Less frequency-sensitive leads than the one used
for the data in Figs. 14”14 and 14”15 are available, leads furthermore
that are physically shorter and allow operation on the (m = 2)-branch
Of the tuning curve.
Such a tuner lead is illustrated in Fig. 14.12.
Although

the performance

Ma

,
Fm. 14.1 6.—Schematic

of this type of tunable magnetron has been
poor, tuning ranges of 10 to 20 per
cent have been obtained at c-w
output powers of 30 to 60 watts
with an input power of 150 watts.
14.8. Symmetric Double-output Tmning.-A
method’ of coupling a coaxial line to a magnetron
so that the main-mode symmetry
is presemed is illustrated in Fig.
14.16. The resulting
tuning
curves are shown in Fig. 14.17,
where the position of the tuning
plunger is plotted as abscissa and
the wavelength as ordinate.
For
1 the main mode, the equivalent

drawing of symmetric
double-output-tunable
magnetron.
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The resulting close coupling of the magnetron to the line is shown by the
large slope of the tuning curves at the unperturbed main-mode resonant
wavelength of 10 cm. By con14 .
trast, the extremely small slope of
I
I
the tuning curves at the lower
13
r
modes shows that these are very
loosely coupled to the line, as is to
/’
12
be expected from the symmetry of
rl
the coupling method.
This small
E
“
slope of the lower modes results in : 11
wider mode separation than would
G
be found
in an unsymmetric
E
method of coupling.
The coms
bination of relatively wide mode
1
9
separation and lack of pattern
distortion thus favors the possi1/
1/
bility of a wide tuning range if
8
2
“Y
/
4
one starts with an anode of inio~/
tially small mode separation.
Be@/
//
I
7
8
10
o
2
6
4
cause this tuning method was tried
Plungerposition d in cm
before the techniques of testing
FIG. 14. 17.—Tuning curves for symmetric
magnetrons were well developed,
double-output
magnetron.
The asymptotes
for the different branching of the tuning
it is not possible to judge from the
curves are shown by dashed lines.
available data whether or not the
anticipated advantages in symmetric tuning are actually realizable.
Iris-coupled
Tuning.—Figure 14.18 illustrates
14.9. Cavity Tuning.
a method of coupling a magnetron (I) by means of an iris (II) to a cavity
(III).
The resonant frequency of the combined system—1, 11, and
III—is changed when the frequency of the cavity is changed by some
mechanical motion.
All three elements are frequency-sensitive
and
may be represented by simple series- or parallel-resonant circuits that
are resonant at or near the resonant wavelength AOof the untuned anode
block.
It will be shown that the net result of these three resonant
circuits is to introduce two new modes into the mode spectrum of the
magnetron, one above and one below AO. The stabilization of all three
modes is a function of the circuit parameters and varies over the tuning
range. As a result, careful analysis is necessary to determine in which
mode the magnet ron will operate.
Successful application of this analysis, however, leads to a design capable to a 5 to 10 per cent tuning range
and capable of withstanding the highest r-f voltages generated in highpower magnetrons.
This design simultaneously increases the unloaded
Q of the magnetron as a result of the energy stored in the cavity, although
the total skin losses are also increased.
If the external Q is adjusted to
be equal to that of the nontunable version of the magnetron (no cavity),
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a gain in circuit efficiency results in the tunable tube.
The attendant
dkadvantages are characteristic of unsymmetric tuning—variation over

I
I
I

i

FIG. 14,1 S.—Iris-coupled

cavity-tunable

magnetron

type 4J75.

the tuning range in the r-f patterns and in the electronic efficiency.
Of
designs giving equal mode separations, consideration of unloaded Q and
methods of construction favor use of
the cavity tuning illustrated by Fig.
14.18 for the shorter wavelengths.
Figure 14.19 shows the equivalent
-’3
FIG.. 14.19 .—Equivalent
circuit for
circuit of the 4J75 magnetron shown in
iris-coupledcavity-tunable magnetron
Fig. 14.18. The magnetron I, opened
typa4J75. Zn = ~(Lm/CrJ.
at the back of one of the oscillators,
is represented as a series-resonant circuit LIC1. The resonant-iris
coupling device II is represented as a parallel-resonant circuit L2C2,
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and the cavity III as a series-resonant circuit L3CS because it, like the
magnetron, is opened at a high-current point.
If the mode separation in the
13
untuned tube is large compared with
+@e
/
that of the two extra modes introLong.wavelen’#h “s
duced by the cavity and coupling,
12
these extra modes may be considered
E
u
as multiples of the mmode (see Fig.
.~ 11
1420).
Empirical observations and A
qualitative
analysis of more com$
/
plicated circuits show that when this
+ 10
condition does not hold, there is
~
only a minor effect on the central
9
r-m o d e a n d t h e long-wavelength
u-mode but the short-wavelength
,o++__&_J
r-mode cannot cross the next normal400
mode wavelength.
Solution of KirchOiaphragm mohon in mills
hoff’s laws for the three networks of
BIG.
14.20.—Tuning
curves of 4J75
magnetron.
Fig. 14.19 is straightforward when

Denoting 21r times the resonant frequency
u and letting

of the combined

system as

~=!?
~o
and
(16)
Kirchhoff’s laws for the two networks
the condition of Eq. (15),

(I + II and 11 + III)

are, for

and
(17)
Hence, for resonance,

‘=00’+
(2+2)%

and

I
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The energy storage in the three circuits can be computed from

The stabilization for the three modes of Eq. (18) can be computed
from Eq. (19) and from the additional relation
z,

—

from Eq. (17).
~=

z

‘“

(20)

The result is that
EI+E,,

+E,,I=l
E,

+?

’2+2(1

-2’2)2

’21)

fory=O
(22)
z,

z,

‘=2 1+73
()

‘or~’=z+z”

z,
I

Equation (18) shows that the separation between the unperturbed
or [(~- = O), (az = 1)]-mode and the extraneous modes introduced by
the coupled circuits is greatest when Za is greatest.
Thus, it is desirable
to make the iris of high characteristic impedance; that is, the inductive
areas of the iris should be as large as possible.
Equation (22) shows that when the stabilization of the unperturbed
r-mode exceeds 3, the extra mmodes are less highly stabilized than the
central mode.
The analysis of mode selection in Chap. 8 and the
analysis of stabilization in Chap. 16 show that for competition among
several mmodes, the tube will usually oscillate in the mode of lowest
stabilization unless special precautions are taken to ensure operation in
the high-stabilization
mode.
Because these precautions increase the
complexity of design and decrease the output power, cavity-tunable
magnetrons are designed with lower stabilization of the desired operating
mode than of the undesired modes unless high stabilization is also
required in the design. The attainable tuning for high stabilizations
will be discussed in Chap. 16.
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Several considerations combine to favor the selection of the central
if this mode is stabilized less than 3,
mode as the operating mode.
both competing modes will be stabilized greater than 3 and the magnetron
will run in the central mode.
Furthermore, the distortion of the r-i
pattern isleastin thismode.
Finally, ananalysisforo,
#uOshows that
the tuning range for ag.iven change inus is largest forthe central mode.
Criteria for satisfactory cavity-tunable design, therefore, are that the
operating mode be the center mode and that its stabilization be kept less
than3.
For design purposes, it issatisfactory
to assume that S = 1.7
is an optimum value.
The rate of tuning near us = tio is obtained from a modification of
Eq. (10), which becomes
Au
s–l
(23)
Aa3=
S “
For S = 2, Au/Aus = i,
when S=
m.
1000,

whereas the maximum

possible

value

is 1
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Figure 14.20 shows the observed mode spectrum for the Westinghouse
cavity-tuned 4J75 magnetron.
It is seen that the wavelength of the
short-wavelength r-mode is as low as possible, because it cannot be lower
than the (n = 5)-mode.
Over the tuning range shown, the unloaded
Q of the tunable magnetron is 2000, compared with 1500 for the untuned
tube.
Operating datal for the 4J75 tube are shown in Fig. 14.21 where it
is seen that the efficiency variation is small over the tuning range where
no mode changes occur.
Brief mention should be made of the fact that because the diaphragm
is part of the resonant circuit of the 4J75 tube and because it is stretched

m
Fm. 14.22.—Schematic

drawing of the coaxial-line-coupled

L1

cavity-tunable

magnetron.

L3

+C’
c1
Fm.

q

f

.0(-

14.23.—Equivalent

circuit

Y. = v’(C.JLJ;

of

coaxial-line-coupled

cavity-tunable

Y, = QB, Yo; YZ = (m/r) Yo; and

l’3

=

magnetron.

~E2y0.

beyond its elastic limit, there is a hysteresis of a few megacycles per
second in the tuning curve, and the resonant frequency for a given setting
of the tuning mechanism depends on the direction of the tuner motion.
Thk is not a fundamental property of cavity-tunable magnetrons.
Coaxial-1ine-coupled
Tuning.—Figure
1422 illustrates a method of
tuning that is electrically similar to iris-coupled cavity tuning.
A coaxial
line replaces the iris shown in Fig. 14.18, and the equivalent circuit of
Fig. 14.23 replaces that of Fig. 14.19. In Fig. 14.23 the magnetron is a
parallel-resonant circuit; the cavity, as seen through its coupling connection, may be taken as a parallel-res~nant circuit by suitable choice of
terminals along the coupling line, and the length of line 11between the
magnetron and the cavity (necessarily mA/2 long, with each end a
1A. G. Smith, “The 4J70-77Seriesof Tunable Magnetrons,” RL Report No. 1006,
Feb. 4, 1946.
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voltage maximum) may be taken as a series-resonant circuit over a
small-wavelength range. The preceding analysis for iris coupling will
is replaced by
then also hold for coaxial-line coupling if Z. = ~L./Cn
If the resulting mode separation is so great
Y. = ~m
throughout.
that the connecting coaxial line is not adequately represented by a
series-resonant circuit over the wavelength range involved, the circuit
of Fig. 14.23 becomes inadequate and an analysis similar to that for
double-output tunable magnetrons is necessary.
Then, for example,
the tuning curves are given by

by analogy with, Eq. (9). The resulting mode separations
be less than those predicted by the circuit in Fig. 14.23.

will always

I

FIG.14.24.—A

I

magnetron

coupled to a variable tuning stub.

14.10. Single-stub Tuning.—For applications requiring small tuning,
of 1 per cent or less, at pulse-power outputs of a few kilowatts, it is
possible to convert an ordinary fixed-frequency magnetron into a tunable
one by a single tuning stub correctly positioned on the output lhie.
Such an arrangement’ is shown in Fig. 14’24. An equivalent circuit for
Fig. 14.24 can be drawn by analogy with the equivalent circuit of Fig.
14.23 for coaxial-coupled cavity tuning by representing the tuning stub
1 F.

F. Rieke, “Adjustment

RL Report

of Magnetron

No. 412, Sept. 6, 1943.

Frequency

by

an External

Tuner,”
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as a parallel-resonant circuit, at the center of the tuning range. Because
it is desirable to keep the maximum voltage in the tuning stub low to
avoid voltage breakdown, the useful tuning range is generally limited to
that obtained by moving the plunger ~ O.175A0 about the central length,
1 = (mxO/2) + (A,/4).
Over this tuning range, the frequency sensitivity
of a short length 11between the magnetron and the stub is unimportant,
the only necessary criterion being that it be electrically mh,/2 long.
Under the above condition then, the equivalent circuit of Fig. 14”13
for double-output tuning is appropriate if the length 1 in Fig. 14.13 is

Fm.

14.25.– -Rieke

diagram of a magnetron tuned by a single-stub
circle is the locus of the tuning curve.

tuner.

The heavy

Equation (9) is then valid if QEZ
identified with the plunger length.
is now understood to mean normal magnetron external Q; for the extreme
t
O.l’75A0,
the useful tuning range is
values of 1 = io/4
(25)
A useful alternate way of describing single-stub tuning is shown in
the typical Rieke diagram’ of Fig. 14.25. The tuning stub is connected
at that point ( f m~/2) along the output line toward which the frequency
contours converge, this condition being equivalent to making 1, electrically mh/’2 long. The impedance presented to the magnetron by the
~Ibid.
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variable stub and the matched line are represented by points on the heavy
circle in this diagram.
Location of the frequency sink within rather
than at the edge of the circle is the effect of the iinite length 11. RAricting the useful tuning range to 1 = Ao/4 ~ O.175A0 corresponds to operating on that semicircle of the heavy circle centered at the match point
of the diagram.

rI

CHAPTER
ELECTRONIC

15
TUNING

BY W. V. SMITH
The development of microwave magnetrons has until recently been
concerned only with on-off pulse modulation as a means of transmitting
intelligence.
Because the magnetron is a self-excited oscillator, not an
amplifier, it is impossible to modulate at low power levels and then
amplify to the desired output as in conventional amplitude- and frequency-modulation
systems; it is necessary instead for the impressed
signal to modulate the full output of the tube in one stage. As a consequence, the power consumption in the modulator must increase as the
output power is increased.
Although this qualitative observation applies
to both amplitude modulation and frequency modulation, the modulating
power requirements for amplitude modulation may be deduced in a
straightforward fashion from the static characteristics of magnetrons and
It will be seen from the same static
will not be discussed further.
characteristics that a frequency modulation of several megacycles per
second accompanies
any straightforward
amplitude modulation
of
microwave magnetrons.
Although it would seem from Chap. 16,
‘(Stabilization of Frequency,” that there may be ways to overcome this
difficulty, neither the theory nor the experiments with amplitude modulation of frequency-stabilized
magnetrons have been pursued far enough
to demonstrate completely the practicality of amplitude modulation.
Frequency modulation, which is the subject of this chapter, has been
demonstrated to be practical and rests on a sound theoretical basis.
Present f-m magnetron designs are of two classes: electron-beam tuning
and magnetron-diode tuning.
Both are dependent on variation of the
space charge to produce the frequency modulation, but they differ in
the means employed to control the space charge.
ELECTRON-BEAM TUNING
16.1. General Considerations.—The
physical sizes involved in microwave resonant-cavity oscillators suggest a direct method of electronically
varying the cavity frequency that is not feasible for longer wavelength
oscillators.
This method consists of injecting an electron beam of
variable intensity into a region of high r-f electric fields in the cavity.
These r-f fields induce r-f components of electron motion, that is, r-f
592

(a)

F1o. 15.1 .—Examples of electronic tuning of m-agnetrons.
(a) Internal tuning.
H is the d-c magnetic field; B is the electron
beam; 1 is the beam length; d is the beam width; E is the r-f electric field; D is the gap width; fiD is the r-f voltage fiEF; h is the
condenser plate height; A is the condenser area lh traversed by the beam; AD is the gap region traversed by the beam; Ad is the
beam region; C is the cathode for the electron beam; G is the control grid; L%is the screen grid; R-C is the reflector or collector;
V, is the cathode-to-screen-grid
voltage, which equals the cathode-to-condenser
plate .,oltage; and h is the copper block.
(b)
External tuning, showing the magnetron and reactance tube.
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currents that for simple cases may be considered to be analogous to the
displacement currents in a dielectric.
In this simplified picture, the
variable intensity of the electron stream is analogous to a variable dielectric constant in the cavity, hence a variable resonant frequency of the
cavity oscillator.
Asanumerical
example, the frequency ofa4000-Mc/
sec c-w magnetron with an output power of 25 watts can be modulated
+ 5 Me/see by a f 10-ma modulation of a 100-volt, 10-ma electron beam.
The incident amplitude modulation in this illustration is negligible.
Typical examples of magnetrons that are tuned by electron beams are
shown in Fig. 15. la and b,
In Fig. 15.la the electron beam is shot through a portion of the slot
of a hole-and-slot magnetron, whereas in Fig. 15, lb the beam is shot
through the capacitive region of a cavity coupled to the magnetron
(see Chap. 14 for a general discussion of cavity-tuned magnetrons).
The same nomenclature and derivations will be applicable to both Fig.
is understood to apply to
15. la and b if in Fig. 15.lb the term “cavity”
the combination of the magnetron and the reactance tube.
In Fig.
15. la the electron beam traverses a region of high r-f electric field which
is perpendicular to the d-c motion of the electrons.
The electron beam
is accelerated by the screen-grid potential Vh and passes between the
segments of the anode block, which is at screen-grid potential.
A
magnetic field H, parallel to the axis of the tube, keeps the beam focused.
The beam intensity is varied by the control grid G, and in the simplest
case the beam is collected by the collector R — C, which may or may not
be at the copper-block potential Vb.
15.2. Fundamental Equations of Beam Tuning.
General Case.—The
important circuit parameters of a resonant cavity are its unloaded
Q = Q. and its resonant frequency v,. If this cavity is traversed by an
electron beam, it may be shown by perturbation methods that, providing
the r-f energy stored in the electron stream is small compared with that
in the cavity and providing the cavity resonances are spaced far apart
compared with the frequency shift induced by the electrons, the only
effects of the electron stream are to change the Q of the cavity from
Q. to Q. and to change its resonant frequency from VOto v. The derivation of Q. and Av follows. 1
If there is no electron beam, Maxwell’s equations for the fields in the
cavity are
F’ X 170 =

iuo~o~o

(la)

and
V X 170 = –iuOc@O,
1 A. Bafios, Jr., and D. S. Saxon,
RL Report No. 748, June 26, 1945.

“An

Electronic

Modulator

(lb)
for C-w Magnetrons,”
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where ~0 and Ho represent the complex vector amplitudes of the e–we:
components of electric and magnetic fields, which are denoted by the
subscript O when no electrons are present. The electric field satisfies
the boundary condition that its tangential component vanish on the
Thus, on these walls that are assumed to
metallic walls of the cavity.
be perfectly conducting
?ZXEO=

O,!

(2)

where n is a unit vector normal to the surface.
When electrons are present, Maxwell’s equations are
V X B =

iupOE

(3a)

and
v x B = –iw,oE

+ J,

(3b)

where ~ is the complex vector amplitude of the e-iu~ component of the
current density.
In this case u may be a complex number (see Chap. 7)
the real part of which represents frequency and the imaginary part, a
damping term contributed by the electrons.
The boundary conditions
are unchanged by the presence of electrons, and again

I

nXE=O
(4)
on the walls of the cavity.
In order to find the shift in resonant frequency produced by the electrons, the scalar product of Z times the conjugate of Eq. (lb) is subtracted
from the scalar product of ~ times the conjugate of Eq. (la), yielding
~“VXE~–E.VXD~=–iuO(pOfi
Similarly, the difference of the scalar products
and E$ times Eq. (3b) yields
fl~. Vxfl-~,

VX~=iw(p,~~

(5)

.fl~+@.l?$).

j+c,

By adding Eqs. (5) and (6) and integrating
volume V of the cavity,

of @
~.~$)

times Eq. (3a)
–~.~}.

(6)

the result over the entire

In writing the left-hand side of Eq. (7), use has been made of the vector
identity
V(AXB)=

B.(VXA)–

A”(VX

B).

By the divergence theorem, the left side of Eq. (7) can be rewritten as a
surface integral over the bounding surface of the cavity.
If n is the

I
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outward normal,

\v

V.(E;x H+ ExRj)dv
—
—
! s

n(fi$x~+~X@)d

S=O

(8)

because the tangential components of both ~0 and ~ vanish on the metallic boundary of the cavity.
Hence Eq. (7) reduces to

(9)

Thus far the calculation has been rigorous, but Eq. (9) can be simplified
if analysis is restricted to the condition where E and ~ differ only slightly
from ~, and ~o. Then
(lo)
where W is the average energy stored in the unperturbed
equal to

cavity and is

The electronic damping is best shown by rewriting Eq. (10) in the form
Av.1
Vo –trot=

1
%ZJJOW

\v

(11)

~.~*dV,

where AV is the frequency shift and Q.1 is the electronic Q, which equals
27r times the energy stored divided by the energy lost per cycle to the
electrons.
If the cavity walls are not perfectly conducting, Q.t can be
combined with Qu of the cavity in the usual manner, that is,
+l++=+L.
e
The plausibility

of 13q. (11) may be seen by realizing that

is the analogue of P* . ~ in ordinary circuit theory.
part of
by the
which
circuit
to the
energy

~.~*dV

/v
Therefore, the real

v ~ . E* dV is twice the work done per second on the electrons
I
cavity fields, and, by definition, division by 87rv0Wyields l/2Q,t,
is the result given in Eq. (1 1). Furthermore, in conventional
theory, the addition of a simple capacitive or inductive element
circuit in such a way that only a small proportion of the stored
is associated with the added element results in a relative shift

I
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in resonant frequency equal to one-half the ratio of this energy in the
Thus, because the imaginary part
added element
to the total energy.
.of l/2rvoJJE* N
is twice the energy stored in the electron beam
that passes through a magnetron cavity, division by 4W gives the relative
frequency shift. It is to be noted that Eq. (11) is valid in all electronic
tuning schemes of practical interest because the energy stored in the
beam is small compared with the total energy stored.
In an oscillator the electrons do work on the r-f fields; that is, Q.1 is
negative.
In discussing electronic tuning, although the final aim is to
modulate the frequency of an oscillating magnetron, it is convenient to
dk.cuss first the changes in the resonant frequency and Q that are produced in a nonoscillating magnetron by an electron beam that passes
through the same high r-f fields that would exist in an oscillating magnetron. If the Q is not lowered greatly, the relative frequency shift for
the oscillating magnetron will then be equal to that for the nonoscillating
magnetron.
Also, although the final aim is to modulate the magnetron
frequency by modulating the electron beam at some modulation frequency .~, future derivations will be restricted to computing the frequency shift produced by a steady electron beam.
Because ~ remains
essentially unchanged over many cycles of r-f fields when u~ << v“,
the modulation may then be treated as a succession of quasi-steady
states, and the ensuing spectrum may be computed from conventional f-m
analysis.
Ratios of V- to POless than ~
are, in general, satisfactory.’
Two methods of frequency modulation that involve changes in ~ are
possible.
In one the magnitude of ~ is changed, and in the other the
phase @ of ~ is changed relative to ~.
Any change in the phase changes
the value of Q.1, whereas a change in the magnitude of ~ maintains
l/Qez equal to zero if ~ is kept constant at a value such that ~ ~~~, is
/
The reflex klystron in the middle of one of its modes is a
imaginary.
good example of frequency modulation by means of phase modulation;
the phase is controlled by the reflector.
The klystron illustrates the
typical variation of Q.1 (here negative) with frequency and the consequent
variation in efficiency with frequency.
Unijorm
Electron
Gas.—The application of Eq. (11) maybe illustrated
by the simple example of a cavity filled with a uniform electron gas of
N electrons per cubic meter. At frequencies high enough so that the
motion of the electrons takes place in a region so small that the sDatial
variation of the r-f field can be neglected, ~ may be simply evaluated
from the equations of motion, neglecting Lorentz forces.2 Thus, where

I

i

I See L. P. Smith and C, Shulman, Princeton Technical Report
analysis applicable to the type of tuning shown in Fig. 15.1.
~ A. Bafios, Jr., and D. S. Saxon, op. m“t.

No. 22C, for an
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vis the electron velocity andr is the vector displacement of the electron,

dv

—~~el”ut>

‘%=
()

(12)
(13)

and
(14)
The magnitude of the current density ~ may be calculated from Eq.
(13). Thus,
(15)
where N is the number of electrons per cubic meter.
Eq. (15) in Eq. (11), remembering that

w =
yields the well-known
density,’

+ql

dispersion

/ v

1~1’ dV,

formula

Av
1 Ne2
—___
co 2mu2
Vo

Substitution

for an electron

(16)

gas of low

pe
=

of

2mu2eo’

(17)

Because collisions with the cavity walls
where p is the charge density.
are ignored and the electron velocity is a periodic function of time about
a fixed point, there is no way for the electrons to abstract energy from
the r-f fields, and it follows that Q.1 is infinite.
Equation (17) is the
fractional change of the resonant frequency of a cavity from its emptyspace value to its value when the cavity is filled with matter having a
dielectric constant
(18)
For high beam-current densities (0.2 amp/cm2 at 100 volts for a
high-vacuum tube) N = 2.1 X 10’6. Substitution in Eq. (17) shows
that even for this value of N, at 10,000 Me/see, the total frequency shift
due to the electrons is only 8.5 Me/see.
Although a value of N substantially higher than 1015 could be obtained by an arc discharge, no
control of the density would be possible in the high r-f fields present.
It is possible to increase the tuning considerably by increasing ~ for
fixed J??and fixed d-c cathode emission using either of two methods.
Referring to the first half of Eq. (15) these methods maybe dktinguished
]

J. A.

Stratton,

Elecirornngnetic Theory, McGraw-Hill, 1941,pp. 325-327.
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as increasing either the number of electrons N or the velocity of the
electrons v. In the klystron, an example of the first method, an initially
small velocity modulation superposed on a beam of electrons is changed
by means of a drift space into a density modulation.
By the use of a
reflector the region of high-density modulation is made to coincide with
the region of high ~ that produced the original velocity modulation.
Thus N is increased locally with no added drain on the d-c emission from
the cathode.
An example of the second method is a cavity containing
electrons in a magnetic field of flux density B with associated cyclotron
frequency
eB
‘C = 2;m”

(19)

In those regions where ~ is perpendicular to B, the resonance effects
near v = v, can be shown to increase greatly the amplitude of the disAs a consequence v is increased proporplacement vector r for fixed ~.
tionally because an electron must now cover a greater distance in one
cycle.
The present discussion is limited to the method of varying the electron
velocity v, which so far appears to be the only practical way of handling
the high output power of magnetrons.
15.3. The Principles of Electron-beam Tuning in a Magnetic Field.—
Figure 151 will be taken as the starting point for a quantitative analysis
of electron-beam tuning.
The cavity contains a region of high and fairly
uniform electric field. A beam of electrons can readily be injected into
thk high-field region and can be kept focused by an aligning magnetic
field that, being perpendicular to the electric field, also serves to determine the amplitude IrI of the electronic oscillations and hence the amount
of tuning attainable.
The problem may be divided into an r-f problem and a d-c problem.
In the r-f problem the tuning, the amplitude Irl, and the electronic Q
are evaluated in terms of the d-c current density JO, the d-c electron
velocity vO,the magnetic field B, and the physical dimensions.
In the
d-c problem, JO and vo are evaluated in terms of the cathode-to-block
potential Vt, and the physical dimensions.
In both problems the effects
of the fringing fields above and below the gap region are neglected.
The effective lumping of the capacitance in Fig. 15.1 concentrates the
r-f electric field in the gap region and l~aves the r-f fringing fields small.
The location of the beam in a plane of r-f symmetry further minimizes
the fringing, which is estimated by Saxon and Bafiosl to affect tuning
and electronic Q by leas than 1 per cent. The somewhat more important
1A. Bafios,Jr., and D. S. Saxon, “An ElectronicModulatorfor C-w Magnetrons,”
RL Report No. 748, June 26, 1945.
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effects of the fringing fields for the d-c problem are shownl always to
increase the current necessary to effect a given amount of tuning.
If
the fringing fields are neglected, the derivations that follow represent a
lower limit on Jo.
Figure 15”2 illustrates the spiral path of an electron in the beam as
it travels through the cavity.
The electrons begin at zero amplitude,
rise to a maximum radius lr~.1, and fall again to zero; this process
repeats itself to first approximation with a frequency v — v.aslong as the
electrons remain between the plates.
The frequency v — V. is a beat
between the operating frequency and the cyclotron frequency v. associated with the magnetic field B
[Eq. (19)]. The electrons enter
the gap region with a kinetic energy mv~/2. The kinetic energy
that the electrons gain while in the
gap region contributes
to the
stored r-f e n e r g y and hence
changes the cavity frequency.
The extra kinetic energy possessed
by the electrons when they leave
the gap (energy that has been
acquired from the r-f fields of the
cavity) is ultimately dissipated at
Fm. 15.2.—Path
of an electron in beam
the collector and hence represents
tuning.
a loss or resistance in the circuit.
In the r-f problem, the analogous relations to Eqs. (14) and (17)
of the
.,
electron gas treatment have been derived by Saxon and Bafios. 1 Essentially they are
Tm=—

Av

—.—
Vo

2eE
1
—
muz l~z – 11’
pe
— !l~
2mu2co 1 – fiz

(20)

‘

(21a)

and
(21b)
where
(22)
In Eqs. (21)
q=

1Ibti.

d
stored electric field energy in beam region
=~P,
total stored electric field energy
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where
d = bearnwidth,
D = gap width,

p=

energy of the electric field stored in the gap region
1
total stored electric field energy

~ =

charge

density = $.

(23)
(24)

F and G are functions of the phase of the spiral path at which the electron
leaves the gap region. Their values, generally less than unity, are

F=l_S+l

2a’

sina

(25a)

and
(25b)

where
~=(u

—uc):=(u

—uc)t

(26)

and
t = transit time through the gap.
Thus, a is the phase angle of the beat frequency
the length h of the gap. The approximations that
Eqs. (20) and (25) invalid near 6 = O and also in
Ofp=l.
The interpretation of Eq. (25b) in terms of the
is clear for the case of G = O; that is,
~ = Z=n,

j
j

between v and V. over
have been made render
the immediate vicinity
spiral path of Fig. 15.2

where n is an integer # O,

(27)

because this is the condition in which the electrons leave the gap region
at a node in their r-f motion, thus abstracting no r-f energy from the
field. The quantities F and G are plotted in Fig. 15.3. Separate evaluations of Eqs. (26) and (21) lead to an indeterminant answer at @ = 1,
~ = o; but the proper limiting process shows that the tuning is zero
and the loss finite for this practically unimportant case. It is important
to note that the change of sign of (1 – 62) in Eq. (21b) at@ = 1 considered
in conjunction with Fig. 15.3 means that l/2Q.t is always positive or
zero whereas the tuning changes sign near @ = 1 because Av is positive
for @ < 1 and negative for ~ > 1.
Considering now the d-c problem, the maximum current density
:iyabsence
that can
of r_f
be fields
sent between
~s,
the two plates at a d-c potential Vb, in
,
I A. V. Haeff, R-oc.

IRE,

27, 586, Septcmhm

1939.
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where r~., is a slowly varying function of d/D plotted in Fig. 154.
It is assumed that the superposed r-f field does not greatly modify Eq.
(28).
The space-charge effect that limits the current also reduces the
An effective
electron velocity, thus affecting p, F, and G in Eqs. (21).
beam velocity v., determined by an effective beam voltage Vo, must
i.O .

1
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I

Because AV/VOvaries as (1/vo)...
to a first approximation, I/ve will
be defined as (1/vo).v, and

,

OF ELECTRON-BEAM

therefore be used in these equations.
2.0

TUNING
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2

~vo

1.8

‘<e.

(29)

2
The

/ ‘

1.6

i

=

ratio

Vo/Vb is related to d/D

and Jo/JO_x as shown in Fig. 15”5.
If Eq. (27) is to be satisfied
$
~ 1.4
over the whole f-m band of the
tube, a and therefore Vb must be
1.2
maintained
constant;
therefore
the frequency modulation must be
attained by varying JO by the grid
1.0
cOntrOl while maintaining vb constant.
Under these conditions
0.8
0
0.2
0.4
0.6
0.8
1.0 the frequency modulation will k
d
.
linear with Jo except where JO is
FIG. 15.4.—Parameter
r“= as a function of
n e a r t h e space-charge-limited
d/D,
in which case the rapid
value Jti,
variation in Vo will destroy the linearity (Fig. 15.5). There is usually
some maximum value of r permissible before an excessive number of elec-

I

‘#Jo
FIG. 15.6.—v0iVb

max

as a function of JoIJ,W

trons Kits a part of the tube.
might be

for @Veral v~uea of dlD-

In Fig. 15.1, for instance,

D–d
?-mx = —
2

this value

(30)

I

I
1

,1
1
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and represents the distance between the electron beam and the cavity
walls in the absence of an r-f electric field. If the number of electrons
per cubic meter N is maintained constant, then r-, limits the power
that can be handled for a given amount of tuning because, at a fixed
r-f voltage, changing the magnetic field to increase the tuning increases
the orbit size and an increase in the r-f field at fixed tuning likewise
increases the orbit.
16.4. The Engineering Equations of Electron-beam Tuning.-Equations (20) through (30) may be used either to analyze the electronic
tuning that will be available with a given anode-block design or to
synthesize an optimum anode-block design for a given amount of electronic tuning and output power. The first problem is by far the simpler.
By starting with the magnetron output power, the r-f voltage across the
gap through which the electrons are to travel may be computed by the
Equations (2o) and (30) then
methods discussed in previous chapters.
determine how closely one may approach the cyclotron frequency
before electrons strike the walls of the gap. The tuning and the 10SS
may then be computed from Eqs. (21), where the maximum value of p
is limited by the cathode emission or by the space-charge limit [Eq, (28)].
In the synthesis of an optimum anode-block design, however, a
convenient procedure is to start with the desired magnetron output power
P., the external Q = Q., the frequency VO,
the desired tuning Au, and the
maximum safe peak current density .Jo, which is determined by cathode
These will then determine the
quality, as the independent variables.
values of the dependent variables Vb, p, ~, D, d, 1, and h. The procedure
is as follows.
First, through ~E~, the r-f voltage appearing across the
gap Po and Q, may be related to lr~,,.1and D2 subject to certain restrictions.
It ~vill then follow that the product V. F(A~/YO) determines ~Vbj
subject to certain other restrictions, one of which is that the spacecharge limit Join., is made equal to the cathode-emission limit tl~~.
From Vb, J,P, ~~,, and Av/v,, it is then possible to determine D and 6
for fixed d/D and p. Construction considerations limit the choice of p,
and other considerations fix d/D near the value of ~. The no-loss
If the subsidiary
condition of Eq. (27) determines h when P is known.
restrictions—which
are less important interrelations of the dependent
variables—can be satisfied, the design is then complete.
To do
The first step is to relate P. to ~~~ = ED (see Fig. 15.la).
this a characteristic admittance Y, is ascribed to the gap region according
to the relation
energy stored in gap region

YC=2
(

using only the d-c capacitance

pF

)-

1 lh
—
—
60 ix’

(31)

of the gap region as a first approximation

i

SEC. 15.4]

EQUATIONS

OF ELECTRON-BEAM

TUNING

605

toits actual value.
Thisd-c approximation to Y.willbe usedthroughout
this chapter.
If the magnetron is coupled to the useful load by some lead
(not shown in Fig. 15.1) having an external Q = Q, as defined in Chap.
5, Eqs. (23) and (31) together with the definition of Q, yield
(32)

It will be seen that in addition to P,, Eq. (32) contains the new dependent
variable Y., which is a function of three of the six dependent variables
previously listed. Although their variation in subsequent equations is
more important, p, Po, and ~E enter Eq. (32) in an insensitive fashion,
It is convenient, therefore, to make a
appearing as fractional powers.
trial guess at D, 1, and h, to use these estimates in subsequent calculations,
and then to revise the estimates as is required by the final computation.
The quantity p [Eq. (23)], which depends on 1, is easily estimated.
For
a tube like that shown in Fig. 15.la p would be approximately ~ because
one of six oscillators is tuned and over half of the electric energy stored
by the oscillator and its associated strap resides in the gap region.
More
accurate estimates of p can be made from the circuit analyses of the
reso’nant cavity given in Chaps. 2 and 8. The external Q will be determined by conditions not affecting the electronic tuning problem, such
as pulling figure, mode spectrum, and the electronic efficiency of the
magnetron itself.
Subject to these conditions, Q, should be kept as low
as possible to minimize VRF.
A second relation involving V,F may be derived from Eqs. (2o) and

f

1

(30).

VRF..X =

??UJzl(pz – 1)1 ~ _ :
4e
()

D2

‘5x10’’(p2-

(

1“(1

-NV

’33)

Equation (33) represents the maximum permissible r-f voltage at which
the electrons do not hit the plates.
Equations (32) and (33) set an
upper limit to the output power P. that can be handled by the beam.
By combining Eqs. (21a), (24), (27), and (29), the fractional tuning
becomes
(34)

I

I
t

or, in more practical units,
VOAV= 4.24 X 106 p —
:&&NY’

(35)
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where v is in megacycles per second, JO in amperes per square centimeter,
Equation (35) is plotted in Fig. 15”6 with the restricand V in volts.
the average
value
of
tion that JO = Jo~.., under which condition
(V,/V,)~fi is 1.58.
To maximize the fractional tuning Av/vo while holding VEPm., constant, only the quantity JO/Vb$$, which is proportional to
the charge density p, must be maximized, since the small variation of
1600-
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.s 1000 b“
~
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~ 800 n
;
E
~

/

/

/

600

0

1

z

/

400

200

t

o

0.2
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0.8
0.6
0.4
Current densify Jo in anq/cm2

1.0

1.2

1.4

potential Vb as a function of current density JO for various values
FIQ. 15.6.—Anode-block
of (D/d)(l
– i?2)/P(VAY/104) with (vbl~d~
= 1.58.

(V,/VO)~
region,

In the space-chaws-limited
may be ignored (see Fig. 155).
JO may be made equal to ~o~,,, whence, from the proportionality

To increase
of J&x to Vb% in Eq. (28), AV/VOis proportional to Vb.
V, beyond the point at which Jo~., equals the emission limit JoP decreases
the tuning, however, because the increase in electron velocity decreases
the space-charge density.
Thus Eq. (34) is maximized by equating
Eliminating JO = Jo~s. from Eq. (34) by
JO to both ~,, and Jo-,.
means of Eq, (28) and multiplying the resultant equation by Eq. (33)
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yield

(V+L=’(l

-:)ww-=~’vb ’36)

where @ is plotted in Fig. 15.7, assuming (Vb/VO)~ = 1.58.
It is to be noted that the product p$Vb is independent of magnetic
field, again emphasizing that B can affect orbit size only for a given r-f
voltage.
The tuning is directly proportional to the relative orbit size,
and the permissible r-f voltage
is inversely proportional
to it.
Equation (36) for constant d/D is
independent of D as a consequence
of the space-charge limit set by
Eq. (28).
Equation (36) determines the
cathode-to-block potential V, as a
Maximizing
function
of d/D.
both AV/VO and ~R,(Av/vo) in Eqs.
(34) and (36) with respect to d/D
r e presents
a compromise best
satisfied when d/D is approximately equal to ~, as the plot of
(d/D) @ in Fig. 15”7 demonstrates.
The value of V, [Eq. (35)] is an
important criterion of the practicality of the design.
If V, is
$
too high, the tuner power will be
FIG. 15.7.—Parameter + ae a function of dfD.
great; if it is too low, close grid
spacings are necessary to attain the requisite current density.
It is
always possible in the latter case to increase V,, and thus to increase
either tuning or power-handling ability of the design.
To summarize the engineering procedure to this point then, ~ has been
determined by Eq. (32) from PO and Q. as independent variables and
from trial values of Y. and p. From ~RF, Av/vo and p, together with a
choice of d/D near ~, and the assumed value of (V,/ VO) M = 1.58, Vb is
determined by Eq. (36) and Figs. 15.4 and 157.
The assumption
equating JoP to Jin deriving Eq. (36) allows determination of D
by Eq. (28).
With D known, @ can be determined from Eq. (33).
It is to be noted that a trial value of D had been assumed in computing
Y, by Eq. (31), but it is, in general, not appropriate to make a new
estimate of Ye at this point, because 1and h are still arbitrary.
The next step in the design is to determine if the requisite value of
19is consistent with other demands of the ,problem.
In the first place,
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P determines

the cavity height h necessary to satisfy Eq. (27).
condition may be rewritten

()
n

;>>1

_ (l–o)~h=

—
–

;T

–

505(1-@
v#

v,

V, “h
() To

This

(37)
i’

where v. is defined by Eq. (29).
Equation (37) represents the no-loss condition or, strictly, the
minimum-loss condition, since there is a velocity distribution across the
beam.
Because VO varies with the current as shown in Fig. 15.5, some
compromise value of VO/Vb must be chosen, depending on the ratio of
~0 to ~O~.X,at which the loss is to be minimized.
A reasonable value for
(V,/VE,) is 0.7, in which case
h
x=

nVb}i

600(1 – P)’

(38)

Although there are two adjustable parameters in Eq. (38), n and h,
it cannot always be satisfied, because both parameters have further
restrictions.
Thus n must be an integer greater than or equal to 1, and
the value of h must be consistent with considerations of size, cavity
admittance Y. effective lumping of capacitance (h < A/4), and magnet
weight.
Furthermore, if internal tuning of the tube is intended, h
may already be determined by other considerations such as magnetron
output power.
For tuning of approximately one-tenth of 1 per cent it is
not necessary to satisfy Eq. (37), although, as may be seen from Fig.
15.3 and Eq. (21a), it is still desirable to keep a [see Eq. (26)] greater than
m so that F will remain near unity.
An additional restriction on b is that it cannot be chosen too near
1 for reasons of magnet stability and of tunability.
If the magnetron
is to be mechanically tunable over a 10 per cent range, the extreme values
of (9 – 1) are 0.05 and 0.15 for a center value of (6 – 1) = 0.09. This
corresponds to a 300 per cent change in (P – 1) and would probably
result in an intolerable variation in loss and ranges of frequency modulation.
It is always possible to vary the magnetic field in a way that keeps
@ constant over the mechanical tuning range. Even if the approach of
o to 1 is not limited by the above considerations, a fundamental limit is
set by the inherent frequency sensitivity of Eq. (21a), the right-hand
member of which is actually a function of co rather than COO
as has’ been
tacitly assumed wherever D = V./V has been treated as a constant.
This
limitation, usually not very serious, has been dkcussed by Smith and
Shulman,l who show that at maximum tuning the approximation of w
1L, P. Smith and C. Shulman,PrincetonTechnical Report No, 22C,
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Eq. (39),

(39)

8
Furthermore, if a~,. islessthan~,
more than one resonant frequency is
possible.
When p is found to be satisfactory, the total input power required
for the tuner can be determined.
To find the total current the cathode
This quantity is closely related to p, the ratio
length 1 must be known.
It is also
of stored energy in the gap to total stored energy in the cavity.
related to the cavity admittance Y. in such a way that to maximize p
and Y., 1must be as large as possible up to the approximate limit 1 = x/4,
where the lumped-constant approximation of Y. becomes poor.
With the choice of 1 determined by a compromise between minimum
current input to the tuner and maximum p and Y., all the variables
have been determined.
A new estimate of Y. can then be made, and
In general, the third approximation
the process repeated if necessary.
will be satisfactory.
As is evident from Fig. 15. la, the current need not be collected at
the potential vb but can be collected at some lower potential near VO.
Alternately, the beam can be made to traverse the gap twice if the electrode R – C is made negative.
In this case the space-charge equation
[Eq. (28)] still limits .JOmaxj
but now J,m,= refers to the sum of the absolute
Thus JO~aXhere equals twice .loP,
values of the two current streams.
the peak emission limit of the current stream leaving the cathode.
Uncertainties as to where the return current is collected, whether or not
more than two transits are possible, etc., complicate the use of a reflector
at present.
Use of the equations derived above is best illustrated by a specific
example. Let the independent variables be Po = 3000 watts, VO = 3000
Me/see,

Av

=

10

Me/see,

JoP =

0.2

amp/cm2,

and

QE =

200.

NO

be used. The fractions p and d/D will be assumed equal
to ~ and ~ respectively.
As a first trial, the choice D = 0.5 cm, t = 2 cm,
and h = 2 cm yields Y. = 0.0133 mho, whence, from Eq. (28), D = 0.85
cm. Next, from Eq. (33) ~ = 1.11, and from Eq. (37) h/n = 2.63 cm.
A choice of n = 1, h = 2.63 cm, and 1 = 2 cm gives Y. = 0.0103 as a
second approximation.
Repeating the above process gives the convergence shown in Table 15”1. For simplicity 1 is maintained equal to
2 cm. The convergence is rapid despite the almost twofold change in D
from the first guess. Experimental data on a tube similar to the above
example are included in Table 15.5.
reflector

will
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15,1.—AN EXAMPLE

OF CALCULATIONS FORTHE DBSIGN
OF AN ELECTRONICALLY TUNED MAGNETRON
Independent
variables:P.
= 3000 watts,
Y, = 3000Mc/see,
AV = 10 Me/see,
JO== 0.2amp/cm2,

Arbitrary

Trial

1
2
3
4

dependent

QE, = 200.
variables:P
= i, d/D = +,1 =2.

