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A measure of frequency deviation (9.20).
Bandwidth (Appendix 10 only, (5-3)).
Susceptance

Reduced susceptance (9.7).

Electronic susceptance.

Capacitance

Heat cal:{)acity (k-1).

Reduced gap spacing (10.3).
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Retarding field in drift space.

Drift effectiveness factor (5.4).

Conductance

Reduced conductances (9.0), (9.12).

Gap conductance of loaded resonator.
Electronic conductance.

Conductance at gap due to load.

Conductance at gap due to resonator loss.
Efficiency parameter (3.7).

Maximum value of H for a given resonator loss.
Radio-frequency current.

Current induced in circuit by convection current returning across gap.
D-C beam current.

Resonator loss parameter (3.9).

Radiation loss in watts/(degree Kelvin)* (k-2).
Inductance.

Characteristic admittance (a-8).

Characteristic admittance of line.

Short line admittance parameter (9.38).

Drift time in cycles.

Length of line in wavelengths (Section IX only).
Transformer voltage ratio.

Power.

Equation (a-10).

External Q (a-11).

Unloaded Q (a-12).

Surface resistance (a-2).

Scaling factor (9.17).

Temperature.

Radio-frequency voltage.

Potential in drift space (Appendix VI only).
D-C beam voltage at gap:

The repeller is at a potential (—V g) with respect to the cathode.
Work, energy (Appendix I).

Reduced radian frequency (10.5).

Bunching parameter (2.9).

Admittance.

Circuit admittance.

Electronic admittance.

Load admittance.

Resonator admittance.

Impedance.

Load impedance.

Distance between grid wire centers.

Separation between grid planes or tubes forming gap.
Electronic charge (1.59 X 107! Coulombs).
Irequency.

Factor relating to effective grid voltage (b-37).
Radio-frequency convection current.
Radio-frequency convection current returning across gap (c-4).
Fundamental component of iy .

v —1

Boltzman’s constant (1.37 X 102 joules/degree K).
Conduction loss watts/degree C (k-14).

Length.

Mutual inductance,

Flectronic mass (9.03 x 10~*! gram sevens).
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Repeller mode number.  The number of cycles drift is # 4+ ¢ for “optimum

drift”.
Reduced power (9.5).
Radius of grid wire, radius of tubes forming gap.
Time, seconds.
D-C velocity of electrons.
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Total velocity (Appendix VIII only).

Instantaneous gap voltage

Real part of frequency (12.1).

Coordinate along beam.

A rectangular coordinate normal to x.
Half-separation of planes forming symmetrical gap.
Magnitude of small signal electronic admittance.

A rectangular coordinate normal to x (Appendix II).
A variable of integration (Appendix VI).

Negative coefficient of the imaginary part of frequency (12.1).
Modulation coefficient.

Average value of modulation coefficient.
Modulation coefficient on axis.

Modulation coefficient at radius r from axis.

Root mean squated value of modulation coefficient.
Modulation coefficient at distance y from axis.

v = w/i.

Dielectric constant of space (8.85 x 10" farads/cm).
Drift angle in radians.

Gap transit angle in radians.

Wavelength in centimeters.

A phase angle.

Reduced potential (g-13).

Voltage standing wave ratio.

Transit time,

Time constant of thermal tuner.

Cycling time on heating.

Cycling time on cooling.

Magnetic flux linkage.

Radian frequency.
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THE reflex oscillator is a form of long-transit-time tube which has
distinct advantages as a low power source at high frequencies. It
may be light in weight, need have no magnetic focusing field, and can be
made to operate at comparatively low voltages. A single closed resonator
is used, so that tuning is very simple. Because the whole resonator is at
the same dc voltage, high frequency by-pass difficulties are obviated.

The frequency of oscillation can be changed by several tens of megacycles
by varying the repeller voltage (‘“electronic tuning”). This is very ad-
vantageous when the reflex oscillator is used as a beating oscillator. The
electronic tuning can be used as a vernier frequency adjustment to the
manual tuning adjustment or can be used to give an all-electrical automatic
frequency-control. Electronic tuning also makes reflex oscillators serve
well as frequency mecdulated sources in low power transmitters.

The single resonator tuning property makes it possible to construct oscil-
lators whose mechanical tuning is wholly electronically controlled. Such
control is achieved by making the mechanical motion which tunes the cavity
subject to the thermal expansion of an element heated by electron bom-
bardment.

The efficiency of the reflex oscillator is generally low. The wide use of
the 707B, the 723A, the 726A and subsequent Western Electric tubes
shows that this defect is outweighed by the advantages already mentioned.
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The first part of this paper attempts to give a broad exposition of the
theory of the reflex oscillator. This theoretical material provides a back-
gtound for understanding particular problems arising in reflex oscillator
design and operation. The second part of the paper describes a number
of typical tubes designed at the Bell Telephone Laboratories and endeavors
to show the relation between theory and practice.

The theoretical work is presented first because reflex oscillators vary so
widely in construction that theoretical results serve better than experi-
mental results as a basis for generalization about their properties. While
the reflex oscillator is simple in the sense that some sort of theory about it
can be worked out, in practice there are many phenomena which are not
included in such a theory. This leaves one in some doubt as to how well
any simplified theory should apply.. Multiple transits of electrons, different
drift times for different electron paths and space charge in the repeller
region are some factors not ordinarily taken into account which, neverthe-
less, can be quite important. There are other effects which are difficult to
evaluate, such as distribution of current density in the beam, loss of elec-
trons on grids or on the edges of apertures and dynamic focusing. If we
could provide a theory including all such known effects, we would have a
tremendous number of more or less adjustable constants, and it would not
be hard to fit a large body of data to such a theory, correct or incorrect.

At present. it appears that the theory of reflex oscillators is important in
that it gives a semi-quantitative insight into the behavior of reflex oscilla-
tors and a guide to their design. The extent to which the present theory
or an extended theory will fit actual data in all respects remains to be seen.

The writers thus regard the theory presented here as a guide in evaluating
the capabilities of reflex oscillators, in designing such oscillators and in
understanding the properties of such tubes as are described in the second
part of this paper, rather than as an accurate quantitative tool. Therefore,
the exposition consists of a description of the theory of the reflex oscillator
and some simple calculations concerning it, with the more complicated
mathematical work relegated to a series of chapters called appendices.
It is hoped that this so organizes the mathematical work as to make it
assimilable and useful, and at the same time enables the casual reader to
obtain a clear idea of the scope of the theory.

I. INTRODUCTION

An idealized reflex oscillator is shown schematically in Fig. 1. It has,
of course, a resonant circuit or ‘“‘resonator.” This may consist of a pair of
grids forming the “‘capacitance” of the circuit and a single turn toroidal

! For a discussion of resonators, see Appendix I. Tt is suggested that the reader consult

this before continuing with the main work in order to obtain an understanding of the circuit
philosophy used and a knowledge of the symbols employed.
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coil forming the “inductance” of the circuit. Such a resonator behaves
just as do other resonant circuits. Power may be derived from it by means
of a coupling loop linking the magnetic field of the single turn coil. An
electron stream of uniform current density leaves the cathode and is shot
across the “‘gap” between the two grids, traversing the radio-frequency field
in this gap in a fraction of a cycle. In crossing the gap the electron stream
is velocity modulated; that is, electrons crossing at different times gain
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Fig. 1.—An idealized reflex oscillator with grids, shown in cross-section.

different amounts of kinetic energy from the radio-frequency voltage across
the gap.? The velocity modulated electron stream is shot toward a negative
repeller electrode which sends it back across the gap. In the “drift space”
between the gap and the repeller the electron stream becomes ‘‘bunched”
and the bunches of electrons passing through the radio frequency field in
the gap on the return transit can give up power to the circuit if they are
returned in the proper phase.

2 The most energy any electron gains is 8V electron volts, where V' is the peak radio
frequency voltage across the gap and § is the “modulation coefficient” or “gap factor”,
and is always less than unity. £ depends on gap configuration and transit angle across
the gap, and is discussed in Appendix II.

'
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The vital features of the reflex oscillator are the bunching which takes
place in the velocity modulated electren stream in the retarding field be-
tween the gap and the repeller and the control of the returning phase of the
bunches provided by the adjustment of the repeller voltage. The analogy
of Fig. 2 explains the cause of the bunching. The retarding drift field may

RELATIVE HEIGHT s

——————— . £

Fig. 2.—The motion of electrons in the repeller space of a reflex oscillator may be lik-
ened to that of balls thrown upward at different times. TIn this figure, height.is plotted
vs time. If a ball is thrown upward with a large velocity of V', at a time T';, another with
a smaller velocity at a later time T and a third with a still smaller velocity at a still later
time T, the three balls can be made to fall back to the initial level at the same time.
be likened to the gravitational field of the earth. The drift time is analogous
to the time a ball thrown upwards takes to return. If the ball is thrown .
upward with some medium speed 7y , it will return in some time ¢, . If it is
thrown upward with a low speed v, smaller than 7z, , the ball will return in
some time f smaller than f,. If the ball is thrown up with a speed r,
greater than 7y , it returns in some time f» greater than ;. Now imagine

three balls thrown upward in succession, evenly spaced but with large,
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medium, and small velocities, respectively.? As the ball first thrown up
takes a longer time to return than the second, and the third takes a shorter
time to return than the second, when the balls return the time intervals
between arrivals will be less than between their departures. Thus time-
position “bunching” occurs when the projection velocity with which a
uniform stream of particles enters a retarding field is progressively decreased.

Figure 3 demonstrates such bunching as it actually takes place in the

retarding field of a reflex oscillator.  An electron‘ crossing the gap at phase 4
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Fig. 3.—The drift time for transfer of energy from the bunched electron stream to the
resonator can be deduced from a plot of gap voltage vs time.

is equivalent to the first ball since its velocity suffers a maximum increase,
an electron crossing at phase B corresponds to the ball of velocity o where
for the electron V, corresponds to the d.c. injection velocity, and finally an
electron crossing at phase C corresponds to the third ball since it has suffered
a maximum decrease in its velocity. The electrons tend to bunch about the
electron crossing at phase B. To a first order in this process no energy is
taken from the cavity since as many electrons give up energy as absorb it.

The next step in the process is to bring back the grouped electrons in
such a phase that they give the maximum energy to the r.f. field. Now,
3 of a cycle after the gap voltage in a reflex oscillator such as that shown in
Fig. 1 is changing most rapidly from accelerating to retarding for electrons

3 The reader is not advised to try this experimentally unless he has juggling experience.
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going from the cathode, it has a maximum retarding value for electrons
returning through the gap. This is true also for 11 cycles, 23 cycles, n + £
cycles. Hence as Fig. 3 shows if the time electrons spend in the drift space
is n + § cycles, the electron bunches will return at such time as to give up
energy to the resonator most effectively.

II. ELECTRONIC ADMITTANCE—SIMPLE THEORY

In Appendix TIT an approximate calculation is made of the fundamental
component of the current in the electron stream returning through the gap
of a reflex oscillator when the current is caused by velocity modulation
and drift action in a uniform retarding field. The restrictive assumptions
are as follows:

(1) The radio-frequency voltage across the gap is a small fraction of the
d-c accelerating voltage.

(2) Space charge is neglected. Amongst other things this assumes no
interaction between incoming and outgoing streams and is probably the
most serious departure from the actual state of affairs.

(3) Variations of modulation coefficient for various electron paths are
neglected.

(4) All sidewise deflections are neglected.

(5) Thermal velocities are neglected.

(6) The electron flow is treated as a uniform distribution of charge.

(7) Only two gap transits are allowed.

An expression for the current induced in the circuit (8 times the electron
convection current) is

i = 2,81 (‘;—g‘:) g, (2.1)
Here the current is taken as positive if the beam in its second transit across
the gap absorbs energy from the resonator. The voltage across the gap
at the time the stream returns referred to the same phase reference as the
current is v = Ve “ ™ Hence the admittance appearing in shunt
with the gaps will be

v, = %IT/D__!S 7, (?Tt?) D) 2.2)
Tor small values of V' aﬁproaching zero this becomes
2
Y. = I;A; Dﬂ PN _ i) 2.3)
2
LBo (2.4)

Yo = v,
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Here we define V,, as the small signal value of the admittance, and y.
as the magnitude of this quantity. If we plot the function ¥, in a complex
admittance plane it takes the form of a geometric spiral as shown in Fig. 4.

NEGATIVE OF Al

CIRCUIT ADMITTANCE _____|
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| - OSCILLATION
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Fig. 4—The negative of the circuit admittance (the heavy vertical line) and the small
signal electronic admittance (the spiral) are shown in a plot of susceptance vs conductance.
Each position along the circuit admittance line corresponds to a certain frequency. Each
position along the spiral corresponds to a certain drift angle.

Such a presentation is very helpful in acquiring a qualitative understanding
of the operation of a reflex oscillator.

In Appendix I it is shown that the admittance of the resonant circuit in
the neighborhood of resonance is very nearly

Ve = Gr + j2MAw/w (2.5)

where Gg is a constant. The negative of such an admittance has been
plotted in Fig. 4 as the vertical line 4'B’. Vertical position on this line is
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proportional to the frequency at which the resonator is driven. The condi-
tion for stable oscillation is

Ye+ V. =0. (2.6)
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Fig. 5.—Relative amplitude of electronic admittance vs the bunching parameter X
The bunching parameter increases linearly with radio frequency gap voltage so that this
curve shows the reduction in magnitude of electronic admittance with increasing voltage.

We may rewrite (2.2) for any given value of 8 as

Y. = yeF(V)e"“"”—” (2.7)
where
(8V6)
2T =
FV) = ﬂ(ﬁ;/ ) _ ZJ;EX). 2.8)
2V,
The quantity
Ve
X = g_vﬂ 2.9)

is called the bunching parameter. A plot of the function F(V) vs X is
shown in Fig. 5. For any given value of 8 and for fixed operating conditions
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it is a function of V only and its action is clearly to reduce the small signal
value of the admittance until condition (2.6) is satisfied. It will be observed
that this function affects the magnitude only and not the phase of the
admittance. '

Thus, as indicated in Fig. 4, when oscillation starts the admittance is
given by the radius vector of magnitude y., terminating on the spiral,
and as the oscillation builds up this vector shrinks until in accordance with
(12.6) it terminates on the circuit-admittance line A’B’, which is the locus
of vectors (— ¥z). The electronic admittance vector may be rotated by a
change in the repeller voltage which changes the value of 6. This changes
the vertical intercept on line A’B’, and since the imaginary component of
the circuit admittance, that is the height along A’B’, is proportional to
frequency, this means that the frequency of oscillation changes. It is this
property which is known as electronic tuning.

Oscillation will cease when the admittance vector has rotated to an angle
such that it terminates on the intersection of the spiral and the circuit-
admittance line A’B’. Tt will be observed that the greater is the number of
cycles of drift the greater is the electronic tuning to extinction. While it is
not as apparent from this diagram, it is also true that the greater the number
of cycles of drift the greater the electronic tuning to intermediate power
points. Vertical lines farther to the left correspond to heavier loads, and
from this it is apparent that the electronic tuning to extinction decreases
with the loading. By sufficient loading it is possible to prevent some repeller
modes (i.e. oscillations of some # values) from occurring. Since losses in
the resonant cavity of the oscillator represent some loading, some modes
of low # value will not occur even in the absence of external loading.

ITI. PowEr ProbpuUCTION FOR DRIFT ANGLE OF (2 + %) CvCLES

Now, from equation (2.2) it may be seen that ¥, will be real and negative
for @ = 0, = (n + 3)2x. Because 0 also appears in the argument of the
Bessel function this value of 8 is not exactly the value to make the real
component of ¥, a maximum. However, for the reasonably large values
of n encountered in practical oscillators this is a justifiable approximation.
Suppose, then, we consider the case of # + § cycles drift, calling this an opti-
mum drift time. Using the value of # as a parameter we plot the magni-
tude of the radio-frequency electron current in the electron stream returning
across the gap given by equation (2.1) as a function of the radio-frequency
voltage across the gap. This variation is shown in Fig. 6. As might be
expected, the greater the number of cycles the electrons drift in the drift
space, the lower is the radio-frequency gap voltage required to produce a
given amount of bunching and hence a given radio frequency electron
current. It may be seen from Fig. 6 that as the radio-frequency gap voltage
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is increased, the radio-frequency electron current gradually increases until a
maximum value is reached, representing as complete bunching as is possible,
after which the current decreases with increasing gap voltage. The maxi-
mum value of the current is approximately the same for various drift times,
but occurs at smaller gap voltages for longer drift times.

The radio-frequency power produced is the voltage times the current.
As the given maximum current occurs at higher voltages for shorter drift

’
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Fig. 6.—Radio frequency electron convection current  and the radio frequency power
given up by the electron stream can be plotted vs the radio frequency gap voltage V for
various drift times measured in cycles. Maximum current occurs at higher voltage for
shorter drift times. For a given number of cycles drift, maximum power occurs at a
higher gap voltage than that for maximum current. If the power produced for a given
drift time is higher at low voltages than the power dissipated in the circuit and load
(dashed curve), the tube will oscillate and the amplitude will adjust itself to the point at
which the power dissipation and the power production curves cross.
times, the maximum power produced will be greater for shorter drift times.
This is clearly brought out in the plots of power vs. voltage shown in Fig. 6,

The power dissipated in the circuits and load will vary as the square of
the radio-frequency voltage. Part of this power will go into the load coupled
with the circuit and part into unavoidable circuit losses. A typical curve
of power into the circuit and load vs. radio-frequency voltage is shown in
Fig. 6. Steady oscillation will take place at the voltage for which the power
production curve crosses the power dissipation curve. For instance, in

Fig. 6 the power dissipation curve crosses the power production curve for
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1} cycles drift at the maximum or hump of the curve. This means that
the circuit impedance for the dissipation curve shown is such as to result in
maximum production of power for 1§ cycles drift. For 23 cycles drift and
for longer drifts, the power dissipation curve crosses the power preduction
curves to the right of the maximum and hence the particular circuit loading
shown does not result in maximum power production for these longer drift
times. This is an example of operation with lighter than optimum load.
The power dissipation curve might cross the power production curve to
the left of the maximum, representing a condition of too heavy loading for
production of maximum power output. The power dissipation curve in
Fig. 6 lies always above the power preduction curve for a drift of 2 cycles.
This means that the oscillator for which the curves are drawn, if loaded to
give the power dissipation curve shown, would not oscillate with the short
drift time of 2 cycles, corresponding to a very negative repeller voltage.

In general, the conclusions reached by examining Fig. 6 are borne out in
practice. The longer the drift time, that is, the less negative the repeller,
the lower is the power output. For very negative repeller voltages, how-
ever, corresponding to very short drift times, the power either falls off.
which means that most of the available power is dissipated in circuit losses,
or the oscillator fails to operate at all because, for all gap voltages, the power
dissipated in circuit losses is greater than the power preduced by the elec-
tron stream.

Having examined the situation qualitatively, we want to make a some-
what more quantitative investigation, and to take some account of circuit
losses. In the course of this we will find two parameters are very important.
One is the parameter X previously defined by equation (2.9), which ex-
presses the amount of bunching the beam has undergone. In considering a
given tube with a given drift time, the important thing to remember about
X is that it is proportional to the r-f gap voltage V. For & = 6, expression
(2.2) is a pure conductance and we can express the power produced by the
electron stream as one half the square of the peak r-f voltage times the cir-
cuit conductance which for stable oscillation is equal to the negative of the
electronic conductance given by (2.2). This may be written with the aid
of (2.9) as

P = 2(IoVo/0,)XTi(X). (3.1)

Suppose we take into account the resonator losses but not the power lost
in the output circuit, which in a well designed oscillator should be small.
If the resonator has a shunt resonant conductance (including electronic
loading) of G, the power dissipated in the resonator is

Px = ViGr/2. (3.2)
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Then the power output for 6, is

P = 2(IVy/0,)XT(X) — ViGg/2. (3.3)
The efficiency, 7, is given by
P 2 Gr0, V”]
= _— =_| XJi(X) — . .
"= P H[ J1(X) .7, (3.4)
From (2.4) and (2.9)
6.V 1 o
=_X. .
ZIn Vo Ye (3 5)
Hence we may write
1 1 Ge X°
= - X)— —=—_1|. .
T w34 [XJ‘( ) ye 2 ] (3.6

Let us write g = %where N = (n+%). We may now make a generalized
examination of the effect of losses on the efficiency by examining the function
H = (1/m)[XJ(X) — (Gr/y)X*/2]. (3.7)

Thus, the efficiency for # =6, is inversely proportional to the number of
cycles drift and is prepotional to a factor H which is a function of X and
of the ratio Gz/¥y., that is, the ratio of resonator loss conductance to small
signal electronic conductance.! For n + 2 cycles drift, the small signal
electronic conductance is equal to the small signalelectronicadmittance.

For a given value of Gg/y. there is an optimum value of X for which &
has a maximum H, . We can obtain this by differentiating (3.7) with
respect to X and setting the derivative equal to zero, giving

XJo(X) — (Gr/y)X =0
JU(X) = (Gﬂ/ye)'

If we put values from this into (3.7) we can obtain H, as a function of
Gr/v.. This is plotted in Fig. 7. The considerable loss of efficiency for
values of Ggr/vy. as low as .1 or .2 is noteworthy. It is also interesting to
note that for Gg/vy. equal to §, the fractional change in power is equal to
the fractional change in resonator resistance, and for Gz/¥. greater than {,
the fractional power change is greater than the fractional change in resonator
resistance. This helps to explain the fall in power after turn-on in some
tubes, for an increase in temperature can increase resonator resistance
considerably.

(3.8)

1 An electronic damping term discussed in Appendix VIIT should be included in resona
tor losses. The electrical loss in grids is discussed briefly in Appendix IX.
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In the expression for the admittance, the drift angle, 4, appears as a fac-
tor. This factor plays a double role in that it determines the phase of the
admittance but also in a completely independent manner it determines,
in part, the magnitude of the admittance. @ as it has appeared in the
foregoing analysis, which was developed on the basis of a linear retarding
field, is the actual drift angle in radians. As will be shown in a later section,
certain special repeller fields may give effective drift action for a given angle
greater than the same angle in a linear field. Such values of effective drift
angle may have fractional optimum values although the phase must still be
such as to give within the approximations we have been using a pure con-
ductance at optimum. In order to generalize the following work we will
speak of an effective drift time in cycles, Ny = FN, where N is the actual
drift time in cycles, # + 2, and F is the mumber of times this drift is more
effective than the drift in a linear field.

Suppose we have a tube of given 82, I, Voand resonator loss Gr and wish
to find the optimum effective drift time, FV, and determine the effect on the
efficiency of varying FN. It will be recalled that for very low losses we may
expect more power output the fewer the number of cycles drift. How-
ever the resonator losses may cut heavily into the generated power, for
short drift angles. With short drift angles the optimum load conductance
becomes small compared to the loss conductance so that although the
generated power is high only a small fraction goes to the usefulload. There
is, therefore, an optimum value which can be obtained using the data of
Fig. 7. We define a parameter

2V,
K =220 3.9
| #1, 3.9
which compares the resonator loss conductance with the small signal elec-

tronic admittance per radian of driftan gle. Then in terms of K, % = %—

Hence, for a fixed value of K, various values of § = 2zFN define v;.lues of
Gz
%
the corresponding values of H,, and hence the efficiency, 1 = % These

When one uses these values in connection with Fig. 7 he determines

values of 5 are plotted against FV as in Fig. 8 with values of K as a param-
eter. In this plot K is a measure of the lossiness of the tube. The opti-
mum drift angle for any degree of lossiness is evident as the maximum
of one of these curves.

The maximum power outputs in various repeller modes, n = 0, 1 etc.
and the repeller voltages for these various power outputs correspond to
discrete values of # and FN lying along a curve for a particular value of K.
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Thus, the curves illustrate the variation of power from mode to mode-as the
repeller voltage is changed over a wide range.

Changes in resonator loss or differences in loss between individual tubes
of the same type correspond to passing from a curve for one value of Ktoa
curve for another value of K. '
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Fig. 7.—Efficiency factor Hn vs the ratio of resonator loss conductance to the small
signal electronic admittance. Efficiency changes rapidly with load as the loss conductance
approaches in magnitude the small signal electronic admittance. The eficiency is in-
versely proportional to the number of cycles drift.

It will be observed from this that although, from an efficiency standpoint,
it is desirable to work at low values of drift time such low drift times lead
to an output strongly sensitive to changes in resonator losses.

Perhaps the most important question which the user of the oscillator may
ask with regard to power production for optimum drift is; what effect does
the external load have upon the performance? If we couple lightly to the
oscillator the r-f voltage generated will be high but the power will not be
extracted. If we couple too heavily the voltage will be low, the beam will
not be efficiently modulated and the power output will be low. Thereis
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apparently an optimum loading. Best output is not obtained when the
external load matches the generator impedance as in the case ofanamplifier.
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Fig. 8. —Efficiency in per cent vs the effective cycles drift for various values of a para-
meter K which is proportional to resonator loss. These curves indicate how the power
output differs for various repeller modes for a given loss. Optimum power operating
points will be represented by points along one of these curves. Fora very low loss resona-
tor, the power is highest for short drift times and decreases rapidly for higher repeller
modes. Where there is more loss, the power varies less rapidly from mode to mode.

We return to equation (3.7) for H and assume that we are given various

values of (-;—R With these values as parameters we ask what variation in

efficiency may be expected as we vary the ratio of the load conductance,
. . G _—
G., to the small signal admittance, ¥.. When % + % = 1 oscillation

(]
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will just start and no power output will be obtained. We can state the
general condition for stable operation as ¥, + ¥Y¢ = 0, where ¥V is the
vector sum of the load and circuit admittances. For the optimum drift
time this becomes

% = Q;II}E'X) (3.10)
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Fig. 9.—Efficiency parametet I vs the ratio of load conductance to the magnitude of
the small signal electronic admittance. Curves are for various ratios of resonator loss
conductance to small signal electronic admittance. The curves are of similar shapes and
indicate that the tube will cease oscillating (H = 0) when loaded by a conductance about
tr;. ice as large as that for optimum powet.

where

Q: = M_ (3.11)
yc ye

. Gr G
Hence for a given value of — we may assume values for — between zero

yt‘ ye
and 1 — Cr and these in (3.11) will define values of X. These values of X

substituted in (3.7) will define values of H which we then plot against the

G R . . .
assumed values for 3?, as in Fig. 9. Thus we have the desired function of
e

the variation of efficiency factor against load.
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From the curves of Fig. 9 it can be seen that the maximum efficiency is
obtained when the external conductance is made equal to approximately
half the available small signal conductance; ie. 3(yo — Gg). This can
be seen more clearly in the plot of Fig. 10. Equation (3.8) gives the condi-
tion for maximum efficiency as
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Fig. 10.—The abscissa measures the fractional excess of electronic negative conductance
over resonator loss conductance. The ordinate is the load conductance as a fraction of
electronic negative conductance. The tube will go out of oscillation for a load conductance
such that the ordinate is equal to the abscissa. The load conductance for optimum power
output is given by the solid line. The dashed line represents a load conductance half as
great as that required to stop oscillation.

. G .
If we assume various values for 2% these define values of Xy which when

substituted in

Yo Yo o Ve X,

give the value of the external load for optimum power. We plot these data
against the available conductance

(1 - (35) — 1 — Jo(X) (3.13)

Ve

GL Ge Gz — 2]1(X0) _ fo(XD) (312)

as shown in Fig. 10.

In Fig. 10 there is also shown a line through the origin of slope 1/2.
Tt can thus be seen that the optimum load conductance is slightly less than
half the available small signal or starting conductance. This relation is:
independent of the repeller mode, i.e. of the value FN. Thisdoes not mean
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that the load conductance is independent of the mode, since we have ex-
pressed all our conductances in terms of ¥, , the small signal conductance,
and this of course depends on the mode. What it does say is that, regard-
less of the mode, if the generator is coupled to the load conductance for
maximum output, then, if that conductance is slightly more than doubled
oscillation will stop. It is this fact which should be borne in mind by the
circuit designer. If greater margin of safety against “pull out” is desired
it can be obtained only at the sacrifice of efficiency.
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Fig. 11.—The ratio of total circuit conductance for optimum power to small signal
electronic admittance, vs the ratio of resonator loss conductance to small signal electronic
admittance.

An equivalent plot for the data of Fig. 10, which will be of later use; is

shown in Fig. 11. This gives the value of (;—c for best output for various
L]

values of @ .

Ve
IV. EFFECT OF APPROXIMATIONS

The analysis presented in Section II is misleading in some respects. For
instance, for a lossless resonator and N = § cycles, the predicted efficiency
is 539,. However, our simple theory tells us that to get this efficiency, the
radio-frequency gap voltage V multiplied by the modulation coefficient 8
(that is, the energy change an electron suffers in passing the gap) is 1.018V, .
This means that (a) some electrons would be stopped and would not pass the
gap (b) many other electrons would not be able to pass the gap against a
retarding field after returning from drift region (c) some electrons would
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cross the gap so slowly that for them 8 would be very small and their effect
on the circuit would also be small (d) there might be considerable loading of
the resonator due to transit time effects in the gap. Of course, it is not
justifiable to apply the small signal theory in any event, since it was derived
on the assumption that 8V is small compared with V.

In Appendix IV there is presented a treatment by R. M. Ryder of these
Laboratories in which it is not assumed that 8V <V,. This work does
not, however, take into account variation of 8 with electron speed or the
possibility of electrons being turned back at the gap.

For drift angles of 12 cycles and greater, the results of Ryder’s analysis
are almost indistinguishable from those given by the simple theory, as may
be seen by examining Figs. 128-135 of the Appendix. His curves approach
the curves given by the simple theory for large values of n.

For small values of #, and particularly for § cycles drift, Ryder’s work
shows that optimum power is obtained with a drift angle somewhat different
from n + % cycles. Also, Fig. 131 shows that the phase of the electronic
admittance actually varies somewhat with amplitude, and Fig. 130 shows
that its magnitude does not actually pass through zero as the amplitude is
increased.

The reader is also referred to a paper by A. E. Harrison.’

The reader may feel at this point somewhat uneasy about application of
the theory to practice. In most practical reflex oscillators, however, the
value of n is 2 or greater, so that the theory should apply fairly well. There
are, however, so many accidental variables in practical tubes that it is well
to reiterate that the theory serves primarily as a guide, and one should not
expect quantitative agreement between experiment and theory. This will
be apparent in later sections, where in a few instances the writers have made
quantitative calculations.

V. Speciar Dri¥r FIELDS

In the foregoing sections a theory for a reflex oscillator has been developed
on the assumption that the repeller field is a uniform retarding electrostatic
field. Such a situation rarely occurs in practice, partly because of the diffi-
culty of achieving such a field and partly because such a field may not return
the electron stream in the manner desired. In an effort to get some in-
formation concerning actual drift fields, we may extend the simple theory
already presented to include such fields by redefining X as

X = BVF§/2V,. (5.1)

Here the factor F is included. As defined in Section I17 this is the factor
which relates the effectiveness of a given drift field in bunching a velocity

s A. E. Harrison, “Graphical Methods for Analysis of Velocity Modulation Bunching,”
Praoc. I.R.E., 33.1, pp. 20-32, June 1945,
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modulated electron stream with the bunching effectiveness of a field with
the same drift angle # but with a linear variation of potential with distance.
Suppose, for instance, that the variation of transit time, 7, with energy
gained in crossing the gap V is for a given field

dr/av (5.2)
and for a linear potential variation and the same drift angle
(@r/9V)s. (5.3)
Then the factor I is defined as
F = (37/aV)/(@r/aV)1. (5.4)

In appendix V, F is evaluated in terms of the variation of potential with
distance.

The efficiency is dependent on the effectiveness of the drift action rather
than on the total number of cycles drift except of course for the phase re-
quirements. Thus, for a nonlinear potential variation in the drift space
we should have instead of (3.7)

n = H/FN. (5.5)

In the investigation of drift action, one procedure is to assume a given
drift field and try to evaluate the drift action. Another is to try to find a
field which will prcduce some desirable kind of drift action. As a matter
of fact, it is easy to find the best possible drift field (from the point of view
of efficiency) under certain assumptions.

The derivation of the optimum drift field, which is given in appendix VTI,
hinges on the fact that the time an electron takes to return depends only on
the speed with which it is injected into the drift field. Further, the varia-
tion in modulation coeflicient for electrons returning with different speeds
is neglected. With these provisos, the optimum drift field is found to be
one in which electrons passing the gap when the gap voltage is decelerating
take 7 radians to return, and electrons which pass the gap when the voltage
is accelerating take 27 radians to return, as illustrated graphically in Fig.
136, Appendix VII. A graph of potential vs. distance from gap to achieve
such an ideal drift action is shown in Fig. 137 and the general appearance of
electrades which would achieve such a potential distribution approximately
is shown in Fig. 138.

With such an ideal drift field, the efficiency of an oscillator with a lossless
resonator is

7 = (2/m)(BV/ Vo). (5.6)
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For a linear potential variation in the drift space, at the optimum r-f gap
voltage, according to the approximate theory presented in Section TIT the -
efficiency for a lossless resonator is

n = (.520)(8V/ V). (5.7)

Comparing, we find an improvement in efficiency for the ideal drift field in
the ratio

7s/n = 1.23, (5.8)

or only about 209%,. Thus, the linear drift field is quite effective. The
ideal drift field does have one advantage; the bunching is optimum for all
gap voltages or, for a given gap voltage, for all modulation coefficients since
ideally an infinitesimal a-c voltage will change the transit time from = to 2r
and completely bunch the beam. This should tend to make the efficiency
high despite variations in 8 over various parts of the electron flow. The
limitation imposed by the fact that electrons cannot return across the gap
against a high voltage if they have been slowed up in their first transit across
the gap remains.

This last mentioned limitation is subject to amelioration. In one type of
reflex oscillator which has been brought to our attention the electrons cross
the gap the first time in a region in which the modulation coefficient is small.
Tf the gap has mesh grids, a hole may be punched in the grids and a beam of
smaller diameter than the hole focussed through it. Then the beam may be
allowed to expand and recross a narrow portion of the gap, where the modula-
tion coefficient is large. Thus, in the first ¢rossing no electrons lose much
energy (because 3 is small) and in the second crossing all can cross the gap
where BV is large and hence can give up a large portion of their energy,

VI. ErLEcTRONIC GAP LOADING

So far, attention has been concentrated Targely on electronic phenomena
in the drift or repeller region. To the long transit time across the gap
there has been ascribed merely a reduction in the effect of the voltage on the
electron stream by the modulation coefficient 8. Actually, the long transit
across the gap can give rise to other effects.

One of the most obvious of these other effects is the production of an elec-
tronic conductance across the gap. 1If it is positive, such a conductance
acts just as does the resonator loss conductance in reducing the power out-
put. Petrie, Strachey and Wallis of Standard Telephones and Cables have
treated this matter in an interesting and rather general way. Their work,
in a slightly madified form, appears in Appendix VIII, to which the reader
is referred for details.
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The work tells us that, considering longitudinal fields only, the electron
flow produces a small signal conductance component across the gap

_ L o '

G'L - 4Vo 6’7 (61)
y _

Y = ;&; . (6.2)

Here 8 is the modulation coefficient and #, is the electron speed. I, and

Vy are beam current and beam voltage. If the gap has a length d, the
transit angle across it is 8, = «d and (6.1) may be rewritten

Iy6, 3,32

G = —— —. 6.3

AV, 0, (6.3)

It is interesting to compare this conductance with the magnitude of the

small-signal electronic admittance, .. In doing so, we should note that

the current crosses the gap twice, and on each crossing preduces an elec-

tronic conductance. Thus, the appropriate comparison between loss con-

ductance and electronic admittance is 2G../v.. Using (6.3) we obtain

2G.,L/y, = = T (64)

Usually, the drift angle 6 is much larger than the gap transit angle &, .
Further, if we examine the curves for mcdulation coefficient 8 which are
given in Appendix I1, we find that (935°/88,)/8* will not be very large. Thus,
we conclude that in general the total loss conductance for longitudinal fields
will be small compared with the electronic admittance. An example in
Appendix VIII gives (2G../y.) as about 1/10. Tt seems that this effect
will probably be less important than various errors in the theory of the reflex
oscillator.

Even though this electronic gap loading is not very large, it may be in-
teresting to consider it further. We note, for instance, that the conductance
G.,, is positive when 3* decreases as gap transit angle increases. For paral-
lel fine grids this is so from 8, = 0 to 8, = 27 (see Fig. 119 of Appendix II).
At 8, = 2m, where 8 = 0, d3*/98, = 0, and the gap loading is zero. Ina
region beyond 8, = 2, d3*°/86, becomes positive and the gap conductance
is negative. Thus, for some transit angles a single gap can act to preduce
oscillations. For still larger values of 8,, G.,, alternates between positive
and negative. Gap transit angles of greater than 2 are of course of little
interest in connection with reflex oscillators, as for such transit angles 8 is
very small.

For narrow gaps with large apertures rather than fine grids, ds%/d6,
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never becomes very negative and may remain positive and the gap loading
conductance due to lengitudinal fields be always pesitive. In such gaps,
however, transverse fields can have important effects, and (6.3) no longer
gives the total gap conductance. Transverse fields act to throw electrons
approaching the gap outward or inward, into stronger or weaker longitudinal
fields, and in this manner the transverse fields can either cause the electrons
to give up part of their forward velocity, transferring energy to the reso-
nator, or to pick up forward velocity, taking energy from the resonator.
An analysis of the effect of transverse fields is given in Appendix VIII, and
this is applied in calculating the total conductance, due both to longitudinal
and to transverse fields, of a short gap between cylinders with a uniform cur-
rent density over the aperture. It is found that the transverse fields con-
tribute a minor part of the total conductance, and that this contribution
may be either positive or negative, but that the total gap conductance is
always positive (see Appendix VIII, Fig. 140).

