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Program-Operated Level-Governing Am plifiers

W. L. BLACK?, MEMBER, L.R.E., AND N. C. NORMAN+t, NONMEMBER, LR.E.

Summary—In program material, the volume varies momentarily
over @ wide range. By reducing this range within reasonable limits, it is
possible to increase the effective signal output of broadcast transmitters.
Amplifier systems designed to reduce the volume range automatically
have been in use for some time. The apparatus to be described hereisan
improvement in this type of device.

pending upon the process of modulation, there is

ordinarily an upper limit to the amount of input
power level which may be applied. For example, in one
type of sound recording the point at which light-valve
ribbons clash imposes the limitation. As a further ex-
ample, in an amplitude-modulated radio transmitter
the introduction of excessive harmonics caused by de-
parture from linearity of circuit characteristics im-
poses a definite limitation. It is, nevertheless, desirable
to maintain the highest possible average input level in
order to make the most effective use of the available
facilities and to avoid degrading effects caused by ex-
trancous factors such as inherent noise level. Fig. 1

:]:[N A commercial signal transmission system de-

100
90+
80

70

MODULATION —%70

RELATIVE WNPUT LEVEL —db

Fig. 1—Input level versus percentage modulation.

shows percentage of modulation versus input level of
the modulating voltage in decibels for a theoretical
radio transmitter which would be fully modulated at
an input of 0 decibels. Thus, a change from 100 per
cent modulation to approximately 80 per cent modula-
tion corresponds to a change of 2 decibels in input volt-
age.
When speech and music are used to furnish the
modulating voltage, the peak factor (ratio of peak to
root-mean-square values) of the audio-frequency input
may be 8 to 10 decibels or even more. Therefore, if
overmodulation is to be prevented, the peak voltage
must be kept below 100 per cent modulation while at
the same time approaching as close to that point as
possible, to maintain the optimum average signal level
in the receiver. Occasional overmodulation by such
peaks may be infrequent enough to cause only spas-
modic harmonic distortion which may not be per-

* Decimal classification: R363. Original manuscript received by
the Institute, May 26, 1941, Presented, Sixteenth Annual Conven-
tion, New York, N. Y., January 11, 1941,

t Bell Telephone Laboratories, Inc., New York, N. Y.

November, 1941
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ceptible even to critical observers and, hence, of no im-
mediate concern. More frequent overmodulation may
result in observable distortion or because of limitations
in the transmitting device (e.g., breakdown voltage of
circuit elements of a radio transmitter) may cause in-
terruption of transmission. Furthermore, particularly
if a number of such peaks occur in fairly rapid succes-
sion, there may well be interference in adjacent trans-
mission channels. This effect has been observed with
an amplitude-modulated radio broadcasting trans-
mitter particularly when transmitting the music of
dance orchestras characterized by brass instruments
such as trombones having relatively high peak powers
at high frequencies.! This type of progam material has
caused sufficient extra-band radiation in a channel 30
kilocycles removed from that of the interfering station
to make possible identification of the interfering sta-
tion by a correspondence between the rhythm of dance
music and the interfering noise spurts occurring when
complete modulation was exceeded.

The problem thus posed in a practical transmission
system is threefold. First, it is necessary to control the
level of the modulating speech or music to maintain as
high an average degree of modulation as possible. Sec-
ond, it is essential to prevent the occurrence of over-
modulation sufficiently to avoid its accompanying un-
desirable effects, particularly those which are audible
either as distortion in the system under control or as
noise disturbance in adjacent transmission channels.
Finally, too great a reduction of volume range results
in unnaturalness of the reproduced program material.

For a relatively long period, the input level control
of broadcast transmitters was manually adjusted by a
control operator. Practically, this method has been
relatively successful in the hands of sufficiently skilled
operators at the expense of a compromise whereby the
level of the program as indicated by a typical volume
indicator has been held at least 8 to 10 decibels below
the single-frequency level required for 100 per cent
modulation, to allow for the peak factor of the pro-
gram material. The efficacy of this method is limited
by the reaction time of the control operator and by
his familiarity with the program being transmitted.