D, cm

h, cm

Y., mhos

0.50
0.85
0.90
0.90

2.00
2.63
2.45
2.44

0.0133
0,0103
0.0091
0.0090

VRF,

volts
4230
4800
5120
5200

v,,

volts
300
341
363
370

o

n

1.110
1.125
1.130
1,130

1
1
1
1

15.6. Scaling.-The
usefulness of scaling laws in magnetron design
has been amply demonstrated in Chap. 10. Anticipating a similar
usefulness in electronic tuning, several scaling laws will be listed here
without derivation, because they come from a straightforward application
of the previously developed engineering equations.
The simplest type of scaling is that in which the percentage of tuning
and the output power are kept constant.
In this case, linear scaling of
all dimensions, keeping Vb, P, and Qz constant and increasing Jo proportionally to the square of the frequency, solves the problem, thereby
keeping the total current 1 constant.
The total input power remains
constant, and the high-frequency limit is set by excessive demands on
cathode emission and close grid spacing.
A more practical scaling problem is that involved in keeping JoP,
p, Y,, and d/D constant and varying one or more of the quantities Av,
v,, or Po. Denoting the two scaling points by the subscripts 1 and 2,
and letting PDc = Vdopd be the d-c input power to the tuner, the resulting scaling laws are

2“(2)($2)(3%)
(1 –

s?)

(40)

(41)

(1 – B;)
—=(#%#&)’

(42)
2=(9W)W)%’

rh(l + /3Jhl
nl(l

+

pl)h2

(43)
‘(:)?

nl(l + pl)ll
ml(l + lS2)12‘(YW%Y

2K$)”’

(44)

and
nl(l

+

i%)~DC,

~2(1

+

j32)pDC,

(45)
‘(9%W5Y”
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As an illustration of the use of these laws, the example of Table 15.1
will be scaled from 3000 Me/see to 1000 Me/see and 10,000 Me/see,
The results are shown
keeping Av, Po, Jop, p, Y., and d/D constant.

I
TABLE 15.2.—FREQUENCY
Quantities

V,

Me/see

v,, volts

b

1,000

1210

3,000

363

121

10,OOO

SCALING OF THE EXAMPLE IN TABLE 15.1

held constant:

P. = 3000 watts,
.TO== 0.2 amp/cmY,
p=~,d/D=~,

A. = 10 Me/see,
QE = 200,
n =

1, Y. = 0.0090.

D, cm

h, cm

1. cm

1.390

3.00

6.60

5.650

1.130

0,90

2.44

2.000

6.50

1.045

0.53

0.88

0.725

0.64

P~c, watts
58.50

in Table 15.2. The most striking effect is the rapid increase of input
power as the frequency is decreased.
The approach of ~ to 1 at high
frequencies makes the combination of mechanical and electronic tuning
more difficult there.
15.6. Internal vs. External Cavity Tuning.-The
two principal methods of utilizing electron-beam tuning have been shown in Fig. 15. la
and b. The beam is shot either through a portion of one or more of the
side cavities of the magnetron or through a separate cavity appropriately
coupled to the magnetron.
At long wavelengths, where compactness is
desirable, there is a distinct advantage to the internal tuner a; at short
wavelengths, where the goal frequently is maximum size of parts, the
It is important to compare the electrical
external tuner b is preferred.
properties of the two methods in order to be able to choose between them
in specific cases.
Neither design can be made so that p = 1, the optimum condition
In the internal tuner a, if N is the number of oscillators,
for Eq. (36).
m the number of side resonators through which a beam is shot, TOthe
ratio of stored energy in the gap area to stored energy in one complete
oscillator (including its associated straps), then
(46)

Vane tubes, because of their nonuniform gap width, require a modification
(which will not be developed here) of some of the formulas.
For slot
or hole-and-slot anode blocks, to which the present formulas apply
directly, ro is generally about ~ when the anode blocks are strapped.
The general restrictions of cavity tuning covered in Sec. 14.3 apply
to the external tuner.
In particular, mode troubles appear if the stabilization S exceeds 2. Furthermore, if here r, is the ratio of stored energy
in the gap area to stored energy in the external cavity, it is difficult to
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Thus, a relation similar to Eq.

(47)
In comparing the methods of Fig. 15 la and b as applied to identical
anode blocks, it is appropriate to make ~B(b) /LS = QE(~) so that for the
same output power the same r-f voltage V. appears across the slots in
both magnetrons.
Under these conditions in b, the :f voltage ~b appearing across the gap of the cavity may be related to l’. and to the characteristic admittances Y. of the cavity and Y~ of the magnetron as follows:
~;yc_s_l

Energy in cavity
Energy in magnetron

= ~~ y~ –

1

“

(48)

For equal output powers and the same ratio of d/D, Eqs. (35), (45),
(47), and (48) can be combined to relate the beam voltages necessary
(at the space-charge limit) for internal tuning a as compared with external
tuning b. The relation is

If the current densities are maintained equal in the two cases, the voltages
at the space-charge limit are proportional to the f power of the gap D.
Furthermore, the anode dimension h can generally be made equal for
internal and external tuning, whereas the beam dimension 1 (see Fig.
15. 1) for a cavity tuner is approximately twice that f or a single oscillator
in the internal tuner. Thus one has
D%
_.

VW _

Vb(b)

()

Db

and

(50)

Y,
—.
Y.

2 Da
——
N Db

I

Solving Eq. (49) for AV/VOand assuming ?’o = r.,

(51)
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In this derivation no attempt has been made to satisfy the no-loss
condition.
The meaning of Eq. (51) can be illustrated by a specific example of
an external cavity that would be required to give the same tuning as
would be obtained by internally tuning six oscillators of a 12-oscillator
tube. If S is 2, Eq. (51) then gives
D~
= 2.9
Da
and
PDc@) _ 4.
PDC(.)

(52)

Thus, the complexity of six guns is to be balanced against the fourfold
increase in power necessary with external-cavity tuning.
Note that
since the power requirements are low, approximating receiving-tube
powers, the d-c input power to the tuner may not be an important
consideration.
It might appear that external-cavity tuning would be more flexible
in magnetron operating point because different magnetic fields can be
used for the magnetron than for the tuner. However, practice reveals
that the magnetic fields necessary for internal tuning are usually not
different from those used in normal magnetron operation.
Examples. —Typical of the internal beam-modulated
tubes are two
RCA designs, Tube 1 at 4000 Me/see and Tube 2 at 800 Me/see.
Operating characteristics of these tubes are given in Table 15”3. Both tubes
The smaller elechonic tuning
are operated with single transit at a = >.
of the 800-Mc/sec
tube reflects the combined effect of higher output
power and longer wavelength, as discussed in Sec. 15”5. The tube
TABLE15.3.—OPERATING
CHARACTERISTICS
OF INTERNALLY
TUNED
C-w

MAGivETrtONs

I

Tube

1

Frequencyv, Mc/sec . . . . . . . . . . . . . . . . . . . 4000.00
25.00
Outputpowerl’., watts. . . . . . . . . . . . . . . .
10.00
Maximum electronictuning Au, Me/see..
20.00
Modulating-beamcurrentJOP,ma. . . . . . .
2.00
Numberofgunsrn . . . . . . . . . . . . . . . . .
Modulating-beamvcltage Vb, volts. . . . . . 100,00
Magnetron plate voltage VRF, volts.
Magnetron plate current I, ma. . . . . . . . . .
Magnetic field H, gauss . . . . . . . . .
Cyclotron frequency/r-f
frequency, 19. . . .

300.00
80.00
1600.00
1.15

Tube
mechanically

720.00
460.00
2.50
500.00
5.00
300,00
1950.00
400,00
330.00
1.26

2,
tunable

760.00
500.00
3.s0
500.00
5.00
300.00
2230.00
400,00
353.00
1.25

S40.oo
540.00
4.70
500.00
5.00
300.00
2520. Ml
400.00
377.00
1.24
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parameters forthe800-Mc/sec
tubelare listed in Table 15”4. From the
dimensions and the operating data given in Table 153 the computed
tuning is approximately 0.6 Me/see per gun, or a total of 3Mc/see;
this figure agrees well with the observed values.
TABLE 15.4.—DEsIGN
Number

ofoscillators

PARAMETERS OF AN 800-Mc/SEC

RCA

TUBE

n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Vane thickness t . . . . . . . . . . . . . . . . . . . . . . . . .
Anode length h..., . . . . . . . . . . . . . . . . . . . . . .
Anode diameter da . . . . . . . . . . . . . . . . . . . . . . .
Electron-beam
thickness d . . . . . . . . . . . . . . . .
Average plate separation D,vg . . . . . . . . . . . . .
Minimum plate separation D~ti. . . . . . . . . . .
Beam-cathode
length l, . . . . . . . . . . . . . . . . . .

..
..
..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
..
..
..

..
..
..
..
..
..
..

0.187
2.000
1.250
0.125
0.500
0.375
0.500

in.
in.
in.
in.
in.
in.
in.

TABLE 15.5.—OPERATING

CHARACTERISTICS OF A 2700-Mc/SEC
EXTERNALLY TUNED
MAGNETRON
The tube dimensions are D = 0.400 in,, d = 0,200 in.,
1 = 0,900 in., h =

Cyclotron
frequency
r-f frequency

~

I

1.05
I

Theo-

0.900 in.

1.15

Theo-

1.1

Observed
—

retical*

Observed

125.00

ca 100

1100.00

.....

Me/see . . . . . . . . . . . . . . . . . . . . . .
Modulating-beam
current 10, ma,
Modulating-beam
voltage
V*,

......

.

volts . . . . . . . . . . . . . . . . . . . . ,,, .
Stabilization
S...........,.,,,.

...... ....... .......
. ....
2.1 . . . . . . .

retical
—
Output power PO, watts. ..,.
Maximum
electronic
tuning

...

Ob]erved

Magnetron
plate
voltage
V,
volts . . . . . . . . . . . . . . . . . . . . .
Magnetron
plate current I, ma,
Q, QE . . . . . . . . . . . . . . . . .

Observed

., . . . ..

A,,

Ratio of energy stored in gap to
energy stored in external cavlty r., . . . . . . . . . . . . . . . . . .

External

●

I
6.50

...... .......

0.47

.......
1100.0
300.0
300.0

0.47
.......

6.0
100.0

300.0
2.1

.....

10.00
100.00

16.0

150.0

400.00 500,0
......
2.1

0,47

.

. ...
. ..

300.0

300.0

* Theoretical results are baaed on m accurate field-theory value for Y..

A typical external-cavity reactance tube is shown in Fig. 15.8. The
reactance tube is designed for 15-Mc/sec frequency modulation of a
2700-M c/sec magnetron with an output power of 400 watts.
The
magnetron and the reactance tube are coupled together by a coaxial
lime. Calculated and observed characteristics of this tube are listed in
1A. L. Vitter, Jr., et al., “LCT, 900 Me/see FM C-w Magnetron,” RL Group
Report No. 52, Feb. 28, 1946.
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Table 15.5, together with pertinent dimensions.
The figures for B = 1.15
correspond to single transit, a = Z-m. The figures for o = 1.1 correspond
to double transit, a > %r. The agreement between theory and observation is fortuitously good because the approximations involved in estimating r,, properly evaluating space.-9-... ..
~,y~~
?.. ,..$+
charge effects, etc., introduce un- ‘~,,,
,
certainties in the calculations of about
i . ..-.
~~A
20 per cent.
MAGNETRON DIODE TUNING
1607. Fundamental Principles.-It
has been shown in Sec. 15.2 that the
attainable electronic tuning of a side
cavity traversed by a beam of electrons is proportional to the r-f current Je+@’ = –Neu = –pu [Eqs. (11)
and (15)1. In Sec. 15.3. attention was
FIQ. 15.8.—Typioalexternal-cavityrefocu~ed’~n means of maximizing v, the
actance tube.
component of electron velocity parallel
to the r-f field. The conditions under which v was there maximized
required that the charge density be introduced by means of an electron
beam of potential VO and current density Jom=. The electron-beam
analyses undertaken in Sec. 15.3 showed that it is difficult to attain
large values of p in thb manner and that the available tuning range was
thus limited.
In the present section emphasis is laid on a means of increasing p
by utilizing the Klgh space-charge density of a magnetron operated in
the cutoff conditioti.
The problem to be considered may be illustrated
by a modification of Fig. 15.1, in which the electron beam is replaced by a
filamentary cathode extending along the length h between the plates A
and radially located at the center of the electron beam.
The potential
V~ is now applied between the filamentary cathode and plates A, and
As a result of the crossed electric
the aligning magnetic field is retained.
and magnetic fields, the cathode will be surrounded by a rotating spacecharge sheath of density p, the approximate magnitude of which may
be most easily calculated by considering the simpler problem in which
the two plates with separation D of Fig. 15. la are replaced by a cylinder
This is the
of diameter D concentric with the filamentary cathode.
conventional magnetron-diode problem solved by HU1ll m
(53)
1 A. W. HuH,Phw. R@., 29, 112 (1924).
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where w = 2irvc and v. is the cyclotron frequency [Eq. (19)].
For a
magnetic field of 1070 gauss [u, = 27(3 X 10g)], Eq. (53) yields
p = 8.95 X 10–3 coulomb/meter3, whereas the charge density of a 100volt electron beam at 0.2-amp/cm2
current density is 3.35 X 10-4
coulomb/meter3.
Clearly the 27-fold increase in charge density in the
magnetron diode isanattractive
factor toattempt toutilize forelectrotic
tuning.
Maximizing,
however, is only one aspect of theproblem;
it is also
necessary to maximize v. This has been done effectively in electronbeam tuning by using the aligning magnetic field to increase the amplitude of electronic oscillations when the r-f frequency v is near the
cyclotron frequency vC. Although a similar resonance effect is to be
anticipated when the filamentary cathode is used, an analysis is necessary
to establish the exact relation.
Furthermore,
the power-handling
abilities of the two types of tuning must be compared.
For a given tuning
the increased charge density surrounding the filamentary cathode allows
a smaller amplitude of electronic oscillati ens, but there is no obvious
way to determine a maximum tolerable amplitude analogous to lr~.l
of Sec. 15.3 because some electrons will return to the cathode for all
Finally, there is no obvious means of
finite oscillation amplitudes.
including a grid control around a filamentary cathode because any grid
would be located in a region of high r-f fields and currents.
However,
because for magnetron diodes with sharp cutoff characteristics the radius
of the space-charge cloud surrounding the cathode can be varied by
varying vb though practical y no current is drawn to the plate, it is
possible to dispense with the negative grid control by modulating the
plate voltage and still have a low a-c power drain on the modulator.
The similarity between the filamentary cylindrical diode just discussed
and a conventional microwave multioscillator magnetron has led to
theoretical analysis and experimentation with reactance tubes based on
multioscillator magnetron design. The magnitudes involved are best
illustrated by observing that a magnetron which, when oscillating, has
an output power of 1 kw, may, when used as a reactance tube, be expected
to handle an output power of 1 kw and that the difference between oscillating and nonoscillating resonant frequencies of multioscillator magnetrons is about 1 per cent, which corresponds to the anticipated
electronic tuning.
15s8. Small-signal Theory .-The
shift in resonant frequency of a
nonoscillating magnetron, when its plate voltage is raised from zero
to the cutoff condition, is a measure of the electronic tuning that could
be accomplished with such a magnetron used as a reactance tube to tune
another magnetron, providing the r-f energy level in the reactance tube
is kept vanishingly small.
In Chap. 6 it has been shown that the

I
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electronics of a magnetron are exceedingly complex, even for the limit
of small-signal strength.
A brief discussion will be given’ here of the
reactive behavior of the space charge because the emphasis in Chap. 6
is on the negative-resistance region of the space charge.
Lamb and Phillips consider the shift in resonant frequency of a
conventional multioscillator
magnetron, operated in a condition of
perfect cutoff, as a function of the anode voltage and hence of the radius
r. of the rotating electron cloud surrounding the cathode of radius r..
The analysis is restricted to thicknesses y of the electron sheath, which are
smalf compared with r..
The method used in computing the resonant frequency of the magnetron anode block in the presence of a space charge is an extension
of the impedance-matching
techniques used in Chap. 2 to compute the
frequency of the anode block without space charge.
In Chap. 2 the
anode is divided into two regions (Fig. 2“13) that join at the anode radius
T..
Solutions of Maxwell’s equations appropriate to the two regions are
joined at r. by matching the impedance Z = E8/Hz at the boundary,
and the resulting solution yields the resonant frequency.
For each
mode number m, Eo in the cathode-anode space consists of a sum of
functions of angular and time dependence e’<n~w’) and radial dependence
(54a)

(54b)
and N. are Eessel’s functions of the first and second
kind, respectively, their derivatives being J; and N;.
The most important member of the sum is the term n = m. The condition of Eq. (54b)
on 6. is determined by making the tangential electric field Ed vanish at
the cathode.
When the effect of the space-charge cloud is included in
the calculations, the cathode-anode region is subdivided into two regions
meeting at r = r., the boundary of the space-charge sheath. The
impedance Z.1 of the sheath is evaluated at this boundary, looking in
toward the cathode, and this impedance is matched to the free-space
solution in the region between r, and re. Thus the boundary condition
Z = O at r = r. of Eq. (54b) for the problem without space charge is
replaced by Z = Z.t at r = r. for the problem with space charge. The
result can be expressed as replacing 6. in Eq. (54a) by a quantity 6:, to be
evaluated shortly.
It will be recognized that the above approach differs
from that of Sees. 15.2 and 153.
It is more appropriat~ to a complex
problem such as the present one, since, for one thing, no integrals need
be evaluated.
1W. E. Lamb

and M. Phillips,

J. Ap~.1. Phys.,

18, 230

(1947).
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In computing Z,t, the starting point is the Brillouin single-stream
solution for the steady-state electron flow in the space-charge sheath
and Bunemann’s sma!l-signal theory for the r-f perturbations imposed
on this steady state by electromagnetic waves of the form ei(nw”~) (see
Chap. 6). The result 1 is
(55)
where
~: — ~z
ny
~<~~

and

n#O.

This result is not what would be obtained if the electrons in the spacecharge sheath were treated as free electrons satisfying Eqs. (12) to (17)
but having a charge density determined by Eq. (53).
Thus the modification in electron velocities from the free electron picture, so important
in the beam-tunimz of Sec. 15”3, also plays a role in the present problem.
The expression; for b; resulting fr~m- Eq. (55) are (56a)
where n # O; and

‘;‘ “(w’-%’+~”’y’z+

(56b)

where

/3c=&
In each expression the terms containing v represent the correction
to 13~. In Eq. (56a) the sign of the correction term changes at u = co,,
whereas the sign is always negative in Eq. (56b).
By letting r’ be an effective cathode radius equal to

from Eq. (56a) or equal to

from Eq. (56b), the resonant wavelength may be computed from Table
3.2 (that gives wavelength vs. cathode size). When this is done, a
qualitative- agreement is- found with the experimental curves of Fig.
1W. Lamb and M. Phillips,op. ant.
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15.9. These curvest show the resonant frequency of the r-mode of an
M-vane rising-sun anode block (the 3J31 tube of Sec. 19.14) as a function
of plate voltage (which is proportional to the electron-sheath thickness g
for small g) and magnetic field (which is proportional to u,). The
enhanced tuning and change of sign at w = ‘~. ~with H = 8806 gauss)
are ascribed to the (n = 9)-component, and the asymmetry of the
curves above and below CO.to the
(n = O)-component.
In normal
operation this tube would run at
over 10 kv, but for the data of Fig.
I
15.9 it was operated at nearly the
1
,
same magnetic field but under 1 kv, ~ 24,000l+
;
corresponding to a condition of
‘t \
small y.
‘\.
Since 13rcin Eq. (56a) is always
designed to be less than 1, it is observed that ~~ decreases rapidly
i
with increase in n. This correI1
sponds to the rapid decrease in the
r-f field strenw.th from the anode to
the cathode for large n. It also
means a small ratio q of stored r-f
energy in the space-charge region
to total stored r-f energy [Eq. (23)].
4000 6000 8000 10,000 12,(MO
By analogy with the beam-tuning
H in gauss
analysis, specifically Eq. (36), in
FIG. 15.9.—Space-charge
tuning at low
which the quantity p is proportional
power levels.
to q, it is to be expected that this
of tuning
and tolerable
r-f
small value of q will decrease the product
voltage for large n.
16.9. Experimental Data on Large-signal Conditions.—When
multioscillator magnetrons are used as reactance tubes to modulate high
powers, the tuning characteristics depart from the low-level behavior
of Fig. 15.9. The larger elecrtonic orbits result in more collisions with
the cathode, hence higher r-f loss and lower tuning.
The 10-cm, c-w magnetron described in Table 11.1 (the CM16B tube)
ha been used as a starting point of several electronically tuned magnetrons intended to operate at power levels of 10 to 100 watts, consistent
with the reliable magnetron operating point of 1000 volts and 150 ma
(see performance chart in Chap. 19). In the first modification illustrated
in Fig. 14.17, oscillating magnetron I is connected to reactance tube

.
i’-,,

1Ibid.
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magnetron III (indicated in Fig. 14.17 as” cavity”) by a section of coaxial
line of such length that both tubes appear as parallel-resonant circuits
at the same point on the line, as is shown in the equivalent circuit of
Fig. 14.23, and the coupling to each tube is so adjusted that there is
equal r-f energy storage in magnetron and tuner (S = 2, see Sec. 14.3).
In this case the tuning was observed to have a flat maximum at u./u
near 2, with less than 10 per cent loss in output power. Loss was greatest
at UC/CO
= 1. Tuner tubes with r,/ra = 0.58, 0.75, and 0.85, operated
at similar points, showed tuning of 3, 9, and 20 Me/see respectively, 1
confirming the theoretical increase in tuning with cathode size [Eq. (56)].
For 15 watts r-f output and tuning of 20 Me/see, the d-c input to the
reactance tube was 100 ma at 500 volts.
This power was excessive for
frequency modulation and was due to the poor cutoff characteristics of
the tube. The tuning furthermore is distinctly nonlinear.
In a second tuning method starting with this c-w magnetron, the
magnetron and the tuner were combined in a single tube. Two cathodes
were inserted into the anode from opposite ends of the tube, one to drive
the magnetron and the other to provide tuning. 2 The experimental
arrangement is shown in Fig. 15.10.
The end shield provided for the magnetron cathode was found
necessary to minimize leakage to the tuner cathode, which was always
positive with respect to the magnetron cathode.
The ratio of the
cathode diameter to the anode diameter for the tuner was chosen as
77 per cent, corresponding approximately to the middle cathode-anode
ratio tried by Everhart. 3 Operational data for this tube taken at 1700
gauss show 4-Me/see tuning at 420 volts, 20-ma d-c tuner input for an
r-f output of 17 watts, whereas the tuner input is 40 ma at 440 volts for
Thus the tuning characan r-f output of 35 watts and the same tuning.
teristics are strongly dependent on the r-f output level, and again comparatively high modulator power is required.
In this tube the r-f output
power drops by 20 per cent at the 4-Me/see tuning point.
Simplicity of
construction and adaptability for combination with wide-range mechanical tuning are, however, important features of the above design.
Another modification is shown in Fig. 15.11.
Here a portion of the
vanes is cut away to provide space for a cylindrical tuner cathode that
The tuner cathode is located in a
is concentric with the regular cathode.
region of comparatively low r-f fields, where the back bombardment
is low. Furthermore, there is no leakage between the two cathodes.
At 1500 gauss, a tuner d-c input of 15 ma at 600 volts tuned 4 Me/see
I

E.

Everhart,

“The

Magnetron

Report No. 52, Mar. 15, 1945.
Z Minutes of the Magnetron
Development
Committee,
~ Ilverhart, op. cd.

as an Electronic

Modulation

May 25, 1945.

Reactance

Coordinating

Tube,”

Committee,

RL Group

Vacuum

Tube

sEC.
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This tuning was strongly dependwith an r-f output power of 30 watts.
ent on both r-f output power and magnetic field, the variation with
For example, at 600 volts on the
magnetic field being complicated.
tuner the electronic tuning increased to 6.5 Me/see at 800 gauss, whereas
for 300 volts the electronic tuning reversed sign. This behavior is seen
to be quite inconsistent with the low-level behavior of Fig. 15.11.’
It is clear from the above illustrations that the attempts to utilize
the high-electron density of a rotating space charge surrounding a
cylindrical cathode have as yet met with only partial success.
w
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o
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FIG. 15, 10,—Cross section of a double-cathode magnetron.
FIQ. 15.11 .—Cross section of magnetron with two concentric cathodes.

15.10. Other Methods.—Two
further methods of electronic tuning
have been investigated with indifferent success.
In the first method,
an electron stream is used to change the conductance instead of the
susceptance of a portion of the resonant system.
By transmission down a
k/8 length of line this variable conductance is made to appear primarily
as a variable susceptance at the magnetron.
Such tubes as have been
tested have been capable of powers up to only 20 watts.
The method
furthermore inherently includes amplitude modulation
and, in the
particular designs tried, was sensitive to the power level of the magnetron.
A second method has been to introduce an electrode that is designed
to modulate the electron stream already present in the magnetron, thus
eliminating the use of an auxiliary cathode.
The resulting frequency
modulation is found to be small.
I Although the above illustrations have been for multioscillator tubes, much work
has been done at the General Electric Co. with this method of tuning on split-anode
magnetrons.

Some

of this work

is summarized

in the

Modulation CoordinatingCommittee, May 25, 1945.
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OF FREQUENCY

BY F. F. RIEKE
16.1. Introduction.-This
chapter is concerned primarily with the
problem of minimizing the changes of frequency that occur as a result
of accidental variations in the operating conditions of the magnetron
and, more particularly, with methods of using an auxiliary resonant
cavity for that purpose.
It is not the aim of this chapter to give detailed
instructions for building a magnetron stabilizer but rather to indicate
the basic considerations that enter into its design. When it has been
decided what properties the stabilizing ci;cuit is to have, the realization
of the circuit is a straightforward problem in microwave circuitry and as
such is outside the scope of this book.
By usage, the term “stability of the frequency” has come to mean
quite generally some quantity proportional
to l/(dv/da),
where a
represents the temperature, the output load, or the input current (or
perhaps still another parameter that enters into the conditions of operaIt would have been more appropriate to apply some such term as
tion).
f‘ stiffness” of the frequency in the above context, particular y since one
has occasion to use the term “stability”
in a more literal sense, namely,
in connection with discontinuous ‘changes in frequency that result from
the instability of a normal mode of oscillation.
Applications that require the frequency of the magnetron to be very
constant often require also that the frequency be set to a preassigned
value; consequently the possibility of tuning must also be considered
along with that of stabilization.
It has been shown in Chap. 7 that the frequency of oscillation of a
magnetron can be related to the intersection of the curves – Y.(r) and
Y.(v) in the G, B plane.
Changes in operating conditions cause shifts
in one or the other of these curves; in principle one can relate changes
in frequency to the shifts of the curves and to the variation of the parameter v along the Y.(V) curve.
Quantitatively
the computation is
somewhat complicated, since it involves the angle with which the curves
intersect, etc. Qualitatively, the — Y,(~) curve may be considered to
be simply a horizontal line; in that case the shifts of frequency will be
inversely proportional to the derivative 13BL/d v along the YL curve. To
“stiff en” the frequency one must make this derivative large; in other
622

I

SEC.

16.2]

THE IDEAL

STABILIZER

623

words, one must, in effect, make the characteristic admittance Y. of
the resonant system large. Generally speaking, this requirement implies
that the “stored energy” of the system be increased.
Perhaps it should
be pointed out, however, that while it is necessary to increase the stored
energy, it is not sufficient, for the energy must be stored in the proper
way in order to be effective.
To some extent one can increase the stored energy by modifying
the shape of the conventional resonant system of the magnetron; but
unless some new principle of design is invented, the possibilities in this
direction are rather limited.
In meeting the requirements imposed
upon the interaction space, one seems necessarily to end up with a
structure with small clearances between the high-voltage parts and thus a
compact resonant system with a large surface/volume
ratio. Such
a resonator necessarily has a relatively small unloaded Q, so that the
storage of a large amount of energy is impossible (always computed, of
course, on the basis of a constant available power) and even moderate
energy storage is expensive.
Consequently” it is advantageous to couple
to the magnetron an auxiliary cavity designed to store the energy more
economically, and it is this method of stabilizing (or stiffening) this
frequency which is to be treated in detail here.
It should be mentioned that the principle of automatic-frequency
control can also be applied to the problem of maintaining a magnetron at a
preassigned frequency. 1 In an AFC system a frequency dkcriminator
generates an error signal whenever the frequency departs from its proper
value. The error signal is amplified and then used to actuate a tuning
mechanism that eliminates the departure.
In principle, the AFC system
has one inherent advantage over the stabilizing cavity in that it acts to
eliminate completely the errors in frequency rather than merely to
reduce them in some constant proportion.
If the AFC control depends
upon mechanical tuning, however, it cannot respond to extremely rapid
fluctuations.
In any case, it is a rather complicated affair. In itself it
cannot overcome the difficulties connected with instabilities that arise
from a resonant load, although the auxiliary cavity can do so to a considerable extent, since in effect it increases the external Q of the magnetron. It is possible to combine the advantages of both systems by
using a stabilizing cavity as the tuning element in an AFC system.
16.2. The Ideal Stabilizer.-In
coupling the stabilizing cavity to the
magnetron one attempts to approximate as nearly as possible the state
of affairs represented by the equivalent circuit shown in Fig. 16.1, where
the cavity (3) is coupled to the magnetron (1) by an ideal transformer.
The terminals A and T correspond to those similarly labeled in Fig. 7.5
1 A technical
contained

discussion

in Vol. 3, Chap.

of AFC

systems

13, Radiation

as applied

Laboratory

to magnetron

transmitters

Series, Sees. 13.11 to 13.13.
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of Chap. 7. Although in practice the ideal circuit can be approximated
only over a rather narrow range of frequency, Fig. 16-1 provides a convenient basis for the discussion of some of the fundamental relations
involved in stabilization.
Except for that part added to the left of the

‘T

Ideal
FIG. 16. 1.—Equivalent

—I

T
Ideal
circuit of an ideal stabilized magnetron.
i

terminals A, the circuit of Fig. 161 corresponds
The admittance Y. is given by the relation
YL = n2YG3 &3+j2~

(

to that of Fig. 7.5d.

&1+j2~

+ Y.,

+:y,.

(1)

)

)(

By introducing the external Q’s (with respect to a matched output
transmission line of characteristic admittance lkf) Q,, = Y.,m2/M and
Q,, = Y,sn2m’/M,
Eq. (1) can be written in the form
Q&lY.=~+Q&+j2
Y.,

Q.1 -

+ Q,, ~

+ v,.

(2)

)

(

Provided that v.,, v.,, and v are not very different from each other,
Eq. (2) can be approximated by
(3a)

where
Q, = Q., +
Qm

(3b)

QE3,

vu = QEIvU1 +

Q.93vu3

+

Q~3

(3C)
‘

(3d)

The tuning properties of the combined system can be analyzed on the
basis of Eq. (3c). From Eq. (3d) itfollows that
avu
—=.
avul

1
S

(4a)

and
(4b)
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where
(4C)
The quantity S will be referred to as the “stabilization factor. ” When
S is large, the resonant frequency of the system follows closely the resonant frequency of the stabilizer and varies only slowly with that of the
magnetron.
The effectiveness of the stabilizer in reducing the changes of frequency
connected with temperature variations can be estimated on the basis of
Eq. (4). In this respect the stabilizer can be effective only in so far
as the stabilizer itself is better thermostated or better compensated
If the thermal
against temperature changes than is the magnetron.
changes in the stabilizer resonance vuj are negligible, the changes in vu
(and therefore in the frequency of oscillation) resulting from changes in
the temperature of the magnetron are reduced by the factor 1/S.
Actually, the stabilizer does lend itself more readily to thermostating and
compensation than does the magnetron, partly because less energy is
dissipated in it and partly because it is a larger and simpler structure
While stabilizing cavities have been
and generally more accessible.
constructed of invar, it has not been practicable to use this material for
the magnetron proper.
The variation of frequency with current is inversely proportional to
the value of 13BL/13
v. From Eq. (3) it follows that, other things being
equal, stabilization will reduce the derivative 13v/dl in the ratio 1/S.
The degree of dependence of the frequency (expressed in terms of
Av/v) upon the external load yT is inversely proportional to Q,.’
(The
pulling figure F is given by the relation F/v = 0.42 sec CY/QE.) Consequently, if QE1is held fixed, the stability of the frequency against changes
in load is dh-ectly proportional to the stabilization factor S’. The
assessment of the possible advantages of stabilization in this respect,
however, involves much more than this simple relation, inasmuch as
it is possible without stabilization to increase Qz simply by decreasing
the coupling 1~
to the external load. By this procedure the stability
would be achieved at a considerable cost of circuit efficiency and, ordinarily, electronic efficiency.
Consequently it is necessary to consider
stability in relation to over-all efficiency.
The electronic efficiency q. varies with G. in the fashion illustrated in
Fig. 7.24. In the interest of making Q, large, GL is usually made somewhat less than its value where q, is a maximum, but G~ cannot be reduced
1 The relation

is a very

general

one.

ing QE” will be used synonymously
with
against variation ia the external load.”

For convenience
in expression,
“ increas“increasing
the stability of the frequency
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indefinitely, for q. falls off very rapidly at the lower values of GL. To
some degree, stabilization affords the possibility of choosing GL and Q
independently, as is shown by the relation
(5)

Furthermore, the circuit efficiency at a given value of Q, increases with
the stabilization factor S, as is shown by the relation

(-)
1

~. UT=l“+”ki+i(ihal

(6)

It is assumed, of course, that QUSis many times larger than Q~l; in practice
ratios of 5 or 10 can be achieved easily, and ratios of 20 or more are usually
possible.
In applications to radar it generally comes about that stabilization
is particularly worth while at the higher frequencies—say above 5000
Me/see.
This circumstance arises from the fact that it is the absolute
bandwidth Av rather than the relative bandwidth Av/v that controls
Although greater bandwidths are
the design of a receiving system.
used at the higher frequencies, it has not been general practice to increase
the bandwidth proportionally with v. As far as the magnetron is concerned, it is the relative bandwidth that counts, and the circumstance
just mentioned requires that the magnetron have a greater Q, at the
higher frequencies.
Inasmuch as the unloaded Q tends to decreaw as
V–M~th increasing frequency and the circuit efficiency decreases with
increasing ratio QE/Qu, the circuit efficiency becomes a very important
consideration at the high frequencies.
Stabilized magnetrons have proved particularly useful in radar
beacons, where the frequency must be held at an assigned value within
rather small tolerances.
16.3. Coupling Methods.-The
preceding discussion has been premised
on the assumption that the circuit of Fig. 16”1 can be realized physically.
If this circuit is taken literally, one arrives at the conclusion that it is
always desirable to make the stabilization factor very large; that is, to
arrive at a required value of QE, one should make h’ large and Y.1 proportionally small. This conclusion is rather obvious, for, other things being
equal, it is advantageous to store a greater fraction of the energy in the
most efficient element of the system, which is assumed to be the stabilizer
rather than the magnetron proper.
When physical limitations are taken
into account—aa will be done presently—it will be found that the
advantages of stabilization, especially stabilization by large factors, have
to be weighed against several disadvantages, among them increased

I
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complexity and decreased flexibility of the system and perhaps more
stringent limitations on manufacturing tolerances.
The basic problem that has to be met consists of coupling a lowimpedance resonator (the magnetron) to a high-impedance resonator
(the stabilizer) in such a way that the larger fraction of the energy is
stored in the latter.
The situation maybe thought of in terms of the two
circuits illustrated in Fig, 16.2a. One might couple the circuits by
means of mutual inductance between the coils or by means of a tap as
indicated by the dotted line in the figure,
but in any case physical limitations make
it impossible to secure a coupling coefficient of unity.
In consequence, the system will have two modes of oscillation; if
the coupling is weak, the separation of the
modes Av/v is just equal to the coefficient
(a)
of coupling.
The arrangements actually
used in stabilization have the properties
of the circuit shown in Fig. 16.2b, which
has three modes of oscillation, and the
difficulties encountered arise principally
from these extra modes.
There are a considerable variety of
(b)
arrangements that can be used to couple
the stabilizer to the magnetron if details
are taken into account.
As far as essentials are concerned, however, the systems
fall more or less into two classifications,
dependhg mostly on whether the stabilizer is an integral part of the magnetron
with a vacuum envelope common to both
A
Transmission line
or is an attachment added after the mag-

e

netron has been otherwise completed and
(c)
FIO. 16.2a,b,c.—Equiv&nt
cirevacuated:
In the former case the two
cuits of a magnetron ooupled to a
resonant cavities are constructed tangent
stabilizing cavity.
to each other, and the coupling effected by
In the latter case the cavities are
a common iris or resonant window.
coupled to opposite ends of a transmission line whose length is an appreciable fraction of a wavelength or even a few wavelengths.
Even
between these two cases there is no difference in principle.
Consequently the problem will be discussed in terms of transmission-line
coupling, because the greater amount of experience by far has been
accumulated with this type coupling.
A magnetron and stabilizer coupled through a transmission line
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to a first approximation,
an equivalent
circuit like that shown in
Fig. 16.2c. It turns out that the exact placement of the external load
in the circuit has an appreciable influence on the characteristics of the
circuit and also that it is necessary, when high stabilization is sought, to
add an auxiliary load to damp extraneous modes of oscillation (see Sec.
16.4).
Either of the loads can be connected in a variety of ways, and
their inclusion in a general way would greatly complicate the equations
to be dealt with. Therefore in outlining the general problem, purely
reactive circuits will be used and the effects of the resistive elements will
be treated qualitatively.
In computing the admittance of the system it is convenient to
normalize the terms with respect to the characteristic admittance of the
transmission line as was done in deriving Eq. (2). If g, is the normalized
admittance of the magnetron proper, YSthat of the stabilizer, and 1 the
length of the transmission line between them, the admittance Y. at
the terminals A of Fig. 16.2c is given by
have,

ys+jtanc?
y,+y3jtano+1

Y.=:::
(

)

1

(7)

where o = 21rl/k0 and Xais the guide wavelength for the transmission line.
At a particular frequency v,, 0 will be exactly equal to mr; and for frequencies not very different from vZ, o is given approximately (exactly if
Au/h is independent of v) by
(8)

e=nT+2Q.2+

where Q,z. = TIAO/A?j. The frequency VZ can be considered to be the
resonant frequency of the transmission line.
Inasmuch as one is concerned only with values of v for which
(V – v,)/vz is small, tan o can be approximated by 2Q~,(v – vz)/v2.
For yl and ys the usual approximations for a parallel-resonant circuit
will be used: y. = Q~,2j(v – v,)/vl
and Y8 = Q.s2j(v – vs)/va. For
the present it will be assumed that VI = V2= vs = vo; if the variable
C$= (v - vO)/vOis introduced, Eq. (7) can then be written
(9a)
or
(6 + 6’)6(6 – 6’)
IY’)(a – Is”) 1‘

‘u=~Bu= ‘c12~
[ ((! +

(9b)

where
(9C)
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and

(9d)

The values – 6’, 0, + Y represent the resonances of the system.
the resonances, the rates of change of susceptance dB”/d6 are

H

dBu
db

dBo

QE2

+

(lea)

(?m,

Q,,
= Zy

(-) db

QEI +

= Zycl
s=,
b=~r

,2

QEI +

QE2 + Q~3.
Q,2 + QE3

c

.\t

(lOb)

To illustrate the implications of the relations just derived, a numerical
example will be given.
It will be supposed that the magnetron has an
9.3

)
0.2

0,1

!

-o .4

-0.3

-o .2
/,

>-

/“
-b’~

-o.l–

-o.2–

-o.3–

Fm. 16.3.—Susceptance
output
to

it,

lead

which

is equal

to

is so
100-a

curves.

coupled

that

QEI,

typical

value

for

the

external

normal

~

output

with

respect

coupling.

A

Q~z = 500.
The transmission line has a length of 3A; but instead of the value 37r
for QEZ, the round number 10 will be used. On the basis of the values
stabilization

QEI

=

100,

factor

QEZ =

LS =

6 is to be sought;

10, and

1
~,

1
Y.1
-(-)

thus

Eq.

(4c)

gives

500, one obtains the result
a’ = 0.0175,
a“ = 0.0071,

QE3 =

(-)
dB.

da

3.0

dBu
dc!

