Electronic Admittances of Parallel-Plane Electron
Tubes at 4000 Megacycles

By SLOAN D. ROBERTSON

This paper reports the results of some measurements of the electronic admit-
tances of close-spaced parallel-plane diodes and ““1553” triodes at a frequency
of 4060 megacycles. These results reveal that the diode admittance and the
input short-circuit admittance of the triode depart considerably from the values
predicted by single-velocity theory. The triode transadmittance, however, is
only slightly lower in magnitude than the low-frequency value.

HE high-frequency admittances of electron streams flowing between
parallel-plane electrodes have stimulated considerable theoretical
interest. Llewellyn'**% has given an analysis of the particular case in which
all electrons in any plane perpendicular to the direction of flow are assumed
to have identical velocities. In practice, this approximation gives a reason-
ably accurate expression for electron stream admittances if the electrode
spacing is relatively large, and if the frequency is not so high that the
actual spread in electron velocities represents an appreciable fraction of the
transit time. Others have treated various aspects of the general prob-
lem*8:878910 Theoretical consideration has also been given to the problem
of electron flow in which the electrons possess a Maxwellian velocity dis-
tribution! 2314, There has been, however, no complete analysis of the
microwave-frequency case which takes account of the Maxwellian velocities.
In order to orient the present work properly with previous work let us
consider briefly the parallel plane diode shown in Fig. 1, which shows three
representative potential distribution curves. If only a relatively few elec-
trons are available at the cathode, the potential distribution between elec-
trodes will be approximately equal to the space-charge-free distribution
indicated by curve a. If an ample supply of electrons is provided by the
cathode and if all electrons leave the cathode with zero velocity, then the
space charge is complete in accordance with Child’s law, and the potential
distribution follows curve b. If, on the other hand, the cathode is capable
of supplying an ample supply of electrons, the electrons being emitted with
a Maxwellian velocity distribution, the potential distribution will be rep-
resented by a curve of the type shown by ¢. The cases shown by curves a
and b can be treated by the Llewellyn analysis. With wide spacings and at
lower frequencies the admittances obtained with distributions of the ¢
type may be approximated by the results obtained by analysis of distribu-
tions of the & type. With the very close spacings encountered in the Bell
619
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Laboratories 1553 triode! the theoretical analysis no longer represents a
valid approximation.

Let us consider curve ¢ in greater detail. The fact that electrons are emitted
with a Maxwellian velocity distribution, instead of being emitted at zero
velocity as in the Child’s law or complete space charge case, means that more
electrons are introduced in the space between the electrodes than can flow
to the anode in accordance with Child’s law. The surplus electrons depress
the potential in front of the cathode to a value below that of the cathode.
This potential minimum is indicated by Vi in the figure. Electrons which
have insufficient energy to cross this barrier return to the cathode.

In the space between the cathode and the potential minimum, electrons
are found traveling with various velocities in both directions. Between the
potential minimum and the anode, electrons travel in one direction only,
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Fig 1—Totential distributions in a diode

toward the anode, but with multiple velocities. With close spacings and
higher frequencies the distance between the cathode and the potential
minimum may be an appreciable part of the total cathode-anode spacing,
with the result that the electrons returning to the cathode may absorb a
substantial amount of power from the high-frequency field.

This argument also appliesto the cathode-grid region of a microwave
triode such as the 1553. In order to increase the transconductance of the
triode, it is desirable to locate the grid as close to the cathode as possible.
The close spacing, however, leads to a greater loss of power to the returning
electrons, which prevents a realization of the full benefits expected from the
reduced spacing. All of these difficulties are a result of the Maxwellian veloc-
ity distribution of the emitted electrons.

In view of the importance of electron stream admittances in the design
of microwave amplifiers and of the need for a better understanding of the
performance of the 1553, a program was initiated to investigate some of



ADMITTANCES OF PARALLEL-PLANE ELECTRON TUBES 621

these effects experimentally. It seemed best to start this work with a study
of the electron stream admittances of simple diodes, with the object of
extending the measurements to the triode as the work progressed.

