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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 varies with frequency even for a fixed drift angle, because the 
modulation coefficient 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 effe~tive capacitance of the gap. As the capacitanc~ incr~as-es'in 
tuning to lower frequencies the ]2R losses therefore increase. 

The objective of the coupling design may not be to obtain ma~ini~m 
power output at all points in the band but rather to obtain uniform'ityof 
electronic tuning and power output. An additional requirement in, so~.e 
cases is t1?-at a minimum sink margin as defined in section VIn sho~iq.. he 
maintained. This is equivalen\~o the problem arising in magnetron',de~\gr) 
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 outpu't 
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!" 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 til guide presented to the coupler. 

Figure 71 shows a performance diagram for a typical W.E. 2K25 oscillator 
operating in the coupler of Fig. 70. The reference plane for the diagram is 

13 J. 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 accessibl~ 
reference plane external to the tube, in this instance the plane through the 
wav.e 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 ihis 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. )'he sum total of these variations necessitated the mtlintenance of 
an av~rage 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 
POWER 

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 7r radians 
at a nominal frequency of 9360 mc/s. 

measurements one may determine the intrinsic Qo of the resonator and the 
external QE. 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 Qo measured from a cold test have little significance in an 
oscilla tor 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 of operation are established without the 
interaction effects of the beam, but these measurements are not available 
for the 2K25. The external QE is not affected, at least to a first order, by 
t-lIermal 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.--Nariation of the percentage of maximum power output delivered, unloaded 
Q, Qo, and external Q, QE , as functions of frequency for the 2K25 when coupled to the 
characteristic admittance of the 1" x !" guide with the coupling of Fig. 70. The power 
variation is for a mode having 15.5 7r 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 char'acteristics of a typical W.E. 2K25 oscillator. The 
abscissa is t~e 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 n. Our. best determination for the value of n 
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 7-1 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.-0peration of the 2K25 in various repeller modes and at various frequencies 
when connected to characteristic admittance of a 1" x til guide by the coupling of Fig. 70. 

modes having n values less than 6 do not appear in Fig. 73. For values of 
n = to 0, 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 n = 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 n 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 ou tpu t, half power electronic tuning, and sink margin 
as functions of frequency for the 7-1 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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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 Jt. 

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 suggested 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 "Testern 
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 2K25. 

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 iriterfering 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 stres~es 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 tha't 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 

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. It is possible, however, to lay down some 
basic principles. These are concerned with positiveness of action and speed 
of tuning. \\lith regard to the first, it may seem anomalous to speak of 
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COAXIAL OUTPUT 
LEAD 

TUNER YOKE 

CONNECTOR WIRE 

~1""LJL_u.:>ING WIRES 

CATHODE 

HEATER 

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 a) must be dissipated in the tuner in order to hold the oscillator 
at a frequency,ja. Now, suppose that the tube is operating with power 
less than P a and that we are required to switch to frequencyja. In order 
to switch rapidly, we apply power in excess of P a to the tuner until the fre­
quency has reached ja, at which time we switch to the power P a required 
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t. PT= 0 WATTS 

3. 

5. Pr = 4.0 WATTS Pr = 6.0 WATTS 

Fig. 78.-A series of x-ray photographs of the thermal tuning mechanism of an operating 
2K4S. These show the motion of the bows for successively increasing power inputs to 
the tuner channel. 

to sustainfa. vVe say 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. \Ye 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 imp::dance 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 
infrequency is to be obtained 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 one 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, the 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 ordn 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 2K4S, 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 thelength 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, 
J c, the limit requiring the lesser power input, Pc, and corresponding to a 
tuner temperature, T c, and Jh, the limit for which the power input will be 
Ph, and the temperature, T h • The cycling time for heating, Th, is defined 
and measured in the following manner. The power input to the tuner is 
set to Pc and held at this value until equilibrium is established. The power 
input is then switched to the maximum allowed value, Pm and the time 
interval, Th , between the instant of switching and the instant at which the 
frequency of operation has reached Jh is measured. Correspondingly, the 
cycling time T c for cooling is measured by setting to Ph until equilibrium is 
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established and then switching the tuner power off and measuring the inter­
val, Tc , until the operating frequency reaches fc. 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 Th and T c. The 
expressions applicable to the 2K45 are: 

CTm 
Th = 2KT~ [F1(Trh ) - F1(Trc)] (13.1 ) 

(13.2) 

where the symbols are defined in the appendix. The functions Fl and F2 
are plotted in terms of the reduced temperatures, Tr and Ts 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, Th , 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 Fl that it is desirable to keep 
the reduced temperatures Trh and Trc small compared to 1. Under these 
circumstances, the cycling time Th 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, Tc, we observe that this is 
proportional to the ratio of the heat stored in the tuner at the equilibrium 
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temperature To 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 To by the form of the function F2 , which 
requires that the reduced temperatures Tsc and Tsh should be very large 
compared to 1. Since the true temperatures corresponding to these reduced 
values must simultaneously be small compared to T m, it is apparent that 
we are not completely free to make To large, and a compromise must be 
worked out. 
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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 disphlcement 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 mechanism because of the freedom of design they permit. Previous dis-
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, Fig. 82.-The ideal type of deflection vs temperature characteristic desired for a ther­
mally tuned oscillator. The motion 0 is that required to shift the'resonant frequency 
of the cavity through its requi~ed 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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mechanism used in the W.E. 2K45. The parameter is the initial offset of the bows from 
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pended in operating the tuner. \\iith 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 
<i 
cr 
g 600 
2 
w 
U 
<.I) 550 
w 
w 
a: 
~ 500 
w 
o 

? 450 
w 
cr 
::J 
.... 400 
<t 
a: 
w 
~ 350 
w 
f-

~ 300 
o 
2 
< 250 

1--- ....--~ 
~ 

V-

~ 
~ 

/~ 
v-' 

V 
V 

/ 
/' 

/ 
V 

V 

o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 
ANODE POWER IN WATTS 
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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 Th and 
the cooling time Tc 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 To 
and T m 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 T m 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 Tc - To and Tm - 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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imposed. Since Tc and T" are interrelated for a given bow characteristic 
by the fact that they correspond to a specific increment of motion 0 deter­
mined by the cavity design, we may study the effect of shifting the interval 
o along the tuner characteristic by varying the initial gap offset. We may 
specify this in terms of value of T c. The result of such a study is shown in 
Fig. 85. The optimum offset corresponds to the temperature at which the 
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. curves for Th and T c 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 

Pa - Pb 

K = T~ - T~ 

where P a and P b are the bombardment power inputs corresponding to anode 
temperatures T a and Tb • 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 Fig. 85. In view of the restrictive as­
sumptions of a uniform anode tempera ture 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. It 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 comists of a concave cathode surrounded by a cylindrical electrode 
and a focussing anode. The design of this type of gun was originated by 
Uessrs. 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. A fter the beam enters the focussing anode 
its convergence is decrea~ed by its own ~pace charge, and the beam passes 
through the grids at approximately the condition of minimum diameter. 
Between 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 
resona tor 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 

() = k v'V~ t1 (13.3) 
Vo + V R 

where t is the spacing between the repeller and the second grid of the resona­
tor. If the same drift angle () is maintained at all frequencies in the band, 
then the repeller voltage must vary. If t is fixed asf increases V R must also 
increase in order to maintain a fixed fraction. If t varies and increases as f 
decreases then a smaller variation in V R is required and in the particular 
case that t varies inversely withf the repeller variation may be made zero. 
Usually other requirements determine the variation of t 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 t 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, Band 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 A, Band 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 shifted at a 60 cycle rate. 

~S150 
<{Q. 
1-1-
..J:::> 
00140 
>0:: 
o::w 
~~130 
ujQ. 

~~120 0:::::> 
~ w­

>1-
~~110 
\.!)O:: 

~ fr 100 
.---

......... 8400 

___ J...-

l.--' ~ 
--~ 

~ 
~ ... 

---J---
J,...--

~ 
J---+-"" 

8600 8800 9000 9200 9400 9600 9800 
FREQUENCY IN MEGACYCLES PER SECOND 

Fig. ~7.-Repeller voltage for optimum power as a function of frequency for the W.E .. 
2K45 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. 1 his is an advantage 
over electronic tuning, since the signal to noise performance of the receiver 
depends in part on the beating oscillator power in to 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 

Heater Voltage ................ . 
Resonator Voltage .............. . 
Klystron Current .............. . 
Repeller Voltage Range .......... . 
Tuner Current ................ . 
Tuner Power .................. . 
Th (9660-8500 Mc/s) ............ . 
Tc (8500-9660 Mc/s) ., .......... . 

Normal 

6.3 
300 

22 
-60 to -175 

o to 25 

6.0 
6.0 

Maximum 

6.8 Volts 
350 Volts 
30 rnA 

-350 Volts 
rnA 

7.0 Watts 
9.0 Sec 
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 corre'ction rates 
limited, for practical purposes, only by the con~rol circuits, whereas in 
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Fig. 88.-Frequency as a function of the grid voltage for the W.E. 2K45 oscillator· 
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/sec2 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 lVith 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 
practical step development work was undertaken in the neighborhood of 
1 cm. 

Work at these Laboratories led to a tube which produced over 20 milli­
watts and was thermally tunable over the desired frequency range by rr:eans 
roughly similar to those eru:ployed in the 2K45. This tube had a waYe 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.LT. 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 couple's 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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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 2KSO presented a difficult mechanical problem which will be appreci­
ated when the minute dimensions of the resonant cavity are observed in 



600 BELL SYSTEM TECHNICAL JOURNAL 

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 ME GACYCLES 
PER SECOND 

Fig. 92.-Performance diagram for the 2KSO 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 controll~d, 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 2KSO through its range, the tuner dimensions permit reliance on conduc­
tion cooling. 

f= 23504 MEGACYCLES 
PER SECOND 

Fig. 93.-Performance diagram for the 2KSO at the low frequency band limit. 

The characteristics of the thermal tuner of the 2KSO differ considerably 
from the 2K4S. In Appendix XI expressions are given for the heating and 
cooling times as 

_ C I Pm - kTc 
Th - k 0 gE Pm - k T h 

C Th 
Tc = k logE Yc . 

(13 .4) 

(13.S) 

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

(13.6) 
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This states that the maximum permitted temperature, Tm = Pm/k, shall 
exceed the temperature Th by the same temperature difference as that by 
which Tc 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 Th/Tc 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 Th and Tc large in orde.r that their ratio 
shall be nearly unity. The allowable temperature is usually limited by 
cons tructional considerations. 

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

(13.7) 

where a is a constant 
C, is a lumped fixed capaci.tance 

C(x) = ~ 
x 

{3 is a constant. 
Hence one can show that for small changes ~x from xo 

~A = _ !Xo (3~x 
x~Co 

(13.8) 

Co = C, + C(xo). (13.9) 

One may also show that for the type of tuner employed and the small 
motions involved in the 2K50 the displacement of the grids as a function 
of the temperature difference T - Towill be 

whence 

x = Xo - H(T - To) 

tXo{3H(T - To) 

x~Co 

If at time t = 0, x = Xo , T = To, X = Xo , we have for heating 

X' - Xo = !A~ {3H (Pi - TO) (1 _ e-(ktlc). 