~=t

=

12.2,

= 4.8.
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is shown in Fig. 16.3, where the dotted line indicates
the corresponding quantity for the magnetron alone. With a typical
value of Y.1 = 10–’ mho, it is roughly the range
plotted

against

6

_o.03

~ & ~ +003
Y.,
“

that is significant in magnetron operation.
Two ways of adding the external load to the system will be considered.
The relations are simplest if (Case I) the magnetron is a specially constructed one with two output leads, one for the load and the other for
the stabilizer.
If the magnetron has only one output lead, the load must
be tapped onto the transmission line of Fig. 16.2c, and it will be assumed
to be connected in parallel with the stabilizer
BL
(Case II).
For Case I, the external load Y. is simply
added to Yu of Eq. (9a).
It will be assumed
that Y, is a pure conductance and has the
value that it would have if the magnetron
were not stabilized and were loaded with a
Q, of 100; then in the numerical example,
Y./YCl = l/Q,l = 0.01. The Y.(v) curve,
conveniently treated as the (Y~/Y.J (6) curve,
then has three coincident vertical branches
= 0.01.
through the point YL/Ycl
To compute YL(~) for Case II, one must
replace y~ by yq + yE in Eq. (7). For the value
of load assumed above, this amounts to replacing j2Q~q6 by (1 + j2Q~s6) in Eq. (9a). The
FIG. 16.4.—Admittance
YL(6) curve then takes on the form indicated
curve.
schematically
in Fig. 16.4. The significant
parts of the YL(3) curves for both cases are plotted to scale in Fig. 16”5;
to avoid confusion, only the halves of the curve for ~ positive are shown;
the other halves are obtained by reflection on the real axis. The only
essential difference between the two arrangements is that for Case I the
load is effective for all three modes of oscillation (although the stabilization is not fully effective for two of the modes); in Case II the load is
effective only for the (6 = O)-mode; for the other two it is “shorted out”
by the stabilizer.
It is to be noticed that for a small range of 6 centered about 6 = O,
either of the arrangements analyzed above duplicates the properties
of the ideal system illustrated in Fig. 16”1. The mode of oscillation
in thk range will be referred to as the “principal mode. ” Two extra
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modes of oscillation are introduced, however, and from experience it
can be predicted that with the constants assumed in the above example,
the system would fail to perform satisfactorily because of improper
The control of the
or uncertain selection of the mode of oscillation.
In the endeavor
extraneous modes is, therefore, the central problem.
to prevent oscillations in the extraneous modes, three rather distinct
principles have been tried.
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FIG. 16.5.—Admittance

curves,

At one time it was expected that a very great separation of the extraneous modes from the principal mode would serve to discourage oscillation
inthe extraneous modes.
As farasthe magnetron isconcerned, the extra
modes arise from a very large reactive effect-in just one elementary
resonator--the one to which the stabilizer is directly coupled.
It seems
very probable that if the extraneous modes differed from the principal
mode (the principal mode has a frequency equal or very close to the
normal r-mode of the magnetron) by 10 per cent or even more, these
reactive effects would so distort the configuration of the electric fields
in the interaction space that the interaction with the electron stream
wouldbe impaired considerably.
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By coupling the stabilizer to the magnetron through an iris it is
possible to separate the extraneous modes from the central one by as
much as20per cent. This possibility wastaken advantage ofin’’stabilized” magnetrons designed by Herlinl and Smith’ (Sec. 19.5). These
magnetrons had auxiliary cavities so coupled as to yield a stabilization
factor of about 5 for the principal mode; the extraneous modes were about
20 per cent above and below the central mode.
These magnetrons were
complete failures in the sense that they could not be made to oscillate
reliably in the principal, highly stable mode.
They did, however, perform quite satisfactorily in the low-frequency mode, but without appreciable benefit from the auxiliary cavity in stabilizing the frequency.
This experience was more or less duplicated by experiments at the Bell
Telephone Laboratories.
Thus it appears that the separation between
the modes is of little consequence in determining whether or not the
magnetron will oscillate in the “stabilized”
mode.
From their initial failure, Herlin and Smith arrived at a second
principle.
They interpreted their result in the following way: The
“speed of starting” of a mode of oscillation should vary inversely with
of the mode.
To express the same thing
the degree of “stabilization”
in a different way, the speed of starting should vary inversely with the
When the l’.(.) curve is vertical
“effective capacit ante” of the mode.
and BL varies fairly uniformly with v over an appreciable range of v, the
system can be approximated by a parallel-resonant circuit of effective
It is shown in Chap. 8 that, other things
capacity C = ~(dBL/dv).
being equal, the speed of starting should vary inversely with C. As to
the modes of the magnetron-stabilizer system, it can be deduced from
Eqs. (1OC3)and (lOb) that

(-)
dB~

db ,, ,=0

dB
() a

=QEZ+QZ3=~–1
2QE1

(11)

2’

6=*&

where S is the stabilization factor for the principal mode.
It follows
that if S is not greater than 3, the principal mode should get there
first.
Experience has borne out the above line of reasoning in so far as it
has been found that the extraneous modes give no trouble if the stabilization factor S is about 3 or less. It should be pointed out that relation
I
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(11) holds only when v., = vu,; if the resonant frequencies of the magnetron and auxiliary cavity are not equal, the ratio is less favorable.
Consequently if stabilization is the primary consideration, so that S is
made nearly equal to 3, and the system is tuned by varying only one
of the components, the useful tuning range is only a small fraction of
The application of the foregoing
the separation between the modes.
considerations to the wide-range tuning of magnetrons is treated in
Chap. 14.
16.4. Means of Damping the Extraneous Modes.—The third principle, and the only one so far dkcovered that enables one to take advantage
of a high degree of stabilization, consists in introducing an auxiliary
load into the system in such a way as to damp the extraneous modes
preferentially.
The placement of the auxiliary load represented by the
resistance R is illustrated in Fig.
“Transmission line
16.6. Inasmuch as the system is
*
a
now to be analyzed in somewhat
1
greater detail, the conductance Ga
(3)
Gj
has been added to the equivalent
circuit.
If the external, or useful,
b
load is to be connected directly to
R
the magnetron as in Case I above,
g~, the normalized value of Ga, is
*
c
equal to QBa/QU~,where Quaisthe
FIQ.16.6,—Stabilizer
with dampingresistor.
unloaded Q of the stabilizer cavity.
(It can be shown that the cases where the external load is connected
between the terminals a-c or a-b of Fig. 16”6 can be reduced to the same
equivalent circuit.)
The effect of adding the resistance R can be interpreted qualitatively
in the following way.
It will be shown that the presence of R has little
damping effect on the principal mode 6 = O and a large effect on the
extraneous modes.
At 6 = O the impedance of the stabilizing cavity is
equal to 1/Gs—a rather large quantity.
Thus the currents into the
cavity are very small, and negligible power is dissipated in R.
On the
other hand, at the frequencies + 6’ of the extraneous modes, the stabilizer
has a relatively small impedance, the currents into it are large, and the
maintenance of either of those modes must entail a relatively large
dissipation of power in R; consequently those modes are strongly damped.
From this argument one can conclude that the extraneous modes will
be dkcouraged by the introduction of R into the system, but neither
the stabilization nor the circuit efficiency of the system for the principal
mode will be impaired appreciably.
The damping of the extraneous modes can be accomplished by adding
dissipation to the system in any one of many ways—for instance, by
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Fm, 16.7.—(a,b,c) Q-circles: (a) measured at terminals ab of Fig. 16.6; (b) at terfinals
(c) at oppoeite ends of transmission line; (d) Smith chart.

ac:

Some of the less fortunate consequences of adding the damping
resistor to the system will now be discussed.
In general, the larger the
It also
value of R the more effective it is for its intended purpose.
happens that as R is made larger, the more restricted becomes the range
through which the system can be tuned without undue loss of stabilization
and circuit eficiency.
More or less equivalently, the ranges of the
fluctuations in temperature, load, etc., against which the stabdization
The question of the minimum tolerable
is effective are similarly reduced.
value of R is thus an important one in the design of stabilizing systems.
The effect of the damping resistor in suppressing the extraneous
modes can be partly analyzed by means of the Y~(v) or YL(6) curves for
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the system.
The way in which the various parameters enter into these
curves can be understood qualitatively by considering the admittance
curves of isolated parts of the system; inasmuch as a transmission line
is involved, it is convenient to draw the curves in a reflection-coefficient
diagram (Smith chart).
The Q-circle of the auxiliary cavity, as measured
at terminals a-b of Fig. 16.6, has the form indicated in Fig. 16.7a. As
measured between the terminals a-c, it has the form illustrated in Fig.
167b.
In both cases, the tangent of the angle @ varies linearly with the
frequency.
The value of the resistance R is always made less than the
characteristic impedance of the transmission line, and the primary effect
of the resistance is seen to be a lowering of the reflection coefficient (or
SWVR) for frequencies far from resonance.
The Q-curve for this part of the system, as measured at the opposite
end of the transmission line, is obtained simply by diminishing the angle
~ for each point by tm”ce the angle o given by Eq. (8). When this is
done, the curve is no longer a perfect circle but has the shape indicated
in, Fig. 16.7c. The behavior of the admittance can be estimated by
comparing Fig. 16*7c with the Smith chart shown in Fig. 16.7d. Since
the curve now passes completely through the region where the admittance
varies rapidly with the angle ~’, it can be inferred that the admittance
of the system will contain violent fluctuations.
These fluctuations occur
for 6’s in the neighborhood of the (6’’)’s given by Eq. (9d) and, of course,
are directly related to the infinities in the susceptance function illustrated
in Fig. 16.3, becoming identical with them when R = O.
The violence of the fluctuations becomes less as R is made larger
(assuming always that the value of R k smaller than the characteristic
impedance of the transmission line), as is evident from the nature of
the Smith diagram.
The admittance curve for the complete system is obtained by adding
to the admittance just discussed the term y, of Eq. (7), which is the
admittance of the magnetron proper.
Whether or not the final admittance curve will contain loops depends upon the values of both Q,, and R;
the relations are exactly the same as those discussed in connection with
the mismatched transmission line in Chap. 7. A numerical example
of the way in which the presence or absence of loops is influenced by the
value of R is contained in Fig. 16.8a, b, and c computed with QBI = 30,
QE3 = 100; the external load is assumed to be coupled directly
to the magnetron so as to load the magnetron, unstabilized, to a QL
of 100.
So far, only cases where the resonance frequencies of the magnetron,
transmission line, and auxiliary cavity are exactly equal have been
discussed.
An increase in v,, the resonance frequency of the magnetron,
results simply in a downward displacement of the curve and vice versa.
QEZ = 3T/Z
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The shape of the curve is determined entirely by the ratio vs/vz; thus the
curve becomes unsymmetrical when the cavity is tuned or when the
transmission line is constructed with an incorrect length. These effects
are perhaps more easily deduced directly from figures such as Fig. 16.7c
and d than from a verbal explanation.
Concrete examples of the changes
in the curve caused by tuning the cavity are given in Fig. 16.8b, d, and e,
r = 0.5

?’=0.71

(b)

(a)

~ =0.5

(c)

‘).=0.5

133=6L+o.02

63=6,+0.04

B~

5!L

B~

t
GL

GL

GL

9

k

}

(f)
(e)
(d)
FIG. 16S.-(a,b,c)
Admittance curves of stabilized magnetron as affected by R; (b,d,e) m
affected by tuning the cavity; ~) unstabilized magnetron.

where 63 = (vi – vl)/vl.
The point of each curve marked by a circle
represents the condition ~ = da.
In designing a stabilizer, it is advantageous to make V2and v, equal
to the normal transmitting frequency of the magnetron rather than equal
to its “ cold resonance” frequency V,; in that way the Y.(v) curve for
the system is made roughly symmetrical about the operating curve.
The general problem of selection among the modes that results from
coupling a second resonant system to that of the magnetron proper is

i
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dk.cussed in Chap. 7. Unfortunately, there seems to be no straightforward rule that applies to the present case, although one result is
certain, namely, that the extraneous modes will not be excited if there does
not exist a corresponding intersection between the Y~( V) curve and the
Thus, from the standpoint of mode
operating curve of the magnetron.
like that of Fig. 16.8c is desirable, for with such a
selection, a YL(v)
curve, a second intersection is possible only if the operating curve has
an abnormally great slope.
On the other hand, from the standpoint of other properties of the
system, it is desirable to make R as small as possible.
For the case
represented by Fig. 16.8a through e the circuit efficiency is inversely
proportional to GL. If losses in the cavity are taken into account, and
also if the load is connected across the terminals a-c of Fig. 16.6,” the
circuit efficiency is given by a more complicated expression but the behavior is qualitatively the same. Figure 168a, b, and c illustrates that
when R is large, the circuit efficiency falls off more rapidly with departures
from normal conditions.
It can also be judged from a comparison of the
figures that the range of conditions-load,
temperature, current, etc.—
in which the stabilization is fully effective is reduced materially by values
of R great enough to suppress the loops completely.
If these latter considerations are vital, it becomes worth while to
find out whether or not loops in the YL curve can be tolerated, and this
question will have to be settled by cut-and-try methods; otherwise the
safe thing to do is to make R large enough to suppress the loops.
It can
be shown that the required value, normalized, is given approximately
by the expression
2Q32 ‘~.
~

r=
()

(This expression holds more exactly when the useful load is coupled
directly to the magnetron and when the losses in the auxihary cavity
are negligible.)
The presence or absence of loops can be checked by
If the
computing the curve or by making cold-test measurements.
magnetron has a second output lead, the Q-curve observed looking into
this lead will reproduce the YU curve of the system.
Perhaps it should not be surprising that the practical problem of mode
The argument given
selection should involve a good deal of empiricism.
in Chap. 7 indicates that the true normal modes of the system—especially when the electronic admittance is taken into account—have
a.
(It would be somesomewhat complicated relation to the Y(V) curve.
what of a chore to investigate the normal modes in the present case, for
the presence of three modes entails a cubic equation.
Furthermore, in a
quantitative treatment the electronic susceptance would have to be taken
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into account, since changes in the susceptance alone can determine
whether a particular normal mode is positively or negatively damped.)
It seems likely that the pulse shape may have some influence, but it
has not been studied enough in connection with stabilized magnetrons to
warrant anv conclusions.
In the ~ase of pulsed magnetrons, it is important to inquire whether
or not stabilization will greatly increase the tendency of the magnetron
to misfire. It is indicated in Chap. 8 that misfiring results from too
slow a buildup of oscillations, relative to the rate of increase of the applied
voltage.
In so far as stabilization increases the effective capacity of the
resonant system, it perhaps might be
expected that the rate of buildup should
be proportional to 1/S and that a. high
El-&.
degree of stabilization would increase the
tendency toward misfiring unless the rate
of rise of the applied voltage were reduced
by the factor 1/S.
That this is not
necessarily true is proved by the results of
hicrcwconds
some experiments which were concerned
FIG. 16.9.—BuilduPof osoilla- with the problem of producing very high
tionuin a 10-cm magn.etron-stabielectric fields within a resonant cavity by
lizer system.
S =S 60.
exciting it with a pulsed magnetron.
The
method of coupling employed can be represented by the equivalent circuit
of Fig. 16.6 with roughly the following constants:

Izj+
Q,, = 100,

Q.,

=

a,

Q,,

=

16,000,

~ = Qu3/Q~a = 1,
.). =_.2
3

The system can be considered to be a magnetron stabilized by a factor
S of about 60. The terms involving G3 are not negligible in this case,
and the stabilization factor is given approximately by
I
S=l+(l+rga),

QE8
z”

The modulator employed to drive the magnetron was of the highimpedance type, and no particular effort was made to redtme the rate-ofrise of its output voltage; thus, according to the argument given in the
preceding paragraph, conditions were favorable for the magnetron to
misfire. Nevertheless, no abnormally great tendency of this sort was
observed.
Observations were anade which, in terms of Fig. 16.6, were
equivalent to measuring the a-c voltage at terminals AA and at terminals
I J. Halpem, A. E. Whitford, and E. Everhart; Research Group of Electronics,
MassachusettsInstitute of Technology, private communication.
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The types of r-f pulses observed are indicated schematically @ Fig.
16.9. Evidently oscillations build up within the magnetron itself at
something like the normal rate, while the amplitude builds up within the
cavity at a rate that is roughly consistent with its Q. That this can
happen is due essentially to the buffering action of the resistance R.
(The
fallacy in the argument that introduced this discussion lies in not considering the properties of the system throughout a range of frequencies
great enough to encompass the bandwidth of the transient.)
16.5. The Design of Stabilizing Cf.rcuits.-Primary
emphasis will be
given to systems that use a transmission line to couple the auxiliary cavity
to the magnetron because the construction of built-in stabilizers for large
stabilization factors has not progressed beyond the experimental stage.
The coupling of the transmission line to the magnetron is treated elsewhere in this volume and will be taken for granted here. The problem
then is reduced to approximating as closely as possible the equivalent
circuit of Fig. 16.6 and becomes largely an exercise in microwave plumbing. It is feasible here merely to indicate some of the structures that
have been found to be practicable.
An irk has usually been used to couple the transmission liie to the
cavity.
The coupling results from the interaction of magnetic fields
across the iris; and since fairly tight coupling is required, the iris is cut
into a region of the cavity where the magnetic field is large. The cutaway
in Fig. 16.14 illustrates this type of coupling to a coaxial line. A cavity
similarly coupled to the broad side of a rectangular waveguide has
similar electrical properties: The cavity acts as a parallel-resonant circuit
in series with one side of the transmission line at the location of the iris.
A complete system, employing coaxial line, is illustrated schematically
in Fig. 16.10a. If the useful load is to be coupled directly to the magnetron, the T-junction is omitted.
Except for the half-wavelength of
transmission line between the T-junction and the cavity and for the
imperfections of the A/4 transformers—neither
of which are actually
of great importance-this
arrangement is a good realization of the
required circuit.
A complete system employing rectangular guide is
illustrated schematically in Fig. 16. 10b. Because of the fact that an
E-plane junction is used, the distances of cavity to junction and of
junction to magnetron differ by a quarter wavelength from the coaxial
cases; if an H-plane junction is used, these distances are the same as for
the coaxial case.
It must be emphasized that in the large-scale application of stabilizing
cavities a most important consideration is the control of the electrical
distance between the magnetron and the stabilizing cavity.
This
distance appears as a length 1in the equivalent circuits and the equations.
Actually it has to be measured from the reference plane T introduced
in Fig. 7.5; this plane has no simple relation to the mechanical features
ab.
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of the magnetron, but it can be determined by cold-impedance measurements. The location of the plane of reference varies from one magnetron
to another because of inequalities in the construction and installation
of the output leads. The permissible tolerance in the placement of the
stabilizing cavity is of the order of O.Olk—very much less than the

IIL
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& transformer

To magnetron
—

=

i!—
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++++

n+

To auxiliary load

j\

~ transformer
4

(effective)
(a)

2
g
.3>g
4

z

I
To magnetron

To useful load
>

(effective)
FIG. 16.10.—(a)

r

tE

(b)

Complete
stabilizing system employing
coaxial
stahlizing system employing rcctangu]ar guide.

line;

(IJ) complete

uncertainty in the plane of reference for practically all commercial
magnet rons.
In the case of the 2.J59 magnetron (Fig. 16.11) the difficulty is solved
by controlling the output lead of the magnetron—the manufacturer
tests the leads in advance and uses only those which have the proper
“electrical length. ” In the stabilizer designed for the 2J48 magnetron”
1 W. M. Preston and J. B. Platt, RL Group Report No, 473.
~ W, M. Preston, RL Group—5/31/44
Report No. 71, Nfay 31, 1944.
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(Fig. 16. 12) the distance is made adjustable by incorporating a sliding
Z’-junction into the stabilizer.
In the 2J41 magnetron (Fig. 16.13)’
a tunin~gscrew is placed in the transmission line in such a way as i>0allow
_r._.
_ ..—.— ---- .
---—

I

I@a. 16.11.—Type

2J59 magnetron

and stabilizing cavity.

r are
conlal to
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642

[%. (energy stored) ]/power,
relation

OF FREQ(?ENCY

[SEC. 165

one can derive for a rectangular cavity the

QhP _ 7fcoC
E2V –
2

(MKS units),

where E is the electric field and v the volume of the cavity.
Expressed
in the units X cm, E volts/cm, v ems, P watts, the relation is

The relation will give the order of magnitude of the volume required in
cavities of other simple shapes. The above relation yields, for the condiPOLYIRON
SUSEPTANCE
BALANCING
PLUG
POLYIRON
d

i

i

ROD

.STtJBILIZING

-A

OUTPUT

k++!’

r

‘MAGNETRON
‘WE;;[N,

TRANSFORMER

Fm.

13.—Type

2J41 stabilized magnetron.

Q = 500, E = 30,000,
X = 10, P = 50,000, a required volume of
132 cm3, and experience shows that this is too small by a factor of about
4. Of course, care must be taken with the tuning mechanism; or because
of localized intense fields, it will greatly reduce the power-handling
capability of the system.
Ordinarily a stabilizer must be designed for a given tuning range and
degree of stabilization.
The tuning range throughout which the efficiency and stabilization will not fall below something like 75 per cent
of their maximum values will amount to about one-third of the value of
tions

I
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given by Eq. (9d); that is,
Tuning range = ~(Q.,QEi)–~fi

or
Tuning range = H(S — l) QEIQRZ]–~.
(To compute the tuning range accurately, one would have to take into
account many of the details of the circuit. ) Generally it will be found
that the tuning range is all too small, and one will make Qz2 as small as
is practicable by shortening the transmission line, but this possibility is
soon exhausted.
To increase the tuning range further, QEImust be made
smaller; that is, the magnetron must be more tightly coupled to the
transmission line. This will require a special magnetron with an abnormally large pulling figure.
When a special magnetron is required, it would seem sensible to have
one constructed with two output leads—one normally coupled lead for
the useful load and one tightly coupled lead for the stabilizer.
In that
way the !!’-junction can be eliminated and the line made shorter. The
plumbing problem is considerably simplified also, and the system is
made generally neater. An experimental c-w magnetron stabilized
in this way is shown in Fig. 16.14; this combination was constructed by
attaching a stabilizer to the “tuning lead” of the magnetron illustrated
in Fig. 14.12. With pulsed magnetrons, however, one has to consider
the circumstance that the voltages developed in the transmission line
will increase with the coupling.
When the stabilized magnetron is required to run at a preassigned
frequency, the stabilizer can be used with a fixed-tuned magnetron
provided the combination has a great enough tuning range to compensate
for the scatter that is unavoidable in manufacture as well as for aging
effects in the magnetron and for the fluctuations in operating conditions.
A higher degree of stabilization is feasible, however, if the magnetron
itself is tunable, so that tuning range of the stabilized combination can
be sacrificed in the interest of a higher stabilization factor.
By taking
advantage of this possibility, it has been possible to attain a stabilization
factor of about 10 in the combinations shown in Figs. 16.11 and 16.13;
these magnetrons were designed for use in beacon transmitters and
therefore must operate at an assigned frequency.
Built-in
Stabihzers.—A
moderate degree of stabilization has been
built into two commercial magnetrons in order to improve the efficiency
at the pulling figure required of them in their applications.
The stabilization factor S is less than 3, so no damping resistor is required.
The
cavities are incorporated into the output leads of the magnetrons.
When the auxiliary cavity is essentially tangent to the magnetron,
so that the coupling can be effected by simply an iris, with no trans-
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circuit similar to that used in the tunable magnetrons described in
Chap. 14, except that the constants of the system were chosen for high
stabilization.
Anequivalent circuit thatisclosely related tothe physical
structure is that shown in Fig. 16.15a ;thiscircuit hasthe same properties
as that of Fig. 16.2b as far as the admittance at the terminals A is concerned. In the circuit of Fig. 1615a the damping resistor must be

(a)

I

I
(b)
FIG. 16.15.—(a)

1

Equivalent

circuit of cavity and magnetron coupled by an iris; (b) iris with
damping resistor,

shunted across the parallel-resonant circuit, which corresponds to the
gap in the iris.
In the experimental magnetrons, the gap of the iris was loaded by
connecting a coaxial line across it, as is illustrated by a sectional view in
Fig. 16. 15b. The coaxial line passes through a vacuum seal as in a coaxial
output lead, so the power-dissipating element can be placed outside
the vacuum envelope.
For the damping resistor to fulfill its function,
it is, of course, necessary that it ha~’e the proper value and also that it
extra resonances into the
be “broadband”;
otherwise it ~vill introdllre
system.
It appears that it is rather difficult to satisfy this condition.

PART

V

PRACTICE
It has been the experience of the Radiation Laboratory that one of
the major tasks in producing a satisfactory magnetron design is the
Every new design
elimination of minor undesirable characteristics.
involved the construction of a large number of good experimental tubes
and a thorough testing of them.
In the process, a large amount of
practical knowledge was acquired and Chaps. 17 to 19 contain the part
of this “know how” that will be helpful to those confronted with the
problem of constructing a workable magnetron.
The construction of experimental magnetrons free of imperfections
that would interfere with the interpretation of experimental data is a
major problem, and those who are unfamiliar with this practice may find
it difficult to understand the importance given to it here. The techniques
and processes described in Chap. 17 have been chosen not only for their
particular importance in the construction of magnetrons but for their
broader applications as well.
Rarely, if ever, does the first experimental model of a proposed
magnetron meet all the requirements contemplated, and data must be
taken on the first experimental tube to determine the modifications to
be incorporated in the next attempt.
Two kinds of data may be taken:
the so-called “cold resonance” measurements, made on the anode block
and output circuit of a nonoscillating tube, and the measurements on
the operating magnetron.
The first kind, which is dkcussed in the first
part of Chap. 18, is useful in that it isolates the r-f circuit problems from
the over-all operating characteristics obtained from the oscillating
magnetron and thus facilitates the interpretation of all the data. The
second part of Chap. 18 explains the technique of taking operating data
and gives instructions for operating both pulsed and c-w magnetrons.
Chapter 19, “Typical Magnetrons, ” is a record of practical accomplishments of the many laboratories that were involved in the development of microwave magnetrons.
Essential dimensions and operating
characteristics for representative magnetrons of proved design are given.

1-

CHAPTER

17

CONSTRUCTION
BY J. R. FELDMEIER

I

I

I
I

Wartime research has greatly advanced the art of fabricating electronic tubes that do not depend on glass envelopes for their vacuum.
Most of this advance resulted from klystron and magnetron construction,
in which it has been necessary to build high-Q resonant cavities into the
vacuum chamber.
In the case of the magnetron, the necessity for working copper “into intricate shapes to form several parallel-resonant cavities
about a cylindrical anode has resulted in techniques that will be of use
In addition to
in the construction of a great number of other devices.
recording these new techniques this chapter will give information by
detail or reference on all steps of magnetron construction, so that an
experimenter new to the field of microwave magnetrons will be able to
build tubes.
To those not already acquainted with tube making, a word of caution
is in order. To construct a successful hermetically sealed electron tube
is not easy. To build experimental tubes at the rate of only one per week
requires the use of a laboratory having equipment readily available to
perform every operation.
The number of individual operations that
go into the construction of a typical magnetron is surprisingly large,
usually amounting to about 150. Most of these operations are on
component parts that can be readily inspected and errors corrected, but
there are about 25 operations of a very critical nature that will lead to a
bad tube unless great care is exercised and defects are detected early.
Thus care, inspection, and cleanliness cannot be overemphasized.
With
these facts in mind and.from the point of view of the experimenter rather
than the manufacturer, the material of this chapter was selected.
It should be emphasized also that thk chapter will not be an exhaustive treatment of tube construction but in most cases will give examples
of typical procedure that the experimenter will want to modify.
It is
hoped that the descriptions will suggest modifications appropriate to the
special problems.
17.1. Fabrication of Anode Blocks.—The anode block includes the
resonant system and therefore not only must be a collector capable of
power dissipation but must have a high unloaded Q; thus a material
of high conductivity is required.
Copper has been used for the block
649
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material for all present microwave magnetrons (although some effort
has gone into the development of tantalum and tungsten blocks to
reduce the change in magnetron frequency with temperature at some
sacrifice of unloaded Q). With the exception of the technique usedby
RCAinmaklngthe2J41
(see Chap. 19), thecopper isalsoused
to form
the vacuum seal. To satisfy these requirements of high-Q and good
vacuum qualities, OI?HC (oxygen-free high conductivity)
copper has
generally been used. Selenium copper has also been successfully
employed here and in England.
The advantage of selenium copper over
OFHC lies in its superior machining qualities, but the reliability of its
vacuum qualities has been questioned.
The methods of fabrication that have been used for magnetron blocks
are summarized in Table 17.1 along with examples that are described in
Chap. 19.
TABLE 17.1.—FABRICATION METHODS FOR ANODE BLOCKS
Methods of fabrication
Examples
Machining . . . . . . . . . . . . . . . . . . . . . . . .
WE 725A
Lamination . . . . . . . . . . . . . . . . . . .
Raytheon 2J30-34
Jig assembly, . . . . . . . . .
Hobblin
g. . . . . . . . . . .

2J42, RL HP1OV
3J31

. ::::::::::::::

Vacuum casting . . . . . . . . . . . . . . .
Sinteriug. . . . . . . . . . . . . . . . . . . . . . .
JIach;ning.-For

making

wavelength
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the

or turning
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the
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described
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that
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will
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can
the
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although
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difficult,
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tubes

at
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choice
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is
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10-
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precision
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tools.
2J42,

a 3-cm

pulsed

mag-

netron (see Chap. 19).
The first step in the construction of the 2J42 block is the
preparation of the vane and strapping-ring stock, accomplished by
rolling OFHC copper strips to a
thickness of 0.020 ~ 0.0005 in.
From this material the block
vanes and rings are punched with
the aid of the toolsl shown in Figs.
17.1 to 17.4. The cutting tools
are made from Halcomb’s Ketos2
tool steel hardened to a Rockwell
C of about 63 and supported in
cold-rolled steel
holders.
In
Fm. 17.2. —Aseembly of vane-punching tools.
machining—the vane punch shown
in Figs. 17.1 and 17.2, the strap grooves are milled to size, but the outside
surfaces of the tool are left 1 or 2 roils oversize to permit grinding to
1For detailed information see F. A. Stanley, Pundws and &s, McGraw-Hill,
New York, 1943; C. W. Hinman, Die En@neering Layouia and Formulq McGrawHill, New York,
~ Obtainable
cuee, N.Y.

1943.
from

Halcomb

Steel Division,

Crucible

Steel CQ. of America)

Syra-
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size after the hardening heat treatment.
By so doing, some dimensional
dktortions can be eliminated w’hich are unavoidably introduced during
‘l’he vane die is milled in two halves; and after
the hardening process.
hardening, the halves are mounted together in tl-re cold-rolled steel
support to form the completed die. To prevent severe rounding of the

Fr~, 17.3.—Ring-punching

tools.

corners of the punched parts, it may be necessary to use a pressure pad.
This is a tool similar to the punch mounted on rubber or springs beneath
the die, so that the copper is always pushed against some backing.
In
the case of the die in Figs. 17.1 and 17.2 the depth of the die tool is great
enough to store several vanes which act as a pressure pad.
For larger
vanes a pressure pad would probably be necessary.
The tools for
punching the rings are shown in
Figs. 17.3 and 17.4. A pressure
pad is necessary in this case. The
small pipe on the stock guide is
for admitting compressed air to
eject the finished rings.
A copper shell (Fig. 17.5) is
needed to form the complete anode
block; the one shown was turned
from round copper stock.
The
part of the shell that is to be
joined to the vanes is reamed to
within 0.0005 in. of the specified
Fm. 17.4.—Assembly
of ring-punching tools.
dimension.
AU block parts are
deburred to obtain proper fitting in the jig, and this can be done by using
a scraping tool on individual pieces; or if one has a very large number of
parts, they can be successfully deburred by rolling them in a bottle on a
ball mill.
The jig for assembling these component parts is made from low-sulfur
content stainless steel designated by Industrial No. 18-S and Type No.
302, 304, or 308, which, when oxidized, will not be wet by the brazing
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material.
Because the jig must hold in intimate contact the component
parts to be soldered, they must be reached
to a high degree of accuracy.
For a block the size of the 2J42, the toler$mce situation is eased somewhat
by the fact that the small copper parts can be squeezed into contact
A complication arises from
without a dkturbing amount of distortion.
slightly upon initial heating.
the fact that stainless steel “grows”
As a result, the practice has been to machine the parts to very close

FIG. 17.5.—2J42

anode-block

parts, assembly jig, and finished anode block.

tolerances and then make trial-and-error corrections in the jig by observing its brazing accuracy.
The anode block parts are assembled in the following manner:
1. The stripping ring is placed on the jig body.
breaks” are placed in grooves in the jig
body (not shown in Fig. 17.5). This lower set of rings has strap
breaks that are brought to their proper places by pins in the strap
grooves.
3. The center pin is placed in the jig body.
4. The vanes are assembled into the jig slots and into the lower rings.
5. The guide ring is slipped over the vanes to force them against the
center pin.
6. The top rings are placed in the vane grooves.
7. The shell is pushed ,over the assembled vanes, forcing the guide
ring down and out of the way.

2. The rings with “strap
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8. The vane holder is dropped over the center pin.
9. The clamping nut is placed on the center pin and screwed into
place, thus holding the asaembled structure together ready for
brazing (see Sec. 17.3).

After brazing the anode block is removed by
1. Removing the clamping nut and vane holder.
2. Forcing the block off the jig by putting a stripper through holes
in the bottom of the jig body and pushing against the stripping
ring.
It is necessary to keep the center pin smooth and free from the slightest
burr so that the vanes are not distorted while being removed from the
jig.
Some 2J42 blocks have been made with a modified jig that is simpler
in come respects. The simplification is introduced by broaching slots
(0.020 in. deep) into the anode shell; these slots are used to hold and
position the vanes during brazing, thus removing the necessity for the
accuracy in holding and positioning the vanes that must otherwise be
built into the jig. This broaching operation saves considerable time
when done with a tool that broaches all 12 slots simultaneously.
For 3-cm wavelength tubes in which the vanes are about 0.020 in.
For greater thickness, as for 10-cm
thick, punching is quite satisfactory.
wavelength tubes, punching may not be practical, but one can mill the
vanes from stock material.
The HP1OV magnetron (see Chap. 19)
is made by this method.
With OFHC copper, a ratio of vane thickness to length of 0.08
approximates a lower limit for jig-assembled tubes.
With the mechanically stronger metal, Chase alloy No. 58, thinner vanes can be assembled,
reaching a corresponding ratio of about 0.05. At room temperature
the electrical conductivity of Chase alloy No. 58 is about half that of
OFHC copper.
At 200”C, however, the conductivities
are equal;
and hence if the vanes are at this temperature during operation, the
unloaded Q will be unaffected by the use of this alloy.
In the cases where it is necessary to taper the ends of the vanes, as
in the BM50 and 2J41 (see Chap. 19), the jig assembly method has a
distinct advantage over other methods of construction.
Hobbing.—Hobbing
is the process of driving a hardened tool (the
bob) into a block of metal to produce a desired configuration.
In
magnetron construction the hob can be so formed that upon the removal
of the tool one has a completed copper anode block, except for facing
off the ends and for the straps, if they are included in the design. The
bobbing method is particularly useful in the construction of small anode
blocks and especially advantageous in designs without strapping, like
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Hobbing is also adaptable to making other tube parts
rising-sun blocks.
that have inside shapes which cannot be readily machined, such as
thetaperbd sections of waveguide outputs.
Figure 17.6 shows atypical set of bobbing tools. Thehob, bottom
plate, driver, shell, andremoval tool areall made of tool steel hardened
toa Rockwell Cof 58t060.
Among the Carpenter matched tool steels,l
Hampden oil-hardened steel has proved satisfactory.
The shell shown
in Fig. 17.6 is 8-in. OD.
It is made in two parts in order to ease the
hardening problem associated with pieces of such large volume and to

FrQ. 17.6.—Hobbhg
give

radial

steel

shell
The

strength
is not

bobbing

to the

tool.

tools.

Forsmaller

tools

the

outer

cold-rolled

necessary.
process

is performed

in the

following

manner:

1. The bottom plate is placed in the shell.
2. A copper cylinder is placed in the shell and rests on the bottom

plate.
3. The hob is placed in the driver.
4. The combined

hob and driver are inverted from the position shown
in Fig. 17.6 and are placed in the shell, the hob resting on the
copper cylinder.
5. The parts thus assembled are placed in a press between hardened
steel plates, and the hob driven into the copper cylinder.

A press made by the Watson-Stillman
Company of Roselle, N. J., can
deliver a force up to 100 tons and has been satisfactory for this job.
The
best speed for bobbing has not been studied thoroughly.
At the
Columbia University Radiation Laboratory, the practice has been to
hob by a slow, even succession of thrusts.
It is a common practice to
use castor oil as a lubricant to help reduce the forces required.
Aquadag
I Frank R. Palmer, Tool Steel Simplified, Carpenter Steel Go,, Reading, Pa, 1937;
Carpenter Matched

Tool Steel Manual,

Carpenter

Steel Co., Reading,

Pa., 1944.
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would vrobablv be effective, but it has been found difficult to cover all
portio~s of a; anode-block’ hob with it. The bobbing force on large
blocks can be reduced considerably by boring a hole through the center
of the steel bottom plate, thus providing space for the displaced copper.
The hole should be about 0.010 in. smaller in diameter than the anodeblock diameter to prevent the thin copper vanes from dragging down.
Chromium plating the bobs will further reduce the force necessary
for driving the tool into the copper, but this technique is not applicable
to anode-block bobs, as it is difficult to get the plate to cover the intricately shaped tool evenly.
Waveguide bobs, however, are usually
chromium plated.
Considerable saving in bobbing force can be had if
the copper slug is held at an elevated temperature; this process, called
keeps the copper annealed throughout the bobbing
“hot bobbing,”
operation.
There does not seem to be much advantage in merely
annealing the copper previous to the bobbing thrust, probably because
the copper work hardens with but small penetration of the bob.
The
best temperature for hot bobbing has not been thoroughly investigated,
but it probably is close to 550”C.
This temperature is a balance between
softening of the cylinder copper and softening of the bob-tool steel.
At these temperatures Hampden steel will not stand up, so it is necessary
TABLE 17.2.—ANODE-BLOCK

No. of
vanes

●

Anode
iiameter,
in.

17hickness
ds, ” in.

de, * in.

0.752
0.312
0.291
0.286
0.168

0,984
0,502
0.410

of

Cu lirl,
in.

Depth of
bobbing,
iD.

Total
force
required,
lb

0.0430

0.800

0.0170
0.0150
0.0100
0.0100

0.530
0.375
0.250
0.187

0.478
0.396
0.340

0.0135

30
27
27

.. ..

0.0080

0.375
0.275
0.275
.....

0.490
0,479

0.645
0.726

0.0170
0.0140

0.625
0.450

35
15

0.097
0.093

0.122
0.133

0.170
0,145

0.0040
0.0040

0.125
0.125

4
2

0.140

0.162

0.222

0.0040

0.125

4

1s
18
18
18
18

0,413
0,170

26
26
26

0.327
0.256

26

0.210
0.158
0,137
0.138

38

0.337

38

0.339

38
38
50
See Chap. 19.

HOBBING DATA

0.162
0.148
0.093

0.220
0.274

0,227

0.0100
0.0090

120 x lo~
37
39
20
8

3
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to use a steel like Carpenter’s Star Zenith,’ hardened to a Rockwell C
of about 59. In making this change one must tolerate hardening
distortion in the bob.
For hot bobbing, the temperature of the bobbing
assembly can be conveniently
controlled by r-f induction heating.
It has been found that finer structures can be formed successfully if hot
bobbing is employed.
The many conflicting factors make it extremely difficult to calculate
the force necessary for bobbing.
For thk reason Tables 17.2 and 17.3
are givenz to convey an idea of the magnitude of the required forces.
In Table 17.2, the 18-vane blocks, the first three 26-vane blocks, and
the first 38-vane block were cold bobbed.
All others were hot bobbed,
and the decrease in total force required to hob these blocks is apparent.
TABLE17.3,—WAVEGUIDE-OUTFUT
HOBBING
DATA
Width of
wavegnide,in
1,125
0.900
0.420
0.112

Height
waveguide,

Depth

of
in.

bobbing,

of
in

Total

force

required,

0.500
0.400
0.170
0,050

lb

155 x 109
100
24
4

The first and second 38-vane blocks indicate a lower limit on cold bobbing,
because the second 38-vane block could not be successfully cold bobbed.
The difference in bobbing force between the third and fourth 38-vane
blocks is attributed to the quality of the surface on the bob.
The fourth
38-vane block was made with a hob having a smoother surface, since
this hob was made by grinding a hardened piece of steel rather than by
milling and then hardening.
(See later discussion on making the bob. )
After the hob has been driven into the copper cylinder, the copper is
To do this, the removal tool shown in
separated from the bobbing tools.
Fig. 17.6 is placed under the shell. The press is used to drive the copper
and hob through the shell until it drops into the central space of the
removal tool.
If a hole has been made in the bottom plate to reduce the
required bobbing force, it will be necessary to drill out the copper pushed
into this hole in order to separate the bottom plate from the copper slug.
The combined copper and hob are now free from the bobbing tools and
ready for separation.
The copper and hob are separated by the use of the stripping tools
shown in Fig. 17.7, arranged as in Fig. 17.8. By placing this arrangement in the press and pushing on the cylinder D, the hob is pulled out
of the copper by a force that is always parallel to the force originally
~Ibid.
~ Data from S. Son kin, Columbia

ij)
I

University

Rarl iation I,ahoratory,

New York,
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used to drive the bob.
In stripping, the most important precaution
is to use care in making the initial contact of the press-driving piston
with the stripping cylinder D, as too sudden contact may break thehob
off in the copper.

(A)

(B)
(c)
FIG. 17.7.—Stripping tools.

(D)

After
the copper slug has been stripped from the bob, it is slipped
on a mandrel which makes a tight fit in the block hole, and the lower
end of the slug is turned off to within a few roils of the farthest penetration
of the bob, and the anodejblock
OD
turned to size. The block is then removed from the mandrel and placed in a
wheel chuck, and the remainder of the
cutting is done to arrive at the desired
block height.
During these machining
operations, if the vanes are too thin to
support the slug on the mandrel or to
resist bending during cutting, a filler must
be used that can be leached out after the
machining is finished. Lucite is satisfactory for this purpose.
It can be put
in the copper slug in powdered form and
FIG. 17.8.—Assembly
of stripping
tools.
solidified under slight pressure at 150”C.
and leaves no harmful
It can then be leached out with chloroform
residue.
The hob itself is the most critical of the bobbing tools, and additional
information on its construction will be helpful.
Figure 17.9 shows the
stages of construction of a milled hob used in making 3J31 anode blocks.
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Part A is turned from Halcomb’s Ketos steel. The end of the cylinder
to be slotted is left a few roils oversib, so that it can be ground to size
after hardening to remove some of the distortion introduced by the
hardening process.
The threaded portion is for use in the stripping
process. The threaded end must be faced off perpendicular to the
cylinder axis because the hob is driven by pushing against this surface.
Part B shows the hob after fig
and hardening.
“Climb milling”

i

!
4

I

.— -

-
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of about 58. After the hob is hardened, the centering pin is ground off
and the hob OD is ground to the proper size. Other surfaces of the hob
may be polished to help reduce the required bobbing force.
For tube
vanes under 0.012 in. thick, polished surfaces are particular y important
to avoid dragging down the copper vanes during bobbing.
The finished
hob is labeled C.
A set of anode-block bobs and some corresponding blocks are shown
in Fig. 17.10. Note how the vanes of the third and fourth largest blocks

J

$

FIG. 17.10.—Set

of anode-block

bobs and anode blocks.
Radiation Laborator~.)

(Courtesv of Columbia University

have dragged down as compared with the largest block.
The dragging
in these blocks is a result of annealing the copper before bobbing (as
previously stated, the advantage of annealing before bobbing is questionable).
No dragging is evident in the second largest block, because
it has been faced off after bobbing.
Figure 17.11 is given to show bobs used for making waveguide
outputs for 3- and 1.25-cm wavelength bands.
The chamfers improve
the breakdown strength of the outputs.
The rectangular block on the
3-cm-wavelength chamfer cutter guides the cutter with respect to the
rectangular cavity.
The relative advantages of blunt bobs as compared
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with tapered bobs is not definitely known, but larger bobs are usually
tapered to reduce the bobbing force. Waveguide bobs differ from
anode-block hobs in that they are hardened to a Rockwell C of about 65
and are usually chromium plated.
Instead of milling the bobs it is possible to grind a hardened cylinder
to the desired size and shape. The advantages of ground bobs are no
trouble from distortion introduced by hardening; a more uniformly
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unless itisdesired
tohavesome
irregular
exterr,al
shell shape that cannot
be conveniently machined.
The fact that some precision parts of the
carbon mold for vacuum casting must be duplicated for each block
represents a disadvantage compared with jig-assembly or lamination
methods.
Sin.tering.-Sintering
employs the technique
of pressing finely
powdered metal into the desired shape and then heating this compress
at a temperature great enough to cause bonding of the powder.
Sintered copper blocks are useful for small tubes that are difficult
to machine, but the method has not been fully tested.
For blocks of
nonmachinable metals, such as tantalum or tungsten, the method holds
promise.
Sintering has been employed successfully in making other
irregularly shaped objects, such as waveguide-output parts.
Combination
of Methods.—The
different methods of fabrication
listed in Table 17.1 have been applied to cases that essentially exemplify
one method.
The fabrication of some anode blocks, however, might
best be done by a combination of these methods.
For example, the
combination of sintering and jig assembly seems to be the most promising
for making blocks out of nonmachinable metals, such as tungsten (the
advantage of a tungsten block is that it would be less frequency-sensitive
to temperature).
The vanes, shell, and straps might be sintered from
powdered tungsten, and then these component parts brazed together
by the jig-assembly method.
17.2. Brazing and Soldering.-Brazing
was one of several new metalworking techniques developed to meet requirements associated with
magnetron construction.
In large measure these techniques are distinctly different from those emphasized in standard references.z Thk
aspect of brazing may be clas{lfied as high-vacuum precision brazing.
The first differentiation from usual brazing is the shtit in emphasis from
sheer strength to vacuum perfection.
A good vacuum requires a solder
of low vapor pressure that will alloy with the base metal to give a reliable
seal. In the case of purely mechanical joints, the low vapor pressure
requirement usually still exists, because most joints are exposed to the
tube interior; and although it is best to have alloying between the solder
and base metal, sufficient mechanical strength can often be obtained
without alloying.
In order to accomplish a precision braze it is necessary
to localize the flow of solder into well-defined boundaries.
Electroplating
fixed amounts of solder at the desired places provides a means of liiiting
the solder flow and gives fairly sharp boundaries,
Another method is
to use a solder” stop-off” over which the solder will not flow. Chromium

1John WUM, cd., Pou.&r MetaUurW,
Ohio, 1942.
2 Welding Handbook,

American

Welding

American
Society,

Society

for Metals,

New York,

1942.