D1obpEs

The diodes used in this work were identical in construction with the 1553
triode, but for the substitution of a solid copper anode in place of the grid.
In all cases the cathode-anode spacing was approximately 0.65 mil, and the
area of the cathode was 0.164 square centimeters. With this spacing one
would expect the potential minimum to be relatively close to the anode such
that a considerable portion of the cathode-anode region would contain
electrons moving in both directions. The potential distribution then would
be something like that shown in Fig. 2.
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Fig. 2—Electron motion in a close-spaced diode.

The method used in measuring the microwave-frequency input admit-
tances of diodes was based largely on a technique used by Mr. J. A. Morton,
and will be described in some detail,

In a typical amplifier, radio-frequency power is fed from a waveguide
source to the cathode-grid input region of a 1553 triode through a waveguide-
cavity transformer. A similar circuit can be used for measuring diode ad-
mittances. The fundamental problem is to learn how to relate admittances
measured with a standing wave detector located in the waveguide supply
line to the equivalent two-terminal admittances located at the cathode-
anode gap of the diode itself. Tn other words, we have to know the trans-
formation-ratio between an admittance across the cathode-anode gap of the
diode and the corresponding admittance which will be measured in the
waveguide,

Let us refer to the circuit in Fig. 3. The circuit shows an input trans-
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mission line which, for example, may be a waveguide having a characteris-
tic impedance Ziy, connected through an ideal transformer to an output
line having a characteristic impedance Z,x. The output line is connected to
the transformer at the point x,, where x, represents the gap terminals of the
diode. Suppose for the moment that provision has been made for connect-
ing the output line at the point in the circuit normally occupied by the
cathode-anode planes of the diode. This can be done by means of the
special testers shown in Fig. 4. In these testers the anode has been omitted
and provision has been made for attaching a coaxial line across the gap
between the cathode and anode planes. The diodes used in later tests were
identical with the device of Fig. 4, except that the coaxial output fitting was
replaced by a sheet copper anode.

Referring again to Fig. 3, assume that the output line is shorted at point
xo. If power is introduced in the input line at the left, a standing wave
pattern in the input line will pass through a minimum at some point o .

—>| Ay l«——Ax——-—
INPUT Yy ,/| ’ " R ‘Xo ouTPUT
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Zoy } { 8, | Zox
Yo i %o B

Fig. 3—Equivalent circuit of diode measuring equipment.

If the short circuit is now moved to the right by an increment Ax, the stand-
ing wave minimum will move by an increment Ay. The relation between
Ax and Ay is given by the following equation:

1 2nAy ¢ 2rAx :
—— cot = —— cot — ¢ B 1
Z[)y o Ay Zo;- © Az ¢ 0 ( )
where A, and ) are the respective wavelengths in the two lines (which may
not be equal if, for example, one is a coaxial and the other is a waveguide).
¢ is the transformation ratio of the ideal transformer, and By is the effective

leakage susceptance of the tube and transformer referred to the terminals

2 . . Az .
at . If —:92 is plotted as a function of 2max on cot-cot coordinate paper,
¥ x
a straight line is obtained whose slope m is
Zoy
m=¢ - )
Z(]z

and whose ordinate intercept p is
p = —¢Boloy (3)
A typical cot—cot plot is shown in Fig. 5.
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Now, assume that the right-hand transmission line is removed and that
the diode gap is connected at the transformer terminals xp . The normalized
admittance referred to the point y; on the input line can be measured by a
simple standing wave measurement. Represent this admittance by V,, .
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Fig. 4—Coaxial tester.

Let the unknown diode admittance be represented by ¥,
by the following relation:

. ¥ is then given

Y:r = [I_,u'ﬂ + ]P] (4)

Zoem

Hence, having determined 1y, , it is only necessary to measure the slope m
and the intercept p on the cot—cot curve in order to relate ¥, to ¥,,. The
characteristic impedance of the output line Zo, used in obtaining the cot—cot
plot must also be known. Since a coaxial is used for this line, its charac-
teristic impedance is easily calculated.