XoCo k 

(13.10) 

(13.11) 

(13.12) 

If we give Pi its maximum value Pm then at t = 00 the temperature of 

the strut will be ~i = Tm , X = Xm 
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and 
!Ao{JH 

~A = Am - Ao = ~C (Tm - To) 
Xo 0 

(13.13) 

or A - Ao = (Am - Ao)(1 - e-(ktlc)). (13.14) 

Thus the behavior of this type of tuner may be described by a time constant 

which is given by T = ~. This has been verified experimentally for the 

2:K50, 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 

'!! = - ~ L (f - fm) heating 
dt T fm 

(13.15) 

~ ~ ~ £ (fo - f) cooling 
dt T fo 

(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 2K50 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 2K50 so that on 
a proportional frequency basis the range between half power points with 
fixed repeller voltage is smaller for the 2K50 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 1464XQ 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 lo and in the smaller tube the length of the corresponding wire 
is ll. Suppose that all the other dimensions of the smaller tube, including 

25.0 

24.8 
o 
z 
824.6 
w 
U) 

ffi 24.4 
n. 
U) 

~ 24.2 
U 
>-
U 

~ 24.0 
w 
~ 

9 
~ 23.8 

~ 
>- 23.6 
U 
Z 
w 
~ 23.4 
w 
0:: 
LL 

23.2 

23.0 

" 
""" " "-

" r\. 
'\ 

t\. 

'\1\. 
~ 

I"" 
~ 

\ 

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 
TUNER GRID VOLTAGE 

Fig. 96.-Frequency vs tuner grid voltage for the 2KSO. 

the diameter of the grid wire, are reduced in the ratio lI/lo. We do not 
know a 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 To is the temperature at some typical point, 
say, the hottest, on the grid wire of the larger tube, and TI is the temperature 
at the similar point on the smaller tube, the power the wire loses by radiation 
in the large tube, PrO and in the small tube, Prl are given by 

PrO = AI~T~ 

Prl = AliTf. 

(13.17) 

(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 l2, and as the 
temperature to the fourth power. 

The power lost by end cooling, for the large and the small tube, P eO and Pel 
will be given by . 

P eO = BloTo 

Pel = BllTI . 

(13.19) 

(13.20)1 

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 I 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. Sup'pose we let the 
grid· in the smaller tube attain the maximum allowable temperature T m 

and let the power the wire must dissipate be P. Then for the large tube , 

P = PrO + PeO = (AloT~ + B)loTo (13.21) 

and for the smaller tube 

(13.22) 

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

II = 10 To (AloT~ + B) . 
Tm (AlITm + B) 

We see that if 10 is very small, 

AloT~« B 

AIIT;n «B 

(13.23) 

(13.24) 

Numerical exafnples 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,14 Further, in the 2K50 the grid is already operating 
near the maximum allowable temperature. Hence, nearly, to = TTl! 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 

14 The fact that one kind of dissipation predominates in both cases justifies the as­
sumption of the same temperature distribution in both cases. 



REFLEX OSCILLATORS 607 

the 2K50. In fact, the diameter of the grid wire can be made but little 
smaller. Thus, in the 1464XQ 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 1464XQ 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 rna, 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 is scaled 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, c, 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. 

1. Oscillators for Pulsed Applications-The 2K23 and 2K54 

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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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. I5 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. In a 

REPELLER_~ SCALE 
o 0.05" 
',---,----,----,---,--,' 

a 
\ \, INNER"RESONATOR" / / 

\ '- -4" DECOUPLING SECTION / I , / 

'OUTER NON-CRITICAL PORTION OF RESONATOR/ 

Fig. 98.-The resonator ar.d 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 III 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. J. 
Grieser, 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 shown in SectionX that in an oscillator tuned 
by changing the capacitance of the gap the efficiency will vary considerably 
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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 rna. 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. Some frequency modulation occurs during the rise and fall of the 
pulse because of the ch~nging 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 ~chieved 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 ac~ievement 
of a des,ign 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 2K55. 
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The three tubes, the 2K23, 2K54 and 2K55 were inte'nded to couple to 
wave guide Gircuits. 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 conv(;nience, it would have been desirable 

Fig. 101.-A transducer designed to adapt the 2K23,2K54 and 2K55 oscillators to a 
terminated v.ave 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 Elf 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 elelLents would be 
fixed. It was found, hm>,ever, that an adjustable back piston setting per­
mitted compensati<?n for lLanufacturing 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 typica12K54 
and a typical 2K55 as a function of frequency for three cases. In one case, 
as shown by curve TI, 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 2K54 and 2K55 oscillators for sev­
eral load conditions. Curves A 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 III 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 oscilhitor, 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 megacyclef:j. 
The point at the unity 'l!swr condition is obtained by adjusting the repeller voltage and tlw 
back piston of the coupling of Fig. 10l to the values which gave maximum power. The~e 
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 2K54 and 2K55. The requirements 
on the pulling figure for the 2K54 and 2K55 were not severe, since in th~ 
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 in a CW oscilla-

---- FREQUENCY 

-- POWER 

Fig. 104.-Rieke diagram for the 2K54 oscillator at a nominal frequency of 4350 
megacycles. The unity '/.iswr 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 elV 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 

---- FREQUENCY 

-- POWER 

Fig. 105.-Rieke diagram for the 2K55 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. vre 
would then obtain a variation of peak power output as a function of the 
repeller voltage shown in Fig. 108. Ordinarily, the repeller voltage ","ould 
be adjusted so as to obtain maxmum power output as, for example, with 
the repeller voltage V Rl. Next, let us suppose that a variaqle impedance 
is presented to the oscillator with the repeller voltage held fixed at value 
V RI , as would be done, for example, in obtaining an impedance performance 
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---- FREQUENCY 
-- POWER 

Fig. 106.-Rieke diagram for the 2K55 oscillator at a nominal frequency of 4650 mega­
cycles. The unity vswr point was obtained as described in Fig. 103. 
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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 grea tly 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 modification 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 \Vestern 
Electric 2K22. Its 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. \\Then 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 
2K22 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. 12 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 Francisco and 
Catalina Island. 

J. Scope of Oscillator Development at the Bell Telephone Laboratories 

The reflex oscillators discussed in the foregoing sections were developed 
primarily for beating oscillator service, aI\d in one instance for a transmitter. 
Refex 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 tothe oscillating value. 

1 he 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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list of electron tubes for 1945, nine were developed at the Bell Telephone 
Laboratories. 

APPENDIX I 

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. I6 

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 d 'if; / dt, 
where t/; 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 dosed 
path is dt/;/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) is dt/; / 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 dt/;/dt, where 1ft 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,I7 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-cvoltage; that shown in 113 has open apertures and might be used with a 

O
-t I COUPLING II 6L----.---/ LO==OP 

I ~~~--C-O-A-X~IA~L~L~INE 

Fig. 112.-An oscillator cavity with grids and loop coupling to a coaxial line. 

[71 
I 

WAVE-GUIDE 

Fig~ l13.-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 resona tor. There 
is an electric field between the top and bottom inside surfaces of the resona-

at a depth. 

o = 3.82 X 1O-5v'~ (al) 

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

R = .045/v'X (a2) 

This means that if a current of I amperes flows on a surface over a width TV and a length 
I, the power dissipation is 

P = I2Rl/TV (a3) 

For other non-magnetic metals, both 0 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 dt/;/dt, where t/; 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 t/;t and 
if the coupling loop is open-circuited, the voltage across the coupling loop 
will be dt/;t/ dt. 

CIt L,i 
C2~ L2~ 

c3f L3~ 
Fig. 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. 18 No exhaustive treatment 
of the problem will be given here, but a few important general results will 
be given. 

If 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 fire represented, 

18 S. 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 Ll , L2 , La and the capacitances Cl , C2 , C3 • These 
resonant circuits are coupled to the terminals by mutual inductances tnl , 

tn2 , tna. In series with these appears the inductance measured at very low 
frequencies Lo , 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 GR 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 L 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 

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 Land 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 = C(). 

Let the peak gap voltage be V. The peak voltage across m will be 

Vm = mVjL (a4) 

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

Vm = dY;mjdt = mVjL (a5) 

This defines m 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. 
La 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 L represents conductance due to load; G R represents conductance due to 
resonator loss. The total conductance, called Gc , is 

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

G:P !GL !GR fc fL 
Gc = GR + GL 

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

Several resonator parameters are vitally important in discussing reflex 
oscilla tors. The~e will be discussed referring to Fig. 116. GLand G R 

have already been defined. The resonant radian frequency u.'o is of course 

u.'o = (LC)-1/2 (a7) 

A very important quantity will be called the characteristic admittance }J 

M = (C/ L)1/2 (a8) 

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

Y = G + j2M.1w/wo 
(a9) 

.1w = w - wo 

The "loaded" Q of the circuit will be referred to merely as Q and is 

Q = M/Ce (alO) 

The unloaded Q is 

(all) 

A quantity which may be called the "external Q" is 

(a12) 

,\Ve see 

l/Qo + l/QE = l/Q (a13) 

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 

Ws = (1/2) V 2C 

= (1/2) V2M /wo 

(a14) 

(alS) 
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Here V is the peak gap voltage. Expressions (a14) and (alS) are valuable 
in making resonator calculations from exact or approximate field distribu­
tions. They define C, Land M in terms of electric and magnetic field. 
The energy dissipated per cycle is 

W L = 7r v2c/CI:' 0 (a16) 

Hence, we might have written Q as 

(a17) 

This is one popular definition of Q. 
In (as)-(a17) 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 (a17) 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 Q. Unforced oscilla­
tions in a damped circuit can be represented as a combination of several 
terms 

PI = 0:1+ jWl 

Schelkunoff takes the Q of the nth mode as 

(alS) 

(a19) 

(a20) 

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

Sometimes there may be a complicated circuit between the gap and a 
co lxialline 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. l1S. 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. 



628 BELL SYSTEM TECHNICAL JOURNAL 

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'l. 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 2 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 

GAP TRANSDUCER 
LINE OR 

WAVE-GUIDE 

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

~N2 R 
~ SPECIAL POINT 
~ ALONG LINE 

Fig. 118.-0ne circuit which will represent all the properties of a general 4-terminal 
transducer. This circuit consists of an admittance Y 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 ou tpu t impedance if we merely take Y as 

Y = GR + jw(C - l/wL) (a21) 

Near resonance we may use the simpler form. 

Y = GR + j2MAw/wo (a22) 

Something has already been said in a general way about the evaluation of 
Land 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.19

, !O, 21 The discon­
tinuity calculations of Whinnery and Jamieson22 are also of great value in 

I 

U Electromagnetic Waves, S. A. Schelkunoff, Van Nostrand, 1943. 
20 Fields & Waves in Modern Radio, Ramo & Whinnery, Wiley, 1944. 
21 Microwave Transmission Data, Sperry Gyroscope Company, 1944. 
22 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. 19

• 20 

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 l/G R , the shunt resonant 
resistance, will be VN 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\~alues. . 

APPENDIX II 

MODULATION COEFFICIENT 

In this appendix the effects of space charge are neglected. 
The modulation coefficient {3 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.qui~k 
transit at the time of maximum voltage. 

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

If an electron gains an energy {3 times the r-1 voltage V across the gap, 
the work done on it is {3eV electron volts. By the conservation o.f energy, 
an induced current must flow between the electrodes of the gap, transferring 
a charge-{3e against the voltage V and hence taking an amount of energy 
{3e V from the circuit. Pursuing this argument we see that the mo~u.lation 
coefficient {3 times the electron convection current in the beam, q, 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 
{3q. 

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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t.o be small compared with a wavelength and to have little a-c magnetic 
field iiI 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 

(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 

t = x/Uo + to 

Then the gradient along the path is 

av _ R I V'( ) j(wxluo+wto) ax - ea x e . 

(b2) 

(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 a and b be"in the field-free region to the left and right of the gap. 
Then we have 

A(X) = Real !J..ib 

V'(x)ei(wx1uo+wt o) dx 
tio a 

iwto i b 

A(x) = Real ~ V'(x)/YX dx 
tio a 

'Y = w/,Uo. 