The electron flow across the gap produces a susceptive component of
admittance. This susceptive component is in general more difficult to cal-
culate than the conductive component. It is not very important; it serves
to affect the frequency of oscillation slightly but not nearly so much as a
small change in repeller voltage.

Besides such direct gap loading, the velocity modulation and drift action
within a gap of fine grids actually produce a small bunching of the electron
stream. In other words, the electron stream leaving such a gap is not only
velocity modulated but it has a small density modulation as well. This
convection current will persist (if space-charge debunching is not serious)
and, as the electrons return across the gap, it will constitute a source of elec-
tronic admittance.» We find however, that in typical cases (see Appendix
VIII, (h59)-(h63)), this effect is small and is almost entirely absent in gaps
with coatse grids or large apertures.

Secondary electrons produced when beam electrons strike grid wires and
grid frames or gap edges constitute another source of gap loading. It has
been alleged that if the frames supporting the grids or the tubes forming a
gap have opposed parallel surfaces of width comparable to or larger than the
gap spacing, large electron currents can be produced through secondary
emission, the r-f field driving electrons back and forth between the opposed
surfaces. It would seem that this phenomenon could take place only at
quite high r-f levels, for an electron would probably require of the order of
100 volts energy to produce more than one secondary in striking materials
of which gaps are usually constructed. )

VII. ELECTRONIC TUNING—ARBITRARY DRIFT ANGLE

So far, the ‘““on tune” oscillation of reflex oscillators has been considered
except for a brief discussion in Section IT, and we have had to deal only with
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real admittances (corductances). In this secticn the steady state operation
in the case of cemplex circuit and electronic admittances will be discussed.
The general conditicn fcr escillation states that, breaking the circuit at any
point the sum of the admittances lcoking in the two directicns is zero.  Par-
ticularly, the electronic admittance Y. looking from the circuit to the
electron stream, must be minus the circuit admittance ¥¢, looking from the
electron stream to the circuit. Here electronic admittance is used in the
sense of an admittance averaged over a cycle of oscillation and fulfilling the
above condition.

It is particularly useful to consider the junction of the electron stream
and the circuit because the electronic admittance ¥, and the circuit admit-
tance V¢ have very different properties, and if conditions are considered
elsewhere these prcperties are somewhat mixed and full advantage cannot
be taken of their difference.

The average electronic admittance with which we are concerned is a
function chiefly of the amplitude of cscillation. Usually its magnitude
decreases with increasing amplitude of oscillation, and its phase may vary
as well, although this is a large signal effect not shown by the simple theory.
In reflex oscillators the phase may be controlled by changing the repeller
voltage. The phase and magnitude of the electronic admittance also vary
with frequency. Usually, however, the rate of change with frequency is
slow compared with that of the circuit admittance in the vicinity of any one
resonant mode. By neglecting this change of electronic admittance with
frequency in the following work, and concentrating our attention on the
variation with amplitude and repeller voltage, we will emphasize the im-
portant aspects without serious error. However, the variation of electronic
admittance with frequency should be kept in mind in considering behavior
over frequency ranges of several per cent.’

The circuit admittance is, of course, independent of amplitude and is a
rapidly varying function of frequency. It is partly dependent on what is
commonly thought of as the resonator or resonant circuit of the oscillator,
but is also profoundly affected by the load, which of course forms a part of
the circuit seen from the electron stream. The behavior of the oscillator is
determined, then, by the electronic admittance, the resonant circuit and
the load. The behavior due to circuit and load effects applies generally
to all oscillators, and the simplicity of behavior of the electronic admittance
is such that similarities of behavior are far more striking than differences.

We have seen from Appendix I that at a frequency Aw away from the
resonant frequency wp where Aw<Cwo, the admittance at the gap may be
expressed as:

Ve = Ge+ j2MAw/w. (7.1)

8§ Appendix IV discusses the variation of phase with frequency and repeller voltage.
The variation of phase of electronic admittance with frequency is included in Section IX A.
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Here the quantity M is the characteristic admittance of the resonator,
which depends on resonator shape and is unaffected by scaling from one
frequency to another. G is the shunt conductance due to circuit and to
load. ¥ as given by (7.1) represents to the degree of approximation re-
quired the admittance of any resonant circuit and load with only one
resonance near the frequency of oscillation.

It is profitable to consider again in more detail a complex admittance
plot similar to Fig. 4. In Fig. 12 the straight vertical line is a plot of (7.1).
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Fig. 12.—The resonator and its load can be represented as a shunt resonant circuit
with a shunt conductance G. For frequencies near resonance, the conductance is nearly
constant and the susceptance B is proportional to frequency, so that when susceptance is
plotted vs conductance, the admittance ¥ is a vertical straight line. The circles mark off
equal increments of frequency. The electronic admittance is little affected by frequency
but much affected by amplitude. Tne negative of an electronic admittance V. having a
constant phase angle A@ is shown in the figure. The dots mark off equal amplitude steps.
QOscillation will occur at a frequency and amplitude specified by the intersection of the
curves ¥ and —V,.

The circles mark equal frequency increments. Now if we neglect the varia-
tion of the electronic admittance with phase, then the negative of the small
signal electronic admittance on this same plot will be a vector, the lccus of
whose termination will be a circle. The vector is shown in Fig. 12. The
dots mark off admittance values corresponding to equal amplitude incre-
ments as determined by the data of Fig. 5.

Steady oscillation will take place at the frequency and amplitude repre-
sented by the intersection of the two curves. If the phase angle Af of the.
— V. curve is varied by varying the repeller voltage, the point of intersection
will shift on both the ¥, curve and the —¥, curve. The shift along the
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V ¢ curve represents a change in frequency of oscillation; the shift along the
— ¥, curve represents a change in the amplitude of oscillation. If we know
the variation of amplitude with position along the — ¥, curve, and the varia-
tion of frequency with position along the ¥'¢ curve, we can obtain both the
amplitude and frequency of oscillation as a function of the phase of —V,,
which is in turn a function of repeller voltage.

From (2.3) and (2.7) we can write — ¥, in terms of the deviation of drift
angle Af from n + § cycles.

— V., = y.(27(X)/X)e . (7.2)

The equation relating frequency and A# can be written immediately from
inspection of Fig. 12.

2MAw/wo = —Ge tan A8
Aw/wy = — (Gc/2M) tan Af (7.3)
Aw/we = —(1/2Q) tan A8.

Here Q is the loaded Q of the circuit.

The maximum value of A8 for which oscillation can occur (at zero ampli-
tude) is an important quantity. From Fig. 12 this value, called A, is
obviously given by

cos Ally = Gc/yc = (GC/M)(M/ye) (74)

= (M/y.)/0Q.
From this we obtain
tan Ay = == (Q(y./M)? —1), (7.5)
By using (7.3) we obtain
(Aw/wo)o = %= (3) (/M) (1 — (M/y0)%)} (7.6)
or
(Bw/wi)o = £(4) (v/M) (1 — (Ge/y))*. (7.7)

These equations give the electronic tuning from maximum amplitude of
oscillation to zero amplitude of oscillation (extinction).
The equation relating amplitudes may be as easily derived from Fig. 12

Gy + (2MAw/w)? = y; (21:(X)/X)? (7.8)
at
Aw = 0let X = X,. Then

Bw/wy = (ve/2M) (21,(X)/X)? — (21:(Xo)/ Xo)®)". (7.9)
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It is of interest to have the yalue of Aw/wq at half the power for Aw = 0.
At half power, X = Xo/A/2, so

(Aw/w)y = (ye/2M)((211(Xo/V/2)/ (Xo/ v/2)? — (21(X0)/X)» . (7.10)

For given values of medulation ceefficient and ¥, X is a function of the
r-f gap voltage V and also of drift angle and hence of A8, or repeller voltage
(see Appendix IV). For the fairly large values of 8 typical of most reflex
oscillators, we can neglect the change in X due directly to changes in A8,
and consider X as a direct measure of the r-f gap voltage V. Likewise
. is a function of drift time whose variation with Af can and will be dis-
regarded. Hence from (7.9) we can plot (X/Xy)? vs. Aw/wg and regard this
as a representation of normalized power vs. frequency.

Let us consider now what (7.3) and (7.9) mean in connection with a given
reflex oscillator. Suppose we change the load. This will change Q in
(7.3) and X, in (7.9). From the relationship previously obtained for the
condition for maximum power output, Gr/y. = Jo(Xo), we can find the
value of X that is, X at Aw = 0, for various ratios of Gz/y.. TForGr =0
(zero resonator loss) the optimum power value of X;is 2.4. When there is
some resonator loss, the optimum total conductance for best power output
is greater and hence the optimum value of X is lower.

In Fig. 13 use is made of (7.3) Aw/w, in plotted vs. Af (which decreases
as the repeller is made more negative) for several values of Q, and in Fig. 14,
(7.9), is used to plot (X/X)? vs. (2M/vy.)Aw/we, which is a generalized
electronic tuning variable, for several values of Xo. These curves illustrate
typical behavior of frequency vs. drift angle or repeller voltage and power
vs. frequency for a given reflex oscillator for various lcads. In practice,
the S shape of the frequency vs. repeller voltage curves for light loads
(high Q) is particularly noticeable. The sharpening of the amplitude vs.
frequency curves for light loads is also noticeable, though of course the cusp-
like appearance for zero load and resonator loss cannot be reprcduced ex-
perimentally. It is important to notice that while the plot of cutput vs.
frequency for zero load is sharp topped, the plot of output vs. repeller volt-
age for zero load is not.

Having considered the general shape of frequency vs. repeller voltage
curves and power vs. frequency curves, it is interesting to consider curves of
electronic tuning to extinction ((Aw/wo)o) and electronic tuning to half power
((Aw/wy)y) vs. the loading parameter, (M/y.0) = G¢/y.. Such curves are
shown in Fig. 15. These curves can be obtained using (7.7) and (7.10).
In using (7.10) X can be related to G¢/y. by the relation previously derived
from 27,(X)/X = Ge¢/y. and given in Fig. 5 as a function of X. It is to
be noted that the tuning to the half power point, (Aw/«s)y , and the tuning
to the extinction point, (Aw/wo)p, vary quite differently with loading.
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The quantity
(Aw/wo)y

has a maximum value at G¢/y, = .433(X = 2.40), which is the condition
for maximum power output when the resonator loss is zero.

In Fig. 11 we have a plot of G¢/y. vs. Gr/y. for optimum loading (that
is loading to give maximum power for A@ = 0). This, combined with the
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Fig. 15.—A parameter proportional to electronic tuning range vs the ratio of total
circuit conductance and small signal electronic admittance. The electronic tuning
to extinction (Aw/wy)o is more affected by loading than the electronic tuning to half power
points (Aw/wp)l .
curves of Fig. 15, enables us to draw curves in the case of optimum loading
for electronic tuning as a function of the resonator loss. Such curves are
shown in Fig. 16.

From Fig. 16 we see that with optimum loading it takes very large reso-
nator losses to affect the electronic tuning range to half power very much,
and that the electronic tuning range to extinction is considerably more
affected by resonator losses. Turning back to Fig. 7, we see that power is
affected even more profoundly by resonator losses. It is interesting to
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compare the effect of going from zero loss to a case in which the lcss con-
ductance is } of the small signal electronic conductance (Gr = y./2). The
table below shows the fraction to which the power or efficiency, the elec-
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Fig. 16.—The effect of resonator loss on electronic tuning in an oscillator adjusted for
optimum power output at the center of the electronic tuning range. A parameter pro-
portional to electronic tuning is plotted vs the ratio of the resonator loss to small signal
electronic admittance. The electronic tuning to extinction is more affected than the
slectronic tuning to half power as the loss is changed.

tronic tuning range to extinction, and the electronic tuning range to half
power are reduced by this change.

Power, Efficiency (z) Electronic 'I;gr:;fn;;) Extinction Electronic ’I&T‘rngn')l‘ln Half Power
3

.24 76 .88

From this table it is obvious that efforts to control the electronic tuning by

. . G . .
varying the ratio — are of dubious merit.

e
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One other quantity may be of some interest; that is the phase angle of
electronic tuning at half power and at extinction. We already have an
expression involving A6, (the value at extinction) in (7.4). By taking ad-
vantage of (3.10) and (3.8) (Figs. 5 and 11), we can obtain Afy vs. Ce/y.
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Fig. 17.—The phase of the drift angle for extinction and half power vs the ratio o
resonator loss to small signal electronic admittance.

(=M/Qpv.) for optimum loading. By referring to Fig. 12 we can obtain the
relation for Afy (the value at half power)

Ge = o [21:(Xo//2)/(Xo/+/2)] cos 86y (7.11)
However, we have-at A§ = 0
Ge = y. [21(Xo)/X0]. (7.12)
Hence
LX)
cos Afy = \/éJJI(XO/\/i)- (7.13)

Again, from (3.10) and (3.8) we can express X, for optimum power at Af =
0 in terms of G¢/y.. In Fig. 17, A6, and Afy are plotted vs. G¢/y, for
optimum loading.
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VIII. HYSTERESIS

All the analysis presented thus far would indicate that if a reflex oscillator
is properly coupled to a resistive load the power output and frequency will
be single-valued functions of the drift time or of the repeller voltage, as
illustrated in Fig. 18. During the course of the development in these labora-
tories of a reflex oscillator known as the 1349XQ, it was found that even if
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Fig. 18.—Ideal variation of power and frequency with repeller voltage, arbitrary units.

the oscillator were correctly terminated the characteristics departed vio-
lently from the ideal, as illustrated in Fig. 19. Further investigation dis-
closed that this departure was, to a greater or less degree, a general charac-
teristic of all reflex oscillators in which no special steps had been taken to
prevent it.

The nature of this departure from expected behavior is that the output is
not a single valued function of the repeller voltage, but rather that at a given
repeller voltage the output depends upon the direction from which the repel-



494 BELL SYSTEM TECHNICAL JOURNAL

ler voltage is made to appreach the given voltage. Consider the case illus-
trated in Fig. 19. The arrows indicate the direction of repeller voltage vari-
ation. If we start from the middle of the characteristic and move toward
more negative values of repeller voltage, the amplitude of oscillation varies
continuously until a critical value is reached, at which a sudden decrease in

POWER OR FREQUENCY SHIFT, Af
o

Af

NEGATIVE REPELLER VOLTAGE ——»

Fig. 19.—A possible variation of power and frequency with reﬁeller voltage when there
is electronic hysteresis. The arrows indicate the direction of variation of repeller voltage.

amplitude is observed. Thisdrop may be to zero amplitudeasshown ortoa
finite amplitude. In the latter case the amplitude may again decrease con-
tinuously as the repeller voltage is continuously varied to a new critical
value, where a second drop occurs, etc. until finally the output falls to zero.
In every observed case, even for more than one drep, the oscillation always
dropped to zero discontinuously. Upon retracing the repeller voltage varia-
tion, oscillation dces not restart at the repeller voltage at which it stopped
but remains zero until a less negative value is reached, at which point the
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oscillation jumps to a large amplitude on the normal curve and then varies
uniformly. The discontinuities occur sometimes at one end of the charac-
teristic and sometimes at the other, and infrequently at both. It was first
thought that this behavior was caused by an improper load,” but further
investigation proved that the dependence on the load was secondary and
the conclusion was drawn and later verified that the effect had its origin in
the electron stream. For this reason the discontinuous behavior was called
electronic hysteresis. .

In any self-excited oscillator having a simple reasonant circuit, the os-
cillating circuit may be represented schematically as shown in Fig. 20.
Here L and C represent the inductance and capacitance of the oscillator.
Gr is a shunt conductance, representing the losses of the circuit, and G, is
the conductance of the load. Henceforth for the sake of convenience we

g Son Za | v |

Fig. 20.—Equivalent circuit of reflex oscillator consisting of the capacitance C, induct-
ance L, the resonator loss conductance Gg, the load conductance &, and the electronic
admittance 1, .

Al
—]
=

will lump these and call the total G, . ¥, represents the admittance of the
electron stream. Such a circuit has a characteristic transient of the form

V = Vuﬂhu‘ (’-jm (8.1)
where

azGc_{_q{“ and o = _1—
2¢ VIC

Oscillations will build up spontaneously if

G + G, <0. (8.2)
For stable oscillation at amplitude V we require
G[VI+ GL=0 (8.3)

(8.2) and (8.3) state that the amplitude of oscillation will build up until
non-linearities in the electronic characteristics reduce the electronic con-
ductance to a value equal and opposite to the total load plus circuit con-
ductance. Thus, in general

Vo= GulFy(V) + jBals(V) (8.4)

7 See Section IX,
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where
Ye = Geﬂ + chU (8.5)

is the admittance for vanishing amplitude, which is taken as a reference
value. The foregoing facts are familiar to any one who has worked with
oscillators.

Now, condition (8.3) may be satisfied although (8.2) is not. Then an
oscillator will not be self-starting, although once started at a sufficiently
large amplitude its operation will become stable. An example in common
experience is a triode Class C oscillator with fixed grid bias. In such a case

F(Vy) > F(0) (8.6)

holds for some Vj .

As an example of normal behavior, let us assume that F(V) is a continu-
ous monotonically decreasing function of increasing V, with the reference
value of V taken as zero. Then the conductance, G, = GeoF (V) will vary
with V as shown in Fig. 21. Stable oscillation will occur when the ampli-
tude V, has built up to a value such that the electronic conductance curve
intersects the horizontal line representing the load conductance, G. Geo
is a function of one or more of the operating parameters such as the elec-
tron current in the vacuum tube. If we vary any one of these parameters
indicated as X, the principal effect will be to shrink the vertical ordinates
as shown in Fig. 21 and the amplitude of oscillation will assume a series
of stable values corresponding to the intercepts of the electronic conductance
curves with the load conductance. If, as we have assumed, F(V) is a
monotonically decreasing function of V, the amplitude will decrease con-
tinuously to zero as we uniformly vary the parameter in such a direction as
to decrease G0 . Zero amplitude will, of course, occur when the curve has
shrunk to the case where Goo = G.. Under these conditions the power
output, G, V?, will be a single value function of the parameter as shown in
Fig. 22 and no hysteresis will occur.

Suppose, however, that (V) is not a monotonically decreasing function of
V but instead has a maximum so that G.oF (V) appears as shown in Fig. 23.
Tn this case, if we start with the condition indicated by the solid line and
vary our parameter X in such a direction as to shrink the curve, the ampli-
tude will decrease smoothly until the parameter arrives at a value of Xj
corresponding to amplitude Vsat which the load line is tangent to the maxi-
mum of the conductance curve. Further variation of X in the same direc-
tion will cause the amplitude to jump to zero. Upon reversing the direction
of the variation of the parameter, oscillation cannot restart until X arrives
at a value X, such that the zero amplitude conductance is equal to the load
conductance. When this occurs the amplitude will suddenly jump to the
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Ge =Ggp (X) F (V)

NEGATIVE OF LOAD
CONDUCTANCE, -G

ELECTRONIC CONDUCTANCE, Gg —

AMPLITUDE OF OSCILLATION, V —>

Tig. 21.—A possible variation of electronic conductance with amplitude of oscillation
for the general case of an oscillator. Arbitrary units are employed. Different curves
correspond to several values of a parameter X which determines the small signal values of
the conductance. The load conductance is indicated by the horizontal line. Stable
oscillation for any given value of the parameter X occurs at the intersection of the elec-
tronic conductance curve with the load line G,.

POWER QUTPUT =—

BUNCHING PARAMETER, X =—3

Fig. 22.—Variation of power output with the parameter X when the conditions of Fig.
21 apply. :
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value V4. Under these conditions the power output will appear as shown in
Fig. 24, in which the hysteresis is apparent.

Let us now consider the conditions obtaining in a reflex 05c1]1at0r Fig.
1 shows a schematic diagram of a reflex oscillator. This shows an electron
gun which projects a rectilinear electron stream across the gap of a resonator.

Geg = Geg (X) F (V)

NEGATIVE OF LOAD
CONDUCTANCE , -GL

ELECTRONIC CONDUCTANCE, Gg =

i
I
I
|
!
|
1
1
|
|
1
|
1
1
i
1
'
'

Vs Vg
AMPLITUDE OF OSCILLATION, V =—>

Fig. 23.—Variation of electronic conductance with amplitude of oscillation of a form
wh:ch will result in hysteresis. The parameter X determines the small signal value of the
conductance. The horizontal line indicates the load conductance.

After the beam passes through this gap it is retarded and returned by a uni-
form electrostatic field. If we carry out an analysis to determine the elec-
tronic admittance which will appear across the gap if the electrons make one
round trip, we arrive at expression 2.2 which may be written

1,8°0 Jy

J1(X)
Y, = o X [sin 8 + 7 cos 6] (8.7)

where
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This admittance will be a pure conductance if § = 6y = (n + ) 27. As
we have seen, in an oscillator designed specifically for electronic tuning, »
usually has a value of 3 or greater and the variations Af from 6 arising from

—_—
-

P=3G V2

POWER OUTPUT

Xsg Xaq
BUNCHING PARAMETER, X —»

Fig. 24.—A curve of power output vs parameter X resulting from the conductance
curves shown in Fig. 23 and illustrating hysteresis.

repeller voltage variation are sufficiently small so that the effect of A@ in
varying X may be neglected. In this case we may write

___2n(ev)
Gq - e 67]/ COSs AH

0B
Ye = Sy (8-8)
c="%8

ﬁu ’

The parameter which we vary in obtaining the repeller characteristic of
the tube is A@. The variation of this parameter is proeluced by shifting the
repeller voltage Vg from the value Vg corresponding to the transit angle
J(CV)

cVv
increases, no explanation of hysteresis is to be found in this expression.
Fig. 25b shows the smooth symmetrical variation of output with repeller
voltage about the value for which Af = 0 which is to be expected.

@y . Since as is shown, Fig. 23a, decreases monotonically as V
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Now suppose a second source of conductance G exists whose amplitude
function is of the form illustrated in Fig. 26a. Let us suppose that for the
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Fig. 25.—a. Variatiofl of electronic conductance with amplitude of oscillation for an
ideal oscillator. The parameter controlling the small signal electronic conductance is the
repeller voltage which determines the transit angle in the repeller region. The horizontal
line indicates the load conductance.

b. The variation of power output with the repeller voltage which results from the
characteristics of Fig. 25a.

value of 0, assumed the phase of this conductance is such as to oppose
Ga , Ga may or may not be a function of Af.  For the sake of simplicity let
us assume that G varies with A6 in the same way as G, .  The total conduc-
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Fig. 26.—a. Curve G.; shows the variation of electronic conductance with amplitude
of oscillation for an ideal reflex oscillator. Curve G.: represents the variation of a second
source of electronic conductance with amplitude. The difference of these two curves
indicated Ge-G.a shows the variation of the sum of these two conductance terms with
amplitude.

b. Electronic conductance vs amplitude of oscillation when two conductance terms
exist whose variation with repeller voltage is the same.

¢. Power output vs repeller voltage for a reflex oscillator in which two sources of con-
ductance occur varying with amplitude as shown in Fig. 26b.
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tance G. = G — Ge willappear asshown.  As the repeller voltage is varied
from the optimum value the conductance curve will shrink in prcportion to
cos A8, and the amplitude of oscillation for each value of Af will adjust itself
to the value corresponding to the intersection of the load line and the con-
ductance plot as shown in Fig. 26b. When the load line becomes tangent,
as for amplitude V., further variation of the repeller voltage in the same
direction will cause oscillation to jump from Vi to zero amplitude. Cor-
respondingly, on starting oscillation will restart with a jump to Vs. Hence,
two sources of conductance varying in this way will produce conditions pre-
viously described, which would cause hysteresis as shown in Fig. 26c.
The above assumptions lead to hysteresis symmetrically disposed about the
optimum repeller voltage. Actually, this is rarely the case, but the ex-
planation for this will be deferred.

Fig. 27 shows repeller characteristics for an early model of a reflex oscil-
lator designed at the Bell Telephone Laboratories. The construction of this
oscillator was essentially that of the idealized oscillator of Fig. 1 upon which
the simple theory is based. However, the repeller characteristics of this
oscillator depart drastically from the ideal. It will be observed that a
double jump occurs in the amplitude of oscillation. The arrows indicate
the direction of variation of the repeller voltage. The variation in the fre-
quency of oscillation is shown, and it will be observed that this also is dis-
continuous and presents a striking feature in that the rate of change of fre-
quency with voltage actually reverses its sign for a portion of the range. A
third curve is shown which gives the calculated phase Af of the admittance
arising from drift in the repeller field. This lends very strong support to
the hypothesis of the existence of a second source of conductance, since this
phase varies by more than 180° so that for some part of the range the repel-
ler conductance must actually oppose oscillation. The zero value phase is
arbitrary, since there is no way of determining when the total angle is
(n + )2

Having recognized the circumstances which can lead to hysteresis in the
reflex oscillator, the problem resolves itself into locating the second source
of conductance and eliminating it.

A number of possible sources of a second conductance term were in-
vestigated in the particular case of the 1349 oscillator, and most were found
to be of negligible importance. It was found that at least one important
second source of conductance arose from multiple transits of the gap made
by electrons returning to the cathcde region. In the case of the 1349 a de-
sign of the electron optical system which insured that the electron stream
made only one outgoing and one return transit of the gap eliminated the
hysteresis in accordance with the hypothesis.
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Inasmuch as multiple transits appear to be the most common cause for
hysteresis in reflex oscillator design, it seems worthwhile to obtain a more
detailed understanding of the mechanism in this case. Other possible
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Fig. 27.—Amplitude, frequency and transit phase variation with the repeller voltage
obtained experimentally for a reflex oscillator exhibiting electronic hysteresis. The
arrows indicate the direction of variation of the repeller voltage.

mechanisms such as velocity sorting on the repeller will give rise to similar
effects and can be understood from what follows.

In the first order theory, the electrons which have retraversed the gap
are conveniently assumed to vanish. Actually, of course, the returning
stream is remodulated and enters the cathcde space. Unfortunately, the



504 BELL SYSTEM TECHNICAL JOURNAL

conditions in the cathode region are very complex, and an exact analysis
would entail an unwarranted amount of effort. However, from an approxi-
mate analysis one can obtain a very simple and adequate understanding of
the processes involved.

Let us examine the conditions existing after the electrons have returned
through the gap of the idealized reflex oscillator. In the absence of oscilla-
tion, with an ideal rectilinear stream and ideally fine grids all the electrons
which leave the cathode will return to it. When oscillation exists all elec-
trons which experience a net gain of energy on the two transits will be cap-
tured by the cathode, while those experiencing a net loss will not reach it,
but instead will return through the gap for a third transit, etc. In a prac-
tical oscillator even in the absence of oscillation only a fraction of the elec-
trons which leave the cathode will be able to return to the cathode, because
of losses in axial velocity produced by deflections by the grid wires and vari-
ous other causes. As a result, it will not be until an appreciable amplitude
of oscillation has been reached that a major proportion of the electrons
which have gained energy will be captured by the cathode. On the other
hand, there will be an amplitude of oscillation above which no appreciable
change in the number captured will occur.

The sorting action which occurs on the cathode will preduce a source of
electronic admittance. Anctker contribution may arise from space charge
interaction of the returning bunched beam with the outgoing stream. A
third component arises from the continued tunching ; esulting from the first
transit of the gap. From the standpoint of this third component the reflex
oscillator with multiple transits suggests the action of a cascade amplifier.
The situation is greatly complicated by the nature of the drift field in the
cathode space. All three mechanisms suggested above may combine to
give a resultant second source. Here we will consider only the third com-
ponent. Consider qualitatively what happens in the bunching action of a
reflex oscillator. Over one cycle of the r.f. field, the electrons tend to bunch
about the electron which on its first transit crosses the gap when the field
is changing from an accelerating to a decelerating value. The group re-
crosses the gap in such a phase that the field extracts at least as much energy
from every electron as it gave up to any electron in the group. When we
consider in addition various radial deflections, we see that very few of the
electrons constituting this bunch can be lost on the cathode.

Although it is an oversimplification, let us assume that we have a linear
retarding field in the cathode region and also that none of the electrons are
intercepted on the cathode. To this order of approximation a modified
cascade bunching theory would hardly be warranted and we will consider
only that the initial bunching action is continued. Under these conditions,
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we can show that the admittance arising on the third transit of the gap will
have the form

(9:4‘3]/)

2 1\ A7

V. = +1I; %‘ H_.EII;L_ [sin 6; 4 7 cos 6,] (8.9)
2V,

where Iy is the effective d.c. contributing to the third transit. 6, = 6 + 6
is the total transit angle made up of the drift angle in the repeller space, 6,
and the drift angle in the cathode space ;. As before, assume that the
small changes in 8, caused by the changing repeller voltage over the elec-
tronic tuning range exercise an appreciable effect only in changing the sine
and cosine terms. Then we may write

Y. =G, + jB. = . ZJgC;V) [sin 6, + 7 cos 6] (8.10)
where
_ Omﬂv B Iﬂ ato
Cy = A and y, v,
If Af = 91 - Gto
G. =y, ZJ‘C(C"’ v) [sin 6,0 cos AB; + cos 8, sin Afy]. (8.11)
2
Now
_AVe
Af = + Aw
wT Vn + Vu wTp
A8, = AwT, (8.12)
_AVe
Af, = + A + Awr, .
¢ woT VB + Vo WTo W T,

We observe that the phase angle of the admittance arising on the third
transit varies more rapidly with repeller voltage (i.e., frequency) than the
phase angle of the second transit admittance. This is of considerable im-
portance in understanding some of the features of hysteresis.

Let us consider (8.11) for some pariicular values of cor ;. We remem-
ber that 6, is greater than 0 and hence C; > C;. Since this is so, the limit-
ZJZ:(QC;V) will become zero at a lower value of ¥ than %@ .
We will consider two cases 8, = (n+ {)2rand 8, = (n + 3)2r. These

ing function
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correspond respectively to a conductance aiding and bucking the conduct-
ance arising on the first return. 1In case 1 we have

G. = —Y, z’i‘c%l) cos A, (8.13)
2V,
" Tl 2J1(CV)

"-\Ge =Ue v

ELECTRONIC CONDUCTANCE, Gg
o
\

P
2y (CaV)
i

AMPLITUDE OF OSCILLATION, V —

Fig. 28.—Theoretically derived variation of electronic conductance with amplitude of
oscillation. Curve G, represents conductance arising from drift action in the repeller
space. Curve Gfrepresents the conductance arising from continuing drift in the cathode
region. G7 represents the conductance variation with amplitude which will result if
G, and G, are in phase opposition.

and case 2

! ! 2
G, = +v. _JE:(”(";V)

Figure 28 illustrates case (2) and Fig. 29 case (1). If cos A and cos A8
varied in the same way with repeller voltage, the resultant limiting function
would shrink without change in form as the repeller voltage was varied,
and it is apparent that Fig. 28 would then yield the conditions for hysteresis
and Fig. 29 would result in conditions for a continucus characteristic.
If Fig. 28 applied we should expect hysteresis symmetrical about the opti-
mum repeller voltage. We recall, however, that in Fig. 27 hysteresis

cos Af, . (8.14)
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occurred only on one end of the repeller characteristic and was absent on
the other. The key to this situation lies in the fact that A#, and A6 do not
vary in the same way when the repeller voltage is changed and the fre-
quency shiftsas shownin (8.12). As a result, the resulting limiting function
does not shrink uniformly with repeller voltage, since the contribution
G. changes more rapidly than G.. Hence we should need a continuous
series of pictures of the limiting function in order to understand the situa-
tion completely.

N Ga = 2Ji (&)
‘\‘\E de Cyv
~

\e‘Ue Cov

ELECTRONIC CONDUCTANCE, Gg

—_—

— e —

AMPLITUDE OF OSCILLATION, V =

Fig. 29.—Theoretically derived curves of electronic conductance vs amplitude of oscil-
lation. Curve G¥ shows the variation of the resultant electronic conductance when
the repeller space contribution and the cathode space contribution are in phase addition.

Suppose we consider Fig. 29 and again assume in the interests of simplicity
that A8, and A8 vary at the same rate. In this case we observe that in the
region aa’ the conductance varies very rapidly with amplitude. This would
imply that in this region the output would tend to be independent of the
repeller voltage. If we refer again to Fig. 27 we observe that the output is
indeed nearly independent of the repeller voltage over a range.

We see that these facts all fit into a picture in which, because of the more
rapid phase variation of #, than # with repeller voltage, the limiting function
at one end of the repeller voltage characteristic has the form of Fig. 28.
accounting for the hysteresis, and at the other end has the form of Fig. 29,
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accounting for the relative independence of the output on the repeller
voltage. i

In what has been given so far we have arrived qualitatively at an explana-
tion for the variation of the ampiitude. There remains the explanaiir.
for the behavior of the frequency. In this case we plot susceptance as a
function of amplitude and, as in the case of the conductance, there will be
several contributions. The primary electronic susceptance will be given by

25(CV) s

cv ) :
Hence, as we vary the parameter A8 by changing the repeller vdltﬁgc the
susceptance curve swells as the conductance curve shrinks. The circuit
condition for stable oscillation is that

B, + 2jAuC = 0. (8.16)

Ba=y-

n 0. (8.15)

A second source of susceptance will arise from the continuing drift in the
cathode space. Referring to equation (8.10) we see that this will have the

form

) 271(Ca V)
Ye GV

and corresponding to equation (8.11) we write

. 2N(C V)
Be =2 =7

Consider the functions given by (8.18) for values of 8, = (n + )27 and
(n + %)2r as functions of V. These are the extreme values which we
considered in the case of the conductance. The ordinates of these curves
give the frequency shift as a function of the amplitude.

In case 1 we have

B, = s 6, (8.17)

[cos B0 cos Af, — sin O sin ABy]. (8.18)

v 2NL(CY)
B, = —y, v sin A6, (8.19)
and case 2
B = 5 G V) G, . (8.20)

¢ GV

The total susceptance will be the sum of the susceptance appearing across
the gap as a result of the drift in the repeller space and the susceptance
which appears across the gap as a result of the cascaded drift action in the
repeller region and the cathode region. If sin A8, and sin A@ varied in
the same way with the repeller voltage, the total susceptance would expand
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or contract without change in form as the repeller voltage was varied. In
Figs. 30 and 31 a family of susceptance curves are shown corresponding
respectively to cases 1 and 2 above for various values of Af,, assuming

that A6, and Af vary in the same way with the repeller voltage. As the
AB{=¢1=0
b2
$3
~0
q 2]
L —_____%s S e N N . G |
‘ b \ | Y \
! * i i
i I h i
! 1 ' X
= b N
! I 1 Vo
(a) i P b
Ve Vs Va4 VaVaV
Vb ° L Va
- . .
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+ © 1‘."\ af= amc
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I

o ABi=P1=0 . S
1 ,
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& )
S /
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- /I
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(b) om=="

AMPLITUDE OF OSCILLATION,V

Fig. 30.—a. Theoretical variation of electronic conductance vs amplitude of oscillation
in the ‘case in which two components are in phase opposition. The parameter is the re-
peller"transit phase. It is assumed that the two contributions have the same variation
with this phase.

b. Susceptance component of electronic admittance as a function of amplitude for the
case of phase opposition given in Fig. 30a. The parameter is the repeller phase. The
dashed line shows the variation of amplitude with the susceptance shift.

repeller voltage is varied the amplitude of oscillation will be determined
by the conductance limiting function. In the case of the susceptance we
cannot determine the frequency from the intersection of the curve with a
load line. The frequency of oscillation will be determined by the drift
angle and the amplitude of oscillation. The amplitude variation with
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angle may be obtained from Fig.‘SOa, which gives the conductarce family.
This gives the frequency variation with angle indicated by the curve con-

(Be+Be) = -28wC
o

AMPLITUDE OF OSCILLATION, V =%

Fig. 31.—Theoretical variation of the susceptance components of electroni¢ admittance
vs amplitude of oscillation for the case in which two components of electronic susceptance

are in phase addition.

necting the dots of Fig. 30b. On the assumption that A8, and Af vary at
the same rate with repeller voltage a symmetrical variation about Af = 0
will occur as shown in Fig. 30b. However, from the arguments used con-
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cerning thetonductance the actual case would involve a transition from
the situation of Fig. 30b to that of Fig. 31. If a discontinuity in amplitude
occurs ia which the amplitude does not go to zero, it will be accompanied
by a discontinuity in frequency, since the discontinuity in amplitude in
general will cause a discontinuity in the susceptance. If this discontinuity
in susceptance occurs between values of the amplitude such as ¥, and V,
of Fig. 30, we observe that the direction of the frequency jump may be
opposite to the previous variation. We also observe that if the rate of
change of susceptance with amplitude is greater than the rate of change of
susceptance with Af, then in regions such as that lying between zero ampli-
tude of V, the rateof change of frequency with A@ may reverse its direction.

One can see that because of the longer drift time contributing to the third
transit the conductance arising on the third transit may be of the same
order as that arising on the second transit. In oscillators in which several
repeller mades, i.e., various numbers of drift angles, may be displayed, one
finds that the hysteresis is most serious for the mcdes with the fewest cycles
of drift in the repeller space. One might expect this, since for these medes
the contribution from the cathcde space is relatively more important.