If no losses were associated with the transformer or the parts of the diode
external to the actual cathode-anode region, such as the metal vacuum
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envelope and certain ceramic details of the tube, the above measurements
would give complete information regarding the circuit. Certain losses have
been found, however. These are measured as follows: At the time when
terminals xg are shorted a standing wave measurement is made in the wave-
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Tig. 5—Typical cotangent—cotangent plot.

guide line at the left. From this measurement and the cot—cot data it is
possible to compute an equivalent resistance in series with the gap caused by
losses present in the circuit. This equivalent series resistance is given by

_ Zozm
Re= sk )
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where SR is the voltage standing wave ratio mentioned above. The deter-
mination of a series loss resistance in this manner is quite analogous to
the short-circuit test used in determining the losses in a power transformer.

There is one other factor in the cot—cot technique which is worthy of
mention. If, at the very beginning, the output line is terminated in Zo.
and if the transformer is adjusted so that the input line is matched, then
the value of # will be unity and p will equal zero. It is then unnecessary to
take a cot—cot curve. It is, however, still necessary to locate y, by shorting
the terminals at ap .

DiopE ApMITTANCE AT 4060 MEGACYCLES

Electron stream admittance measurements with diodes were made in the
following way: A coaxial tester was installed and the circuit was adjusted
for a slope m of about one. This coaxial tester was then removed and re-
placed by another in order to learn whether the slope obtained with one
tester would be the same with another, supposedly identical, tester. This
process was repeated several times, and the slope was found to vary no more
than about 109} from one tester to the other.

The procedure was then to replace the coaxial tester with a diode and make
admittance measurements with the assumption that the slope would be
the same for the diode as for the tester. This assumption was believed to be
reasonable since the structure of the diode was identical with that of the
tester except that an anode was substituted for the coaxial output connector.
In either case all elements that were located inside the waveguide cavity
were presumably identical.

Electron stream measurements were made at a frequency of 4060 mega-
cycles with a number of diodes over a wide range of anode and heater
voltages. In making these measurements, the radio-frequency power was
kept at a relatively low level (0.2 milliwatt) in order that the measured
admittances would be independent of the radio frequency voltage.

Results for several diodes are shown in Figs. 6 through 13. The various
symbols used in the figures are defined as follows:

'y = heater voltage

Inx = heater current

'y = anode voltage (neglecting contact potentials)

Iy = anode current in ma

Jy = anode current density in ma/cm?

go = low-frequency diode conductance measured with an audio fre-
quency bridge

¢ = high-frequency diode conductance measured as described above

b = high-frequency diode susceptance

R, = equivalent resistance in series with diode

In computing the admittance of the electron stream it was necessary to
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Fig. 6—Admittance of a diode.

allow for the circuit and tube losses previously discussed. The equivalent
series resistance R, of the diode circuit was determined by biasing the tube
negatively to the point where a further increase in bias failed to produce a
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perceptible change in the waveguide standing wave ratio. Under such
conditions the electrons experienced a large retarding field at the cathode
and did not emerge an appreciable distance into the cathode-anode region.
Any resistance measured at this time was due to the series loss and was not
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Fig. 7—Effect of heater voltage upon diode conductance.

produced electronically. The diode series resistances varied from about 1.3
to 5.0 ohms with an average value around 3 ohms,

Figure 6 shows the results of admittance measurements of a diode. As
expected, the high-frequency conductance is considerably greater than the
low-frequency value go . In fact g is seen to have a value of several thousand
micromhos when the negative bias of the tube is such that no perceptible
anode current flows. The susceptance & for large negative anode potentials
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has a value of 150,000 micromhos, which agrees fairly well with the value
computed from the geometrical capacitance. As anode current is drawn and
a space charge condition prevails, b drops to a value of 125,000 micromhos.
Theoretical considerations would predict a drop of about 409 in the case
of a single-velocity electron stream. This is somewhat greater than the drop
exhibited in Fig. 6.
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Fig. 8—Eflect of heater voltage upon g/g.