(b4) 

(bS) 

(b6) 

The integral will be a complex quantity. The exponential factor involving 
the starting time to will rotate this. A(X) will have a maximum value when 
the rotation causes the vector to lie along the real axis, and thi3 maximum 
value is thus the absolute value of the integral. Hence 

(b7) 

For a-c 'voltages small compared with the voltage specifying the speed 
'lto, the energy change is proportional to'the momentum change. For an 
electron transported instantly fr.om one side of the gap to the other, the 
momentum change can be obtained by setting 'Y = O. 

A(X)o = !Lib V'(x) dx 
Uo a " 

(b8) 
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Here V is the voltage between a and b. Hence, the modulation coefficient 
{3 is given for small signals by 

(3 = (i/V) lib V'(x)ei'YX dx [ 

V = V(b) - Yea) 

I' = w/uo 

Uo = V21]VO 

Thus Uo is the electron velocity. 

(b9) 

(bi0) 

(b11) 

(b12) 

It is sometimes convenient to integrate by parts, giving the mathematical 
expression for {3 a different form 

(3 = (i/V) I V'(~)ehZ Ib - ~ lb V"(x)eirx dx I 
JI' a JI' a . 

as V'(x) is zero at a and b 

{3 = (l/V) I ~ { V"(x).?YZ dx [. (b13) 

An interesting and important case is that of a uniform field between 
grids. Let the first grid be at x = 0 and the second at x = d. There is an 
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 

(b14) 

This is easily seen to be 
{3 = sin (I' d/2)/(I' 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 modulation 
coefficient for a path on the axis and one parallel to the axis for such systems.23 

In a two-dimensional gap system with axial symmetry, if the modulation 
coefficient for a path along the axis is {3o , the modulation coefficient for a 
path y away from the axis is 

{3y = f 0 cosh I'Y (biS) 

23 These relations first came to the atten tion of the 'writers through unpublished work of 
D. P. R. Petrie, C. Strachey and P. J. Wallis of Standard Telephones and Cables. 
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In an a.xially symmetrical electrode system, if the modulation coefficient 
on the axis is {Jo , the modulation coefficient at a radius r is 

{3 T = (3o 10 ('Yr) (b16) 

Here lois a modified -Bessel function. 
:It is easy to see why (b1S) 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 coefficient for fine parallel grids vs transit angle across the gap in 
radians. 

'Y = w/uo = 3170/;\.vl'o. 

sinusoidally along the axis and as the hyperbolic cosine (in the two-dimen­
sionalcase) 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 'YX or 
Io{"x) (b1S) 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 {32. We may distinguish two cases: If the distanc~ from the axis 
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of symmetry were the same for both transits of the electron, we would do 
well to average ri. If the electrons got thoroughly mixed up in position 
between their two transits, we would do well to average {3 and then square 
the average. We will present both average and r.m.s. values of {3. The 
averaged value of {3 will be denoted as {3a , the r.m.s. value as {3s ; the value 
on the axis will be called {3o . 

From (b1S) and (b16) we obtain by simple averaging for the two dimen 
sional case, 

{3t1 = {3o sinh 'YY 
'YY 

{J, = {J, [ ! (Sin;'(~'(y + 1) J 
and for an axially symmetrical case 

{3a = (3~211('Yr)/('Yr) 

{3s = (3o[I~(')'r) - li(,),r)]1!:! 

(b17) 

(b1S) 

(b19) 

(b20) 

It is convenient to rewrite these in a slightly different form, using (b1S) 
and (b16). 

{3a = {3y (tanh 'YY/')'Y) 

{3 - (3 [ sinh 2'YY + 2'YY J! 
8 - 11 2l'y(cosh 2,),y + 1) 

{3a = (Jr2l1('Yr)/C'Yr)Io('Yr) 

{3s = {3r[1 - li(')'r)/l~('Yr)]1/2 

(b21) 

(b22) 

(b23) 

(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 {3y = {3r == 1, we can use expressions 
(b1S)-(b24) directly to evaluate {3a , {3s and {3fJ 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, {3y or {3r. . 

If the tubing or plates surrounding the gap are thick, we might reasonably 
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-1 r(~~RY NARROW GAP) 
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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. 
f30 is the modulation coefficient for electrons travelling along the axis. f3a is the average 
modulation coefficient and (3. is the r.m.s. modulation coefficient. The separation of the 
planes is 2y, {3o = 1/ cosh "Yy, 

(30 = tanh "Yyhy, 
[

sinh 2"YY + 2"YY J1 
f3. = 

2"Yy(cosh 2"YY + 1) 

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

{3y or {3r = Fl (-yd) = sin ('Yd/2)/(-yd/2) (b2S) 

This is the same function shown in Fig. 119. 
If the tube wall or plates are very thin, one may, following Petrie, Strachey 

and W'allis23 assume a potential variation between the edges-of the gap of 
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the form 

f30 = 1/1o('Yr), f3a = 2ltC'Yr)/'Yr1c('Yr), 
f3. = [1 - li( 'Yr) / 1~ C 'Yr)]! 

V 
1. _1 2x = - SIn -
7J' d 

In this case, (b9) gives 

(3y or Br = F2hd) = J ohd/2) 

Both Flhd) and F2('Yd) are plotted vs. 'Yd in Fig. 123. 

(b26) 

(b27) 

Figures 121, 122 and 123 cover fairly completely the case of slits and 
holes. The same methods may be m:ed to advantage in making an ap­
proximate calculation taking into account the effect of grid pih:h 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 

(b28) 
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Fig. 123.-If the planes or tubes considered in Figs. 121 and 122 are separated by ap­
preciable distance, the modulation coefficients given in thO!~e figures must be multiplied 

. by a factor FC l' 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 (FICr d» 
and that the gap has very sharp edge:'! (Fz('Y d». 

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

V = V;x/2 + (a V;/2,,) In [2 cosh :" ] (b29) 

, 27J"X 
V" = (V l 7r/2a) sech -. a (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 - 00 to + 00, giving 

/30 = (l/V)(V~ 7r/",a) 11 - ei"t
d II L: sech

2 7r: ei"tx dx I 
: (b31) 

= f{sin (",d/2)/(",d/2)}Go(",aj 

where 

f =' VU(V/d) (b32) 

! I L: eCh.'r). sech'u du I =' ('Ya/ 2)/sinh ('Ya/ 2) (b33) 
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Fig. 125.-A factor used in obtaining the modulation coefficient of lined up grids vs 
the wire spacing in radians. 1t is the fraction open. The curve for 1t :0:: 1 also applies 
approximately for a mesh grid. 

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

G('Ya,n) = {sinh (n-ya/2)/(n'Ya/2) }Goha) (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 sho,-!ld be positively noted that the average 
is over the open are~ ot the grid and applies to current getting through. 

It remains to evaluate the factorj. Suppose x = O. At the surface of 
the grid wire? y = r, the radius of the wire, , 

OV = (V: a/h) In [2 (1 - cos 2:)] = (V: a/2 .. ) In [2 sin 'f ] 
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As we have aiready assumed r is small, we may as well write 

ov = (V: a /2.-)2.3 log!. C:r) 
This emphasizes the sign of 0 V. 

(b35) 

According to (b28), the grid plane appears from a distance to be at zero 
potential. Thus, 

V~d - 20V = V (b36) 

and from (b32) 

f = {1+ (a/7r d) 2.3 logio (a/27rr)}-1 (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 

(ja = f{sin (-ya/2)/(-ya/2) }Cha,n) (b38) 

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

It must be emphasized again that these expressions are good only for 
very fine wires (r « a), and get worse the closer the spacing compared 
with the wire separation. It is also important to note that Cha,n) indi­
cates little reduction of (ja even for quite wide wire separation. Now-yd 
will be less than 27r, as (ja = 0 at -yd = 27r. As a approaches d in magnitude, 
the assumptions underlying the analysis, in which the integration around 
each grid was carried from - 00 to 00, become invalid and the analysis is 
not to be trusted. 

it ts 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 =fL (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 

(b40) 



REFLEX OSCILLATORS 639 

Here the grid is assumed to lie in the y, z, plane. This gives a mesh of wires 
about squares a on a side, the wires bulging at the intersections. We take 
r to be the wire radius midway between intersections. 

\Ve see that f30 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 a2

• 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 

f3a = g{sin (-yd/2)/('Yd/2) } G1(-ya) 

G1(-ya) = 211 ('Ya/ y';)/('Ya/ y';) Go ('Ya) 

g = 1 + (.365 a/d) (lOglO (a/7rr) - .69) 

(b41) 

(b42) 

(b43) 

The quantity G1('Y,a) is plotted in Fig. 125 for comparison with the parallel 
wire case. It should be emphasized that these expressions assume r «a, 
and that G1ha) 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 oV (a small increase in the mu of the grid), while by doubling the 
number of wires in the parallel wire grid, a can be halved, both raising mu 
and increasing G(-ya,n). 

APPENDIX III 

ApPROXIMATE TREATMENT OF BUNCHING 

We assume24 that the conditions are as shown in Fig. 126 where the elec­
tron energy on first entering the gap is specified by the potential Vo. Across 
the gap there exists a radio frequency voltage, V sin wt. 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, f3. We assume 
that the modulation coefficient is the same for all electrons. vVe also neg­
lect the effects of space charge throughout. After leaving the gap the 

electrons enter an electrostatic retarding field of strength Eo = V R t Vo 

24 This analysis follows the method given by Webster; J. App. Phys. 10, July 1939, pp. 
50t-508. • 
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such that the stream flow is reversed and caused to retraverse the gap. 
The round trip transit time, Ta , in the retarding field when a signal exists 
across the gap is then given by 

_ 2 V2'7(Vo + (JV sin wt1) 
Ta - --------~~------~ 

'7Eo 
(el) 

. e 7 
where '7 = - X 10 = 1.77 X 1015 in practical units and t1 is the time of 

m 
first entry of the gap. The time of return to the gap will be 

(c2) 

More accurately t1 and t'J are measured from the central plane of the gap in 
which case a second term should be added to (el) corresponding to motion at 

VR 
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Fig. 126.-Diagram of a reflex oscillator showing quantities used in the treatment 01 

bunching. . 

constant velocity. This term is, however, very small and will be neglected 
here. If i2 is the current returning to the gap and 10 the uniform current 
entering the gap on its first transit, then from conservation of charge one may 
write 

(c3) 

In what follows it will be first assumed that 12 and t1 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 i2 in order to determine the 
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harmonic distribution. Thus 

i2 = ao + al cos (W12 + q;) + a2 cos 2(w12 + q;) + 
+ b1 sin (Wtl + q;) + b2 sin 2(Wt2 + q;) + 

(c4) 

where 

1171" . an = ;. _".1-2 COS n(wt2 + q;) dWt2 

(cS) 

bn = ~ 171" i2 sin n(wt" + q;) dWt2 
7r -". 