Cleveland,
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plate or carbon film serves as useful stop-offs.
In either case, liquid
or paste fluxes must be avoided in precision brazing, and this has, in
general, required the use of hydrogen atmospheres for brazing.
Preparation of Surjaces jor Brazing. —Cleanliness
is of great
imporParts.
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The vapor pressure of a solder exposed to the interior of the tube should
be less than 10_G mm Hg at 450°C and less than l@7 mm Hg at room
temperature.
For this reason, solders containing lead, cadmium, or zinc
should be used with caution.
Metals having a high vapor pressure can
be tolerated in alloys only when their partial pressures are considerably
reduced because of compound formation or interstitial adsorption.
Excess amounts of low-conductivity solder must be avoided at points of
high current density in the case of high-Q oscillators.
The choice of

TABLE 17.5.+oLnEmm2

AND BRAZING ALLOYS AND FLUXES

Flow point

Melt point

Composition

Name of solder

“c

“c

“F

150

65.5
181.0

140

60
181
188
200
232

358
370
390
450

225 ~O
260.0
231,9

288

550

......

304
304
327
338
400

579
579
621
640

304.0
380.0
327.0
393.0

752

......

600

1110

630.0

Comments

Flux

“F

358
437
500
450

Bi
Pb
Pb
Pb

Wood’s metal
Eutectic soft solder
50-50 soft solder
20-80 soft solder
Tin
Alumaweld

. ......... ........
.......... ...........

579
715

50
36
50
80

Cd
Sn
Sn
Sn

12.5 Pb 25 Sn 12.5
64
50
20

Works

..... .....
easily, weak

Weak
Shrinks
For castings and all metals
cept tantalum

Ag 5-6 Pb 95-94
Ag 2.5 Pb 97.5
Pb 100

A, B

.....

A, B
B
A
A

..
.

Ag 5 Cd 95
Ag20Cu3Zn2Sn75

1162

Low-melting

Ag 45

Cu 35 Sn 25

H,

1160

635.0

1175

‘‘ Easy Flo”

Handy and Har.

Ag 50 Cu 15.5 Zn 16.5 Cd 18

D

mon
641

1185

704.0

1300

“ Sil Fos”
mon

646

1195

688.0

1270

“ Easy

Handy

Flo”

and Harmon

I

I

,,,,,,,9,

.

,“

.

,,, ,.

- ,,,—

No.

and Har-

Ag15Cu80P5

3 Handy

Ag 50 Cu 15.5 Zn 15.5 Cd It
Ni 3

None

D

ex-

h’ote high cadmium content
From J. Strong, Procedures in
Experimental
Physics,
Prentice-Hall, New York, 1942
From F. C. Hull, Westinghouse
Res. Lab.
low vapor

627

.

A, B
C, F

740
....

hard solder

A
A, B

Weak, brittle

Sn 100
Sn 40 Pb 39.9 Zn 20.1

Lead
“TEC”
Handy and Harmo]
Intermediate
solder

621

A
A

Very bard, brittle,
pres.

For ferrous and nonferrous use,
yellow
color,
mechanically
strong
For nonferrous work, self-fluxing, yellow color, mechanically
strong
For ferrous and nonferrous
where fillets are required,
low, strong

1

use
yel-

+
-I

ri

..

-,

670

671
677
677
682
693

1238

1240
1250
1250
1260
1280

700.0

779.0
727.0
743.0
718.0
718.0

1290

1435
1340
137
1325
1325

Low-melting

“SS”
“ET”
“DE”

Ag 53

hard

Handy and Harmon
Handy and Harmon
Handy

and Harmon

“RT]’
Handy and Harmon
‘‘ Easy” Handy and Harmon

Cu 32

Sn 15

Ag 40 Cu 30 Zn 28

Ni 2

Ag 50 Cu 28 Zn 22
Ag 45 Cu 30 Zn 25
Ag 60
Ag 65

Cu 25 Zn 15
Cu 20 Zn 15

H,

From F. C. Hull, Westinghouse

D

Rcs. Lab.
Very hard, brittle,
low vapor pressure
Pale yellow color

D
D

Yellow-white
Yellow-white

D, H,
D

Handy and Harmon

Cu 34

1280

774.0

1425

‘‘ ETX”

704

1300

729.0

1345

“TR

Westinghouse

CU93P7

hard solder

Ag 59

No.

707

1304

750.0

1382

Harmon
Phos-copper

720

1328

740.0

1360

Low-melting

721
724

1330
1335

779.0
754.0

1345
1390

732

1350

774.0

1425

738

1360

793.0

1460

1“

Handy

and

Ag 50

741
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D
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No.
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Ag75Cu22Zn3
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From F. C. Hull, Westinghouse
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Cu 31 Sn 10
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Zn 16
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Silver-white
color
ASTM
Spec. B-73-29
silver-white
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“ RE-MN”
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1430

816.0
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“AT”
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Handy and Harmon
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.. ...
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Brazing compound
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980.0
960.0
1063.0
1082.0
......
......

1796
1760
1945
1980

1945
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..
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solder may be limited by the presence of
previous joints, glass seals, or the cathode.
By the use of heat shields in certain brazing
methods, the solder need not necessarily be
restricted to having a flow point less than
the melting point of glass or the melting
point of some other joint.
If the brazing
is done in a hydrogen atmosphere in the
presence of glass, the glass itself may be
damaged by the hydrogen, or the metal
oxides involved in the glass-to-metal seals
may be reduced and the seal rendered
The use of forming gas (80 per
porous.
cent HZ and 20 per cent N) instead of
hydrogen reduces troubles of this nature,
but greater care must then be exercised to
remove oxide films chemically from the
surfaces to be joined.
The properties of available solders and
fluxes are summarized in Table 17.5.’
It
is noted that in the flow-point range of
630° to 1082°C there are 35 solders while in
the range of 400° to 629°C there are none.
Because tubes are generally baked at 450”C
during processing, a solder that flows below
thk temperature is of little use in magnetron
construction.
However, the lack of a satisfactory solder in the flow range of 450° to
550”C eliminates the possibility of brazing
in a uniform temperature furnace in the
presence of glassware.
iWethods of Heating Parts to Be Brazed.—
The methods’ of heating parts to be brazed
are listed in Table 17.6.
Gas-torch heating has the disadvantage
of being limited to open-air brazing and
therefore requires some chemical flux. This
10riginal compilation by R. O. McIntosh,
WestinghouseResearch Laboratories, East Pittsburgh, Pa.
~For generalinformation on brazing methods,
see Welding Handbook, AmericanWelding Society,
New York, 1942; J. Strong, Procedures in Ezpeti
rnenkzl Physics, Prentice-Hall,
New York, 1941.
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TABLE 17.6. —MBTHoIM
Heating

UC7’ION
or

ISEX,, 17.2

HEATING iwrI BRAZING

Method

Atmosphere

Gas torch . . . . . . . . . . . . . . . . . . . Air
Electrical resistance heating.
Air, hydrogen

bottle

R-f induction.
Radiating filaments.

bottle;
bottle,

.4ir, hydrogen
Air, hydrogen

*

vacuum bottle
hydrogen furnace

* It is possibleto substitute
an inertgasatmosphere
for hydrogen,buthydrogenis US
U.lLYwed in
precision
brazing.

objection is not serious with tube parts, i.e., input and output parts, that
can be chemically cleaned before being assembled into the tube.
However, if the method has been used extensively in the case of final brazing in
the presence of glass, flux may creep into the tube and where it cannot be
removed.
Close-fit ting parts tend to minimize this trouble.
In torch
heating, better temperature control can be had if the flames are not
played directly on the tube but are played on copper blocks which
serve both for support and for heat conduction.
In order to avoid
brazing the copper blocks to the tube, they are separated by thin disks
of oxidized stainless steel. When using this method it is important to
prevent oxidation of the tube interior.
This is commonly done by
passing COZ containing alcohol vapor through the tube during the
brazing process.
The mixture prevents oxidation by replacing the oxygen
of the air, and in addition, the alcohol cleans away by chemical action
with copper oxide any oxide films that may have been formed.
If CO,
contains an excessive amount of water vapor and oxygen, it is necessary to pass the CO.2 through a desiccator and through hot copper wool.
Electrical-resistance heating may be used in place of the gas torch
with the advantage of improved temperature control.
In addition this
makes it possible to perform the operation in an inert or reducing atmosphere. The tube may be mounted between carbon blocks supported
by heavy copper leads and connected to the secondary winding of a
welding transformer (capable of 5- to 10-kw output at approximately
6 volts).
Good electrical connections must be made throughout the
secondary circuit so that essentially all of the power is dissipated in the
carbon supports.
In order to get uniform heating in the supports it is
necessary to have the carbon under uniform pressure. By Variac control
the temperature of the supports and therefore the tube can be closely
controlled; and furthermore, the heating time can be much less than in
the torch-brazing method.
For speed and temperature control, the r-f heating methodl is superior
to both torch and electric-resistance heating.
The method is adaptable
to open air, gaseous atmospheres, or vacuum.
For heating over a small
area it is often desirable to have only a single loop in the working coil,
1G. H. Brown, C. N. Hoyler, and R. A. Blerwirth, Z%eoryand Applicatiurt
HeatiW, Van Nostrand, New York, 1947.
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in which case an appropriate matching transformer may be required
between the output circuit of the r-f generator and the single loop.
Because of the heat localization that is possible with asingle-coilbombarder, brazing can be done in a hydrogen bottle in the presence of glass
and without special protection for glass even though it is close to the joint.
For work demanding uniform temperature over a volume of as much
as 300 cu in., a hydrogen-atmosphere
furnace heated by radiating
ilaments
is convenient.
These
furnaces are readily available on
the market and are extremely useful in vacuum-tube construction
because they provide a clean uniform-temperature chamber
for
metal cleaning and annealing as
well as brazing.
For work
that
does
not
demand a uniform temperature
chamber and especially for laboratory work, the “hydrogen bottle”
is very useful. A typical bottle
arrangement is s h o w n in Fig.
17.12. Its advantages are simplicity, flexibility, and conveniTO50 KVA V,,,,,
ence in watching the brazing
u“
process.
Induction and electricFIG. 17. 12.—Hydrogen-bottle
arrangement.
resistance heating can be adapted
to the hydrogen bottle, instead of heating by tungsten or molybdenum
filaments; the advantage of the substitution depends on the job at hand.
The sequence of steps in operating a bottle is as follows.
Adjust
the work on a platform using jigs and clamps to hold the parts in place
during the heating and subsequent cooling.
Arrange the heating unit to supply heat to the desired parts, shielding
other parts with nickel sheet. When radiating filaments are used, a
shield” should surround the assembly to prevent overheating the glass
bottle.
After lowering the bottle over the work, turn on the hydrogen.
Sufficient time should be allowed before turning on the heat to be sure
that the bottle is full of hydrogen.
During brazing, allow the hydrogen
to continue to flow at a safe rate to keep the bottle full, and collect the
overflow by a ventilating hood.
Hydrogen flowing out the bottom
of the bottle can be observed as a cooling sensation on the hand.
If
the bottle is well filled and air pockets are avoided, an explosion can be
caused only by circulating drafts at the bottom of the bottle; therefore,
all air currents in the vicinity of the bottle should be avoided.
In any

u
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event, an explosion caused by drafts is usually mild because the bottom
of the bottle is open and the bottle is free to rise.
Turn on the heat source (at least 5 kw of power are necessary),
and watch the operation through the glass. After the solder haa flowed,
a little time should be allowed for adequate penetration of the melt.
The work should be allowed to cool in the hydrogen atmosphere until
its temperature is 350°C or below.
17s3. Selected Brazing Problems .—The beat method for making a
particular braze will depend largely on the specific object, the conditions
to which it must be subjected later, and the experimenter’s available
brazing equipment.
For these reasons no more general brazing information will be given.
Solutions to
some specific brazing problems may
be helpful to the experimenter, however, as typical procedure that can
be modified for the individual cases.
Precision Brazing of Jig-assembled Anode Blocks.—The method for
m a k i n g component anode-block
parts and jig assembling
these
parts has been discussed in detail
for the 2J42 block in Sec. 17.1. It
now remains to braze these parts
in a precise manner.
In order to
accomplish a precision braze it is
necessary to have a uniform distribution and a controlled amount of
soldering material at the points to
In tubes as small as
be joined.
the 2J42, electroplating has been
employed successfully for thk purpose. Figure 17.5 shows the comFIG. 17.13 .—HP1OV anode block ready for ponent parts of the block ready
brazing.
for the brazing of the strapping
rings to the vanes and the vanes
to the block shell. To assure good solder flow and to obtain clean
copper surfaces, all parts must be degreased (see Sec. 17.4) before being
assembled.
The strapping rings and block shell are silver plated (see
Sec. 17.4) to a thickness of 0.0004 in. The parts are then assembled as
described in Sec. 17.1, and the assembly heated in a hydrogen-atmosphere
furnace for 5 min at 8500C, The plated silver melts at this temperature,
although the melting point of solid silver is 960”C.
The melting begins
near the copper-silver e~tectic point (779° C), probably because a eutectic
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solution of the silver in the copper results. However, since the brazing
process is performed at 850”C, the resulting silver-copper alloy will have
amelting temperature of850°C.
Onecanthen safely useeutectic solder
in subsequent brazing operations.
The success of applying solder to small tubes by plating is partly due
to the fact that the component parts can be squeezed into intimate
contact by the jig without undue distortion.
In larger tubes this may
be impossible, and a better method may be to place pieces of Ag-Cu
eutectic solder at the points to be joined so that the solder, when melted,
flows over the joint, filling places that are not mechanically touching.
Such an arrangement is shown in Fig. 17.13 where the anode block is

FIG. 17.14.—Voltage

connectors.

(a) Cathode

uupport; (b) electron-beam

collector.

large enough so that manually placing the solder strips is not dificult
and the percentage change in dimensions by the melted solder is small.
Construction oj Cathode Supports. —Figure 17.14 shows two types of
stems or pipes whose fabrication presents typical magnetron brazing
problems.
In the construction shown in Fig. 17-14a a number of brazes
are made.
The copper base is joined to the Kovar sleeve with “BT” solder (Ag72CU28). The two parts are held perpendicular with an oxidized stainlesssteel jig, and one loop of “BT;’ wire is placed on the Cu base shoulder.
The assembly is placed in the hydrogen furnace at 830”C for 5 min and
then in the hydrogen cooling chamber for 30 min. For this braze
involving Kovar and a silver alloy the Kovar must be annealed in a
hydrogen atmosphere at 900°C for 30 min (or at temperatures up to

I
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11OO”C for shorter time intervals) before brazing in order tomitilze
If this is
intergrar.wdar penetration of the silver alloy into the Kovar.
not done,, the intergranular penetration may cause Kovar cracks which
result in vacuum Ieaks. Care should be taken in the arrangement of
parts so that the Kovar is not subjected to tensional stress during heating,
As further insurance,
aa this may accelerate intergranular penetration.
the Kovar maybe copper-plated before brazing.
The joint between the copper r-f choke and the tungsten center
conductor is for mechanical purposes only, and therefore one need not
use an alloying solder if sufficient bonding strength can be had by mere
Gold-copper (80-20) solder is
flow of the solder over the tungsten.
found to give a sufficiently good mechanical joint; the braze is made in a
hydrogen furnace at 9203C for 5 min.
The vacuum seal between the tungsten rod and the Kovar cup
requires an alloying solder. Table 17.5 suggests platinum solder as
the lowest-melting-point
solder that alloys with tungsten, but this
It has been found,
melting point is too high to be used with Kovar.
however, that gold-copper
(80-20) when used between Kovar and
tungsten gives a reliable vacuum seal. It is believed that the nickel
Because
in the Kovar enters into the braze to alloy with the tungsten.
both the copper choke and Kovar cup are brazed to the tungsten with
the same solder, these operations can be done simultaneously in the
hydrogen furnace.
The two parts of the pipe thus constructed are then glassed according
to Sec. 17.5.
The pipe b in Fig. 17.14 demonstrates another typical set of brazing
problems.
The center conductor is made of copper, and the iron pole
piece fit through the copper lid. The brazes are made in the order
described.
Pure copper is used to braze the iron pole piece to the Kovar sleeve.
This is a recommended braze for Kovar because there is no intergranular
penetration and the Kovar is raised to a temperature that is sufficient
to anneal it during the braze. This braze is made in a hydrogen furnace
at 11OO”C for 5 min.
For the formation of the vacuum seal between the copper lid and the
iron pole piece the iron pole tip is copper plated (see Sec. 17.4) and the
braze is made with “ BT” solder in a hydrogen furnace at 840”C for
5 min.
The Kovar cup is brazed to the copper center conductor in the same
way as the first braze of pipe a, and the bonding of the copper r-f choke to
the copper center conductor is also a “ BT” braze.
Assembly
of Tube Parts and the Final Vacuum A’eal.-The
sealing
together of the various pipes, covers, or other parts to form the completed

I
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The cathode,
magnetron is the most difficult of the brazing operations.
the inside copper surfaces, and the glassware must be protected against
damage, and the choice of the brazing alloy is limited by solders used in
previous brazes and by the softening point of the glass parts.
If a low-vapor-pressure solder existed in the flow range of 450° to
500”C so that the brazing temperature would be low enough to do no
damage to the glassware and high enough so that the braze would hold
up under the 450°C tube bakeout (see Sec. 17.7), thk final braze would

FIG. 17.15 .—2J42 ready for cathode mounting.
I

[

I

In the absence of such a, solder, the covers
be considerably simplified.
and pipes are in many cases brazed to the anode block in one brazing
operation using either the gas-torch heating method or the electricresistance method.
This braze is in many cases done with Handy and
Harmon “Easy Flo” in air, using a flow of alcohol-saturated
COZ
through the tube to protect the cathode and the inside copper surfaces.
The objections to this braze are the following: “ Easy Flo” solder contains zinc and cadmium, the vapor pressures of which are high enough
at the brazing temperature to contaminate the cathode during the braze;
the flux used during the braze may enter the tube and cause cathode
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contamination; and the flux may cover places where the solder has flowed
poorly and that become evident only after the brazing operation is completed and the flux removed.
Some of the above difficulties have been avoided in special cases by
doing all brazing in a hydrogen atmosphere and making all joints except
the final vacuum seal in the absence of the cathode.
The 2J42 is assembled in this manner (see Fig. 17.15).
The output lead is placed in the
anode block and peened to give some mechanical support.
One loop of
0.030-in. “ RT” wire solder is placed around the base of the lead. The
heating is done in a hydrogen bottle with a molybdenum heating coil
placed near the lead base with the glass protected by an asbestos shield.
The output lead is soldered into place before the pole pieces are soldered
in order that the loop height may be adjusted after the output-soldering
operation.
The pole pieces, tuning screw, and exhaust stem are next
assembled.
Solder washers of O.010-in. “ RT” sheet are placed between
the pole pieces and block.
Four turns of 0.025-in. “ RT” wire solder are
placed around the tuning screw, and two turns of the same solder placed
around the exhaust stem. The heating is again done in an Hz atmosphere, with molybdenum coils mounted on ceramic coils which fit around
the pole pieces. The glass is again protected with asbestos shields, and
the temperature is raised only slightly above the flow point in order not to
disturb the output-lead braze.
The assembly is now ready for mounting
the cathode, which is centered through the hole in the pole piece opposite
the cathode support.
The final braze now consists only of soldering
a plug into the cathode-centering hole. Thk is again done in the Hz
bottle with an “ RT” solder washer under the copper plug.
The heating
this time, however, is done by the electric-resistance method.
A carbon
rod is pushed against the copper plug, and the other electrical connection
is made by a clamp around the same pole piece.
Before making this
braze, the inside of the tube is flushed free of trapped air. By this
system of brazes the copper is never heated except in a hydrogen atmosphere, and the final braze in the presence of the cathode does not raise
the temperature of the cathode above 100”C.
The only dkadvantage of
this method is the use of the zinc-bearing solder “ RT” which has a questionable vapor pressure.
17.4. Chemical Processes.-The
importance of cleanliness in tube
construction cannot be overemphasized.
While it is often impossible
to find the reason for the impaired quality of certain tubes, the average
tube quality is certainly dependent upon the cleanliness that one exercises during construction.
For this reason chemical cleaning is the most
frequently used process in tube making.
Practically every part that
goes into a tube will experience three or four cleanings during the tube
fabrication.
Electroplating is employed to deposit solder for brazing, to

I

i?.Ec. 17.4]

I
,

I
I

I

CHEMICAL

PROCESSES

67S

improve the surface conductivity of certain tube parts, and to provide a
base for glass sealing.
The choice of a cleaning or plating process for specific uses is somewhat
controversial largely because the technique is as important as the process.
The following processes are given, therefore, merely to illustrate ones
that have been successfully used in tube construction.
Cleaning.-Trichlorethylene
is widely used as a general decreasing
agent. It is noninflammable
and an excellent grease solvent.
The
decreasing process consists of agitation in trichlorethylene followed by
immersion in methyl alcohol and rapid drying in warm air.
Acetone is a milder decreasing agent and one that may be used if a
solvent free of chlorine or sulfur is preferred.
The acetone washing
should also be followed by rinsing in clear methyl alcohol.
Great care should be exercised with cathode nickel to limit the
The following cleaning method has
possibilities of contamination.
been used successfully.
Agitate in acetone.
Boil for 5 min in a solution
composed of 40 g of NazCOS, 13 g of NaOH, and 13 g of NaCN in 1 liter
of distilled H*O. Rinse thoroughly in boiling distilled water.
Boil
in second bath of distilled water for 5 min. Rinse in warm 5 per cent
acetic acid solution.
Agitate in boiling distilled water. Agitate in
second bath of distilled water.
Rinse in clean methyl alcohol and in
warm-air blast.
A 50 per cent solution of inhibited hydrochloric acid at a temperature
of about 70”C will remove the oxides formed on Kovar, copper, and
iron parts. The inhibitor is ~ per cent by volume of Rodine No. 50,1
used to decrease the attack on the base metal and to prevent immersion
copper plating onto the Kovar in the case of copper and Kovar assemblies.
The concentration of acid and the immersion time may be modified
depending upon the degree of oxidation of the parts.
Heavy oxide coating (or tool marks) on tungsten and molybdenum
can be removed by a-c electrolysis at about 7.5 volts in a 20 per cent
potassium hydroxide solution using a carbon electrode.
The solution
may be used repeatedly.
Before being coated, tungsten and molybdenum heaters are boiled
in a 20 per cent potassium hydroxide solution for about 5 min and then
rinsed in distilled water. Large molybdenum heaters, in addition to
the above treatment, should be immersed in warm concentrated sulfuric
acid for several minutes.
Heavy oxide on nickel lead stems maybe removed first by mechanical
abrasion and then by electrolysis in a solution composed of 1 liter of
distilled water, 667 cc of concentrated sulfuric acid, and 125 g of nickel
sulfate. With the nickel part as anode, voltages of 6 to 12 volts are
10btainable from the AmericanChemical Paint Co., Ambler, Pa.
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used, depending upon the density of oxide. Highly polished surfaces
can be obtained on nickel if the current density is elevated sufficiently.
In addition to the bichromate cleaning solution suggested in the
Handbook
of Chemistry
and Physics, I the following method of cleaning
glass for high-vacuum use is recommended. 2 Prior to storage, degrease
in acetone, clean in hot 10 per cent sodium carbonate solution, rinse in
hot distilled water, drain dry, and store in cellophane containers.
Just
prior to use, rinse thoroughly in hot distilled ~}rater, wash in 5 per cent
acetic acid solution, rinse in warm distilled water, rinse in clean methyl
alcohol, and drain dry.
~lating.—For general information on plating techniques the reader
is referred to the publications listed below. 3 Plating solutions, partially
prepared, can be obtained from the Electroplating Division of E. I.
duPont de Nemours Company, Wilmington 9S, Del.
One of the most common plating processes in metal tube making is
silver plating for precision brazing.
The following procedure for this
process has been used successfully: Degrease the parts in trichlorethylene;
rinse them in methyl alcohol; boil 5 min in the solution given previously;
rinse well in distilled water; let dry after a methyl alcohol dip; paint
parts to be protected from plating with ‘‘ stop-off” lacquer, a and allow
to dry; silver plate to desn-ed thickness; rinse well in cold water, and
peel off lacquer; wash well in acetone to remove particles of lacquer;
rinse in clean methyl alcohol; and let dry.
17.5. Metal-to-glass
Seals.—To
obtain a vacuum seal between
glass and metal two major conditions must be satisfied: The thermal
expansions of the glass and metal must match or be accounted for in the
design, and the glass must wet the met al surface.
Two ways of satisfying
these conditions have come into use. The copper-to-glass seal developed
by Housekeeper’ is one that satisfies the first condition by mechanical
distortion of the metal.
In this case the glass is sealed to a copper tube
machined to a thin “feather edge, ” which is easily distorted when the
seal is subjected to a change in temperature and thereby prevents the
1 Handbook oj Chemistry and Physim, 27th ed., Chemical Rubber Publishing Co,,
Cleveland, Ohio, 1943.
3 E. A. Coomes, J. G. Buck, A. S. Eisenstein, and A. Fineman, “Alkaline
Earth
14–933, OEM sr-262, Mar. 30,
Oxide Cathodes for Pulsed Tubes, ” App. II, NDRC
1946.
J Modern Elech-oplating, The Electrochemical
Society, Columbia University,
New
York, 1942; N. Hall and G. B. Hogaboom,
Jr., cd., Plating and Finishing Guidebook,
Metal Industry
Publishing
Co., New York, 1943; W. Blum and G. B. Hogaboom,
Principles oj Electroplating and Electroformingj
McGraw-Hill,
New York, 1930.
4 Purchasable from Wyandotte
Paint Products Co., Wyandotte,
Mich.
f W. G. Housekeeper,
Jour. Am. Inst. Elec. Eng,, 42, 954 (1923).
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from fracturing.
The Kovar’ (or Fernlco2) seal satisfies the first
condition by virtue of the fact that the metal and Kovar cooling curves
Both of these sealare closely matched below the glass-annealing point.
ing methods satisfy the second requirement because a copper or Kovar
oxide is formed during the sealing process that partially dissolves into
the glass, thus forming a hermetic seal. The success of the seals in
either method lies mainly in the technique of wetting the oxide with glass
in the plastic state. The method of copper-to-glass seals is well outlined
in Strongs and will not be discussed here, except to emphasize that the
quality of the copper used in such seals is extremely important.
Oxide
inclusions in the copper must be avoided to minimize porosity and lessen
leak trouble in the feather edge. For this reason OFHC copper is almost
a necessity. 4 The technique of making the Kovar seal is described following a discussion of the properties of Kovar and common glasses used in
the laboratory.
Properties
of Kovar. ‘—Kovar,
a cobalt-nickel-iron alloy, was specifically developed for making vacuum seals to hard glass. It machines
readily at slow speeds (much like stainless steel), when high-speed cutting
tools are used with lard oil as a lubricant.
It can be deep drawn as
described in Table 17.7.8
glass

TABLE 17.7.6—RECOMMENDED

RULE FOR DRAWING KOVAR

hlaximum reduction in diameter,
First draw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Redraw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25(30 after reannea1)
Subsequent

redraws..

Y’

. . . . . . . . . . . . . . . . . . . . . . . 20 (25 after rearmeal)

I

I H. Scott, Am. Inst. Mining Metal. Eng. Tech. Pub. 318, 1930; Jour. Franklin
Inst., 220, 733 (1935).
Kovar is obtainable
from the Stupakoff Ceramic and Manufacturing Co., Latrobe, Pa.
2 E. E. Burger, Gem Elec. Rev., 97, 93 (1934); A. W. Hull and E. E. Burger,
Physics, 5, 384 (1934).
Fernico is obtainable
from the General Electric Co., Schenectady, N.Y.
From here on the text will refer only to Kovar, but the remarks are,
in general, applicable to Fernico as well.
3 Strong, op. tint.
~ J. E. Clark, OFlifC Copper jor Use in
MM-40-140-42,
Sept. 6, 1940.
b See “Sealing
Glass to Kovar,”
Co., Latrobe, Pa., 1945.

Vacuum

Bull. 145, Stupakoff

Tubes,
Ceramic

BTL

Memorandum

and Manufacturing

6 Subsequent
amealing
is required only when the length of the cup equals or
exceeds the diameter.
Using the above rule for drawing, an anneal should be made
after the first redraw.
When drawing long cups, anneals should follow the third
redraw, fifth redraw, etc.
For the anneal, the Kovar should be heated in ~ hydrogenor inert-atmosphere
furnace at a temperature of 1100”C for 15 min or at lower temperatures for longer ties

down to 800”C

for 2 hr.

I
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Table 17.81 contains data on the physical properties of Kovar.
is important to realize that the average coefficient of expansion does not
alone determine the strength of a seal and deviations of the Kovar from
the glass cooling curves must be considered.
OF
TARLE17.8.LPROPERTXES

KOVAR*
Specific Propertieeof
Kovar
Composition . . . . . . . . . . . . . . . . 29 Y. nickel, 17 YOcobalt, 0,3% manganese.
Melting point . . . . . . . . . . . . . . . 1450”C (approximate)

1

balance iron

Density.,, . . . . . . . . . . . . . . . ..
Hardness,annealed. . . . . . . . . .
Hardness,unarmealed,. . . . . . .
Specificelectrical resistance..
Thermal conductivity: . . . . . . .

O.3O2Ibpercu in.
760°C—14&160BHhT
200-250 BHNdepending ondeweeof cold work
49microhm cm—2940hms percir. roil. foot
0.046 calories/cm/sec°C (approximatew measuredat
room temperature)
Curie point. . . . . . . . . . . . . . . . . 435°Cappr0ximate
Physical Propertiesdf 0.030 Thick Sheet Tested ParaI1elto the Directionof Rolling
PSI
Yield point. . . . . . . . . . . . . . . . . 50,500
Proportionallimit. . . . . . . . . . . 32,3(MI
Tensilestrength. . . . . . . . . . . . . 89,700
Modulus of elasticity.,......
20 X 106
ThermalExpansion:Mterannealing inhydrogen forlhrat ~0Candfor15
min
at 11OO”C. The average coefficientof thermal expansionof Kovar falls within ths
following limits:
4.33–5.30 X 10aper OC
30”-200”C
4.41–5.17 X 10’per °C
30”–300”C
4.54–5.08 X 10’per”C
30’-4OO”C
5.03-5.37 X 104per”C
30”450”C
30”–500”C
5.71-6.21 X 10’ per “C
MagnetioPermeability
Flux density, gauss
Magnetic permeability
1000
500
2,000
2000
3700
7,000 (max. value)
12,000
2280
213
17,CU.)0
Magnetic Losses, Watts per Lb
Tbickrmae

10 kilogauss
60 cycles/see

10 kilogauss
840 cycles/sec

1.05
1.51
2.77

23.4
....
....

0.010
0.030
0.050
● Tmmileatmnmh

1 See “Sealing
aQI., Iatrobe,

Pa.,

of Kovar clam scab fs 600 lbfi
Glass to Kovar,”
1945.

2 kdogauw
2 kilogauss
5000 Cyckajeee 10,OOO
cycles/eec
16.6
....
....

in.

41.0
....
....

AU of the abovs SIS typioaf’hwlufe.

Bull. 145, Stupakoff

Ceramic

and Marmfacturing

I
\

__
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TABLE 17.9. —PItOPERTIES OF LABORATORY GLASSES

hmealin~
Po:;t ,*

Strain
popint
,*

APPrOI
~mkin
po~int
,

Volume
reaistivity
at 250”C ,%
ohm X cm

sealstat

012

G-8
G-12

g

626
696
630

428
510
433

397
475
400

970
1000
975

1 19 x 10,
2.26 X 106
1.19 x 10,0

5 95
6 71
6,64

0.00600 008, 010, 012, Pt, Dumet$
0.01260 001, 010, 012, Pt, Dumet
0,00410 001,008,010,Pt. Dumet

171
704
706

G-172-Riv
G-705BA
G-705-AJ

41
47
46

92o
702
703

715
484
496

675
450
461

ioio

4.90 x 1o11
5.31 x 109
2, O4X1OS

5,95
4.67
4,72

0.00560 705,707,772,775,3320,W
0 00440 705,7052,706,775,Kovar, Mo
0.00520 704,7052,706,707,3320, Kovar
772,775,171
Ma
{w

7052
706
707

G-705-FN
G-705-AO
G-707-DG

46

708
690
746

480
495
490

442
463
455

1115

1.00 x lo,

::

1100

6.68 x lo~
1.50x 10,1

5 04
4,70
4,00

0.00580 704,705,706,775,Kovar, MO
0 00540 704,705,7052,775,Kovar,MO
0 00190 705,772,774,775,3320,171

772
774
776

G-702-P
G-726-M>
G-705-R

36
33
41

755
820
704

518
553
467

4s4
510
431

1110
1220

6 53 X 10B
1 41 x 108
2.88x 10°

4,59
4,89
4 38

0.00380 705,707,774,775,171,3320,W
0,00890 707,772
0,00430 7::’40& 7052,706, 707,{*

790
3320
1990
1991

G-790-H
G-37 1-BN
G-189-IY
G-184-ET
General
ElectricR3 f

8

1500

1%
128
128t

910
535
359
393
3951

820
497
334
366

5 19x
4 17x
9 33 x
3,76 X
3.55 x

3,84
4 72
7 99
7,84
7,65

0
0
0
0
0

001

. . ..

G-I

780
496
539
5401

lot
108
109
100
lo~

723,SiO*
705,707,772,7!34,775,171,W
Steel(S.4E1010)Ag-plated
Fe
1990,1991,Fe (C” or Ag plated)

00068
00620
00200
00380
00240

Jar. 15,194.5.
ER-&l, Electronic S s Dept.,( mi”g Glea Workn,C
A GE KIaas.
1944,P.
52; Report VIII, NDRC 14425, June1945,P. 63.
Re
ort
V,
NDRC
14-237,
February
From “ Tableao! DielectricMaLsria18
~’:
I Acopwr-clad nlckel-copWralloYhavlngnt [ ermnlexpmaion of about90 X 10-7p.r °C.

● From Bull

,,,

,”..

,,,

.,,,

.

.

.

.

.
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Glasses.—Data on the properties of various
glasses are given in Table 17.9. Such information has proved useful
in the experimental laboratory and provides necessary information for
making Kovar-to-glass seals. The first column of Table 17.9 defines
The second column is included because the
the glass by code number.
laboratory numbers often continue in popular use even after a code
number has been assigned.
The thermal coefficient of expansion is the
average coefficient of expansion from a range of temperatures between
0° and 300”C.
The softening point, annealing point, strain point, and
working point are merely four arbitrary points on a smooth temperatureviscosity curve. The working point given in Table 17.9 does not constitute a recommendation of the proper temperature for sealing, but it
corresponds to the approximate temperature at which seals are usually
made. The volume resistivity values (Column 8) are, in general, not
true material constants but subject to the experimental conditions as
outlined in “Tables of Dielectric Materials. ”1 The values will have
considerable practical importance, however, in estimating leakage currents
The dielectric properties
and in making comparisons between materials.
are also taken from this reference and defined according to the following:
Properties

e’
co
c’/to
6*

=
=
=
=

of Laboratory

dielectric constant,
dielectric constant of vacuum = 8.854 X 10–]2 (farad/meter),
specific dielectric constant,
complex dielectric constant = c’ — ~E”,

e“ = loss factor,
tan 8 = loss tangent = c“/e’.
Properties of glass, such as aging, reactions with gases, and chemical
reaction of one glass upon another, are difficult to take into account, and
in these cases experience is the best guide.
Preparation
of the Glass and Kovar
for Sealing.—The
cutting of the
glass tubing or cane to the required lengths can be done with a bonded
abrasive wheel. A wheel of approximately No. 200 grit with a surface
Care should be taken to avoid
speed of 8000 ft/min is satisfactory.
forcing the cut because this will produce abrasive inclusions in the glass
and result in cloudy seals.
After the Kovar is machined or drawn to size, it should be polished
free from any tool marks or scratches, particularly those which run from
the inside to the outside of the proposed seal. Deep scratches can be
removed with an aloxite cloth of approximately No. 120 grit, but for
finishing polish a No. 250 grit cloth should be used. In addition to
1A. von Hippel, “Tables of Dielectric Materials,” Report VIII, NDRC 14-425,
p. 63.
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polishing, any sharp edges in contact with the seal should be rounded
with a forming tool.
After the machining and polishing, the Kovar should be degreased
as described in Sec. 17.4 and then annealed in a hydrogen atmosphere.
If the Kovar is not hydrogen fired, the finished seal may contain bubbles
which weaken the glass mechanically and increase the probability of
vacuum leaks. If the Kovar is not properly annealed, cracks may occur
during subsequent brazing operations.
This heat treatment in the
hydrogen furnace is the same as given in the note to Table 177.
The
seals should be made within a few hours after this hydrogen-atmosphere
firing.
Glass-to-Kovar
Seals.—The best method to be employed for sealing
glass to Kovar depends upon many factors, including the size and shape
of the glass and metal parts.
Some general remarks on sealing can be
obtained from the Kovar manufacturer and need not be repeated here.
Instead, the technique of sealing glass to Kovar for a specific case will
be described in detail as typical sealing procedure.
The following
description applies to pipe a in Fig. 17”14. It is here assumed that the
component parts of the base and central lead have been machined and
brazed together and the Kovar parts polished, chemically cleaned,
degassed, and annealed according to previous sections of this chapter;
therefore, the base assembly and the central lead are ready to be glassed.
In this case the No. 7052 glass is cut to a length i-in. greater than the
desired distance between the Kovar pieces, and a diameter is chosen such
that it fits loosely over the Kovar.
The following operations are performed to make the seal to the two
Kovar pieces.
The base of the cathode-support lead is placed in a stainless-steel
jig which will be used to center the central lead and to position the two
Kovar parts at the proper separation.
The jig and base are mounted
in the headstock of a glass lathe. 2
The central lead is placed in the tailstock of the lathe.
With the cross fires of illuminating gas and oxygen set to be slightly
oxidizing, the Kovar pieces are oxidized by raising their temperatures
to a dull red and immediately allowing them to cool.
They must not
be overoxidized; a heavy black oxide is inclined to result in a leaky seal.
The glass is slid over the Kovar, and the tailstock moved forward
until the central lead hits the step in the jig and thus establishes the
proper spacing between the two Kovar pieces.
C)ne end is glassed at a time. The fires are placed in a manner to
heat the Kovar more than the glass. When the glass reaches the working
I f, ~a~g
%Litton

Glaes to Kovar, ” op. ant.
Engineering

Laboratories,

Redwood

City,

Calif.
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temperatures, it is pushed onto the Kovar with a carbon paddle.
When
contact has been made between the Kovar and glass all around the
circumference, the paddle is removed, but heating is continued until
the glass thoroughly wets the Kovar and the glass edges become rounded.
After both seals have been made, the glass can be worked to a uniform
diameter.
The glass must be worked at the seals so that it wets the edges of the
Kovar.
It is advisable to have the edges of the glass always meet the
Kovar at a large angle.
The joints are flame-annealed with a bunsen burner.
They are then oven-annealed at 490°C for 20 rein, and the oven is
allowed to cool to room temperature at the rate of approximately 2°C/
min. The color of the seal should be a smoky grey.
Waveguide Windows.—An important part of the design of a waveguide
output is the waveguide window which serves as a vacuum seal across
the guide with minimum power absorption in the dielectric window
material.
Waveguide windows such as these can be made on a lathe by sealing
to the edges of the opening glass tubing having a diameter approximate y equal to the circular opening in the Kovar cup. The tubing
is then buttoned-off close to the Kovar, and the remaining glass paddled
and worked into the opening.
After annealing, excess glass in the
windows is ground flat on an abrasive grinding wheel. This method is
satisfactory for a few experimental windows, but the quality and speed
of construction may be improved by the use of glass disks.
Such disks of different glasses can be purchased from the glass manufacturer or cut with the aid of a diamond-cutting wheel (approximately
300 grit) from glass cane. The disks thus rough-cut can be polished
to the exact thickness by conventional optical polishing techniques.
During the disk-polishlng process, abrasive material may be forced into
the glass and cause bubbling when the seal is made.
Abrasive inclusions
are encouraged if excessive pressure is applied to force cutting.
The
disk-sealing method of making windows is explained with the aid of
Fig. 17.16.’
The opening in the Kovar is beveled to a 45° angle, and
the diameter of the glass is such that it rests on the Kovar opening as
shown.
The upper stainless-steel tool is used to push the glass disk down
as the edges become soft. The lower tool holds the glass in its final
position with respect to the Kovar.
The fires from the gas-oxygen
burners are played on the Kovar cup as shown in Fig. 17.16a and b while
the assembly is being rotated in a vertical sealer. (Only two burners
are shown, but more may be used.)
The flame is not played on the glass,
1E. J. Walsh, “ Method of Making Glass to Metal Window Seals,” B1’L Memorandum MM+3-140-48, Oct. 5, 1943.

I
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but melting occurs because of heat conduction from the Kovar to the
glass. After the seal is made, the upper tool is removed and the edges
of the glass are further melted to avoid small angle contact between the
glass and Kovar.
The final seal
resembles the sketch of Fig. 17. 16c.
Immediately
after being sealed,
the window is placed in an annealing oven for about 15 min and
Gas.OXY
flame
then allowed to cool at approximately 2°C/min.
For sealing to Kovar, the low10ss Corning No. 707 glass is
usually not recommended because
(;)
its coefficient of expansion is considerably less than that for Kovar
(see Table 179).
It has been
found, however, that successful
I
Tool ,
/
seals can be made on the above
707
waveguide w i n d o w using this
glass. It is believed that the sucalla,
cess of this seal is related to the
fact that the glass is left under
compressional stress upon cooling
and that this glass can stand a
0.6CO”dia.
greater stress in compression than
0.550” dia.m
in tension.
A Kovar cup is used
so that when the Kovar is brazed
cup
to the copper portion of the tube,
the window is relatively free from
strains.
Another technique for sealing
glass disks to Kovar employs the
use of induction heating.
Figure
(b)
17.17 shows the arrangement of an
r-f coil and waveguide window
m...
..~
preparatory to sealing. The sin(c)
gle-turn r-f coil is connected to
Fm. 17. 16.—Sealing glass into a wave
guide window.
(Courtesy of Bell Telephone
the output of an r-f generator
Labomhriea.)
through an appropriate matching
The induction
transformer.’
The Kovar is held in a Lavite support.
heating method provides uniform heating of the Kovar and excellent
control of the Kovar temperature, and as a result very flat and uniform
windows can be made without the holding tools that are necessary in
the method previously described.

tiNNsl

1Ibid.
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Mica Windows.—The low-loss 707 glass used in the above windows
is limited in its average pow-er-handling capacity to about 500 watts
For higher-pcnver outputs mica \vindows
transmission of 3-cm radiation.
may be used, as losses are about 15 per cent lo~ver than those in 707 glass.

~..

.

.——
Fm. 17.1 7.—Coil

.,

for r-f heating of wave guide windows.