Some final general remarks will be made concerning hysteresis. One
thing is obvious from what has been said. With the admittance conditions
as depicted, if all the electronic operating conditions are fixed and the load
is varied hysteresis with load can exist. This was found to be true experi-
mentally, and in the case of oscillators working into misterminated long lines
it can produce disastrous effects. Where hysteresis is severe enough, it
will be found that what we have chosen to call the sink margin will be much
less than the theoretically expected value. An illustration of this is given
in Fig. 109, :

The explanation which we have given for the hysteresis in the reflex
oscillator depends upon the existence of two sources of conductance. This
was apparently a correct assumption in the case studied, since the elimina-
tion of the second source also eliminated the hysteresis. It is possible,
however, to obtain hysteresis in a reflex oscillator with only a single source.
This can occur if the phase of the electronic admittance is not independent
of the amplitude. Normally, in adjusting the repeller voltage the value
is chosen for the condition of maximum output. This means that the drift
angle is set to a value to give maximum conductance for large amplitude.
If the drift angle is then a function of the amplitude, this will mean that for
small amplitude it will no longer be optimum. Thus, although the limiting
J(CV)

cv
tude declines, the phase factor will cppose this increase. If the phase factor
depended sufficiently strongly on the amplitude, the decrease in G, caused by

function

tends to increase the electronic conductance as the ampli-
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¥
result the conductance might have a maximum value for an amplitude
greater than zero, leading to the conditions shown in Fig. 23, under which
hysteresis can exist.

The first order theory for the reflex oscillator does not predict such an
effect, since the phase is independent of amplitude. The second ordes
theory gives the admittance as

_ Bl 2J,(X) —:'(8—(:.'2))( _1
Ye=igvo x °© '

the phase might outweigh the increase due to the function Jlg‘V) Asa’
1

T (821
3 Jo(X) Jo(X)
X Jiu(X)

The quantity appearing outside the brackets is the admittance given by the
first order theory. The second order correction contains real and imaginary
parts which are functions of X and hence of the amplitude of oscillation.
Thus, for fixed d-c conditions the admittance phase depends upon the am-
plitude of oscillation and hence hysteresis might occur. It should be ob-
served that the correction terms are important only for small values of the
transit angle 6. In particular, this explanation would not suffice for the
case described earlier since the design employed which eliminated the hys-
teresis left the variables of equation (8.21) unchanged.

-[%Xz(xﬂ-;-n—x ~le-xy-x

IX. Errect oF LoaDp

So far we have considered the reflex oscillator chiefly from the point of
view of optimum performance; that is, we have attempted chiefly to evaluate
its performance when it is used most advantageously. There has been some
discussion of non-optimum loading, but this has been incidental to the
general purpose of the work. Oscillators frequently are worked into other
than optimum loads, sometimes as a result of incorrect adjustment, some-
times through mistakes in design of equipment and quite frequently by
intention in order to take advantage of particular properties of the reflex
oscillator when worked into specific non-optimum loads.

In this section we will consider the effects of other than optimum loads
on the performance of the reflex oscillator. We may divide this discussion
into two major subdivisions classified according to the type of load. The
first type we call fixed element loads, and the second variable element loads.
The first type is constructed of arbitrary passive elements whose constants
are independent of frequency. The second category includes loads con-
structed of the same type of elements but connected to the oscillator by
lines of sufficient length so that the frequency variation of the load admit-
tance is appreciably modified by the line.
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A. Fixed Element Loads

In this discussion it will be assumed initially that A#, the phase angle of
—V,, is not affected by frequency. The results will be extended later to
account for the variation of Af with frequency. A further simplification is
the use of the equivalent circuit of Fig. 118, Appendix I. Initially, the
output circuit loss, R, will be taken as zero, so the admittance at the gap
will be

Vo= Gr+ YMAv/w + ¥V /N (9.1)8

Here, G is the resonator loss conductance, M is the resonator characteristic
admittance, and ¥V, is the load admittance.
We will now simplify this further by letting Gz = 0

Y. = 2jMAw/w + Vi/N°. (9.2)
From Fig. 12 we see
G./N? = v[2],(X)/X] cos A8 (9.3)
2 : ‘
%; + ]'f:"‘“ = —y[27,(X)/X] sin Af. (9.4)

Now it is convenient to define quantities expressing power, conductance and
susceptance in dimensionless form.

p = X°G./2.5N?, (9.5)
G, = G1/N%, (9.6)
B, = B,/N%,. 9.7
The power P produced by the electron stream and dissipated in G is related
to p
P= (2'51;’“ p. 9.8)
In terms of p and G, , (9.3) can be written

p = (1/1.25)(2.5p/G) " 1[(2.5p/G1)Y] cos Ad. (9.9)

By dividing (9.4) by (9.3), we obtain
Aw/wo = (—G/2N2M) tan A0 — B/2N°M (9.10)
—(2M /y.)Aw/wy = G, tan A6 + B,. (9.11)

8 To avoid confusion on the reader’s part, it is perhaps well to note that we are, for the
sake of generality, changing nomenclature. Hitherto we have used ¥ to denote the
load at the oscillator. Actually our load as the appendix shows is usually coupled by
some transformer whose equivalent transformation ratio is 1/N2, so that the admittance
at the gap will be ¥,/N2.
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Equations (9.9) and (9.11) give the behavior of a reflex oscillator with
zero output circuit loss as the load is changed. It is interesting to plot
this behavior on a Smith chart.” Such a plot is known as a Rieke diagram
or an impedance performance chart. Suppose we first make a plot for
A8 = 0. This is shown in Fig. 32. Constant p contours are solid and, as

LOAD POWER__ 5
MAX. LOAD POWER "™ ;
(6] _;b/_
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Q
N7 =]
1
Qs :
~
~, k)
9¢ \ o1
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A Y
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Fig. 32.—Theoretical Rieke diagram for a reflex oscillator operating with optimum
drift angle. The resonator is assumed lossless. Admittances are normalized in terms of
the small signal electronic admittance of the oscillator so that oscillation will stop for unity
standing wave.
can be seen from the above, they will coincide with the constant conductance
lines of the chart. Constant frequency curves are dashed and, for A8 = 0,
they coincide with the locii of constant susceptance. The numbers on the
frequency contours give values of (2M/y.)(Aw/wp). The choice of units is
such that G, = 1 means that the load conductance is just equal to small
signal electronic conductance which, it will be recalled, is the starting condi-
tion for oscillation. Hence, the G, = 1 contour is a zero power contour.
Any larger values of Gy will not permit oscillation to start, so the Gi contour

9 P, H. Smith, “Transmissicn Line Calculator,” Electronics, Jan. 1939, pp. 29-31.
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bounds a region of zero power commonly called the ‘sink,” since all the
frequency contours converge into it. The other zero power boundary is
the outer boundary of the chart, G, = 0, whicl?, of course, is an open circuit
load. The power contours on this chart occur in pairs, except the maximum
power contour which is single. These correspond to coupling greater than
and less than the optimum.

The value of G, for any given power contour for A = 0 may be deter-
mined by referring to Fig. 9. We are assuming no resonator loss so we use
the curve for which Gg/y. = 0. TFrom (9.5),if » = 1 we have G/N%y, =
2.5/X*? which, substituted in (9.3), gives XJ,(X) = 1.25. This is just the
condition for maximum power output with no resonator loss. From this
it can be seen that we have chosen a set of normalized coordinates. Hence,
in using Fig. 9, we have = H/H,,, where H,, = .394 is the maximum gen-
eralized efficiency. Thus, for any given value of p we let H in Fig. 9 have
the value .394p and determine the two values of G; corresponding to that
contour.

From Fig. 32 we can construct several other charts describing the per-
formance of reflex oscillators under other conditions. For instance, sup-
pose we make Af# other than zero. Such a condition.commonly occurs in
use either through erroneous adjustment of the repeller or through inten-
tional use of the electronic tuning of the oscillator. We can construct a
new chart for this condition using Fig. 32. Consider first the constant
power contours. Suppose we consider the old contour of value p, lying
along a conductance line G, . To get a new contour, we can change the
label from p, to p.. = p. cos A, and we move the contour to a conductance
line G, = Gn cos AB. That this is correct can be seen by substituting these
values in (9.9). Consider a given frequency contour lying along B, .
We shift each point of this contour along a constant conductance line Gy,
an amount B,, = Gy, tan Af. It will be observed that this satisfied (9.11).
In Fig. 33 this has been done for tan Af = 1, cos A8 = 4/2/2.

Now let us consider the effect of resonator loss. Suppose we have a
shunt resonator conductance Gp. Let

Gy = Ggr/ye.. (9.12)

Then, if the total conductance is G, , the fraction of the power produced
which goes to the load is

f=(G. — G)/G = G/ (G + Go) (9.13)

accordingly, we multiply each power contour label by the fraction f. Then
we move all contour points along constant,susceptance lines to new values

In Fig. 34, this has been done to the contours of Fig. 32, for G, = .3.
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The diagrams so far obtained have been based on the assumption that A6
has been held constant. To obtain such a diagram experimentally would be
extremely difficult. It would require that, as the frequency changed through
load pulling, and hence the total transit angle § = 2xfr changed, an adjust-
ment of the repeller voltage be made to correct the change. In actual
practice, Rieke diagrams for a reflex oscillator are usually made holding the

e [\ i _
LOAD POWER AB=T/4 [} LOAD POWER AB=T/4
MAX.LOAD POWER A8 =0

MAX LOAD POWER ae\:rr/z;
Y

_, -F)
Fig. 33.—A transformation of the Rieke diagram of Fig. 32 showing the effect of shifting
the drift angle away from the optimum by 45°.
transit time 7 constant or in other words, with fixed operating voltages.
What this does to the basic diagram of Fig. 32 is not difficult to discover,
provided that 8@ is sufficiently small so that we may ignore the variations
of the Bessels functions with §§, We will first investigate the effect of fixed
repeller voltage on the constant frequency contours, To do this we will
rewrite (9.11), replacing A8 by Af + 46 and expand.

80 = Awr = A woT (9.15)
Wo



REFLEX OSCILLATORS 517

LOAD POWER G2 = 0.3

POWER INTO LOAD FOR Gp= 0.3 A 3
MAX. POWER INTO LOAD FOR G3=0.3 0 I:AAX. LOAD POWER G2=0
\\ 0 /

) e, UNF
# [
° 28 0.1 ‘“%@. >
?,B ML /3 273
° = B
e e ML[O.E o o .
o O ] 0" -
S o2 i %) ¢
10.3 ).
~ (s} 0, 1
\Q i <& ®
96 N lo.4 / Q
A Y ’I
N,
9 £:5 94, 7
hY 5] IOE & /
08 P 0.8
N\ Q 0 4 — \
4 \
\
1.0 o]
1.0 [— ~f-_ ) - n..l 1.0
-
1.2 15 .2
A 2 lq
B (. A
REATE) 6] .5
& 4
) @
(a 5 e}
2.2 <7
e 10 ‘-fo
—— POWER id v o
2M) [Aw) -
—- (i) )
Y/ \ @

Fig. 34.—A transformation of the Rieke diagram of Fig. 32 to show the effect of the
resonator loss if the phase angle is assumed to be optimum.

In rewriting (9.11) we will also replace G, by G, + G- , to take resonator loss
into account. We obtain for very small values of 50

—(2M/3)(Aw/wo) = (G, + Gs) tan A6 + B)S (9.16)
S = 1/(1 + (Gl + Gg)wo‘r/(QM/yg) cos? Aﬂ)
S = 1/(1 4+ wor/2Q cos? AB). (9.17)

Q is the loaded Q of the oscillator.

To obtain the new constant frequency contours in the case of A6 = 0
we shift each point of the old contour from its original position at a sus-
ceptance B, along a constant conductance line G, to a new susceptance line
B,, = B,/S. This neglects a second order correction. It will be observed
that for small values of the conductance G, near the outer boundary, the
frequency shifts will be practically unchanged, but near the sink where the
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conductance G is large the effect is to shift the constant frequency contours
along the sink boundary away from the zero susceptance line to larger sus-
ceptance values. Hence, the constant frequency contours no longer coincide
with the constant susceptance contours, not even for Af = 0.

The change in the power contours is considerably more marked. As the
frequency of the oscillator changes the transit angle is shifted from the
optimum value by an amount 80 = (Aw/wo)woer. Thus the electronic
conductance is reduced in magnitude by a factor cos i_w wpr. In particular,

0
for the sink contour where the load conductance is just equal to the elec-
tronic conductance we see that when the repeller voltage is held constant
the 0 power contour lies not on the Gy = 1 — G, contour but on the locus of

Aw
values Gy = cos — wor — G2
wo

In order to determine the power contours when the transit time rather
than the transit angle is held constant we make use of (9.3) with addition of
resonator loss. In normalized coordinates ((9.6) and (9.12)) and for a phase

angle of electronic admittance 8¢ we have

G]_ + G = ZJIX(X) cos a0 . (918)
From (9.5) and (9.13) we have for the power output
G 2XN\(X) cos 86 . (9.19)

P =G+ G 25
Along any constant frequency contour 6 is constant and has the value
given by (9.15) in terms of wyand wor.  Hence, it will be convenient to plot
(G, + Gs) vs X for various values of 6 as a parameter. This has been
done in Fig. 35. The angle 86 has been specified in terms of a parameter A
which appears in the Rieke diagrams as a measure of frequency deviation.

4 = M Ao (9.20)
Yo o
In terms of the parameter 4
80 = (ye/2M)(wor)A . (9.21)

Once we have the curves of Fig. 35 we can find the power for any point
on the impedance performance chart. We may, for instance, choose to
find the power along the constant frequency contours, for each of which
A (or 86) has certain constant values. We assume some constant resonator
loss Go. Choosing a point along the contour is merely taking a particular
value of G, . Having 86, G: and G, we can obtain X from Fig. 35. Then,
knowing X, we can calculate the power from (9.19).
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In constructing an impedance performance chart we want constant power
contours. In obtaining these it is convenient to assume a given value of

G.. We will use G; = .3 as an example. Then we can use Fig. 35 and
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Fig. 35.—Curve of load plus loss conductance vs bunching parameter X for various
values of a parameter 4 which gives the deviation in the drift time from the optimum
time. The load and loss conductance are normalized in terms of the small signal elec-
tronic admittance. The horizontal line represents a loss conductance of Ga = .3.

(9.19) to construct a family of curves giving p vs G; with 4 (or §8) as a
parameter. In a particular case it was assumed that

M/y, = 90
wer = 27(7 + 3).
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These values are roughly those for the 2K25 reflex oscillator. Figure 36
shows p vs Gy for the particular parameters assumed above. The curves
were obtained by assuming values of Gy for an appropriate 4 and so obtain-
ing values of X from Fig. 35. Then the power was calculated using (9.19)
and so a curve of power vs G, for a particular value of A was constructed.
Figure 37 shows an impedance performance chart obtained from (9.16)
and Fig. 36. In using Fig. 36 to obtain constant power contours, we need
merely note the values of Gy at which a horizontal line on Fig. 36 intersects
the curves for various values of 4. Each curve either intersects such a
horizontal (constant power) line at two points, or it is tangent or it does not
intersect. The point of tangency represents the largest value of 4 at which
the power can be obtained, and corresponds to the points of the crescent
shaped power contours of the impedance performance chart. The maximum
power contour contracts to a point.
Along the boundary of the sink, for which p = 0, X = 0 and we have from
(9.18)
Gy = cos 80 — Ga. (9.22)

The results which we have obtained can be extended to include the case
in which A8 # 0. Further, as we know from Appendix I, we can take into
account losses in the output circuit by assuming a resistance in series with
the load. In a well-designed reflex oscillator the output circuit has little
loss. The chief effect of this small loss is to round off the points of the
constant power contours.

In actually measuring the performance of an oscillator, output and fre-
quency are plotted vs load impedance as referred to the characteristic
impedance of the output line. Also, frequently the coupling is adjusted so
that for a match (the center of the Smith chart) optimum power is obtained.
We can transform our impedance performance chart to correspond to such a
plot by shifting each point G, B on a contour to a new point

G = G/Gmax
Bl = B/Gm“

where Gumax is the conductance for which maximum power is obtained.
Such a transformation of Fig. 37 is shown in Fig. 38.

Tt will be noted in Fig. 38 that the standing wave ratio for 0 power, the
sink margin, is about 2.3. This sink margin is nearly independent of the
resonator loss for oscillators loaded to give maximum power at unity stand-
ing wave ratio, as has been discussed and illustrated in Fig. 10. If the sink
margin must be increased or the pulling figure must be decreased' the coup-

10 The pulling figure is arbitrarily defined as the maximum frequency excursion pro-
P q P

duced when a voltage standing wave ratio of /2 is presented to the oscillator and the
phase is varied through 180°.
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Fig. 36.—Normalized power vs normalized load conductance for various values of the
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and a ratio of characteristics resonator admittance to small signal electronic admittance
of 90 is assumed.
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ling can be reduced so that for unity standing wave ratio the load conduct-
ance appearing at the gap is less than that for optimum power.

Finally, in making measurements the load impedance is usually evaluated
at a point several wavelengths away from the resonator. If performance is
plotted in terms of impedances so specified, the points on the contours of
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Fig. 37.—A Rieke diagram for a reflex oscillator having a lossy resonator, taking into
account the variation of drift angle with frequency pulling. This results in closed power

contours.

Fig. 38 appear rotated about the center. As the line length in wavelengths
will be different for different frequencies, points on different frequency

contours will be rotated by different amounts.

This ca

n cause the contovrs

to overlap in the region corresponding to the zero admittance region of Fig,
38. With very long lines, the contours may overlap over a considerable
region. The multiple medes of oscillation which then occur are discussed
in somewhat different terms in the following section.
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Figure 39 shows the performance chart of Fig. 38 as it would appear with
the impedances evaluated at a point 5 wavelengths away from the resonator.

Figure 71 of Section XIII shows an impedance performance chart for 2K25
‘reflex oscillator.
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Fig. 38.—The Rieke diagram of Fig. 37 transformed to apply to the oscillator loaded
for optimum power at unity standing wave.

B. Frequency—Sensitive Loads—Long Line Effect

When the load presented to a reflex oscillator consists of a long line mis-
matched at the far end, or contains a resonant element, the operation of a
reflex oscillator, and especially its electronic tuning, may be very seriously
affected.

For instance, consider the simple circuit shown in Fig. 40. Here M,
is the characteristic admittance of the reflex oscillator resonator as seen
from the output line or wave guide and M is the characteristic impedance
of a line load ¢ long, so terminated as to give a standing wave ratio, ¢.
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In the simple circuit assumed there are essentially three variables; (1)
the ratio of the characteristic admittance of the resonant circuit, Mz to

—A— e Az (ﬂ"_) (%) ,

LOAD POWER __ __
MAX. LOAD POWER >,

) .
Fig. 39.—The Rieke diagram of Fig. 38 transformed to include the effect of a line five
wave lengths long between the load and the oscillator.

I b "

E G

Mr ML
Fig. 40.—Equivalent circuit of a lossless resonator, a line and a mismatched load.

that of the line, M, . This ratio will be called the external Q and signified
by Q& '

Qe = Mg/M.. (9.23)
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For a lossless resonator and unity standing wave ratio, the loaded Q is equal
to Qx. For a resonator of unloaded Q, Qo, and for unity standing wave
ratio, the loaded Q, obeys the relation

1/Q = 1/Qx + 1/Q0 (9.24)
3.0
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Fig. 41.—Susceptance vs conductance for a resonator coupled to a 50 wave length line
terminated by a load having a standing wave ratio of 2. Characteristic admittance of
the resonator is assumed to be equal to 100 in terms of a line characteristic admittance of
unity. The circles mark off relative frequency increments

Aw

@y

= 1078,
where w, is the frequency of resonance.

(2) the length of the line called § when measured in radians or # when
measured in wavelengths, (3) the standing wave ratio g.

Figures 41 and 42 show admittance plots for two resonant circuits loaded
by mismatched lines of different lengths. The feature to be observed is the
loops, which are such that at certain points the same admittance is achieved
at two different frequencies. It is obvious that a line representing — ¥,
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may cut such a curve at more than one point: thus, oscillation at more than
one frequency is possible. Actually, there may be three intersections per
loop. The two of these for which the susceptance B is increasing with fre-
quency represent stable oscillation; the intersection at which B is decreasing
with frequency represents an unstable condition.

The loops are of course due to reactance changes associated with varia-
tion of the electrical length of the line with.frequency. Slight changes in
tuning of the circuit or slight changes in the length of the line shift the loops
up or down, parallel to the susceptance axis. Thus, whether the electronic
admittance line actually cuts a loop, giving two possible oscillating fre-
quencies, may depend on the exact length of the line as well as on the ex-
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Fig. 42.—Susceptance vs conductance for line 500 wave lengths long terminated by a
load having a sta.nging wave ratio of 1.11,  Circles mark off relative frequency increments
of 10-%. Characteristic admittance to the resonator equals 100.

istence of loops. The frequency difference between loops is such as to
change the electrical length of the line by one-half wavelength.

The existence or absence of loops and their size depend on all three pa-
rameters. Things which promote loops are:

Low ratio of Mz/M  or Qg

Large n or 8

High o
As any parameter is changed so as to promote the existence of loops, the ¥
curve first has merely a slight periodic variation from the straight line fora
resistively loaded circuit. Further change leads to a critical condition in

which the curve has cusps at which the rate of change of admittance with
frequency is zero. If the electronic admittance line passes through a cusp,
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the frequency of oscillation changes infinitely rapidly with load. Still
further change results in the formation of loops. Further change results in
expansion of loops so that they overlap, giving more than three intersections
with the electronic admittance line.

Loops may exist for very low standing wave ratios if the line is sufficiently
long. Admittance plots for low standing wave ratio are very nearly cy-
cloidal in shape; those for higher standing wave ratios are similar to cycloids
in appearance but actually depart considerably from cycloids in exact form.

By combining the expression for the near resonance admittance of a tuned
circuit with the transmission line equation for admittances, the expression
for these admittance curves is obtained. Assuming the termination to be
an admittance ¥y which at frequency wy is 8 radians from the resonator,

(Yr/M.) + j tan (1 + Aw/wo)
1 +]( YT/.Z‘.'[L) tan 00(1 + Aw/wg) '

The critical relation of parameters for which a cusp is formed is important,
for it divides conditions for which oscillation is possible at one frequency
only and those for which oscillation is possible at two frequencies. This
cusp corresponds to a condition in which the rate of change with frequency
of admittance of the mismatched line is equal and opposite to that of the
circuit. This may be obtained by letting ¥ be real.

V = 2M pAw/we + M., (9.25)

Yo/My > 1, 6y = nw where # is an integer.

The standing wave ratio is then

c=Y/M,. (9.26)
The second term on the right of (9.25) is then
_ a +] tan ﬂqu/wo))
Vo= M. (1 + jo tan 8y Aw/wy/) ©.27)
For very small values of Aw we see that very nearly
Yz = M;,[o‘ - j(0'2 - l)Bko/wa] . (928)

Thus for the rate of change of total admittance to be zero
My = M.(o® — 1)
fo = 2(Mn/M1)(0* — 1)
= 2Q0:/(a*—1). (9.30)

Thus, the condition for no loops, and hence, for a single oscillating frequency,
may be expressed

0 < 205/(0* — 1) (9.31)
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or
o < V1 + 20g/6-

We will remember that 8, is the length of line in radians, ¢ is the standing
wave ratio, measured as greater than unity, and Qg is the external Q of the
resonator for unity standing wave ratio.

Replacing a given length of line by the same length of wave guide, we find
that the phase angle of the reflection changes more rapidly with frequency,
and instead of (9.31) we have the condition for no loaps as

8 < 205(1 — (A\/A)D/(a* — 1) (9.32)
e <1+ 2Q05(1 — (N/N0)?) /6o -

Here \ is the free space wavelength and X is the cutoff wavelength cf the
guide.

Equations (9.32) are for a particular phase of standing wave, tkat is, fer
relations of ¥ and 8 which produce a loop symmetrical above tke G axis.
Loops above the G axis are slightly more locped than lccps belew. the G
axis because of the increase of f, with frequency. For reasonably long lines,
(9.32) applies quite accurately for formation of loops in any pesition; for
short lines locps are cf no consequence unless they are near the G axis.

An imporant case is that in which the resonant lcad is ccupled to the
resonator by means of a line so short that it may be considered to kave a
constant electrical length for all frequencies of interest. The resonant
load will be assumed to be shunted with a conductance equal to the charac-
teristic admittance of the line. As the multiple resonance of a long mis-
matched line resulted in formation of many loops, so in this case we would
rightly suspect the possibility of a single loop. '

If the resonant load is 1, 3, etc. wavelengths from the resonator, and
both resonate at the same frequency, a loop is formed symmetrical about the
G axis. Figure 43 is an admittance curve for resonator and lead placed §
wavelength apart. Tuning either resonator or load moves this loop up
or down. '

If the distance from resonator to resonant load is varied above or below a
quarter wave distance, the loop moves up or down and expands. This is
illustrated by an eighth wavelength diagram for the same resonator and load
as of Fig. 43 shown in Fig. 44.

When the distance from the resonator to the resonant load, including
the effective length of the coupling loop, is }, 1, 13, etc. wavelengths, for
frequencies near resonance the resonant load is essentially in shunt with
the resonator, and its effect is to increase the loaded Q of the resonator. An
admittance curve for the case is shown in Fig. 45. In this case the loops
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have moved considerably away in frequency, and expanded tremendously.
There are still recrossings of the axis near the origin, however, as indicated
in this case by the dashed line which represents 2 crossings, in this case
about 49 in frequency above and below the middle crossing if the length of
the line ¢ is \/2.
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Fig. 43.—Susceptance vs conductance for two resonators coupled by a quarter wave line.
The resonator at which the admittance is measured has a characteristic admittance of 100
in terms of a line characteristic admittance of unity. The other resonator has a character-
istic admittance of 200 and a shunt conductance of unity. The circles mark off relative
frequency increments of 3 X 1073 in terms of the resonant frequency.

As a sort of horrible example, an admittance curve for a high Q load 50
wavelengths from the resonator was ccmputed and is shown in Fig. 46.
Only a few of the loops are shown.

Admittance curves for more complicated circuits such as impedance trans-
formers can be computed or obtained experimentally.
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As has been stated, one of the most serious effects of such mismatched
long line or resonant loads is that on the electronic tuning. For instance,
consider the circuit admittance curve to be that shown in Fig. 47, and the
minus electronic admittance curve to be a straight line extending from the
origin. As the repeller voltage is varied and this is swung down from the
+ B axis its extreme will at some point touch the circuit admittance line
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Fig. 44.—Susceptance vs conductance for the same resonators as of Fig. 43 coupled
by a one-eighth wave line. N

and oscillation will commence. As the line is swung further down, the
frequency will decrease. Oscillation will increase in amplitude until the
— V. line is perpendicular to the ¥ line. From that point on oscillation
will decrease in amplitude until the —¥, line is parallel to the ¥ curve
on the down side of the loop. Beyond this point the intersection cannot
move out on the loop, and the frequency and amplitude will jump abruptly
to correspond with the other intersection. As the — ¥, line rotates further,
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amplitude will decrease and finally go to zero when the end of the — ¥,
line touches the ¥ curve. If the —7, line is rotated back, a similar phe-
nomenon is observed. This behavior and the resulting electronic tuning
characteristic are illustrated in Figs. 47 and 48. Such electronic tuning
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Fig. 45.—Susceptance vs conductance for the same resonators as of Fig. 43 coupled
by a one-half wave line. The dash line indicates two other crossings of the 0 susceptance
axis, at frequencies 449, from the resonant frequency of the resonators.

characteristics are frequently observed when a reflex oscillator is coupled
tightly to a resonant load.

C. Effect of Short Mismaiched Lines on Electronic Tuning

In the foregoing, the effect of long mismatched lines in producing addi-
tional multiple resonant frequencies and possible modiness in operation has



532 BELL SYSTEM TECHNICAL JOURNAL

' L e =S

G=1
e — - e —
Mgp=100 M=t Mg=200
4.0 /-—-'—
3.5 ]

s |
2.0 / b
/ N

SUSCEPTANCE, B
(=]
~ /

-1.5
' /
—2.0‘¥ A //

-2.5 \ _— —

-3.0
-3.5 AN
~
-4.0 ™~ e

o] 0.5 1.0 5 20 25 3.0 35 40 45 50 55 60 65 70
CONDUCTANCE, G

Fig. 46.—Susceptance vs conductance for the resonators of Fig. 43 coupled by a line
50 wave lengths long.

been explained. The effect of such multiple resonance on electronic tuning
has been illustrated in Fig. 48.
If a short mismatched line is used as the load for a reflex oscillator, there
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may be no additional modes, or such modes may be so far removed in fre-
quency from the fundamental frequency of the resonator as to be of little

SUSCEPTANCE, B

CONDUCTANCE, G —>

Fig. 47.—Behavior of the intersection between a circuit admittance line with a loop
and the negative of the electronic admittance line of a reflex oscillator as the drift angle is
varied (circuit hysteresis).
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Fig. 48.—Output vs repeller voltage for the conditions obtaining in Fig. 47.

importance. Nonetheless, the short line will add a frequency-sensitive
reactance in shunt with the resonant circuit, and hence will change the char-
acteristic admittance of the resonator.
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Imagine, for instance, that we represent the resonator and the mismatched
line as in shunt with a section of line N wavelengths or 6 radians lorig mis-
terminated in a frequency insensitive manner so as to give a standing wave
ratio o. If My is the characteristic admittance of the line, the admittance
it produces at the resonator is

o+ jtan 6 (9.33)

Y ='Ml'l +jotand’
Now, if the frequency is increased, 6 is made greater and ¥ is changed.
. (1 — o) sec’ 0
| aY /08 = M G jotaney (9.34)
We are interested in the susceptive component of change. If
L =G.+ jBs (9.35)
we find
L NPPRE TR 2
0B, o0 — y, L= o)L — o tan0) sec’f 9.36)

(1 + o %tan®6)

Now, if frequency is changed by an amount df, 6 will increase by an a mount
6(df/f) and By will change by an amount

dB; = (3B./38)2xN)(df/1). (9.37)

We now define a parameter M , expressing the effect of the mismatch as

follows
. m(8B/d60) = M. (9.38)

Then
dB, = 2NM x(df/f). (9.39)

If the characteristic admittance of the resonator is M g , then the characteris-
tic admittance of the resonator plus the line is

M= Mz+ NMy. (9.40)

If, instead of a coaxial line, a wave guide is used, and Ao and A are the cutoff
and operating wavelengths, we have

B, = INMu(df/H)( — O\/A))™ (9.41)
and
M = Me+ NMu(l — (/2027 (9.42)

In Fig. 49 contour lines for My constant are plotted on a Smith Chart
(reflection coefficient plane). Over most of the plane M has a moderate
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positive value tending to increase characteristic admittance and hence
decrease electronic tuning. Over a very restricted range in the high admit-
tance region M, has large negative values and over a restricted range
outside of this region M 4 has large positive values.

Fig. 49.—Lines of constant value of a parameter M 4 shown on a chart giving the con-
ductance and susceptance of the terminating admittance of a short line. The parameter
plotted multiplied by the number of wave lengths in the line gives the additional charac-
teristic admittance d¥1e to the resonant effects of theline. The parameter M j is of course
0 for terminated lines (center of chart).

This is an appropriate point at which to settle the issue: what do we mean
by a “short line”” as opposed to a “long line.” For our present purposes,
a short line is one short enough so that M, does not change substantially
over the frequency range involved, Thus whether a line is short or not
depends on the phase of the standing wave at the resonator (the position
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on the Smith Chart) as well as on the length of the line. My changes most
rapidly with frequency in the very high admittance region.

As a simple example of the effect of a short mismatched line on electronic
tuning between half power points, consider the case of a reflex oscillator
with a lossless resonator so coupled to the line that the external Q is 100
and the electronic conductance is 3 in terms of the line admittance. Sup-
pose we couple to this a coaxial line 5 wavelengths long with a standing wave
ratio ¢ = 2, vary the phase, and compute the electronic tuning for various

08

=In
é} MATCHED LOAD 1
1/

0 002 004 006 008 0O Q2 a4  0l6 0)8 020 022 024 026
VOLTAGE STANDING -WAVE RATIO PHASE IN CYCLES PER SECOND

Fig. 50.—The normalized load conductance, the characteristic admittance of the resona-
tor and the normalized electronic tuning range to half power plotted vs standing wave
ratio phase for a particular case involving a short misterminated line. The electronic
tuning for a matched line is shown as a heavy horizontal line in the plot of (Aw/wo)t -

phases. We can do this by obtaining the conductance and M, from Fig.
49 and using Fig. 15 to btain (Aw/wo)y. In Fig. 50, the parameters
G1/y. (the total characteristic admittance including the effect of the line),
N, and, finally, (Aw/wo)} have been plotted vs standing wave phase in
cycles. (Aw/wo)y for a matched load is also shown. This example is of
course not typical for all reflex oscillators: in some cases the electronic tuning
might be reduced or oscillation might stop entirely for the standing wave
phases which produce high conductance.
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X. Variation ofF Power AnD ELEcTRONIC TUNING WITH . FREQUENCY

When a reflex oscillator is tuned through its tuning range, the load
and repeller voltage being adjusted for optimum efficiency for a given drift
angle, it is found that the power and efficiency and the electronic tuning
vary, having optima at certain frequencies.

When we come to work out the variaEion of power and electrenic tuning
with frequency we at once notice two distinct cases: that of a fixed gap
spacing and variable resonator (707A), and that of an essentially fixed
resonator and a variable gap spacing (723A etc.); see Section XIII.
Here we will treat as an example the latter case only.

The simplest approximation of the tuning mechanism which can be ex-
pected to accord reasonably with facts is that in which the resonator is
represented as a fixed inductance, a constant shunt ‘“‘stray” capacitance
and a variable capacitance proportional to 1/d, where d is the gap spacing.
The validity of such a representation over the normal operating range has
been verified experimentally for a variety of oscillator resonators. Let
Cy be the fixed capacitance and C) be the variable capacitance at some
reference spacing d; . Then, letting the inductance be L, we have for the
frequency

w = (L(Co + Cidv/d))". (10.1)
Suppose we choose d; such that
Co = Ci. (10.2)
Then, letting
d/dy = D (10.3y
w = (2LC)! = 2nfy (10.4)
w/w = W, (10.5)
We find
w=21+1/D% (10.6)

This relation is shown in Fig. 51, where .D is plotted vs W, It is perfectly
general (within the validity of the assumptions) for a proper choice of refer-
ence spacing d; . We have, then, in Fig. 51 a curve of spacing D vs re-
duced frequency V.

The parameter which governs the power and efficency is Gg/y.. We
have

Gr/ye = (Gu/B*)(2Vo/Iob) . ~(10.7)

As Vy, Ioand 6 will not vary in tuning the oscillator, we must look for varia-
ton in Gg and §°.
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For parallel ‘plane grids, we have
1/8* = (6,/2)*/sin® (6,/2) (10.8)

where 8, is the transit angle between grids. We see that in terms of W
and D we can write '

6, = 6WD. (10.9)
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Fig. 51.—Various functions of relative frequency W and relative spacing D plotted vs
relative frequency.

Here 6, is the gap transit angle at a spacing d; and a frequency W;. So
that we may see the effect of tuning on 1/8%, WD has been plotted vs W
in Fig. 51 and 1/8* has been plotted vs 8, in Fig. 52.

We now have to consider losses. From (9.7) of Appendix IX we see that
the grid loss conductance can be expressed in the form

G, = GaWt/ D2, (10.10)
Here G, is the grid loss conductance at d = dy and @ = w;.
Finally, let us consider the resonator loss. If the resonator could be

represented by an inductance L with a series resistance R, at high frequencies
the conductance would be very nearly
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= R/(wL)z, (10.11)
If R varies as wi, we see that we could then write
G, = GuW, (10.12)

Here G, is the conductance at a frequency w, .
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Fig. 52.—The reciprocal of the square of the modulation coefficient is a function of the
gap transit angle in radians for the case of fine parallel grids.

As an opposite extreme let us consider the behaviour of the input conduct-
ance of a coaxial ]me It can be shown that, allowing the resistance of
such a line to vary as «}, the input conductance is-

Gt = Aw* csc? (wt/C). (10.13)

Here £ is the length of the line and C is the velocity of propagation. If
G given by (10.12) and G¢ of 10.13 give the same value of conductance at
some angular frequency w, then it will be found that for values of £ typlcaI
-of reflex oscillator resonators the variation of G¢ with w will be 51gn1ﬁcantly
less than that of G.. Although typical cavities are not uniform lines
(10.13) indicates that a slower variation than (10.12) can be expected.
It will be found moreover that the shape of the power output vs frequency
curves are not very sensitive to the variation assumed. Hence as a rea-
sonable compromise it will be assumed that the resonator wall loss varies as
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Gs = GaW ™. (10.14)

In Fig. 51 W™ " has been plotted vs W.
Now let us take an actual example. Suppose that at D = 1, ie.
(d = d,o =w)

6=2
G = 270/,
Gs1 = 095/}',,:

The information above has been used in connection with Figs. 51 and 52
and ratio of resonator loss to small signal electronic admittance, Gz/y.,
has been plotted vs W in Fig. 53. A 2K25 oscillator operated at a beam

1l
10— - /,
TN |
| | | |
_G_gn_a } \ 1 - —
Ye ~L ~ |
07f—— 4 7\_. N E— /
06 "'-\ 7
05
076 080 084 088 092 096 100 104 108 12 LI6

RELATIVE FREQUENCY, W~

Fig. 53.—Computed variation of ratio of resonator loss to small signal electronic ad-
mittance vs relative frequency W for certain resonator parameters assumed to fit the
characteristics of the 2K25.

voltage, Vo, of 300 volts had a total cathcde current o of 26 ma. This
current passed three grids on the first transit and back through the third
grid on the return transit. On a geometrical basis, 53% of the cathode
current should make this second transit across the gap. Thus the useful
beam power was about

Py = (.53) (300) (.026) = 4.1.