Another approach which suggests itself is the use of
a peak chopper to reduce the amplitude of excessive
peaks while the average program level as shown by a
volume indicator is maintained relatively high. The
use of a peak chopper alone as a protective device
might be considered objectionable because of the qual-
ity degradation inherent in its operation. However, it
has been found experimentally that it is possible to

11, J. Sivian, H. K. Dunn, and S. D. White, “Absolute ampli-
tudes and spectra of certain musical instruments and orchestras,”
Jour. Acous. Soc. Amer., vol. 2, pp. 330-371; January, 1931,
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type have heen in service in radio broadcasting
for several years. A comprehensive study of the
application of such a device in modulation sys-
tems indicates several fundamental require-
ments for satisfactory operation in a high-

quality signal transmission system.
The most important of these considerations
4 is the slope of the input-output characteristic
/ beyond the point where gain reduction (com-

574 Proceedings of the I.R.E.
~
// \
/ \\
'I \_§ -1.58 db
'/ Y '\'T
\\ 7 =
\) II ‘\ /
\ P \ ’
\\ / \\w/

THEORETICAL DISTORTION
E DUE TO

OF
SUPPRESSION OF ALL
HARMONICS ABOVE 57TH,

Fig. 2—Effect of chopping sine-wave peaks.

construct a peak chopper which causes much less qual-
ity deterioration in the opinions of skilled listeners than
that caused by the momentary overloading of a high-
quality radio transmitter due to overmodulation.
Nevertheless, a peak chopper has the fundamental dis-
advantage that for a rapid succession of program
peaks, such as occur with certain types of music, the
audible distortion caused by chopping is cumulative
as long as the peaks exceed the point at which the
chopping occurs. Even more fundamental, however, is
the fact that peak chopping is not completely effective
in a practical signal transmission system due to the fre-
quency-response limitations of any such system and to
phase shifts beyond the peak-chopping point, both of
which tend to restore some of the peaks of the chopped
wave. This effect is shown in Fig. 2. The level at which
peak chopping occurs, therefore, must be set so far
below 100 per cent modulation that some of the ad-
vantages of its operating characteristics are nullified to
allow for the restoration. '

A peak limiter rather than a peak chopper appears to
be indicated. A peak limiter is, in accordance with
Norwine's definition, applied to “a device whose gain
will be quickly reduced and slowly restored when the
instantaneous peak power of the input exceeds a pre-
determined value. The amount of gain reduction is a

N
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Fig. 3—Load characteristics of typical peak limiters.
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function of the peak amplitude and in practice is usu-
ally intended to be small to prevent material reduction
in the range of intensity of the signal.”? Devices of this

2 A. C. Norwine, “Devices for controlling amplitude characteris-

tics of telephonic signals,” Bell Sys. Tech. Jour., vol. 17, pp. 539~
554; October, 1938.

pression) starts as shown in Fig. 3. This figure
shows single-frequency load characteristics of
typical peak limiters under steady-state condi-
tions. Curve 1 shows the load characteristic of
an early device of this type.® Point 4 on this
curve corresponds to the output level necessary for 100
per cent modulation as indicated by a volume indica-
tor. Curve 3 is then the input-output characteristic of
a corresponding amplifier without the peak-limiting
feature which would be necessary to maintain the same
output level at point A for corresponding input levels,
and shows that a 3-decibel increase in average input
signal level is made possible by the use of a peak lim-
iter having the load characteristic of curve 1. This in-
crease in input level is the effective limit of the in-
creased received signal strength which can be obtained
using a peak limiter having the characteristics shown.
It should be noted, however, that any peaks exceeding
point 4 will result in overmodulation of an associated
radio transmitter. Curve 2 shows a peak-limiter load
characteristic having a flatter slope above the point
where compression starts. With this flatter load charac-
teristic, it is possible to increase the average received
signal level still further without risk of overmodula-
tion. Point C on this curve is arbitrarily chosen as the
place where 5 decibels of gain reduction occurs. If the
average signal-level input is sct so that the peaks just
reach point C, the average reccived signal level may be
increased as much as 5 decibels, as comipared with an
increase of only 3 decibels made possible by the peak
limiter of curve 1. The point of greatest interest in
connection with curve 2 is the fact that a range of
nearly 7 decibels exists between point C and point D,
the point where 100 per cent modulation would occur
with a peak limiter having the characteristic of curve
2. This margin insures that a much greater degree of
protection against overmodulation is afforded by a
peak limiter having the load characteristic of curve 2
than by that of curve 1, in spite of the accompanying
higher average modulation.