A technique of making mica windows for waveguide output’ has been
based on a method for sealing mica to metal. 2 The metal cup is made of
Allegheny No. 4 Alloy (52 per cent Fej 42 per cent Ni, 6 per cent Cr)
which has a coefficient of expansion of about 95 X 10–7 per degree
centigrade and nearly matches the expansion properties of India mica.
A lead-borosilicate glass effects a seal between the mica and the metal cup.
Such a mica window is shown in Fig. 17.18.
In constructing such a window, the No. 4 alloy cup is fired in a dry
hydrogen atmosphere for 15 min at 1100”C to remove the original oxide.
In the absence of a hydrogen furMetal sealing glass
nace free of oxygen and water
r
vapor, the oxide can be removed by
- Mica window
0.C07° thick
mechanical polishing.
The cup is
fired in a regular tank hydrogen
furnace for 10 to 15 min at 1100”C
to form a thin uniform layer of
/
oxide. This chromium
oxide is
#4 Alloy CUp
necessary so that the glass wiWwet
Fm. 17.1S.1—Micawindowfor waveguide the metal and form a hermetic
output.
seal. A paste is made of powdered
glass with water. This paste is painted with a small brush around
the mica dkk placed over the opening in the cup. A lavite slug,
slightly smaller in diameter than the mica, is placed over the mica disk,
and the lavite, mica, and cup are held together with a supporting jig.
The lavite slug not only holds the mica in position but also prevents
the glass from flowing over the whole mica surface.
Thk combination
1L. Malter, R. L. Jepson, and L. R. Bloom, ‘<Mica Windows for Waveguide
Output Magnetrons,” NDRC 14–366,Dec. 5, 1944.
2J. S. Donal, Jr., “ Sealiug Mica to Glass or Metal to Form a Vacuum Tight
Joint,” Reu.Sci. Instruments,13, 266 (1942).
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is fired in an air oven for 15 min at 600”C; the seal between the metal
To braze the cup to
and glass should then have a light green color.
the copper part of the waveguide, the cup must be nickel-plated after
the oxide has been removed by polishing.
The cup-to-copper wave~de
joint can now be made with silver alloys “ BT” or “ RT” in a hydrogen
bottle if the window is protected by blowing nitrogen over its surface
during the brazing operation.
It is possible with this window to repair
a leak in the seal even after the tube is completely assembled.
Protection
in the form of a section of waveguide extending beyond the mica is desirable, as this type of window is mechanically weak.

p
,
I

Fm. 17.19.—Cathode-forming
,,
If

die.

17.6. Cathode and Heater Construction.-The
properties of the
alkaline-earth oxide-coated cathode are given in Chap. 12. This section
will describe the construction of cathodes for magnetron use. Although
the oxide material used in making magnetron cathodes has remained
essentially unchanged for several years, there have been important
improvements in the construction of the base for the oxide layer. The
screen and the porous matrix of nickel 1 are outstanding examples.
Methods of making these cathodes will be dkcussed along with methods
of fabricating the plain nickel-sleeve cathode.
Finally, the construction
of thorium oxide cathodes for high-power application will be considered.
Caihode-sleeoe Construction.—Plain nickel sleeves can be made by
cutting tubing to the proper length with a sharp knife. If seamless
Grade A nickel tubing cannot be obtained in the desired size, it can be
“ Deveh?prnent
1 R. L. Slobod,
MM-44-120-73,
June 11, 1944.

of

Magnetron

Cathodee,”

BTL

Memorandum
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drawn to size. If the desired seamless tubing is not available, the
cylindrical sleeve may be formed from nickel sheet.
For small cathodesit inadvisable to machine the sleeve to size from
a nickel rod or heavy-walled tubing, as is done for the 725A magnetron
cathode, shown in Fig. 17“20, or to press a nickel rod to the desired diameter and shape in a steel-forming die, as is done for the 2J42 magnetron.
The parts of such a forming die are shown in Fig. 17.19. These parts
are made from Ketos tool steel hardened to a Rockwell C of about 60.
Nickel rod of a diameter approximately equal to the cathode diameter
is cut to a length sufficient to supply the volume of nickel needed in the
finished structure.
The best length may be found by trial and error.

FIG. 17.20.—725A

(b)
(a)
(c)
cathode.
(a) Plain sleeve; (b) screen sleeve; (c) coated screen cathode.
(Courtesg of Bell Telephone Laboratories.)

Before being pressed the nickel rod is annealed in the hydrogen-atmosphere furnace at 900”C for 30 min. It is then placed in the forming
dle with the pie-shaped sides and end pieces put in place. The outside
diameter of the assembled parts has a slight taper so that the assembly
can be forced into a hardened cylinder which prevents the pie-shaped
parts from moving radially during pressing. The assembly is then
placed in a press, and a force is applied between the two end pins. By
thk technique the cathode sleeve, end shields, and support rod are formed,
and all that remains to be done is drilling the central hole through the
rod to admit the heater.
If the end shields are difficult to form by
pressing, punched nickel washers may be put on the initial nickel rod
and pressed into place by the forming die.
The screen cathode is formed by applying a nickel mesh to the plain
cathode sleeve (see Fig. 17.20a).
For the larger cathodes the mesh is
spot-welded to the nickel sleeve by conventional spotwelding techniques,
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For the smaller cathodes the screen may be sintered onto the sleeve in
the following manner.
The nickel screen (150 by 150 mesh for the
2J42 size of cathode) is degreased, annealed in a hydrogen furnace at
900°C for ~ hr, and cut to the
proper size to cover the cathode
sleeve. The screen
is placed
around the cathode and held in a
K-Monel jig such as the one shown
in Fig. 17.21. The grooves in the
jig prevent bending of the cathode
end slields.
The two parts of the
jig are then screw e d together
tightly and passed through the
hydrogen furnace at 1125°C for 15
min. In order to get good bondFm. 17.21.-Screen-cathode
sintering jig.
ing of the mesh to the nickel sleeve
th~ jig must exert a large and uniform pressure over the whole cathode
area, and therefore the screen sintering should be done before drilling
the heater hole. In cases where this is impossible, it may be necessary
to place a mandrel in the heater hole during the
sintering operation.
The porous-nickel-matrix cathodel was developed
in an effort to increase the thermal conductivity of
the emitting layer of the cathode.
To form the
porous matrix, nickel powder either is painted onto
the plain sleeve in the form of a suspension in amyl
acetate with pyroxylin as a binder or is molded onto
the sleeve with the aid of a stainless-steel fixture.
In
the painting method the nickel powder ( – 200 + 325
mesh) is built up to a thickness of approximately 10
roils and then fired for 15 min in a hydrogen at mosphere at 1200”C.
In the molding method the metal
powder is introduced into the space between an
oxidized stainless-steel mold and the cathode sleeve,
and the assembly is fired at 900°C for 10 min to fix
Fm. 17.22.—Porous-niokel-matrix
the powder into place.
The mold is then removed,
cathode.
(CourtesU
and the sleeve plus powder refired at 1200”C for 15
of Bell Telephone Laboratories.)
min to form a highly porous mass rigidly attached to
the base metal as shown in Fig. 17.22.
Heater Construction.—The heater conventionally consists of a tungsten
or molybdenum wire (or ribbon) inserted into the cathode sleeve, as
seen in Fig. 17.23. Because there must be little or no electrical leakage
1Zbid.
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between the heater and the cathode or between adjoining parts of the
heater, they are usually coated with some nonconducting nonemissive
material.
The coating must be hard and tough enough to withstand
insertion into the cathode sleeve. Alundum, a nonemissive electrical
insulating material which can withstand high temperatures and abrasion,
is most frequently used. Heaters must be designed so that their maximum temperature will not exceed 1400°C in order to stay safely below the
melting temperature of Alundum.
A procedure for fabricating heater coils is as foflows.
The wire is
wound on a mandrel the diameter of which depends upon the wire diameter as well as the coil diameter and is best determined by trial and error.
The clearance between the inside of the sleeve and the outside of the
coated heater depends upon the cathode size but is usually between
0.003 andO.O1O in. Insomecases,
such asaheater to be wound bifilar,
tis advisable totindthe
tire onastainless-steel
mandre.l that has screw
threads of the proper pitch cut into it. After winding, the ends of the
wire are securely fastened, andthe heater coil and mandrel are hydrogenfired at 1000”C for 5 min. At this temperature, strains are removed from
tungsten or molybdenum wire without embrittling the metal.
The coil
may then be removed from the mandrel by unscrewing.
The ends of the
coil are then formed to the shape necessary for welding them to the input
connectors.
The coil is chemically cleaned by boiling it in 20 per cent
KOH solution for 5 rein, rinsed in distilled water, and dried in a hot-air
blast.
The heater is next sprayed with a suspension of Alundum.
The
spraying can be done with a De, Vilbiss type CV spray gun, the compressed
air being supplied through a De Vilbiss type HB air transformer.
The air
pressure, the gun fluid screw, and the gun spreader valve should be
adjusted to produce a cloud of unif orm density.
When a small number of
tubes are made in an experimental laboratory, the heater coating (which
is a suspension of Alundum in an appropriate binder such as amyl acetate)
can best be obtained from a commercial radio-tube manufacturer.
The
suspension must be well agitated before it is used by being rolled on a
“ball mill” for ~ hr at 100 rpm. The thickness of coating should be built
up slowly and uniformly to about 0.003 in. by several passes of the gun at
several different angles around the axis of the heater. The coil is then
baked in a low-temperature oven in air at 100”C for ~ hr to evaporate
the Alundum binder.
The coil is then placed in a molybdenum tray
and fired in a high-temperature hydrogen-atmosphere furnace at 1620°C
for 5 min. If the temperature is too high, the coating will become excessively hard and will be inclined to chip when the heater is bent.
If the
temperature is too low, a soft coating will result.
Assembly of Cathode Parts.—The
procedure for assembling the cathode
parts will depend upon many factors, especially the method that is chosen
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for mounting the cathode in the tube. For magnetrons with unattached
magnets the cathode is usually mounted by two radial supports which
serve also to complete the heater circuit.
For “packaged
tubes” it
is common to use a single support through a hole in the pole piece; the
support is hollow; and the heater circuit is completed by a coaxial wire.
These methods of assembly will be described by reference to typical
examples.
The cathode for the 725A magnetron (shown in Fig. 17.23) is selected
The details of brazing, cleaning,
as an example of the radial mount.
glassing, etc., have been discussed previously; the assembly of the different cathode parts will merely be listed without discussing the details of
these operations.
Some detail of making the heater insulator must be
~Heater (w)

“A%

‘Eyelet

(Ni) L l“~ul~t~~

Porous.nickel
matrix

2 Crimps
diametrically opposit~
and in line with the
flat of the heater lead

R

~ew

L

‘Cathode

sleeve (Nl)

T

\

Cathode support flange
:;>1
-3 ,
t;:

>-

-

+

,,AVV.8,AS,

FIG. 17.23.—Construction

of 725A cathode.

(Courtesv of Bell Telephone Latmndor{e..)

given,
however.
Lavite’ is a convenient material for this purpose.
It
can be machined to size in the raw state and then hardened in the following manner.
Place insulators in nickel tray covered with Alundum
sand. Place tray in air oven, and heat at about 500”C for 5 min.
Increase over temperature to 1000”C, and heat for ~ hr. Allow oven to
(This procedure is
cool to about 200”C before removing insulators.
for an oven with an annealing chamber.)
The different parts of the
cathode (Fig. 17. 23) are then assembled by the following process.
The heater, insulator, and eyelet are arranged as shown.
The nickel
eyelet is flattened to clamp the heater. The insulator is held in place by
crimping the nickel shoulder at the end of the cathode.
The heater is
spot-welded at one end to the cathode-support flange and at the other
10btainable

I

from the American

Lava

Corp.,

Chattanooga

5, Tcnn.
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endtothe
flattened eyelet.
Theprotruding
heater wire is cut off flush
with the end of the eyelet. The aasembled cathode and heater are then
ready for mounting in the magnetron.
Nickel support wires are welded
to the tungsten leads, which are brought through the glass seals, and there
support wires are welded to the cathode.
The main support for the
cathode is the weld to the cathode-support flange. The weld to the

(a)

/-

Insulator (Iavite)

Cathodesleeve (Ari)-,
\

‘b He,te,(w)
FIG. 17.24.—(a)

(b)
and (b) Construction

of 2J42 axial-mounted

cathode.

eyelet supplies some support but is essentially to make connection to
the heater.
The axially mounted cathode structure for the 2J42 magnetron shown
in Fig. 17.24 is typical.
As with the radially mounted cathode, the order
of assembly of parts will be given without the details of the individual
operations for making the parts.
1. The Kovar “heater connector” rod is cut to the proper length
and drilled to accept the heater.
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2. The heater connector is beaded with 7052 glass in preparation
for sealifig to the “cathode support.”
3. The hardened lavite insulators are slippod onto the rod and spotwelded into place with nickel tabs.
4. The heater is put into the drilled hole of the Kovar rod and spotwelded in place.
5. The screened cathode is copper-brazed to the cathode support.
6. The r-f choke (copper) is “BT” brazed to the cathode support.
7. The assembled heater and heater connector are slipped into the
assembled cathode sleeve and cathode support, and the glass seal
is made by flowing the 7052 glass bead onto the Kovar tube.
At the same time the Kovar tube is beaded in preparation for
the seal to the pole piece.
8. The heater is then spot-welded to the projection.
9. The cathode is sprayed and made ready for mounting into the
magnetron.
10. At this point, one of two courses can be followed, depending upon
the final magnetron braze.
One is to glass-seal the cathode structure into the pole piece and mount this assembly into the magAnother is first to braze the pole piece to the block
netron.
and then make the glass seal between the pole piece and the
beaded cathode support.
This latter method of mounting is the
one described in Sec. 17.3.
Cleaning
and
Coating
the
Gatltode
Sleeve.—After the machining or
brazing operations are completed upon the cathode sleeve, it is cleaned
by the process outlined in Sec. 17”4; and from this time until the tube
is completed, the cathode sleeve is handled with great care to prevent
contamination
that might inhibit cathode emission.
It might be
necessary, for some tubes, to rearrange the order of events or omit
certain operations, but the following method of cleaning and coating the
cathode sleeve is typical.
After the sleeve has been cleaned by the process described in Sec.
174, it is hydrogen-fired in a covered nickel tray at 900”C for $ hr.
The sleeve, the heater, and the supports are then assembled, with care
to keep the sleeve free from contaminants.
(If there is any question
about cleanliness, the sleeve should now be rinsed in acetone and in clean
methyl alcohol and then dried in clean warm air. ) The cathode sleeve
is then vacuum fired for 15 min at 1000”C.
This can be done by using
the heater to control the cathode-sleeve temperature or by r-f induction
heating.
(This step is sometimes omitted.)
The cathode should be coated immediately after the vacuum firing.
For plain-nickel-sleeve cathodes the coating is generally done by spraying.
A De Vilbiss type CH spray gun serves this purpose very well. As in
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the case of heater spraying the air pressure (controlled by a De Vilbiss
type HB air transformer), the fluid screw, andthespreader
valve should
be adjusted to give a cone-shaped cloud of uniform density.
The coating
should be sprayed onto the sleeve in thin uniform layers while the cathode
sleeve is being rotated, until the desired weight of coating is deposited
(usually 9 to 12 mg/cm2).
During the spraying process the other cathode
parts, particularly the end shields, must be protected from the spray.
A recommended BaSr(C03)z mixture is the J. T. Baker Manufacturing
Company Radio Mixture No. 3 suspended in amyl acetate with a pyroxylin binder.
Experimental laboratories may find it convenient to purchase
small quantities of cathode-coating material from a commercial radlotube manufacturer.
The coating suspension should be rolled at a speed
of 100 rpm for about ~ hr to prepare it for use. The spray gun and
auxiliary equipment should be cleaned frequently with acetone and
distilled water.
For screen cathodes or porous matrix of nickel cathodes, the coating
is applied with a camel-hair brush which has previously been cleaned with
acetone and distilled water. The first coat is applied as a very thin
This is
continuous film which barely covers the surface of the nickel.
allowed to dry thoroughly, and successive layers of coating are applied in
the same manner until the screen or porous matrix is filled with coating
material as shown in Fig. 17.20. The cathode is finally mounted in the
tube and processed according to instructions given in Sec. 17.7.
Thorium Oxide Cathode.—Barium strontium oxide cathodes frequently
limit the average power of magnetrons because the back bombardment
Attem~ts have been
in these tubes overheats the cathode structure.
made to develop emitting surfaces that will have satisfactory life at
high temperature.
Thorium oxide cathodes’ show promise for highpower magnetron operation.
The poor adhesion of thoria to a metallic
base’
or sintered metal surface’ is overcome by preparing a sintered
cylinder of thoria.
The preparation of sintered thoria cylinders is
outlined.4
A uniform density of thoria powder is prepared by converting mantle,rrade
thorium nitrate into thorium oxide by heating in an air oven at
b
(;OO°C, fusing the resulting fluffy material in an electric arc, and finally
The thoria powder
crushing the fused thoria into a 200-mesh powder.
is then mixed with thorium chloride to form a paste that can be molded
I llartin

A.

Pomerantz,

“ Thorillrn

Oxi{lr

~atl)orlm,

”

NDRC

14–517,

Bartol

Iirwearch Foundation,
Swarthnrorc,
Pa., Ott. 31, 1945.
Z S. Dushnmn, Rw. Mod. Phvs., 2, 423 (1930).
3 S. V. Forgue,
RCA Ellginccring
I[emorandum
PEhf-4C’,
1943.
~ For detailed information
OTI this process hee C,, D. Prater, “ The Fabrication
of
‘~hrrria Cathodes, ” NDRC
Report,
Bartol Research Foundation,
Swarthmore,
Pa.,
(June 1946).
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into the desired shape. The thorium chloride in the molded ceramic is
then converted into the hydroxide by placing it in an atmosphere of
ammonium
hydroxide for several hours. After removal from the
ammonium hydroxide atmosphere and drying at room temperature, the
ceramic is fired at about l’WO°C in an argon atmosphere which converts
the hydroxide to the oxide forming the bond between the grains of
thorium oxide.
Such thorium oxide cathodes give copious emission at
1700°C (see Chap. 12).
17.7. Tube Evacuation and Processing.-The
interval between the
final hydrogen firing of the tube parts and the evacuation of the tube
should be as short as possible, in order to minimize oxidation and adsorption of gases by the internal parts. Tube processing remains to some
extent an art and for this reason is less standardized than any of the
The following schedule is given merely
previous procedures discussed.
as a typical one that has proved satisfactory.
After the tube has been sealed onto the vacuum system, the mechanical pump is used to reduce the pressure to about 10–3 mm Hg before the
diffusion pump’ (a three-stage oil-diffusion type) is turned on. This
pressure can be estimated by the appearance of fluorescence on the glass
when touched with a spark coil. When the pressure of the system as
read by the ionization gauge reaches 5 by 10–6 mm Hg, a bakeout oven
is lowered and turned on. As the tube begins to rise in temperature, the
pressure will start to increase owing to the release of water vapor and
gases from the various tube parts. When the bakeout-oven temperature
reaches 450”C, it should be stabilized.
The exhaust system should now
be carefully torched.
The bakeout-oven temperature is maintained at
450”C until the pressure falls to 5 by 10–6 mm Hg. When this pressure
is reached, the tube should be allowed to cool.
The pressure should
decrease as the tube cools, reaching about 5 by 10-7 mm Hg when the
tube returns to room temperature.
The tube is now ready for cathode processing.
The cathode-binder
residue is removed by increasing the heater power until the cathode
temperature is about 600”C.
The cathode temperature is raised in one
step to 900° or 1000”C and held at this temperature until conversion of
the coating is complete.
Caution should be exercised in two ways at
this point: (1) The cathode temperature should not rise above 1100”C,
because the coating will start to evaporate from the sleeve.
(2) If the
heater voltage for conversion is higher than the CO, ionization potential
(about 15 volts), a ballast should be inserted in the heater circuit to
prevent arcs that would burn out the heater.
During the conversion
of large cathodes, the pressure may rise so high that it may be necessary
to turn off the ionization gauge; in fact, the force pump may sound as
1Distillation Products, Inc., Vacuum Equipment Division, Rochester 13, N.Y.
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though it has just been turned on. If the conversion from carbonates to
oxides is done properly, the pressure should fall rapidly at the end of the
process, and at this point the heater power should be reduced until the
cathode temperature isabout850°C.
When the pressure has returned to 5 by 10-6 mm Hg, activation of
the cathode is begun by drawing a small amount of d-c current from the
cathode.
A burst of gas may be observed when d-c current is drawn;
this gas may come from the cathode but is more apt to be ejected from
the anode block by electron bombardment.
The d-c plate voltage is
raised slowly until the tube draws 25 ma/cm2 and the pressure falls
below 5 by 10-7 mm Hg. At no time during the activation process should
the pressure be allowed to rise above 5 by 10-6 mm Hg.
When there is little change in pressure with changes in d-c plate
voltage and the pressure remains below 5 by 10–7 mm Hg, the tube is
ready to be operated.
The electromagnet is moved into place; the field
is set for low-voltage operation; and the voltage (pulsed or c-w) is applied.
The voltage is increased slowly to avoid excessive sparking and to allow
time to pump off the gas expelled from the anode block because of highenergy-electron bombardment.
Oscillation of the magnetron should
be continued until the tube operates stably up to the desired operating
input voltages.
When the processing and outgassing are complete, the tube should
be allowed to cool to room temperature.
The pressure at seal-off should
be about 2 by 10-7 mm Hg.
17.8. Examination of Metals.-In
vacuum-tube construction, one
error or defect unless detected at an early stage usually results in a
worthless piece of metal and glass. A major source of trouble is impurifiFor this reason systematic and careful
cationB in the basic materials.
examination of these materials is almost a necessity to successful tube
production.
Some common faults found in the metals used in tube construction
should be mentioned.
The copper may contain grains of CU20 which
often results in porosity after reducing and oxidizing heat cycles.
Tungsten and molybdenum may be brittle or contain cracks that cause vacuum
leaks or broken heaters.
Certain batches of Kovar are also prone to
develop cracks.
Careful inspection of these metals is thus a necessity
if excessive shrinkage is to be avoided.
Although copper may be labeled OFHC (oxygen-free high-conductivity) because it has been put through a deoxidizing process, it may
in fact not be oxygen-free by the time it reaches the tube maker. This
Oa taken up may result from the drawing operation that is done after
the deoxidizing process and during which copper-oxide scale is drawn
into the copper bar. In this case the bar may be satisfactory on one

.

!

I

!

SEC. 17.8]

)

I
I

EXAMINATION

OF METALS

695

erld and unsatisfactory on the other. Because the copper surface may
oxidize while standing, the outer layer of a bar should always be turned
off.
Non-OFHC copper can often be detected by its appearance after a
“BT” soldering operation in an H2 atmosphere.
One sign, although not
definite, is that the “BT>’ solder is usually almost completely absorbed by
the copper, and any fillets of solder that may occur are also coppercolored.
Another indication is a peculiar orange color and granular
structure of the copper, although this sometimes is also noticed on OFHC
copper, especially when it is overfired.
One of the most obvious traits
of nonoxygen-free copper is that it expands under heat and does not
resume its original size upon cooling.
After Hj firing at 800”C, nonOFHC copper shells 2+ in. OD measure from 0.010 to 0.018 in. greater in
diameter than before firing. OFHC copper, on the other hand, returns
to within 0.001 in. of its original measurements.
The “bend test” is often employed to dkitinguish between “good”
and “bad”
copper.
After H2 firing at 800”C, wire or thin strips of
“bad”
copper are very brittle and will break at the first attempt to
OFHC copper will take at least four
bend them through 90°. “Good”
90° bends in alternate directions after thk treatment.
This test is
rather definite but cannot be used on heavy stock.
Most cracks and splints in wires and rods of tungsten and molybdenum
Brittleness, especially
can readily be seen under low magnification.
after firing, is an inherent fault of these metals, but there are wide
variations of degree. Tungsten rod that has been heated by a torch in
MBO,
air is much more brittle than the same rod fired in an Hz oven.
tests made on 0.080-in. tungsten rod showed that after Hj firing, wide
differences existed as to brittleness among rods of the same lot of metal.
Cracks in Kovar result when unannealed Dieces of the metal are
soldered with a silver alloy in an H2 oven. They appear to be caused
by the solder entering the grain boundaries of the Kovar as the stresses
in the latter are relieved by heat. The cracks may be seen under a lowpower microscope and in ‘most cases even by the- naked eye. In order
to prevent these cracks, all Kovar should be annealed before it is soldered
into assemblies.
The most definitive test for copper containing CUZO is microscopic
examination of a polished and etched sample.
One can detect the
presence of CUZO not only by looking for the CU20 inclusions but also
by studying the crystalline size, for the presence of CU20 will inhibit
crystal growth.
Samples can be prepared in the following manner: A small piece
of the copper under suspicion is cut from the billet.
If the examination
is concerned with grain structure, the sample is then annealed in an H?
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(a)

I

(b)

FIG. 17.25.—Photomicrographsof copper taken todetect inclusionsof Cu,O. (a) “Good”
copper, magnification250z; (b) “bad” copper, magnification 405z.
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oven at 800°C.
The copper is not annealed if detection of CUZO grains
is desired. The metal is mounted in a molded bakelite 1 cylinder to
facilitate holding it during the polishing operations, which must be
carried out with some care. Beginning with a coarse abrasive such as
No. 320 Aloxite cloth, progressively finer ones are used until the final
polishing is done with a very fine alumina solution on Miracloth.
These
polishing should be done on a slowly rotating wheel, and care should be
taken not to carry over any abrasive from one stage to the next. Polishing should continue until no scratches are visible at a magnification of
200 diameters.
If one wishes to study the grain structure, it is necessary to etch
the surface of the copper after the polishing has been completed.
If
one is looklng only for CU20 inclusions, etching is not necessary or desirable, because the reagent may destroy the inclusions.
Under microscopic
powers of 200 to 500z CU20 appears as small particles with a distinct
bluish color.
Their presence indicates that the copper will become
To develop the grain structure
porous when fired in an Hz atmosphere.
of the copper, an etch of equal parts of NH1OH and HZOZ is applied to
the specimen with a soft cloth.
Only fresh solutions of this reagent will
etch satisfactorily.
Because the polishing process usually alters superficially the grain structure of the metal, it is good practice to etch lightly,
then polish off this etch on the last wheel, and repeat this process until
Two etching and polishing cycles
one has taken off the altered surface.
are usually sufficient to do this.
A specimen of OFHC copper that has been Hz annealed and etched
is shown in Fig. 17.25a. Note the very large, rather regular grains with
boundaries sharp and free from pits or inclusions.
Figure 17 .25b shows
a sample of nonoxygen-free copper after Hz annealing.
Note the small
irregular grains with boundaries badly pitted and literally blown apart
by the decomposition
of the CU20 by Hz. These “blasted”
grain
boundaries cause the porosity in nonoxygen-free copper.
I Molding
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MEASUREMENTS OF THE RESONANT SYSTEM
BY ilf. A. HERLIN

Two classes of measurements are made on magnetrons, both of which
are essential to the completion of a practical design and as a basis for the
Measurements performed
understanding of the operation of these tubes.
on the nonoperating magnetrons and involving the use of signal generators
constitute one class and are here referred to as ‘‘ cold measurements. ”
These are considered in the first part of this chapter.
The second class,
here referred to as “operating measurements,” is concerned with techniques for obtaining data from operating magnetrons and is the subject
of the second part of this chapter.
18.1. Test Equipment Components.—Cold-resonance
experiments are
performed with a number of basic pieces of equipment which may be
These pieces are
combined in a variety of ways to yield information.
(1) a source of microwave power tunable over a wide frequency range
and of moderate power output (of the order of milliwatts), (2) a wavemeter to measure the frequency of the power used, and (3) various probes
and detectors designed for sampling and indicating the distribution and
intensity of r-f energy in the components under test.
most convenient
microwave
Lficrowaue Signal Generators.—The
The power output is supplied
signal generators are reflex klystrons.
either into a coaxial line or a waveguide as desired. Once the generator
is set up, the only adjustments to be made are frequency and reflector
voltage.
The reflector voltage is a partial control on the frequency
and can be used to tune the oscillator over a narrow frequency range by
electronic sweeping.
Special wide-range cavities are available where
lmge mechanical tuning ranges are needed, but in general these cavities
are inconvenient to operate.
A comprehensive dkcussion of these tubes
is found in Vol. 7, Radiation Laboratory Series.
Wavemeters.—Wavelength measurements are made with some form
of tunable resonant cavity in which the mechanical motion of the tuner
is calibrated in terms of wavelength or frequency.
Two methods of
In the absorption method, a single
resonance indication are available.
698
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coupling loop or other probe is connected to the power source, and a dlp
in the power output as seen on a meter indicates resonance of the wavemeter cavity.
In the transmission method, two coupling loops or other
types of probe are coupled into the cavity to form a filter that transmits
power only at the resonant frequency of the wavemeter cavity, and this
power is indicated on a meter. A coaxial wavemeter arid hollow-cavity

Fm. 18, 1,—Microwave

wavemeters.

(a) S-band;

(b) X-band.

wavemeter are shown in Fig. 18.1. A qualitative indication of power is
obtained by means of a crystal detector connected to a microammeter.
A precaution to be observed here is to provide a d-c return path for
the crystal current in addition to the r-f connection to the power source.
the longer wavelengths the coupling loop
Probes and Detectors.—At
is most often employed to sample power from a cavity.
A typical
coupling loop is shown in Fig. 18”3a. The threaded length of tubing
provides a convenient mechanical means of fastening the loop into the
metal wall of the cavity, and a connector on the opposite end provides for
transmission of the power into a coaxial line. The couplihg loop is so

.

Figure
arranged in the cavity that lines of magnetic flux thread the loop.
‘1’hcy are placed so that lines of the
18.3b shows two capacitive probes.
For short-wavelength devices, such
electric field terminate on the probe.
as the X-band waverneter illustrated in Fig. 18. lb, the coupling into the
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FIQ. 1S.Z.—Schematic

drawing of transmission method for resonant-wavelength
ment.

FICJ.18.3a and b.—Cavity

measure-

coupling loop and probes,

waveguide may be made through a small coupling iris. In selecting
the correct, size of any of these coupling devices, the prime consideration
is to reach the proper compromise between keeping the perturbation
small so that the operating conditions are not changed appreciably
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during the measurement and coupling out sufficient power to give a
positive reading.
A special instrument formeasuring the properties of standing waves
The type of detector shown in Fig.
is the standing-wave detector.
18.4a isusedat wavelengths of about 3 cm. Alengthof
theslottedsection is fitted with a small capacitive probe, and the power coupled out by
this probe is then run into a crystal, spectrum analyzer, or other device for
detecting it. The mounting of the probe is movable, so that variations
in the power maybe observed along the length of the slot. The one shown
in Fig. 18.4b is for precise measurements at wavelengths of about 1.25 cm
and has an iris pickup.
Together with the indicating device, the standing-wave detector provides a measurement of the standing-wave ratio in
the transmission line and the position of the voltage minimum.
These
two quantities can then be used to calculate the impedance terminating
the line, as will be shown in Sec. 18.3.
The spectrum analyzer has proved to be a satisfactory indicator for
use with the standing-wave detector in cold-measurement work where
high standing-wave ratios are to be measured.
The data are presented
on the screen of a cathode-ray tube.
The horizontal sweep provides a
baseline along which the frequency is varied several megacycles, and the
vertical reading shows power being fed into the analyzer at a given
frequency.
Inserted in the input line is an attenuator calibrated in
decibels by which the relative intensities of two signals maybe measured.
A wavemeter is also attached to the analyzer connections.
For a more
detailed discussion of the equipment mentioned above see Vol. 14,
Radiation Laboratory Series.
18.2. Cavity-wavelength Measurements.—Of
particular concern here
is the determination of the resonant wavelengths of the resonant system
of a magnetron anode block.
Magnetron work, however, involves the
use of a variety of cavity resonators for various applications, and the
method here described may be applied easily to these other cases.
Transmission
Method.—In
the transmission method of measuring
resonant wavelength, two probes are placed in the cavity at appropriate
points.
In the magnetron the magnetic flux threads through the backs
of the individual oscillators along the length of the tube, and coupling
loops may therefore be placed in a plane perpendicular to the axis of
the magnetron, as illustrated in Fig. 18.5. Because of the various
configurations of electromagnetic field encountered with the different
resonant modes of the magnetron, it is desirable to place the loops in
oscillators that are diametrically
opposite.
This provides coupling
to most of the modes and particularly to the more important ones. If
all modes are being measured, it is well to run through the experiment
with two clifferent positions of one coupling loop.
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Resonance is indicated in the same way as it is in a transmission
wavemeter (see Sec. 18.1).
One loop feeda into a crystal and meter,
When the
while the other receives power from the signal generator.
signal generator is tuned to the resonant frequency of the cavity, power
is transmitted through to the crystal and produces a deflection of the
meter.

I
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measured.

meter.

resonance

When

the

is reached,

wavelength

is

Absorption Method. -In
the absorption method, use is made of a magic
T or directional coupler and the electronic frequency sweep available
with velocity-modulated
micro... ...
. .._.
,.,
wave oscillators.
This method
1
.
has the advantage of fast presentation of data and needs only a
single coupling loop or probe.
In the explanation of the use
of the magic T for this purpose,
reference is made to Fig. 18.6.
Arms 1 and 2 are tapped respectively into the E and H plane of a
waveguide.
From symmetry considerations, it may be seen that
a wave incident from one of these
arms (for example, 1) divides and
travels in both directions down
FIG. lS6.-Magic
T.
the guides (3 and 4) while no
disturbance is transmitted to Arm 2. However, if the guide in one
direction is not matched, a reflected wave will return and part of it will
enter Arm 2. The arrangement of the equipment is shown in Fig.
187a.
One end of the guide is terminated in a match, and the other
Cavity being studied
Adjustable
transformer Y
tuning screw

OsclllOscOpe
,3)

Signal
generator

(1)

Magic T

Directional
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o
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generator

(4j2) Crystal

Variable
transformer
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FIG. lS.7.—Resonance indicator setups. (a) Magic T;
is connected

Cavity being
studied

to the magnetron

or other

resonant

(b)

directional coupler.

cavity

to be studied.

A large signal is then reflected from the cavity off-resonance; but when
resonance is reached, some of the energy is absorbed in the cavity and
the signal is reduced.
If the signal frequency is swept in synchronism
with the horizontal sweep voltage of an oscilloscope while the crystal
current detected ia Arm 2 is applied to the vertical amplifier, an absorp-
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tion dip will be seen on the screen as the frequency is swept over a band
including the resonant frequency.
A directional coupler may be used similarly.
Reference to Figs.
18.7b and 18.8 shows that a wave incident on the cavity divides at the
two side openings separated by a distance equal to x,/4, and a small
Ag
T

-

Incident power

t
Match

I

I

To crystal

FIG. 188.-Directioual coupler.
amount

is sampled

the energy
tion.

and passes into

at each opening,

The half going in the direction

dissipated
that

at each

again divides
in the matched

there

is no crystal

the wave reflected
the match,

of the incident

current.

The

opposite

no energy

is transmitted

coupler therefore

behaves

as the magic

in this

There
in each direc-

power

that in the opposite

from the cavity;

but a wave
T

load;

the side chamber.

and half travels

adds and is

direction

is true,

cancels

however,

so
for

from this wave goes toward

to the crystal.

The

directional

in the same way
application,

and

they may be used interchangeably.
The

magic

setup

may

wave

ratio

T

or

directional-coupler

be used to measure
with

the

aid

‘:$(g:’

standing=

of a variable

transformer, as will be described in the
next section.
A circuit diagram showing typical conof the

for
signal

voltage
magnitude

sweeping

the reflector

generator

moves

the

of the

is shown
trace

sweep

to
voltage

voltage
in Fig.

the

right

varies

cuit.

(A)

To

plate

of

gas

dis-

charge sweep voltage generator
tube in oscilloscope. (B) To reflector voltage supply.

I

nections

Fm. 189.-Reelector sweepcir-

18.9.
or
the

Adjustment
left,
amount

and

of the reflector

adjustment

of

the

of sweep.

18.3.
Measurement of Standing Waves.—For cold measurements on
magnetrons, standing-wave technique is of great value.
The usefulness
of thk technique consists in the fact that it affords a method of measuring
impedances at microwave frequencies where voltmeters and ammeters are
out of the question.
Use is made of the following property of the
transmission line, namely, that the terminal impedance completely
determines the standing-wave pattern in the line, which in turn is

1
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characterized by two easily measured quantities: the standing-wave ratio
and the position of the minimum voltage point.
Transmission-line
theory gives the relationship between the two
quantities specifying the complex impedance. and the two quantities
specifying the character of the standing wave.
These relationships are
available in convenient form as circle contour charts giving the transformation from minimum position and standing-wave ratio to resistance
and reactance or from resistance and reactance to minimum position and
standing-wave ratio.
The transformation from standing-wave measurements to terminal
impedance is made with the aid of the complex reflection coefficient q.
Ordinarily the transmission line propagates only one mode, so that the
field in the line is given by the linear superposition of t~vo waves traveling
in opposite directions.
Their relative size and phase are such that the
voltage-to-current ratio of the sums corresponds to the terminal impedance. If a voltage wave is given by the expression

the corresponding

current wave is

where Vo is the amplitude of the incident wave; @ = 27r/X0 = ti/c is
the imaginary part of the propagation constant, which is purely imaginary
because the line is considered lossless; z is the distance measured from
the point where the impedance is considered to be located, and Zo is
the characteristic impedance of the line. The ratio V/I, evaluated at
impedance
Z~; hence
z = (), is the terminal
l+q
z,
z, ‘z~=l–q’
where Z1 is the so-called
for q,

“normalized”

terminal

impedance.

21—1
*=22+1”

Solving
(1)

The impedance at any point in the line is given by the expression
(2)
Here qe”@ may be regarded as the reflection coefficient of the length
x of line terminated in the impedance zt. There is, then, a l-to-l correspondence between reflection coefficient and impedance, and the

I
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reflection coefficient merely changes in angle through the factor ejz@
with movement away from the load along the line.
The complex transformation in Eq. (1) maybe plotted on the complex
The result is known as the “Smith chart”
q-plane in polar coordinates.
on which contours of constant resistance and reactance are circles.
The standing-wave ratio, the measurement of which is described
below, is defined as the ratio of the maximum to the minimum voltage
(or current) in the line. Along the line the maximum voltage will occur
at the point where the reflected wave is in phase with the incident wave,
and the minimum voltage occurs where the y are out of phase. Thus
the standing-wave ratio p is given in terms of the magnitude of the
reflection coefficient as

I
[
I
I
I

I

1 + M.
~=l–lql

(3)

Thus, the magnitude of the reflection coefficient is obtained from the
measurable standing-wave ratio.
The angle of q is obtained from the position of the standing wave in
the line. As the minimum-voltage
position is sharp, it provides the
most accurate measure of the position, or phase, of the standing wave.
The minimum position occurs at the point z in the line where the impedance
is real and minimum.
From Eq. (2) this will occur when
@“28z@”fl
= – 1, where Ois the angle of the reflection coefficient, or

I

e = n- –

2px.h

+ 2nlr,

where n is an integer or zero and x~. is the minimum position.
The dual relations giving y~, the normalized terminal admittance,
given bv noting that when Z1 = l/yl is placed in Eq. (4), then

(4)

are

(5)
Thus, a point on an impedance chart rotated through ir radians yields
the admittance point.
The above relations may then be used for admittances if this substitution is made.
Standing-wave
Measurement
with Standing-wave
Detector.—The apparatus necessary for standing-wave measurement consists of the following
pieces of equipment connected in tandem: a signal generator, a padding
attenuator, a standing-wave detector, and a terminating load whose
properties it is desired to study.
A wavemeter is also connected
somewhere between the signal generator and standing-wave detector
unless wavelength measurements are made on the spectrum analyzer.
From the standing-wave detector the signal is fed through a flexible
Two or three tuning screws
coaxial line to the spectrum analyzer.
in the line near the attenuator provide a means of clearing up bad opera-
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tionbychanging
tuner

in the

theload
cable

leading

into
from

which
the

thesignal
probe

to the

generator

feeds.

spectrum

analyzer

A stub
may

be used to maximize the signal strength.
In operation, the traveling probe is set at the point where minimum
signal is shown by the pip height on the spectrum-analyzer screen. The
scale reading on the standing-wave detector is then noted.
The probe
is then moved to the point where maximum signal is seen, and the
attenuator on the spectrum analyzer is turned until the pip height is the
same as it was on the minimum reading.
The standing-wave ratio is
obtained from the two attenuator settings.
This operation is usually
repeated over the band of frequencies of interest in the particular measurement, the frequency or wavelength being noted at each point with
the aid of the wavemeter attached to the spectrum-analyzer connections.
The spectrum-analyzer
attenuator may be calibrated if necessary
by comparing its reading with the known variation of field in a shortcircuited transmission line and utilizing the fact that a sinusoidal pattern
results which has minima separated by half a guide wavelength.
Standing-wave

Measurement

with

Absorption

Resonance

Indicator.—

The magic T or directional coupler arranged as a resonance indicator
(Sec. 182) may also be used to determine the SWVR at resonance.
If the standing-wave ratio at resonance is unity, the reflected wave from
the cavity will be absent resulting in a zero reading at resonance on the
trace. Quantitative
measurements
of the standing-wave
ratio at
resonance are possible by introducing a calibrated transformer of variable
transformation ratio and variable phase into the line coming from the
magnetron.
Such a transformer is shown in Fig. 18.10. It takes the
form of a tuning screw on a slotted section mounted in the same manner
as the traveling probe of the standing-wave detector described earlier.
The depth of the tuning screw is read on the dial indicator.
Choke
joints on the screw and on the traveling section prevent power losses
from contacts and from coupling power out of the waveguide into the
outside space. The screw introduces a transformer action, the transformation constant being the voltage sr,anding-wave ratio or its reciprocal
(depending on the phase) \vhich would be setup by the screw in a matched
line. This constant can be measured for various readings of the dial
indicator by means of the standing-~vave-detector setup described above
and in Sec. 18.5. When used in this way the transformer is adjusted in
phase and transformer constant until a match is indicated on the oscilloscope trace. The value of the standing-wave ratio at resonance can
then be obtained from a previous calibration of the dial indicator.
Standing-wave ratios off-resonance also may be measured in this way,
but the value at resonance is usually of greatest interest.
Jt may be noted here that the standing-wave ratio at resonance is
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load for comparison

temporarily

range,

\vith the external

be introduced

which in

may then be
load,

into the cavity

or lossy

in a controlled

way.
If the unloaded Q is reduced to the desired value of the external
Q, the variable transformer on the indicator setup maybe eliminated with
considerable simplification of the procedure.
18.4. Field-pattern Measurements.—Thc
measurement of the field
pattern of a rnagnctron-resonator systcm may bc conveniently accomplished ~vith the usc of a rotary probe.’
Such pattern measurements
are useful for mode identification and for studies of the effect of asymmetries in a magnetron cm the ficltf pattmn seen by the electrons.