Using (el) to (c3) we change our variable to il obtaining 

- 1171"[ (t + 2 y'211(Vo + .BV sin wt1) + ) d t (c' 6) an - - 0 cos nw 1. E q; W 1 
7r -1r 0 

WTO = 2w y'f,7Vo = e 
Eo 

x = O.BV 
2Vo 

(c7) 

(c7) cannot be evaluated in closed form without further restriction. The 

first order theory may be obtained by assuming that! nX2 «~. It is e 2 
X2 

not sufficient to assume that 7J «X. The latter assumes that the third 

and higher terms of the expansion are small compared to the second. Let 
the integrand be denoted as io cos nx. The quantity to be evaluated is the 
argument of a trigonometric function where the total angle is of less imf>or­
tance than the difference nx - 2m7r 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 

(
.BV)2 

n 2Vo WTO« 7r 

This is a more stringent requirement than 

~ = ,sVl «1 
e 2Vo 

(c8) 

(c9) 

(c9) requires oniy 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. ~ ~ f 10 cos n (01 + <P + 0 [1 + ~ sin 01]) dOl (c10) 

If we let cp = - (} all coefficients bn will be zero and 

aO = 10 (ell) 

Thus the first order expansion for the current returning through the gap is 

i2 = 10 [(1 - 2I1(X) cos W(t2- TO) 
(el2) 

+ 2I2(2X) cos 2W(t2 - TO)···] 

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

(el3) 

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 7r resulting from the 
reversal of direction of the beam, by 

12 = -(3(i2), 

The gap voltage at the time of return will be v = V sin wt2 or in complex 
notation 

Hence the electronic admittance to the fundamental will be 

Y
e 

= !...2 = 2Io{3 II (WTo{3V)e-i(WTO-(7r/2» 
v V 2Vo 

(el4) 

(elS) 

In the foregoing it was assumed that 12 was a single valued function of 
tl. We may generalize by writing (c3) as 

(el6) 

For sufficiently large signals there may be several intervals dt1 which con­
tribute charge to a given interval dt2 and hence we write a summation for the 
left hand side of (el6). 'When the Fourier analysis is made and the change 
in variable from 12 to tl is made the single integral breaks up into a sum of 
integrals. In Fig. 127 we plot time tl 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 12 • The solid lines connect corresponding times in 
the absence of signal for increments of time dt l and dt2 • When sufficiently 
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I 
arge signals are applied some of the electrons in the original interval dh 
will gain or lose sufficient energy to be thrown outside the original cor­
responding interval dl2 as for example as indicated by AB. ~f we consider 
a whole cycle of the gap voltage in time 12 it is apparent that, under steady 
state conditions, for every electron which is thrown outside the correspond­
ing cycle in 12 another from a different cycle in II is thrown in whose phase 
differs by a multiple of 27r as for example CD. In summing the effects of 
these charge increments the difference of 27r 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 27r it is 
immaterial whether we integrate over a single interval or break it up into a 

Fig. 127.-Diagram showing the, relation between 11 , the time an electron crosses the 
gap for the first time, and t2 , the time the electron returns across the gap. 

sum of integrals over interval~ -7r to a, 27r111 + a to 27m! + b, 27r1l2 + b to 
27r1l2 + c, etc. where the subintervals sum up to 27r. Hence we conclude 
that the preceding analysis is also valid up to (c7) for signals sufficiently 
large so that 12 and tl are related by a multiple valued function and is valid 
beyond that point provided that we do not viol,ate (c8). 

APPENDIX IV 

DRIFT ANGLE AS A FUNCTION OF FREQUENCY AND VOLTAGE 

Let T be the transit time in the drift space. Then the drift angle is 

() = WT (d1) 

For changes in voltage (resonator or repeller), both T and W will change. 
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Thus 

(d2) 
= ~w/w + «aT/aV)/T)~V 

As shown in A ppendix VI, the derivative of T with respect to repeller 
voltage, aT/aV R , is always negative, while the derivative of T with respect 
to resonator voltage, aT/aVO, may be either negative or positive. For a 
linear variation of potential in the drift region, aT/aVO is zero when V R = 
V 0 and negative for smaller values of V R • 

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 cp = -0, as f9Jlows: 

10 ill" (+ X . 1 X2 . 2 
al = - cos 01 sm 01 - -2 - sm 01 

7r -lI" 0 

. ""t~ ~' sin' O. + ... ) dO. 

b
l 

= !.:!. ill" sin (0
1 

+ X sin 0
1 

')rlt~~"Sin~Ol 
7r -lI" 2 0 

~ .. 

+ lX3

• 3 )d - - sm 01 +... 01 2 02 

(el) 

(e2) 

vVe shall hereinafter neglect terms of higher order in'~ than those expli~itly 
shown here. With this neglect, we can expand the trigonometric functions, 
obtaining 

al = !!J ill" cos (01 + X sin (1) [1 - -8
1 x: sin

4
01 + ... ] dOl 

7r -lI" 0, . 

- ~ ill" sin (01 + X sin (1) 
7r -11" 

(e3) 

[ 
1 X2 . 2 + 1 X

3 
• 3," . - - _. sm 01 --- smOl+ 

2 0 2 02 
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(e4) 

Now of these terms, not all give contributions; some integrate to zero since 
the integrand is an odd function of 01• Rewriting with those terms omitted, 

al = ~o {Tr cos (01 + X sin ( 1) [1 - ! X
2

4 

sin4 01 + ... J' dO] 
7r LTr _ 8 () 

10 1 Tr . ( + X' ) [ 1 X
3 

• 3 + ] d - sm 01 sm 01 - - sm 01 • • • 01 
7r -Tr 2 02 

(e5) 

b1 = ~o {Tr cos (01 + X sin ( 1) [_! X2 sin2 01 + ... ] dOl. 
7r J_Tr 2 () 

(e6) 

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

1 ITr - 2J 1 (X) = - cos (()l + X sin (1) dOl 
7r -Tr 

(e7) 

- 2J~ (X) = -! 17f sin (01 + X sin ( 1) sin 81 dOl 
7r -7f 

(e8) 

- 2J~' (X) = - ~ 1 Tr cos (01 + X sin ( 1) sin2 
()1 dOl' 

7r -Tr 
(e9) 

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

( 
1 X4 iv X 3 

III' ) 
al = 10 - 2J 1 + - - J 1 + - J 1 + ... 

4 (j2 02 
(el0) 

X2 " bl = 10 - (- J 1 + ... ). o (ell) 

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

(i2)/ ro..J al cos (Wt2 - 0) + bl sin (wt2 - 0) 

(i2)r= (al - jbl )e
j

(wt 2-6) 

~ .1"" r i ' IO( - 2J, + j ~2 J;' + i, (X' J;" + IT J;'») + ... 
(eI2) 
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Following usual ;conventions, the real part of .the complex expression repre­
sents the physic~l situation, and the exponential time function will usually 
be omitted in what follows. 

I Similarly to Appendix III, the induced current in the gap is 

12 = - (3(i2), 

= ,jwt {3e-;' 10 (2J1 - j ~2 .I( - ~ (X' f~' + tx< fl·»). (c13) 

The gap voltage is still the same, viz. 

v '"""' V sin wt2 '"""' Vei (wt 2-(7r/2)) = + 2;0 ~ ei (wt 2-(7r/2)). (e14) 

Accordingly, the electronic admittance to the fundamental will be 

y =!: = 10 {12!.... ei «7r/2)-(J) (J1 _ jX2 1~' _ .! (X31t + X4 ltV)) (elS) 
,e v Vo X 02 02 2 8 

The argument of h and its derivatives is understood to be X. The 
derivatives can be evaluated in terms of 10 and 11 by repeated use of the 
Bessel function recurrence relations (see Jahnke-Emde, Funktionentafeln, 
p. 144). The result is 

y = 10 {12.!.... i«7r/2)-(J) (J1 - i. [(1 - X2) 11 - ! Jo] 
" Vo X 0 2 2 

- ~ [HX' + X')f, - tX' fO] + ... ). 

The real part of this will be of interest; it is 

G" = + 10 {12!.... sin 0 (11 + cot 0 [(1 _ X2) 11 - X 1 0] 
Vo X 0 2 2 

- ~ [-l-(X' + X')f, - tx' f01) . 

The power generated by the electron stream is given by 

P = -!GeV2 

2X ( . [ 1 2 4 3] -10 Vo 0- SIll 0 J 1 - 80
2 

((X + X )11 - 2X 10) , 

(e16) 

(e17) 

(e18) 
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Of this power, only a part is usefully delivered to the load admittance 
GL , the rest being dissipated because of the circuit loss conductance Gn . 

The pQ\lrer lost in the circuit is 

Pn = !Gn V2 = 2V~Gn X2 (eI9) 
{32 02 

Accordingly, the useful power delivered to the load is 

P L = P - P n (e20) 

A quantity of interest is the maximum useful power which can be ob­
tained from the reflex oscillator; this is given by 

These two condit~ons are expressed by the next two equations. 

2XJo + ~ cot 0 (-X'Jo - X'J1) + ~ (iX' - lX')Jo 

+(
_X2_3X4)1)+4VoG ~=O 

2 2" 1 {32 Ion 0 sin 0 

X10 + (-4 + X2)11 + 0 cot O· 211 - co; 0 (( _!X3 
- 2X)lo 

(e21) 

(e22) 

+ (4 - i-x2 + lX4)11) + ~ (-jX31 o + !(X
2 + X

4
)11) (e23) 

4Vo X 
- {32 loG R 0 sin (J = 0 

One may note that even if one sets Gn = 0 and neglects terms in ~ the 

second of these equations is a little different from the corresponding one 
of Appendix III, so that a slightly different phase angle is predicted for 
maximum generated power. The result of Appendix III was 

o cot 0 = 1 

predicting a phase angle 0 slightly less than On = (n + !)27l". However, the 
zero order result here is 

X2 
(J cot 0 = 2 - - = - .892 (e24) 

2 

predicting a phase angle a trifle larger than (In, in the approximation of 
A ppendix 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 GR , and substitute back into the power expression (e20). 
The results are 

GR = 
10 {32 . ( co t (J 2 

- - - (J sm (J 2Jo + - [- X J o - XJ I ] 
Vo 4 (J 

+ ~ [ (IX' - tX')Jo + ( - f - !X') J I ] + ... ) 
(e2S) 

X. ( cot (J f( X
3

) - 10 Vo -0 sm (J 2J 1 - X J o + -0- ~ - X + ""2 J o 

+ (2 - ~') JI] + ~ [~' JI + (-IX' + F')Jo]) 
(e26) 

10 2 (J. ( 1 cot (J GL = -Ge - GR = --{3 -smO J l - 'iXJO +--
Vo X (J 

(e27) 

One further convolution is necessary, because the equations (e2S) and 
(e26) are still subject to the optimum phase angle condition (e23). Since 

we are here carrying only terms as far as ~, approximations are in order. 

From (e24) we get the hint that (J cot (J is of the order of unity, so that 

. cot 0 f h d h· 1 A d· I terms m -0 - are 0 t e same or er as t ose m 02. ccor mg y an ap-

proximate solution is obtainable by adding (e22).and (e23) and neglecting 
these small terms. The result is 

Xl 3XJo , o cot (J = 2 - - - -- == [1 (X) 
2 2J1 

'I herefore the optimum phase angle is given by 

(J - (J - F(X) (In = (n + 1)21T 
- n On' 

sin (J = -1 + [F(X)]2 
20! 

(e2S) 

(e29) 

(e30) 
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sin 0 - .!: [1 + 4 (F - F'/2) ] (e31) 
0 On ()n 

cot 0 = ~ F(X) 
o o! 

(e32) 

From computation it turns out that in the range of interest, the quantity 
F(X) does not differ from (-1) by more than 20%. 