Another important characteristic is the operating
time or the time required to reduce the gain of a peak
limiter. The input-output characteristics shown on Fig.
3 arc obviously steady-state characteristics. If the du-
ration of a peak is short compared to the operating time
some portion of it will escape the limiting action. Thus
the higher the input frequency the more the danger of

3 0. M. Hovgaard, “A volume limiting amplifier,” B '
vol. 16, pp. 179-184; January, 1938, & ampliier.” Bell Lab. Rec.
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overmodulation, assuming a given oper-  *%
ating time. Putting this another way, as- 430} —
suming a top frequency to be transmitted,
the faster the operating time the fewer the

+
N
[

cycles which will be transmitted with am-
plitudes higher than the point where 100

per cent modulation occurs.
A third important peak-limiter char-

acteristic is the time required for the gain

OUTPUT—db VS .00l WATT

to be restored to normal after a peak has
reduced the gain momentarily. In devices
of this type in current use, a wide range of
recovery-time values has been used. Asa  +14
result of observations of peak limiters
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during actual program transmission, sev- Fig. S—Input—output characteristic of 1126A amplifier—100 cycles.

eral conclusions may be drawn. First, of

course, this release time must not be so short as to al-
low an appreciable change in gain during one-half cycle
of the lowest signal frequency transmitted as this
change would produce odd-harmonic distortion. Sec-
ond, this time must not be so short that it results in an
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Fig. 4—Input—output characteristic of 1126A amplifier—1000 cycles.
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increase in background noise in quiet periods such as
pauses between syllables or words of speech following
the program peak which causes the gain reduction.
Third, the longer this time is, the less will be the fre-
quency of occurrence of peaks causing overmodulation,
assuming a given operating setting. Fourth, the longer
this time is made, the less will be the effective increase

in signal volume, since reduced gain will be
in effect a larger proportion of the total 60

for gain reduction, and the time required for restora-
tion of gain appear to be the primary considerations in
the design of an ideal peak limiter. However, the prob-
lem of designing a physically realizable peak limiter is
complicated by the fact that all three are interrelated

14

DISTORTION - “To

-4

in such a way that in the limiting case
where all three are made small, one can-
not be further reduced without increasing
at least one of the other two. This relation-
ship is fundamental, as the stability of the
device is dependent upon the freedom
from longitudinal transmission around
the loop containing the vario-losser
and the control circuit for all frequencies
in the signal band. While infinite amplifi-
cation around this loop would make pos-
sible an absolutely flat input—output
characteristic above the point where gain
reduction starts, it would necessitate in-
finite loss in the longitudinal transmission
path, which is obviously an impractical
condition. Furthermore, since the con-

denser-charging and -discharging circuits usually em-
ployed in a peak limiter to determine the attack and
recovery time perform the function of a low-pass filter,
the loss is a function of the product of the attack and
recovery time, and for signal frequencies varies in mag-
nitude directly with this product.

In addition to the pximary requirements, a number

EmmR e
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time. Fifth, the optimum recovery time ) { l 1
may well be different for different types of ”hrlﬁ L
program material. For example, piano mu- 5 o1
sic sounds unnatural when the recovery Y us * T
time is too short, because the effect is simi- 8 ——
lar to inadequate damping of the strings i i |
after they are struck or to holding the sus- st =
taining pedal too long on the loud notes. [T 11
30 50

These factors then lead to'the conclusion
that the compression ratio beyond the knee
of the load characteristic, the time required

200
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Fig. 6—Gain—frequency response of 1126A amplifier

without compression and with compression.
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OSCILLOGRAMS OF SINGLE FREQUENCY TONES
TRANSMITTED THROUGH A 1126A AMPLIFIER
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1000 CYCLES INCREASED FROM ODB TO IODB ABOVE THE KNEE OF THE LOAD CURVE
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[ |
5000 CYCLES APPLIED AT 10DB ABOVE THE KNEE OF THE LOAD CURVE e

Fig. 7—Oscillograms showing attack time of 1126A amplifier.

of secondary requirements are of practical value. The transmitter where sudden changes in power demand
point at which compression starts should be extremely occur due to the associated radio transmitter. In addi-
stable particularly with respect to changes in power- tion, the stability of this point simplifics practical op-
supply conditions. This stability is of particular im- eration of the system in which the unit is included,
portance when such a unit is used at a high-power radio  since it serves as a reference point with respect to which
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both input and output levels may readily

be adjusted. Transmission characteristics

(gain—frequency response, harmonic dis-

tortion, and output-noise level) should be |

comparable to a high-quality speech-in- w /

put amplifier so that the presence of the

device cannot be detected by broadcast

listeners when it is in the system. A visual

indication of its operation should be in-

corporated to facilitate observation of its

performance. Independent control of both

input and output levels is necessary. Each

of these controls should be in sufficiently

small steps to realize fully the capabilities

of the device as a means of maintaining a

high average modulation without over-

loading the transmitter on peaks. Finally, the mechani-

cal form should be such that it is adaptable for use

under widely varying conditions of physical location,

exposure to adverse climatic conditions, and exposure

to both electrostatic and electromagnetic fields, while

at the same time maintaining appearance standards in

keeping with present-day broadcast-station practice.
Recently, there has been developed a program-op-

erated level-governing amplifier to meet these require-

ments which has been designated the Western Electric

1126A amplifier. Figs. 4 and 5 show its load character-
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Fig. 8—Voltage regulation characteristic—20A rectifier.