If we assume a drift effectiveness factor F of unity, then for the 7% cycle
mode, the efficiency should be given by H,, divided by 7§. H. is plotted
as a function of Gg/y. in Fig. 7. Thus, we can obtain n, the efficiency, and
hence the power output. This has been done and.the calculated power
output is plotted vs W in Fig. 54, where W = 1 has been taken to correspond
to 9,000 me. It is seen that the theoretical variation of output with fre-
quency is much the same as the measured variation.
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Actually, of course, the parameters of the curve were chosen so that it
corresponds fairly well to the experimental points. The upper value of W
at which the tube goes out of oscillation is most strongly influenced by the
value of 6; chosen. We see from Fig. 51 that as IV is made greater than
unity WD increases rapidly and hence, from Fig. 52, 8* decreases rapidly,
increasing Ggz/y.. On the other hand, as W is made smaller than unity,
B* approaches unity but the grid loss term W?!/D? increases rapidly, and
this term is most effective in adjusting the lower value of W at which oscilla-
tion will cease. Finally, the resonator loss term, varying as W', does not
change rapidly and can be used to adjust the total loss and hence the opti-
mum value of Gg/y. and the optimum efficiency.

It is clear that the power goes down at low frequencies chiefly because in
moving the grids very close together to tune to low frequencies with a fixed
nductance the resonator losses and especially the grid losses are increased.
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Fig. 54.—Computed curve of variation of power in milliwatts with relative frequency W
for the parameters used in Fig. 53. The circles are experimental points. The curve has
been fitted to the points by the choice of parameters.

In going to high frequencies the power decreases chiefly because moving the
grids far apart to tune to high frequencies decreases $%. Both of these
effects are avoided if a fixed grid spacing is used and the tuning is accom-
plished by changing the inductance as in the case of the 707A. In such
tubes there will be an upper frequency limit either because even with a
fixed grid spacing $* decreases as frequency increases, or else there will be a
limit at the resonant frequency of the smallest allowable external resonator,
and there will be a lower frequency limit at which the repeller voltage for a
given mode approaches zero; however, the total tuning range may be 3 to 1
instead of around 309 between extinction points, as for the 2K25.
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" The total electronic tuning between half-power points at optlmum l6ad-
mg, Z(Aj);, can be’ expressed

281 = (fye/ M) (28e/an)/ (3o/ M). ] (10.1s_>

We can obtain (2Aw/we)/(y./M) from Fig. 16. oo,
If we assume a circuit consisting of a constant inductance L and a capaci-
tance, the characteristic admittance of the resonator is

M = 1/0L = dnfiW (10.16)
and ‘
2(8f)y = 2aWf2Ly«(28w/wo)/ (yo/ M) - (10.17)
and we have
= L (2eN)/2Ve. . (10.18)

Here N is the total drift in cycles.

A rough calculation estimates the resonator inductance of the 2K25 as
.30 % 10~° henries. Using the values previously assumed, I, = (.53)(.026),
Vo = 300, N = 73, and the values of Gz/y.8* and f, previously assumed,
we can obtain electronic tuning. -

A curve for half power electronic tuning vs W has been computed and is
shown in Fig, 55, together with experimental data for a 2K25. The experi-
mental data fall mostly above the computed curve. This could mean that.
the inductance has been incorrectly computed or that the drift effectiveness
is increased over that for a linear drift field, possibly by the effects of space
charge. By choosing a value of the drift effectiveness factor other than
unity we could no doubt achieve a better fit of the electronic tuning data
and still, by readjusting G,; and Ga , fit the power data. This whole pro-
cedure is open to serious question. Further, it is very hard to measure such
factors as G, for a tube under operating conditions, with the grids heated by
bombardment. Indirect measurements involve many parameters at once,
and are suspect. Thus, Figs. 54 and 55 are presented merely to show a
qualitative correspondence between theory and experiment.

XI. NoisE SmEBANDS IN REFLEX OSCILLATIONS

In considering power production, the electron flow in reflex oscillators
can be likened to a perfectly smooth flow of charge. However, the discrete
nature of the electrons, the cause of the familiar “shot noise” in electron
flow engenders the production of a small amount of 7-f power in the neigh-
borhood of the oscillating frequency—*‘noise sidebands”. Thus the energy
spectrum of a reflex oscillator consists of a very tall central spike, the power
output of the oscillator, and, superposed, a distribution of noise energy
having its highest value near the central spike.
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i

Such noise or noise ‘‘sidebands’ can be produced by any mechanism which
causes the parameters of the oscillator to fluctuate with time. As the mean
speed, the mean direction, and the convection current of the electron flow
all fluctuate with time, possible mechanisms of noise production are numer-
ous. Some of these mechanisms are:

(1) Fluctuation in mean speed causes fluctuation in the drift angle and
hence can give rise to noise sidebands in the output through frequency
modulation of the oscillator.
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Fig. 55.—Computed variation of electronic tuning range in megacycles vs relative
frequency W. The curve is calculated from the same data as that in Fig. 54 with no
additional adjustment of parameters. Points represent experimental data.
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(2) If the drift field acts differently on electrons differently directed,
fluctuations in mean direction of the electron flow may cause noise sidebands
through either amplitude or frequency modulation of the output.

(3) Low frequency fluctuations in the electron convection current may
amplitude modulate the output, causing noise sidebands, and may frequency
modulate the output when the oscillator is electronically tuned away from
the optimum power point.

(4) High frequency fluctuations in the electron stream may induce high
frequency noise currents in the resonator directly.

Mechanism (4) above, the direct induction of noise currents in the reso-
nator by noise fluctuations in the electron stream, is probably most impor-
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tant, although (3) may be appreciable. An analysis of the induction of
noise in the resonator is surprisingly complicated, for the electron stream
acts as a non-linear load impedance to the noise power giving rise to a com-
plicated variation of noise with frequency and with amplitude of escillation,
On the basis of analysis and experience it is possible, however, to draw
several general conclusions concerning reflex oscillator noise.

First, it is wise to decide just what shall be the measure of ncise. The
noise is important only when the oscillator is used as a beating cscillator,
usually in connection with a crystal mixer. A power P is supplied to the
mixer at the beating oscillator frequency. Also, the oscillator supplies at
signal frequency, separated from the beating oscillator frequency by the
intermediate frequency, a noise power P, proportional, over a small fre-
quency range, to the band-width B. An adequate measurement of the
noisiness of the oscillator is the ratio of P, to the Johnson ncise power, kT B.
The general facts which can be stated about this ratio and scme explanaticn
of them follow:

(1) Electrons which cross the gap only once contribute to ncise but not
to power. Likewise, if there is a large spread in drift angle amcng various
electron paths, some electrons may contribute to noise but not to power.

(2) The greater the separation between signal frequency and beating
oscillator frequency (i.e., the greater the intermediate frequency) the less
the noise.

(3) The greater the electronic tuning range, the greater the noise for a
given separation between signal frequency and beating oscillator frequency.
This is natural; the electronic tuning range is a measure of the relative mag-
nitudes of the electronic admittance and the characteristic admittance of
the circuit.

(4) The degree of loading affects the noise through affecting the bunching
parameter X. The noise seems to be least for light loading.

(5) Aside from controlling the degree of loading, resonator losses do not
affect the noise; it does not matter whether the unused power is dissipated
inside or outside of the tube.

(6) When the tube is tuned electronically, the noise usually increases at
frequencies both above and below the optimum power frequency, but the
tube is noisier when electronically tuned to lower frequencies. At the opti-
mum frequency, the phase of the pulse induced in the circuit when an elec-
tron returns across the gap lags the pulse induced on the first crossing by
270°. When the drift time is shortened so as to tune to a higher frequency,
the angle of lag is decreased and the two pulses tend to cancel; in tuning
electronically to lower frequencies the pulses become more nearly in phase.

An approximate theoretical treatment leads to the conclusion that aside
from avoiding loss of electrons in reflection, or very wide spreads in transit
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time for various electrons, (see (1) above) and aside from narrowing the
electronic tuning range, which may be inadmissable, the only way to reduce
the noise is to decrease the cathode current. This is usually inadmissable.
Thus, it appears that nothing much can be done about the noise in reflex
oscillators without sacrificing electronic tuning range.

The seriousness of beating oscillator noise from a given tube depends, of
course, on the noise figure of the receiver without beating cscillator noise
and on the intermediate frequency. Usually, beating oscillator ncise is
worse at higher frequencies, partly because higher frequency oscillators have
greater electronic tuning (see (3) above). At a wavelength of around
1.25 cm, with a 60 mc I.F. amplifier, the beating oscillator ncise may be
sufficient so that were there no other noise at all the noise figure cf the
receiver would be around 12 db.

Beating oscillator noise may be eliminated by use of a sharply tuned filter
between the beating oscillator and the crystal. This precludes use of elec-
tronic tuning. Beating oscillator noise may also be eliminated by use of a
balanced mixer in which, for example, the signal is fed to two crystals in the
same phase and the beating cscillator in opposite phases. If the I.F. output
is derived so that the signal components from the two crystals add, the
output due'to beating oscillator noise at signal frequencies will cancel out.
There is an increasing tendency for a number of reasons to use balanced
mixers and thus beating oscillator noise has become of less concern.

XII. BuiLp-up oF OSCILLATION

In certain applications, reflex oscillators are pulsed. In many of these
it is required that the r-f output appear quickly after the applicaticn cf
d-c power, and that the time of build-up be as nearly the same as possible
for successive applications of power. In this connection it is important to
study the mechanism of the build-up of oscillations.

In connection with build-up of oscillations, it is convenient to use complex
frequencies. Impedances and admittances at complex frequencies are
given by the same functions of frequency as those at real frequencies.
Suppose, for instance, the radian frequency is

w=w— ja (12.1)

This means the oscillations are increasing in amplitude. The admittance
of a conductance G at this frequency is

V=G
The admittance of a capacitance C and the impedance of an inductance L are
V = juC = juC + aC (12.2)

Z = jul = jwl + oL (12.3)
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In other words, to an increasing oscillation reactive elements have a “‘loss”
component of admittance or impedance. This “loss” component corre-
sponds not to dissipation but to the increasing storage of electric or magnetic
energy in the reactive elements as the oscillation increases in amplitude.

The admittance curves plotted in Figs. 41-46 may be regarded as contours.
in the admittance plane for & = 0. If such a contour is known either by
calculation or experiment, and it is divided into equal frequency increments,
a simple construction will give a neighboring curve for @ = w — jAa where
Aa is a small constant. Suppose that the change in ¥ for a frequency
Awyis A¥y. Then for a change —jAa

a7 = — A0 AI’l

(12 .4)
Thus, to construct from a constant a.mplltude admittance curve an admit-
tance curve for an increasing oscillation, one takes a constant fraction of
each admittance increment between constant frequency increment points
(a constant fraction of each space between circles in Figs. 41-46), rotates it
90 degrees clockwise, and thus establishes a point on the new curve.

This construction holds equally well for any conformal representation of
the admittance plane (for instance, for the reflection coefficient plane repre-
sented on the Smith chart).

The general appearance of these curves for increasing oscillations in terms
of the curve for real frequency can be appreciated at once. The increasing
amplitude curve will lie to the right of the real frequency curve where the
latter is rising and to the left where the latter is falling. Thus the loops
will be diminished or eliminated altogether for increasing amplitude oscilla-
tions, and the low conductance portions will move to the right, to regions
of higher conductance. This is consistent with the idea that for an increas-
ing oscillation a “loss” component is added to each reactance, thus degrading
the ““QQ”, increasing the conductance, and smoothing out the admittance
curve.

The oscillation starts from a very small amplitude, presumably that due
to shot noise of the electron stream. For an appreciable fraction of the

build-up period the oscillation will remain so small that nonlinearities are
unimportant. The exponential build-up during this period is determmed
by the electronic admittance for very small signals.

As an example, consider a case in which the electronic admittance for
small signals is a pure conductance with a value of —3,. Here the fact that
that the quantity is negative is recognized by prefixing a minus sign.

Assume also that the circuit admittance including the load may b ex-
pressed as in (a-22) of Appendix I, which holds very nearly in case there
is only one resonance in resonator and load. Then for a complex frequency
w, — ja, the circuit admittance will be
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_ Ve=Geo+4 2May/w, (12.5)
Thus in this special case we have for oscillation
Veo = GC + 2Maa/'wn (12.6)
and
= 2 (Vo — Go) (12.7)
Ay = ‘2‘11—[ €0 c). .

The amplitude, then, builds up initially according to the law
V = V™. (12.8)

If the amplitude does not change too rapidly, the build-up characteristic
of an oscillator can be obtained step-by-step from a number of contours
for constant e and from a — ¥, curve marked with amplitude points. The
— ¥, curve might, for instance, be obtained from a Rieke diagram and an
admittance curve.

Consider the example shown in Fig. 56. Fig. 56a shows curves con-
structed for complex frequencies from the admittance curve for the resonant
circuit for real frequency. In addition the negative of the electronic ad-
mittance is shown. Oscillation will start from some very small amplitude,
V = V,, and build-up at an average rate given by ¢ = 2.5 X 107° until
V = 1. Let V, = .1. Then the interval to build-up from ¥V = .1 to

V=1is
1
n (5)
2.5 X 10°¢
= .92 X 107" seconds.

Aty =

From amplitude 1 to amplitude 2 the average value of & will be 1.5 X 107°
and the time interval will be
2
= (3)

15 x 10—
= .46 X 107° seconds.

= (3)
Al = —2
P T 5 X100

= .80 X 10™° seconds.
The build-up curve is shown in Fig. 56b.

Aly

Similarly, from 2 to 3

Similarly, from a family of admittance contours constructed from a cold
impedance curve, and from a knowledge of frequency and amplitude vs time,
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¥, can be obtained as a function of time. It may be that in many cases the
real part of the frequency is nearly enough constant during build-up so that
only the amplitude vs time need be known. As the input will commonly be a
function of time for such experimental data, ¥, vs time will yield ¥, at vari-
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Fig. 56.—a. A plot of the circuit admittance (solid lines) for various rates of build-up
specified by the parameters . The voltage builds up as ¢*’. The circuit conductance is
greater for large values of «. The negative of the electronic admittance is shown by the
dashed lines. The circles mark off the admittance at which various amplitudes or voltages
of oscillation occur. The intersections give the rates of build-up of oscillation at various
voltages. By assuming exponential build up at a rate specified by « between the voltages
at these intersections, an approximate build-up can be constructed.

b. A build up curve constructed from the data in Fig. 56a.

ous amplitudes and inputs. Curves for various rates of applying input will
yield tables of ¥, as a function of both input and amplitude.

It will be noted that to obtain very fast build-up with a given electronic
admittance, the conductance should vary slowly with @, This is the same
as saying that the susceptance should vary slowly with w, or with real fre-
quency. For singly resonant circuits, this means that w,/M should be large.

Suppose the admittance curve for real frequency, i.e. & = 0, has a single
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loop and is symmetrical about the G axis as shown in Fig. 57. Suppose the
— V,curve lies directly on the G axis. The admittance contours for increas-
ing values of & will look somewhat as shown. Suppecse build-up starts on
Curve 2. When Curve 1 with the cusp is reached, the build-up can con-
tinue along either half as the loop is formed and expands, resulting either of
the two possible frequencies of Curve 0. Presumably in this symmetrical

\ RATE OF
\ BUILD-UP,
\ @

SUSCEPTANCE , B
(=]

CONDUCTANCE, G —»

Fig. 57.—Circuit admittance vs circuit conductance in arbitrary units for different
rates of build-up at turn-on. When the build-up is rapid (e = 2) the admittance curve
hasnoloop. As the rate of build-up decreases the curve sharpens until it hasa cuspa = 1.
As the rate of build-up further decreases the curve develops a loop (@ = 0). There may
be uncertainty as to which of the final intersections with the @ = 0 line will represent
oscillation.

case, nonsynchronous fluctuations would result in build-up to each frequency
for half of the turn-ons. If one frequency were favored by a slight dis-
symmetry, the favored frequency would appear on the greater fraction of
turn-ons. For a great dissymetry, build-up may always be in one made,
although from the impedance diagram steady oscillation in another mode
appears to be possible.
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In the absence of hum or other disturbances the build-up of oscillations
starts from a randomly fluctuating voltage caused by shot noise.! Thus,
from turn-on to turn-on some sort of statistical distribution may be expected
in the time r taken to reach a given fraction of the final amplitude. In un-
published work Dr. C. R. Shannon of these laboratories has shown that in
terms of a, , the initial rate of build-up, the standard deviation ér and the
root mean square deviation (872)"* are given by

o = .38/a, (12.9)
(62" = .64/a, (12.10)

Thus the “jitter” in the successive positions of the r-f pulses associated with
evenly spaced turn-ons is least when the initial rate of build-up, given by a,,
is greatest.

Such conditions do not obtain on turn-off, and there is little jitter in the
trailing edge of a series of r-f pulses. This is of considerable practical
importance.

XIII. REFLEX OSCILLATOR DEVELOPMENT AT THE BELL TELEPHONE
LABORATORIES

For many years research and development directed towards the genera-
tion of power at higher and higher frequencies have been conducted at the
Bell Telephone Laboratories. An effort has been made to extend the fre-
quency range of the conventional grid controlled vacuum tube as well as
to explore new principles, such as those embodied in velocity variation
oscillators. The need for centimeter range oscillators for radar applications
provided an added impetus to this program and even before the United
States entry into the war, as well as throughout its duration, these labora-
tories, cooperating with government agencies, engaged in a major effort to
provide such power sources. The part of this program which dealt with
high power sources for transmitter uses has been described elsewhere. This
paper deals with low power sources, which are used as beating oscillators in
radar receivers. In the following sections some of the requirements on a
beating oscillator for a radar receiver will be outlined in order to show how
the reflex oscillator is particularly well suited for such an application.

A. The Beating Oscillator Problem

The need for a beating oscillator in a radar system arises from the neces-
sity of amplifying the very weak signals reflected from the targets. - Imme-
diate rectification of these signals would entail a very large degradation in
signal to noise ratio, although providing great simplicity of operation. It
would also lead to a lack of selectivity. Amplification of the signals at the

1 See Appendix 10.
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signal frequency would require centimeter range amplifiers having good
signal to noise properties. No such amplifiers existed for the centimeter
range, and it was necessary to beat the signal frequency to an intermediate
frequency for amplification before rectification. For a number of reasons,
such intermediate frequency amplifiers operate in the range of a few tens
of megacycles, so that the beating oscillator must generate very nearly the
same frequency as the transmitter oscillator.

In radar receivers operating at frequencies up to several hundred mega-
cycles, conversion is frequently achieved with vacuum tubes. For higher
frequencies crystal converters have usually been employed. With few ex~
ceptions, the oscillators to be described were used with these crystal con-
verters which require a small oscillator drive of the order of one milliwatt.
In general it is desirable to introduce attenuation between the oscillator and
the crystal to minimize effects due to variation of the load. Approximately
13 db is allowed for such padding so that a beating oscillator need supply
about 20 milliwatts. Power in excess of this is useful in many applications
but not absolutely necessary. Since the power output requirements are
low, efficiency is not of prime importance and is usually, and frequently
necessarily, sacrificed in the interest of more important characteristics,

The beating oscillator of a radar receiver operating in the centimeter
range must fulfill a number of requirements which arise from the particular
nature of the radar components and their manner of operation. The inter-
mediate frequency amplifier must have a minimum pass band sufficient to
amplify enough of thé transmitter sideband frequencies so that the modu-
lating pulse is reproduced satisfactorily. It is not desirable to provide much
margin in band width above this minimum since the total noise increases
with increasing band width. Tt is therefore necessary for best opera-
tion that the frequency of the beating oscillator should closely follow fre-
quency variations of the transmitter, so that a constant difference frequency
equal to the intermediate frequency is maintained.

This becomes more difficult at higher frequencies, inasmuch as all fre-
quency instabilities, such as thermal drifts, frequency pulling, etc. occur as
percentage variations. Some of the frequency variations occur at rapid
rates. An example of this is the frequency variation which is caused by
changes in the standing wave presented to the transmitter. Such varia-
tions may arise, for instance, from imperfections in rotating joints in the
output line between the transmitter to the scanning antenna.

For correction of slow frequency drifts a manual adjustment of the fre-
quency is frequently possible, but instances arise, notably in aircraft installa-
tions, in which it is not possible for an operator to monitor the frequency
constantly. Rapid frequency changes, moreover, occur at rates in excess
of the reaction speed of a normal man. Hence for obvious tactical reasons
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it is imperative that the difference frequency between the transmitter and
the beating oscillator should be maintained by automatic means. As an
illustration of the problem one may expect to have to correct frequercy
shifts from all causes, in a 10,000 megacycle system, of the order of 20 mega-
cycles. Such correction may be demanded at rates of the order of 100 mega-
cycles per second per second.

Although the frequency range of tricde oscillators has since been some-
what extended, at the time that beating oscillators in the 10 centimeter
range were first required the triode oscillators available did not adequately
Julfill all the requirements. In general the tuning and feedback adjust-
ments were complicated and hence did not adapt themselves to autcmatic
frequency control systems. Velocity variation tubes of the multiple gap
type which gave more satisfactory performance than the tricdes existed in
this range. These, however, generally required operating voltages of the
order of a thousand volts and frequently required magnetic fields for fccus-
sing the electron stream. The tuning range obtainable by electrical means
was considerably less than needed and, just as in the case of the triode cscil-
lator, the mechanical tuning mechanism did not adapt itself to automatic
control. These difficulties fccussed attention on the reflex oscillator, whese
preperties are ideally suited to automatic frequency control. The feature
of a single resonant circuit is of considerable importance in a military applica-
tion, in which simple adjustments are of primary concern. The repeller
control of the phase of the negative electronic admittance which causes
oscillation provides a highly desirable vernier adjustment of the frequency,
and, since this control dissipates no power, it is particularly suited to auto-
matic frequency control. Furthermore, since the upper limit on the rate of
change of frequency is set by the time of transit of the electrons in the repeller
field and the time constant of the resonant circuit, both of which are gen-
erally very small fractions of a micro-second, very rapid frequency correction
is possible.

As the frequency is varied with the repeller voltage, the amplitude of
oscillation also varies in a manner previously described. The signal to noise
performance of a crystal mixer depends in part on the beating oscillator
level and has an cptimum value with respect to this parameter. In conse-
quence, there are limitations on how much the beating oscillator power
may depart from this cptimum value. This has a bearing on the oscillator
design in that the amount of amplitude variation permitted for a given
frequency shift is limited. The usual criterion of perfomance adopted has
been the electronic tuning, i.e. the frequency difference, between points for
a given repeller mcde at which the power has been reduced to half the maxi-
mum value.

Reception of the wrong sideband by the receiver causes trouble in con-
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nection with automatic frequency control circuits in a manner too compli-
cated for treatment here. In some cases this necessitates a restriction on
the total frequency shift between extinction points for a given repeller mode.
The relationship between half power and extinction electronic tuning has
been discussed in Section VII.

In addition to the electrical requirements which have been outlined,
military applications dictate two further major objectives. The first is the
attainment of simple installation and replacement, which will determine, in
part, the outward form of the oscillator. The second is low voltage opera-
tion, which fundamentally affects the internal design of the tubes. Inscme
instances military requirements conflict with optimum electronic and circuit
design, and best performance had to be sacrificed for simplicity of construc-
tion and operation. In particular, in some cases it was necessary to design
for maximum flexibility of use and compromise to a certain extent the
specific requirements of a particular need.

In the following section we will describe a number of reflex oscillators
which were designed at the Bell Telephone Laboratories primarily to meet
military requirements. These oscillators are described in approximate
chronological order of development in order to indicate advances in design
and the factors which led to these advances.

The reflex oscillators which will be described fall into two general classi-
fications determined by the method employed in tuning the resonator. In
one category are escillators tuned by varying primarily the inductance of the
resonator and in the other are those tuned by varying primarily the capaci-
tance of the resonator. The second category includes two types in which
the capacitance is varied in one case by external mechanical means and in
the second case by an internal means using a thermal control.

B. A Reflex Oscillator With An External Resonator—The 707

The Western Electric 707A tube, which was the first reflex oscillator
extensively used in radar applications, is characteristic of reflex oscillators
using inductance tuning. It was intended specifically for service in radar
systems operating at frequencies in a range around 3000 megacycles. Fig. 58
shows a photograph of the tube and Fig. 59 an x-ray view showing the inter-
nal construction. A removable external cavity is employed with the 707A
as indicated by the sketch superimposed on the x-ray of Fig. 59. Such
cavities are tuned by variation of the size of the resonant chamber. Such
tuning can be considered to result from variation of the inductance of the
circuit.

The form of this oscillator is essentially that of the idealized oscillator
shown in Fig. 58. The electron gun is designed to preduce a rectilinear
cylindrical beam. The gun consists of a disc cathode, a beam forming elec-
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Fig. 58.—External view of the W.E. 707-A reflex oscillator tube. This tube is intended
for use with an external cavity and was the first of a series of low voltage oscillators.

trode and an accelerating electrode G; which is a mesh grid formed on a
radius. The gun design is based on the principle of maintaining boundary
conditions such that a rectilinear electron beam will flow threugh the
resonator gap. The resonator grids G; and G are mounted on copper discs.
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One of these has a re-entrant shape to minimize stray capacitance in the
resonant circuit. These discs are sealed to glass tubing which provides a
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Fig. 59.—X-ray view of the W.E. 707-A shows the method of applying an external
cavity tuned with a piston.

vacuum envelape,
ment to the external resonant chamber.

The discs extend beyond the glass to permit attach-
The shape of the repeller is chosen
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to provide as nearly as possible a uniform field in the region into which the
beam penetrates.

A wide variety of cavity resonators has been designed for use with this
oscillator. An oscillator of this construction is fundamentally capable of
oscillating over a much wider frequency range than tubes tunable by means
of capacitance variation. Theadvantage arises from the fact that the inter-
action gap where the electron stream is modulated by the radio frequency
field is fixed. As discussed in more detail in Section X, this results in a
slower variation of the modulation coefficient with frequency and also a
slower variation of cavity losses and gap impedance than in an oscillator in
which tuning is accomplished by changing the gap spacing. A cavity
designed for wide range frequency coverage using the 707A tube is shown in
Fig. 60. Using such a cavity it is possible to cover a frequency range from
1150 to 3750 megacycles. The inductance of the circuit is varied by moving
the shorting piston in the coaxial line. For narrow frequency .ranges,

Fig. 60.—Sketch showing a piston tuned circujt for the W.E. 707-A which will permit
operation from 1150 to 3750 me.

cavities of the type shown in Fig. 61 are more suitable. In such cavities
tuning is effected by means of plugs which screw into the cavity to change
its effective inductance. Power may be extracted from the cavity by means
of an adjustable coupling loop as shown in Fig. 61. ’

The 707A was the first reflex oscillator designed to cperate at a low voltage
i.e. 300 volts. This low operating voltage proved to be a considerable
advantage in radar receivers because power supplies in this voltage range
provided for the i.f. amplifiers could be used for the beating oscillator as
well. Operation at this voltage was achieved by using an interaction gap
with fine grids, which limits the penetration of high frequency fields. This
results in a shorter effective transit angle across the gap for a given gap
spacing and a given gap voltage than for a gap with coarse or no grids.
Hence, for a given gap spacing a gcod modulation ccefficient can be ob-
tained at a lower voltage. Moreover, since drift action results in more effi-
cient bunching at low voltages, a larger electronic admittance is obtained
than with an open gap. This gain in admittance more than outweighs the
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greater capacitance of a gap with fine grids, so that a larger electronic tuning
range is obtained than with an open gap. The successful low voltage
operation of the 707A established a precedent which was followed in all the
succeeding reflex oscillators designed for radar purposes at the Bell Tele-

Fig. 61.—A narrow tuning range cavity for the W.E. 707-A of the type used in radar
systems. The inductance of the cavity can be adjusted by moving screws into it. This
view also shows the adjustable coupling loop.

phone Laboratories. The 707A is required to provide a minimum power
output of 25 milliwatts and a half power electronic tuning of 20 megacycles
near 3700 megacycles. The power output and the electronic tuning are in
excess of this value over the range from 2500 megacycles to 3700 megacycles
in a repeller mode having 3% cycles of drift.
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C. A Reflex Oscillator With An Integral Cavity—The 723

The need for higher definition in radar systems constantly urges operation
at shorter wavelengths. Thus, while radar development prcceeded at 3000
megacycles, a program of development in the neighberhecd cf 10,000
megacycles was undertaken. Although waveguide circuit techniques were
employed to some extent at 3000 megacycles, the cumbersome size of the
guide made its use impractical in the receiver and hence coaxial techniques
were employed. The 1" by 3" guide used at 10,000 megacycles is con-
venient in receiver design and also desirable because the loss in ccaxial con-
ductors becomes excessive at this frequency. Hence, one cof the first
requirements on an oscillator for frequencies in this range was the adaptabil-
ity of the output circuit to waveguide coupling.

In considering possible designs for a 10,000 megacycle oscillator the simple
scaling of the 707A was studied. This appeared impractical for a number
of reasons. The most important limitation was the constructional diffi-
culty of maintaining the spacing in the gap with sufficient accuracy with
the glass sealing technique available. Also, variations in the capacitance
caused by variations in the thickness of the seals caused serious diffcul-
ties in predetermining an external resonator. Contributing difficulties
arose from the power losses in the glass within the resonant circuit and the
prcblem of making the copper to glass seals close to the internal elements.

Consideraticn of these factors led to a new approach to the problem, in
which the whole of the resonant circuit was enclosed within the vacuum
envelope. This required a different mechanism for tuning the resonator,
since variation of the inductance of a cavity requires relatively large dis-
placements which are difficult to achieve through vacuum seals. The
alternative is to vary the capacitance of the gap. Since the gap is small a
relatively large change in capacitance can be achieved with a small dis-
placement. This sort of tuning permits the use of metal tube construc-
tional techniques, and these were applied.

As a matter of historical interest an attempt at this technique made at the
Bell Telephene Laboratories is shown in Fig. 62. This device was held te-
gether by a sealing wax and string technique and was nct turable in the first
versicn. It oscillated successfully cn the pumps, however, and a second
version was censtructed which was tuned by means of an adjustable coaxial
line shunting the cavity resonator. Adjustment of this auxiliary line gave
a tuning range of 7.5%. Such a tuning methcd is fraught with the ccm-
plications outlined in Section IX.

An early reflex cscillator tube of the integral cavity type designed at the
Bell Telephone Laboratories was the Western Electric 723A/B.
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This design was superseded later by the W.E. 2K25 which has a greater
frequency range and a number of design refinements. From a construc-
tional point of view the two types are closely similar, however, and to aveid
duplication the later tube will be described to typify a construction which
served as a basis for a whole series of oscillators in the range frem 2500 to
10,000 Mc/s.

Fig. 62.—An early continuously pumped metal reflex oscillator tuned with an
external line.

Before proceeding to a description of the 2K25 tube it seems desirable to
recapitulate in more detail the design objectives from a mechanical point
of view. These were: .

1. To provide a design which would lend itself to large scale production
and one sufficiently rugged as to be capable of withstanding the rough
use inherent in military service.

2. To provide output means which permit coupling to a wave guide in
such a manner that installation or replacement could be accomplished
in the simplest possible manner.

3. To provide a tuning mechanism for the resonant circuit which, while
simple, would give sufficiently fine tuning to permit setting and holding
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a frequency within one or two parts in 10,000. In addition, in order
to avoid field installation it was desired to have the tuning mechanism
cheap enough to be factory installed and discarded with each tube.

4. The oscillator was required to be compact and light in weight to

facilitate its use in airborne and pack systems.

Figure 63 shows a cross-section view of the final design of the 2K25 reflex
oscillator. The resonant cavity is formed in part by the volume included
between the frames which support the cavity grids and also by the
volume between the flexible vacuum diaphragm and one of the frames.
This diaphragm also supports a vacuum housing containing the repeller.
The electron optical system consists of a disc cathode, a beam electrcde and
an accelerating grid. These are so designed as to produce a slightly con-
vergent outgoing electron stream. The purpose of this initial convergence
is to offset the divergence of v;he stream caused by space charge after the
stream passes the accelerating grid and to minimize the fraction of the elec-
tron stream captured on the grid frame on the round trip. The repeller
is designed to provide as nearly as possible a uniform retarding field through
the stream cross-section.

Power is extracted from the resonant circuit by the coupling loop and is
carried by the coaxial line to the external circuit. The center conductor of
the coaxial line external to the vacuum is supported by a polystyrene in-
sulator and extends beyond the outer conductor to form a probe. Coupling
to a wave guide is accomplished by projecting this probe through a hole in
that wall of the wave guide which is perpendicular to the E lines so that
the full length of the probe extends into the guide. The outer conductor
is connected to the wave guide either metallically or by means of an r.f.
bypass or choke circuit. A more detailed section on such coupling methods
will be given later.

The tube employed a standard octal base modified to pass the coaxial line.
Thus if a standard octal socket is similarly modified and mounted on the
wave guide it is possible to couple the oscillator to the wave guide and
power supply circuits simply by plugging it into the socket, just as with
any conventional vacuum tube.

The tuning means for this type of oscillator tube presented a serious
problem. This will be appreciated when it is realized that the mechanism
must permit setting frequencies correctly to within one megacycle in a device
in which the frequency changes at the rate of approximately 200 megacycles
per thousandth of an inch displacement of the grids. In other words, the
tuner was required to make possible the adjustment of the grid spacing to
an accuracy of five millionths of an inch. The design of the mechanism
adopted was originated by Mr. R. L. Vance of these Laboratories. The
operation of the tuner can be seen from an examination of the cross-section
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and external views of Figs. 63 and 67. On one side of the tube a strut extend-
ing from the base is attached to the repeller housing. This strut acts as a
rigid vertical support but provides a hinge for lateral motion. On the -
oppos'te side the support is provided by a pair of steel strips. These are
clamped together where they are attached to the vacuum housing suppert
and also where they are attached to a short fixed strut near the base. A
nut is attached rigidly to the center of each strip. One nut has a right and
the other a left handed thread. ' A screw threaded right handed on one half
and left handed on the other half of its length turns in these nuts and drives
them apart. The mechanism is thus a toggle which, through the linkage
provided by the repeller housing, serves to move the grids relative to cne
another and thus to provide tuning action.

The 723A/B was originally designed for a relatively narrow band in the
vicinity of 9375 megacycles. It operates at a resonator voltage of 300 velts
and the beam current of a typical tube would be approximately 24 milliam-
peres. The design was based on the use of repeller voltage mode which
with the manufacturing tolerances lay between 130 and 185 volts at 9375
megacycles. It is difficult to establish with certainty the number cf cycles
of drift for this mode. Experimental data can be fitted by values cf either
63 or 7% cycles and various uncertainties make the value calculated frem
dimensions and observed voltages equally unreliable. This value is, how-
ever, of interest principally to the designer and of no particular moment in
application. The performance was specified for the output line cf the cs-
cillator coupled to a §” x 11" wave guide so that the probe projected full
length into the guide through the wider wall and on the axis of the guide. -
With a matched load coupled in one direction and a shorting piston ad-
justed for an optimum in the other the oscillator was required to deliver a
minimum of 20 milliwatts power output at a frequency of 9375 megacycles.
Under the same conditions the electronic tuning was required to be at
least 28 megacycles between half power points.

For reasons of continuity a more detailed description of the properties of
the 3 centimeter oscillator will be given in a later section. The 723A/B
oscillator served as the beating oscillator for all radar systems operating
in the 3 centimeter range until late in the war when the 2K25 supplanted
it. At the time that the 723A/B was developed the best techniques and
equipment available were employed. In retrospect these were somewhat
primitive and of course this resulted in a number cf limitations of per-
formance. Since the tubes designed as beating cscillators commenly
served as signal generators in the development of ultra-high frequency
techniques and equipment the wartime designer of such oscillators usually
found himself in the position of lifting himself by his own bootstraps. In
spite of these limitations the later modifications of the 723A /B which led to
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the 2K23 did not fundamentally change the design but were rather in the
direction of extending its performance to meet the expanding requirements
of the radar art. The incorporation of the resonant cavity within the
vacuum envelope resulted in a major revision of the sccpe of the desigrer’s
problems., He assumed a part of the burden of the circuit engineer in that
it became necessary for him to design an appropriate cavity and prcdeter-
mine the correct coupling of the oscillator to the load. The latter trans-
ferred to the laboratory a problem which in the case of separate cavity oscil-
lators had been left as a field adjustment.

D. A Reflex Oscillator Designed to Eliminate Hysteresis—The 2K 29

As service experience with the external cavity type of reflex oscillatcr
was gained a number of limitations of such a design became apparent.
The difficulties arose primarily from the conditions of military application.
A typical difficulty was the corrcsion of cavities and copper fanges under
the severe tropical conditions met in some service applications. The diffi-
culty of maintaining a moistureprcof seal in a cavity tuned by variation
of the inductance made it very difficult to alleviate this conditicn. "The
success of the all metal technique in the three cenlimeter range suggested
the application of the same principles to the design of a 10 centimeter
oscillator and this was undertaken.