The desired approximate solution comes now from substituting the ex­
plicit phase optimum (e29) to (e32) back into (e25)-(e27). The results are: 

(e33) 

(e34) 

(e35) 

(e36) 

(e37) 

(e38) 

The equations (e33)-(e35) have the following meaning: they presup­
pose that the load G L has been adjusted for maximum useful power in the 
presence of circuit loss G R , 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. 

n 0 I 2 3 

'l 0.48 0.22 0.14 0.105 

Fig. 129.-Maximum efficiency for several repeller modes. 

erated if the resonator were perfect. This comes from setting GR = 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.-0ptimum 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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Fig. 133.-0ptimum total circuit conductance divided by small signal electronic ad­
mittance vs resonator loss conductance divided by small signal electronic admittance for 
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 n:odes 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 Vex), where 
x = 0 at zero potential and x = t at the gap. Then the transit time from 
the gap to zero potential and back again is ' 

- if dx 
TO = (2/V2r]) 0 (V(X))! (£1 ) 

Imagine now that the entire drift space is raised by a very small amount 
d V. The zero potential point will now occur at . 

x = -dV/V'(O) (f2) 

where 

V'(x) ~ dV / dx (£3) 

Hence the new transit time will be 

. . j- if dx 
TO + dT = (2/v 21]) [V( ) + dVY 

-~vlv'(O) x . 2 

(f4) 

Now let 

Z = x + dV/V'(O) (f5) 

Then, including first order terms only, if Vex) can be expanded in a Taylor's 
series about 0, 

i
f+~v'V'(O) dz 

TO + dT = (2/ V~) 0 [V(z) - [V'(z)/V'(O)]d V + d V]! 

(2/V2) (if ~ + AV if [(V'(z)/V'(O)) ,- 1] dz 
1] 0 [V(z)]. 0 2[V(Z)]2 . (f6) 

dV ) + V' (O)[V (t)]! 

Whence 

, . AT - (1 if [(V'(z)/V'(O)) - lldz 
l' = dV = (2/V21]) v'(O)[V(t)J! + 0 . 2[I(z)J~ (f7) 

In computing F it should be noted that by definition the gap voltage pre-
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Yiously referred to as Vo is 

Vo = Vel) 

In the notation as it has been modified, the transit time is 

- it dz 
'To = (2/V2T/) 0 (V(z)!' 

657 

(f8) 

(£9) 

For a constant retarding field in the drift space of magnitude Eo , we can 
write 

(flO) 

Here V is the total energy with which electrons are shot into the drift 
space. From (flO) 

(fll) 

(£12) 

In the notation used earlier this is 

I 'To 

'T1 = 2V(I) . (£13) 

Now we will compare 'T' from (f7) with 'T~,the rate of change of transit time 
for a linear field, taking 'T~ for the same resonator voltage V( I) and the same 
transit time, given by (£1), as the nonlinear field. The factor Frelating 
'T' and 'T~ will then be 

F = 'T'/'T~ 

= 2V(f) [ {V'(O)~V(t)ll (£14) 

+ [f[V'(Z)/V'(O) - 1] dZ} it ~.z J-1 

o 2[V(z)]! 0 [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 (£14) 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 change~ 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 fieid con­
sidered. will be that in which 

We obtain 

Now 

Hence 

F= 

V(z) = (l - l)/e l 

V'(O) = e-( 

V'(z) = 1 

( 
1 ) (ffi - ly 

V' (0) - 1 + -1 (1 )~ . 
tan V'(O) - 1 

(£15) 

(£16) 

(£17) 

(£18) 

(£19) 

This shows clearly how the effective drift angle is increased as the field at 
the zero potential point is weakened. For instance, if V'(O) ::;= !, so that 
the field at the zero potential point is ! 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 varyingvarious voltages. Suppose the gap 
voltage with respect to the cathode is Vo and the repeller voltage with re­
spect to the cathode is - V R. Now suppose Vo and V R are increased by a 
factor <x, so that the resonator and repeller voltages become <X Vo and - <X V R • 

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 <X -! times as fast. If, instead of introducing the 
factor <x, we merely consider the voltages V Rand Vo to be the variables, we 
see that the transit time can be written in the form 

(f20) 
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The function F(V R/VO) expresses the effect on r of different penetrations of 
the electron into the drift field and the factor Vat tell us that if V Rand 
Vo are changed in the same ratio, the drift time changes as one over the 
square root of either voltage. 

We can differentiate, obtaining 

ar/av R = VOIF'(V R/VO) (f21) 

ar/avo = - VO!((V R/Vo)F'(Vr/VO) + (1/2)F(V R/VO» (f22) 

If the electron gains an energy {3V in crossing the gap, the effect on r 
is the same as if Vo were increased by {3 V and V R were changed by an 
amount -{3V, because in an acceleration of an electron in crossing the gap 
the electron gains energy with respect to both the resonator (where the 
energy is specified by Vo for an unaccelerated electron) and with respect to 
the repeller (- V R for an unaccelerated electron). We may thus write 

ar/a({3V) = ar/avo - ar/av R 

- Va![(l + V R/Vo)F'(V R/VO) + !F(V R/VO)] (£23) 

This expression (£23) is for the same qua~tity as (£7). Vo of (f23) is 
V(-l) of (£7). 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, arid 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 I ar/avo I 
will be less than I ar/av R I. In fact, for a linear variation potential in 
the drift space and for Vo = V R , ar/avo = O. Weak fields at the zero 
potential point make the absolute value of F'(V R/VO) larger and hence 
tend to make both I ar/av R I and I ar/a({3V) I larger. However, these 
quantities are not changed in quite the same way. 

The reader should be warned that (£14) and (£20)-(f23) 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) = Az~ 

According to (£14), 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 (£14) 
does. not apply. 
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APPENDIX VII 

IDEAL DRIFT 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 {3V cos (h for the electron crossing 
the gap. Here (h 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 To where To is a function of this energy. 

,To = f({3V cos (h) 

Thus,~each value of To will occur twice every cycle (27r variation of ( 1). 

will have 

01 = Wl1 

Oa = W(t1 + Ta) 

= 01 + ep(Ol) 

ep(Ol) = WTa 

(gl) 

We 

(g2) 

(g3) 

(g4) 

Here t1 is the time at which an electron first crosses the gap and (11 + To) 

is the time of return to the gap. 01 and 00 are the phase angles of the voltage 
at first crossing and return. 

The net work done by an electron in the two crossings is 

(gS) 

If the beam current has a steady value 10 , the power produced will be 

The integral of cos 01 is of course zero. Further, from (g4) we see that 

ep( (1) = ep( - (1) 

Hence 

p ({3Vlo/27r) 17r [cos (-01 + ep(Ol) + cos (01 + ep(Ol))] dOl 

({j VI o/27r) 17r cos ep(Ol) cos 01 dOl. 

(g7) 
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As cos ep(Ol) cannot be greater than unity, it is obvious that this will have its 
greatest value if the following holds 

o < 01 < 7r/2, ep(Ol) = 2n7r, cos ep(Ol) = +1 (g8) 

7r/2 < 01 < 7r, ep(Ol) = (2m + 1)7r, cos ep(Ol) = -1 {g9) 

These conditions are such that for a positive value of cos ep the gap voltage 
is accelerating giving a longer drift time than obtains for a negative value 
of cos ep(Ol) for which a retarding gap voltage is required. Thus, physically 
we must have 

211, > 2m + 1 (g10) 

The simplest case is that for 11, = 1 and m = 0, so that in terms of the gap 
voltage 

v < 0, 

v> 0, 

ep(Ol) = 7T' 

ep(Ol) = 27r 
(gl1) 

This sort of drift action is illustrated by the curve shown in Fig. 136. 
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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 Vo is the voltage of the gap witp. respect to the cathode and cI> is 
the potential in the drift space. Let 

Xo= V217Vo/W (g12) 

Here w is the/operating radian frequency. Let x be a measure of distance 
In the drift field. 

o < x < Xo 

cI> = Vo{ 1 - [(X/XO)2 + 1]2/4(x/xo)2} , 

This potential distribution is plotted in Fig. 13~: 

(g131 

x> Xo 
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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 
p:ut 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 witq.out seriously distorting the drift field. Voltage sources 
VI and V2 maintain the electrodes at proper potentials. Either suitable 
convergence of the electron beam passing through the r csona tor 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 waJI and I, and between I and II. 
R-f power is derived from resonator R by a coupling loop and line L. 

APPENDIX VIII 

ELECTRONIC 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 Y. 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.:5 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.%6 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 - 10 , bunched to have an a-c convection current component 

2S 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. 
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i 1 • N ow if tl is the time a particle passes Xl and t2 the time the particle 
passes X2 , the convection current at X2 will be 

i2 = (-10 + iI) ddti + 10 . 
t2 

(h1) 

This merely states that the charge which passes Xl in the time interval dt l 

will pass X2 in the time interval dt2 • Suppose the electrons are accelerated 
at Xl by a voltage 

If Vo is the voltage specifying the average speed of the electrons, the veloc­
ity will be 

"VVe then have 

t2 = tl + T(l + (V /VO)i"t1)-1 

T = x(2'7Vo)-! 

dt2 = 1 _ jWT(V /Vo)eiwtl 
dlI 2(1 + (V / Vo)eiwt1 )' 

(h2) 

(h3) 

(h4) 

N ow assume (V / Yo) «1. If we neglect higher powers than the first 
we can replace tl by 

and obtain 

dt . V ~W(tl-T) 
_~ = 1 + J_T __ _ 
dt2 2Vo 

(hS) 

and from (hl), neglecting products of two a-c quantities 

(h6) 

Suppose we consider an electron stream travelling through a longitudinal 
field of potential fluctuating as eiwt and of magnitude Vex), where Vex) 
may be complex. Then the current at X2 due to the action of the field at 
Xl is, omitting for convenience the factor eiwt , 

'Y = w/uo 

uo = (2'7Vo)!. 

(h7) 

(hS) 

(h9) 
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Hence, the convection cur~ent at X2 is 

(hl0) 

The power flow from the electron stream /0 the circuit is 

P = ~- L: V'(x2)i: dX2 (hll) 

P = jlo 100 l x2 

V'(X2)V'*(XI}Y(X2 _ XI)ei'Y(X2~Xl) d~l d~;' . (h12) 
4 Vo -00 -00 

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 x = - <Xl to X = + <Xl, which is 
merelya way of including all the a-c fields present. Wecould as well have 
integrated between two points a and b between which all a-c fields lie. 

We will now go through some strictly mathematica~ manipulations of 
(h12), designed to transform it to a more handy form. In the following 
steps we may regard Xl and X2 as merely two different variables of integra­
tion, disregarding completely their physical significance. 

Suppose in the Xl X2 plane, Xl is measured + to the right and X2 , + up­
wards. Then the plane is divided into two portions by the line X2 = Xl, 

and we are integrating over the upper left portion. If we reverse the order 
of integration we obtain 

(h13) 

Let us (a) interchange the variables of integration X2 and Xl and (b) take 
the conjugate of P. We obtain 

The real part of P is! (P + P*); hence 

Let us consider the quantity 

A = L: V' (x )ehx dx' (h16) 
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1 A 12 = AA* = (L: V'(!r,)/><' d.,,)(L: v,*(x¥;m dX.) 
(h17) 

Hence, we see 

(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, y. Let Uo be the x component of velocity and - 10 
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/uo)dx (h20) 

and the power flowing to the field from the beam will be 

100V (. / ) dP = - - - y* Uo dx. 
,2 oy 

(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. vVe 
can write the instantaneous powe'r transferred from the beam to the field. 
Let (V)i be the instantaneous value of V and (Y)i be the instantaneous 
value of y. The instantaneous power will be 

dp = _ (d(V)i + 02(V)i (Y),) dx. 
dx 8xoy 

(h22) 

Let us compare this with the instantaneous power transferred from the 
beam to the field by a fluctuating convection current (i)i 

(h23) 

We see that according to our convention that 

P, = VJ* (h24) 
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we may write, from (h22) 

P = -!!: a
2

v * dx. 
2 ax ay y 

The y gradient of the potential at Xl produces a velocity at X2 

• - 11 1%% (av) -h(X!-X1) d Y2 - - - e Xl. 
Uo -00 ay I 

It produces a displacement at X!i , 

, _!L 1 X2 (a V) ( ) -j')'(X2-Z1) d "Y2 - 2 - X!i - Xl e Xl • 
Uo -00 ay 1 

Writing the total power as 

P = PI + P2 • 

We have the two contributions from (h22) and (h23) using (h9) 

667 

(h2S) 

(h26) 

(h27) 

(h28) 

PI = -10 100 1Z2 

(av) (av)* eh (XZ-
X

1) dXI dX2 (h29) 
4 Vo -00 -00 ay 2 ay I 

and 

P _ -10 100 l z2 (a 2V) (a V) * ( )h(X2-X1)'d d 2 - - -- -- X2 - Xl e Xl X2. 
4 Vo . -00 -00 ax ay 2 ay I 

(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 

(h31) 

Integrating with respect to X2 by parts we obtain 

(h32) 

_1 00 100 

(av) (av)* i'Y(X2-
X

1) dX2 dXI). 
-00 %1 ay 2 ay I . 