Probe

Detail of probe
assembly

Signal input

assembly

FIG. 18.11 .—ltutwy-probe
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18.12a
oscillating

in
the
field

positive
is shown
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u-mode, and in Fig. 18. 12b the corresponding current pattern seen on
the oscilloscope is given. For this number of oscillators the ~-mode
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house Research
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at Pittsburgh,

Pa.
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corresponds to n = 4, and the number of peaks is seen to be equal to 2n.
This relationship holds for all the modes.
A special phenomenon is observed with longitudinal variation of the
The presence of one strap nearer to
probe position in strapped tubes.
the interaction space than the other at the end of the tube causes the
field of the alternate metal tips to which that strap is attached to predominate.
The actual field is then altered as in Fig. 18. 12c, the corresponding crystal current being given in Fig. 18. 12d. The degree
to which the alternate tips are raised or lowered for off-center positions

Field
strength

crystal
current

Field

(b)

-Angle

t n

strength
(c)

crystal+
current
--Angle
(4
Fro. 18.12 .—F,eld patterns and their premntation by a rotary probe.
(a) Ideal field
pattern; (b) oscilloscope pattern corresponding to (a) ; (c) field pattern distorted by strap;
(d) oscilloscope pattern corresponding to (c).

of the probe is an indication of the degree of field distortion due to
strapping.
It frequently occurs that two modes are so clowly spaced that they
are both excited at the same time. The resulting pattern is then a
combhation of the two patterns and may be difficult to interpret.
Details of the equipment are shown in Fig. 18.13. A variable-speed
motor rotates the probe.
The motor should be run by direct current so
that hum picked up from a-c fields will not decrease the sensitivity of the
electrical system.
Attached to the probe shaft is a small magnet which
with each rotation passes by a fixed coil on a yoke and thus induces a
synchronizing signal which is connected to the external synchronization
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it is strong
The
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about
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to show on an oscilloscope

must

be
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capable

of

are necessary

good

of ordinary

low-frequency

to minimize

brush

,.
FIG. 18.13.—Rotary-probe

setup.

noise. A high-frequency response of about 600 cps is sufficient to show
the individual peaks. Phase as well as amplitude distortion in the pass
band should be low.
The magnetron may be excited by means of a single coupling loop
fed from a signal generator.
If the mode spacing is ~vide, a large loop
may be used; but if not, the overlap of modes must be minimized by
keeping the loop small.
Extremely large loops should not be used
because they tend to dktort the pattern.
If the signal strength is too
small, it is frequently necessary to insert a double-stub tuner at the
coupling loop so that maximum power may be coupled into the tube.
A variation of the method of handling the signal, developed at
Westinghouse, makes use of a modulated oscillator.
The r-f signal
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exciting the magnetron is modulated with a square-wave modulator of
fundamental frequency F, and the highest frequency of the pattern under
study is j. The sideband frequencies are then F ~ j, and a bandpass
filter containing these would provide an envelope pattern corresponding
to the line pattern given by the other arrangement and yet would eliminat e considerable brush noise.
18.6. Measurement of Q.—The adjustment of the r-f load of the
magnetron is based upon the measurement of Q‘s, as is the determination
of internal copper losses through which problems relating to circuit
efficiency are solved.
The usual definition of Q is adopted here, that is,
the ratio of the stored energy to the energy dissipated per radian.
It
has been found convenient, however, to divide the dissipated energy into
two categories: energy dissipated in the external load and energy dissipated as internal copper losses of the resonant cavity.
The Q accounting for the former is called the “external”
Q and for the latter the
“unloaded”
Q. In addition, reference is made to the Q accounting for
the entire loading of the cavity, the “loaded”
Q. From the definitions,
the following relationship is written between these quantities:

where Q“ is the unloaded Q, Q, is the external Q, and QL is the loaded Q.
The problem now is to measure these quantities.
The Lawson Method.—An
accepted procedure for measuring these
Q’s is the Lawson method.
The detailed discussion of this procedure is
introduced by a brief review of the theory.
Reference will be made to a simple parallel-resonant circuit, the
equivalence of which to the cavity near one of its resonant modes has
been justified both theoretically and experimentally for rather general
conditions.
It has been shown (Sec. 18.3) that the impedance or admittance terminating a transmission line may be measured in terms of the
position of the voltage minimum and the standing-wave ratio of the
wave in the line. In order to utilize admittance measurements to
measure Q, use is made of the facts that energy storage in a resonant
circuit is proportional to the slope of the susceptance curve vs. frequency
and that the energy dissipated is obtained from a knowledge of the
conductance representing the copper losses.
In terms of the equivalent circuit, a voltage ~e~-o’ can be applied to
the terminals, where coo is the resonant radian frequency; that is
The energy stored at resonance is constant throughout
(JO=“ I/cc.
the cycle so that it may be evaluated at the time when the voltage is
instantaneously maximum and the current through the inductance is
zero. The ptored energy is then 4C~*.
But C is given by ~(dB/A)O,
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The stored energy is therefore

where the subscript denotes resonance.

7 -+;:..

(6)

‘()

I
I

It is possible to show directly from Maxwell’s equations that this
relation holds for most microwave resonant cavities near a single resonant
mode even though the lumped constants L and C lose their direct physical
significance.
The Q of the cavity is then given by the expression

where g and b are the normalized values of G and B.
internal losses, the separate Q’s are

Qu

=!!@

2go() du 0;

Q.

QE=:O~

2 () do

o;

G

If go represents

‘0

‘b

.

(7)

2(1 + go) () TO o

It is seen that measurement of the Q’s resolves itself into measurement
The quantity o, is easily determined as previously
described; but as it comes from the data required for the other two
qu~ntities, a separate determination of the cavity resonant frequency
is not necessary.
The measurement of the slope (db/du)O is ordinarily made in terms of
the half-power points, the frequencies at which lb I = go + 1, or the
susceptance is equal in magnitude to the total conductance connected to
the cavity, including the matched transmission line. If these radian
frequencies are denoted by u 1 and w,
of UO,gO, and (db/da) o.

(8)
since db = 2(1 + g) for oh = 1~1— uZI.
The problem is now to measure u, and w and go. These may be
obtained from curves of measured standing-wave ratio and minimum
position plotted against wavelength.
Two cases arise which will be
discussed separately.
CASE 1, go < I.—If the loading due to internal losses is less than
the loading by the transmission line, curves of the shape indicated in
Fig. 18.14 result. Using Eqs. (3) and (5), the standing-wave ratio at
resonance is PO= l/gO, whereas at the half-power points, where

I
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(9a)

Replacing go by l/po,
W+
,,,,=

J(~~)2

+ 1

~2_J~

(9b)

Because Eq. (9) expresses p,,’ in terms of POonly, A, and AZmay be determined from the standing-wave
curve

alone,

as is g“.

is illustrated
tion

(8)

in Fig.

is plotted

ratio

The process
18.14.

Equa-

in Fig.

18.15.

Q. is determined from Eq. (7), and
the other Q’s are given by
Q. = Q.(1
Qz

=

+ Po),

!ik.

(lo)

P“

1

Although it is possible to determine the Q’s as described above from
,0.19
70,

o~,,,,

AZ
Fm.

Ao

lf3.14.-Q-curves
for
(J70< 1).

h+

nonloesy

O-

O1O2O3O4O5OEJJ
SWRat m.. in db
Fm. 18.lS.—LawBon

curves.

the standing-wave ratio curve alone, it is frequently more accurate to
curve. The value of gO must still
make use of the minimum-position
be determined from the standing-wave ratio at resonance as before,
but the half-power wavelengths are taken from the minimum-position
a.rve. Since the minimum position is determined by the angle of the
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From Eq. (4), Ad = – 2@Ad = – 4rr(Ad/X(,), where Ad is the minimumpositirm

shift from resonance

the value

to the half-power

frequency.

~ubstit,uting

l/go,

for Afl and PO =

(11)
The positive sign corresponds to the high-frequency side of resonance
for by Eq. (6) the slope of the b against u-curve is positive (L’ being
positive),
noted

and the positive

that the minimum

frequency

sign corresponds
position

b.

to positive

shifts toward

\vhen go < 1, a fact that ]vill be used to identify

it is subsequently

shown that the opposite

It should be

the load with increasing
this case when

is true \vhen go > 1.

Equation
(11) is plotted along with p~,~ against p, in l’ig. 18.15.
CASE 2, g, > l. —This case occurs less frequently, except at low
wavelengths where small cavity dimensions lead to high losses, because
the condition go > 1 implies that the internal losses are greater than the
power delivered to the matched transmission line. The standing-wave
ratio at resonance is PO= go instead of I/go as before.
Equation (9a)
was derived by putting yt = go ~ j(go + 1) in Eq. (5), then putting
]qj in Eq. (3).
Thus, Eq. (9a) holds for the present case as well, and it
will be seen that replacing go by I/go leaves Eq. (9a) unchanged, and
therefore Eq. (9b) also holds.
The minimum-position
shift is slightly more complicated.
At
resonance, yl = go is greater than 1, and hence from Eq. (4) 8 = r.
Then Eq. (11) subtracted from 7r/47r = ~, with po replaced by l/pO,
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hother
piece of information to be obtained from a Lawson-method
Q-measurement is the loss introduced into the circuit by the output lead.
Thestandbg-wave
ratio faroff-resonance isameasure ofthis loss. The
effect of thk loss on the circuit efficiency may be deduced from the
approximate equivalent circuit of Fig. 18.17. The value of the resistor
representing the lead loss may be taken from the
/r~
standing-wave ratio off-resonance; thus, gl = p.
Ordinarily the leid losses are so small that they
%
do not affect the Q-measurement; but if the offresonance standing-wave ratio is low enough (of
Oo
the order of 20 db), a correction must be made in
the Q-measurement process.
This correction is
E
I
not given here but may be derived from the circuit
Magnetroncopper loss
Fm. lS.17.—Equiv%
lent circuit
of cavity
with lead 10.s.ws.

of Fig.
An
lead

18.17

in those

alternative

losses

is to

cases

which

approximate
consider

the

require
way

of

transmission

it.
handling
line

to

the cavity as having a complex propagation constant, the magnitude
of the loss being again given by the off-resonant standing-wave
ratio.
Modifications
oj the Lawson Method .—One modification applicable
only to tunable cavities and using the same equipment as the previous
method has the advantage of being fast at the cost of some loss in accuracy.
The signal generator is set to the wavelength where it is desired
to measure the Q. With the cavity tuned far off-resonance, the standingwave detector is set at a voltage maximum point; this may best be done
by reading the minimum-voltage point and setting it a quarter wavelength from this point (in either direction).
The cavity is then tuned
until the height of the pip on the spectrum-analyzer screen goes through
a minimum, indicating that the minimum position has shifted one
quarter wavelength.
The resonant frequency of the cavity is then close
Deviation from this condition may be
to the signal-generator setting.
due to variation of signal-generator output with load variation.
The
signal generator is next set as nearly as possible to resonance by measuring
the standing-wave ratio at a few points on either side of the original
wavelength.
The standing-wave detector is then set to each of the halfpower minimum positions (see Fig. 18.15), and the signal generator
adjusted until the pip goes through a minimum at each point.
The
difference in wavelength of these two points may then be used to compute
the Q’s as before.
Although this method is fast, it does not take into
account the variation of electrical line length with wavelength as described
above, and the readings are somewhat inaccurate.
It may be used for
obtaining variation in Q over the tuning range of a tunable cavity where
the large number of Q values to be taken requires a faster method of
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getting the data.
Here the absolute value of the Q may not be so important as its variation, and the absence of the line-length correction will
then not be serious.
A second variation of the Lawson method makes use of the standingwave-ratio measurement obtained with the absorption-resonance
indiAs discussed in Sec. 182, the standing-wave ratio at resonance
cator.
may be measured with this device, and from the Lawson curve of Fig.
18.15 the standing-wave ratio at the half-power points is obtained.
The
adjustable transformer screw (see Fig. 18.7) is set to this value, the two
wavelengths at which balance of the bridge is obtained being the halfpower wavelengths.
This process may be carried through rapidly.
From the result the Q’s may be computed.
The errors of this method
are large also, the principal source of error being the inaccuracy with
which the standing-wave ratio determines the frequency.
The value
of the circuit efficiency, because it is obtained only from the standing-wave
ratio at resonance, is usually good, but the half-power wavelengths for
the measurement of the Q’s cannot be measured so accurately and introduce errors in the Q’s.
It should be noted that the two possible types of resonance illustrated
in Figs. 18.14 and 18.16 may be distinguished by making use of the fact
that the direction of the minimum shift is different in the two cases. In
Case 1, gO < 1, the dip on the screen of the oscilloscope increases in
wavelength when the adjustable transf orn5er screw is moved toward
the T if it is set near the correct value for measuring the standing-wave
ratio at resonance.
The opposite is true of Case 2 (go > 1).
The Lawson method gives good results until the Q falls below about
50, when it is often desirable to modify the method somewhat.
Then
it is convenient to use the slope of the minimum-position
curve rather
than to locate the half-power points; data need then be taken over only a
large enough range to get an accurate value of the slope.
At the same
time the error due to line length is much more pronounced and must be
carefully taken into account.
The external Q = Q, may be determined from the slope of the minimum-position curve.
The result depends, however, on the standingwave ratio at resonance, as does the minimum shift to the half-power
points.
This complication can be neglected when QE is low because, as
a result of the heavy loading, the standing-wave ratio at resonance is
always very high. The standing-wave ratio at resonance is given by
and with reasonable Q. (typical value being about 2000 at S-band
or 1000 at X-band) and low Qx there exists essentially a lossless circuit.

Qu/QE,

For the lossless case then,
Qz =&~,
9
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where m is the minimum position given in the same units as k and A.
is the guide wavelength.
The loaded Q is essential] y the same as the
The unloaded Q may be
external Q under the present conditions.
obtained by measuring the standing-wave ratio at resonance and making
use of Eq. (5).
Often, however, the unloaded Q is not needed.
The correction for electrical-line-length
change with wavelength
may be made most easily by regarding the length of line as an additional
resonant circuit whose external Q adds to that of the cavity being measured. A direct measurement is possible by placing a short circuit across
the line or waveguide at the coupling point with the cavity.
The slope
of the minimum-position curve is measured and its effective Q~ computed
by Eq. (7) and subtracted from the Q, of the cavity plus line-length
When the geometry of the coupling is simple, the line
combination.
Q. may be computed from the equation

where n’ is the equivalent number of half wavelengths of line. In the
case of coaxial line, n’ becomes n, the physical number of half wavelengths,
\rhereas n’ = (k~/A)2n in the waveguide case.
There exists an alternative method of obtaining the minimum-position
curve vs. wavelength that may be convenient under certain conditions.
If a certain \vavelength is being fed into the cavity-plus-line
system
and the minimum position is noted, a short circuit may be placed at the
minimum position to obtain a system resonant at the wavelength in
question.
Use is made of this fact to get the minimum-position
curve
by measuring the resonant wavelength of the system as a function of
plunger motion when a movable plunger is varied along the output line.
The resonant-wavelength measurement may be performed by any of the
methods previously given, and from the data obtained and from Eq. (7)
one may compute external Q looking into the output that is being tuned
by the plunger.
The unloaded Q may also be found by a transmission method.
Power
is fed into one small loop and detected in another small loop in a cavity.
Transmitted power as a function of wavelength may be used to obtain
the unloaded Q directly from the half-power points.
Refinements of
this method for high Q’s may be made using a sweep presentation on
the screen of an oscilloscope so that the operation may be done rapidly.
Location
circuit

oj Resonant-circuit

are ordinarily

specified,

given

Terminals.—The
when

but in the case of a transmission

there is an additional
circuit completely.

parameter

properties

the Q’s and resonant
that

This parameter

of a resonant
wavelength

line at microwave

is needed

is the location

to specify

are

frequencies
the resonant

of the terminals

of the
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resonant circuit in the line. There is an ambiguity which may be removed
by specifying the character of the resonant circuit as either series or paralA series circuit is transformed into a parallel circuit by an
lel resonance.
addition of a quarter wavelength of line, and the subtraction of a quarter
wavelength of line reverses the procedure.
Reference will be made in
the following discussion to parallel resonance with the understanding that
the terms may be changed to apply to those of series resonance if desired.
The location of the resonant circuit in the line is accomplished to a
certain degree of accuracy when the Lawson method of Q-measurement is
employed.
The point A of Figs. 1844 and 18.16 is the point in the line
where the circuit is series resonant, and therefore the parallel-resonance
point

is one quarter

this point
For

in either

some

to measure
nals

purposes

the position

very

described

wavelength

accurately.
below

it is necessary
of the termiA

The

to a previous

method

attaching

method

is

0C2

in which the location

of this point may be obtained
rection

from

direction.

was

first

a stabilizing

as a cor-

determination.
developed

t---’-l
FIG. 18.18.—Tw0 resor,ant circuits
connected by transmissionline.

for

cavity

to

& =

a

c, 1
——,

< L, Yo

!/.2=

c, 1

<

——
L, Yo

magnetron in the output line where
the distance between the resonant circuits had to be very closely an
integral number of half wavelengths.
In Fig. 18.18 are shown two parallel-resonant circuits connected by a
length of transmission line. The two resonant circuits are taken to be
of the same resonant wavelength ho. Reference to other wavelengths
will be made in terms of their percentage difference from ko, or by the
relation

*=
The

results

resonances,

of solving

the

A–ho
A,

circuit

“
of Fig.

18.18 for its modes,

or

are

where the subscripts a and b refer to the long- and short-wavelength
modes respectively, 1 is the physical length of transmission line that is
to be made equivalent to an integral number of electrical half wavelengths
at the resonant wavelength of the parallel-resonant circuits after the
correction —Al is made, AQis the guide wavelength if the transmission
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line is waveguide or the space wavelength in a coaxial line, and y: is the
characteristic series admitt ante for y.1 and v,Z; that is z: = z, 1 + z,Z. The
quantities Y.I and Y.Zare numerically equal to the corresponding external
Q’s. The resonance whose wavelength is very near to A, has been
omitted as unimportant in the present discussion.
Equations (12) and (13) form the basis of measuring the line-length
error Al; and AObeing known at the point where the correction is made,
all that is required for A1 is a knowledge of n’ in Eq. (12).
The value
of Al/A@n’ from Eq. (12) is substituted
in Eq. (13) along with the value of u:,
which may be obtained from Q-measA—
urements, and the equation solved for
This value put back in Eq. (12)
n’.
gives the value of Al.
The above equations have been
x
developed on the basis of two resonant
circuits.
One of these maybe omitted
FIG. 18.19.—Resonantcircuit and T from the equations simply by making
connectedby transmissionline.
V: equal to y., the normalized characteristic admittance of the remaining circuit.
Use of both forms of the
equations will be made.
For the measurement of b. and &,, two cases will be discussed, one in
which there are two resonant circuits or cavities separated by a length of
line (Fig. 18. 18) and the other in which there is one resonant circuit
with a length of line terminated in a T as shown in Fig. 18.19. The first
step in either case is setting up the first approximation to the correct
length of line. The Q’s of the two cavities or of the one cavity (as the
case may be) are measured by the Lawson method, giving the external Q
In the two-cavity system, the
and the minimum position at resonance.
two circuits are connected so that their minimum positions at resonance
occur at the same point in the line. In the T system, the T is placed so
that a parallel connection of the three arms is made at a quarter wavelength from the minimum position at resonance or so that a series connection is made at the minimum position at resonance.
Within the
accuracy of the Q-run data, then, the connecting line will be of the correct
length.
Then the mode wavelengths are measured, and from these the
correction to the tentative line length set by the Q-run data is computed.
In the two-cavity case, there is usually a T of some sort for coupling
the system to a load.
If not, a probe may be installed for the purpose
of measuring the wavelengths of resonance.
The mode wavelengths are
measured directly by any of the means previously described; the data
put into the equations given above; and the correction to the line length
computed.
The line length is the total separation of the cavities.
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A variation of the two-cavity system is one in which one cavity is
It will be noted that a short circuit is a
replaced by a short circuit.
resonant circuit in which y. = cc.
In the T case, use is made of a special technique for determining the
mode wavelengths.
Figure 18.19 shows the T connected to the length
of line terminated in the resonant circuit.
A variable reactance is
The resonances seen looking in the
connected to one pair of terminals.
terminals A will be the resonances of the system of the resonant circuit,
the line length, and the variable reactance.
The resonance of importance
here is the one corresponding to a short circuit at the T terminals.
Since
for this condition the system is short-circuited from the terminals A,
the resonance will not be visible on the resonance indicator.
As the
reactance is varied about this point, the resonance dip on the indicator
will progress as shown in Fig. 18.20, a deep resonance dip appearing first,
becoming smaller, disappearing completely, and then reappearing, while
the wavelength of the dip changes continuously.
The disappearance or

f-k flJAfl_
FIG. lS,20.—iMeasurement

null ]vavelength

is then the mode

of wavelength

wavelength

by null method,

to be measured.

will be two such modes: one below the cavity frequency

There

and one above.
The wavelength measurement may be made very precisely because the
indication is sharp; it is thus possible to obtain great accuracy in the
line-length error measurement.
The exact nature of the variable reactance depends on the individual
problem.
A plunger in waveguide in one of the T arms is suitable.
Furthermore, another cavity may be used, the variation in reactance
being accomplished by tuning the cavity.
The two methods of getting
mode wavelengths described here may be combined.
Two cavities
connected by a length of line and tapped into by means of a T may be
adjusted for correct line lengths by measuring the over-all correction as
in the first case and the cavity -to-T correction by the second method.
The correct relationship between the two cavities and the T may then be
easily adjusted.
18.6. The Stabilization Factor.—The concept of stabilization was
developed as the result of an effort to provide additional r-f energy storage
in the resonant system of the magnetron for the purpose of stabilizing
its operating frequency.
Design of stabilizing equipment is discussed in
Chap. 16. The measurement of the degree of stabilization by cold-
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coupling will not be changed.
If the coupling were different in the two
cases, the proportionality factor of the energy storage would change and
the result would be in error.
The second method making use of Q-measurements may be used
when the coupling between the cavities is made in standard transmission
line. Then the external Q’s looking into each cavity separately may be
measured, the stabilization fact or being 1 plus the ratio of the stabilizing
cavity Q to the magnetron Q, using the stabilized magnetron case as an
example.
A third method of measuring stabilization factor makes use of relative
tuning rates. A tunable cavity, when stabilized, tunes less for a given
motion of the tuner; that is, as implied by the term “ stabilization, ”
the frequency constancy is in,
creased. T h e quantitative
as+‘
pects of this behavior are derived
from Fig. 18.21, which shows two
curves of reactance vs. radian freone for each circuit.
~
quency,
Curve A is assumed to be the reacs
tance curve of the tunable sta- $0
~
bilizing cavity, and B that of the
reference

cavity.

Resonance

Thesedistances

are equal
;
exists where the sum of the curves
is zero. When the two curves
_
/’
both pass through zero reactance
stabilizing
FIG.1S,21.—Eff ect of ~u=e
at the same point, their resonant
cavity.
frequencies are identical and equal
to m.
Shifting the frequency of A to u,, corresponding to the curve A’,
If A.u
results in making the resonant frequency of the combination o;.
represents col — UOand Aw represents d’ — UO, it may be derived from
the geometry of Fig. 1821 that

(14)

Here, S~,B is the stabilization factor of A with respect to B (B is the
reference cavity) and A TU/AAG.Iis the percentage tuning rate, the factor
by which the tuning rate of the stabilizing cavity is reduced by using
it for stabilization.
The problem now becomes the measurement of the
percentage tuning rate. This measurement may be made easily by means
of the usual wavelength-measurement
methods, the tuning rates being
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made on the entire system and on the stabilizing cavity alone with the
reference cavity blocked off.
If it is more con~renicnt, to tune the reference covity, the data may be
changed to the desired form by means of the relationship
SI,,A
1
S.,.4 – 1 = S,. – 1“

S.4,B =1+
The stabilization
urements

or

by

\vith and Ivithout
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The concept of stabilization may be used for other purposes, such as
ratio of a magnetron oscillator.
This problem
the measurement of ~J/C
turns out to be that of measuring either L or C, because the other may be
computed
The

from

problem

the knov+ledge
of determining

of the resonant
the value

frequency

of the cavity.

of (17as seen by the electrons

will be considered.
It is assumed that a hole-and-slot
magnetron is being measured; the vane magnetron is more difficult to
measure, but the same method may be used. In the region of the slot
the capacitance may be computed from the usual formula for a parallel-

in a magnetron

plate

condenser.

of the cavity

It is then recognized

is greater

that

the equivalent

capacitance

than that due to fringing fields and displacement

currents in the inductive region of the oscillator.
The problem then
becomes one of measuring the stabilization factor of the extra equivalent
capacitance with respect to the computed capacitance.
(Energy storage
in a parallel-resonant circuit is proportional to capacity. ) This <s done
by inserting a slab of nonconducting material of known dielectric constant
into the space whose capacitance may be computed and noting the shift
in resonant frequency.
The shift to be expected if the total capacitance
were lumped into this space may be computed from the dielectric constant, and this value may be compared with the experimental value,
the stabilization factor being computed from Eq. (14).
The effective
capacitance

may then be computed

by the measured

stabilization

18.7. Magnetron-mode

by multiplying

the computed

capacity

factor.
Identification.-Much

of

the

technique

of

mode identification has been dk.cussed already in connection with the
description of the rotary probe; a few remarks about the use of the
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rotary probe are given here in addition to two elementary methods of
mode identification.
The electromagnetic-field
configuration for the
various modes is assumed to be known (see Sees. 14, 2.9, and 3.2).
The use of a hand-operated rotary probe of the kind described in
Sec. 18.4 is appropriate when the amount of data to be taken does not
justify the use of the more expensive motor-driven device.
The same
data may be taken point by point with the aid of this simple equipment.
The probe itself should be constructed in about the same way as the
motor-driven one, but it is not necessary to provide brush contact; a
wire connected directly to the crystal output may be run to the meter.
This probe is mounted in a rigid frame so that it may be rotated by hand,
a pointer indicating the angle against which the meter readings are
plotted.
Mode identification is straightforward in the light of the discussion
in Sec. 18.4. The modes encountered in a symmetrical magnetron arc
easily recognizable, the r-mode in particular being nearly always symmetrical.
A magnetron employing strap breaks often presents a confusing picture on the lower modes, but the patterns observed on the screen
can usually be interpreted.
Long anodes should be searched for longitudinal modes.
These appear with the same patterns as the standard
modes, but they vary in intensity with longitudinal variation of the
probe position, the most common one becoming zero at the center of the
anode.
The identification of the modes can be made from wavelength measurements if the spectrum of the magnetron is known.
For example,
a strapped magnetron has modes whose resonant wavelengths decrease
with decreasing mode number, and the wavelengths of the modes plotted
against number are points through which a smooth curve may be drawn.
The series of wavelengths may then be measured and the various modes
selected on this basis without the added complication of the probe measA very simple test may then be made to verify these results.
urements.
This test consists of inserting a screwdriver, pencil, or other similaobject into each oscillator while the magnetron is excited at one of its
modes and noting the detuning effect.
On the r-mode the detuning effect
is the same for all oscillators.
On the other modes the detuning effect
There will be
varies according to the energy stored in each oscillator.
~ – 1 -mode,
()
where N is the number of oscillators (ordinarily an even number); four

two oscillators in which there will be no detuning for the

for the

~ – 2 -mode, provided N/4 is an integer; and so forth.
()
The greatest use of the rotary probe is in the investigation of field
intensities in new types of magnetrons or other similar devices.
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18.8. Cathode-lead Loss.—It is frequently necessary in magnetron
design to install chokes in the cathode leads to prevent r-f leakage and
radiation which would decrease the efficiency of the device.
The first
problem in this connection is to determine whether or not such leakage
is present to an undesirable degree. Leakage can be detected on the
spectrum analyzer during a standard Q-measurement.
The signal
generator is tuned to the resonant wavelength of the magnetron, as
evidenced by the minimum standing-wave ratio. Then the movement
of any conducting material in the neighborhood of cathode leads that
couple out power will be reflected in a variation of the size of the signal
seen on the spectrum analyzer.
Touching the leads with the fingers is a
very sensitive test for leakage.
The degree of coupling maybe estimated
from the changes in the standing-wave ratio produced by placing reflecting objects near the cathode leads.
A more convenient method of detecting cathode-lead leakage makes
use of the magic T or directional-coupler
resonance indicator.
The
detuning effect of variation in external conditions is easily observed
because the data are presented over a band of frequencies and the very
convenient form in which the data are presented allows the leakage check
to be performed quickly.
The usual remedy for cathode-lead r-f leakage is a quarter-wave
coaxial-line choke soldered in each lead that comes out of the magnetron.
It is possible, however, that a lead resonance may be set up if the placement of this choke is accidentally
in the appropriate position.
Be1~
cause this resonance is usually
lossy in character, the unloaded
Sliding contact
Q of the magnetron is affected
Wireto move
choke from
adversely with corresponding dethe outside
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vialed makes possible a continuous motion whose effect may be observed
Figure 1823
continuously on the screen of a resonance indicator.
shows a plot of the results observed on
the magic T indicator.
The :athode-choke movement z is
plotted horizontally, and the effect on
the resonant circuit is plotted vertically.
The latter is measured by the height of
the minimum point of the trace seen
~
on the screen. The coupling loop loads
“’
the magnetron so heavily that the
llr
standing-wave
ratio at resonance is
Undesirable
high.
As the loss due to the cathodechoke position
choke resonance enters a resonance
region, the SWVR drops.
The cath2.0
4.0
3.0
x in cm
ode-choke experiment may be generalFIG. 1823.-Effect of cathode-choke
ized to include a wide variety of
positionon SWR.
experiments in insertion loss.
18.9. Tube-model
Techniques.—An
anode block that is similar to
but not identical with a proposed design and is constructed especially
for the purpose of cold-testing is called a “tube model.”
Models have
proved to be extremely useful for the investigation of the resonant properties of a magnetron under development.
Their principal advantage is
that they are easier to construct than actual magnetrons and give a great
deal of information on which the design of an actual magnetron may
be based.
Models may be made for any frequency where the conditions
of construction and testing are most advantageous, because wavelength
data scale reliably as the first power of the geometrical size. Thus a
proposed magnetron that requires special construction techniques to
be worked out before it can be constructed may have its properties
investigated by means of a model which can easily be built at a longer
wavelength.
The resonances can be located; mode separation and
patterns noted; and the data then scaled to apply to a magnetron at the
desired frequency.
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and for this purpose the model may be constructed of brass and bolted
together to facilitate changes inform.
Wavelength and mode data can
be obtained in this way; but if unloaded Q data are to be taken, it is
necessary to hard-solder the model and construct it from the final
material.
This added expense should not be incurred until such things
as resonant wavelength are determined and found to be satisfactory.
A typical procedure for the design of a magnetron is first to make a model
of brass with various parts bolted or soft-soldered together.
The size of
certain parts such as the straps and vanes is varied, and the wavelength
data taken for each variation.
The wavelength-vs.-variation
curve
then provides the basis for the selection of the correct dimensions.
Other
quantities, of course, such as stabilization factor, may be adjusted as
well. When the final dimensions are selected, a copper model may be
constructed for the purpose of measuring the un!oaded Q.
OPERATING MEASUREMENTS
BY A. G. SMITH

Accurate quantitative measurements of the operating conditions
of a magnetron are useful as aids to design, as production controls, and
Standing wave
indicator
I
Slotted
section

Thermistor
bridge

Water or
sand load
i+
I

Voltage meter

Power meter

Current meter
A

Wave meter or
spectrum analyzer

Pulser
or C.W.
supply

I

8
FIG. lS.24.—Arrangement

of test bench components.

In addition, a magnetron is frequently
as guides to intelligent operation.
employed in the testing of other microwave components, and in this
application a knowledge of its output power, frequency, and stability is
essential.
Although the proper use of scaling principles and cold-measurement
techniques may save needless effort in the designing of a magnetron, an
operating model must finally be constructed and tested in order to
determine quantities that can at present be predicted only approximately.
The quantities to be determined are the range of currents and voltages

I
I
I
1
I
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is stable, the electronic
efficiency,
tuning range,
electronic
leakage
current,
and the powcr-

effects,

capabilities

of the input and output

circuits.

?

FIG. lS.25.—Low-power

FIG. 18.26.—High-power

coaxiaI-line magnetron

waveguide

test bench.

magnetron test bench.

Figure 18.24 shows in schematic form the components necessary for
testing an operating magnetron and their arrangement on a typical
test bench.
Either coaxial line or waveguide components can be used;
and although the construction of some of the components differs for c-w
and pulsed testing, their arrangement remains essentially as shown.

Figures 18.25 and 18.26 arc photographs of typical coaxial-line and
wavcguide test benches, comparable to the schematic view in Fig. 18.24.
The components sho]vn in Fig. 18.2! provide a rather complete set
of data on operating magnetrons, but not included arc certain pieces of
equipment useful in special cases, such as V-I oscilloscopes (see Chap. 8)
or r-f viewers (see Vol. 11, Radiation laboratory Series).
Pcrjormance
Charts.—In general, the
18.10. Measuring Techniques.
performance chart is the most useful presentation of the operating
(For specific examples of such charts
characteristics of a magnetron.
see Chap. 19.) The folloiving mcasurcrncnts must be made in order to
conplot a complete performance chart, including pushing-coefficient
tours: 1 magnetic field, (avera~e) current, (pulse) voltage, (duty ratio),
(average) output polver, and frequency.
A large amount of data is gcmerally required, and a systematic procedure should be follolred in obtaining it. The technique described here
has been found satisfactory for most types of testing.
It is convenient
to begin \rork at the lol~est magnetic ficlcf that is to be used; for if a high
field is selected first, each time that it is reduced the magnet must
be demagnetized in order to preserve its calibration.
After the magnet
current has been set to the desired valu(>, plate voltage is applied to the
magnetron and increased until stable oscillation begins.
The presence of
r-f output may be detected most quickly and simply by means of a +
watt neon bulb \vhich is excited by inserting its leads into the r-f line
through the slot of a standing-w-ave detector or tuner.
Stability of
operation can be judged from the steadiness of the neon glow, from the
current and voltage pulses on a synchroscope, or from the image on a
spectrum analyzer.
In the case of a pulsed tube, the spectrum analyzer
is a valuable adjunct, for the spectrum of a magnetron frequently deteriorates badly near the limits of its stable range. Having set the plate
current at the lowest value at which satisfactory operation is obtained,
the operator then records the voltage, current, power output, and frequency.
If a water load is being used to measure power, the rate of flow
must be determined and checked at reasonable intervals.
The plate
current is next increased somewhat, and the readings repeated.
This
process is continued until a limit is set by mode-shifting, arcing, or
overheating of the cathode.
When one of these occurs, the current is
reduced to the starting value, the magnetic field is increased, and the
process repeated.
The performance chart may be extended in voltage
until the magnet saturates or until arcing occurs in the magnetron even
at low currents.
The plotting of c-w performance data is relatively simple, requiring
only the calculation of plate efficiency.
Pulsed data require the con1The quantitiesin parenthesesapply only to pulsed operation.
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FIG. 18.27.—W.ave@de double-slugtuner with Mycalex slugs.

gram isl (average) current, (pulse) voltage, (duty ratio), (average)
power output, frequency, magnitude of standing wave, and phase of
standing wave. The following procedure has, in general, proved to be a
satisfactory method of obtaining such data.
In measuring the Rieke diagram the magnetic field and the plate
current are held constant, while a standing wave of variable phase and
magnitude is presented to the magnetron.
Thk standing wave is set
up by means of a double-slug tuner (see Fig. 18.27) and measured by
using a standing-wave detector (see Fig. 18”4) placed between the tuner
and the magnetron.
In the case of high-power magnetrons, it may be
necessary to take the Rieke diagram at a power output well below the
usual operating point because of breakdown in the slugs or magnetron
output or arcing inside the tube itself when a high standing wave is set up.
1The

quantities

in parentheses

apply

only to pulsed operation.
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With the magnetic field set at the proper value, the magnetron is put
into oscillation and the dktance between the slugs is adjusted until the
standing-wave detector indicates that a match has been obtained.
The
magnetron plats current is then brought to the value that has been
decided upon, and the voltage, power output, and frequency are recorded,
giving a point that when plotted will lie at the center of the diagram.
The separation of the slugs is next changed slightly until a standing
wave of small amplitude is set up, and the plate current is reset to its
previous value-if,
indeed, it has varied at all. The magnitude and
relative phase 1 of this standing wave are recorded, the phase being
measured from a scale on the standing-wave detector.
Leaving the
separation of the slugs unchanged, the tuner is now moved a fraction
of a wavelength, and all of the readings are repeated.
It will be found
that although the phase of the standing wave has changed, its magnitude
is virtually unaltered, with the result that it will appear on the diagram
at the same radius as the second point and removed from it by an angle
equal to the difference in electrical degrees between the phases of the two
points.
In this manner, the operator proceeds around a full circle on the
diagram, corresponding to a half-wavelength movement of the slugs and
a half-wavelength change in phase. The tuner is then readjusted to
set up a higher standing wave, and another circle is completed.
The
process is continued until r-f breakdown occurs in the line, the magnetron
becomes unstable, or the tuner reaches the maximum standing-wave
ratio of which it is capable.
Although the phase thus far i6 referred to a purely arbitrary origin,
that is, the zero of the scale, it may be made more specific by referring
it to a suitable plane at the magnetron output.
This translation, of
course, merely involves the measurement in electrical degre,es of the
distance between the selected plane and the zero point of the scale.
It is conventional to plot motion of the phase toward the magnetron in a
counterclockwise direction.
The radial scale may be marked in SWVR,
SWPR, or reflection coefficient.
Pulling Figure .—The pulling figure of a magnetron is defined as the
maximum change in frequency that occurs as a standing wave with a
voltage ratio of 1.5 is presented to the tube and the phase is varied
through 360”. Although the pulling may be determined from a Rieke
diagram, this technique is needlessly laborious unless the other information contained in such a plot is desired. A more direct method consists
simply in placing a tuner in the line, setting up a standing wave of 1.5 in
voltage,
and determining the frequency limits as the phase is varied.
By far the most satisfactory indication of the frequency deviation is
obtained with a spectrum analyzer; on the screen of this instrument the
1 Always

measured

from the minimum

of the standing-wave

pattern.
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spectrum moves back and forth along the baseline as the phase of the
standing wave changes, and the amplitude of the motion is readily measured by means of any of the frequency-measurement techniques discussed
in connection with the spectrum analyzer in Vol. 14. It is sound
procedure to check the standing-wave ratio at each of the two points at
which frequency measurements are made.
Even though the separation
of

the

slugs

remains

constant,

slight changes in the impedance
the line or the superposition
reflection
the

from the load may alter

ratio

accuracy

enough

to

impair

the

1

‘j

of the pulling figure that

is obtained.

The

should be thoroughly
bef ore

of
of a

magnetron
warmed

pulling-figure

up

measure-

Frequency _
, ,L,. 18.28.—Spectrum of a pulsed magnetron
as seen on a spectrum anslyzer.

1’. . .

ments are attempted, or thermal
frequency drift will enter into the
results, although this source of error is more likely to occur in pulling
figures obtained from Rieke diagrams.
Spectruw..—Much can be learned about the operation of a pulsed
The theoretical form of
magnetron from a study of the r-f spectrum.
this spectrum is shown in Fig. 18”28.1 Certain deviations from this shape
are attributes of the voltage pulse that is applied to the magnetron, and
others resldt from the action of the tube itself. A voltage pulse with an
excessively sloped or rounded top will produce a frequency modulation
that may broaden the spectrum appreciably, and a frequent concomitant
of this condition is a marked difference in the heights of the secondary
maxima on one side of the spectrum as compared with those on the other
side. Another common phenomenon is the random, intermittent disappearance of one or more of the vertical lines that makeup the spectrum;
this is an indication that at the moment at which that line should have
been formed, the magnetron had shifted modes or was arcing.
In certain
regions of the performance chart, usually at very low currents, the spectrum may be observed to broaden as the region is entered and finally
to break up completely into a distribution resembling noise. A similar
deterioration is frequently noticed when a heavily loaded magnetron
enters the unstable portion of a Rleke diagram.
The spectrum of a c-w magnetron is of less significance to the operation
of the tube.
The spectrum analyzer is still very useful, as it provides an
effective means of observing small frequency shifts.
18.11. Operating Technique .—Before putting a magnetron into operation, it is a reasonable precaution to test it with a spark coil and ohm1See

also Vol. 11, Chap.

12, of this series.
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In pulsed operation, the leads between the
pulse generator and the magnetron should be kept short, since the
reactance of long leads may distort the pulse waveform and introduce
oscillations.
Where forced-air cooling is indicated, it should be sufficient
to maintain the temperature of the block below 100°C.
The magnetron may be grounded through the r-f line, which should
be part of a common ground system embracing the magnet, the power
supply or pulse generator, the pulse transformer, and the chassis of the
associated amplifiers, spectrum analyzers, etc. If the r-f line is accidentally left ungrounded, the operator may dkcover that it has become
charged to full cathode potential.
Gassy Tube. —When plate voltage is applied, a gassy magnetron will
draw a large current and the synchroscope or voltmeter will indicate
A gas discharge may be seen inside
little or no voltage across the tube.
the magnetron by looking into the input or output pipes. All magnetrons evolve a little gas when they are left idle for long periods, but
this normal outgassing will not produce the condition just described.
A
spark coil test will confirm the diagnosis.

plate

voltage

is applied.

Cathode-anode

voltage

indicated,

short

but

Circuit. —Again,
there

will

current

will be drawn

be no gas discharge.

An

with

zero

ohmmeter

may be used to settle the matter.
No Magnetic Field.-A
high current will be drawn at very low voltage.
Removal of the magnetic field during operation may result in the destruction of the magnetron; precautions should therefore be taken when an
electromagnet is used to prevent failure of the d-c power supply.
Open Heater.—The magnetron will fail to start normally when plate
voltage is applied and probably will spark. No plate current ~vill be
drawn, The usual glow of the cathode, visible in the input pipes of

I

737

OPERA TING TECHNIQUE

SEC. 1811]

An ohmmeter testis the final check.
many magnetrons, will be absent.
A magnetron in this condition may usually be started by continued
application of plate voltage at a relatively low magnetic field, although
care must be taken not to damage the associated equipment; once
oscillating, back bombardment may provide sufficient cathode heating
for normal operation.
This type of starting cannot be repeated many
times without destroying the cathode.
A great many heater failures
are due to transients accompanying arcing and may be prevented by
placing a ~-pf condenser in shunt with the heater to bypass such surges.
A~cing.—Arcing, or sparking, is commonly encountered in magnetron
It may be due to traces of gas,
operation, especially at high powers.
to mode shifting, to high gradients caused by sharp surfaces, or to overworking of the cathode.
A magnetron will withstand a surprising amount
of arcing over a short period of time without apparent damage, but even
intermittent sparking during continuous operation will affect its life
adversely.
Arcing appears as flashes in the input pipes, unsteadiness
of the current meter, missing pulses on the spectrum analyzer, and
transient traces on the synchroscope (Fig. 18.29).
The evolution of gas
occurring during long periods of quiescence may make it necessary to
reseason a tube to “clean up” the gas; this should require no more than
15 or 20 min of continuous attention.
The operator should slowly increase the
voltage until arcing becomes rather
violent, occurring perhaps several times
a second; as soon as the sparking has
frL
died down, the voltage may again be
~a)
(b)
(c)
raised, and so on until the desired
FIG. 1829.-Appearance of VI
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Mode Instability .—This
is a phenomenon which occurs in certain
regions of the performance charts of all magnetrons, usually at very high
or very low currents or at low magnetic fields. A c-w magnetron changes
modes abruptly, showing a marked decrease in output power, and may
not return to the operating mode until the plate voltage has been shui
off and the tube restarted in a more favorable region.
l’ulsed magnetrons
change modes more gradually, passing through a region of operation
partly in one mode and partly in another, as evidenced by double voltage,
(Fig. 18.29) and by missing
current, and VI traces on the synchroscope
lines in the spectrum;

operation

in this region is likely

to be accompanied
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by sparking and by falling output power.
The tube will, however,
rwmrne normal oscillation as soon as the voltage is changed to bring it
back to a region of stable performance.
The location of the boundaries
where mode changes occur is influenced by cathode quality and temperature, pulse shape, and loading (see Chap. 8). Mode-changing
may become more troublesome as a magnetron ages and the cathode
emission fails. Although a tube may be oscillating in a lower mode,
it is not always possible to detect the wavelength of that mode in the r-f
line, since conditions in the magnetron maybe such that it does not couple
to the output loop.
Operation in lower modes is frequently accompanied by serious overheating of the cathode.
Overheated
Cathode.-Operation
of the cathode at temperatures in
excess of the normal value (about 850°C) shortens tube life. The
heater transformer should be checked for proper voltage; and when
operating instructions call for reduction of the heater voltage during
oscillation, they should always be followed.
In many tubes the cathode
glow may be seen directly or by reflection in the input pipes; if the
operator familiarizes himself with the appearance of this glow at normal
heater input, he will be able to judge for himself when the temperature
becomes excessive.
Continuous-wave magnetrons are especially likely
to suffer from overheating of the cathode.
Breakdown
in the R-f Line.—Thls
is usually announced by crackling
or spitting noises. Coaxial tuners are very likely to break down, and
magnetron couplers and transitions are also serious offenders.
All
components should be clean and well-polished inside; the joints should
fit snugly and be tightly clamped.
Ignition sealing compound (a heavy
grease) may be applied in cases of localized breakdown.
For laboratory
use, carbon tetrachloride sprayed into the line through a slotted section
is surprisingly effective in stopping breakdown, although the application
must, of course, be repeated every few minutes.
Pressurization, although
troublesome, will greatly extend the power-handling capacity of any
line, 4 mw having been transmitted successfully by a 1$-in. coaxial line
pressurized to 35 lb per sq in. gauge.
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MAGNETRONS

BY A. G. SMITH
Thk chapter presents specific data on the performance characteristics
and dimensions as well as the over-all design of the principal types of
microwave magnetrons in the frequency range of 1000 to 24,000 Me/see
and output-power range of 25 watts to 2.5 mw. The magnetrons included
here were selected as being representative of various wavelength and
w
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FIQ. 19.1.—Gencrdized

(b)

hole and slot; (c) val,e,
The dimension (a) is the distance between the pole tips or between
the lids, whichever M smaller.
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these are referred to by the symbol assigned in the laboratory in which
they were developed.
Tubes in this category are probably not available
for purchase.
For each tube type there is a discussion that covers its general
performance and limitations, frequency or frequency range, type of
A performance chart and usually a
construction, and special features.
Rieke diagram provide complete information on the operating characA plan view and photograph together with a table of dimenteristics.
The meaning of the symbols in this
sions give the construction details.