Figures 7 and 8 show the effect of cathode temperature on go and the ratio
g/go . The parameter used to represent the cathode temperature is the heater
voltage V' . As the heater voltage is raised the total conductance g increases.
The ratio g/go, however, decreases, particularly for low or negative anode
voltages. This means that, with a given anode voltage, as the cathode tem-
perature is raised, gy increases more rapidly than g. If the curves of Fig. 8
are replotted in terms of J, rather than Vo, the ratio g/go is relatively inde-
pendent of V5 . This is shown in Fig. 9.

The results of measurements on another diode are shown in Fig. 10.
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These are very similar in all respects to those of the preceding figure. Tt is
probable that the cathode-anode spacings of the two diodes of Figs. 6 and 10
were somewhat greater than the 0.65 mil for which they were designed. In
both cases the capacitances measured at low frequency were somewhat low.
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Fig. 9—Variation of g/go with current density and heater voltage.

In Fig. 11, results are shown for a third diode. In this case the susceptance
at a large negative bias is in almost exact agreement with the value to be
expected with the intended diode spacing of 0.65 mil. It is interesting to
observe that, with this tube, b drops a greater amount as the current in-
creases. Moreover, the ratio g/go is greater than that found with earlier
diodes.

In Fig. 12 data are shown for a diode having a very high value of go.
From the standpoint of cathode activity this was the best tube that was
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Fig. 10—Admittance of a diode.

tried. At maximum current the susceptance & dropped to 50% of the initial
value. The data of Fig. 12 have been replotted in Fig. 13 in terms of the
variable 126x’/)\]0§, where x is the cathode-anode spacing. In the Llewellyn
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Fig. 11—Admittance of a diode.

theory this variable is equal to the transit time. The solid curves in the
figure are the theoretical results of the Llewellyn theory, whereas the broken
curves present the corresponding experimental values. In the latter it should
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Fig. 12—Admittance of a diode.

be understood that the abscissa do not represent transit time. The curves
do serve, however, to compare the theoretical diode resulting from a single-
valued electron velocity assumption with the actual diode in which a Max-



ADMITTANCES OF PARALLEL-PLANE ELECTRON TUBES 633

wellian velocity distribution prevails. In the experimental case it is prob-
able that, for values of the abscissa greater than 6 or 7, the actual transit
time is considerably greater than in the theoretical case. In fact, at a value
of 11.4 the anode voltage was zero, the anode current being maintained by
the thermal energy of the electrons.
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Fig. 13—Comparison of theoretical and experimental values of diode conductance
and susceptance.

Other diodes were tested, but they exhibited results substantially equiva-
lent to those already disclosed. In a few cases anomalous results were ob-
tained. With some diodes the capacitance with no electron flow did not
approach the low-frequency value. These were rejected on the assumption
that there was some mechanical imperfection in the tube which changed the
calibration of the measuring equipment.
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With the realization that sufficient data are not available to define the
phenomena in all detail, it is believed that certain general conclusions can
be drawn. From the present work and that of Lavoo'® and others'™%19, it is
apparent that the microwave conductance of a close-spaced diode is sub-
stantially greater than the low-frequency value. The ratio g/go appears to
increase as the spacing decreases. This increase will probably continue until
the position of the potential minimum approaches the anode plane. The
susceptance decreases with increasing current and appears to level off at
high-current densities. The final value at a current density of 240 ma/cm?
varied between 0.5 and 0.9 of the initial value.

For a given current density, the ratio g/go does not appear to vary ap-
preciably as the cathode temperature is changed.

An attempt was made to study the available diodes at 10,000 megacycles.
It was found, however, that the value of R, was so high at this frequency and
that variations in tube conductance were so small in comparison with R,
that accurate results could not be obtained.

Va Yz Vi Yoy

I — ~— I

V‘l Y Yaz lvz

| l

Fig. 14—Equivalent circuit of a triode.