The first term is zero because (:;) * is zero at Xl = - 00 and (x" - Xl) is 
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zero at X2 = Xl. Changing the order of integration, we obtain 

P _ + . 10 100 l x2 (av) (av)* ( ) h(X2-
X

l) d d 2 - } - - - 'Y X2 - Xl e Xl X2 
4 Vo -00 -00 ay 2 ay I 

+ 10 100 l x2 (av) (av)* h(X2-
X
l) d d - -- -- e Xl X2. 

4Vo -00 -00 ay 2 ay I 

(h33) 

From (h29) and (h30) we see that the total power is 

P _ . 10 100 l x2 (av) (av)* ( ) ir(X~-Xl) d d '(h34) - J - - - 'Y X2 - Xl e Xl X2. 
4Vo -00 -00 ay 2 ay I 

,~ 

By the same means resorted to in connection with (h12) we find 

Real = ~ 'Y~ 
8Vo 8'Y 

B -100 av hx d - -e x. 
-00 ay 

We can go a step further. We have 

Now 

A = 100 

av ehx dx. 
-00 ax 

Integrating by parts 

aA = av ehx /00 . 100 av irx d - J'Y -a e x. ay ay -00 -00 y 
The first term is zero, and we ,see that 

1 B 12 = (I 8A/ay 12/'Y2) 

R 1 
_ 10 a(1 aA/ay 12/'Y2) 

ea - 8Vo'Y a'Y . 

C. Electronic Gap Loading 

(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 

P R = GV2/2 = G/2 

G = 2PR. 

669 

(h42) 

Also, in this case I A I is simply {1, the modulation coefficient. Hence, the 
conductance due to action of the longitudinal fields is, from (h18), simply 

G 
_ - 10"1 a {12 ( ) 

1- 4Vo a"l. h43 

And, due to the action of transverse fields there is another conductance, 
from (h4i) 

G2 = 10"1 ~ (! (a{1)2) 
4 Vo a"l "12 ay 

(h44) 

G = G1 + G2 • (h4S) 

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 ro with a narrow gap between them 

(h46) 

Accordingly,- the part of the conductance due to the longitudinal field is 

GL = F L ("Iro)10/4Vo 

F L ("11'0) = - "Ia{1~/ a"l 

= -2 [(11("I rO»)2 _ "Iro (11("I ro») _ (11("IrO»)3J. 
10( "Iro) 10( "Iro) 10( "Iro) 

Similarly, the part of the conductance due to the transverse field is 

GT = FT {"{ro)10/4Vo 

a i1rO~(1 a )2 
FT("ITo) = -"I ay;{ 0 l ~ ar {1r 2r dr. 

From (b16) we obtain 

(h47) 

(h48) 

(h49) 

(hSO) 

(hS!) 

(hS2) 
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And from this we obtain 

211("1'0) 
'Y'oIo( 'Yro) 

+' "1'0 (11('Yro)) _ (11 ('Yro))3 _ 2 (II ('Yro)) 2J . 
Io( 'Yro) 10( 'Yro) . Io( 'Yro) 

The total conductance is 

(h53) 

(h54) 

In Fig. 139, (G1Vo/lo) , (G2Vo/lo) and (GVo/lo) are plotted vs 'Yro. 
It may be seen that while the conductance due to transverse fields may be 
negative, the total conductance is always positive. 
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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 
G1 is that for longitudinal effects, that involving G2 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 involving longitudinal fields 
only; that for infinitely fine parallel grids. In this case, if the separation 
is t 

(h55) 

and, from (h43) 

G = ~ sin ("1t/2) [sin (yt/2) - ( t/2)] (h56) 
2 Vo (,,///2) ("1t/2)' cos "1 . 

In Fig. 140, (GVo/lo) is plotted vs ht/2). The negative conductance 
region beyond "1t = 27r, familiar through Llewellyn's work with diode 
oscillators, is of less interest in connection with reflex oscillators. 
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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 which "1t = 7r. From (h2) we get . 

(GVo/lo) = .202. 

As the current crosses the gap twice we should count the current involved 
as twice the d-c beam current. h 

From (2.1) 

{3 = .633 . 

{32 >= 0400. 
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If we assume 3.75 cycles of drift, then from (2.4) the magnitude of the small 
signal electronic admittance is 

ye = (32IoO/2Vo 

= 4.71 Io/Vo . 

(h57) 

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 (hl0) 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 t. Then the gradient is given by 

V'(XI) = V / t (h58) 

from Xl = 0 to Xl = X2 = -l, and by zero elsewhere. Thus 

. jlo V 1.( (' . ) -he/-Xl) d' 
~2 = 2 Vo It 0 'Y t- - Xl e Xl 

i2/V = (Io/Vo) (1/2)[1 - (j /'Yl) (1 - eh()]e-h (. (h59) 

It should be noted that for large values of 'Yt 

idV = (1/2)(Io/Vo)e-h l. (h60) 

For our previous example, if 'Ylt = 7r, 

idV = .592 (Io/Vo)e-i
:l.53. (h61) 

If the current is referred to the center of the gap instead of the second 
grid, we obtain a current i such that 

i/V = .592 (Io/Vo)e-i
1.ll6. '(h62) 

Now, the electrons constituting current i 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 {3 

I/V = _(3(i/V)e-i1r (3.75) 

= - .375 (Io;'Vo) e-i191r
• 

(h63) 

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 inthe theory. 
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APPENDIX IX 

LOSSES IN GRIDS 

Although the general problem of resonator loss calculation is not treated 
in this paper, grids seem peculiar to vacuum tubes and losses in grids will 
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 = E7rr
2/d 

(i1) 
E = 8.85 X 10-14 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 

dP = 2(wC)\R dr/27rr) 

= w2l 7rRr3 dr/d2
• 

(i2) 

Here R is the surface resistivity. The total power is equal to V2G, where G 
is the conductance measured at the edge of the grids, and is 

2 2 R l D'2 . 
G = P =~ r3 dr 

d2 0 (i3) 

= w2 
E2 7rRD_4/64 d2. 

It is interesting to express w in terms of X, the wavelength, c the velocity of 
light, and then to put in numerical values 

G = (1/16)7r3c2lRD4/X2 d2
. 

G = 1.39 X 10-5RD4/X2 d2
• 

Now for the copper, the surface resistivity is 

Rc = .045/VX 

(i4) 

(is) 

(i6) 

where X 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 

(i7) 
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, If we Use this as the surfac~ resistivity in (is) we obtain 

G = 1.99 X 10-7 
(;) VJii7)../D'"A2 d2

• (i8) 

It is a somewhat remarkable fa'ct 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 (is). 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 OSClLLATOR 

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 build 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 kT. If Land C are the effective inductance and capacitance 
of the mode and /2 and V 2 are the mean square current and voltage 

kT = J2L/ 2 -+ V 2C/2. (j1) 

On the average, half of the energy is in the capacitance and half in the in­
ductance; thus 

? = kT/C 

= kTwo/M. 
(j2) 

Here M is the characteristic admittance of the mode and Wo is the resonant 
radian frequency. 

As an equivalent circuit for the mode we may use conductance G in shunt 
with an inductance Land a 'capacitance C. The impressed Johnson noise 
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current for a bandwidth B is 

I; = 4kTGB. (j3) 

Suppose the current crossing the gap is 210 (a current 10 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 . 

~ = 2e(210)B 
(j4) 

= 4e10B. 

Thus, we see that the shot noise voltage will be the Johnson noise voltage 
times the factor 

e 10 
kTG 

_ 11,60010 
-1'-(;. 

The conductance G is given by 

G = M/Q. 

Let us take reasonable values, 

T = 2930 K (200 C) 

10 = .2 amperes 

M = .06 mhos 

Q = 400 (loaded Q). 

05) 

The values of M and Q are about right for the 2K23 pulsed reflex oscillator. 
\\Te obtain 

"2 
~ = 5.3 X 104

• 

Ii 
Thus, shot noise is very much more important than Johnson noise. 

(j6) 

From (j2) and (j5) we see that the shot noise voltage squared may be 
expressed as 

V2 = ewo10Q 
. 8 M2. (j7) 

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 inj~cted current is zero at t = 0, rises 
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linearly with time to a value 10 at a time flt, 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 T 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. 

If a charge dq is put onto a capacitance C = M /wo forming part of a 
resonant circuit of frequency Wo , the subsequent voltage across the circuit 
will be 

dV - Wo iwot d -Me q. (8) 

We see that for times late enough so that the injected and returned current 
are both constant, the voltage due to our ass!lmed current will be 

(

At 1t V = wo 10 1 ~ eiw(t-t o) dto + eiw(t-t o) dto 
M 0 flt At 

09) 

Integrating, we find 

V = (~) (1 - e-iwoT)(e-iwoAt - 1). 
Mfltwo 

010) 

If we have 11, + 3/4 cycle drift, 

e-iWOT = -j. (j11) 

The extreme value of (e-iowAt - 1) is - 2. For this value we would obtain 

1 1
2 2I~ ( ) 

V = M2flt2w~. j12 

From this and (7) we obtain 

Taking the values 

Q 
2 3 

V; _ e At wo 
IVI2-~ 

e = 1.59 X 10-19 coulombs 

10 = .2 amperes 

Q = 400 (loaded Q) 

flt = .2 X 10-6 seconds 

Wo = 25 X 109 radians/second. 

013) 
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We obtain 

V; -
rVp = 99.2. 014) 

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/Jo = 27rQ/wo. For the values given above 

27rQ/wo = .05 X 10-6 

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 

Where 

~~, = ~ [Pi - KT4]. 

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)4. 
Pi is the power input to the tuner in watts. 

(kl) 

It is assumed that the temperature of the surroundings is constant and the 
power, radiated to the expanding element is included in Pi. Let 

Pi = KT! and 
T 

Tr = Te' (k2) 

Tr is then a reduced temperature since Te is the temperature which the 
expanding element would reach at equilibrium for a given power input, i.e. 

__ (Pi) 1/4 
Te K' Tr is then always less than 1. 
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Upon substitution of (k2) in (kl) 

dTr = Ii T3[1 _ T 4
rl dt C e 

(k3) 

which may be integrated to 

C 
2KT: [tan -1 Tr + tanh -1 Trl = t' + to (k4) 

where to is a constant of integration. Let 

This function is plotted in Fig. 79. In order to determine the cycling time 
for heating Th assume 

At 

where 

t = 0, i.e. T rc = Tc/Tm 

Trh = Th/Tm 

T m is the value of the temperature T 8 corresponding to the maximum 
power inpu t Pm . 

Th is the temperature corresponding to one band limit. 
T c is the temperature corresponding to the other band limit. 
Th > Tc. 

The cycling time for heating Th is then 

which gives the time required for the expanding element to rise in tempera­
ture from Trc to Trh, i.e. from Tc to Th . 