(e)

(d)
FIG. 19.2.—Generalized
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19s1. The LC W L-band C-w Magnetron.-The
LCW is an experimental c-w magnetron, capable of output powers up to 2000 watts at a
fixed frequency of 900 Me/see.
A radially mounted cathode and
separate magnet are used.
Operation is satisfactory between 2000 and 4W0 volts and from 0.1
to 1 amp.
This region of operation, shown in Fig. 19.3, provides useful
output powers ranging from 100 to 2000 watts; it is limited at high
powers by overheating of the cathode and at low powers by deterioration
of the spectrum.
The pulling figure is 4 Me/see, and the pushing figure

THE
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TABLE 19.1.—INnEx
Frequency,
Me/see

or

Type

Power output

MAGNETRONS

5-150 watts
2.5-10 kw

C-W fixed freq.
C-w tunable
Pulsed fixed freq.

2,700-3,333

2..$300

Pulsed 6xed freq.

2,70CP3,700

3OW1OOO kw

2,800
9,375
9, 29W9 ,330
9, 34s9 ,405
9,345-9,405
8,50&9,600
9,345-9,405
9,500
24,000

500-2500 kw
10-100 watts

1OO-2OOOwatts

kw

Tub- T,.
LCW
CM16B
2J38
series
2J39}
2J22
series
2J34}
4J70
series
4J77}
HP1OV
BM50
2J41
2J42 series
725A series
2J51
4J50 series
AX9
3J21
setites
3J31}
22-cavity
rising-sun
magnetron
Closed-end
38-cavity
rising-sun
magnetron
High-power
2-&cm C-w

Pulsed tunable
Pulsed fixed freq.
C-w, pulsed, fixed freq
Pulsed tunable

20&1250 watts
5-2o kw
l&70 kw
100 kw

—-—..

of operation

2,830-3,240
3,245-3,333

900
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Pulsed fixed freq.
Pulsed fixed freq.
Pulsed tunable

50-300 kw
2-1OOO kw

Pulsed fixed freq.
Pulsed fixed freq.

50 kw

Pulsed fixed freq.

24,000

50 kw

Pulsed fixed freq.

24,000

50 kw

Pulsed fixed freq,

11,500

500 watts

Gw

fixed freq.

hapter
Sec.
19.1
19.2
19.3
19.4
19.5
19.6
197
19.8
19.9
19.10
19.11
1912
19.13
19.14
19.15

19.16

19.17

at an operating point of 3000 volts and 0.5 amp is 3 Me/see per amp.
It is evident from Fig. 19.4 that nothing is to be gained by loading the
tube more heavily.
A screened, oxide-coated cathode is used. The heater, which draws
5.2 amp at 6.3 volts, is turned off after the magnetron has been started.
Figure 19.5 shows the 16-vane anode block, double-ring-strapped on one
end only to allow the addition of a projected electronic tuning device.
Characteristic scale factors and dimensions for this block are listed in
Tables 19.2 and 19.3.
TARLE
A,

cm

33.5

19.2.—CHARACTERISTIC

~, gauss ~, amp
125

0.761

SCALE FACTORS FOR LCW

v, kv

G’, kw

0.423

0.322

s’, mhos
1.8a

x

10-3

Q.
1050

MAGNETRON

% ’70
92

c
E
0.012
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Because the block is short relative to its large diameter, the LCW
requires a magnet with a gap of only 2~in. and a pole-face diameter of
2~in.
Experimentally, thetube has been watercooled (Fig. 196), but
because of its high efficiency air cooling should be feasible.

SectionA.A

I

FIG. 19.5.—Cross

sections of LC W magnetron.

Further details of the construction, operation, and projected tuning
schemes of the LCW may be obtained from Radiation Laboratory Report
No. 1005, “ LCT, 900-Mc/sec F-m—C-w Magnetron.”
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19.6.—LCW

magnetron.

TABLE 19.3.—DIMENSIONS IN INCHES OF LCW MAGNETaON
a. Anode-block
Dimensions:
See Fig. 19. lC

da

b

a
1.8110

1.370

5.025

b. Strapping
n

m
—

.
1.075

0.935

0

P

0.815

h

0.829

1.000

Dimensions:

r
—

0.735

0.120

t
0.150

See Fig. 19.2?

!l

.

.

d,

0.120

s

u

v

—
0,188

0,219

0,156

19.2. The CM16B S-band C-w Magnetron.-The
CM16B magn~
tron is an experimental c-w oscillator, tunable over the band from 2830
to 3240 Me/see at power-output levels up to 150 watts.
An axially
mounted cathode and attached magnet are used, and the coaxial output
shown in Fig. 19.7 fits st~ndard $-in. line components.
Operation is stable between 500 and 2000 volts, and from 25 to 200
ma, with corresponding output powers ranging from 5 to 150 watts.
1 Data for Sec. 19.2 submitted

bv A. N[

Clogston.
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The performance chart of Fig. 19.8 shows the useful region of operation,
which is restricted at high currents by mode instability and overheating
of the cathode and at low currents by Poor spectrum and high pushing.

j

‘L.
FIG. 19.7. —CM16B
2200

magnetron,

~—

I
Frequency =3000 Me/see
Pullin( figure=8 Me/see
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~
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pushing
figure at an operating point of 100 ma and 1400 volts is
‘Xl Me/see per amp.
The screened, oxide-coated cathode is capable of dissipating the backbombardment heating that accompanies up to 600 watts input power.
The heater rating is 3.5 amp at
30
6.3 volts; this consumption is reduced during operation at input
4.60
F
\
3
powers in excess of 150 watts.
.E
Characteristic scale factors and
I
5
I
\
J?40
dimensions for the 16-vane double:
ring-strapped
anode block are
z
; 20
listed in Tables 19.4 and 19.5.
Input =150 milliamp
Tuning is accomplished
by
at 1000 volts
moving a shorting choke in a
2!7W
29CIU
33(X)
3100
350U
coaxial line coupled to the straps
Frequency in Mc/eec
FIG.
19.9.—Frequency
characteristic
of
on one end of the block.
As
C Ml 6B magnetron.
mav be seen from Fig. 19.10.
the vacuum is retained by a glass seal ~ear the anode block, so that
the portion of the line in which the choke moves is at atmospheric
the

TABLE19.4.—CHARACTERISTIC
SCALEFACTORS
FORCM16B
i,

cm @, gausa

10.0

412

9, amp

v, kv

(J’,kw

S, mhos

Q.

7., 70

c
z

0.301

0.132

0.0397

2.28 x 10-~

600

so

0.032

TABLE 195.-DIMENSIONS

IN INCHES OF CM16B

a. Anode-block

Dimensions:

b

da

1.330

0.230

a
0,752”

MAGNETaON

MAC+NETaON

See Fig. 19.1 c

d.

h

t

0.400

0.136

0.023

o.577t
* Betwaan lids.
t Between pole tips.
b.

m
0.234

n
0.194

StrappingDimensions:See Fig. 19.2e
o

0.154

P

q

r

s

u

0.134

0.020

0.020

0.040

0.060

pressure. Every effort has been made to reduce the frequency sensitivity
of the tuner through keeping its length at a minimum, for such frequency
sensitivity introduces mode-shifting tendencies that markedly restrict
the reliable tuning range. A 4-cm motion of the shorting choke is

SE(,. 193]

required

2J38–2J39

to cover

struction,
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it has been stabilized
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MAGNETRONS
Without

by a factor of 10 by replacing
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tube for the mechanical

d

~ Movable shorting

changing

electronically

Outerstrap broken and
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I
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its

by

con-

the

tuner, and

the tuner

with

a

f40te: Cathode is recentered
longitudinally when cold
to allow for expansion of
parts during operation.

lb
I r~

1

FIG. 19.10.—Crosa

L
Radiator
sections of CM 16B magnetron.

19.3. 2J33-2J39 Low-voltage S-band Magnetrons.~The
2J38 and
2J39 are fixed-frequency pulsed oscillators designed for operation at
puke-power output levels ranging from 2.5 to 10 kw. The frequency
of the 2J38 lies in the band from 3245 to 3267 Me/see; that of the 2J39
Coaxial outputs that fit standard
lies between 3267 and 3333 Me/see.
~in. coaxial-line components are provided; the cathodes are mounted
radially, and the magnets are attached to the tubes.
Reliable operation may be expected with pulse current and voltage
inputs ranging from 2.5 to 7.5 amp and from 3 to 10 kv. At currents
I Data for Sec. 19.3 submitted by J. R. Feldmeier.
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12

1

I

14

16

Peak amperes
chart for 2J38 and 2J39 magnetrons.

Magnetic field
=1650 gauss
2000 pulses per’second

1 A sec pulse duratin

Freauency of O Mc contour= 3310 Mc /see
for2J38 and 2J39 magnetrons.

FIG.19.12.—Riekediagram
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a~ove 7.5 amp mode instability may be encountered, and below 2.5 amp
the spectrum becomes poor.
Occasional tubes may be seasoned to
cover the extensive region shown in Fig. 19c11. The operating lines
for the magnets provided and set by the manufacturer are shown in this
figure; it may be seen that the pulse-power output ranges available under
this condition are 2.5 to 8 kw for the 2J38 and 5 to 12.5 kw for the 2J39.
These low levels of operation were established to reduce magnet weight
and input power and to ensure stability.
A maximum of 200 watts
average power, at a maximum pulse duration of 2 psec, may be put
into either type.
The pulling figures are 13 Me/see maximum for the
2J39 and 7 Me/see minimum’ for the 2J38. Figure 19.12 is a Rieke
diagram for these tube types.
An unscreened, oxide-coated cathode with a heater rating of 1.3 amp
at 6.3 volts is used; at average input powers in excess of 55 watts the
heater consumption should be reduced, and above 160 watts the heater
should be turned off. Characteristic scale factors and dimensions for the
eight-oscillator vane-t ype block are listed in Tables 19.6 and 19.7.
TARLE 196, -CHAIiACTERISTrC
i, cm

6, gauss $, amp

2,52

682

9.1

SCALE FACTORS FOR

v, kv

6’, kw

1.22

3.07

TARLE 19.7.—DIMENSIONS

2J38

AND 2J39 MAGNETRONS

S, mhos

2,07

X 10-3

IN INCHES FOR 2J38

a. Anode Dimensions:

c
% 70
z
—
—

Q.

1500

AND

2J39

90

0.0020

MAGNETRONS

See Fig, 191c

a

b

d.

de

h

t

0.750”
o.550t

1.330

0,316

0.120

0.475

0.060

* Between lids.
t Between pole tips.
b. Strapping

Dimensions:

See Fig.

19.2b

m

n

0

q

u

v

0.242

0.211

0.180

0.020

0.050

0.039

An unusual feature of the construction is the octagonal wire strap shown
in Fig. 19-13. Separation of the frequencies into the two bands is
achieved by adjustment of this strap.
1The unusual practice of specifying a minimum pulling figure was adopted
order to ensure that these tubes could be “ pulled” to a precise beacon frequency.
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See enlarged _
view B

View B

-

Section A.A
showing cathode
pipes revolved
FIO. 19.13 .—Cross sections of 2J38 and 2J39 magnetrons.
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Although identical internally, the 2J38 and 2J39 differ in their
external features.
The 2J38 shown in Fig. 19.14 is provided with a
larger radiator and with a bracket in which a thermostat maybe mounted;
these additions permit close control of the block temperature as a means
of preventing thermal frequency drift. Figure 19.15 shows the simpler
exterior of the 2J39. Forced-air cooling is required by either type.

FIG. 19,14 .—2J38 magnetron.

Both magnetrons may be mounted from the output, and the 2J39 may
in addition be mounted from a flange at the base of the input pipes. The
total weight of the magnetron and magnet is 2 lb 10 oz for the 2J38
and 2 lb for the 2J39.
Further information on the operation of these tubee maybe obtained
from the manufacturer’s technical-information
sheet.
19.4. Type 2J22–2J34 10-cm Pulsed Magnetrons.-The
13 magnetrons of this series are fixed-frequency pulsed oscillators, designed for
1Data for Sec. 194 submitted by F. F. Rieke.
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operation atpulse-power output levels ran@ngfrom 25to3~kw.
Three
basic anode-block designs areemployed:
one forthe2J22
(3267 t03333
Mc/sec), asecond fortypes2J23
to2J29 (2913 t03100Mc/sec),
anda
third for types 2J30 to 2J34 (2700 to 2900 Me/see); within each group
different frequencies are obtained by varying the strap capacitances.
Externally the tubes are alike, and they are mechanically interchangeable.

FIG. 19.15 .—2J39 magnetron.

Separate magnets are used. The cathodes are mounted radially, and
the outputs are coaxial.
Operation is reliable over a range of pulse current and voltage inputs
extending from 8 to 30 amp and from 10 to 22 kv (Fig. 19.16).
Lowpower operation is limited by mode changing and deterioration of the
spectrum, and high-power operation by arcing. With specially designed
output connections it is possible to select and season tubes to perform
satisfactorily at 2800 gauss, 31 kv, and 35 pulse amp, with a pulse-power

TYPE

SEC. 194]
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I

Frequency .2800 Me/see; Pulse duration =1 A sec
1000 pulses per sec
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FIO. 19. 16.—Performance

Magnetic field’
1200 gauss

\

chart for 2J32 magnetron.
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❑

28CJJMc /sac

Standard output transformer used
FIG. 19.17.—R]eke

diagram

for 2J32 magnetron
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Fm. 19. 18.—Cross sections of 2J22 to 2J34 magnetrons.
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output of about 750 kw. A maximum average input power of 600 watts
may be employed; the maximum specified pulse duration is 2.5 ~sec.
The pushing figure averages 0.3 Me/see per amp, and the pulling figure
is corrected to a value not exceeding 15 Me/see by means of a transformer incorporated in the output coupling; the Rieke diagram of Fig.
19.17 applies to operation with the recommended transformer.

The cathodes are oxide-coated, with heater ratings of 1.5 amp at
6.3 volts.
Characteristic scale factors and dimensions for the 2.J32 are
given in Tables 19.8 and 19,9. The eight-oscillator
hole-and-slot
TASLE 19.8.—CHARACTERISTIC
& cm

q gauss 9, amp

10.7

SCALE FACTORS

@, kw

S, mhos

Q“

m, 90

c
z

3,47

41.6

3,46 X 10-3

1600

96

0.012

12.0

TABLE

199.-DIMENSIONS
a. Anode-block

1.279

1,310

0.398
b. Strapping

m
0.415

n
0.368

IN INCHES OF 2J32 iltAGNETRON
Dimensions:

c

b

hlAGNETRON

w, kv

577

a

FOR2J32

da

d<

0635

0,235

Dimensions:
0

0.345

See Fig, 19 lb
h
0.777

w
0.090

See Fig, 19.2a
q
0.020

s

u

0 022

0.060

——
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anode block of thk tube is shown in Fig. 19”18; the magnetrons of the
other two groups differ only in the oscillator dimensions and in the
strapping details.
A magnet with 1~-in.-diameter pole faces and a gap of l+ in. is
required.
The magnetron is mounted from the circular flange at the
base of the input pipes, and forced-air cooling must be provided.
Figure
19.19 shows the external appearance of a tube of this series. The weight
of the magnetron is 2 lb 4 oz.
Further data on the 2J32 are contained in Chap. 7 of this volume.
See also Radiation Laboratory Report No. 451, “Analysis of Magnetron
Operation, Part 2.”
19.5. 4J70-4J77
High-power
S-band Tunable Magnetrons.—The
series of eight magnetrons numbered 4J70 through 4J77 provides tunable
1000-

25
I
1
1

m

lg
g
~

800 -:20
E

.s 600 -.; 15
~
=
5
0
g

s

400-g’lo
a.
i%
<
G 200 -5

I
I
I

I

I

o -o
1~1~,19.20.-—Typical

I
I
A
characteristics

Magnetic field = 2700 gauss
Pulse duration = 0.S #see

B
of 4J70 to 4J77 magnetrons.
Peak current = 70 amp
400 pulses per sec

coverage of the region of the spectrum between 2700 and 3700 Me/see,
Individual tubes of the series tune approximately 5 per cent (Fig. 19.20j
by means of the attached cavity and operate as pulsed oscillators at
puke-power levels ranging up to 1 mw. From 4J70 through 4J73
the output circuits are terminated in l+- by 3-in. waveguides, while the
remaining types are equipped with Is-in. coaxial outputs.
The cathodes
are mounted radially, and a single model of detached magnet serves the
entire series.
The useful range of pulse voltage and current inputs (Fig. 19.21)
lies between 15 and 30 kv and between 20 and 80 amp, with corresponding
pulse-power
outputs from 300 to 1000 kw. At voltages or currents
higher than those indicated, excessive sparking may occur; operation

I
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in the low-power region is limited by mode instability.
At a fixed operating point, the power output varies less than + db as the magnetron is
The rated maximum average input
tuned over a 5 per cent band.
1
I
Frequency= 2960 Me/see
Pulse duration= 0.8B sac
400 pulses per second
Pulling figure = 7 Mc /see

—
64)0 kw

400 kw
200 kw

7

10

\

20

-.

30

40

50

60

70

80

90

Peak amperes
FIQ. 19.21.—Performance
chart, for 4J75 magnetron.

-1
&

Input pipe

e step

J

Flexible d
Oiaphragm

F1a. 19.22.—Cross

Scala
-,,
0
1
sections of cavity-tunable

Oiameter of cathode = 0.45~m
Oiameter of step =0.531”
magnetron.

power is 1200 watts.
Pulse durations up to 2.5 gsec may be employed.
A maximum pulling figure of 10 Me/see is specified, and pushing does
not exceed 0.1 Me/see per amp,
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The screened, oxide-coated cathodes are provided with “steps”
to improve operating stability (see Chap. 12). Heater consumption is
3 amp at 16 volts; when the block input power exceeds 200watts, it is
desirable to reduce the heater voltage during operation.
Vane-type
construction and double-ring strapping are used in the 12-oscillator
Characteristic scale factors for the tubes at
anode block (Fig. 19.22).
either limit of the series are listed in Table 19”10, and tube dimensions
are given in Table 19.11.
TARLE 19.10.-CHAWCTERISTIC
Type No.

i,

SCAI,EFACTORS ~RCAVITY

cm ~a:;~~ s!, amp
—

4J77
4J70

10.7

502
633

8.5

V, kv
—

LP,kw

TUNmLEMAGNE~ONS
Q.

~, mhos

7., %

—

—

12.8

2.42

31,0

5.29

X 10-3

2000

25.4

3.84

97.6

6.61

x 10-3

1500

TARLE 19.11.—DIMENSXONS
a. Anode-block

IN INCHES OF 4J70
Dimensions:

See

AND 4J77

;
—

92
89

0.019
0.031

MAGNETRONS

Fig. 19.lc

Type No.

a

b.

da

de

h

+

4J70
4J77

1.561
1.561

1,476
1.748

0.788
0.788

0.452
0.452

0.788
0.788

0,138
0.138

s

u

* Diameter across flat~.

b, StrappingDimensions:See Fig. 192c

Type No,

m

n

o

P

q

r

4J70

0.558

0.499

0.448

0.417

0.030

0.020

0,050 (outer) 0.075
(inner)
0,050
0.075
0.056

4J77

0.558

0.499

0.448

0.417

0,030

0.020

Tuning is accomplished by the “cavity-tuning”
principle described
in Chap. 14. Figures 19.22 and 19.23 illustrate how the shallow, cylindrical cavity is coupled electrically to the anode block by means of an
iris.
This cavity, in addition to its tuning function, stabilizes the
magnetron by a factor of 1.6. The tuning diaphragm is actuated by a
mechanism terminated in a standard fitting to which may be attached
a length of flexible shafting to permit remote control of the frequency.
The rate of tuning is approximately 3 Me/see per revolution of the
shaft, and the tuning range is limited by stops to the band shown in
Table 19.12. Because the diaphragm is flexed beyond its elastic limit,
mechanical hysteresis occurs, and a frequency difference of several
megacycles per second may be observed at a given tuner setting when

SEC,
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HIGH-POWER

S-BAND

TUNABLE

MAGNETRONS

TAZLE 19,12 .—FIIEQUENCY BANDS OF MA~NETBONS OF THE 4J70
See Fig. 1920
Type

No.

4J70
4J71
4J72
4J73
4J74
4J75
4J76
4J77

Frequency

at A, Me/see

3540
3390
3240
3090
2990
2893
2790
2690

Frequency

759
TO 4J77

SERIES

at B, Me/see

3710
3560
3410
3260
3110
3010
2910
2810

that setting is approached from different directions.
The life expectancy
of the diaphragm is 10,000 cycles.
Either the output or the mounting flange at the base of the input
pipes may be used to mount the magnetron.
The latter mounting is

~G. 19.23 .—Cutaway

view of 4J77 magnetron.

most useful where it is desired topressurize thehigh-voltage components.
A magnet with a 1.770-in. gap and 1~-in.-diameter pole faces is required.
The weight of the magnetron and its associated magnet is approximately
40 lb.
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A more complete description of the theory and construction of this
series of magnetrons may be found in Radiation Laboratory Report
No. 1006, “The 4J70-4J77 Series of Tunable Magnetrons. ”1
19.6. The HP1OV High-power S-band Magnetron.’—The
HP1OV is
a high-power pulsed magnetron, operating at a fixed frequency in the
2800 ItIc/sec band.
Pulse-power
—..—.
————..
———
——.
.—
..
. . - .. ———
outputs ranging up to 2500 kw
are available.
The cathode is
mounted radially, and the highvoltagc

input

is in the

mouldcd

bakelite

to

into

plug

19.25),

The

plings,
for

to

magnet

FIG, 19.24, —HP1OV

magnetron.

fits
cou-

be pressurized

kw).

pulse

range

from

lower

voltage,

(above

A

detached

voltage

30 to

60

and
50-kv

at

rent

range

is

between

inputs

50 kv.

operation

the

while

region

the

is used.

between
. .. . .. .

output

operation

1500

Useful

L..” _..-..

must

a

1!).24 and

magnetron

high-power

1000

—-. —

coaxial

which

on

(Figs,

I{-in.

of

designed

a receptacle

pulse transformer

standard

form

bushing

200

At

the

is stable
pulse

amp,

level

the

cur-

restricted

to

the

100 and

140 pulse

amp by excessive internal sparking at the upper limit and by deterioration of the spectrum at the lower (owing, possibly, to the poor form
Operation below 30 kv is satisfactory,
of the impressed voltage pulse).
but the efficiency is low. Reliable pulse-power outputs extend from
500 to 2500 kw as shown in Fig. 1926, with a recommended operating point of 1850 gauss, 48 kv, and 130 amp at the 2500-kw level. The
rated maximum average power input is 2500 watts, and the maximum
I The magnetrons
lators with
and 4J77.

numbered

4J31 through

4J35 are fixed-frequency

an anod~block
and cathode structure identical
These magnetrons
have operating characteristics

pulsed oscil-

with that of the 4J76
quite similar to those

of the tunable series, and they are mechanically
interchangeable
with types 4J74 to
4J77.
The frequencies lie in the range 2700 to 2900 Me/see, with the different types
separated by c}langes in strap capacitance.
The group of tubes from 4J36 through 4J41 has an anode-block
and cathode
structure identical with that of the 4J70 and 4J71; these types are mechanically
and
electrically interchangeable
with the 4J70 to 4J73 group.
The frequencies are fixed
and lie between 3400 and 37oO Mc /sec.
Z Data for Sec. 19.6 submitted by R. T. Young, Jr.
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pulse

duration

is 1 psec.

8 and 13 Me/see,
gained
The
which,

tubes fall between

1927 that nothing

sparking,

cathode

present

only

is provided

field gradients

with

flat or rounded

while for the same reason the supporting

for the minimum
current

from Fig.

[SEC. 19.6

is to be

this loading.

and oxide-coated

to inhibit

anode block,

figures for average

Pulling

and it is evident

by increasing
screened

MAGNETRONS

consistent

end shields

surfaces

to the

leads are designed

with available

clearances.

A

of 8.5 amp at 13 volts is drawn by the heater when the magnetron

is started;

during

operation

the heater

Reflection coefficient
0.4
0.6

should be turned

off.

Localized

% -

Magnetic field
1300 gauss
585 pulses

persac

0.85 I.Isecpulse duration

Frequencyof O Mc contour ❑2820 Me/see
FIG. 19.27 .—Rleke

diagram for HP1OV magnetron.

deterioration of the central portion of the cathode during operation is
attributed to excessive back bombardment in this region because of axial
nonuniformity of the magnetic field and/or of the r-f voltage.
The
unusually long 10-oscillator anode block is of vane-type construction,
with a single ring strap, as shown in Fig: 19.28. Attempts to increase
the 3 per cent mode separation of this design by a heavier strapping
introduced a mode change at high currents.
Violent 50- to 300-Mc/sec
oscillations of the current and voltage are observed in isolated regions
of the performance chart; it is thought that an electronic instability,
characteristic of the long anode block, may cause an excitation of an
oscillatory circuit in the pulse generator or input leads. All sharp edges
in the anode block and in the straps are broken.
Characteristic scale

THE HP1OV HIGH-POWER

SEC. 19.6]

S-BAND

MAGNETRON

763

I

Oufput

~

,R-fcllol(e

,Glassseal

—

1

\

(3’

~FleWlesd

-

M~lded
~k~]i~

~ High-voltsge
grease

bushing
sections of HP1OV magnetron.

Fm. 19.28.—Cross

HP1OV MA~NETNON
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k, cm @ gauss d, amp ‘u, kv

—

.

10.6

.
533

—
70.8

IP,kw

2.440

2.255

—

568

a. Anode-block

b

Q.

—

8.03

TABLE 19.14.—DIMENSIONS

a

$?,mhos
8.82

X 10-3

1500

IN INCHES OF HP1OV
Dimensions:

c
%, 70
z
—
.
0.033
93

MAQNETRON

See Fig. 19. lC

da

d.

1.181

0.596

I

h

t

1.575

0.236

b. StrappingDimensions:See Fig. 19.2a
m

0.S01

n
0.680

o
0.621

q

0.060

i

8

u

0.100

160
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19.7. The BM50 Very Low Power X-band Magnetron.l—Of
interest
because it is designed to operate at a pulse-power output of only 50 watts,

FIG. 19.29.—Anode

block and cathode of B M50 magnetron.

the BM50 is an experimental

magnetron with a fixed frequency of 9375
Me/see.
It has been tested under c-w as well as pulsed conditions of
operation.
The cathode is axially mounted, and the output circuit is
of the coaxial-to-waveguide transition type, as shown in Fig. 19.29. An
attached magnet has been used.
As a pulsed oscillator, the BM50 operates stably over a range of
pulse-input currents and voltages from 75 to 300 ma and from 600 to
1600 volts.
Reference to Fig. 19.30 indicates that the corresponding
I Data for

Sec. 19.7 submitted

by J. R. Feldmeier.
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FIG. 19.30,—Performance

chart for BM51J maguetron.
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output
ranges from 10 to 100 watts.
At currents in excess
of 300 ma mode instability is encountered, whereas below 75 ma the
efficiency is very low. Because of the heavy internal loading introduced
by copper losses, operation is
unstable at pulling figures in excess of 15 Me/see (see Fig. 19.31).
From the pushing con~ours ~cluded in Fig. 19.30, it may be
seen that pushing is moderate at
currents above 150 ma.
The s c r e e n e d, oxide-coated
Acathode has a heater rating of
Ancdeblwk mwt0.33 amp at 6.0 volts. Limited by
(Notestaggering
>fvanes)
this cathode, which was designed
Coaxial
,
halo IOOP-,
for mdsed oDeration, the BM50
/
output
has ~een osc~lated under c-w conpulse-power

/
B

GlassS(

ditions

at input

ma

840

at

powers

volts.

up to 130

Figure

19.32

illustrates the novel method used
in strapping the 20-vane anode
block; to avoid the necessity for
grooving the tiny vanes, they are
staggered
gle

ring

axially,
strap

at

so that the sineither

the anode rests onlv

end

of

on alternate

vanes.
Characteri~tic scale factors and dimensions for this block
are listed in Tables 19.15 and
>
Enlarged
wewof vanetip
1916.
More detailed informaFIG. 19.32.—Cross
sections
of BM50
tion may be obtained from Radiamagnetron.
The vertical position of the
vane marked A is that of a vane adj scent to
tion Laboratory Report No. 1007.
the one in the plane of the drawing.
This is
19.8. 2J41 Low-power Stabidone to illustrate their staggered arrangement.
lized X-band Magnetron.’-The
2J41 magnetron is a pulsed oscillator, tunable over the range from 9290
to 9330 Me/see.
Pulse-power outputs up to 1.25 kw may be obtained,
with a frequency stability of 1 Me/see over a wide range of load, temperature,
and input conditions.
An X-band-waveguide
coupling
terminates the output circuit, and the magnet is an attached type.
Operation of the 2J41 is satisfactory between 0.25 and 2.0 pulse amp
and between 1.25 and 3.0 kv. At currents higher or lower than those
indicated, mode instability is encountered.
As may be seen from Fig.
19.33, the useful pulse-power output ranges from 200 to 1250 watts;
1Data for Sec. 19,8 submittedby M. A. Herlin.
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the maximum average power input is 10 watts, and the maximum pulse
duration is 0.5 psec. The pulling figure is 1.5 Me/see (see Fig. 19.34),
and the pushing figure is approximately 2 Me/see per amp.
3.0

2,5

2000G

/
\

g
g
z 2.0 —
~–
1600G
x
$
1400G

\
I
\
\
!
\

1.5

Frequency =9309 Mc /see
Pulse duration =0.5 i sec
6000 pulses per ses
Pulling f~ure =1.3 ,Mc /see
1.0

0

0.25

0.75

1.25
1,0
1.50
Peak amperes
FIQ. 19.33.—Performance
chart for 2J41 magnetron.
0.50

An unscreened, oxide-coated cathode
amp at 5.0 volts is used. Characteristic

h cm @, gauss 9, amp V, kv

(y,kw

3.20

0.0363 1.42 X 10-!

1045

0.227

0.160

TABLE 19.16.—DIMENSIONS
a. Anode

Q.

%

600

IN INCHES OF BM50

c

70

E

71

0.047

MAGNETRON

See Fig. 19.lc

b

d.

d,

e

f

h

t

0,458

0.101

0.065

0.022

0.008

0.095*

0.015

a

0.264

BM50 MAGNETRONS

S, mhos

Dimensions:

2.0

with a heater rating of 0.36
scale factors for the 12-oscil-

SCALE FACTORS FOR

TABLE 19.15.—CHARACTERISTIC

1.75

* Vane length.
b. Strapping

Dimensions:

See Fig. 19.2d

m

n

8

u

0.110

0070

0005

0.005

--.

—-
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later double-ring-strapped
anode block, shown in Fig. 19.35, are given
in Table 19.17, and the dimensions of this vane-type block are listed in
Table 19”18.

Frequency of O Mc contour= 9310 Mc /see
Fm. 19.34, —Rieke diagram for 2J41 magnetron,
TABLE 19.17.—CHABACTEBH+.TVC SCALE FACTORS FOE 2J41

A, cm

3.22

6S,gauss 9, amp

1450

1.19

V, kv

(P, kw

0.382

0.455

Q.

%, 70

750 *
5ooot

62

S, mhos

3.12

X 10-3

MAGNETRON

c’
z

0.033

*Anode block only.
t Ancde block and stabilizer combined.

TAHLE 19,18.—DIMENSIONSIN INCHES OF 2J41 MAGNETRON
a. Anode
a

0.250

b
0.435

d.
0.095
b. Strapping

m

0.153

n

0.118

o

0.078

Dimensions:

See Fig. 19.lc

d,
0.040

e

0.063

0.007

0.015

Dimensions:
P

f

h
0.202

1
0.0225

See Fig. 19.2e
q

0.020

T
0.020

s
0.015

u
0.030
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The magnetron is tuned by means of a plate suspended above one end
of the block.
This plate, which appears in Fig. 19.35, is perforated with a
circular hole concentric with the anode block, so that only the rear
portions of the oscillators are covered.
Adjustment of a screw raises
or lowers the tuning plate, the frequency being increased as the plate
approaches the block.
A stabilization of approximately 10 is obP
tained by c o u p 1i n g a high-Q,
temperature-compensated,
invar
cavity to the output line; at this
high value of stabilization it is
necessary to i n t r o d u c e heavy
mode damping by the insertion
of polyiron posts in the waveguide at null-voltage points for
the operating m ode.
The 40Mc/sec tuning range shown in
Fig. 19.36 is covered by tuning
the stabilizer only; by tuning both
the magnetron and the stabilizer
a range of 100 Me/see can be
achieved without excessive drop
in power or increase in pulling
figure.
Figure 19.37 shows the unusual
-Cathode
construction used in the 2J41. A Ancdeblock
stainless-steel envelope, acting as
the vacuum seal, surrounds the
block, pole pieces, and tuner
mechanism.
The
p 01 e pieces,
while bolted to the block, are
electrically insulated and are operFIG. 19.35.—Cross
sections of 2J41 magated at cathode potential, so that
netron.
they serve as end shields. The
assembly of magnetron, magnet, and stabilizer, weighhg 6 lb, is attached
This
rigidly to the output flange, from which the tube is to be mounted.
is shown in Fig. 19.38. Forced-air cooling is not required.
Further details of the theory and performance of the 2J41 may be
obtained from the following Radiation Laboratory Reports: 52—5/10/45,
“ Magnetron Frequency Stabilization with Application
to the 2J41
“Performance
Characteristics of the
and 52—9/3/45,
Magnetron”;
2J41 Stabilized Magnetron and the Effects of Parameter Variation. ”
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19.9. The 2J42 L4w-voltage X-band Magnetron.~The
2J42 magnetrons operate as pulsed oscillators with fixed frequencies located in the
band from 9345 to 9405 Me/see.
Pulse-power outputs ranging up to
20 kw are available, and later models of the tube are stabilized by a
factor of 2. The cathode is mounted axially; and as manufactured, the
4

0.8

Power output
zs
.5
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0.6
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z

; 0.4 \

. 2 ‘;
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:
L 0.2

‘

Pulling figure
“------

%
=
w
.E
==

-~’
- IL

o.ol-LLIJo

9290

9300

9310

9320

9330

Frequency in Mc Isec
Peak voltage = 2.5 kw Peak current= 0,9 amp
FIG. 19.36.—Tuning

Fm. 19.37.—Exploded

curve for 2J41 magnetron.

view of 2J41 magnetron.

magnet is attached to the tube. The output is of the coaxial-to-waveguide transition type, terminating in an X-band-waveguide
coupler.
The useful range of pulse voltage and current inputs lies between
4 and 8 kv and between 2.5 and 6.5 amp, with corresponding pulse-power
outputs from 5 to 20 kw. To make use of the full range an electromagnet
must be substituted for the standard permanent magnet.
At voltages
1Data for Sec. 19.9 submitted by J. R. Feldmeier.
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FIG. 19.38.—2J41 magnetron and magnet.
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9375 me/see

dlagramfor2J42

magnetron.

TMJLE 19.19.—CHAHACTERISTICSCALE FACTORSFOR 2J42 MAGNETRON
A, cm

6s,gauss ~, amp

v, kv

6’, kw

1.064

4.15

S, mhos
—

1550

3.20

3.90

TABLE 19.%3.-DIMENSIONS

3.66

X 10-3

z

—

—
0.019

75

900

IN INCHES FOR 2J42

c

m, 70

Q.

MAGNETRON

a. Anode Dimensions: See Fig. 19.lc
b

a

0.478

0.276

d.

A
0.15s

h

0.0s3

t
0.0205

0.206

b. Strapping Dimensions: See Fig. 19.2e
m
0.1s3

n
0.148

o
0.10s

P
0.093

9
0.020

r
0,020

s
0,020

u
0.035
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greater than 8 kv, excessive sparking may occur; while at currents below
2.5 amp or above 6.5 amp, mode instability is encountered as illustrated
by Fig. 1939.
Up to 80 watts of average power may be put into the
magnetron, and pulse durations up to 2.5 ~sec are permissible.
A
maximum pulling figure of 15
Me/see is specified (Fig. 19.40).
For currents greater than 4 amp
the pushing figure is usually less
than 1 Me/see per amp.
A screened, nickel-sleeve cathode with oxide coating is used.
During operation at average input powers in excess of 30 watts,
the normal heater power consumption of 0.48 amp at 6.3 volts
should be reduced.
The 12-oscillator double-ring-strapped
anode
block shown in Fig. 19.41 is of
vane-t ype construction.
Characteristic scale factors for this block
are listed in Table 19.19, and tube
e
dimensions are given in Table
19.20.
Later models of the 2J42 are
stabilized by including in the output circuit a special waveguide
section containing a half-waveAnode
length resonant cavity formed by
two cylindrical posts extending
across the guide. When tuned to
the magnetron frequency,
this
cavity provides a stabilization of
2, which has been used to increase
the power output at the 15 Me/see
‘Halo” oufput ‘-l
loop
pulling figure rather than to re- FIG, 19.41 .—Croea sections of 2J42 msg.
netron.
duce the pulling figure. By making the cavity adjustable, it would be possible to obtain a 1 per cent
tuning range.
The 27-oz Alnico V magnet supplied with the tube provides a field
of 5300 gauss at saturation; this field is reduced during the factory
processing until the operating voltage at 4.5-amp pulse current lies
between 5.3 and 5.7 kv (see Fig. 19.39).
Figure 19.42 shows how the
magnet and the block are rigidly attached to the mounting plate, which

774
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the block to
serves also as the output flange. Two struts connecting
the mounting plate areused as cooling radiators, andasrnall
current of
The weight of the
air should be directed over these during operation.
entire assembly is31b.

FIG. 19.42.—2J42

magnetron

andnmgnet.

19.10. The 725A Magnetron.’—This
magnetron is a fixed-frequency
pulsed oscillator operating at pulse-power levels up to 70 kw in the
frequency band from 9405 to 9345 Me/see.
The cathode is radially
mounted, and a separate magnet must be used. A standard X-bandwaveguide coupler terminates the output circuit, which is of the coaxialline-to-waveguide transition type as seen in Fig. 19.43.
I Data for Sec. 19.10 submitted by L, R. Walker.

775

THE 725A MAGNETRON

SEC.19.10]

The useful range of pulse voltage and current intmts lies between 7
and 16 kv and between 4 and 16 am-p. As maybe s~en from Fig. 19.44,
the corresponding range of pulse-output powers extends from 10 to 70
kw. Low-power operation is limited by decreasing efficiency, while
the high-power boundary is determined by arcing and overheating of the
cathode.
No mode shift is observed within the operating region set by
these conditions.
The maximum average power input at a pulse duration
of 1 psec. and a repetition rate of 1000 pps is 150 watts.
A maximum

10Y
~
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FIG. 19.44.—Performance

pulse duration
diagram for the
The cathode
sintering nickel
rating is 1 amp

chart for 725A magnetron.

of 2 psec is permissible.
Figure 19.45 shows a Rieke
725A; the nominal pulling figure is 15 Me/see.
consists of an oxide-impregnated nickel mesh, formed by
powder to a heavy-walled nickel sleeve. The heater
at 6.3 volts; during operation this heater power should

TARLE 19.21 .—CHARACTEFUSTIC
SCALE FACTORSFOE 725A MAGNETRON
X, cm

(0, gauas g, amp

‘o, kv

(?, kw

1.82

12.8

S, mhoa

Q.

650”
3.20

1480

7.05

Hole-and-slotversion.
t vane Wrle.

●

3.87

X 10-3

looot

9., 70
75 ●
82t

c
z
0.107”
0.0267

7
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“1-lalo”outputfOOp
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FIG. 19.46 .—Cross sections of 725A magnetron.
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and hole-and-slot

12 oscillators.

are listed in Table

sions of both
Fig.

vane-type

each with

these blocks

725A

The

anode

blocks

Characteristic

19.21, and Table

hole-and-slot

have been

scale factors

1’J.22 gives

construction

for

the dimen-

is illustrated

by

19.46.
TABLE

19.22.—DIMENSIONS

a. Anode
a

Dimensions,
c

b

0.537

n

0.173

Dimensions,
o

0.152

0.130
c. Anode

a

0.524

m
0.178

n
0.153

o
0.123

h

w

0.204

0.102

0.250

Hole-and-slot

Version:

See Fig. 192c

P
0.117
Dimensions,

T

q
0.010
Vane Type:

Dimensions,
P
0.114

q
0.014

0.035

u
0.047

See Fig. 19.lc
h

0.102
Vane Type:

0.021

s

0.010

d.

0.204

d. Strapping

hf,4GNE’rRoN

See Fig. 19. lb

d.

d.

b

0.545

Version:

d.