Four-POLE ADMITTANCES OF A TRIODE

A triode may be considered as an active linear four-pole transducer, and
may be defined by the network of Fig. 14. Tt is apparent that

y11 is the input admittance with the output shorted,

ya is the output admittance with the input shorted,

yia is the feedback admittance with the input shorted,

ya is the transadmittance with the output shorted.

The values of the parameters y11, ¥, %12, and yz to be measured at the
grid, cathode, and anode terminals differ from the values of the y admit-
tance coefficients given by Llewellyn and Peterson® who define yn as the
admittance of the diode coinciding with the cathode and the fictitious equiva-
lent grid plane, and ys» as the admittance between the equivalent grid plane
and the anode, and finally ys as the transadmittance between the two. The
relations between the y admittance coefficients of Llewellyn and Peterson
and the coefficients measured by the author are given by Peterson.® It
turns out that, with a high-mu tube, such as the 1553 triode, the two sets of
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coefficients differ in the order of 10-209, over the useful operating range of
current densities; so, for practical considerations, the measure coefficients
may be regarded as substantially equivalent to the coefficients referred to
the fictitious grid plane. Not that they will be equal to the theoretical values,
but they may be regarded as being associated with the same geometry and
will serve at least as a qualitative test of the validity of the theoretical values
for the physical tube,

In order to measure the four-pole parameters, the 1553 triode was mounted
in a coaxial circuit of the type shown in Fig. 15. The grid-anode output
circuit of the tube is seen to connect directly with the coaxial output line,
The input circuit required a more careful design. Due to the size of the base
of the tube it was necessary to taper the input coaxial as shown. In the early
stages of this work, difficulty was experienced with higher order modes in
the large diameter section of the input coaxial. It was believed that these
modes were generated by the action of the parallel wire grid which lacked the
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Fig. 15—Detail of coaxial mount for measuring four-pole admittances of a triode.

radial symmetry appropriate to coaxial transmission. The difficulty was
overcome by constricting the outer diameter of the coaxial line in the im-
mediate vicinity of the grid of the tube, thus inhibiting generation of the
higher order mode.

Before measurements could be made it was necessary first to calibrate
both the input and the output circuits in a manner similar to that used and
described in connection with the diode measurements. The coaxial tester
used for calibrating the input circuit was identical with that used for the
diode work. For the output circuit a similar tester was use. As one might
expect, the value of the cot—cot slope of the output circuit was close to
unity. The value actually turned out to be 0.9. In the input circuit the slope
was so great that it was difficult to measure, so that it was necessary to
introduce a transformer in the coaxial input circuit to permit tuning.

The complete apparatus necessary to measure y;; and ys is shown in
Fig. 16. This equipment, save for the details already discussed, is quite con-
ventional in every respect.
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In order to measure ¥ , the output coaxial line was short-circuited at a
point an integral number of half-wave-lengths from the grid-anode terminals
of the tube. The admittance measured in the input line could then be used
in computing y;; . To measure ym , the procedure was reversed, the input
line being shorted, and the corresponding admittance being measured in the
output line. In either case the normalized line admittances were measured
by the standard procedure of determining the standing wave ratio in the
line and locating the position of the standing wave minimum with respect
to the equivalent terminals of the tube.

The transfer admittances were measured with the equipment shown in
Fig. 17. The equipment shown here has been fully described in a recent

BEAT TER
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OSCILLATOR DETECTOR | ATTENUATOR 2ND
(4080 MC) DETECTOR
FREAMPLIFIER i-F AMPLIFIER
(60 MC)
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DETECTOR ANODE  DETECTOR CIRCUIT
I
|
!
p—|
= i e —— —
| - = S =R =]
72-OHM LINE T e ]
i A
I
TRANSFORMER GRID PLANE

Tig. 16—Circuit connected for measuring input short-circuit admittance of a triode.