Mechanically, the problem was straightforward, but an extrapolaticn of
the electrical design of the 723A/B to 10 centimeters suffered frcm a fatal
defect. The difficulty, previously described in Section VIII, was tke dis-
continuous and multiple valued character of the output as a function of the
repeller voltage. Reference to Fig. 19 will indicate the operational prob-
lems which would arise in an oscillator in which the hysteresis existed in
marked degree. The a.f.c. systems were such that in starting the repeller
voltage would start from a value more negative than required for cscilla-
tion and decrease. As the repeller voltage decreased thrcugh the range
where oscillation would occur the frequency would of course cover a range
of values. When the repeller voltage reached a value such that the fre-
quency of the cscillator had a value differing from the transmitter by the
intermediate frequency the steady shift of the repeller voltage would be
stopped and would then hunt over a limited range about the value rcquircd
to maintain the difference frequency. When adjusted for cperaticn this
condition would pertain with the repeller voltage at a value such that tke
oscillator would be delivering maximum power. If under operating ccn-
ditions the frequency required of the oscillater by the system drifted to that
corresponding to the amplitude jump at B, any further drift of frequency
could not be corrected. Thus, cne effect of the hysteresis is to limit the
electronic tuning range. As a second pcessibility, let us assume that the
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frequency has drifted so that the oscillator is operating in a range between
A and B of Fig. 19.  If now the operation of the system is momentarily
interrupted the a.f.c. system will start hunting. This is done by returning
to the non-oscillating repeller voltage just as when operation is initiated.
When the hunting repeller voltage passes through the value between A
and B from the non-oscillating state no oscillation occurs and hence the
a.f.c. cannot lock in and the system becomes inoperative. Thus it is im-
perative that hysteresis be kept, as a minimum requirement, outside the
useful electronic tuning range.

As indicated in Section VIIT it was found that the electronic hysteresis
occurred when the electron stream made more than two transits across the
gap. Thus an added objective of the design of the 10 centimeter metal
oscillator became the achievement of an electron optical system which
would limit the number of transits to two while insuring that the maximum
number of electrons leaving the cathode would make the two transits with
a minimum spread in zero signal transit time.

Figure 64 shows a sectional view of the final design adopted. The elec-
tron optical structure differs from that of the 723A/B in a number of
respects. The first grid of the 723A/B has been eliminated and one of the
cavity grids now plays a dual role in simultaneously serving as an accelerat-
ing grid. The grids are curved towards the cathode, which has a central
spike. This arrangement is intended to produce a hollow cylindrical elec-
tron stream. It will be observed that the second grid is larger in diameter
than the first and that the repeller has a central spike. The design is such
that the cylindrical beam entering the repeller region is caused to diverge
radially, so that in re-traversing the gap after its reversal in direction it
impinges on and is captured by the frame supporting the first grid.

The repeller design was determined by using an electrolytic trough to
determine the potential plots for a number of trial configurations. Then
by making point by point calculations of the electron paths the best con-
figuration was chosen. A typical example of such path tracing is shown in
Tig. 65. This figure shows the equipotential lines and the trajectories
computed for electrons on the inner and outer boundaries of the outgoing
stream. The method of calculating the trajectories has been described by
Zworykin and Rajchman.” Tt assumes that space charge may be neg-
lected. Fig. 65 shows that the repeller design is such that the cylindrical
outgoing stream is focussed upon its return onto the frame supporting the
first grid. The cathode spike prevents emission from the central portion
of the cathode, since it would be difficult to prevent electrons from this
portion from returning into the cathode space. A second requirement on

. msv. K. Zworykin and J. A. Rajchman, Proc. of I.R.E., Sept. 1939, Vol. 17, No. 9, pp.
8-566.
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the design was that the spread in tle transit angle for zero signal should be
small. This requirement is not as stringent as might be expected. The
contribution to the electronic conductance by a current element whose
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from an electrolytic trough investigation are shown and the electron trajectories com-
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transit angle deviates from the optimum by a small angle Af varies as cos Af,
so that even for spreads in angle as great as == 30° the effect is not sericus.

The design illustrated in Fig. 64 was strikingly effective in reducing
hysteresis. Fig. 66 shows repeller characteristics for the original design
which was extrapolated from the 723A/B and for the design of Fig. 64.
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In addition to improving the electronic tuning characteristics the design
was found to be more stable against variaticns in load, as would be ex-
pected from the discussion of Section VIII.

The arrangement adcpted provided a prototype electron optical system
which was used in a whcle series cf reflex oscillators designed for radar and
communication systems. These tubes were the 726A, 726B and 726C,
2K29, 2K22, 2K23 and 2K56.

The output line of these tubes is intended to couple through an adapter
to either a coaxial line or a wave guide. In the first case the adapter serves
to couple the output line of the tube to the cable, in some instances through
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an impedance transformer and in some instances directly. ~As practice
developed it became standard to design for optimum oscillator output
characteristics with output line coupled to a 50 ohm resistive impedance.
In the second case the adapter serves to couple the tube output line to the
guide through a transducer.

A typical example of a reflex oscillator incorporating this construction
is the 2K29. This tube is intended to cover the frequency range frcm 3400
to 3960 Mc/s. An external view of this tube is shown in Fig. 67. It will
be observed that the center conductor of the output line extends beyond the
polystyrene supporting bushing. Fig. 68 shows an adapting fitting which



568 BELL SYSTEM TECHNICAL JOURNAL

permits the oscillator to be coupled to a fifty ohm coaxial cable. The
center conductor of the tube output line projects into the split chuck,
while contact is made to the outer conductor of the tube output line by the
spring contact fingers F. The couphng unit can be mounted in a standard
octal socket so that the tube can be coupled simultaneously to the power
supplies and the high frequency circuit by a simple plug in operation. It
is frequently desirable to insulate the outer conductor of the oscillator from

] b | e—

Fig. 67.—Metal reflex oscillator with enclosed resonator designed for operation from
3400 to 3960 mc/s.
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Fig. 68.—A transducer for connecting the output lead of the 2K29 to a 50 ohm cable.
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the line for direct voltages while maintaining the high frequency contact.
This can be accomplished with either an insulating sleeve of low capacitance
or a modification of the design which incorporates a high frequency trap
in the outer conductor. In some instances it is necessary to insulate the
center conductor of the tube from the line for direct voltages. This can be
done with a concentric condenser. The characteristic impedance of the
section of the coupler may be made the same as that of the line by main-
taining the proper ratio of the diameters of the condenser and the outer
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conductor or may be arranged so that the condenser serves simultaneously
as an impedance transformer to transform the impedance of the line to that
required for best performance of the oscillator. A general discussion of
the problems involved in such coupling designs will be given in a later sec-
tion.

One of the primary considerations in the design of a reflex oscillator is
the choice of resonator characteristics. The various controlling factors
have been outlined in previous sections. In Section X it was shown that
the power output and the electronic tuning optimize at different gap transit
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Fig. 60.—Power output and electronic tuning vs frequency for the 2K 29 reflex oscillator
The solid lines give the performance into a load adjusted for optimum power output at
each frequency. The dashed lines show the performance obtained when the tube is
coupled to a 50 ohm load by means of the fitting of Fig. 68.

angles. It is therefore necessary to compromise with the ultimate use in
mind. In a beating oscillator for a radar receiver, uniformity of the elec-
tronic tuning is of greater importance than uniformity of power output,
since an adjustment of the coupling to the crystal permits some variation
of the latter quantity. Hence, the resonator characteristics are chosen to
provide as nearly uniform electronic tuning as possible. Fig. 69 shows the
electronic tuning and power output characteristics for the Western Electric
2K 29 tube. These are shown for two conditions. The solid lines show the
power output and electronic tuning measured into an adjustable load which
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made it possible to present to the oscillator at each frequency the admittance
into which the oscillator delivered maximum power output. The solid
lines show the power output and electrenic tuning over the band with the
oscillator connected to a load presenting a resistive 50 ohm impedance to
the coupling unit of Fig. 68. The problems involved in obtaining such
performance will be outlined in the next section.

E. Broad-Band Reflex Oscillators—The 2K25

As experience with the design of radar systems and components developed
and as a better understanding of the operation and limitations of the in-
dividual components was achieved, a great deal of effort was directed
toward simplifying and making more reliable the number of adjustments
required to optimize the performance of a system. As an illustration of
this problem as related to the beating oscillator, the develcpment problem
of the 2K25 will be described. As the number of radar systems in the three
centimeter range increased it became apparent that to avoid self-jamming
it would be desirable to assign frequencies to various sets operating, for
example, in a fleet unit. Secondarily, the over-all band of the three centi-
meter range was widened to cover from 8500 to 9660 Mc/s. Prior to this
the 723A/B had been essentially a spot frequency cscillator and had been
primarily tested as such. As was so frequently the case with tubes for
military requirements, it was desired that the ultimate tube be interchange-
able with an existing tube, in this case the 723A/B, and hence the im-
provements had to be effected within its framework.

Changes in the electronic design from that of the 723A/B prcduced an
improved performance in the 2K25. These were a mcdification of the
electron gun which increased the effectiveness of the electron stream and
the elimination of a resonance of the region containing the electron gun
which coupled with the resonant cavity and in some cases impaired the
performance over the wide band. Beyond this the problem concerned the
determination of an output coupling system which would provide the de-
sired properties. This will be described in detail.

One of the most serious difficulties which occurred in early radar receivers
arose from the general failure to appreciate the effect of the load impedance
on the performance of an oscillator. This problem has been discussed in
Section IX. In early radar receivers the method of coupling the beating
oscillator to the crystal was dictated mainly by mechanical convenience
rather than electrical considerations, and as a result most of the discontinu-
ities of performance due to bad load conditions which are discussed in
Section IX occurred at one time or another in most of the systems. For
instance, users were much surprised to find that a beating oscillator which
could be tuned to frequencies both above and below that required for



REFLEX OSCILLATORS 571

reception of the signal might yet fail to oscillate at the desired frequency.
The convenience of simple replaceability of the local oscillator became in
this instance a cross for its designer, since an exchange of tube would fre-
quently eliminate the effect. This led to the obvious conclusion on the part
of the user that the oscillator was defective, in spite of the fact that the pre-
sumably defective tube had passed the test specifications and would operate
satisfactorily in some other receiver. The plain fact, in the light of later
knowledge, was that the tubes were being improperly used, so that the
usual range of manufacturing variations was not tolerable.

The appreciation of this fact led to a new approach to the problem of
coupling the beating oscillator to a waveguide. In early designs the oscil-
lator was decoupled from the load by withdrawing the probe from the wave-
guide. This presented the oscillator with an uncontrolled admittance with
disastrous results in many cases. The.new approach, proposed by the
group working with Dr. H. T. Friis at the Bell Telephone Laboratories, was
that of designing the receiver so that the beating oscillator could be oper-
ated into an essentially fixed impedance. The crystal was in this case
loosely coupled to form a part of this load, so that variations in its impedance
and the impedance looking toward the TR tube were largely masked. A
great many further refinements in the design of the receiver have since
been proposed, but this basic principle of defining the load into which the
oscillator is required to operate is fundamental to all. In the interests of
simplicity of use it appeared to be desirable to endeavor to pre-plumb the
coupling of the oscillator to the wave guide. The tube designer in this
instance found himself perforce, as so frequently occurs in dealing with
micro-waves, a circuit designer—an instructive and illuminating experience
which might happily be reversed.

The wave guide coupling was made separate from the tube, both to
preserve the plug in feature of the tube and to maintain its interchange-
ability with the 723A/B. As a further simplification it was desired that the
coupling should require no adjustments. A convenient fixed load admit-
tance to present to this coupler is the characteristic admittance of the wave
guide, since this can readily be maintained fixed over a wide band. The
problem, then, is the apparently straightforward one of transforming the
guide admittance to the admittance which the oscillator requires for opti-
mum performance. Actually, the problem is complicated by the fact that
the optimum admittance will vary throughout the band. The electronic
admittance varics with frequency even for a fixed drift angle, because the
modulation coeffcient of the gap varies as the oscillator is tuned. The
losses of the resonator also vary with frequency, both because of skin effect,
the depth of penetration of the high frequency currents changing with fre-
quency, and because the circulating currents in the resonator are a function
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of the effective capacitance of the gap. As the capacitance increases in
tuning to lower frequencies the I°R losses therefore increase.

The objective of the coupling design may not be to obtain maximum
power output at all points in the band but rather to obtain uniformity of
electronic tuning and power output. An additional requirement in some
cases is that a minimum sink margin as defined in section VIII should be
maintained. This is equivalent to the problem arising in magnetron design
of controlling the pulling figure.*’

In designing an appropriate wave guide coupling a number of variables
are at one’s disposal. In the case of the W.E. 2K25 the variables available
are, the length of the tube probe exposed within the guide, the offset of the
probe from the axis of the guide, and the distance from the probe to the
shorting piston in the guide. In addition, the characteristics of the output
line of the tube are adjustable, and, finally, the coupling of the loop to the
resonator can be adjusted. As one might expect, there is a large number of
solutions with so many variables available. The most desirable solution
is one which provides a low standing wave ratio in all parts of the coupling
system. The method employed in the present case was to design a wave
guide to coaxial transducer which would provide a smooth broad band
transition from the wave guide characteristic admittance to the admittance
of the coaxial line. In the ideal case, the characteristic admittance of the
coaxial line to the loop should be maintained as uniform as possible. Struc-
tural considerations in the present case led to discontinuities which had to
be appropriately balanced in the final transducer. Dr. W. E. Kock of the
Bell Telephone Laboratories has given an expression which, for thin probes,
relates the probe length, the offset and the distance of the backing piston
when given the characteristic admittance of the coaxial line and the dimen-
sions of the guide between which a match is required. Once such a trans-
ducer has been obtained, the admittances which must be presented to it in
order to obtain maximum power from the oscillator are measured over the
band. From such measurements it is then possible to determine the cor-
rections in the loop size and in the transducer to obtain a given sink margin
throughout the band. This last step actually involves a certain amount of
cut and try in an effort to obtain satisfactory performance in all respects.
Figure 70 illustrates the transducer developed for the W.E. 2K25 oscillator
for use with 1" by 3’ wave guide. All tests made on this tube are specified
in terms of operation in this coupler and with a load having the characteris-
tic impedance of the 1" x 3" guide presented to the coupler.

Figure 71 shows a performance diagram for a typical W.E. 2K 25 oscillator
operating in the coupler of Fig. 70. The reference plane for the diagram is

13 ], B. Fisk, H. D, Hagstrum and P. L. Hartman, “The Magnetron as a Generator of
Centimeter Waves”, B. S, T. J. Vol. XXV No. 2, pp. 167-348 (April, 1946).
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not the plane of the grids of the oscillator but is instead a more accessible
reference plane external to the tube, in this instance the plane through the
wave guide perpendicular to its axis which includes the tube probe. It will
be observed that the sink margin in the case illustrated was equal to 5.5.
At the frequency at which this diagram was obtained, the minimum sink
margin permitted by the test specification is 2.5. The variation in this
margin results from a variety of causes. As shown in Section III the sink
margin is determined by the ratio of the total load conductance to the small
signal electronic conductance. The total load conductance consists of the
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Fig. 70.—A broad band coupling designed to connect the 2K25 to a 1” x }” wave guide

conductance representing the resonator losses and the conductance arising
from the wave guide load transformed through the coupling system. Hence,
the coupled load will be subject to variations in the loop dimensions, the
characteristics of the coupling line and the transducer. The resonator loss
will differ from tube to tube because of the variation in the heating of the
grids and resonator by the electron stream, and there will be variations aris-
ing from other causes. The electronic conductance varies from tube to
tube primarily because of the spread in beam current and secondarily as a
result of such factors as variations in the modulation coefficient of the gaps,
non-uniformities in the drift space causing a spread in the transit time and
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the like. The sum total of these variations necessitated the maintenance of
an average sink margin of 6.7 times in order to insure a minimum of 2.5.
Figure 72 illustrates further characteristics of the 2K25 oscillator and
coupling. These data are the results of standing wave measurements look-
ing towards the coupler with the tube inoperative. From such “cold test”

—=== FREQUENCY
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F = 9360 MC
ERgs = 300 VOLTS

Fig. 71.—A Rieke diagram for the 2K25 connected to the load by the coupling of Fig.
70. This diagram was obtained for a repeller mode having a drift angle of 15.5 7 radians

at a nominal frequency of 9360 mc/s.

measurements one may determine the intrinsic Qo of the resonator and the
external Qz. The former is a measure of the resonator losses while the
latter is a measure of the tightness of coupling of the oscillator to the load.
The values of Qp measured from a cold test have little significance in an
oscillator in which heating of the resonator and especially of the grids is
appreciable. This is particularly true of oscillators tuned by variation of
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the capacitance of the interaction gap. It is possible to make hot tests
in which the thermal conditions cf cperation are established without the
interaction effects cf the beam, but these measurements are not available
for the 2K25. The external Qg is not affected, at least to a first order, by
thermal effects in the resonator. The third curve of Fig. 72 shows the ratio
of the power delivered when a matched load is coupled to the coupler to the
power delivered to a load which presents optimum impedance to the oscil-
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Fig. 72.—Variation of the percentage of maximum power output delivered, unloaded
0, (o, and external Q, Qg , as functions of frequency for the 2K25 when coupled to the
characteristic admittance of the 1”7 x 3” guide with the coupling of Fig. 70. The power
variation is for a mode having 15.5 = radians drift.

lator. These data are given for the normal operating repeller mode as dis-
cussed below.

It was pointed out early in this work that the available power output and
electronic tuning have a contrary variation with respect to the number of
cycles of drift in the repeller space. Consequently, this is one of the most
important and exasperating parameters of the tube. Fig. 73 is a diagram
illustrating the characteristics of a typical W.E. 2K25 oscillator. The
abscissa is the repeller-cathode voltage which, for a fixed resonator voltage,
determines the drift angle. Thus, as this voltage is made increasingly
negative, successive modes of oscillation appear, corresponding to consecu-
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tive decreasing values of #. Our best determination for the value of #
for each mode is given. The base lines are displaced vertically on a uniform
wavelength scale, so that the variation of repeller voltage with wavelength
is indicated. The power output increases with decreasing values of n
but the half power electronic tuning for each repeller mode has a contrary
variation. The repeller mode chosen as providing the best compromise be-
tween power output and half power electronic tuning is the 7§ cycle mode.
The design of the coupling unit and all the primary characteristics of the
tube are based on the use of this mode. It will be observed that repeller
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Fig. 73.—Operation of the 2K25 in various repeller modes and at various frequencies
when connected to characteristic admittance of a 1” x 4 guide by the coupling of Fig. 70.

modes having n values less than 6 do not appear in Fig. 73. For values of
n = to0, 1, 2 and possibly 3, this is because the conductance representing
the resonator losses is in excess of the electronic conductance. For the
values of # = 4 and 5 the coupled load conductance plus the resonator loss
conductance in the specified transducer are in excess of the electronic con-
ductance. Conversely for modes having # values in excess of 7 the coupling
is weaker than desired.

Fig. 74 illustrates the broad band characteristics for a typical W.E. 2K25
tube operating in the coupling of Fig. 70 into a matched load. In Fig. 74
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are shown the power output, half power electronic tuning, and sink margin
as functions of frequency for the 73 cycle mode.

F. Thermally Tuned Reflex Oscillators—The 2K45

The trend toward the simplification of radar systems to the fewest possible
adjustments, coupled with the ever present possibility of enemy jamming,
led to the attempt to produce a system which was described as a-single knob
system. The ultimate objective of such a system was ability to shift the
frequency of the transmitter at will with a single control. This puts the
chief burden on the receiver, which must automatically track with the
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Fig. 74.—Variation of electronic tuning, power output and sink margin with frequency
for the 2K25 in a repeller mode having 15.5 7 radians drift. Characteristic admittance
load and coupling of Fig. 70.

transmitter. The problem is much simplified by designing as many of the
components as possible so that retuning is not required when the frequency
is shifted within the requisite band. In the case of the beating oscillator
it was necessary to devise a mechanism which would permit rapid automatic
control over a frequency range of 1160 mc. This range was many times in
excess of any immediately realizable electronic tuning range. It is of course
apparent that such a method of tuning will also lend itself readily to use in
many applications in which, although the transmitter frequency is nominally
fixed, the system is required to operate under such extreme conditions that
the sum total of the possible frequency deviations is in excess of the available
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electronic tuning range. Examples of such systems are installations in high
altitude air craft, in which wide variations in temperature and pressure
may be expected.

It was highly desirable to have the frequency control electrical. One
means of obtaining such a control is through motion of the resonator grids
produced by the thermal expansion of an element heated electrically. A
step in this-direction was taken in the Sperry Gyroscope Company 2K21
oscillator in which the resonator was tuned by the thermal expansion of a
strut heated by passing a considerable current through it.

At the Bell Telephone Laboratories the design for a thermally tuned
beating oscillator was based on a method which permitted the control of a
small current at a high voltage. In general, controlled high voltages are
easily available both from power supplies and from control circuits. Fur-
ther, it seemed desirable that the control of the heating should require no
power. These considerations suggestcd that the heating of the thermal
tuning element be accomplished by electron bombardment. Through the
use of a negative grid to regulate the bombardment, the tuning control
became a pure voltage adjustment. The bombardment method made it
possible to utilize configurations in the tuner which would have been less
practical if resistance heating had been employed.

An early reflex oscillator incorporating these ideas was the Western
Electric 2K45 vacuum tube. Fig. 75 shows an external view of the tube
which, except for the output coaxial line, looks like a forshortened 6L6
vacuum tube. The plug-in feature of the earlier mechanically tuned os-
cillators was maintained in this oscillator, which was designed to couple to
the waveguide circuit through the same transducer developed for the 2K 25.

Figures 76 and 77 are cross-sectional views of the 2K45 made at right
angles to each other. The thermal tuning mechanism is contained in the
upper part of the structure. It is a bimetallic combination consisting of a
U shaped channel and a multi-leaf bow. The channel is formed of a material
with a large coefficient of expansion and a high resistance to slow permanent
deformation or creep at elevated temperatures. At the ends of this channel,
tabs bent down at right angles to the channel axis, provide rigid vertical
support for the channel without interfering with axial expansion. These
tabs are connected to the resonator, which in turn is supported by the
vacuum envelope as closely as possible in order to minimize the thermal
impedance of the path. This connection also serves to cool the channel
ends. The multi-leaf bow is welded to the channel at its end. The leaves
are made of a material having a low coefficient of expansion and, as they are
fastened to the channel at its ends, they remain cool and do not expand
appreciably as the channel is heated. The purpose of the multi-leaf con-
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struction of the bow is to reduce the internal stresses produced by bending
during the tuning action,

A cathode, control grid and a pair of focussing wires are supported by
micas in a position facing the open side of the U channel. The channel
serves as an anode for the cathode current, which is controlled by the grid.
The focussing wires beam the cathode current into the anode. The grid is
proportioned so that under all operating conditions it remains negative,
and the control system need supply no power to it.

The heating of the channel by the electron bombardment causes it to
expand with a large differential with respect to the bow. As a result the
bow flattens out and its center moves toward the channel. The purpose
of this construction is to provide a magnification of the expansion of the
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Fig. 75.—An external view of the W.E. 2K45—an early thermally tuned reflex oscillator
designed by the Bell Telephone Laboratories.

channel which by itself would provide insufficient motion. The cross
member welded to the center of the bow and the vertical struts transmit the
motion of the bow to the diaphragm which supports one of the cavity grids.
The action is illustrated in Fig. 78 which shows a series of X-ray views of an
operating tube. Thus, the first view shows the conditions for no power
applied to the tube, the second, for the tube operating but with the tuner
grid biased to cut-off. The following views show the behavior with progres-
sive increases in the power into the tuner channel.

The ramifications in the design of a thermal tuner are many and the possi-
ble configurations of the mechanism will depend greatly on the individual
requirements of the application. Tt is possible, however, to lay down some
basic principles. These are concerned with positiveness of action and speed
of tuning. With regard to the first, it may seem anomalous to speak of
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Fig. 76.—Internal features of the W.E. 2K45: section through the output lead and
normal to the tuner cathode and strut.
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Fig. 77.—A section of the W.E. 2K45 cut parallel to the tuner cathode and strut.

positive action in a device which has thermal inertia. What is actually
meant, however, may be best indicated by the following: Let us suppose that
some power, P, , must be dissipated in the tuner in order to hold the oscillator
at a frequency, fo. Now, suppose that the tube is operating with power
less than P, and that we are required to switch to frequency f.. In order
to switch rapidly, we apply power in excess of P, to the tuner until the fre-
quency has reached f,, at which time we switch to the power P, required
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Fig. 78.—A series of x-ray photographs of the thermal tuning mechanism of an operating
2K45. These show the motion of the bows for successively increasing power inputs to
the tuner channel.
tosustain f,. Wesay that the control is positive if no overshoot occurs, i.e.,
if the frequency does not continue to change for a time and then return to
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fa. We might equally well have illustrated this by an example in which
the tuner was cooling. In order to avoid overshoot it is necessary that no
thermal impzdance exist between the heat source and the expanding element.
Thus, as an example of a tuner in which overshoot will occur, one may cite
an expanding strut in the form of a tube heated by a resistance heater in-
ternal to the tube. In order to transfer heat from the resistance heater to
the tubing the former must of necessity operate at the higher temperature.
Hence, in the example given above, when the power is switched to the sus-
taining value heat will continue to be transferred to the tubing until the
heater and the tubing arrive at the same temperature. To minimize the
thermal impedance the heat should be generated within the body of, or on
the surface of, the expanding element. The resistance heating by current
passing through the expanding element illustrates the first case and heating
by electron bombardment the second.

The second principle is quite obvious when once stated. If a rapid shift
in frequency is to be obtzined at any point within the required tuning range,
then the potential tuning range must be considerably in excess of that re-
quired. Thus, if the tube is operating near one of the required frequency
limits and on= demands that it go to the limit, the shift will progress very
slowly in the absence of excess range. If, however, it is possible to overdrive
the limit, th= time required will be materially shortened. On the basis of
actual tube design this requires that the safe maximum or full on power into
the tuner must be considerably in excess of the power required to hold the
tuner at the frequency band limit nearest the full on condition. The tuning
mechanism must be capable of continuous operation under the full on condi-
tion in case this accidentally persists. Further, the power required to hold
the tuner at the other end of its band must be considerably in excess of zero

"in order that rapid cooling may occur near this limit. It is not necessary
that the tuner produce motion for power inputs outside the band limits;
the essential condition is that the rates of heating and cooling near these
limits should have values considerably greater than zero.

It is always possible to purchase heating speed by the expenditure of
power in available over-drive. The cooling speed, on the other hand, is con-
trolled by the temperature difference between the source and sink, the heat
capacity of the tuner and the mechanism of cooling. Two methods of cool-
ing are available, conduction and radiation. For small amounts of motion
and in circumstances where large forces are not required, conduction cooling
can provide a satisfactory answer. In cases in which a large amount of
motion is required, as in the 2K43, conduction cooling imposes a number
of serious restrictions. The expanding element must be made from a ma-
terial having a large coefficient of expansion and necessarily must be long.
Unfortunately, alloys having large expansion coefficients are very poor con-
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ductors of heat. In the case of conduction the cooling rate will depend on
the ratio of the length times the heat capacity divided by the cross-section.
For radiation cooling the rate depends on the heat capacity divided by the
radiating area and is independent of the length except as the heat capacity
depends upon this factor. Radiation cooling has the advantage that it per-
mits more freedom of structural shape and the material may be chosen on
the basis of strength. In the operating range of the 2K45 the heat radiated
is approximately four times that conducted away.

The automatic frequency control circuits which have been used with
thermally tuned beating oscillators in radar receivers have been of a full
on or off type so that they do not continuously hold the frequency at a fixed
reference difference from the transmitter frequency. The reason for this
in part is that a pulse transmitter gives the required reference information
only during the pulse. Thus with an on-off control circuit if at a given
pulse a correction of frequency is demanded the power into the tuner is
turned full on or off, depending on the direction of the correction, and left in
this condition until the occurrence of the next pulse which again determines
the direction of the control. The result is that the frequency of the beating
oscillator continually hunts about the transmitter frequency. The control
system must be designed to hold the hunting deviation within tolerable
limits. It is of course possible to work within narrower limits than full
on or off tuner power. One advantage of full on or off control is that it
results in the minimum tuning time between required frequencies since the
tuning rate is at all times held to the maximum possible value.

Under certain conditions the performance of a thermal tuner may be
completely described by a time constant. In general, however, this is not
the case and the information required in designing a control system is con-
cerned first with initiation of operation and second with the factors deter-
mining the magnitude of the hunting deviation. For initiation of operation,
one is concerned with the time required for the oscillator to reach the operat-
ing frequency. The quantities known as the cycling times give upper limits
for this quantity. The cycling times are to a certain extent arbitrarily
defined as indicated in the following. There are two band limit frequencies,
f¢, the limit requiring the lesser power input, P, and corresponding to a
tuner temperature, T, and f,, the limit for which the power input will be
Py, and the temperature, 75. The cycling time for heating, 7, is defined
and measured in the following manner. The power input to the tuner is
set to P, and held at this value until equilibrium is established. The power
input is then switched to the maximum allowed value, P, and the time
interval, 7, , between the instant of switching and the instant at which the
frequency of operation has reached f, is measured. Correspondingly, the
cycling time 7, for cooling is measured by setting to Pj until equilibrium is
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established and then switching the tuner power off and measuring the inter-
val, 7., until the operating frequency reaches f.. These quantities are of
importance in determining the “‘Out of Operation” time in case the frequency
reference of the control system is momentarily lost, so that the control starts
cycling in order to re-establish the reference.

While the cycling times can be taken to give an indication of the average
speed of tuning, more detailed information is required to determine the
hunting deviation. This demands a knowledge of the instantaneous tuning
rates which will result at any point in the band when the power is switched
full on or off. These rates vary through the band since the overdrive avail-
able, for example, on heating will decrease as the operating frequency ap-
proaches the limit nearest to the maximum drive.

In the following, an outline will be given of the factors which must be
considered in designing a thermally tuned reflex oscillator. The 2K45 will
be used as an illustration. Our first consideration concerns the time re-
quired for the tuner to heat and cool between given temperatures. In
Appendix XI expressions are derived for the cycling times 7, and .. The
expressions applicable to the 2K45 are:

CT

™ = ygpi [F(Tm) = Fi(T)] (13.1)
7o = g (T = Fa(T)] (13.2)

where the symbols are defined in the appendix. The functions F, and F2
are plotted in terms of the reduced temperatures, T’ and 7', in Figs. 79 and
80. In the analysis conduction cooling is neglected and it is assumed that
the whole of the expanding element operates at the same temperature.
Because of these limitations the theory is largely qualitative. It will be
observed that the cycling time, 74 , is proportional to the ratio of the heat
energy stored in the tuner at the maximum equilibrium temperature to the
rate of loss of energy at this temperature. It is therefore apparent that this
equilibrium temperature should have the maximum possible value, and also
that the heat capacity of the tuner should be kept to a minimum. Assuming
for simplicity that the frequency of oscillation is proportional to the tem-
perature, so that a given temperature difference is proportional to the fre-
quency, one sees by examining the function F; that it is desirable to keep
the reduced temperatures T, and T,. small compared to 1. Under these
circumstances, the cycling time 74 will have its minimum value and will be
more or less independent of the reduced temperatures. If we examine the
expression for the cycling time for cooling, 7., we observe that this is
proportional to the ratio of the heat stored in the tuner at the equilibrium
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Fig. 79.—A plot of a function used in determining the time required for the tempera-
ture of a thermal tuner to rise between two given values when the tuner is cooled by radia-
tion alone. The abscissae are given in terms of a reduced temperature.
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Fig. 80.—A plot of a function used in determining the time required for the tempera-
ture of a thermal tuner to fall between two given values when cooled by radiation alone.
The abscissae are given in terms of a reduced temperature.
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temperature T’ corresponding to zero bombardment power divided by the
rate of heat loss at this temperature. This indicates a rather paradoxical
result, that the temperature for zero bombardment power should be as high
as possible. This arises from the dependence on radiation cooling. We are
limited in setting the value of T, by the form of the function Fs, which
requires that the reduced temperatures T, and T, should be very large
compared to 1. Since the true temperatures corresponding to these reduced
values must simultaneously be small compared to T, it is apparent that
we are not completely free to make T large, and a compromise must be
worked out.
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Fig. 81.—Variation of the frequency of resonance vs gap displacement for the W.E’
2K 45 resonator. The vertical lines show the required tuning range.

In determining a practical design for a thermal tuner, the first charac-
teristic which must be known is the variation of the resonant frequency of
the oscillator cavity as a function of gap displacement. It is apparent that,
for the highest speed of tuning, the rate of change of frequency with gap
displacement should have the maximum possible value. However, this
tuning characteristic is dictated by the performance requirements of the
tube as an oscillator and hence is not available as a variable in the design.
Fig. 81 shows the variation of frequency with gap displacement for the
2K45 resonator. The required range is indicated.

When the required motion is known a choice may be made of a mechanism
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for a tuner. There is a certain amount of arbitrariness in choosing the
limiting dimensions of the tuner. If the expanding element is to be short
it is necessary either to operate over a very wide range of temperatures or
else use some mechanical means of amplifying the motion obtained over a
more limited range. Since the more limited is the required temperature
range the greater is the tuning speed, it is obviously advantageous to use
mechanical amplification. As previously pointed out the electron bombard-
ment method of heating and radiation cooling are especially suitable to such
a mechanisin because of the freedom of design they permit. Previous dis-

DEFLECTION OF BOW

TEMPERATURE

Fig. 82.—The ideal type of deflection vs temperature characteristic desired for a ther-
mally tuned oscillator. The motion & is that required to shift the resonant frequency
of the cavity through its required band.

cussion has shown that the temperatures corresponding to zero and maximum
power input must be separated by wide margins from the temperatures
corresponding to the limits of the tuning range. Any motion which occurs
in these margins is unnecessary and in general undesirable. Ideally, the
tuning mechanism should have a characteristic as shown in Fig. 82. The
type of tuning mechanism chosen for the 2K45 is a first approximation to
such a characteristic, as is shown in Fig. 83, which gives a family of charac-
teristics corresponding to various initial offsets of the bow for a given length
of bow. The bows are formed to a sinusoidal shape. This structure gives
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a large mechanical amplification of the expansion of the tuner. The tuner
is made as long as will fit conveniently into the tube envelope. Further
arbitrary decisions are required with regard to the power which can be ex-
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Fig. 83.—A family of deflection vs temperature characteristics for the type of tuning
mechanism used in the W.E. 2K45. The parameter is the initial offset of the bows from
the channel at room temperature.

pended in operating the tuner. With such decisions made, the tuner design
can then be completed as a compromise of a great many variables. Limita-
tions on the strength of the tuner materials at elevated temperatures deter-
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mine a maximum safe operating temperature. The anode material is
chosen to have a large coefficient of expansion and resistance to “‘creep”
at elevated temperatures. In choosing the form of the tuner it is necessary
to keep constantly in mind the necessity of maintaining the minimum ratio
of heat capacity to radiating surface. A minimum operating temperature
of the tuner is determined by heat flow to it from extraneous sources. Figure
84 shows the temperature as a function of bombardment power input for the
2K45 tuner. It will be observed that the heat from sources other than
bombardment produces a considerable rise in temperature. One principal
source of uncontrolled heating is radiation from the tuner cathode. This

650

600 - L—

400 /

350 Vd
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/
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ANODE TEMPERATURE IN DEGREES CENTIGRADE

o 0.5 1.0 L5 20 25 30 35 40 45 50 5.5 6.0 6.5 7.0
ANODE POWER IN WATTS

Fig. 84.—The tuner anode temperature as a function of the bombardment power.
The temperature rise at zero bombardment power is caused by radiation from the thermal
cathode and extraneous sources.

is minimized by keeping the cathode as remote from the anode as is con-
sistent with the required electronic characteristics.

When the maximum and minimum operating temperatures and the length
of the channel are determined the remaining problem is to determine and
offset for the tuning bow which will provide the optimum tuning characteris-
tics. We wish to obtain characteristics such that the heating time 7, and
the cooling time 7, are approximately equal and of a minimum value. The
choice of the bow offset also involves a choice of an initial gap spacing for the
resonator. On Fig. 83 the boundary values for the limiting temperatures T
and T, are indicated by vertical lines. With any given bow offset which
corresponds to a particular tuning characteristic a limit is set on the initial
gap spacing by the requirement that the total motion of the bow between
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room temperature and 15, shall not exceed the initial gap spacing. From
our previous analysis we know that to provide maximum tuning speed we
desire to make the temperature intervals 7. — Toand T\ — T as large as
possible. For any given tuning characteristic these intervals may be ad-
justed by a variation of the initial gap spacing subject to the limitation just
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Fig. 85.—The cycling time of the W.E. 2K45 as a function of the temperature of the
channel at the band frequency limit requiring the smaller tuner power. The solid lines
are the experimental curves, the dashed lines are theoretical results. One point on the
heating time is fitted in order to determine the heat capacity of the tuner.

imposed. Since T'. and T are interrelated for a given bow characteristic
by the fact that they correspond to a specific increment of motion § deter-
mined by the cavity design, we may study the effect of shifting the interval
6 along the tuner characteristic by varying the initial gap offset. We may
specify this in terms of value of 7, . The result of such a study is shown in
I'ig. 85. The optimum offset corresponds to the temperature at which the
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curves for 7, and 7, cross over. The optimum bow offset is then the value
which provides the minimum value at the crossover. From the theory
given earlier it is possible to compute these curves. If we had analytical
expressions for the motion of the tuner with temperature and for the varia-
tion of frequency with gap spacing it should be possible to obtain completely
theoretical curves.

As a test of the theory of heating and cooling it is sufficient to use the
experimental curves for the motion of the tuner with temperature and the
variation of frequency with gap spacing in conjunction with the heating
and cooling curves of Figs. 79 and 80 calculated from equations (13.1) and
(13.2). The value of K which must be determined in order to obtain
numerical values from the curves of Figs. 79 and 80 may be determined
from Fig. 84 by using the relationship

K_Pn_Pb
T Ty —Th

where P, and P; are the bombardment power inputs corresponding to anode
temperatures Tqoand 75 . There is no ready means for directly determining
the heat capacity C. However, if one point on either the heating or cooling
curves is fitted to the experimental data the value of C may be determined
and the remainder of the points computed. The results of such a computa-
tion are shown by the dashed lines in Iig. 85. In view of the restrictive as-
sumptions of a uniform anode temperature and the neglect of all conduction
cooling the agreement in general form is reasonably good.