istic and harmonic distortion for steady-state condi-
tions at 1000 cycles per second and at 100 cycles per
second, respectively. It should be noted that a com-
pression ration of 10 to 1 is obtained; that is, a change
of 10 decibels in input results in a change of only 1
decibel in output level above the point where compres-
sion starts. Fig. 6 shows the gain-frequency response of
this device both with no compression and with 10
decibels of compression. The noise is at least 70 decibels
below the maximum single-frequency output level.
Fig. 7 gives oscillograms showing the extremely fast
attack time. It should be noted that no observable
overshoot occurs even with 5000-cycle single-frequency
input. The release time is adjustable in five 0.2-second
steps from 0.2 of a second to 1.0 second.

A vacuum-tube voltage-regulated type of plate-sup-
ply rectifier coded the Western Electric 20A rectifier is
used to supply power so that excellent stability of op-
erating performance is obtained. In addition, this type
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Fig. 9—Functional schematic—1 126A amplifier.

of plate supply has the further advantage that it is
effectively an extremely low-internal-impedance source
of plate-supply voltage so that satisfactory operation
of the peak limiter is obtained with the use of a mini-
mum of filter-circuit elements. Fig. 8 shows the output-
voltage regulation of this unit with variation in load.
The variation in output voltage with plus or minus 10
per cent variation in input line voltage isapproximately
0.1 volt.

Fig. 9 shows a functional schematic of the unit, and
Fig. 10 shows a photograph in which the compression
indicator meter is obvious. In addition, it will be noted
that the equipment is arranged in three panels so that
the power-supply unit, the amplifier unit, and the con-
trol panel may be mounted separately. For example,
the control panel may be mounted in a transmitter
control console or desk. In this application, the con-
trol panel occupies only 5% inches of mounting space
at a location where panel area must be kept at a mini-
mum.

Fig. 10—Front-view photograph—1126A amplifier.




Several models of this equipment have been under-
going field trials in both amplitude- and frequency-
modulated broadcasting stations for some time past,
and all observations indicate that the application of
the principles outlined herein has resulted in a device
inherently capable of maintaining a high average signal
strength while, at the same time, very eflectively elim-
inating any extra-band radiation. These field trials
have included the operation of the equipment where
the avoidance of overmodulation has been stressed.
In addition, they have included operation where the
maximum obtainable increased coverage consistent

with avoidance of disturbing overmodulation has been
the principal criterion. In all instances, little or no op-
erating adjustment has been necessary except for ini-
tial lining up to insure satisfactory service over rcla-
tively long periods.

Controlled listening tests in the laboratory indicate
than when using circuits and loud speakers flat to
15,000 cycles per second and comparing direct trans-
mission with transmission through the limiter,* dif-
ferences in quality of program could be discerned only
when the limiting action was 5 decibels or more.

4 Tests made with 0.6-second recovery time.

A Radio-Frequency Device for Detecting

the Passage of a Bullet’
C. 1. BRADFORDY, ASSOCIATE, I.R.E.

’

Summary—An unusual application of radio engineering is de-
scribed in which the reaction of a radio-frequency oscillator to the
presence of a metallic projectile in a link-coupled coil is utilized in
connection with projectile velocity measurements.

In order to obtain the accuracy of signal output required, the cir-
cuits are designed for good transient response. In addition, a unique
method of differentiating, clipping, and amplifying is utilized in order
to obtain a signal with steep wave front when the bullel is at the center
of the coil regardless of the weight, shape, or velocity of the bullet.

Pictures are included of the equipment and coils used. High-speed
pictures of bullets in the tripping position in the coils and oscillo-
grams of circuit voltages verify that circuit operation is as predicted.

HE measurement of the velocity of bullets and

shot charges is an essential test on all small-arms

ammunition. These tests are run regularly by
the loading companies as a check on the quality of the
product. The problem of velocity measurements is one
of accurately measuring the time of flight of the projec-
tiles over a known distance. The equipment required
falls in two classes. First, an accurate instrument is
necessary for the measurement of very short time in-
tervals. The instrument developed at the Remington
Arms Company for this service is called the Chrono-
scope!? and measures time in terms of the current
which flows from the breakdown of one thyratron at
the beginning of the interval until the breakdown of
another thyratron at the end of the interval. The
second part of the equipment required is a device for
accurately detecting the arrival or passage of the
bullet at a known fixed point. It is this sccond problem
with which this paper is concerned.