paper® and will be described only briefly here. The output of a signal oscil-
lator is divided into two portions. One portion is applied to a balanced
modulator where it is modulated by an audio-frequency signal. The sup-
pressed-carrier, double-sideband signal from the modulator is applied to the
input circuit of the triode. Probes are provided for sampling the voltages
V7 and V'5 at points an integral number of half wavelengths from the input
and output gaps of the tube respectively. The other portion of the oscillator
power is fed through a calibrated phase shifter and is applied to a crystal
detector in the manner of a local oscillator of a double-detection receiver.
The signal samples at V' "’ and V'; are then alternately applied to the crystal
detector where they are demodulated by the action of the homodyne carrier.
In each case the phase shifter is adjusted so that the audio signal disappears
in the detector output. This occurs when the phase of the homodyne carrier
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is in quadrature with the signal sidebands. The difference in phase between
the two adjustments of the phase shifter is equal to the phase between V'
and V'3 . In measuring the transfer phase from V'] to V'3 the output coaxial
line is terminated in its characteristic impedance. By reversing this pro-
cedure it is possible, of course, to measure the ratio of V' to V'] with the
input circuit terminated in Z,. The ratio of the magnitudes of V'] and V'é
may be measured either with the equipment shown in Fig. 17 by adjusting
the phase of the homodyne carrier to maximize the signals in each case and
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CALIBRATED
T AMPLIFIER
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-
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‘fl}
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£ MODULATOR
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Q
pmr\___l | ANODE v
1
I
1
1) i
[ 1 Ty, =
— p— i p— ’;.:rh —— —]
[ [ =

TRANSFORMER GRID PLANE
Fig. 17—Circuit for measuring transfer phase of a triode.

comparing the levels, or by using the equipment in Fig. 16 in the conven-
tional way.

Figure 18 is a photograph of the triode circuit which shows the input and
output coaxial standing-wave detectors with the triode mounted in the
enlarged section at the center.

As in the case of the diode it was found that, with the tube biased nega-
tively such that no electrons could leave the immediate vicinity of the
cathode, the input circuit exhibited an equivalent series resistance R,.
The latter had to be allowed for in reducing the experimental data.
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Fig. 18—Coaxial mount for measuring triode admittances.
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The experimental data obtained as described above were sufficient for
computing the four-pole parameters. The calculations necessary for the
reduction of the data can best be understood by referring to Fig. 19. The
various symbols used in connection with the figure are defined as follows:

Y, = Normalized admittance measured at 1-1 with 2-2 shorted

172”= Normalized admittance measured at 2-2 with 1-1 shorted

]p;—:z = 1 (measured with output line terminated in Zy)

The above parameters represent those obtained by the measurements
described above.

Vayia Vayi2 ViYar Vi Yo
oKl on } S D
I I = =
(1: my msa 2

Fig. 19—Equivalent circuit of triode and associated measuring equipment.

In calibrating the circuit the following parameters were obtained:
p1 ordinate intercept of input cot—cot curve

p: = ordinate intercept of output cot-cot curve

slope of input cot-cot curve

Il

my

ms = slope of output cot-cot curve
151 P2
By=——— Bp=—_—
o 66m, o 66ma

Zy = characteristic impedance of input and output coaxial lines.
R, was measured by shorting the output line, placing a large negative bias
on the tube, and measuring the admittance of the input line. Then

R, = 66mRe(Y)) (6)

where the number 66 represents the characteristic impedance of the coaxial
line used in calibrating the input circuit, corresponding to Zo.: in Equation 4.
Fortunately for simplicity, the series resistance in the output circuit
was negligible.
The computations are then as follows:

r_ 171 g 172
Y = ()76;11 Voo = 661 (7)

L 7, Jm
u 66m; — ViR,  66my ®)
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1 5 .
= — 1V 9
Yo = e (V2 + jpol )
In order to compute y.1 , the following four-pole equations are used:
’ r!
vy =D g Yo (10)
Y11 yu
v, = Dy To (11)
n In
, Vv
_ + 13121 L2 7 13’2: (12)
yno Vo y—.».- V22
It follows that
Viyn =~ nyél (13)
v
Y21 = V21 7, (14)