The W.E. 2K45 includes a number of advances in reflex oscillator tech-
nique over the 2K25. Tt will be observed in Figs. 76 and 77 that the electron
optical system employed in the gun differs from that used in the 2K25. In
the 2K25 a gun producing a rectilinear beam was employed. In the 2K45
the gun consists of a concave cathode surrounded by a cylindrical electrode
and a focussing anode. The design of this type of gun was originated by
Meszrs. A. L. Samuel and A. E. Anderson at these laboratories. The design
is such as to produce a radial focus beam which converges into the cylindrical
section of the focussing anode. After the beam enters the focussing anode
its convergence is decreased by its own space charge, and the beam passes
through the grids at approximately the condition of minimum diameter.
Retween the second grid and the repeller the beam continues to diverge
radially on the outbound and return trips. The intention of the design is
that the beam shall have diverged sufficiently so that the maximum possible
fraction will recross the gap within a ring having an inner diameter equal
to the first grid and outer diameter equal to the second grid. Under these
conditions only a small fraction of the beam will return into the cathode
region, the remainder being captured on the support of the first grid after the
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second transit of the gap. This tends to eliminate electronic tuning hystere-
sis and the repeller characteristic of the 2K45 is essentially free of this
phenomenon. This gun design has the further advantage that it avoids the
necessity for the first grid used in the 2K25. This eliminates the current
interception on this grid with a resulting increase in the effective current
crossing the gap. This type of gun also permits the design of a more efficient
resonator by reducing the grid losses.

A second variation in design from the 2K25 is that in the 2K45 the second
grid moves with reference to the repeller. This has the advantage of reduc-
ing the variation of the repeller voltage for optimum power with resonator
tuning. The drift angle in a uniform repeller field is given by

o= EVVo (13.3)

Vo+ Va
where £ is the spacing between the repeller and the second grid of the resona-
tor. If the same drift angle 6 is maintained at all frequencies in the band,
then the repeller voltage must vary. If £is fixed as f increases V x must also
increase in order to maintain a fixed fraction. If £ varies and increases as f
decreases then a smaller variation in Vg is required and in the particular
case that £ varies inversely with f the repeller variation may be made zero.
Usually other requirements determine the variation of £ and it is not always
possible to make the variation zero. In the case of the 2K45 the variation
over the band is approximately half the amount which would occur if £ were
fixed.

The output coupling and line of the 2K45 were designed so that the
oscillator would provide the desired characteristics in the same waveguide
adapter as designed for the 2K25. The power output as a function of
frequency for a typical tube is shown in Fig. 86a. Curves A, B and C of
Fig. 86 show the variation of power output with cavity tuning when the
repeller voltage is set for an optimum at the indicated frequency and held
fixed as the cavity tuning is varied. The frequency shift between half power
points in this case is very much wider than with repeller tuning. This is a
consequence of the fact that whereas in repeller tuning both the frequency
and the drift time change in a direction to shift the transit angle away from
the value for maximum power, with cavity tuning only the frequency
changes. Moreover, the fact that the repeller to second grid spacing in this
design varies with frequency tends to reduce the variation of the drift angle
with frequency. The envelope of the curves 4, B and C gives the power
output as a function of frequency when the repeller voltage is adjusted to
an optimum at each frequency.

Fig. 86b gives the half power electronic tuning as a function of frequency
measured statically and also dynamically with a 60 cycle repeller sweep.
The difference arises from thermal effects.
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In Fig. 86b the electronic tuning is shown, in one case where the repeller voltage is
shifted between half power points so slowly that thermal equilibrium exists at all times
and in the dynamic case in which the repeller voltage is shifte% at a 60 cycle rate.
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Fig. 87.—Repeller voltage for optimum power as a function of frequency for the W.E.
2K 45 oscillator,

Fig. 87 shows the variation of repeller voltage for optimum power with
frequency. This variation is so nearly linear that it has been proposed that
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a potentiometer properly ganged with the transmitter in radar systems
would provide optimum output throughout the band. Thisis an advantage
over electronic tuning, since the signal to noise performance of the receiver
depends in part on the beating oscillator power into the crystal.

In a thermally tuned tube it is necessary to provide safeguards against
excessive power input to the tuning strut since this might produce a per-
manent deformation and impair tuner operation. A simple method for
obtaining such protection is to use low-frequency cathode feedback produced
by a cathode resistor. With a cathode biasing resistor of 725 ohms the
grid may be held 15 volts positive with respect to the more positive end of
the cathode biasing resistor indefinitely without damage to the tuner when
the normal plate voltage of 300 volts is applied.

The grid control characteristics for a typical 2K45 shown in Fig. 88 were
obtained while using the cathode biasing resistor. These characteristics
may be given in two ways. In one case the repeller voltage is held fixed
and the characteristics are given over a range between half power points.
It will be observed in this case that the characteristics are discontinuous
because of the electronic tuning resulting from the repeller voltage shifts
between ranges. For the other case the repeller voltage is maintained at
its optimum value at each frequency.

In either case, one striking feature is the essential linearity of the variation
of frequency with grid voltage. This is of considerable importance in many
frequency stabilizing systems and represents an advantage of thermal tuning
over electronic tuning. In the case of electronic tuning, as shown in Section
VII, the rate of change of frequency with repeller voltage varies rapidly
as the repeller voltage shifts away from the optimum value. Since frequency
stabilization is essentially a feedback amplifier problem in which the rate of
change of the frequency with the control voltage enters as one of the factors
determining the feedback, it is apparent that the frequency stabilization
will vary as the repeller voltage is shifted. In contrast, for the case of
thermal tuning, because of the linearity of frequency with grid voltage, the
stabilization will be independent of the frequency. It should not be for-

2K45 Operating Conditions

Normal Maximum
Heater Voltage . . .. ............. 6.3 6.8 Volts
Resonator Voltage. . .. ........... 300 350 Volts
Klystron Current . .............. 22 30 mA
Repeller Voltage Range. . . .. ...... —60 to —175 —350 Volts
Tuner Current .. ............... 0to 25 mA
TunerPower. ... ............... 7.0 Watts
n (9660-8500 Me/s) ........... .. 6.0 9.0 Sec
. (8500-9660 Mc/s) .. ........... 6.0 9.0 Sec
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gotten, however, that thermal tuning is inherently slower in action than

electronic tuning, since the latter is capable of frequency correction rates
limited, for practical purposes, only by the control circuits, whereas in
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The dashed lines show the variation when the repeller voltage is held fixed for the mid-
range value and the solid lines shows the variation with the repeller voltage maintained
at its optimum value for each frequency. These characteristics apply when a 725 ohm
biasing resistor is connected in series with the tuner cathode.

thermal tuning the thermal inertia of the tuning strut limits the tuning speed
to rates of the order of 100 mc/sec” for the 2K45.

The operating conditions for the 2K45 are given in the table at the
bottom of page 595.
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G. An Oscillator With Waveguide Output—The 2K50

Late in the war it became apparent that there was an urgent need for
radar systems. which would permit a very high degree of resolution. Such
resolution requires the use of the shortest wavelengths possible, and as a
practlcal step development work was undertaken in the neighborhood of
1 cm e

Work at ‘these Laboratories led to a tube which produced over 20 milli-
watts and was thermally tunable over the desired frequency range by means
roughly-similar to those employed in the 2K45. This tube had a wave guide
output. It had no grids; a sharply focused beam passed through a .015”
aperture in the resonator. The tube operated at a cavity voltage of 750
volts.

Work by Dr. H. V. Neher at the M.I.T. Radiation Laboratory resulted
in a design for an oscillator using grids which operated at a resonator voltage
of 300 volts. At the request of the Radiation Laboratory, the Bell Tele-
phone Laboratories undertook such development and modification as was
necessary to make the design conform to standard manufacturing techniques.
This work was carried out with the close cooperation of Dr. Neher.

Figure 89 shows an external view of the tube and Fig. 90 a cross sectional
view of the final structure. There are two striking departures in this tube
from the designs previously described. One of these is that the axis of
symmetry is no longer parallel to the axis of the envelope but instead is
perpendicular to it. This construction makes possible in part the other
striking feature of the tube, which is the wave guide output. A number
of factors combine to make this type of output desirable and prac-
tical. The resonant cavity for a wavelength near 1.25 cm. becomes ex-
tremely small. Were loop coupling used this would necessitate a very small
coupling loop and also a very small diameter output line. The small dimen-
sions with loop coupling would require tolerances extremely difficult to
maintain with conventional vacuum tube techniques. On the other hand,
the wave guide used at 1.25 cm. is of dimensions (.170” x .420”) such that
a wave guide output with a choke coupling can readily be incorporated in a
standard vacuum tube envelope.

The wave guide coupling is accomplished by means of a tapered wave
guide which couples to the cavity through a non-resonant iris. The guide
tapers in the narrow dimension only, from the iris to a circular output
window. The tapered guide couples to the window by means of a circular
half wave choke. The VSWR introduced by the window is 1.1 or less.
External to the tube, there is an insulating fitting which permits the tube
to be coupled directly to the guide by means of a second choke coupling.
This makes it possible to operate the shell of the tube at a different potential
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Fig. 89.—The 2K50—a reflex oscillator with thermal tuning and a wave guide output

or operation in the 1 centimeter range
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Fig. 90.—Internal features of the 2KS50.
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than the guide. This is desirable in a radar receiver for circuit reasons,
which require that the cathode of the oscillator be at ground potential.
The iris size is a compromise chosen to provide sufficient sink margin
throughout the band. An iris coupling inherently varies with frequency
~ and provides a weaker coupling at lower frequencies. Hence, since a suffi-

f = 24,464 MEGACYCLES
PER SECOND

Fig. 91.—A performance diagram for the 2K50 at the high frequency band limit. This
diagram shows loci of constant power as a function of the admittances presented at the
plane of the tube window. Admittances are normalized in terms of the characteristic

admittance of the wave guide.

cient sink margin must be provided at the wavelength where the coupling
is a maximum, this means that an excess of sink margin exists at the low
frequency end of the band. This is illustrated by the impedance perform-
ance diagrams of Figs. 91 to 93.

The 2K50 presented a difficult mechanical problem which will be appreci-
ated when the minute dimensions of the resonant cavity are observed in
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Fig. 90. The electron optical system consists of a concave cathode, a
cylindrical beam electrode, and a grid concave towards the cathode. This
produces an electron beam which converges into a conical nose and through
the cavity grids to the repeller space. The repeller, which returns the beam
across the gap, is rigidly held in a mica supported in a cylindrical housing
connected to a diaphragm which serves as one wall of the resonator. The

f=23,984 MEGACYCLES
PER SECOND

Fig. 92—Performance diagram for the 2K50 at the mid-band frequency.

cylindrical housing is connected to a thermal tuning mechanism consisting
of a simple framed structure in the shape of a right triangle. The base of
the triangle is a heavy piece of metal brazed to the cavity block and a bleeder
shoe which in turn is brazed to the bulb. One leg of the triangle can be
heated by electron bombardment controllcd, as in the 2K45, by a negative
grid. The other leg is heated only by conduction. Since both legs are
made from the same material, general heating of the structure will produce
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only a second order effect. Because of the small motion required to tune
the 2K50 through its range, the tuner dimensions permit reliance on conduc-
tion cooling. '

f=23504 MEGACYCLES
PER SECOND

Fig. 93.—Performance diagram for the 2K50 at the low frequency band limit.

The characteristics of the thermal tuner of the 2K50 differ considerably
from the 2K45. Tn Appendix X1 expressions are given for the heating and
cooling times as

¢ P, — kT,
™= 0% 5T, (13.4)
_ c Th
T = Elog. T (13.5)

Tt is desirable that the cycling times should be equal. Equating (13.4)
and (13.5) one obtains )

Py = k(Th+ T). (13.6)
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This states that the maximum permitted temperature, T\ = Pn/k, shall
exceed the temperature Ty by the same temperature difference as that by
which T exceeds the sink temperature. From (13.4) and (13.5) it can be
seen that to minimize the heating and cooling times the heat capacity
should be small and the heat conductivity of the strut should be large. It
is also evident that the ratio 7/T. should be as nearly unity as possible.
This requires that the tuner should produce the required displacement in
the smallest temperature interval possible. If a given temperature differ-
ence is required to produce the necessary motion, then from a speed stand-
point it is desirable to make both T} and 7. large in order that their ratio
shall be nearly unity. The allowable temperature is usually limited by
constructional considerations.

Over the normal tuning range of a reflex oscillator we have previously
shown that the tuning characteristic may be represented by

A= aVC, + Cx) (13.7)
where «a is a constant
Cy is a lumped fixed capacitance
) =P
x
8 is a constant.
Hence one can show that for small changes Ax from

1 "

A\ = —ToFA (13.8)
Xo Cn

Co = Gy + Clw). (13.9)

One may also show that for the type of tuner employed and the small
motions involved in the 2K 50 the displacement of the grids as a function
of the temperature difference T — T will be

x=1xy— H(T — Ty) (13.10)
whence
1 _
AN = w (13.11)
Xo C[)
Iiattimet =0,x = xy, T = Ty, A = Ao, we have for heating
L )
Xf _ AD — 2A;]BH (5, _ Tﬂ)(l _ e*(kt!c))' (13.12)
Xp C(] k

If we give P, its maximum value P, then at { = o« the temperature of

the strut will be % — Th A= An
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NBH

and AN = An — Ao = 3 ,"ﬁ (Tw — To) (13.13)
xnCo

or A= N = (Am— M) — ¢ *), (13.14)

Thus the behavior of this type of tuner may be described by a time constant
which is given by 7 = g . This has been verified experimentally for the
2K50, in which this constant has been found to have a typical value of 1.3
seconds.

The instantaneous tuning rates at a given wavelength based on full on-
full off operation can be shown to be

g{ = —éjf—m (f — fm) heating (13.15)
‘g - 1 % (fo —f) cooling (13.16)

where fo is the frequency at zero tuner power

fm is the frequency at maximum permitted drive.
Figure 94 shows the instantaneous tuning rate as a function of frequency
on heating and cooling.

Typical power output versus frequency characteristics for the 2K 50 are
shown in Fig. 95. Curve A shows the power output with the repeller voltage
optimized at each frequency while Curve B gives the variation when the
repeller voltage is set for an optimum at the center of the band and held
fixed as the frequency changes. For constructional reasons the spacing
between the repeller and second cavity grid is fixed in the 2K 50 so that on
a proportional frequency basis the range between half power points with
fixed repeller voltage is smaller for the 2K 50 than for the 2K45.

Figure 96 shows the frequency vs. grid voltage characteristics for the
2K50. For normal operation with full on-full off operation the grid voltage
is switched between zero and cutoff.

H. A Millimeter Range Oscillator

During the latter stages of work on the 2K50 development, work was
started on an oscillator for a wavelength range around .625 cm. The design
of this developmental tube known as the 1464X() was undertaken.

There are several difficulties in going from 1.25 cm. to .625 cm. Greater
accuracy of construction is required and the cathode must be operated at a
higher current density. The greatest difficulty arises from the fact that
the grids cannot be directly scaled in size from those used in tubes for longer
wavelengths.
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Let us consider the factors involved in scaling from a tube operating at a
given frequency to a smaller tube operating at a higher frequency. If the
cathode is operated space-charge-limited and the anode voltage is the same
as for the larger tube, the total electron current will be the same and each
grid wire will intercept as much current and hence receive the same power
to dissipate as in the larger tube. Suppose the length of a grid wire in the
larger tube is / and in the smaller tube the length of the corresponding wire
is i . Suppose that all the other dimensions of the smaller tube, including
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Fig. 96.—Frequency vs tuner grid voltage for the 2K50.

the diameter of the grid wire, are reduced in the ratio ;/l,. We do not
know @ priori whether or not the temperature distribution along the grid
wires of the smaller tube will be the same as that for the larger tube; suppose,
however, that it is. Then if 7 is the temperature at some typical point,
say, the hottest, on the grid wire of the larger tube, and 7', is the temperature
at the similar point on the smaller tube, the power the wire loses by radiation
in the large tube, P, and in the small tube, P,, are given by

P, = AT} (13.17)
P, = ART:. (13.18)
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Here A is nearly constant for given tube geometry and materials. In
radiation the power lost varies as the area, which varies as P, and as the
temperature to the fourth power.

The power lost by end cooling, for the large and the small tube, Py and P,1

will be given by
Py = Bl/Ty (13.19)
P, = BLT,. (13.20).

Here B is another constant. These relations express the fact that the
power lost by end cooling (thermal conduction) varies as cross sectional
area divided by length and hence as / and as temperature difference, taken
as proportional to T'.

Now, in scaling the tube the power to be dissipated has been kept constant.
Further, in making the tube small, the hottest point of the grid cannot be
run hotter than the melting point of the wire; in fact, it cannot be run nearly
this hot without unreasonable evaporation of metal.. Suppose we let the
grid in the smaller tube attain the maximum allowable temperature Tm
and let the power the wire must dissipate be P.  Then for the large tube

P = P+ Po = (ALTS 4+ B)lT, (13.21)
and for the smaller tube
P = Py+ Pu= (ALTS + B)LTo. (13.22)

Hence, the smallest value / can have without running the grid too hot is
given by the equation

To (Al T3 + B)

=1
*Tm (ALTS + B)

(13.23)

We see that if /g is very small,
AlT, < B

(13.24
ALT, K B )

Numerical examples show that this is so for a tube such as the 2K50. This
means that nearly all of the power dissipated by the grid is lost through end
cooling, not radiation.* Further, in the 2K50 the grid is already operating
near the maximum allowable temperature. Hence, nearly, To = T and
the smallest ratio in which the tube can be scaled down without overheating
the grids is approximately unity. This means that in making a tube for
625 cm. the grid wire cannot be made half the diameter of the wire used in

UThe fact that one kind of dissipation predominates in both cases justifies the as-
sumption of the same temperature distribution in both cases.
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the 2K50. In fact, the diameter of the grid wire can be made but little
smaller. Thus, in the 1464X0Q the grid is relatively coarse compared with
that in the 2K50. This results in a reduced modulation coefficient and
hence in less efficiency.

In going to .625 cm., resonator losses are of course greater. The surface
resistivity of the resonator material varies as the square root of the fre-
quency. Surface roughness becomes increasingly important in increasing
resistance at higher frequencies. Further, in order to provide means for
moving the diaphragm in tuning, it was necessary in the 1464XQ to use a
second mode resonator (described later) and this also increases losses over
those encountered at lower frequencies.

Development of the 1464X() was stopped short of completion with the
cessation of hostilities. However, oscillation in the range .625-.660 cm.
had been obtained. The power output varied from 2-5 milliwatts between
the short wave and long wave extremes of the tuning range. The cathode
current was around 20 ma, the resonator voltage 400 volts. The tube
operated in several repeller modes in a repeller voltage range 0 to — 180 volts.

Figures 97 and 98 illustrate features of the 1464XQ oscillator. Figure 98
is a scale drawing of the resonator and repeller structure. The electron
beam is shot through two apertures covered with grids of .6 mil tungsten
wire. These grids are 80% open and are lined up. The aperture in the
grid nearest the gun is 23 mils in diameter and the second aperture is 34 mils
in diameter. The repeller isscaled almost exactly from the 723A 3 cm. reflex
oscillator. A second mode resonator is used. The inner part, a, of Fig. 98
is about the size of a first mode resonator. This is connected to an outer
portion, ¢, by a quarter wave section of small height, b, which acts as a
decoupling choke. The resonator is tuned by moving the upper disk with
respect to the lower part, thus changing the separation of the grids. The
repeller is held fixed. Power is derived from the outer part, c, of the reso-
nator by means of an iris and a wave guide, which may be seen in the section
photograph Fig. 97. There is an internal choke attached to the end of the
part of the wave guide leading from the resonator. This is opposed to a
short section of wave guide connected to the envelope, and in the outer end
of this wave guide there is a steatite and glass window of a thickness to
give least reflection of power.

I. Oscillators for Pulsed Applications—The 2K23 and 2K 54

All the reflex oscillators described in the preceding sections have been low
power oscillators intended for beating oscillator or signal oscillator applica-
tions. Some limitation on the power capability of these oscillators in the
form previously described is set by the power handling capacity of the grids.
If the tubes are pulsed with pulse durations which are short compared with
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Fig. 97.—An experimental thermally tuned reflex oscillator, the 1464, designed for
operation between the wave lengths of .6 and .7 cms.
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the thermal time constant of the grids, then the peak power input to the
oscillators may be increased over the continuous limit by the duty factor,
provided that the voltages applied are consistent with the insulation limits
of the tubes and that the peak currents drawn from the cathode are not in
excess of its capacity.

An application for a pulsed oscillator arose in the AN/TRC-6 radio
system.” This was an ultra-high frequency military communication system
using pulse position modulation to convey intelligence. With the high gain
which may be achieved with antennas in the centimeter range, the power
necessary in the transmitter for transmission over paths limited by line of
sight is of the order of a few watts peak. In beating oscillator applications
the power output is of secondary importance to electronic tuning, so that
the reflex oscillators previously described were designed to operate with a
drift time in the repeller space such as to provide the desired tuning. Ina
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Fig. 98.—The resonator and repeller structures of the oscillator shown in Fig. 97.

pulsed transmitter electronic tuning is unnecessary and indeed undesirable,
since it leads to frequency modulation on the rise and fall of the pulse. In
section ITT it is shown that for maximum efficiency with a given resonator
loss there will be an optimum value for the drift time. If there were no
resonator loss this time would be § cycles, which is the minimum possible.
By utilizing the optimum drift angle and taking advantage of the higher
peak power inputs permitted by pulse oscillator it was possible to obtain
peak power outputs of the order of several watts using the same structure
as employed for the beating oscillators previously described without exceed-
ing the power dissipating capability of such a structure. From the stand-
point of military convenience this was a very desirable situation for reasons
of simplicity of tuning and ease of installation.

15 A Multi-channel Micro-wave Radio Relay System, H. S. Black, W.. Beyer, T. ].

Grigser; and F. A. Polkinghorn, Electrical Engineering Vol. 65, No. 12, pp. 798-806, Dec.
1946.
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The first tube designed for this service was the 2K23. It was based on
the design employed in the 2K29 and operated with a drift time of 1} cycles
in the repeller space. A severe limitation on the performance was set by
by the requirement that a single oscillator should cover the frequency range
from 4275 to 4875 Mc/s. It is showninSection X that in an oscillator tuned
by changing the capacitance of the gap the efficiency will vary considerably
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Fig. 99.—Variation of the peak power output vs frequency for the 2K 23 reflex oscillator.
This tube was designed for pulse operation with a duty factor of 10 in a repeller mode
having 3.5 7 radians drift.
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Fig. 100.—Modulator circuit for use in connection with reflex oscillators showing
means for applying pulse voltage to the repeller to reduce frequency modulation during
pulsing.
over such a tuning range. In the case of the 2K23 the variation of the peak
power output with frequency is shown in Fig. 99. The duty factor at which
the tube was used (the ratio of the time between pulses to the pulse length)
was 10, In the AN/TRC-6 application the tube was operated on a fixed
current basis; i.e., the pulse amplitude was adjusted to a value such that
the average current drawn was 15 ma. The schematic of the circuit em-
ployed in pulsing oscillators in this way is shown in Fig. 100. The resonator
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of the oscillator is operated at ground and the cathode of the oscillator
is pulsed negative with respect to this ground. The repeller voltage is
referenced from the cathode and this reference is maintained during the
pulse. Seme frequency modulation occurs during the rise and fall of the
pulse because of the changing electron velocity. This can be reduced in
part by applying a part of the pulse in the repeller circuit proportioned
in such a way as to tend to maintain the drift time independent of the
cathode to resonator voltage. Satisfactory performance is achieved in
this way.

As mentioned previously, the intelligence is conveyed by pulse position
modulation. The AN/TRC-6 system uses time division multiplex to provide
eight communication channels. The multiplexing is achieved by trans-
mitting a four micro-second marker pulse which provides a time reference
followed by eight one micro-second pulses. The time of each of the latter
pulses is independently varied in position with reference to the marker
pulse.

The time interval from the marker to each pulse could be measured to
either the leading or trailing edge of the pulse. In Section XII it is shown
that the leading edge of the r.f. pulse will be subject to what is commonly
called “jitter"” because of the random time of rise which will result if oscilla-
tion starts from shot or Johnson noise. Conceivably oscillation might be
started by shock excitation of the resonant circuit by the pulsed beam cur-
rent. However, in Appendix X it is shown that the initial excitation pro-
duced by shot noise in the beam exceeds that induced by the current tran-
sient by a factor of approximately 100, The trailing edge of the pulse will
not be subject to this form of jitter provided two conditions are met. First,
the pulse duration must be long enough so that oscillation builds up to full
amplitude during the pulse. Second, the receiver must have a sufficient
bandwidth so that the transient which occurs on reception of the leading
edge has fallen to a small value by the time the trailing edge is received.
Since these conditions were met in the AN/TRC-6 system, the trailing edge
of the pulse was used.

In the latter stages of the development of the AN/TRC-6 system it was
decided to remove the restriction that the required tuning range should be
covered with a single transmitter tube. This made possible the achievement
of a design which would provide an improved performance throughout the
band. In order to improve the circuit efficiency of the resonator, the new -
designs were based on the oscillator structure which was employed in the
2K45. It has been pointed out previously that this makes possible a con-
siderably higher resonant impedance of the cavity, partly because of the
reduced gap capacitance and also because the smaller first and second grids
reduce the resonator losses. These effects were reflected in the higher
efficiency obtained in the 2K54 and 2KS55.
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The three tubes, the 2K23, 2K54 and 2K 55 were intended to couple to
wave guide sircuits. Although direct coupling to the guide through a wave
guide output would have been desirable in some ways, it would have re-
sulted in a very large and awkward structure. It seemed best, therefore, to
retain the coaxial output feature of tubes designed for beating oscillator
service. From a standpoint of convenience, it would have been desirable
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Fig. 101.—A transducer designed to adapt the 2K23, 2K 54 and 2KS55 oscillators to a
terminated wave guide load. If the back piston of this coupling is set at a distance of
1.08” from the center of the probe the impedance presented to the oscillator line is 50
ohms with a 1 db variation over the required frequency range.

to have had the wave guide probe an integral part of the tube, as is the case
in the 2K25. However, the length of a quarter wave probe at the operating
wave lengths of the AN/TRC-6 system made such a design hazardous.
Because of this a transducer was developed into which the tube could be
plugged. This is shown in Fig. 101. The central chuck extends the center
conductor of the output coaxial of the tube into the guide. It had been
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originally intended to design this transducer so that all elements would be
fixed. It was found, however, that an adjustable back piston setting per-
mitted compensation for manufacturing tolerances in the tubes as well as
permitting the presentation of a better impedance to the oscillator over the
band than was attainable with a fixed transducer. This is illustrated in
Fig. 102 which shows the power output versus frequency for a typical 2K54
and a typical 2K 55 as a function of frequency for three cases. In one case,
as shown by curve B, the power output is delivered at all frequencies into
the optimum impedance, i.e. the impedance into which the oscillator will
deliver maximum power. Curve A shows the power output delivered into
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Fig. 102.—Peak power output vs frequency for the ZK.54 and 2K 55 oscillators for sev-
eral load conditions. Curves 4 give the performance obtained when the tubes operate

into a characteristic admittance load threugh the coupling of Fig. 101 with the end plate
fixed so that the admittance presented to the tubes is constant to within 1 db over the
frequency range. Curves B give the performance obtained when the optimum impedance
is presented to the oscillators throughout the band. ~Curves C give the performance ob-
tained when the tubes are coupled to a characteristic admittance load with the coupling
unit of Fig. 101 and with a back piston adjusted to the best value at each frequency.

a transducer which has the back piston fixed at a distance from the probe,
so chosen that the impedance seen by the oscillator is flat over the band to
within 1 db. Curve C shows the power output when the back piston of the
transducer is adjusted so that the tube delivers maximum power. It can
be seen that the performance obtained under the latter circumstances is very
nearly as good as that obtained when the optimum impedance is presented
to the oscillator. ) '

From Sections 11T and IX we would expect that, since the coupling system
is such as to give maximum power throughout the band, the sink margin
should be slightly greater than 2. Figures 103 to 106 give impedance per-
formance diagrams for 2K54 and 2K55 at the four transmitting frequencies
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of the AN/TRC-6 system. From this it can be seen that the sink margin is
approximately 2 at all frequencies. In a transmitter tube another factor,
which is of small importance in a beating oscillator, becomes of interest.
This factor is the pulling figure, which is defined as the maximum frequency

=== FREQUENCY
POWER

Fig. 103.—Rieke diagram for the 2K54 at a nominal frequency of 4500 megacycles.
The point at the unity vswr condition is obtained by adjusting the repeller voltage and the
back piston of the coupling of Fig. 101 to the values which gave maximum power. These
conditions were then held fixed for the remainder of the chart.

excursion which will be produced when a VSWR of 3 db is presented to the
transmitter and the phase is varied over 180°. Fig. 107 gives the pulling
figure as a function of frequency for the 2K 54 and 2K55. The requirements
on the pulling figure for the 2K54 and 2K55 were not severe, since in the
AN/TRC-6 system the tube is coupled to the antenna by a very short wave
guide run and, furthermore, the antennas are fixed.
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Investigation of the pulling figure of early models of the 2K55 led, how-
ever, to the disclosure of one unforeseen pitfall arising from the existence of
electronic hysteresis. It had at first been considered that electronic hystere-
sis would not be of importance in the transmitter tube, where the feature of
electronic tuning was of no importance. This might be true ina CW oscilla-

=== FREQUENCY

Fig. 104.—Rieke diagram for the 2K54 oscillator at a nominal frequency of 4350
megacycles. The unity tswr point was obtained as described in Fig. 103.

tor, but in a pulsed oscillator the existence of hysteresis resulted in an un-
foreseen reduction of the sink margin. Since the oscillator is being pulsed,
for each pulse the oscillating conditions are being re-established. Although
the cathode-repeller voltage need not vary during the pulsing, the fact that
the cathode-resonator voltage is being changed means that for each pulse
the drift angle in the repeller space varies on the rise and fall of the pulse.
The effect during the rise of the pulse is the same as though the repeller
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voltage were made less negative. In other words, on the rise of each pulse
the situation is equivalent to that in a CW oscillator when, for a fixed
resonator voltage, one starts with a repeller voltage too negative to permit
oscillation and then reduces the repeller voltage until oscillation occurs.
Let us now suppose that the hysteresis is such that under these circumstances
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Fig. 105.—Rieke diagram for the 2K 55 oscillator at a nominal frequency of 4800 mega-
cycles. The unity vswr point was obtained as described in Fig. 103.

the amplitude of oscillation would suddenly jump to a large value. We
would then obtain a variation of peak power output as a function of the
repeller voltage shown in Fig. 108. Ordinarily, the repeller voltage would
be adjusted so as to obtain maxmum power output as, for example, with
the repeller voltage V. Next, let us suppose that a variable impedance
is presented to the oscillator with the repeller voltage held fixed at value
Vm , as would be done, for example, in obtaining an impedance performance
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Fig. 106.—Rieke diagram for the 2K 55 oscillator at a nominal frequency of 4650 mega-
cycles. The unity vswr point was obtained as described in Fig. 103.
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Fig. 107.—Pulling figures for the 2K 54 and 2K55 reflex oscillators as functions of fre-
quency. With a unity vswr load the repeller voltage and back piston of the coupling of
Fig. 101 were adjusted for a maximum power and held fixed for the pulling figure meas-
urements,



— - —

PEAK POWER —

VRI
NEGATIVE REPELLER VOLTAGE =+

Fig. 108.—The variation of power output with repeller voltage for a pulsed re ex
oscillator exhibiting hysteresis.
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Fig. 109.—The effect of hysteresis on the Rieke diagram of a pulsed reflex oscillator.
The hysteresis shown in Fig. 108 can result in failure of a pulsed oscillator to oénera.te in
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portion
corresponding to the normal sink.
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diagram. The effect of varying the impedance on the repeller characteristic
in Fig. 108 is to shift the whole characteristic to the right or left, depending
upon the phase of the impedance, as well as to change its general form as
shown by the dotted curve. It can be seen from this that if the hysteresis
is sufficiently bad and if the pulling figure exceeds a particular value, one
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Fig. 110.—Performance characteristics of the 2K22 operated into a 50 ohm load.

effect of the hysteresis will be to reduce the sink margin, and this is found
to be the case. Fig. 109 shows an impedance performance diagram obtained
with pulsed operation for an early model of the 2K55 in which the hysteresis
was excessive. From this it can be seen that the area of the sink on the
diagram is very greatly increased and also that the sink margin is reduced
from the theoretical value of somewhat in excess of 2 to a value of less than
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1.1 although maximum power occurs at unity VSWR. A meodification in
the design reduced the hysteresis and eliminated this effect as shown by
Figs. 103 to 106.

In addition to the transmitter tube for the AN/TRC-6 system, it was
necessary to design a beating oscillator. This tube is known as the Western
Electric 2K22. Tts design was scaled from the 2K29, previously described.
The tube was designed to operate-into a 50 ohm impedance and can be
coupled by a coaxial adapter to a 50 ohm line or by means of the transducer
of Fig, 101 to a wave guide. When the back piston of the transducer is set
at a distance of 1.080” from the probe center, the impedance presented’to
the oscillator is 50 ohms with approximately a 1 db variation over the
frequency range. Fig. 110 gives the performance characteristics of the
2K 22 operating into a 50 ohm load. The AN/TRC-6 system using these
tubes provided a military communication system during the war. A
description of this service has been given.”® Also, models of the AN/TRC-6
system have been put into service to provide telephone communication be-
tween Cape Cod and Nantucket and also between San Franclsco and
Catalina Island.

1. Scope of Oscillator Development at the Bell Telephone Laboratories

The reflex oscillators discussed in the foregoing sections were developed
primarily for beating oscillator service, and in one instance for a transmitter.
Reflex oscillators also received wide application in test equipment. The
best-known application of this type was in the spectrum analyzer, in which
the electronic tuning characteristic of the oscillators made possible the dis-
play of output spectra, and especially of the spectra of magnetron oscillators,
on an oscilloscope. This greatly facilitated the development of the mag-
netron. The reflex oscillator also was widely used as a signal generator, and
the ease of frequency adjustment particularly suited it to this application.
In some signal generators it was desired to pulse the reflex oscillator at low
power levels. As an alternative to the method previously described, in
which the voltage between the cathode and resonator was pulsed, it is
possible to leave this voltage fixed and to pulse the voltage between the
repeller and cathode. In this case the repeller-cathode voltage is set at a
base value at which the tube will not oscillate and the pulse varies this
voltage to the oscillating value.

The oscillators which have been described have been chosen to indicate
various features of their development. In addition to these, a number of
other oscillators were developed to meet various service needs. Figure 111
shows a chart giving the frequency ranges of these tubes. Of the eleven
beating oscillators of the reflex oscillator type on the Army-Navy preferred
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Fig. 111.—Reflex oscillators developed at the Bell Telephone Laboratories. The
hoxes around the tube numbers show the frequency range covered.
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list of electron tubes for 1945, nine were developed at the Bell Telephone
Laboratories.

APPENDIX 1

RESONATORS

In thinking about resonators it is important in order to avoid confusion
to keep a few fundamental ideas in mind. One of the most important is
that we must not use the notion of scalar potential in connection with fluc-
tuating magnetic fields. Electric fields produced by fluctuating magnetic
fields cannot be derived from a scalar potential, and in the presence of such
fields to speak about the potential at a point is hopelessly confusing.

The idea of voltage as the line integral of electric field along a given path
between two points is useful, but it must be remembered that the voltage
depends on the path chosen. Consider, for instance, an ordinary 60-cycle
transformer with the secondary wound of copper tubing. For a path from
one secondary terminal to the other through the center of the tubing the
voltage (integral of field times distance) is zero. For a path between ter-
minals outside of core and coil, the voltage between terminals is dy/dt,

~where ¢ is the magnetic flux linkage of the path and the coil, counting each
line of force as many times as the path encircles it.

If resistance drop is neglected the work done in moving a charge through
a conductor is zero. The line integral of an electric field around a closed
path is dy/dt. If part of the path is through a conductor, or through a
space where there is no electric field, the voltage along the rest of the path
(as between portions of the conductor) isdy/dt. For paths linking different
amounts of flux, the voltage will be different. In the case of low frequency
transformers, all paths linking the terminals and lying outside of the core
and coil link practically the same amount of flux, and there is little am-
biguity about the voltage. In reflex oscillators the electrons travel from
one field free region to another along a certain path and this determines
the path along which the voltage should be evaluated.

To review: the voltage between two points is the integral of the field along
the path times distance, and refers to a certain path. If the path begins
and ends in a field free region, the voltage is dy/dt, where ¢ is the magnetic
flux linking the chosen path and a return path through the field free region.

To this should be added that high frequency currents and fields penetrate
the surface of metals only a fraction of a thousandth of an inch in the
centimeter range,"” so that the interior of a conductor is field free, and fields
inside of a metal enclosed space cannot produce fields outside of that space

16 The electric field can, of course, be derived from a scalar and a vector potential.
17 As an example, for copper the field is reduced to (1/2.72) of its value at the surface
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In considering resonators we should further note that the magnetic flux
must be produced by a flow of current, either convection current or dis-
placement current, around the lines of force. In a transformer this can be
identified as the current flowing in the coils. In the resonators used in
reflex oscillators it is the current flowing in the walls and, as displacement
current, across the gap and from one face of the resonator to the other.