0.079

0391
b, Strapping

m

IN INCHES FOR 725A

Hole-and-slot

t

0.250

0.030

See Fig. 192e
r
0.014

8

0.015

u

0,025

A magnet with a gap of 0.635 in. and a pole-tip diameter of ~ in. is
required.
The tube is mounted by means of a circular flange to which
the anode block and radiators are rigidly attached.
Forced-air cooling
must be provided.
The weight of the magnetron is l+ lb, while a magnet
suitable for operating the tube at 12 kv weighs 8 lb.
Several variations of the 725A have been produced.
Type 730A
is identical except for the positioning of the input leads, which are located
180° from the output circuit.
The 2J49 and 2J50 differ from the 725A
only in frequency, the r-f output of the former lying between 9003 and
9168 Me/see and that of the latter between 8740 and 8890 Me/see.
The 2.153, with the same frequency as the 725A, has a special cathode
structure designed for operation at high levels and at 5-ksec pulse duration: at 1 ~sec and 1000 pps the average power input can be as high as
230 watts; whereas at 5 ~sec and 200 pps, 200 watts may be put into the
tube.
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19s11. The 2J61 Magnetron. ‘—The 2J51 is a mechanically tunable
magnetron with an attached magnet, and it is designed for pulsed
operation in the frequency range from 8500 to 9600 Me/see.
Basically, the tube is an adaptation of the Western Electric 725 to
The anode block in the tube is a simple
permit mechanical tuning.
variation of the block in the 725 (see F~g. 19.47a).
Operation is at 14 kv
and 14-amp pulse current at the magnetic field supplied by the attached
magnets.
The output circuit used for the 725 has been modified in
dimensional details so that the tube, when loaded by a matched wave-

Fm. 19.47a.~utaway

view of 2J51 magnetron.

will operate at a fairly uniform level of power output and pulling
figure over the frequency band.
The cathode is mounted axially through one pole piece of the tube.
The tuning mechanism is mounted through the other pole piece. Tuning
is accomplished by means of 12 copper pins which may be inserted to a
variable depth in the 12 holes of the anode block.
The pins are attached
to a plunger which is actuated by an external mechanism through a
monel-metal bellows.
The external drive consists of a worm gear which
may be turned from a remote point by means of a flefible shaft.
A schematic cross section of the block region of the 2J51 is shown
in Fig. 19.47b. h’ote that the end space between the anode block and
the pole face haa been modified at the tuning end of the tube. This

guide,

I Dsta for Sec. 19.11 submitted by P. Kusch.
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modification ensures that the resonances of the pin system lie at higher
frequencies than any of the normal operating frequencies of the tube.
The magnets are adjusted to permit operation at 14 kv and 14-amp
pulse current at midband.
Four magnetic shunts are provided to adjust

Tuning
pin,

Tuning
pin,

FIG. 19.47b.—Cross

section of 2J51 magnetron

showing tuning pins.
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Fm. 19.48.—Tuning

characteristics
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of 2J51 magnetron.

the field downwards.
Operation at 10 kv and 10-amp pulse current is
possible.
The power output, operating voltage, and pulling figure for a typical
tube are shown in Fig. 19.48. The perf ormance chart, the Rieke diagram,

---

—— ..—
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and characteristic
scale factors
for the 2J51 at any frequency are essentiallysimilar tothose obtained forthe 725 (see Sec. 19.10).
19.12. 4J50 (4J62, 4J78) High-power 3-cm Magnetron.’-The
4J50
magnetron is a pulsed oscillator with a fixed frequency lying in the
band between 9345 and 9405 Nfc/sec.
It is capable of a p-be-power
output of 400 kw. The cathode is axially mounted, and an attached
magnet is used. Radio-frequency
power is extracted through a true
waveguide output, which terminates in a standard 3-cm waveguide
coupler.

150 kw

104 kw
50 kw
7

j700

xl

/

300 kw

250 kw

200 kw

.

...

\

I

~

5340/
5B$&
—.

.
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52@>
/
-

T+-M%%2=

—-

.-

●Operating

0

4

8

line for attached magnet as set by manufacturer
-.
12
16
20
24
Peak amperes

FIG. 19.49.—Performance

_28

..
*2

chart for 4J50 (4J52, 4J7S) magnetron.

Useful pulse voltage and current inputs range from 12 to 25 kv and
from 8 to 35 amp.
Operation is limited at high powers by arcing and at
low powers by excessive pushing, although the tube will operate stably
at currents as low as 2 amp. The reliable range of pulse powers, indicated in Fig. 19”49, extends from 50 to 300 kw. Figure 19”49 shows the
operating line for the attached magnet as supplied and set by the manuThe maximum average input power varies from 1200 watts
facturer.
at ~ psec to 500 watts at 5 psec. At currents in excess of 15 amp; the
pushimg figure averages 0.2 Me/see per amp; the pulling figure is 12
Me/see.
The cathode structure, which appears in Fig. 19”50, is carefully
designed for mechanical ruggedness and high heat dissipation.
A
t Data for Sec. 19.12

submitted

by L. R. Waiker.
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nickel mesh, prepared by sintering nickel powder on a heavy nickel or
molybdenum sleeve, forms the base for the oxide coating.
Permendur
end shields on either end of this sleeve serve also to reduce the magnet
gap and to shape the magnetic field. An oxide-blackened molybdenum
cylinder extends the cathode structure into the opposite pole piece and

Input
lead

Cathod~ detail

I

.,.-. —-wY/////

Steel pole piece
3

L

3
F

Radiators

/-4

Cathode radiator

\

-r

(Cathode is recentered
FIQ. 19.50.—Cross aectiona of 4J50 magnetron.
when cold to allow for expansion of support in operation.)

longitudinally

acts as a radiator to increase the dissipation of heat. The heater is rated
at 5 amp and 12.6 volts; at 600 watts input ( l-~sec pulse duration) this
power is reduced 50 per cent, and at higher inputs it is still further
decreased.
Tables 19.23 and 19.24 list the characteristic scale factors
and dimensions of the 16-oscillator anode block, which is of hole-and-slot
construction with double-ring strapping.

—-
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T.ABLE 19.23 .—CHARACTERKSTXCSCAI,E FACTORS FOR 4J50 AND 4J52
k, cm

63,gauss
—

V, kv

—
1470

3.20

9, amp

—
15,6

b

0.380

39.0

0.225

n
0.205

INCHES

o
0.185

X 10-3

Q.

v., 70

900

70

4J50 AND 4J52
See Fig, 19.lZJ

OF

da

0,087
b, Strapping

m

IN

6.25

Dimensions:

c

0.538

~, mhos

c
L

—

—
2.50

TABLE 1924.-DIMENSIONS
a, Anode
a

@, kw

MAGNETRONS

d.

0.319
Dimensions:
P
0.175

MAGNETRONS

h

w

0.250

0.209

0.116

0.033

See Fig. 19.2c
r

!l
0.010

0.010

a
0.018

u
0.028

The loading characteristics of the waveguide output are shown in
the Rieke diagram of Fig. 19.51, and details of its construction appear

Frequency of O Mc contour = 9375 Mc/see
Fm. 19,51 .—Rieke

diagram for4J50

(4J52, 4J78) magnetron.

in Fig. 19.52. At atmospheric pressure electrical breakdown occurs
across the glass window of the output when the r-f power exceeds 375 kw,
but this may be prevented by pressurization of the line.
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A four-hole mounting plate, shown in Fig. 19.53, is used to support
the magnetron in operation.
The magnet is protected by a cast-aluminum sheathing.
Forced-air cooling is required.
Total weight of the
4J50 is 9 lb.

Fm. 19.52.—Cutaway view of 4J52 magnetron.

FIG. 19.53.—4J5O magnetron.
The

4J78 differs

lies between
the

4J50

lighter
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and

structure
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massive

.--—
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The
and

4J52,

frequency,

cathode
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although

is assembled

structure.
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shows the operating line for this magnet, as set by the manufacturer;
the maximum average input power is limited to 500 watts, and the total
weight of the tube is 5; lb. The 4J52 is illustrated in Fig. 19.52.
19.13. The AX9 Rising-sun Magnetron. ‘—The AX9 is an experimental pulsed oscillator operating at a fixed frequency near 9500 Me/see.
A pulse-power output approaching 1 megawatt is achieved by taking
advantage of the long anode block made possible by rising-sun construction and by designing the tube for operation at high magnetic fields.
A direct waveguide output is coupled to one of the resonators through a
quarter-wave rectangular transformer.
The cathode is mounted axially.
35 [

I
I

I

I

Cn.-l
,...,
nw
uuu

I

/
/

400 kw

201 kw

6440G
/
5880G ii
g 25
2
~
.x
~
~ 20

3800G
15 .—.

10 ‘
o

P’

——
.
.
3170C
I
. ..- .——L—..L
10

I

20

A.

‘“

I

‘

462 pulses per ssc

30

40
50
60
Peak current (amps)
FIG. 19.54.—Performance
chart for AX9 magnetron.

70

80

Performance characteristics for an AX9 magnetron are shown in
Fig. 19.54; note the anomalous efficiencies in the neighborhood of 3500
gauss. The tube is intended for operation at magnetic fields greater
than 5000 gauss and at currents above 30 amp. The decrease in efficiency
at high magnetic fields is less pronounced than is usual in the risingsun design because of the relatively low ratio of the cavity depths in
this tube.
At high pulse-power levels the AX9 must be operated at
low duty ratios in order to avoid excessive cathode heating; the maximum
average input power is 800 watts.
When the output power exceeds
500 kw, the r-f line is pressurized to prevent breakdown, which occurs
particularly near the window of the magnetron output.
A Rieke diaI Data for Sees, 19.13 through

19.17 submitted

by S. lfillman.
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gram for the tube is shown in Fig. 19”55.
mately 16 Me/see.

—
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MAGNETRON

The pulling figure is approxi-

—

Peak current

Magnetic field=
4400 gauss
86Jl pulses per sac

❑

Pulse duration 0.78 M sec

F1~. 19.55.—Rieke diagram for AX9 magnetron.
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the essential

features

of the AX9

design.

of the resonators is about 1.6, which is appreciably
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than that of the 3J31 magnetron (Sec. 19”14). The mode separation
between the operating or (n = 9)-mode and the (n = 8)-mode is only
4 per cent as compared with 7 per cent for the 3J31. Permendur end
shields similar to those of the 4J50 (Sec. 19.12) are used on the cathode.
Characteristic scale factors and dimensions are listed in Tables 19.25
and 19”26.
The long anode block of the AX9 results in a gap of 0.920 in. between
the inserted magnet pole pieces and requires the use of a magnet unusually
heavy for tubes operating in this frequency region. A magnet capable
of supplying 6000 gauss would weigh approximately 40 lb.
TABLE 19.25 .—CH.ARACTERISTIC SCALE FACTORS FOR AX9

MAGNETRON

A, cm

@, gauss

V, kv

Q.

QE

%, 70

3.16

1220

3,45

1250

300

80

This design has not reached production (1946), an,] only a small
number of experimental magnetrons have been studied.
No life data
are available.
TARLE 19.26.—DIMENSIONS IN INCHES FOR
See Fig. 19.IIz
a

d.

0.920

0.415

AX9

MAGNETRON

d.

d,

d.

h

t

0.257

0.757

0.957

0.800

0.043

19.14. The 3J31 and 3J21 Rising-sun Magnetrons.—The
3J31 is a
pulsed magnetron with a pulse-power output of about 50 kw at a fixed
frequency of 24,000 Me/see.
A direct waveguide output is coupled to
one of the anode-block cavity resonators through a quarter-wave rectangular transformer.
The cathode is mounted radially, and the magnet
is separate from the tube.
Figure 19.57 shows the performance chart of a representative tube.
The useful range of peak voltage and current inputs lies between 11 and
16 kv and between 6 and 18 amp, with corresponding pukw-power outputs ranging from 20 to 50 kw. Low-current operation is limited by
high pushing, poor spectrum, and mode instability, while the highcurrent limit is set by excessive sparking.
At magnetic fields less than
6800 gauss the efficiency becomes low and there is a possibility of interference from the (n = 8)-mode.
Operation at fields greater than 8400
gauss is inadvisable because of the loss of efficiency that occurs in the kH
region

from

rising-sun

10,500

magnetrons.

to

15,000

gauss-cm;

this

phenomenon

is typical

of
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The nickel cathode is screened and oxide-coated.
In starting the
tube the heater draws 1.7 amp at 6 volts.
The usual operating point
is at 7600 gauss, 14 amp, and 14 k~~,with a pulse duration of 0.5 psec
and a duty ratio of 0.0005.
Under these conditions the heater may be
turned off, and the magnetron will have a useful life of over 200 hr.
r Waveguideoutmt

output
transformer
Iron
pole
glece

FIG. 19.59.—Cross

sections of 3J31 magnetron.

The nominal pulling figure is 25 Me/see (see Fig. 19.58), while pushing
averages 0.5 M c/see per amp in the normal operating region.
Rising-sun construction is used in the anode block, which has 18
sector-shaped resonators of the open-cavity type, with a depth ratio
r, of 1.8. Characteristic scale factors and dimensions are tabulated in
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Tables 1927 and 19”28. Details of the design of the 3J31 are shown
in Fig. 19.59. The lids contain iron inserts, leaving an internal air gap
of 0.410 in. The magnet that is applied to these pole pieces has a gap of
0.710 in. and a pole-face diameter of ~ in. The weight of the tube,
together with the magnet which is normally supplied, is 15 lb. Forced-

Fma. 19.61.—Cutaway

view of 3J21 magnetron,
. ~

FIG. 19.62.—3J21

magnetron.

air cooling is required.
Figure 19.60 shows the external appearance
of the 3J31; a more complete description of its operation maybe found in a
technical report of the Columbia University Radiation Laboratory.
The 3J21 magnetron (Figs. 19.61 and 19.62) is a modhication of the
3J31. In addition to an axially-mounted cathode and attached magne~
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it has a stabilizing cavity incorporated in the waveguide output.
The
cavity stabilizes the magnetron by a factor of 2 and increases the power
output and efficiency 15 per cent. The usual operating point is 15 amp
and 15 kv at a pulse duration of 0.5 psec and a duty ratio of 0.0005;
this duty ratio may be nearly doubled if the heater is turned off during
operation.
The 3J31 has also been used as the basis for scaling HI-vane opencavity rising-sun magnetrons to wavelengths ranging from 0.9 to 4.0 cm.
Tables 19.27 and 19.28 give the characteristic scale factors and some
of the 3J31 tube dimensions.
TABLE 1927,-CHARACTERISTIC
A, cm

m, gauss

1.25

V, kv

3000

45

d,

0.160

0.096

QE

800

400

from

same

wavelength

it only

instead

of 18.

ful rising-sun
eters

that

in that

and

This is the largest
magnetron

are not

having

particularly

at 6 mm

is currently

Radiation

Laborato~.

under

70

MAGNETRON

h

t

0.288

0.390

0.150

0.017

rising-sun magnetron
It is designed

conditions

as the

of cavity

resonators

number

of resonators

open

cavities

,

65

d,

operating

the number

7.,

——.

d,

19.15. 22-cavity Rising-sun Magnetron.-This
is very similar in construction to the 3J31 tube.
the

MAQNETSON

Q.

DIMENS1ONS IN INCHES OF 3J31
See Fig. 19.lR

d.

0.469

G’, kw

3.3

TABLE 1928.-TuBE

b

SCALE FACTORS OF THE 3J31

(A sealed

development

at the

differing

in the block

is 22

used in a succes~

and block

critical.

for about

3J31,

design

version
Columbia

param-

of this tube
Univemity

A pulsed output power as high as 40 kw haa

been observed.)
The important tube dimensions are listed in Table 19”30. No
photographs or cross-sectional views are given for this tube, as these
would be practically identical with those shown in Figs. 19.59 and 19.60
for the 3J31 tube.
The anode-block dimensions in Table 19.30 correspond to a cavity depth ratio of about 1.75 and give a wavelength
separation between the ~-mode (n = 11) and the (n = 10)-mode of
about, 5 per cent.
The performance characteristics of a 22-cavity magnetron are shown
in Fig. 1963.
These are so similar to those of the 18-vane 3J31 magnetron that they will not be further discussed.
Thk applies ‘also to the
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F]cJ. 19.63 .—Performance

I
21

I
16

I
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rising-sun magnetron.

operating conditions and life of the tube. Only a relatively
number of these tubes have been constructed and tested.
TABLE 19.29.-CHARACTERISTIC

small

SCALE FACWJRS FOR 22-CAVITY

RISING-SUNMAGNETRON
h, cm
—

Tube
.

1.21

P2

@, gauss ‘u, kv
—
—
2700

(?, kw
—

3.0

50

TABLE19WJ.—DKMENSIONS
da
0.181

d.
0.116

Q.

%, 70
—

QE
—

—
two

500

N
—
22

60

FOR 22-CAVITY RISING-SUN MAGNETRON
Ses Fig. 19.la

d,
0.311

d.
0.410

h
0.170

t
0.0145

19.16.
The Closed-end !18-cavity Rising-sun Msgnetron.-This
is an
experimental pulsed magnetron with a riaiig-sun anode block of the
closed-end type.
The magnetron was designed for frequencies near
24,CKMMc/swc for the purpose of developing a tube that could readily
be scaled to higher frequencies.
Ass in the 3J31 magnetron, an axially
mounted cathode and direct waveguide output are used.

1,.
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A description
given

of the essential features of the 38-vane magnetron is
in the sectional view (Fig. 19.64) and in Fig. 19”65. For con-

structional reasons, cylindrical holes are used in the large cavities of
the block, producing amo&fication of thestraight sector-shaped cavities
If the holes were
commonly found in a rising-sun oscillating system.
replaced by equivalent sector-shaped cavities, the value rl for the resulting ratio of cavity
depths would be about 2.7. The height h of the
cl~sed-end block is O.65L
Cover
I

I
1
,
I

~
,
~

Wavegui$e

I

,—

I

Fm. 19.64 .—&oss
The
larly

large

noteworthy

tW&thir&

of

values
in

sections of closed-end 38-cavity
of

the

this

a wavelength.

cathode
magnetron.
This

and

anode
The

represents

rising-sun magnetron.
diameters

anode
the

are

ciiarneter
highest

ratio

particuis

about
of d~/X

that has been usedin a successful magnetron.
The performance characteristics of a typical tube are shown in Fig.
19.66. The advantage of thelarge number of resonators ismadeetident
by comparing the magnetic field values at the optimum efficiency region
with those for the 3J31 magnetron.
The relatively high currents appearing on the performance chart are another result of the use of a large
number of resonators.
The increased heat dissipation made possible
by the large cathode size is not evident from the data supplied in the
performance chart, because experiments with the tube were limited to
a study of the possibilities of the oscillating circuit.
The operation of
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the magnetron
is relatively
free from troubles
due to mode changes,
despite the fact that the wavelength separation between the r-mode
(n = 19) and the (n = 18)-mode is only about 1 per cent. Tables 19.31
and 19-32 give the characteristic scale factors and some of the tube
TABLE 19.31.—CHARACTERISTIC

SCALE FACTOSS FOR 3&CAV1TY

A, cm

Tube type

63,gauss

—

Closed-end3&vane. .
Closed-end2&vane.

—

1.30
1.26

2060
2630

MAGNETRON

u, kv

QV

QE

3.05
3.35

1000
860

S00
1030

—

%,

70

56
46

TAELE 19.32.—DIMENSIONS FOR 3&CAVITY MAGNETRON
See Fig. 19.la and b

d.

d,

d,

h

t

c

0.339

0.257

0.479

0.350

0.015

0.079
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are also listed for a similar

dimensions.
Characteristic scale factors
design having but 26 resonators.
R

o.o15”<~
G-=—
c:
+
Q ,\
~~\\
,

F*
0,0075

51 Scale

~
17 Cavities
equally sDaced
crose sections of XCR magnetron.

Fm. 19.68.—Tranaverse

1
guide

I
ar wave.
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I

Cover plate’

~

I

\Anode

block

Water cooling jacket

F]~. 19.69.—Longitudinal

cross eection of XCR

megnetron.

19s17. The XCR High-power 2.6-cm C-w Magnetron.-This
magn~
tron is a 34-vane experimental tube that utilizes a rising-sun anode
block of the closed-end type.
The tube is in an early stage of develop-
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ment at the Columbia University Radiation Laboratory, anditsdescription is intended principally as an indication of the output power
possibilities of c-w magnetrons at short wavelengths.
At an operating
frequency of about 11,500 Me/see, an r-f output of 900 watts has been
observed.
The performance of the best of the few magnetrons that
have been constructed up to the time of the present writing is shown in
Fig. 19.67; complete test information is not available for this magnetroo.
Because of the absence of data on the Q’s, the circuit efficiency is not
known. There is good ground for believing, however, that the electronic efficiencies are not substantially different from those of pulsed
rising-sun magnetrons operating at corresponding values of H/HO.
The essential constructional features of the 34-cavity magnetron
are shown in the two section drawings (Figs. 19”68 and 19.69).
The
The dimensions correspond to a
anode block is completely closed.
block height of 0.78A, a cavity-depth ratio of 2.63, an Ho of 980 gauss,
and a V of 700 volts.
The axially mounted helical cathode is made
of 0.040-in. tungsten wire, requiring about 45 amp at 3.3 volts for
the starting of the magnetron.
Only a fraction of this power, however, need be supplied when the tube is operating with high input power.
The waveguide design for the tube includes a rectangular guide transformer and a mica window.1
1 Professor
liminary

W. E. Lamb,

Jr., has kindly

results that he haa obtained

permitted

with this tube.

the publication

of the pre-
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460
for, 465

BM50

429, 76&766

Boundary

conditions,

cathode,

414

257

Brazing, 662-670
precision, 670
in, 670

alloys,

664-667

Breakdown, 641
in r-f line, 738
Breakdown

diameter,

105

Anode-segment
width, 107

of,

ratio

temperature,

Brillorrifi steady
British cavity
Brown,

to gap

529

state, 245

magnetron,

8

G. H,, 668

Buck, J. G., 676
Buildup,

737

357, 372

Q for, 365, 374

Arnold Engineering
552

C!empany,

542, 551,

Bullet, 482
Bunemann,

A., 500

magnetron,

magnetron,

problems

104

AX9

R. A., 668
489

Brazing

to II-mode wave-length,
Anode height, 439

Automatic-frequency

Works,

Boot, H. A. H., 10

rising-6un, 437
Anode-block
height, 473
Anode diameter, 472

Ashkin,

and Refining

683.

Blum, W., 676

closed-end, 69
fabrication of, 649-662
hole-and-slot,
14

Arcing,

692
564,

G,

L. R., 684

Blow-in,

Anode, double-ring-strapped,
strapped, circuit constants
Anode block, 11, 49, 406

width,

Bierwirth,
Bloom,

Paint

ratio of, to cathode

power, 411,437,520,

525, 529
as function of total slot conductance

O., 253

(See also Small-amplitude
control,
429, 784-786
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Bureau of Ships, 553
Burger,
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E. E., 677
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Capacitance,

Circuit
parameters,
resonator, 463

fringing,

464

Cleaning,
CM16B
Coaxial

construction
of, 68S687
end-mounted,
411, 530
helical-shape,
796
of, 762

behavior

radial-mounted,

411, 529

secondary-emission,
411
size of, 23
thorium oxide, 534, 692
Cathode-anode
short circuit,

of, 520

tory,

Cavity

736

340

Computation

of admittances,

for

674-676

Conductance

of, 676

b, contours

Constant

D, lines of, 454

circuit)

strapped

anodes,

36, 181, 185, 421, 626,

electron

of, 447

chemical

processes

used in,

stream as, 291–

b, 447

of constant
Cooling

by radiation,

Coomes,

E, A., 676

524

Corning

Glass Works,

679

Coupling, loop-, 169
segment-fed,
170, 194
strap-fed,

170

Coupling

circuits,

strap-fed,

Coupling

devices,

Iow-Q, 578

Critical
Crout,

717
%, 407
Circuit element,
297

map, 338, 358, 361

Constant

Coupling

for

416

Contours, 317, 319, 331
efficiency, 443

747, 758, 769, 773,

Chemistry and Physics, Handbook
Choke joint, 483
Circuit, cent&-loop,
191

Circuit constants
465
Circuit efficiency,

characteristic,

electronic, 391
G~, at slots, 422

674-676
tube, 649–697

range in, 412
characteristics
528

(see Equivalent
191

77

E. U., 567

Construction,

790
Cavity tuning, 583, 758, 773
Charge distribution,
17
Chemical processes used in construction,

equivalent
halo-loop,

11
746

655, 657, 659-661

Conductance,

290

stabilization,

chokes,
tuning,

Components,
Condon,

Cathode end shields, 537
Cathode-lead
loss, 728, 729
Cathode radiator, 781
Cathode radius, 440
Cathode sparking, 413
Cathode steps, 758

Cavities, side, 49
Cavity resonators,

675

Coaxial-output
circuit, 169, 191
Coaxial outpute, 482
Coaxial-to-waveguide
transitions, 485
Columbia University
Radiation Labora-

Cathode boundary condition,
257
Cathode-current
density, 440
Cathode
diameter,
ratio of, to anode
diameter, 105

Cathode temperature,
Cathode-temperature
2J42 magnetron,

462

c-w magnetron, 744747
coupling section, 483

Coaxial-line
Coaxial-line

pulsed, thermal

hole-and-slot

of vane-type
resonator,
Clark, J. E., 677

Capacity, equivalent,
108
Cathode, 11, 23, 378, 411
back bombardment
of, 285

localized deterioration
ohmic loss in, 524
overheated,
738

of

loop,

193

11

field, 437
Prescott

Crucible

D., 554

Steel

Halcomb
Current,

Company

characteristic,

Current amplitude,
Current

density,

416

reduced

3, 340, 342, 369

Cutoff

(Hull) voltage,
frequency,

Cyclotron-frequency

America,
651

291

Cutoff,

Cyclotron

of

Steel Division,

linear, 235

238
599
oscillations,

3
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D
Demagnetization
Density,

curve,

Energy loss function, 241
Energy product, 541
Equivalent
circuit, 289, 293,

542

cathode-current,

low-current,
440
Design formulas, 455
general, 454
“ Dielectric

Materials,

297-299,

311, 330
of single resonator, 461, 466
Equivalent ratio T-, 108

440

Tables

of,”

679,

ETIO reactance tube, 747
Everhart, E., 620

680
Distillation
Products,
Donal, J. S., Jr., 684

F

Inc., 693

Doorknob
transition,
Double-ring
strapped
Dushman, S., 692
Duty ratios, 8

485
systems,

119

Field distribution for modes,
Field equations, 217-222
Field fluctuations, 222-228
Field-pattern
measurement,
Field theory, spectrum
Field uniformity,
552

E

Fineman,
Efficiency, 35, 401, 450
electronic (see Electronic
of operation, 409
Efficiency contours,

efficiency)

443, 452

adjusted, 445
Efficiency lines, 447
Efficiency minimum, 437
Eisenstein, A. S., 676
Electromagnets,
540
Electron
Electron
Electron

emission,
emitters,
gas, 598

Electron
Electron

leakage, 537
stream, admittance

352
411

of, 214

as circuit element, 291–297
Electronic admittance,
293, 312
Electronic
Electronic
Electronic
Electrons,

conductmce,
391
efficiency, 36, 333
susceptace,
410
thermal velocities of, 211

Ekmtropfuting, Modern, 676
Emtilon,
*

710-713

by, 66

A., 676

Fisk, J. B., 582
Flux leakage, 645
Flux plotting methods,
Fluxes, 664-667
Forgue, S. V., 692
4J31 magnetron, 760

72

4J33 magnetron,
4J35 magnetron,
4J36 magnetron,

427
760
760

4J39
4J41
4J50
4J52

427
760
428, 780-784
783

magnetron,
magnetron,
magnetron,
magnetron,

4J70 tunable magnetron,
4J77 tunable magnetron,
4J78 magnetron,
783
Fourier analysis, 340
Frequency,
401

756-760
756-760

complex, 300, 303, 357
Frequency sensitivity, 482, 582
of output CirCU&, 189
Frequency sink, 328
Frequency stability, 35, 408, 409
Frequency stabilisation,
402

353, 379

electron, 352
primary, 413
Emitters, electron,

17

411

metallic, high-temperature,
End plates, insulated, 538
End shield, 12, 530
cathode, 537
Pennendur, 781
End space, 11, 91, 498
End-space effects, 69, 418
End-space resonances, 74

G

413

Gap

width,

ratio

of,

to anode-eagrnent

width, 107
GB&mai@L
390~
Gamy tube, 736
General Electric Company,
677

563,573,

62~
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Laboratories,

&rrning, No. 707, 483, 487
Glasaseal, 482
Kovar-to-, 483
Glasaes,laboratory, 679, 680
Guide, chamfered,
H-section,
199
lumped,

Interaction

488

198

transformer,
498
cross section, transformer

11, 84, 403

of,
J

Habann-type
oscillation,
Haeff, A. V., 601

4

Halcomb
Steel Dhi40n,
Crucible
Company of America, 651
Hall, N., 676
Handy and Harmon Company,
Hartman, P. L., 582
Hartree, 30
Hartree diagram, 30, 341
Hartree’s condition,
340
Heat balance, 412, 519

Steel

667

Heater, open, 736
Heater constmction,
687-693
Heater power, 402, 411
rated, 528
Hinman, C. W., 651
Hobbing, 654
Hogaboom,

space,

multicavit y,

admittance of, 63, 84
equivalent network for. 52
tr;al design of, 403
Interactions,
w
Ions, 395
Iris coupling, 194
Iris output, stabilized, 498, 499
Iris transformer, 494
Iris windows, 203

H
H-section
H-shaped
493

Inductance-tuned
system,
mode spectrum of, 165
Instability,
345, 349, 355
Instability voltage, 264
Interaction field, 74, 92-98

James, H. M., 582
Jepson, R. L., 684
Jig assembly. 650
Jo]nson Co-rnpany, Lloyd
Jones, F. D., 650

S., 667

K
Kester Solder Company,
Kilgore, G. R., 4
Klystron, 597
Kolin, A., 554

667

Kovar, 677, 678, 695
Kovar-to-glass
seal, 483, 677n
Kusch, P., 565
L

G. B., 676

Hogaboom,
G. B., Jr., 676
Hollow pole pieces, 411
Housekeeper,
W. G., 676
HP1OV magnetron,
426, 760-764
Hull, A. W., 1, 615, 677
Hull, F. C., 664, 665
Hydrogen bottle, 669

I
Impedance, 290, 70S
cold, 329
oscillator, 36
static input, 401
Indiana Steel Products Company, 542
Inductance, equivalent, 114

Laboratory
glasses (we Glasses,
tory)
Lamb, W. E., 471, 617
Lamination,
650
Large-signal conditions,
619

labora-

Laws, F. A., 553
Lawson method, 713

L/C ratio of magnetron oscillator,
LCW magnetron,
c-w, 740-744
single, 428

726

Lead lose, 718
Leakage, flux, 545
of II-mode radiation, 501
Litton Engineering Laboratories,
573,681
LL3 magnetron, 352, 367
“Lloyd’s,”
Lloyd S. Johnson Company,
667
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Magnetron,
LL3, 352
low-voltage,
440
microwave,
1

Load curves, 444
Load g, reduced, 443
Load instability,
42
Loaded Q, 188
Loading, 563
effect of, on mode spectrum,

packaged, 13
performance
of, 316
141–147

Long-line effect, 322
Loop-coupling,
169
LOOpS, 297, 305, 310

Machinist’s Handbook, 650
Machlett X-ray Corp., 650
McIntosh,
R. 0,, 667
402

permanent, 13
design of, 54o
Magnet charging, 548
Magnet weight, 414
Magnetic circuit, 414, 54&557

4

Circuits and l’ransjormers,
field, 436

characteristic,
416
Magnetic material, 414
hlagnetic stabilization,
550
Magnetron,
BM50,

AX9,

429, 784-786

429, 764

British cavity,

8

c-w, CM 16B, 744–747
LCW, 74w744
XCR, 795, 796
early types of, 1
family of, 416
4J31,
4J33,
4J35,
4J36,
4J39,

760
427
760
760
427

D. E., 7

Malter, L., 684
Nfarion Electrical

4J78, 783
GK13-1, 43o
HP1OV, 426, 76@764
index of, 742
linear, 233
basic equations

543

split-anode,4
stabilized,2J41, 76&769
3J21, 789
3J31, 429, 786-790
tunable, 320
4J70, 75&760
4J77, 756-760
2J51, 778-780
2J22, 751-756
2J32, 426
2J34, 751-756
2J38, 747-751
2J39, 426, 747-751
2J42, 770-774
2J49, 777
2J50, 777
2J53, 777
Magnetrondesign,403
Magnetrondiode tuning, 615
Magnetronefficiency,limiting, 240
Magnetron fields, boundary conditions
for, 234
illagnetron Lfodulation Coordinating
Committee,minutesof, 620
hlagnetronoscillator, L/C’ ratio of, 726
hfalearoff,

4J41, 760
4J50, 428, 78&784
4J52, 783

for, 233

magnetron)

725A, 428, 774-777
730A, 777
single LCW, 428

M

Magnetic
Magnetic

of, 45

QK61, 428
RD1l-2,
430
rising-sun (see Rising-sun
Scwc,
430
scaling of, 236

center, 169
halo, 169
Lord, H. W., 549
Lumped guides, 198

Magnet,

pulsed, 42
characteristics

Instrument

553
hlassachusetts

Institute

543
hfeasurements,

553

Company,

of Technology,

Mica windows, 489, 684
Misfiring, 43, 346, 350, 354
Mode changes, 343, 345, 376
Mode changing, 43
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Mode competition, 100,474
Mode damping, 769
Mode degeneracy, 17
Mode identification, 726, 727
Mode instability, 737
Mode jumps, 355
Mode number, 29
Mode number n, 33
Mode selection, 339, 348, 575, 586
Mode separation, 468
Mode shift, 345, 351
Mode-shifting, 562
Mode skip, 345, 348, 350
Mode

spectrum,

effect

of loading
141-157

of multicavity
tem, 165
of multicavity
161
of

Noise fluctuations,
Nonlinearity,
381

0
Oberg, E., 650
Ohmic loss in cathode, 524
Operating characteristics,
613, 614
133–

breaks

inductance-tuned

on,
sys-

Operating
operating

constants, 405
curve, 296, 297, 307, 315, 332,

338
Operating data, reduced, 419
Operating point, relative, 403,435,455
Operation, efficiency of, 409

buildup of, 43
cyclotron frequency, 3
Habann-type, 4

Oscillations,
segment-tuned
strap-tuned

of

single-cavity-tuned
tem, 157
of single-ring-strapped
Mode stability, 538
Modes, 339

system,
system,

strapped
systems,

sys138

modes of, 309
negative-resistance,
m-mode, 16
spurious, 418
traveling-wave,

4

5

Oscillator impedance,
Oscillograph,
373
Oscilloscope,
346

32

degenerate, 75
field distribution for, 17
frequencies of, 19
of oscillation,
zero, 472

418

of space charge, 313
Nonoscillating
states, 342, 362, 367
Nordieieck,
A., 494, 565

systems,

and strap

multicavity
159

component,

Noise, 365, 367, 38S-398
origins of, 395-398

474

of double-ring-strapped
138
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output circuits, 11
coaxial-, 169, 191
functions

627

of, 187

high-impedance
low-impedance

level, 190
level, 190

Modulation, amplitude, 592
frequency of, 592
phase, 597
Morton, G. A., 554

Output
transformers,
length, 195
Outputs, 481
coaxial, 482

Motion, equations
nonrelativiatic,

waveguide,
Oxygen-free

Myers,

of, 222-228
231-243

quarter-wave-

486
high-conductivity

(OFHC)

copper, 650, 694, 695

L. M., 554

P

N
Network,

36

equivalent,

space, 52
for side resonators,
spectrum by, 54
rings of, 123-130
Neutrode, 423

for
52

interaction

II-mode, 461, 467, 470, 472, 474, 479
II-mode field, distortion of, 97
II-mode

operation,

98

(See also Zero
component
tamination)
II-mode osculations,
16

con-

INDEX
U-mode
~-mode

radiation, leakage of, 501
wavelength,
ratio of, ti anode-

block diameter, 104
Palmer, Frank R., 655
Parallel-resonant
circuit, 301, 310
Parameter operation,
Parameters, primary

37
design,

401, 455

secondary design, 405, 435
Pattern distortion, 141, 144, 151, 189, 576
Performance
charts, 38, 317, 334, 732
reduced, 436, 441
universal, 448, 450
variation of, with load, 441
Permendur end shields, 781
Phase coherence, 388
Phillips, M., 617
Plating, 676
Pomerantz,
Martin
Posthumus, K., 6
Power,

Randall,

J. T.,

10

Raytheon
Manufacturing
Co., 650
RD1 1-2 magnetron,
430
Reflection coefficient, 706
Relativistic
Relativistic
Relaxation

corrections, 211
effects, 228
method, 71

Resistance, equivalent,
114
internal, 343, 356, 363, 371
Resonance indicator, 704
Resonances, end-space, 74
tuner, 575
Resonant cavity, 773
Resonant circuit, internal, 7
Resonant-circuit
terminals, 720
Resonant load, mismatched
transmission
line as, 320-329
Resonant
systems,
406, 460

A., 692

back-bombardment

(see

Back-

bombardment
power)
characteristic,
416
Power output, 401

components

11, 13-23,

297-304,

of, 406

strapped, 461
unstrapped, 49
various, 22

average, 402
Power transmission,
average,
Prater, C. D., 692
Probe transition, 486

484, 489

Pseudo scaling, 450
Pulling figure, 182, 186, 188, 326, 734
Pulse durations, 402
Pulser, 343, 380
hard-tube, 343
line-type, 344

Resonator depths, ratio of, 102, 478
Resonator shape, 108
Resonators,
11
annular-sector,
62
cavity, 290
closed-end, 471, 477
hole-and-slot,
circuit
463
number of, 472

parameters

of,

effect of, 107
open, 471, 477
Q

aide, 49
admittance

Q, 301
for buildup, 365, 374
external, 181
loaded, 188
memmrement of, 713-723
unloaded (see Unloaded
Q-circle, 178-187
Q-measurements,
180
Q., 303
QK61 magnetron,
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of, 56

of composite shape, 62
cylindrical, 59
equivalent network for, 52
rectangular-slot,
57
single, equivalent circuit of, 461, 466
vane-type,
circuit parameters of, 462
Rf components,
32
R-f line, breakdown in, 738
R-f output, detection of, 732
R-f patterns, 470
Rieke diagram, 40, 178-187,317,327,733

Q)

428
R

Radial cathode supports, 13
Radiation, cooling by, 524
.Radio Corporation
of America
613, 650

Rising-sun magnetron,
22-cavity,
790, 791
(RCA),

21, 283, 528

3&cavity,
791-794
Riaiig-sum resonant system,

470
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Rising-sun systems, 83-117
closed-end,
1IO-113

Space-charge
Space-charge

partially closed-end,
113
Rotary probe, 710
Rotating-wave
hypothesis,
219, 282-287

ISpace-charge properties, 316, 329–338
Sparking, 24
Spectrum, S3, 325, 345, 389, 735

s
S-curve method, 177
Sanford, R. L., 540, 553
,Saxon, D. S., 594, 599
Scale factors,

448

characteristic,
416, 441
,Scaling, 417, 450, 610
pseudo, 450
Scaling laws, 414
Scott, H., 677
SCWC magnetron,
430
Seals, glass-to-Kovar,
677, 681
metal-to-glass,
676
Segment-tuned
system,
multicavity,
mode spectrum of, 161
Sdf-consistent
tields, 26$274,
279
704 glass, 483
707 Corning glass, 483, 487
725A magnetron,
428, 774-777
730A magnetron,
777
Shape factors, 403, 435, 455
Short-line effects, 322
Shot effect, 396
Shulman, C., 597, 608
Signal fhrps, 553
Signal-to-noise
ratio, 388, 394
Single-ring strapped systems, 119
Single-stream
states, conditions for, 251
Sintering, 662
Slater, J. C., 467, 582
Slobod, R L., 685
Slot conductance
GL, 407
Slot width, relative, 442
Small-amplitude
theory, 253-265
Small-signal
Smithj
Smith,
Smith

theory,

616

L. P., 597, 608
P. H., 40
chart, 318, 707

t%lder, 663
Soldering,
662-670
.%mkin, S., 657, 659
Space charge, 24, 340, 391
as circuit element, 288-338
nonlinearity of, 313

configuration,
27
limitation, 211, 412, 418

by equivalrr,t network, 54
hy field theory, 6(i
Sprocket tuuin~, 565
Stability, 305, 313, 328, 362
frequency
(see Frequerrrv stability)
Stabilization,
408, 576, 586, 622–645
cavity (see ~avity
frcqumrcy, 402
magnetic,
Stabilization

stiil)ilizztiol))

550
factor,

6z5, 723-726

Stabilizer, 406, 494, 622
Standing-wave
moasurrmrnts,

705-710

Standing-wave
ratio, 707
Stanley, F. A., 651
Start, false, 372
Starting, 357, 367, 376
speed of, 365, 632
Starting time, 365, 388
Starting voltage, 370
Strap breaks, 147-157, 470
effect of, on mode spcrtrum,
147-154
Strap-tuned
systcm,
multiravity,
mode
spectrum of, 159
Strapped systems, double-ring,
1]{)
mode spectrum of, 133–138
single-cavity-tuned,
mode spm-trum of,
157
single-ring, 119
mode spectrum of, 138
Strapping, 118, 384
by staggering of vanes,
Straps, 11
definition of, 118
effect of, 19

766

Stratton, J. A., 598
Strong, J., 664, 666, 667, 677
Stupakoff
Ceramic
and Alanufacturing
Company, 677
Symmetrical
states,

24 L+253

T
Temperature,
fluctuation
Terminals, 292, 298, 319
Test bench, 731
Testing, 553

in, 521, 523
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,?Thermalbehavior of pulsed cathode, 520
Thermal expansion, 407
Thorium oxide cathode, 534
3J21 magnetron, 789
3J31 magnetron, 429, 786-790
Threshold (Hartree) voltage, 237
Tibbs, S. R., 266
Transducer, 298, 299, 319
4-terminal, 171–177
Transducer constants, 177
Transformation formulas, 62
Transformations, bilinear, 174
Transformer, 489
H-section, 498
of H-shaped cross section, 493
iris, 494
quarter-wave, 482
rectangular, 491
waveguide, 491
Transformer constant, pri,,cipal, 177
Transient behavior, 339-387
Transients, 315, 357, 359, 366
Transmission line, mismatched, 309
as resonant load, 320–329
Transmission method, 702
Tube, gassy, 736
reactance, ET 10, 747
reseasoning of, 737
Tube construction, 649-697
Tube evacuation, 693, 694
Tube model, 729
Tube processing, 693, 694
Tuner, multicavity inductance, 165
multicavity segment, 161
multicavity strap, 159
single-cavity, 157
Tuner resonances, 575
Tuning, 622
capacitive, 570
cavity (see Cavity tuning)
coaxial, 588
coaxial-line, 746
cookie cutter, 570
coupled-circuit, 576
double-output, 576
electron-beam, 592
electronic, 592–621
inductive, 565
iris-coupled, 583
magnetron diode, 615
mechanical, 561–591
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Tuning, by perforated plate, 769
by pins in oscillators,
ring, 572
single-stub, 589
sprocket, 565
Tuning curve, 320, 324
Tuning hysteresis, 562

778

Tuning ranges, 402, 407, 408, 643
Tuner resonances, 575
2J22 magnetron,
751
2J32 magnetron,
426
2J34
2J38
2J39
2J41
2J42

magnetron,
751
magnetron,
747
magnetron,
426, 747
stabilized magnetron,
magnetron,
77&774

76&769

cathode-temperature
2J49
2J50
2J51
2J53

characteristics

for, 528
magnetron,
777
magnetron,
777
tunable magnetron,
magnetron,
777

778–780

..
Underhill,
Unloaded
575

E. J[., 544, 548
Q, 108, 113, 184, 466, 467, 561,

v
Vacuum casting, 661
Vane equivalent,
108
Vane thickness, ratio of, to space between
vanes, 473
Variables, dependent, 294
dimensionless,
415
independent,
294, 316
reduced, 232, 365, 416
(V, I)-characteristics,
(V, I)-diagrams,
341
(V, I)-plot, 346

343, 45o

(V, I)-scOpe, 347
(V, I)-trace, 347, 348, 358, 368, 372
Vitter, A. L.j Jr., 614
Voltage, 291
characteristic,
416
instability, 264
reduced, 233
Voltage breakdown,
484, 488
Voltiage position,

minimum-,

707
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Voltage

range,

401

Von Hippel, A., 680
w
Walsh, E. J., 682
Waveguide circuits, directly coupled, 195
Waveguide-output circuits, 194-203
Waveguide outputs, 170, 486, 497, 782
Waveguide transformers, 491
Waveguide window, 488
Wavelength, 461
shift of, with current, 410
AX, shift of, 407
Wavelength calculations, 479
Wavelength measurements, 702-705
Welding

Handbook,

Westinghouse
667

662, 667

Electric

Corporation,
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Westinghouse
Research
664, 665, 667
Windows, 487
iris, 203
mica, 489, 684
~vavcguide, 682
lTright, F, I., 266
Wulff, John, 662

Laboratories,

x
XCR c-w magnetron, 795, 796

z
Zero component contamination,
Zero mode, 472
Zworkin,

V. K., 554

97, 98