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 sourc~s. 
as heat radiated from the cathode and general heating of the envelope by 
the oscillator section. 

Let Po be the value of the reduced power input. 
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dT 1 
(k8) Then - - = - (KT' - Po) 

dt C . 

or d~s = _§ ro(T! - 1). (k9) 

Here 
T 

Ta =-
To 

and Po = KT~ (k10) 

where Po is the power from other sources than direct bombardment. In 
this . case T 8 is always grea ter than 1. 
Integration yields 

C 
2KTg [tan-

I Ts + ctnh -1 Ta] = t + to . (kll) 

Let F2(T s) = [tan-ITa + ctnh-ITs]. (k12) 

This function is plotted in Fig. 80. To determine the cycling time for 
cooling assume 

At time t = 0, T. = T8h i.e. T8h = Th/To 

t = TO, T. = Tsc Tsc = Tc/To. 

C 
- F2 (Tsh )] (k13) Then To = 2KT~ [F2 (Tsc) 

giving the time for the contracting element to cool from temperature Tsh 
to Tsc; i.e. from Th to T~ . 

(2) Conduction Cooling 

The rate of change of temperature on heating will be given by 

dT =.!. (p. _ kT) 
dt C ' 

(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/ceo 
Pi is the power into· the tuner. 

The solution of (k14) is then, 

~' - T = (~; - TO) .-Ckle)! (k15) 
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where To is the temperature difference at t = 0, 

If 

the temperature difference from" the sink is To = Tc at the cooler 

limit of the band. 
Th is the temperature difference frol? the sink at the hotter limit of the 

band. 
Pm is the maximum permitted input, then the cycling time for heating 

On cooling 

l.~ from which 

C I Pm - kTc 
Th = Ii oge Pm - kT

h
' 

dT 
dt 

k 
- - t 

C 
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Abstracts of Technical Articles by Bell System Authors 

Investigation of Oxidation of Copper by Use of Radioactive Cu Tracer.l J. 
BARDEEN, W. H. BRATTAIN, and W. SHOCKLEY. A very thin layer of radio­
active copper was electrolytically deposited on a copper blank. The surface 
was then oxidized in air at 1000°C for 18 minutes, giving an oxide layer with 
a thickness of 1.25 X 10-2 cm. After quenching, successive layers of the 
oxide were removed chemically, and the copper activity in each layer was 
measured. The observed self-diffusion of radioactive copper in the oxide 
agrees quantitatively with a theory based on the following assumptions: (a) 
The oxide grows by diffusion of vacant Cu+ sites from the outer surface of 
the oxide inward to the metal. (b) The concentration of vacant sites' as the 
oxygen-oxide interface is independent of the' oxide thickness, and drops 
linearly from this constant value to zero at the metal boundary. (c) Ac­
companying the inward flow of vacant sites, there is a flow of positive elec­
tron holes such as to maintain electrical neutrality. (d) Self-diffusion of 
copper ions takes place only by motion into vacant sites. The results give 
a fairly direct confirmation of the theory of oxidation first suggested by 
Wagner. 

A New Magnetic Material of !ligh Permeability.2 O. L. BOOTHBY and 
R. M. BOZaRTH. This paper describes the preparation, heat treatment, and 
properties of supermalloy, a magnetic alloy of iron, nickel, and molybdenum. 
In the form of 0.014 in. sheet it has an initial permeability of 50,000 to 
150,000, a maximum permeability of 600,000 to 1,200,OCO, coercive force of 
0.002 to 0.005 oersted, and a hysteresis loss of less than 5 ergs/cms /cyde at 
B = 5000. Transformer cores made of insulated 0.001 in. tape, spirally 
wound, have about the same initial permeability and a maximum permeabil­
ity of 200,000 to 400,000. The alloy has a Curie point of 400°C and appears 
to have an order-disorder transformation temperature somewhat above 
5006C. 

Magnetoresistance and Domain Theory of Iron-Nickel AlloYS.3 R. M. 
BozaRTH. Measurements of change of electrical resistivity with magneti­
zation and with tension are reported for iron-nickel alloys containing 40 to 
100 per cent nickel. When the magnetostriction is negative (81 to 100 per 

1 Jour. of Chemical Physics, December 1946. 
2 Jour. Applied Physics, February 1947. 
3 Phys. Rev., Dec. 1 and 15, 1946. 
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cent nickel), tension (u) decreases resistivity, and magnetic field (H) in­
creases it. Domain theory predicts the ratio u /H at which the resistivity 
is equal to that of the un magnetized specimen, and the theory is accurately 
confirmed. Measurements are made in transverse as well as longitudinal 
magnetic fields, and the difference between the resistances so measured is 
shown to be independent of the distribution of domains in the unmagnetized 
state; the erratic results reported in the literature are thus explained and 
avoided. When magnetostriction is positive, the limiting changes of resis­
tivity with field and tension are sometimes found to be different; this is 
shown to be caused by the variation of magnetostriction with crystallo­
graphic direction. 

A Wide-Tuning-Range Microwave Oscillator Tube.4 JOHN W. CLARK and 
ARTHUR L. SAMUEL. This paper describes a reflex-type vel~city-variation 
oscillator tube with a wide tuning range in the microwave band. The tube 
will oscillate from 2000 to 13,000 megacycles, but practical tuning considera­
tions limit the band in anyone circuit to a two-to-one frequency range. 
The problems involved in the design and a description of the various elements 
are given. 

Accelerated Ozone Weathering Test for Rubber.') JAMES CRABTREE and 
A. R. KEMP. Light-energized oxidation and cracking by atmospheric ozone 
are the agencies chiefly responsible for the deterioration of rubber outdoors. 
Since these processes are separate and distinct, it is proposed to distinguish 
between them in the evaluation of rubber fo'r resistance to weathering. An 
accelerated test for susceptibility to atmospheric ozone cracking is discussed. 
Apparatus for conducting the test and for measurement of ozone in minute 
concentration is described in detail. . 

Measurements in Communications.6 N. B. FOWLER. For convenient 
reference, some of the more common measurement units and scales used in 
communication engineering are presented in tabular form together with sup­
plementary explanatory text. Included in the table, which also indicates 
the limitations involved, are quantities used in measuring power, volume, 
circuit noise, sound, light, radio fields, crosstalk coupling, and certain other 
transmission concepts. 

An Improved ZOO-Mil Push-Pull Density Modulator.7 J. G. FRAYNE, 
T. B. CUNNINGHAM and V. PAGLIARULO. A completely new variable-

4Proc. I.R.E. and Waves and Electrons, January 1947. 
5 Indus. & Engg. Chemistry, Analytical Edition, December 1946. 
6 Electrical Engineering, February 1947. 
7 Jour. S.M.P.E., December 1946. 



684 BELL SYSTEM TECHNICAL JOURNAL 

density modulator utilizing a three ribbon push-pull valve is described. 
The entire valve is sealed by the force of the Alnico V permanent magnet on 
the Permendur pole pieces. Signal is applied to the center ribbon and noise­
reduction currents are applied to the outer ribbons. True class A push-pull 
operation is obtained from the two component single ribbon valves by the 
use of an inverter prism which aligns the modulating and noise-reduction 
edges of each aperture. 

An anamorphote condenser lens is used to eliminate lamp filament stria­
tions at the valve ribbon plane. An anamorphote objecti~e lens gives a 4·: 1 
reduction of the valve aperture in the vertical plane at the film and a 2: 1 
reduction along the length of the sound track. A meter is supplied to meas­
ure exposure as well as setting up "bias." A photocell monitor is supplied 
and a "blooping" light for indicati.ng synchronous start marks. 

Mathemati~al analysis of the exposure produced by the modulating ribbon 
is appended as well as a similar analysis of the four ribbon push-pull valve 
which the new valve. supersedes. 

Factors Governing the Intelligibility of SPeech Sounds. s N. R. FRENCH 

and J. C. STEINBERG. The characteristics of speech, hearing, and noise are 
discussed in relation to the recognition of speech sounds by the ear. It is 
shown that the intelligibility of these sounds is related to a quantity called 
articulation index which can be computed from the intensities of speech and 
unwanted sounds received by the ear, both as a function of frequency. 
Relationships developed for this purpose are presented. Results calculated 
from these relations are compared with the results of tests of the subjective 
effects on intelligibility of varying the intensity of the received speech, alter­
ing its normal intensity-frequency relations and adding noise. 

Short Duration Auditory Fatigue as a Method of Classifying Hearing Im­
pairment.~ MARK B. GARDNER. Earlier studies have classified deafness 
cases into two general groups, those having functional disorders of the middle 
ear and those having impairments resulting from atrophy of the nerve fibers 
terminatirg along the basilar membrane (conductive and nerve deafness 
types, respectively): Such classifications have been made using bone con­
duction threshold measurements and unilateral loudness balance results as 
the basis for differentiation. Bone conduction results, however, are often 
subject to considerable error while the unilateral loudness balance technique 
can only be applied to individuals having one normal and one impaired ear. 
These limitations introduce a need for a completely independent monaural 
method of classifying deafness types. This is particularly true for the selec-

8 JOltr. A~01tS. Soc. Amer., January 1947. 
9 Jour. Ac01lS. Soc. Amer., January 1947. 
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tion of candidates suitable for the fenestration operation for the restoration 
of hearing in otosclerosis (immobilized stapes). The present paper is con­
cerned with an investigation of short time auditory fatigue as a method of 
obtaining an impairment analysis. In this study, it was found that the 
fatigue of the conductively deafened observer was similar to the normal 
observer except the onset of fatigue was shifted by the amount of the thresh­
old loss. For the nerve deafened observer, on the other hand, the onset of 
fatigue was found to occur at normal intensity levels. The occurrence of 
excessive fatigue in one of the nerve type impairment cases investigated 
appears .to offer additional information on the nature of the lesion. 

A Sampling Procedure for Design Tests of Electron Tubes (Sponsored by 
Joint Electron Tube Engineering Council).l0 S. W. HORROCKS, P. M. 
DICKERSON, H. F. DODGE,* E. R. OTT, H. G. ROMIG,* W. B. Rupp, J. R. 
STEEN, R. E. WAREHAM, AND A. K. WRIGHT. The Committee on Sampling 
Procedure was established on July 21, 1943 as part of the Electron Tube 
Section of the Radio Manufacturers Association (RMA). The purpose of 
the Committee is to develop sampling methods and to act in an advisory 
capacity towards standardization of Sampling Procedures throughout the 
Electron Tube industry. This Committee was later embodied as a main 
Committee of the Joint Electron Tube Engineering Council of the RMA 
and NEMA. This Council was established in 1945 to handle all engineering 
matters for the Electron Tube industry for both trade associations, Radio 
MaLufacturers As£Ociation and National Electrical Manufacturers Asso­
ciation. 

One of the earliest projects handled by the Committee was the develop­
ment of a statistically sound sampling inspection procedure for so-called 
"design tests" of electron tubes. In general, design tests relate to character­
istics that are normally quite stable and are relatively less important to the 
consumer. The nature of these tests is such that only relatively small 
samples are practicable. The Joint Army-Navy Specification JAN-1A 
incorporated a sampli:cg plan for design tests allowing (1) not more than 10% 
of the sample tubes to contain design test defects of anyone kind and (2) 
not more than 20% of the sample tubes to contain design test defects of any 
kind. Because of the extremely wide range in lot sizes for different classes 
of electron tubes, such a simplified sampling plan was in effect too strict for 

. small lot sizes and too liberal for large lot sizes. Moreover, no distinction 
was made in the relative seriousness of different kinds of design test defects. 
The Committee accordingly set about to prepare a sampling inspection plan 
that would be relatively free of these faults. The new procedure covers all 

10 Industrial Quality Control, November 1946. 
* OJ Bell Tel. Labs. 

a 
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aspects of the acceptance problem and provides an operationally definite 
criterion for reducing.inspection for a product whose quality is regularly well 
controlled within the intent of the specification. 