Referring to Fig. 19, one may write
Vi=Vi— (I + Vay)R, (15)
Combining (10) and (15)

oL (16)
Vi~ 1— R
y21 can be evaluated by making use of the relation
]f V’ !
Vare D4 S0 (17)
Va2 Y2
Dividing (17) by V; and rearranging terms
yéz '
’ e I
y21 ~ '[f;) l:]. — V 2 ,:| (18)
E 2 Vo2
where I2/V, can be expressed as
Iy 1 1
E= o = (19)

Vz 66my7 20 ﬁf)mo

where Z, = 1.
! - . .
V1/V, can be expressed in terms of «ys; , w1 , and me by using the relations:

L ,‘/ 66m, Voo /66ms (20)
I’ ;_’ Zo .l/z Zn




ADMITTANCES OF PARALLEL-PLANE ELECTRON TUBES 641

Solving (20) for V{/ Vs and remembering that Vi/Vs = vu ,

Vi_ 1/5"1 (21)
Vs Ta Mma

If (19) and (21) are substituted in (18), one finds

, —
’ Voo Ma 1

~ — |1 - 22

a You 1/m1 |: + 66m. yéz:l 22)

By using (14) and (16), ya1 can then be written as

R 1 1
Va2 ma —

o R T =114+ 7 23

I ’l/ mll: 66m2ym] [ 1— yilks] (23)

Several 1553 triodes were available for study. Typical experimental
results obtained with two of them are shown in Figs. 20, 21, and 22. The
triode used in obtaining the data of Fig. 20 had input and output spacings of
0.65 and 12 mils, respectively. The cathode and anode diameters were 180
mils. The grid opening was 250 mils and was wound with 0.3 mil tungsten
wire at 1000 strands per inch. In the figures, V, and V', represent the d-c.
grid and plate potentials, respectively.

There are a number of interesting things to observe in Fig. 20, As with the
diode, by, for a large negative bias approaches the “cold” value computed
from the capacitance. However, as anode current is drawn, 4, drops rapidly
to a much lower value than was the case for the diodes. The conductance gy
behaves somewhat like g for the diode. b is equal to the value computed
from the grid-anode capacitance and is not appreciably influenced by the
electron stream. g» was very low with a magnitude of slightly less than 1000
micromhos at maximum anode current. It is not shown in the figure. The
transadmittance ys; is worth considering. When the bias is several volts
negative, y2; has a value of about 9000 micromhos. This is about 50 times as
high as one would expect from a consideration of the electrostatic capacitance
between the cathode and anode of the tube. This effect has been investigated
more fully and is discussed in another paper.”* As the tube starts to draw
plate current, v rises and reaches a maximum of about 40,000 micromhos.
The low-frequency transconductance was measured and is plotted in the
figure. It will be observed that the high-frequency transadmittance is only
slightly lower than g, . This is in agreement with the theories of Llewellyn.’
The agreement appears reasonable when one remembers that, in the theo-
retical analysis, the magnitude of the ratio y.1/go is relatively independent
of the transit time in the input space.

Figure 21 shows the results of measurements on a triode identical with
that of Iig. 20 except that the grid consists of a mesh of 0.3 mil tungsten
wires wound at 550 strands per inch in both directions. It will be noted




642 BELL SYSTEM TECHNICAL JOURNAL

3
30022 300
|f bﬂ
200 200
/
Rg \ Valiz l\"l Ya \\ /
150} == AAA———y - 150
7
Ij— __E- I -] \ /
Vil ==byy =9, > Va /o
1 " zzT / / ~
100k 100 =
ook —o | L 1T\ . 500
8ol / 8 | 80 &
7ol TRIODE NO. TK 205 § YIS 10
PARALLEL WIRE GRID =3
601 my = 1.48 60 5
501 Rg = 7.82 OHMS " 50 =~
Vi = 8.22 VOLTS 91 / J c
aol Vp = 250 VOLTS J 4092
I, =1.5 AMPERES / 'J/ &
0 p
Q30 ,’ / 30 &
: ] Z
o ! ! @
4 ) ! o
3] I J 3
S =20 - 20
= Yoz =Dz 'a / w
Z T J ‘ [}
w15 / 15 2
v
z fary o«
E / / ©
S0 0
) Yar / 9
“ e S 4 / . 8 Z
7 I ‘,' 7.9
6 . 6
. gmAT B0 [ / . G
o | &
1 2
4 H 4 0
i w
! 8
3 ,' 3 Z
! <
)
I
[}
2 } 2
1]
1.5 1.5
1 1
-40 -35 -30 -25 -2.0 =-L5 -1.0 ~-05 ) 0.5 1.0