Two axially symmetrical resonators suitable for use in reflex oscillators
are shown schematically in Figs. 112 and 113. The resonator in Fig. 112
has grids and might be used with a broad unfocused electron beam at a low
d-c voltage; that shown in 113 has open apertures and might be used with a
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Fig. 112.—An oscillator cavity with grids and loop coupling to a coaxial line.
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Fig. 113.—An oscillator cavity without grids and with iris coupling to a wave guide.

focused high voltage electron beam. In Fig. 112, the resonator is coupled
to a coaxial line by means of a coupling loop or coil; in Fig. 113 the resonator
is coupled to a wave guide by means of a small aperture or “iris.”

Let us consider the resonator of Fig. 112 in the light of what we have just
said. A magnetic field flows around the axis inside of the resonator. There
is an electric field between the top and bottom inside surfaces of the resona-

at a depth.
5 = 3.82 X 10°5VX (al)

Here A is wavelength in centimeters. It may also be convenient to note that the surface
resistivity of a centimeter square of resonator surface is, for copper,

R = .045/V\ (a2)
This means that if a current of I amperes flows on a surface over a width W and a length
1, the power dissipation is

P = I*RI/W (ad)
For other non-magnetic metals, both & and R are proportional to the square root of the
resistivity with respect to that of copper.
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tor. There is no electric field outside of the resonator (except a very little
that leaks out near the grids). To take a charge from one grid to another
outside of the resonator requires no work. Thus the voltage across the gap
is dy/dt, where y is the magnetic flux around the axis. Actually, there
is a little magnetic flux between the grids, and hence the voltage near the
edges of the grids is a little less than that at the center.

Current flows as a displacement current between the grids, and as con-
vection current radially out around, and back along the inside of the resona-
tor to the other grid. This current flow produces the magnetic field that
links the axis. .

Part of the magnetic flux links the coupling loop. If this part is y¢ and
if the coupling loop is open-circuited, the voltage across the coupling loop
will be dy¢/di.

C3£,r ng m3

Tig. 114.—Equivalent circuit for a resonator having 3 modes of resonance.

In the resonator of Fig. 113, power leaks out through the iris into the wave
guide. Part of the wall current in the resonator flows out through the hole
into the guide; part of the magnetic flux in the resonator leaks out into the
guide.

" In dealing with resonators as resonant circuits of reflex oscillators, to
which the electron stream and the load are coupled, we are interested in
the gap and output impedances. For a clear and exact treatment, the
reader is referred to a paper by Schelkunoff. ® No exhaustive treatment
of the problem will be given here, but a few important general results will
be given.

Tf the resonator is lossless, the impedance looking into the loop may be
represented exactly by an equivalent circuit indicated in Fig. 114. As
coils used at low frequencies are really not simply ideal “‘inductances,”
(an idealized concept), but have many resonances (ascribed to distributed
capacitance), so the resonator has many, in fact, an infinity of resonances.
In the equivalent circuit shown in Fig. 114, only 3 of these are represented,

185, A. Schelkunoff, Representation of Impedance Functions in Terms of Resonant
Frequencies, Proc. I.R.E., 32, 2, pp. 83-90, Feb., 1944,
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by the inductances L, , L,, Ly and the capacitances C,, Cy, C;. These
resonant circuits are coupled to the terminals by mutual inductances m, ,
ma, my . In series with these appears the inductance measured at very low
frequencies Ly, the self inductance of the coupling loop. The circuit in
Fig. 114 may be regarded as a symbolic representation to be used in evaluat-
ing Z, just as a mathematical expression may be a symbolic representation
of the value of an impedance.

In practical cases, the resonances are usually considerably separated in
frequency, and near a desired resonance the effect of others may be neglected.
In addition, if the Q is high we may add a conductance G across the capaci-
tance to represent resonator losses (Fig. 115). It would be equally legiti-
mate to add a resistance in series with L. In Fig. 115 a load impedance
Z 1 has been added. Fig. 115 is a very accurate representation of a slightly
lossy resonator, a low loss coupling loop, and a load impedance. The

e

Fig. 115.—Equivalent circuit showing connection between the oscillator gap regarded
as one pair of terminals and the oscillator load for an oscillator resonator having only one
resonant frequency near the frequency of operation.

meaning of L and C will be made clearer a little later. We will now clarify
the meaning of m. Suppose no current flows in the coupling loop (Z = =).
Let the peak gap voltage be V. The peak voltage across m will be

V.. = mV/L (ad)

In a resonator, if a peak voltage V across the gap produces a peak flux ¢,
linking the coupling loop when no current flows in the coupling loop, then

Vi = dym/dl = mV /L (a5)

This defines # in terms of magnetic field, and L.

Figure 115 is also a quite accurate representation of Fig. 113. In this
case the “‘terminals” are taken as located at the end of the wave guide.
Ly is the inductance of the iris, which will vary with frequency.

When we are interested in the impedance at the gap as a function of fre-
quency, we may equally well use the equivalent circuit of Fig. 116. Here
G, represents conductance due to load; G represents conductance due to
resonator loss. The total conductance, called Ge, is

Ge=Gr+ G (a6)
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The circuit of Fig. 116 does not tell us how G, varies with variation in load
impedance Z,,. Further, L and C in this circuit are changed in changing
Z., and include a contribution from the inductance of the coupling loop
(which should not be very large).

GAP G GRr +C %L
O -

Gc = Gg+ G

Fig. 116.—A simplified equivalent circuit of an oscillator resonator.

Several resonator parameters are vitally important in discussing reflex
oscillators. These will be discussed referring to Fig. 116. G. and Gg
have already been defined. The resonant radian frequency «g is of course

= (o)™ (a7)
A very important quantity will be called the characteristic admittance M
= (/0™ ‘ (a8)

This quantity is 1mp0rtant because at a frequency Aw off resonance the .
admittance of the circuit is very nearly

V =G+ j2MAw/wq

(a9)
Aw = w — wy _
The “loaded” Q of the circuit will be referred to merely as ¢ and is
Q= M/Ce (al10)
The unloaded Q is
Qo= M/Ge (all)
A quantity which may be called the “external Q" is
Q= M/G, (al12)
We see
1/Qo+ 1/Qr = 1/Q (al3)

The energy stored in the magnetic field at zero voltage across the resonator,
and the energy stored in the electric field at the voltage maximum are both

W, = (1/2)V’C (a14)
= (1/2)V*M /wo (a15)
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Here V is the peak gap voltage. Expressions (al4) and (al5) are valuable
in making resonator calculations from exact or approximate field distribu-
tions. They define C, L and M in terms of electric and magnetic field.
The energy dissipated per cycle is

Wy = xVClw (a16)
Hence, we might have written Q as
Q= 2aW,/W,. (al7)

This is one popular definition of Q.

In (a8)-(al7) we usually assume that there is no appreciable energy
stored in the load or the field of the coupling loop, so that M is considered
as unaffected by load. The effect of “high Q"' loads with considerable
energy storage is considered in a somewhat different manner in Sec. IXB.

It must be emphasized that the expressions given above are valid for
high Q circuits only (a Q of 50 is high in this sense). Expression (al7) is
often used as a general definition of Q, but it is not complete without an
additional definition of the meaning of resonance in a low Q circuit with
many modes. Schelkunoff uses another definition of . Unforced oscilla-
tions in a damped circuit can be represented as a combination of several
terms

Vie™ + Vo™ + - (a18)
P = art jo, (a19)

Schelkunoff takes the Q of the nth mode as
Q. = wa/an (a20)

This is at least a consistent and complete definition. The reader can easily
see that it accords with the definitions given for high Qs in connection
with the circuit of Fig. 116.

Sometimes there may be a complicated circuit between the gap and a
couxial line or wave guide. In this case, the circuits intervening between
th: gap and the line can be regarded as a 4 terminal transducer (Fig. 117).
The constants of this transducer will vary with frequency. No further
consideration of this generalized treatment will be given, as it is well covered
in books on network theory. A particular representation of the transducer
will be pointed out, however. If the impedance in the line is referred to a
special point, one parameter can be eliminated, giving the equivalent circuit
shown in Fig. 118. If the gap is short-circuited, the impedance is zero
and the impedance at the special point to be chosen on the line is R; the
special point may be chosen as the potential minimum with the gap shorted.
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N, the voltage ratio of a perfect transformer, is usually complex. The
impedance ratio NN* is real. If we are not interested in the relation of
output phase to gap phase, we may disregard the phase angle of N, and
deal only with the impedance ratio, the absolute value of N squared, which ‘
we will call N*. Thus, using this equivalent circuit and disregarding the
phase of N we can for our purposes reduce the number of independent
parameters from the usual 6 for a passive 4 terminal network to 4,
Y(= G + jB), N*and R. This reduction can greatly simplify the algebra
and arithmetic of microwave problems. The circuit of Fig. 118 has an
additional advantage; if we choose our impedance reference point on the
output line or guide to be the suitable point nearest to the actual output

O—

LINE OR
GAP  |TRANSDUCER | wAve:cunDE

(Om— —_—eee

Fig. 117.—A 4-terminal transducer is the most general connection between the oscilla
tor gap and a line or wave guide.

SPECIAL POINT
ALONG LINE

Fig. 118.—One circuit which will represent all the properties of a general 4-terminal
transducer. This circuit consists of an admittance ¥ shunting the gap, a perfect trans-
former of complex ratio N and a series resistance R.

loop or iris, the circuit represents fairly accurately the frequency dependence
of the output impedance if we merely take V as

V =Gr+ ju(C — 1/wl) (a21)
Near resonance we may use the simpler form.
¥ = Gr + j2MAw/wy (a22)

Something has already been said in a general way about the evaluation of
L and C in terms of the electric and magnetic field distribution in a resonator.
It is completely outside of the scope of this paper to consider this subject
at any length; the reader is referred to various books.' ** *'  The discon-
tinuity calculations of Whinnery and Jamieson™ are also of great value in

13 Electromagnetic Waves, S. A. Schelkunoff, Van Nostrand, 1943.

20 Fields & Waves in Modern Radio, Ramo & Whinnery, Wiley, 1944,

2 Microwave Transmission Data, Sperry Gyroscope Company, 1944.

2 J, R, Whinnery and H. W. Jamieson, Equivalent Circuits for Discontinuities in
Transmission Lines, Proc. I.R.E., 32, 2, pp. 99-114.
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making resonator calculations. These can be profitably combined with
disk transmission line formulae.'" *

The writers would like to point out that in the present state of the art
the testing of resonator calculations by models is important. Models
need not be made of the size finally desired. If all dimensions are made N
times as large, the wavelength will be N times as great. The characteristic
admittance M will be unchanged. If the material is the same, and the
surface is smooth and homogeneous, Q and 1/Gr, the shunt resonant
resistance, will be 4/N times as great.

It is perhaps a needless caution to say that the accuracy of a method of
resonator calculation cannot be judged by its mathematical complexity or
the difficulty of using it. Methods of calculation which are simple and
may seem to make unduly broad approximations are sometimes better
founded than appears on the surface, and complicated methods, exact if
carried far enough, may be so unsuited to the problem as to give very bad
answers if used in obtaining approximate values.

APPENDIX II

MopuLraTioN COEFFICIENT

In this appendix the effects of space charge are neglected.

The modulation coefficient 8 is defined as the peak energy in electron volts
an electron can gain in passing through the field of a gap divided by the
peak r-f voltage across the gap. If an electron were transported across the
gap very quickly when the r-f voltage was at a maximum the energy in
electron volts gained by the electron would be equal to the peak r-f voltage.
Thus, the modulation coefficient can also be defined as the ratio of the peak
energy actually gained to the energy which would be gained in a very quick
transit at the time of maximum voltage.

In this appendix modulation coefficient will be considered only for r-f
voltages small compared with the d-c accelerating voltage.

If an electron gains an energy § times the r-f voltage V across the gap,
the work done on it is eV electron volts. By the conservation of energy,
an induced current must flow between the electrodes of the gap, transferring
a charge-Be against the voltage V and hence taking an amount of energy
BeV from the circuit. Pursuing this argument we see that the modulation
coefficient 8 times the electron convection current in the beam, g, gives the
current induced in the gap by electron flow. In a circuit sense, there is fed
into the gap, as from an infinite impedance source, an induced current
Bqg.

We will assume that the gap involves a region in which the field along the
electron path rises from zero and falls to zero again. This region is assumed
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to be small compared with a wavelength and to have little a-¢ magnetic
field in it, so that we can pretty accurately represent the field in this re-
stricted region as the gradient of a potential. Along the path the potential
is taken as the real part of

V(x)e™ (b1)

For small gap voltages, to first order, the time that an electron reaches a
given position may be taken as unaffected by the signal, so that

Then the gradient along the path is
%l: = Real Vr(x)ej(wxfun+mo)‘ (b3)

The change in momentum in passing through the field may be obtained by
integrating the force on an electron times the time through the field. Let
points @ and & be in the field-free region to the left and right of the gap.
Then we have

b
A(.‘i’l) = Re'a.lg f Vr(x)ej(wr.fun+wlu] dx (b4)
. 0 Ya
85‘“50 b .
A = Real ™ [ V@) ax 5)
0 a
Y = (.d/ug. (bﬁ)

The integral will be a complex quantity. The exponential factor involving
the starting time /o will rotate this. A(%) will have a maximum value when
the rotation causes the vector to lie along the real axis, and this maximum
value is thus the absolute value of the integral. Hence

b
fwm#m. (b7)

2 )
A(X)max = w

For a-c voltages small compared with the voltage specifying the speed
o , the energy change is proportional to the momentum change. For an
electron transported instantly from one side of the gap to the other, the
momentum change can be obtained by setting v = 0.

Mm:%fwwm
(b8)

Il
|
<
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Here V is the voltage between a and b. Hence, the modulation coefficient
B is given for small signals by

Ty (b9)

V = V(@) — Via) (b10)
v = w/ug (611)

Uo = \/Ziﬁ (512)

Thus #, is the electron velocity.
It is sometimes convenient to integrate by parts, giving the mathematical

expression for g8 a different form

’ Vl(x)eJ73

b

= /v

1t ;
3 f V' ()™ dx
JY Ja

as V'(x) is zero at ¢ and b

— /v H f: V()™ da |

(b13)

An interesting and important case is that of a uniform field between
grids. Let the first grid be at ¥ = 0 and the second at &+ = d. Thereisan
abrupt transition to a gradient V/d at x = 0, and another abrupt transition
to zero gradient at x = d. Thus, the integral (b13) is reduced to these two
contributions, and we obtain

= (/v ’% (1 - e"“’) .

This is easily seen to be

B = sin (y d/2)/(y d/2) (b14)
This function, the modulation coefficient for fine parallel grids, is plotted in
Fig. 119.

Sometimes apertures, as, circular apertures, or long narrow slits are used
without grids. There are important relations between the modulatlon
coefficient for a path on the axis and one parallel to the axis for such systems,”

In a two-dimensional gap system with axial symmetry, if the modulation
coefficient for a path along the axis is 8, the modulation coefficient for a
path y away from the axis is

By = Lo cosh vy (b15)

28 These relations first came to the attention of the writers through unpublished work of
D. P. R. Petrie, C. Strachey and P. J. Wallis of Standard Telephones and Cables.

(b14)

ai
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In an axially symmetrical electrode system, if the modulation coefficient
on the axis is 8y, the modulation coefficient at a radius r is

\ B: = Bo Lo (yr) (b16)

Here [, is a modified Bessel function.
It is easy to see why (b15) and (b16) must be so. The field in the gap can
be resolved by means of a Fourier integral into components which vary
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Fig. 119.—Modulation coefticient for fine parallel grids vs transit angle across the gap in
radians.

8 = |sin (vd/2)/(vd/2) |, ¥ = w/re = 31TOAV V.

sinusoidally along the axis and as the hyperbolic cosine (in the two-dimen-
sional case) of the same argument normal to the axis or as the modified
Bessel function (in the axially symmetrical case) of the same argument
radially. When the integration of (b9) is carried out, only that portion of
the Fourier integral representation for which the argument is yx con-
tributes to the result, and as that part contains as a factor cosh vyx or
Io(yx) (b15) and (b16) are established.

The simple theory of velocity modulation presented in Appendix III
makes no provision for variation of modulation coefficient across the beam.
If we confine ourselves to very small signals, we find that the factor which
appears is 8°.  We may distinguish two cases: If the distance from the axis
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of symmetry were the same for both transits of the electron, we would do
well to average §°. 1If the electrons got thoroughly mixed up in position
between their two transits, we would do well to average 8 and then square
the average. We will present both average and r.m.s. values of 8. The
averaged value of 8 will be denoted as B, , the r.m.s. value as @, ; the value
on the axis will be called S, .

From (b15) and (b16) we obtain by simple averaging for the two dimen
sional case,

o = fo 2T (b17)

vy

sinh 2yy !

B = Bo| % = 4+ 1 (b18)

Zyy

and for an axially symmetrical case

Ba = Bo2li(yr)/(vr) (b19)
B. = Bollityr) — LilynI™” (b20)

It is convenient to rewrite these in a slightly different form, using (b15)
and (b16).

Ba = By (tanh yy/vy) (b21)

o sinh 2vy + 2vy ]
o= [273’(cosh 2vy + 1) (b22)
}811 = ﬁrﬂl(“f!’)/(‘yf)lu(’)’f) ’ (b23)
B, = B — Iilyn)/Is(yn)]"* (b24)

Now consider two similar cases: two pairs of parallel semi-infinite plates
with a very narrow gap between them, and two semi-infinite tubes of the
same diameter, on the same axis and with a very narrow gap between them
(see Fig. 120). For electrons traveling very near the conducting surface,
V' is zero save over a very short range at the gap, and the modulation coeffi-
cient is unity. Thus, by putting 8, = B = 1, we can use expressions
(b15)-(b24) directly to evaluate B, B and Bo for the configurations de-
scribed. These quantities are shown in Figs. 121 and 122.

Suppose, now, that the gap between the plates or tubes is not very small.
In this case, we need to know the variation of potential with distance
across the space d long which separates the edges of the gap in order to get
the modulation coefficient at the very edge of the gap, 8, or 3 .

If the tubing or plates surrounding the gap are thick, we might reasonably
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Fig. 120.—A gap consisting of pairs of semi-infinite planes or semi-infinite tubes.
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Fig. 121,—Modulation coefficient for two semi-infinite pairs of parallel planes with the
edges very very close together, plotted vs the half distance between planes in radians.
B is the modulation coeflicient for electrons travelling along the axis. g, is the average
modulation coefficient and B, is the r.m.s. modulation coefficient. The separation of the
planes is 2y, Bo = 1/ cosh v,

sinh 2yy + 2 H
B. = tanh vy/vy, B: = l:—y———v—:l

2vy(cosh 2vy + 1)

assume a linear variation of potential with distance in the space between
them. In this case, (b9) gives

By or B, = Fi(yd) = sin (vd/2)/(yd/2) (b25)

This is the same function shown in Fig. 119.
If the tube wall or plates are very thin, one may, following Petrie, Strachey
and Wallis® assume a potential variation between the edges of the gap of
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the axis, fa is the average modulation coefficient and g, is the root mean square modulation
coefficient. r is the radius of the cylinders.

Bo = 1/Io(vr),  Ba = 2Li(vr)/yrIo(yr),
B = [1 — I3(vr) /T3 (vr) ]t

the form
v=1lgnt2® (b26)
T

In this case, (b9) gives
By or B, = Fy(yd) = Jo(vd/2) (b27)

Both Fy(yd) and Fa(yd) are plotted vs. vd in Fig. 123.

Figures 121, 122 and 123 cover fairly completely the case of slits and
holes. The same methods may be used to advantage in making an ap-
proximate calculation taking into account the effect of grid pitch and wire
size on modulation coefficient.

Assume we have a pair of lined up grids, as shown in Fig. 124. Approxi-
mately, the potential near the left one is given as

V = Vix/2 + (aVi/4m) In [2 (cosh 2_;": — cos ‘%”ﬂ (b28)
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by a factor F(y d). In this figure, the multiplying factor is evaluated and plotted vs the
separation in radians for two assumptions—that the gap has very blunt edges (F,(vy d))
and that the gap has very sharp edges (Fa(y d)).

This is zero far to the left and Vix far to the right. This expression is
useful only when the wire radius r is quite small compared with the separa-
tion ¢. Midway between wires,

V = Vix/2 + (a Vi/27) In [2 cosh %‘:I (b29)

V" = (Vix/2a) sech® %‘ (b30)

If we use (b30) for each grid, the values of V"’ for the two grids will overlap
somewhat. However, let us neglect this overlap, apply (b30) at each grid,
and using (b13), integrate for each grid from — % to 4 «, giving

f sech® %x e dx'

Bo = (1/V)(Vim/ya) |1 — e |

(b31)
= fi{sin (vd/2)/(vd/2)}Go(vya)
where
[ = Vi/(v/d) (b32)
Go(ya) = % [me(mm“ sech®u du | = (ya/2)/sinh (ya/2) (b33)
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Fig. 125.—A factor used in obtaining the modulation coeflicient of lined up grids vs
the wire spacing in radians. # is the fraction open. The curve for » = 1 also applies
approximately for a mesh grid,

Suppose we average over the open space of the grid. If the grid is a frac-
tion # open, from (b17) we see that the average over the open space will be
obtained by substituting for Gy a quantity G(ya, ) given by

G(ya,n) = {sinh (nya/2)/(rva/2)}Go(ya) (b34)

In Fig. 125, G(ya,n) is plotted vs. ya for n = 1,.9, .8. This about covers
the useful range of values. It should be positively noted that the average
is over the open area of the grid and applies to current getting through.

It remains to evaluate the factor f. Suppose * = 0. At the surface of
the grid wire, ¥ = r, the radius of the wire,

8V = (Via/4x) In [2 (1 — cos 2%—7)] = (Via/2x) In [2 sin %r:l
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As we have already assumed r is small, we may as well write
6V = (I/"; a/21r)23 10gm (i%‘f) (bss)

This emphasizes the sign of 8 V.
According to (b28), the grid plane appears from a distance to be at zero

potential. Thus,
Vid — 28V =V (b36)
and from (b32)
f= {1+ (a/7 d) 2.3 logy (a/27r)} " (b37)

If we go back over our results, we have for lined-up singly-wound grids,
from (b31), (b34) and (b37), the average modulation coefficient

Ba = f{sin (ya/2)/(ya/2)}G(ya,n) (b38)

The quantity sin (ya/2) can be obtained from Fig. 119, G(ya,n) is plotted
in Fig. 125, and f can be calculated from (b37) above.

It must be emphasized again that these expressions are good only for
very fine wires (r << @), and get worse the closer the spacing compared
with the wire separation. Tt is also important to note that G(ya,n) indi-
cates little reduction of B, even for quite wide wire separation. Now yd
will be less than 2, as 8, = Oatyd = 27. As a approaches d in magnitude,
the assumptions underlying the analysis, in which the integration around
each grid was carried from — e to o, become invalid and the analysis is
not to be trusted.

It is very important to bear one point in mind. If we design a resonator
assuming parallel conducting planes a distance L apart at the gap, and then
desire to replace these planes with grids without altering the resonant fre-
quency, we should space the grids not L apart but

d=jL (b39)

apart to get the same capacitance and hence the same resonant frequency.
Mesh grids are sometimes used. To get a rough idea of what is expected,
we may assume the potential about a grid to be

V = Viz/2 + (aVl'/Sr) In [2 (c:oshz—a-‘"'-:E — cos Z—Z-y)]

(b40)
+ (aV3/87) In [2 (cosh 2—?’ — cos 27“)]
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Here the grid is assumed to lie in the y, z, plane. This gives a mesh of wires
about squares ¢ on ¢ side, the wires bulging at the intersections. We take
r to be the wire radius midway between intersections.

We see that 8 will be the same in this case as in the case of a parallel wire
grid. Thus the added wires, which intercept electrons, haven’t helped us
as far as this part of the expression goes.

As a further approximation, an averaging will be carried out as if the
apertures had axial symmetry. Averaging will be carried out to a radius
giving a circle of area a®. The steps will not be indicated.

Further a factor analogous to f will be worked out. Again, the steps
will not be indicated. The results are

B = gisin (vd/2)/(yd/2)}Gi(ya) (b41)
Gilya) = 2L(ya//7)/(va//7)Golva) (b42)
g = 14 (.365 a/d) (logw (a/xr) — 69) (b43)

The quantity Gi(vy,a) is plotted in Fig. 125 for comparison with the parallel
wire case. It should be emphasized that these expressions assume r < g,
and that G,(va) is really only an estimate based on a doubtful approximation.
The indications are, however, that the only beneficial affect of going from a
parallel wire grid to a mesh with the same wire spacing lies in a small de-
crease in 81 (a small increase in the mu of the grid), while by doubling the
number of wires in the parallel wire grid, e can be halved, both raising mu
and increasing G(ya,n).

APPENDIX III

APPROXIMATE TREATMENT OF BUNCHING

We assume” that the conditions are as shown in Fig. 126 where the elec-
tron energy on first entering the gap is specified by the potential ¥o. Across
the gap there exists a radio frequency voltage, V sin wf. The ratio
of the energy gained by the electron in crossing the gap to the energy
which it would gain if the transit time across the gap were zero is
called the modulation coefficient and is denoted by a factor, 3. We assume
that the modulation coefficient is the same for all electrons. We also neg-
lect the effects of space charge throughout. After leaving the gap the
Ve+ Vo

1

24 This analysis follows the method given by Webster, J. App. Phys. 10, July 1939, pp.
501-508.

electrons enter an electrostatic retarding field of strength E, =



640 BELL SYSTEM TECHNICAL JOURNAL

such that the stream flow is reversed and caused to retraverse the gap..
The round trip transit time, 7, , in the retarding field when a signal exists
across the gap is then given by '

_ 24/ 29(V, + BV sin wh) (cl)
nE,

where 7 = i X 107 = 1.7,7 X 10" in practical units and 4 is the time of
first entry of the gap. The time of return to the gap will be
12 = + Ta (CZ)

More accurately # and /; are measured from the central plane of the gap in
which case a second term should be added to (c1) corresponding to motion at

VR
+ |IEL‘
[
Vo
..__|||
-y
Vi
e
|
I
I
.
|
1
i .
el
Vi SIN t-s e
CATHODE I REPELLER
RESONATOR

Fig. 126 —Diagram of a reflex oscillator showing quantities used in the treatment ol
bunching.

constant velocity. This term is, however, very small and will be neglected
here. If 4; is the current returning to the gap and I, the uniform current
entering the gap on its first transit, then from conservation of charge one may
write

Iu dtl = 1:'_) dfz (CS)

In what follows it will be first assumed that f; and #, are related by a single
valued function. At the end of this appendix it will be shown that the
analysis is also valid where the relating function is multiple valued.

We now make a Fourier series analysis of i in order to determine the
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harmonic distribution. Thus

i2= au+a1cos(wt2+ga)+02C052(w12+¢)+ e

. ) . (c4)
+ b sin (wh 4 @) + basin 2wk + @) + -+ -
where
1 (7,
a, = ;rf iy cos n(wle + @) duwls
o (c5)
b = < f iy sin #(els + @) dots
Using (c1) to (c3) we change our variable to /; obtaining
T 2 )
@y = 1 f I cos nw (t, + V2(Vy + BV sin wt) + qo) dowly  (c6)
T d—x Eu
B 2029V, _ _ 68V
Let wt;, = 6, wTy = E, =46 X = WD
a, =1f Iucosn(ﬂl-]—qa-f-ﬂ[l +§Sin01
T J—7
. (c7)

D G
- %Fsmzﬂl + "'jl)dﬂ]
(¢7) cannot be evaluated in closed form without further restriction. The
nX® w .
) 7 < E. It is

. X
not sufficient to assume that - <« X. The latter assumes that the third

first order theory may be obtained by assuming that 3

and higher terms of the expansion are small compared to the second. Let
the integrand be denoted as 4y cos #x. The quantity to be evaluated is the
argument of a trigonometric function where the total angle is of less impor-
tance than the difference nx — 2mm where m is the largest integer for which
the difference is positive. The condition first expressed requires that the
contribution of the third and higher terms to the difference phase shall be
small. The restriction requires that

r\ 2
n (%}) wrg K 7T (CS)
This is a more stringent requirement than
X /"
e L PO |
AT ()

(¢9) requires only a small modulation depth while (c8) imposes a restriction
on both the modulation depth and the drift time.
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With the restriction (c8) imposed we obtain

a, =1f10C05ﬁ(91+¢+9[1 +§Sm81:|)d01 (CIO)
L 0

If we let ¢ = — @ all coefficients b, will be zero and
a, = 2(—1)"IoJ o(Xn), a = I (c11)
Thus the first order expansion for the current returning through the gap is
is = Fol(1 — 271(X) cos w(ts — 70)

(c12)
+ 275(2X) cos 2w(t — 7o) -]

Our principal interest is in the fundamental component, which in complex
notation is given by

(i) = —20oJy(X)e* 27 (c13)
It is shown in Appendix II that the circuit current induced in the gap will

be given, if account is taken of the phase reversal of 7 resulting from the
reversal of direction of the beam, by

I, = —B(i)y

The gap voltage at the time of return will be v = V sin wf or in complex
notation

p = Ve'leta (c14)
Hence the electronic admittance to the fundamental will be
I, 218 mnﬁv)e—i(wu—(w.'zn
TV 15
o v v i ( 2V, (c15)

In the foregoing it was assumed that £ was a single valued function of
f. We may generalize by writing (c3) as

S Todty = iy diy (c16)

For sufficiently large signals there may be several intervals di; which con-
tribute charge to a given interval di; and hence we write a surmmation for the
left hand side of (c16). When the Fourier analysis is made and the change
in variable from f; to #; is made the single integral breaks up into a sum of
integrals. In Fig. 127 we plot time /; on a vertical scale with the sine wave
indicating the instantaneous gap voltage. Displaced to the right on a ver-
tical scale we plot time /2. The solid lines connect corresponding times in
the absence of signal for increments of time di, and df; . When sufficiently
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1arge signals are applied some of the electrons in the original interval di
will gain er lose sufficient energy to be thrown outside the original cor-
responding interval di, as for example as indicated by AB. If we consider
a whole cycle of the gap voltage in time /, it is apparent that, under steady
state conditions, for every electron which is thrown outside the correspond-
ing cycle in /; another from a different cycle in # is thrown in whose phase
differs by a multiple of 2r as for example CD. In summing the effects of
these charge increments the difference of 2« in starting phase produces no
physical effect. This is of course also true mathematically in the Fourier
analysis of a periodic function since in, integrating over an interval 2 it is
immaterial whether we integrate over a single interval or break it up into a

Fig. 127.—Diagram showing"‘the relation between f, , the time an electron crosses the
gap for the first time, and /5 , the time the electron returns across the gap.

\“f
sum of integrals over intervals —m to a, 2w + @ to 2wn; + b, 20 + b to
2rne + ¢, etc. where the subintervals sum up to 2r. Hence we conclude
that the preceding analysis is also valid up to (c7) for signals sufficiently
large so that f» and 1, are related by a multiple valued function and is valid
beyond that point provided that we do not violate (c8).

APPENDIX IV

DRIFT ANGLE AS A FUNCTION OF FREQUENCY AND VOLTAGE

Let 7 be the transit time in the drift space. Then the drift angle is
8 = wr (d1)

For changes in voltage (resonator or repeller), both r and w will change.
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Thus
h6/8

Aw/w + A'r/% ' @
' 2

Ac/w + ((37/5V)/T)AV

As shown in Appendlx VI, the derivative of r with respect to repeller
voltage, dr/dVr ; is always negative, while the derivative of = with respect
to resonator voltage, d7/8V,, may be either negative or positive. For a
linear variation of potential in the drift region, dr/8V is zero when Vi =
Vo.and negative for smaller values of Ve .

APPENDIX V

ELECTRONIC ADMITTANCE—NON-SIMPLE THEORY

A closer treatment of the drift action in the repeller space follows, in
which are considered the changes which occur as the voltage on the cavity
becomes large.

The additional terms to be considered come from an evaluation in series
of the higher-order terms of (c7), which were neglected in Appendix III.
Only the fundamental component of current will be considered, although
other terms could be included if desired. The integrals of interest may be

rewritten from (c7), using the relation ¢ = —8§, as follows:
2

a = {D f COS (91 + Xsin 61 - %XF Sin2 BI

™

1x° - (el
+ 55 sin’ 8, + ---)d&
bl=&‘[ sin(ﬂl-i—Xsinﬁl—}?—(wsm 0,
™  d 2 e
(e2)

1 x*
-{—éﬁsm o+ - )d&l

. 1 ' -
We shall hereinafter neglect terms of higher order in F than those explicitly

shown here. With this neglect, we can expand the trigonometric functions,
obtaining '

alzl_r"f cos(ﬂl—!-XSinﬂl)[l—é sin461+...]dgl
Lo 7. .

— = sin (#; + X sin 6;) (e3)
T Jer

1x? 1x°
-[— 29 sin 01+§-é;sm o + ]d61
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b = :’:uf_sm (61+Xsmﬂ1)[1—é)§qsm 61+---:|d31
L f cos (6 + X sin 6,) (ed)
2 3
[ IX si 61-}-— sm 6 + - ]dﬂl

Now of these terms, not all give contributions; some integrate to zero since
the integrand is an odd function of 6;. Rewriting with those terms omitted,

a = I“f cos (f; + X sin 01)[1 — é; sin 0, + - ]dﬂl

" : (e5)

—_ {U f sin (el + X sin 81)[1X 51]1 81 + ]dﬂl

T 26

b ={°f cos (6 -I—Xsinﬂ.)[—%%sinzﬂl-{— ---]dﬂ,. (e6)

T e

Evaluation of these terms is formally simplified by the following relatlon-
ships, each obtained by differentiation of the previous one:

—2,(X) = ! f cos (#, + X sin 6,) dé, (e7)
™ J—r
—271(X) = _t f sin (8; + X sin 6,) sin 6, d6; (e8)
T Jor
—277(X) = . f cos (6, + X sin 6,) sin® 6, d, . (e9)
T J—

Continuation of this process gives all the terms of interest in (e5) and (e6).
Hence

ay = To (—U1 + ;}g:li” +— 7+ ) (e10)
X rr
b = I"_E (=Jy + ). (ell)

Therefore the expression for the fundamental component of the beam
current may be written as follows, passing to complex notation:

(T'z)[ ~ {d) CO5 (wtz - 3) + bl sin (wfg — 9)
j(wta—8)

(i2)s = (&1 — jbi)e (e12)

"t

2
= eI ( 2]14‘]{1’1’4- (x*J +%X*J}"’))—|—---
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Following usual conventions, the real part of the complex expression repre-
sents the physical situation, and the exponential time function will usually

be omitted in what follows.
Similarly to Appendix ITI, the induced current in the gap is

Iy = — B(ia)s
jwt —i0 . X2 " i i
= Be " I, (2]1 —J FJI (X Ji iX‘Ji")). (el3)
The gap voltage is still the same, viz.

oot g— 2V X -
Jlwtg—(r/2)) 0o X (wtg (:rfBJ)
=+ (el4)
B 0

Accordingly, the electronic admittance to the fundamental will be

Iy Iy j((r/2)—8) _]ﬁ " _l " Xﬂ1 iv
Y, —;*—ﬁ—ﬂ’ (L A J] +5 ) (1)

2w Vosin why v Ve

The argument of J, and its derivatives is understood to be X. The
derivatives can be evaluated in terms of Jo and J, by repeated use of the
Bessel function recurrence relations (see Jahnke-Emde, Funktionentafeln,
p- 144). The result is

. 2
Y, = *ﬁz 6 gt (Jl - %[(1 - K-) Ji— szfo]

. (el6)
— i [%(X" + X, - %xm] + )
The real part of this will be of interest; it is
_ Io 9 e . cot @ _ X _ X
G¢—+?0|6 Ysmo(»fl'l‘—_l:(l _;)Jl 5-I0:|
) (el7)
— 5 B+ X - 1X 101)
The power generated by the electron stream is given by
P = —1GV?
2X (. 2
== _—IUVU? sin @ 8-—6-,,((){ +X)J1— 2X Jn)
(e18)

=0 Da-1 e
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Of this power, only a part is usefully delivered to the load admittance
Gy, the rest being dissipated because of the circuit loss conductance Gr.
The power lost in the circuit is

2 2iGe X
Pr = 3G V? = T;ﬂ_n’e? (e19)
Accordingly, the useful power delivered to the load is
PL = .P - Pn (820)

A quantity of interest is the maximum useful power which can be ob-
tained from the reflex oscillator; this is given by

aPL aP,L

x "= (e2l)
These two conditions are expressed by the next two equations.
1 3 2 1 7 v3 1vyh
2XJ0+ECOt0(—X.Io"'XJ])+——2 (TX - 4X)Jo
(e22)

Xt ) ) Wo X _
+( 2 ') 1321 ®osing

cot (]

XJo+ (—4 + X")J1 + 0 cot 0-27, — ((—3X* — 2X)J,

+ (4 — Ix* + 1xH) +5 L _3x'7, + 3(X* + X)) (e23)

4V, X
B"I G fsinf

One may note that even if one sets G = 0 and neglects terms in Elzthe

second of these equations is a little different from the corresponding one
of Appendix IIT, so that a slightly different phase angle is predicted for
maximum generated power. The result of Appendix IIT was

Bcotf =1

predicting a phase angle 6 slightly less than 8, = (n + $)2r. However, the
zero order result here is -

2
deotd =2 — T = — 892 (c24)

predicting a phase angle a trifle larger than 65, in the approximation of
Appendix III.
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The equations (e22) and (e23) may look as if drastic measures would now
be needed, but a parametric solution is surprisingly easy; one need only
solve (e22) for G, and substitute back into the power expression (e20).