The procedure developed by the Committee was approved by J.E.T.E.C. 
(Joint Electron Tube Engineering Council), was approved by the JAN 
Committee in September 1945, and is reproduced in full in this article. It 
will be noted that the procedure provides for two Acceptable Quality Levels 
(AQL) , namely 6% defective and 3% defective for individual design test 
characteristics. Each design test of a particular type of electron tube is 
classified as either a Standard Design Test with an AQL = 6% or a Special 
Design Test with an AQL = 3%. For any design test, if product sub­
mitted for inspection has quality equal to the AQL, the chances of acceptance. 
are of the order of 94 to 98 out of 100. If quality runs consistently better 
than the AQL, reduced inspection is permitted, thus serving as an incentive 
for the manufacturer to strive for better quality. The operating characteris­
tics of the sampling plans involved are appended to this article and show the 
degree to which the plans will discriminate for various levels for submitted 
quality. 

Resonant Circuit Modulator for Broad Band Acoustic Measurements.u 
GORDON FERRIE HULL, JR. * A modulation method is described whereby 
a broad band frequency response is obtained for recording of sound. In 
particular low frequency sound approaching zero c.p.s. can be recorded. 
The theory of the resonant circuit modulating principle is first discussed 
followed by a description of the apparatus which was constructed for this 
purpose . 

. Quality Reporting-Putting Inspection Results to W ork.l2 HAROLD R. 
KELLOGG. Quality reporting is an integral part of the general inspection 
problem. It cannot be divorced from the logic and aims of an overall inspec­
tion program. A discussion of quality reporting should therefore include 
consideration of (1) inspection procedures, including the collection of data; 
(2) appraisal of the data; (3) reporting and publicizing results. This out-. 
lines the program as it is discussed in this paper. 

Properties of Monoclinic Crystals.13 W. P. MASON. Two crystals of the 
monoclinic sphenoidal class have been found which have modes of vibration 
with zero temperature coefficients of frequency, and this property together 

11 J ottr. Applied Physics, December 1946. 
* This research was carried out while the author was a member of the Technical Staff 

of the Bell Telephone Laboratories, Inc., Murray Hill, New Jersey. 
12 Industrial Quality Control, November 1946. 
13 Phys. Rev., Nov. 1 and 15, 1946. 



ABSTRACTS OF TECHNICAL ARTICLES 687 

with the high electromechanical coupling and the high Q's make it appear 
probable that these ,crystals may have considerable ut:e as a substitute for 
quartz which is difficult to obtain in large sizes. These crystals are ethylene 
diamine tartrate (C6H14N~06) and dipotassium tartrate (K:lC4H40 6, !H20). 
Complete measurements of the elastic, piezoelectric, and dielectric constants 
of the dipotassium tartrate (DKT) crystal are given in this paper. The 
crystal has 4 dielectric constants, 8 piezoelectric constants, and 13 elastic 
constants. A discussion is given in the appendix of the method of measuring 
these constants by the use of 18 properly oriented crystals. 

An Acoustic Constant of Enclosed SPaces Correlatable with Their Apparent 
Liveness.u J. P. MAXFIELD and W. J. ALBERSHEIM. An acoustic constant 
called liveness is derived, which constant is correlatable with the acoustic 
properties of the enclosed space and with the distance between the sound 
source and the listener. This constant represents the ratio of a time integral 
of the energy density of the reverberant sound to the unintegrated energy 
density of the direct sound. The validity of this constant is substantiated 
by empirical data. Certain subjective effects of monaurally reproduced 
sounds as a function of the liveness of its pick-up conditions are briefly 
discussed. 

Directional Couplers.15 W. W. MUMFORD. The directional coupler is a 
device which samples separately the direct and the reflected waves in a 
transmission line. A simple theory of its operation is derived. Design data 
and operating characteristics for a typical unit are presented. Several appli­
cations which utilize the directional coupler are discussed. 

Theory of the Beam-Type Traveling-Wave Tube. 16 J. R. PIERCE. The 
small-signal theory of the beam traveling-wave tube has been worked out. -
The equations predict three fonvard waves, one increasing and two attenu­
ated, and one backward wave whi<;h is little affected by the electron stream. 
The waves are partly electromagnetic and partly disturbance in the electron 
stream. The dependence of the wave propagation coefficients on voltage, 
current, circuit loss, and the other properties of the transmission mode which 
propagates energy and thetcut-off transmission modes is given. Expres­
sions for gain and noise figure and an estimate of power output are given. 
Appendix A gives an expression for the field in a unIform transmission system 
due to impressed current (as, of an electron stream) in terms of the para­
meters of the transmission modes. Appendix B calculates the propagation 

14 Jour. Acous. Soc. Amer., JanuarY,.1947. 
15 Proc. I.R.E., February 1947. 
15 Proc. I.R.E., February 1947. 
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constant and the field for unit power flow for the gravest mode of helical 
transmission system. 

Traveling-Wave TubesP J. R. PIERCE and L. M. FIELD. Very-broad­
band amplification can be achieved by use of a traveling-wave type of circuit 
rather than the resonant circuit commonly employed in amplifiers. An 
amplifier has been built in which an electron beam traveling with about 1/13 
the speed of light is shot through a helical transmission line with about the 
same velocity of propagation. Amplification was obtained over a band­
width 800 megacycles between 3-decibel points. The gain was 23 decibels 
at a center-band frequency of 3600 megacycles. 

Attenuation oj Forced Drainage Effects on Long Unijorm Structures. I8 

ROBERT POPE. When forced drainage is app'lied to an underground metallic 
structure to provide cathodic protection, the greatest effects on the structure 

. and earth potentials occur in the vicinity of the drainage point and anode. 
These effects taper off as the distance from the drainage point increases and 
even in the relatively simple case of a long, uniform structure, the manner in 
which these effects taper off or attenuate is quite complex. However, by 
making a few justifiable assumptions, relatively simple equations are devel­
oped which provide sufficiently accurate results in most practical cases. 
Furthermore, the simple equations bring out more clearly the relative im­
portance of the various factors involved than do the more rigorous equations. 
The approximate equations have been used with fair success in predicting 
the effects of drainage on underground telephone cables in conduit and on 
buried coated cables. They should apply quite accurately to coated pipes, 
and there are examples of reasonably good application on some bare pipes. 

The soil and structure characteristics which enter into the equations are 
discussed, and the units used established. 

Alkaline Earth Porcelains Possessing Low Dielectric LOSS.I9 M. D. RTG­
TERINK and R. 0: GRISDALE. Alkaline earth porcelains have been prepared 
from mixtures of clay, flint, and synthetic fluxes consisting of clay calcined 
with at least three alkaline earth oxides. These porcelains possess excellent 
dielectric properties, have low coefficients of thermal expansion, are white, 
and are especially valuable as bases for deposited carbon resistors for which 
they were developed. Their characteristics make it probable that other uses 
will be found for materials of this type. 

An illustrative composition is 50.0% Florida kaolin, 15.0% flint (325 

1'1 Proc. I.R.E., February 1947. 
18 Corrosion, December 1946. 
lG Jour. Amer. Ceramic Soc., March 1, 1947. 
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mesh), 35.0% calcine (200 mesh). The composition of the calcine is 40.0% 
Florida kaolin, 15.0% MgCOa, 15.0% CaCOa, 15.0% SrC03, 15.0% BaCOa, 
calcined at 1200°C. The electrical properties of this body at 1 mc.' are Q at 
25°C, 2160; Q at 250°C, 280; Q at 350°C, 90; specific resistance at 150°C, 
1013 .5 ohm-cm. and at 300°C, 1010. 7 ohm-cm. 

A C oaxia 1-Type Water Load and Associated P ower-Measuring A ppara tus. 20 

R. C. SHAW and R. J. KIRCHER. This paper presents a description of a 
coaxial-type water load and associated equipment suitable for measuring 
peak pulse powers of the order of a megawatt. Water-cell loads have been 
designed to operate at wavelengths of from 10 to 40 centimeters, where the 
average dissipation is of the order of 3CO watts. Ordinary tap water is used 
in the load to dissipate the radio-frequency power. 

The Ammonia Spectrum and Line Shapes Near 1.25-cm Wave-Length. 21 

CHARLES HARD TOWNES. The ammonia "inversion" lines near 1.25-cm 
wave-length are resolved, their widths being decreased at low pressures to 
2CO kilocycles. Line shapes, intensities, and frequencies are measured and 
correlated with theory. Calculated intensities and Lorentz-type broadening 
theory fit experimental results if frequency of collision is fifteen times greater 
than that measured by vIscosity methods. Splitting due to rotation is in 
fair agreement with a recalculation of theoretical values. A saturation effect 
is observed with increase of power absorbed per molecule and an interpreta­
tion made. 

Non-Uniform Transmission Lines and Reflection Coefficients.22 L. R. 
WALKER and N . WAX. A first-order differential equation for the voltage . 
reflection coefficient of a non-uniform line is obtained and it is shown how 
this equation may be used to calculate the resonant wave-lengths of tapered 
lines. 

Temperature Coefficient of Ultrasonic Velocity in Solutions.23 G. W. 
WILLARD. Extensive measurements have been made, at ten megacycles, of 
the temperature dependence of ultrasonic velocity in liquids and liquid mix­
tures. All single liquids tested, except water, were found to have large 
negative temperature-coefficients in the temperature range of zero to 80°C. 
Water has a large positive coefficient at room temperature, decreasing to 
zero at 74°C and then becoming negative (with a peak velocity of 1557 

20 Proc. I.R.E. and Waves and Electrons, January 1947. 
21 Phys. Rev., Nov. 1 and 15, 1946. 
22 JOllr. Applied Physics, December 1946. 
23 Jour. Acous. Soc: Amer., January 1947. 
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meters/sec}. Solutions in water of various other liquids (and of some solids) 
give parabolic velocity vs. temperature curves like that for water but with the 
peak velocity and peak temperature values shifting with the concentration 
of the solution. In general increasing the concentration raises the peak 
velocity slightly and lowers the peak temperature markedly from the values 
for water alone. It has also been found possible by compounding three­
component solutions to adjust the values of the peak velocity and peak 
temperature independently within a narrow range of velocities and a wide 
range of temperatures. ' 

Measurements of Ultrasonic Absorption and Velocity in Liquid Mixtures. 24 

F. H. WILLIS. The absorption (a) and velocity (V) of sound in liquid 
mixtures were measured at four frequencies (v) in the range 3.8 to 19.2 mc, 
using the Debye-Sears-Lucas-Biquard optical technique improved by the 
addition of a differential photoelectric cell indicator. This improvement 
permitted the use of lower sound intensities together with a wider sound 
beam than in the visual extinction method, thus improving conditions with 
respect to cavitation and beam distortion. In the mixtures investigated, 
a/v2 was found to be independent of frequency within the accuracy of the 
method, and there was no measurable dispersion of acoustic velocity. An 
absorption peak at intermediate concentrations not shifting with frequency 
was found in mixtures of acetone and water, and of ethyl alcohol and water, 
but was not in evidence in mixtures of acetone and ethyl alcohol, and of 
glycerol and water. The absorption peaks await theoretica1 explanation. 

, Measuring Inter-Electrode Capacitances.25 C. H. YOUNG. New bridge, 
developed for measurement of extremely small values in high frequency 
tubes, useful to two-billionths of a microfarad. 

24 Joltr. Acous. Soc. Amer., January 1947. 
25 Tete-Tech, February 1947. 
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