GRID VOLTAGE , Vg

Fig. 20—Four-pole admittances of a triode having a parallel-wire grid.

that ys is much lower when this tube is biased beyond cutoff than in the pre-
vious case. The electromagnetic coupling is therefore much less for the
mesh grid. This has also been treated in the above reference.” With high
negative bias the feedback admittance y1» was substantially equal to yz
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Fig. 21

Four-pole admittances of a triode having a cross-lateral grid.

but, as the current density increased, v, tended to decrease. The feedback
admittance was always lower for the mesh grid than for the parallel-wire

grid.
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The remaining parameters for the triode of Fig. 21 are very similar
to those of Fig. 20.

Figure 22 shows the variation of the phase of the transadmittances vz
for the two triodes. The figure also shows the theoretical curve of the
Llewellyn analysis for purposes of comparison. As in the case of Fig. 13 the
abscissa do not represent transit time for the experimental values. The
guantity x is equal to the cathode-grid spacing.

Tt is of interest to compare the triode measurements with those of the
diode. It was expected that gi; for the triode should correspond with g for
the diode. Within the limits of reasonable experimental accuracy this
appears to be the case. For the triode at low frequencies go = gm. The triode

0
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Fig. 22—Phase of triode transadmittance.

results indicate that the ratio gi11/gm is quite comparable in magnitude with
the corresponding ratio g/go for the diode. This was expected. The behavior
of by, for the triode was unexpected. It was thought that, as the grid voltage
was varied so that the input space changed from a condition of zero space
charge to one of maximum space charge, bn would vary from its initial
“cold” value to a value approaching 609, of the latter. This was not so.
In the figures one observes that it drops to a much lower value. This effect
has not been explained from a theoretical standpoint. There are several
qualitative interpretations, but as yet no way of determining which of them
is correct in a quantitative sense has been found. The observed phenomenon
could, for example, be explained by an increase in the effective series resis-
tance of the tube caused perhaps by an increase in the resistance of the



ADMITTANCES OF PARALLEL-PLANE ELECTRON TUBES 645

cathode coating.™ Since the effect was not observed to such a marked degree
in the case of the diodes, it seems probable that this is not the correct
explanation.

It is probable that the observed variation in by, is a space charge effect.
Tt is evident in examining the diode curves that tubes which possessed the
higher values for gy exhibited a greater variation in . If maximum g, can
be taken as a measure of the cathode activity, we can then perhaps relate
the variation in susceptance with cathode activity and hence with the loca-
tion of the potential minimum. A shift in the position of the potential
minimum, however, may produce two effects. It varies the transit time of
the electrons and changes the degree of space charge in the input space.
Either effect might account for the variation of &;;. A clue to this effect
might be discovered by making measurements on structures with different
cathode-grid spacings.

The following experiments were performed to determine the effect of plate
voltage on the input admittance of the triode of Fig. 20, The plate and grid
voltages were varied simultaneously in such a way that the sum of the direct
currents to the grid and plate remained constant at 30 milliamperes cor-
responding to a current density of 184 ma/cm?® The input admittance did
not vary from the value shown for this same current density in Fig. 20 even
though the plate voltage was varied from 230 volts to 40 volts. In a second
experiment the plate potential was maintained at —90 volts with respect to
the cathode and the grid potential was varied such that the direct grid cur-
rent varied over a range of 0 to 10 milliamperes. Again the admittances were
found to be equal to those of Fig. 20 for the corresponding total currents.
These two experiments suggest that, for a given geometry, the value of
b1 is primarily a function of the total current density in the input circuit.
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