The results are

2
. t
Gr = — %% 0 sin 6 (210 + ? [— X%y — X,
i X (e25)
+ E,[(%xz — 1+ (-5 - ,?—X’) Jl] + )
PL = —IuVo‘gsinﬂ (2]1 - XJO + SO;—G[(—X + %’)Jﬂ
(e26)
Xx* 1 [x*
+ (2 - ﬁ2~) Jl] + 7 I:TJI + (—%Xa + iXa)Jn])
GL = _Ge - GR = —#ﬁz%sinﬂ(.fl f— %XJD + E?_GLB
0

x* X X
J(1 = & —_— 4
(-5 7+ (-3 +%)] 2D
1
+ 5 BXY + (—7%X + ﬁxs)fu])

One further convolution is necessary, because the equations (e25) and
(e26) are still subject to the optimum phase angle condition (e23). Since
we are here carrying only terms as far as 012, approximations are in order.

From (e24) we get the hint that 8 cot 8 is of the order of unity, so that
terms in (:0;#9 are of the same order as those in 9—12 Accordingly an ap-

proximate solution is obtainable by adding (e22) and (e23) and neglecting
these small terms. The result is

2
8c016=2—£—3XJ°

T~ S = F0) (e28)

, 0, = (n + 1)2n (e29)

FX)? (30)

sinf = —1 +
20%
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sin 6 _ _1 i _ 2

= = an[l + 7 (F F/Z)] (e31)
cot # 1 :
5 Ef® (€32)

From computation it turns out that in the range of interest, the quantity
F(X) does not differ from (—1) by more than 209,

The desired approximate solution comes now from substituting the ex-
plicit phase optimum (e29) to (e32) back into (e25)—(e27). The results are:

Gr = —+ ﬂz% (Jn + 01-, SI(X)) (e33)
Xt (27
Pu=ToVoy (X1 Ity S”(X)) )
_ T b (214 =
6 = 1% (B - o+ o) (€35)

The S-functions are given by

2
Sy(X) = (—F _F H + 7 X X*)Ja

2
(e36)
X* Xt 3 .)J1
+ ( 27 7Y%
2
Sy(X) = (— _ F}i + 4F + X)i‘
F X'F 3 1 (e37)
— Al oap_Yx? -
+(2 + 5 2F — 32X +8X‘)Jo
2 2
Sy(X) = (52 + F—;S - %X” + éX")J
(e38)

Xt o1 I
_«Z_w-_‘_ __4__1
+(p bz+2x)X

The equations (e33)—(e35) have the following meaning: they presup-
pose that the load G . has been adjusted for maximum useful power in the
presence of circuit loss G , and that the drift angle is also optimum. Then
the useful power is given parametrically in terms of the circuit conductance
by equations (e33) and (e34), while (e35) gives the required optimum load
conductance, also in terms of the parameter X. '

The results may be expressed as a chart of useful power, plotted against
the value of resonator loss conductance. This is done in Fig. 128.

One may also be interested in the maximum power which could be gen-
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Fig. 128.—Plot of efficiency vs a parameter proportional to resonator loss for several

repeller modes.
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Fig. 129 —Maximum efficiency for several repeller modes.

erated if the resonator were perfect. This comes from setting G = 0,
calculating the resulting value of useful power. The results are compared
with the simpler theory in Fig. 129.
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Fig. 132.—Optimum load conductance divided by small signal electronic admittance vs
resonator loss conductance divided by small signal electronic admittance for several re-
peller modes.
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several repeller modes.

Further data which may be determined include the variation of the mag-
nitude of the electronic admittance with gap voltage, in Fig. 130; also
its phase, in Fig. 131. The optimum load conductance is plotted as a
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function of resonator loss in Fig. 132, and the total conductance, load plus
loss, in Fig. 133. The next Fig. 134, plots efficiency versus mode number
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Fig. 135.—Efficiency vs a parameter proportional to resonator loss for several repeller
modes.

with resonator loss as a parameter, while the next Fig. 135, plots efficiency
versus resonator loss with mode number as a parameter.

Most of these graphs include for comparison the results of the simpler
theory, and it can be seen that the deviations indicated by the second
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order theory are ordinarily rather small even for the first two modes of
operation, and are quite negligible for higher modes.

APPENDIX VI

GENERAL POTENTIAL VARIATION IN THE DRIFT SPACE

Suppose that the potential of the drift space is given by V(x), where
x = 0 at zero potential and x = {at the gap. Then the transit time from
the gap to zero potential and back again is

14 .
0 = (2//2n) _{ %;))% (i1)
Imagine now that the entire drift space is raised by a very small amount
AV. The zero potential point will now occur at
x = —AV/V'(0) (i2)
where
V'(x) = dV/dx (£3)
Hence the new transit time will be
ntsr=oVE [ ()
Now let _
z = x -+ AV/V'(0) (15)

Then, including first order terms only, if ¥ (x) can be'expanded in a Taylor’s
series about 0,

A ’
LAYV dz

70 + Ar = (2/\/51)_[; [V(2) = [V'(2)/V(OYIAV £ AV}
_ ([ @& C{(V!(2)/V'(0)) — 1] dz
= (2//2) (£ %o + AVfu T (16)

AV
+ V'(onm)]*)
Whence

, E[(V'(2)/V'(0)) — 1]dz

In computing F it should be noted that by definition the gap voltage pre-
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viously referred to as V, is

Vo= V() (18)
In the notation as it has been modified, the transit time is
— [t dz
= o [ 0

For a constant retarding field in the drift space of magnitude E, , we can
write
nEo(n/2) = v = V2V (£10)

Here V is the total energy with which electrons are shot into the drift
space. From (f10)

_ Vv
= (i11)
. _ 2\/5;,?( 1) _m
n = dr/dV = B, \av) " (f12)
In the notation used earlier this is ,
' To
= WO (f13)

Now we will compare * from (f7) with 71, the rate of change of transit time
for a linear field, taking 71 for the same resonator voltage V(£) and the same
transit time, given by (f1), as the nonlinear field. The factor F relating

7' and 71 will then be

F = ‘r'/'r:

1 |
- 20| {7ivor (14)

| (Y ()/V'(0) — 1] dz} ¢ & |
+,£ AV ()] fn[V(Z)]*] '

If an electron is shot into the drift space with more than average energy,
its greater penetration causes it to take longer to return, but it covers any
element of distance in less time. Consider a case in which the gradient of
the potential is small near the zero potential (much change in penetration
for a given change in energy) and larger near the gap. The first term in
the brackets of (f14) will be large, and the second is in this case positive.
This means that in this type of field the increased penetration per unit energy
and the effect of covering a given distance in less time with increased energy
work together to give more drift action than in a constant field. However,
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we might have the gradient near the gap less than that at the zero potential.
In that case the second term in the brackets would be negative. This means
a diminution in drift action because the penetration changes little with
energy while the electron travels faster over the distance it has to cover.

To show how large this effect of weakening the field near the zero potential
point may be, we will consider a specific potential variation, one which
approximates the field in a long hollow tubular repeller. The field con-
sidered .will be that in which

V(s) = (¢ — 1)/ (f15)
We obtain
Fo= (! —1)+ mg—?:t%%*' (116)
Now
V') =¢e! (f17)
Vi) =1 (£18)
Hence

1 3
A E— (7@ 1)
= V.'(O) + - (L B 1)5 . (“9)
V' (0)
This shows clearly how the effective drift angle is increased as the field at
the zero potential point is weakened. For instance, if V'(0) = , so that
the field at the zero potential point is 4 that at the gap, the drift effective-
ness for a given number of cycles drift is more than doubled (F = 2.27).
There is another approach which is important in that it relates the varia-
tions of drift time obtained by varying various voltages. Suppose the gap
voltage with respect to the cathode is V' and the repeller voltage with re-
spect to the cathode is — V. Now suppose Vo and Vg are increased by a
factor a, so that the resonator and repeller voltages become aVoand —aVe .
The zero voltage point at which the electrons are turned back will be at the
same position and so the electrons will travel the same distance, but at each
point the electrons will go o ! times as fast. If, instead of introducing the
factor o, we merely consider the voltages ¥z and V) to be the variables, we
see that the transit time can be written in the form

r = VilF(V/Vy) (£20)
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The function F(V z/ V) expresses the effect on 7 of different penetrations of
the electron into the drift field and the factor V5* tell us that if V. and
Vy are changed in the same ratio, the drift time changes as ohe over the
square root of either voltage.

We can differentiate, obtaining

A7/dVe = Vo F'(Vi/ Vo) (f21)
ar/aVe = —Val(Ve/VOF'(V./Vo) + (1/2)F(Ve/Vy)) (i22)

If the electron gains an energy BV in crossing the gap, the effect on =
is the same as if V, were increased by SV and V; were changed by an
amount —BV, because in an acceleration of an electron in crossing the gap
the electron gains energy with respect to both the resonator (wherethe
energy is specified by ¥ for an unaccelerated electron) and with respect to
the repeller (— V5 for an unaccelerated electron). We may thus write

BT/G(BV) = aT/aVn - ar/an
= — V(1 + Ve/VO)F' (Va/Ve) + 3F(Vr/V)] (123)

This expression (f23) is for the same quantity as (f7). Vo of (f23) is
V() of (f7). Expressions (f21), (f22) and (f23) compare the effects on
drift time of changing the repeller voltage alone, as in electronic tuning, the
resonator voltage alone, and of accelerating the electrons in crossing the
gap. As making the repeller more negative always decreases the drift
time, we see that the two terms of (f22) subtract, and usually | 87/8V |
will be less than |d7/dV x| . In fact, for a linear variation potential in
the drift space and for Vy = Vg, 87/dVo = 0. Weak fields at the zero
potential point make the absolute value of F'(Vx/Vy) larger and hence
tend to make both |dr/dVz| and |dr/a(8V) | larger. However, these
quantities are not changed in quite the same way.

The reader should be warned that (f14) and (£20)-(£23) apply only for
fields not affected by the space charge of the electron beam. For instance,
suppose we had a gap with a flat grid and a parallel plane repeller a long
way off at zero potential. If edge effects and thermal velocities were
neglected, we would have a Child’s law discharge. The potential would be
zero beyond a certain distance from the repeller, and we would have

V(z) = A5

According to (f14), F should be infinite. There is no reason to expect
infinite drift action, however, for the drift field, which is affected by the
fluctuating electron density in the beam, is a function of time, and (f14)
does not apply.
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APPENDIX VII

® InEaL Drirr FIELD

The behavior of reflex oscillators has been analyzed on the basis of a uni-
form field in the drift space. It can be shown that this is not the drift
field which gives maximum efficiency. The field which does give maximum
efficiency under certain assumptions is described in this appendix.

Consider a reflex oscillator in which a voltage V appears across the gap.
This voltage causes an energy change of BV cos 6, for the electron crossing
the gap. Here 6, is the phase at which a given electron crosses the gap for
the first time. The effect of the drift space is to cause the electron to re-
turn after an interval 7, where 7, is a function of this energy.

7« = f(BV cos ) (g1)

Thus,teach value of 7, will occur twice every cycle (2= variation of 8,). We
will have

0, = wh (g2)

0s = w(ty + 7a)
(g3
= 0+ o(8) &)
e(0) = wra (g4)

Here 4, is the time at which an electron first crosses the gap and (4 4+ 74)
is the time of return to the gap. 0, and 8, are the phase angles of the voltage
at first crossing and return.

The net work done by an electron in the two crossings is

W = BVe[—cos 8, + cos (8; + «(61))] (g5)

If the beam current has a steady value I ()', the power produced will be
P = @VIo/2n) [ [—cos b, + cos @ + o@D d01.  (@6)

The integral of cos 6, is of course zero. Further, from (g4) we see that
e(01) = ¢(—61)
Hence
P = (BVIy/2x) j; [cos (—8, + @(61) + cos (6 + «(61))] d6

(g7)
= (BVIy/27) f cos ¢(f;) cos 6, db, .
(]



REFLEX OSCILLATORS 661

As cos ¢(6,) cannot be greater than unity, it is obvious that this will have its
greatest value if the following holds

0< 6, <w/2, o(6,) = 2nm, cos () = +1 (g8)

/2 < 6 <m, e(0) = 2m + 1)m, cos o(f)) = —1  (g9)

These conditions are such that for a positive value of cos ¢ the gap voltage
is accelerating giving a longer drift time than obtains for a negative value
of cos ¢(8,) for which a retarding gap voltage is required. Thus, physically
we must have S,

2n>2m+ 1 (g10)

The simplest case is that for # = 1 and m = 0, so that in terms of the gap

voltage
2 < 0, o) ==
(g11)
v>0, @(6) =2r

This sort of drift action is illustrated by the curve shown in Fig. 136.

3M—

N
3

o

DRIFT ANGLE , ¢
IN RADIANS

- 0 +
GAP VOLTAGE, V

Fig. 136.—Ideal variation of drift time in the repeller region with resonator gap voltage.

The problem of finding the variation with distance which would give this
result was referred to Dr. L. A. MacColl who gave the following solution:

Suppose V, is the voltage of the gap with respect to the cathode and & is
the potential in the drift space. Let

v = VIV (g12)

Here w is the operating radian frequency. Let x be a measure of distance
in the drift field.

P =Vl — (x/x)°], 0<x<ux
® = Vo{l — [(v/x0)2 + 1I/4(x/x0)"}, x> xo
This potential distribution is plotted in Fig. 137.

(g13)
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Fig. 137.—Variation of potential in the repeller region vs distance to give the charac-
teristics shown in Fig. 7.1.

</

=V

Fig. 138.—Electrodes to achieve approximately the potential variation in the drift
region shown in Fig. 7.2.
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The shapes for electrodes to realize this field may be obtained analytically
by known means or experimentally by measurements in a water tank. The
general appearance of such electrodes and their embodiment in a reflex
oscillator are shown in Fig. 138. Here C is the thermionic cathode forming
part of an electron gun which shoots an electron beam through the apertures
or gap in a resonator R. The beam is then reflected in the drift field formed
by the resonator wall, zero potential electrode I and negative electrode II,
which give substantially the axial potential distribution shown in Fig. 137.
Small apertures in the resonator wall and in electrode I allow passage of the
electron beam without seriously distorting the drift field. Voltage sources
V1 and V., maintain the electrodes at proper potentials. Either suitable
convergence of the electron beam passing through the resonator from the
gun or axial magnetic focusing will assure return of reflected electrons
through the resonator aperture. In addition, the aperture in electrode I
forms a converging lens which tends to offset the diverging action of the
fields existing between the resonator wall and I, and between I and II.
R-f power is derived from resonator R by a coupling loop and line L.

APPENDIX VIII

ErLeEctrRONIC GAP LOADING

If a measurement is made of gap admittance in the presence and in the
absence of the electron beam passing across it once, it will be found that the
electron stream gives rise to an admittance component V. The susceptance
is unimportant, but the conductance G can have a noticeable effect on the
efficiency of an oscillator.

Petrie, Strachey and Wallis have provided an important expression for
this gap conductance due to longitudinal fields when the r-f voltage is small
compared with the beam voltage Vo.® In this analysis it is presumed that
the fields in the beam are due to the voltages on the electrodes only and not
to the space change in the beam.” This analysis is of such importance that
it is of interest to reproduce it in a slightly modified form. We will first
consider the general cases of interaction with longitudinal fields and will
then consider transverse fields also,

A. Longitudinal Field

Assume a stream of electrons flowing in the positive x direction, constitut-
ing a current — [, , bunched to have an a-c convection current component

25 These expressions were communicated to the writers through unpublished but widely
circulated material by D. P. R. Petrie, C. Strachey and P. J. Wallis of Standard Tele-

phones and Cables Valve Laboratory.
26 The expressions are valid in the presence of space charge, but as the field is not known,

they cannot be evaluated.



664 BELL SYSTEM TECHNICAL JOURNAL

ir. Now if # is the time a particle passes x; and f, the time the particle
passes x» , the convection current at x, will be

dtl

ip = (—Iy + 11) + Iy. (h1)

This merely states that the charge which passes x; in the time interval d4
will pass x; in the time interval df; . Suppose the electrons are accelerated
at x; by a voltage

Vejnrll

If V, is the voltage specifying the average speed of the electrons, the veloc-
ity will be

<

= 2Vl + (V/ Vo)) (h2)
We then have

=t + (1 + (V/Vod*)?

[9)

h3
= 22V (2

dts _ . jer(V/Vo)e™"
&= T vy (&)

Now assume (V/Vy) « 1. If we neglect higher powers than the first
we can replace 4 by :

h=b—1T1

and obtain
dty jrvee
=1 i
) 2 (b5)
and from (h1), neglecting products of two a-c quantities
i = iy — 19l e, (h6)

2V,

Suppose we consider an electron stream travelling through a longitudinal
field of potential fluctuating as ¢™ and of magnitude V(x), where V(x)
may be complex. Then the current at x; due to the action of the field at

. R - jwt
x, is, omitting for convenience the factor ™,

diy = ]I”:V(“‘) Y — m)e T dny (b7)

v = w/up l (h8)
wo = (2nVo)h. (h9)
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Hence, the convection current at xs is

—— 4 zz -
i = 2{/’“ [ V() y (@ — 2)e " d, (h10)
0 o0

The power flow from the eleciron siream lo the circuil is
P=3 [ Vit (h11)
JID .[ [ V! (@) V¥ @)y (e — 20)e” S day dy (h12)

We have in (h12) an expression, based on the physics of the picture, for
power flow from the electron stream to the circuit. This expression is a
product of the electron convection current, due to bunching, and the electric
field, and the product is integrated from ¥ = — ® to x = + o, which is
merely a way of including all the a-c fields present. We could as well have
integrated between two points @ and b between which all a-c fields lie.

We will now go through some strictly mathematical manipulations of
(h12), designed to transform it to a more handy form. In the following
steps we may regard x; and x; as merely two different variables of integra-
tion, disregarding completely their physical significance.

Suppose in the x; x; plane, x; is measured + to the right and %, , + up-
wards. Then the plane is divided into two portions by the line x; = =,
and we are integrating over the upper left portion. If we reverse the order
of integration we obtain

- [ f V(@) V' * )y (2 — 2)e" ™™ day dzy . (h13)
1V, Lw 4.,

Let us (a) interchange the variables of integration x, and #; and (b) take
the conjugate of P. We obtain

Pz [ f V() V() y (o — 2™ dydza . (h14)
The real part of P is § (P + P*); hence

Real = JIO[ ‘[ V! (22) V'* (1) v (22 — 2’7" gy, dx,y . (h15)

Let us consider the quantity

= [ V' (x)e™* dx (h16)
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|A P = Ad* = ( f V' (x)e da;z)( f Y (a)e 1 dxl)

P ®17)
= [ [ vy iy i

alAl*
dy

- % -[::n .L,n V! (@) V'™ (1) (32 — 21)€" ™ dxy dxs . (h18)

‘Hence, we see

Al

Iy
| R
Rea ]V, v oy (h19)

B. Transverse Field

Suppose we consider the additional power transfer because of deflections.
There will be two sources of energy transfer. . First, imagine a fluctuating
y component of velocity, 9. Let #o be the x component of velocity and — 1,
the convection current to the right. In a distance dx this will flow against
the potential gradient in the y direction a distance

dy = (y/ug)dx (h20)
and the power flowing to the field from the beam will be

P = %“ V(% /o) d. (h21)

This is not the total power transfer, however. The beam will also suffer

a displacement y in the y direction. Now the x component of field varies

with displacement; hence the beam will encounter a varying field. We

can write the instantaneous power transferred from the beam to the field.

Let (V); be the instantaneous value of ¥ and (y); be the instantaneous
value of y. The instantaneous power will be

_(dV): | (V) !
dp = (dx Ty (y))d&t. (h22)

Let us compare this with the instantaneous power transferred from the
beam to the field by a fluctuating convection current (7);

_ o)
0.

d (8): - (h23)

We see that according to our convention that

P=VI* (h24)
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we may write, from (h22)

I, 8V
= —= dx,
P 2oz ay° (h25)
The y gradient of the potential at x; produces a velocity at x,
E .
Jo = L f (ﬂr YT iy (h26)
Uy J— ay 1
It produces a displacement at x;
n 14 —3v(za—z1)
== d: 27
Ya ul f ( By) (v2 — x1)e X1 (h27)

Writing ‘the total power as
P=P+ P (h28)

We have the two contributions from (h22) and (h23) using (h9)

—'Iﬂ jy(xa—2x1)
P, mj:f ( )( )Ie dxy d, (h29)
and

Py 4_15: f f (ax ay) (ED (xy — x0)€’" ™ dxy dxy . (h30)

Again, we will turn to mathematical manipulation disregarding the
physical significance of the variables. If we change the order of integra-
tion, (h30) becomes .

_ =1 fw fao aﬂV) (GV) _ ivlzg—z1) d
P, = L), (3—xay \3y (2 — x1)€ dxy dx,.  (h31)

Integrating with respect to a» by parts we obtain

R
=3 [T (50); 2 = e dimds (h2)

Y N AW ELA Y. )
[LL GG oo dmam).

. avy\*. .
“The first term is zero because 3 is zero at ¥ = — o and (x2 — xy) is

a0

I
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zero at 2, = x;. Changing the order of integration, we obtain

4Vu-[ _[ ( ) ( ) (s — 267 d, day

B[]0, (), o s,

From (h29) and (h30) we see that the total power is

a * .
-_j4V [ [ (al) (_) 70 — 2o d da.
0 -

By the same means resorted to in connection with (h12) we find

_ I, _8|Bf
Real = Wo’y 3y
2V iy
B = _ @ ¢
We can go a step further. We have
A= v & dx.
o %
Now
?_4_ = =& &7 d
ady | 923y

Integrating by parts
aA _ OV ‘[ Tz
R DLl W
The first term is zero, and we see that
| BI* = (|04/3y /")

Iy v 3” aA/By 12/72)
SVo ay ’

Real =

C. Electronic Gap Loading

(h33)

(h34)

(h35)

(h36)

(h37)

(h38)

(h39)

(h40)

(h41)

In (h19) and (h41) we have expressed the power flow from the electron
stream to the circuit in rather general terms. What we want immediately
is the quantity (conductance) giving the power flow from the circuit to the
stream for a single gap. Assume we have a single gap with unit peak r-f
voltage across it. The power absorbed by the electron stream can be
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attributed to a shunt conductance such that
Pr =GV*/2 =G/2
G = 2Pn .

(h42)

Also, in this case | 4 | is simply 8, the modulation coefficient. Hence, the
conductance due to action of the longitudinal fields is, from (h18), simply

—Iyy 86°
- 9% . h43
O = 47, oy (h43)

And, due to the action of transverse fields there is another conductance,

from (h41)
_ Iyy @
& = W, oy (72( ).) (e

G=G+G:. (h45)

These are surprisingly simple and very useful relations.
It is interesting to take an example which will indicate both effects.
We have from (b24) for tubes of radius r, with a narrow gap between them

Be = 61 — Tilyro)/Io(yro)l. (h46)
Accordingly, the part of the conductance due to the longitudinal field is
G = Frlyro)lo/4V, (h47)

Folyrd) = —vdBs/dv

[ G) - () - GE) 1 ™

Similarly, the part of the conductance due to the transverse field is

Gr = Fr(‘ffn)In/‘l’V() (h49)
1 fo/1a 2
Fr(yr) = —v a rﬁj; L('Y Brﬁ) 2r dr. (h50)
From (b16) we obtain
Br = ILo(yr)/Io(yro) (h51)

a8, } ro ];E 2
o = Ii(yr) /Io(yro) rﬁj; (’Y ar Br) 2r dr

_ [Ia(')"'o) _ If(‘)'fo):l
Li(yr)  To(yrd) d

1
K (h52)
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And from this we obtain

— _ 215 (yro)
Flar) = =2 I:l yrolo(vro)

Il(‘on)) _ (Il(’}"'n))a -2 (ﬂ(’)”’n))z]
Fon (Io(‘}”o) To(vyro) Io(yro)/ 1
The total conductance is
G=G+G= (Fulyro) + Frlyro))Lo/4V,. (h54)

In Fig. 139, (G;VD/ID), (GQVD/IQ) and (GVn/Io) are plotted VS Y7o .
It may be seen that while the conductance due to transverse fields may be
negative, the total conductance is always positive.

(h53)
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Fig. 139.—Gap loading factor vs radius of tubes forming gap measured in radians.
The tubes are supposed to be filled with uniform electron flow. The curve involving
G, is that for longitudinal effects, that involving G. is for transverse effects, and that
involving G is for both combined.

This example tends to exaggerate the effects of transverse fields because
the beam is assumed to fill the whole tube. In an actual case the beam
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would probably not fill the whole tube, and the effect of transverse fields
would be less. ‘

Perhaps a more useful expression is one 1nvolv1ng longitudinal fields
only; that for infinitely fine parallel grids. In this case, if the separation
is ¢

8" = sin’ (v¢/2)/(rt/2)" (h55)
and, from (h43)

_ Zosin (v£€/2) [sin (v£/2)
2Vy (v4/2) (v¢/2)
In Fig. 140, (GVo/I) is plotted vs (y£/2). " The negative conductance
region beyond y{ = 2, familiar through Llewellyn’s work with diode
oscillators, is of less interest in connection with reflex oscillators.

— cos (76/2)]. (h56)
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Fig. 140.—Gap loading factor for fine parallel grids vs grid separation in radians.

It is of some interest to compare the electronic gap loading with the small
signal electronic conductance due to drift action. Assume, for instance,
we have fine parallel plane grids for whichy{ = x. From (h2) we get

(GVo/Io) = 202.

As the current crosses the gap twice we should count the current involved
as twice the d-c beam current 7,

G = 404 1,/V,.
From (2.1)

B = .633

g* = .400
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1f we assume 3.75 cycles of drift, then from (2.4) the magnltude of the small
signal electronlc admlttance is

,B *I08/2V o ~ (h57)
=471 I/V,. '
Thus, in this example, the gap loading is about 1/10 of the small signal elec-
tronic admittance. .
D. Bunching in the Gap

An unbunched stream will become bunched due to a single transit across
an excited gap. Expression (h10) gives us a means for calculating the ex-
tent of this bunching. As an example, we will consider the case of fine
parallel grids separated by a distance £. Then the gradient is given by

Vi(x)) = V/¢ (h58)
from ; = 0 to 4, = 1 = {, and by zero elsewhere. Thus
iy = JZIIO/V; (t — x)e U gy
/V = (I/ Vu)(1/2)[1 — G/ = &Ml (h59)
It should be noted that for large values of "yt’
io/V = (1/2)(Lo/ Va)e . (h60)

For our previous example, if y¢ = ,
i)V = 592 (Io/Vo)e %, (h61)

If the current is referred to the center of the gap instead of the second
grid, we obtain a current 7 such that

i/V = 592 (Io/Vo)e ™. (h62)

Now, the electrons constituting current 7 will drift 3.75 cycles and will
return across the gap in the opposite direction. To get the induced circuit
current I we take this into account and multiply by g8

1/V = —B(i/V)é "™
= — 37510/ Vo).
This is very nearly of the same size as the electronic gap loading.
The general conclusion seems to be that for typical conditions encoun-

tered in reflex oscillators, gap loading and bunching in the gap are small
and probably less important than various errors in the theory.

(h63)
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APPENDIX IX

Losses N GRIDS

Although the general problem of resonator loss calculation is net treated
in this paper, grids seem peculiar to vacuum tubes and losses in grids lel
be discussed briefly.

.Assume that we have a pair of grids of some mesh or network material,
parallel, circular, and of a diameter compared with the wavelength small
enough so that variation of voltage over the grids may be neglected. The
capacitance inside of a radius r is

C = err’/d
8.85 X 107" farads/cm.

Here d is the separation between the grids. For unit r.m.s. voltage across
the grids, the power dissipated in the part of both grids lying in the range
dr at r is

li

(i1)

€

dP = 2(wC)*(R dr/2xr)

W'erRr’ dr/d’.

Il

(i2)

Here R is the surface resistivity. The total power is equal to V’G, where G
is the conductance measured at the edge of the grids, and is
w'éxR [P
7 r dr .
at (i3)
= o’ 7RD*/64 d°.

G=P=

It is interesting to express w in terms of A, the wavelength, ¢ the velocity of
light, and then to put in numerical values

G = (1/16)x’c’¢'RD*/\* & (i4)
G = 1.39 X 10°RD*/\* &°. (i5)

Now for the copper, the surface resistivity is
R. = 045/4/2 (i6)

where A is measured in cm.  Suppose the grid material is non-magnetic and
has N times the low frequency resistivity of copper. Then for it, the sur-
face resistivity will be N times that given by (i6). Suppose that the diam-
eter of the grid wires is 2r and the distance center to center is a. If current
flowed on one half of the wire surface only, the surface resistivity parallel
to the wires would be

R = N'R.(a/xr). (i7)
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If we use this as the surface resistivity in (i5) we obtain
G =19 X107 (g) v/ N/N/D* N d (i8)

It is a somewhat remarkable fact that if we work out the loss for a pair
of grids with surface resistivity R in one direction and infinite resistivity
in the other direction (parallel wire grids) we get just twice the conductance
given by (i5). Thus, it appears to be roughly true that if we have a given
parallel wire grid, adding wires between the original wires and adding wires
perpendicular to the original wires should have about the same effect in
reducing circuit loss.

APPENDIX X

STARTING OF PULSED REFLEX OSCILLATOR

If a reflex oscillator is turned on gradually, the voltage from which the
oscillations build up is certainly that due to shot noise in the electron stream.
However, if the current is turned on as a pulse of short time of rise, it might
be that the microwave voltage produced by the high frequency components
of the pulse would be larger than the voltage produced by shot noise, and
hence that oscillations would huild up from the transient produced by the
pulse and not from shot noise. This would be important because presum-
ably the voltages produced by the pulse are always the same and related in
the same manner to the time of application of the pulse; thus, in buildup
from the transient of the pulse there would be no jitter.

In an effort to decide from which voltage the oscillations build up, we
will consider Johnson noise and shot noise voltages.

Associated with a mode of oscillation of the resonator there is a mean
stored energy 7. Tf L and C are the effective inductance and capacitance’
of the mode and 72 and V2 are the mean square current and voltage

kT = I’L)2 + VC/2. " )

On the average, half of the energy is in the capacitance and half in the in-
ductance; thus '

V= kT/C

i2
= kTwy/M. G2

Here M is the characteristic admittance of the mode and wp is the resonant
radian frequency.

As an equivalent circuit for the mode we may use conductance G in shunt
with an inductance L and a capacitance C. The impressed Johnson noise
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current for a bandwidth B is
I} = 4kTGB. (33)

Suppose the current crossing the gap is 27, (a current I, with two transits).
If the current has full shot noise (no space charge reduction of noise) the
impressed shot noise current per unit bandwidth will be

I* = 2¢(21,)B

(i)
= 4BIuB.
Thus, we see that the shot noise voltage will be the Johnson noise voltage
times the factor -
z_ eIy
T G5)
_ 11,600 I
- T G

The conductance G is given by
G=M/Q.

Let us take reasonable values,

T = 293° K (20° C)
I, = .2 amperes

M = .06 mhos

0 = 400 (loaded Q).

The values of M and Q are about right for the 2K23 pulsed reflex oscillator.
We obtain
TH ‘ .
2= 53 % 10 (j6)
72
3

Thus, shot noise is very much more important than Johnson noise.
From (j2) and (j5) we see that the shot noise voltage squared may be
expressed as

2
]

BwofoQ
M2

S

G7)

In pulsing a reflex oscillator, the voltage and current will be raised simul-
taneously; however for the sake of simplicity in calculation, we will assume
that the voltage is constant and the injected current is zero at ¢ = 0, rises
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linearly with time to a value Iy at a time Af, and remains constant thereafter.
There will be a return current across the gap, the negative of the injected
current and delayed by the drift time 7 with respect to the injected current.

In calculating the response to this applied current, loaded Q will be as-
sumed to be infinite; actually, the shunt resistance will be positive when
the current is small and negative when the current becomes large enough
so that the electronic conductance is larger in magnitude than the circuit
conductance. The assumption of zero conductance should, however, give
us an idea of the transient which would be effective in starting the oscillator.

1f a charge dg is put onto a capacitance C = M /w, forming part of a
resonant circuit of frequency wo, the subsequent voltage across the circuit

will be
av = %g"“n' dq. (i8)

We see that for times late enough so that the injected and returned current
are both constant, the voltage due to our assumed current will be

at t
_ o io* jw(t—tg) f Jw(t—tg)
V—MIu(fn me’ dty + L€ diy

T+at ID — , ; t =iz (jg)
_ ejw t—tg _ f jw(t—tg ) )
j: At dho AL f dto
Integrating, we find
V= (Mi"t wﬂ) (1 — ey — 1), (j10)
If we have n + 3/4 cycle drift,
¢ = —j. (j11)
The extreme value of (¢ /%% — 1)is —2. For this value we would obtain
204
A 12
| I | gAtg ma (J )
From this and (j7) we obtain
=7 2 3
V‘ _ eQA! wo (jls)

v 2,
Taking the values

e = 1.59 X 107" coulombs
Iy = .2 amperes

Q = 400 (loaded Q)

At = .2 X 107° seconds

wo = 25 X 10° radians/second.
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We obtain

Vi .

VT 99.2, (14)
The indications are that oscillations will built up from shot noise rather
than from the high frequency transients induced by the pulse.

The preceding analysis assumes that the full shot noise voltage will
appear across the resonator soon enough to override the pulse. The shot
noise voltage will reach full amplitude in a time after application of the
current of the order of Q/foc = 2r(Q/wo. For the values given above

21Q/wy = .05 X 107°

as this is a considerably smaller time than the .2 microseconds allotted for
the buildup of the pulse, the assumption of full shot noise voltage is pre-
sumably fairly accurate.

APPENDIX XI

THERMAL TUNING

Two extreme conditions may exist
(1) Cooling is by radiation alone
(2) Cooling is by conduction alone.

(1) Radiation Cooling

The rate of change of temperature on heating'will be given by

ar 1
E=E[Pi—KT4]- (kl)

Where

T is the absolute temperature of the expanding element.
C is the heat capacity of the element.

K is the radiation loss in watts/(degree Kelvin)®.

P; is the power input to the tuner in watts.

It is assumed that the temperature of the surroundings is constant and the
power radiated to the expanding element is included in P;. Let
P; = KT: and T,=;. (k2)
T, is then a reduced temperature since 7, is the temperature which the
expanding element would reach at equilibrium for a given power input, i.e.

P' 1/4
T, = (E‘) . T, is then always less than 1.
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Upon substitution of (#2) in (%1)

aT,
a1 - (k3)
which may be integrated to
C
sgpoltan” Tr + tanh™ T0] = ¢ + 4 (k4)

where o is a constant of integration. Let

Fy(T,) = [tan™T, + tanh™'T}]. (ks

This function is plotted in Fig. 79.. In order to determine the cycling time
for heating 7, assume

At t =0, T, =T ie. Tyo=To/Tm
L= T T, =T Tw = Th/Tm

where

T, is the value of the temperature T, corresponding to the maximum
power input P .

T, is the temperature corresponding to one band limit.

T, is the temperatyre corresponding to the other band limit.

T.>T..

The cycling time for heating 74 is then
c -1 —1 -1 -1
™= KT [tan™ T,s — tan™' T, + tanh™ T, — tanh™ T, (k6)

C
= sx15 Fi(T) = F(Tw)] (k7)

which gives the time required for the expanding element to rise in tempera-
ture from Ty. to Trs , i.e. from T, to T} .

If we reduce the power input and wish to determine the cooling time the
analysis is similar. If the power input from electron bombardment is
reduced to zero there will still be power input to the tuner. The residual
power which is kept to the minimum possible level comes from such sources
as heat radiated from the cathode and general heating of the envelope by
the oscillator section.

Let Py be the value of the reduced power input.
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ar 1
Then - 5 =g (KT* — Py) (k8)
dT. _ K 5.4 _ '
or 7= ETE(T, 1). k9)
o
Here T, =gz and Py= KT; (k10)
0

where Py is the power from other sources than direct bombardment. In
this case T, is always greater than 1.
Integration yields

=

2K-£TTE [tan™ T, + ctnh ™' Tl = ¢t + 4. (k11)

Let Fy(T,) = [tan'T, + ctnh™'T\]. (k12)

This function is plotted in Fig. 80. To determine the cycling time for
cooling assume

At time t = 0, T. = T,;. 1e T.h = T;./Tu
! = TC, T, = T,c T“. = Tc/To .
C
Then T = ST [Fo(Tye) — Fo(To)] (k13)

giving the time for the contracting element to cool from temperature Ty,
to Ty ie. from Ty to T, .
(2) Conduction Cooling

The rate of change of temperature on heating will be given by

ar 1
S =P kD) (k14)

where

T is the temperature difference between the tuning strut and the
heat sink.

C is the heat capacity of the strut.

k is the conduction loss in watts/°C.

P;is the power into the tuner.

The solution of (k14) is then,

P o (P —(klO)e
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where T is the temperature difference at ¢ = 0.

If
the temperature difference from the sink is Ty = T, at the cooler
limit of the band.
T is the temperature difference from the sink at the hotter limit of the
band.
P,, is the maximum permitted input, then the cycling time for heating
_C P — kT,
Th = E log. m. (k16)
On cooling =
arT k
5= C t (k17)
from which
T = Toe “ (k18)
ro = $ log, %. (k19)
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