Existing devices range from breaking wires and

* Decimal classification: R590. Original manuscript received by
the Institute April 21, 1941. Presented, Summer Convention, De-
troit, Michigan, June 23, 1941.

t Research Division, Remington Arms Company, Inc., Bridge-
port, Connecticut.

V' C. I. Bradford, “The Chronoscope,” Electronics, vol. 13, pp.
28-30; November, 1940,

2 C. 1. Bradford, “The Chronoscope,” American Rifleman, vol.
89, pp. 12-13; March, 1941.
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jarring contacts to photoelectric means, but all have
some shortcomings. The ideal device should have the
following characteristics:

1. It must trip or produce its signal at precisely the
same point along the trajectory regardless of the
weight, size, velocity, or position of the bullet.

2. It must make no mechanical contact with the
bullet. ’

3. It should provide a large area through which the
bullet may pass.

4. It must be automatically resetting for the next
shot.

5. It must be unaffected by microphonics or from
the charged gases of the muzzle blast.

With these requirements in mind, a development
was started on a device in which the bullet (or shot
charge) passes through one or more radio-frequency
coils located along the trajectory. Obviously, many ar-
rangements could be devised in which the presence of a
lead or copper-jacketed bullet would produce an ap-
preciable influence. The choice of frequency of the
radio-frequency source and the resulting coil size and
the method of deriving the signal voltage were gov-
erned by the usual factors of simplicity of design, sig-
nal-to-noise ratio, and the particular requirements of
this job.

The circuit design resulting from these factors is
shown schematically in Fig. 1.

The circuit associated with tube 1’1 is a conventional
3500-kilocycle crystal oscillator. Link-coupled to this
oscillat(_)r by means of L, is a work circuit Lg, Lq, and
Cs. Ly is the inductance which is located along the bul-
let’s trajectory through which the bullet passes. It is
tuned on the inductive side of resonance by means of
the condenser C;. The link coupling and line method

November, 1941
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Fig. 1—Schematic of coil disjunctor and amplifier circuit.

is utilized so that the oscillator and associated equip-
ment may be placed some distance from the gun (10 to
15 feet) when the coil L; is used close to the muzzle.
The variable condenser C is also coupled through L,
to the plate inductance L; and is adjusted so that the
oscillator is tuned on the inductive side of resonance on
a steep portion of the curve. The meter M is used as an
indicator for this tuning. A crystal oscillator with its
high degree of frequency stability is used because of
the critical adjustment of the circuits. Furthermore, in
this case it makes a more simple and economical
design.

The bullet entering L, alters the tuning in such a
direction that the oscillator will take more plate cur-
rent. The resulting voltage developed across the plate
series resistance Ry, is in such a direction as to apply
a negative signal to the grid of V,. This tube acts as a
distorting amplifier, insensitive to positive grid signals
but highly sensitive to negative signals. Tube V, and
associated circuits constitute a conventional im-
pedance-matching amplifier to provide low-impedance
output. These circuits are all designed to have good
transient response for the types of pulses encountered.
Consequently, with the passage of a bullet, a positive
voltage output is obtained which plotted against time
is similar in form to a resonance curve. (See Fig. 2.)
The time base shown in this figure is for a bullet with
a velocity of 2500 feet per second.

©601L
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1 ‘l‘rlpplnc._‘__
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|
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Fig. 2—Output voltage curves of coil-disjunctor unit.

Obviously, this voltage, which is the order of 10 to
50 volts, could be used directly to trigger thyratron
tubes in the associated time-measuring equipment.
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However, variations in the magnitude and duration of
this pulse will influence the point at which the time-
measuring device will trip. In measuring velocities and
time of flight over longer distances (100 to 150 feet)
this uncertainty introduces a negligible error and
the above-described circuit functions satisfactorily.
For the measurement of velocities over short distances
(5 to 15 fect) refinements have been necessary which
will be discussed later.

Fig. 3 shows a complete unit as described above with

Fig. 3—Coil-disjunctor oscillator unit.

the exception of the bullet coil. A self-contained power
supply is provided in this unit. Fig. 4 shows a varicty
of coils used for different jobs and includes a regular
.22 bullet, a .30-caliber, and a regular .50-caliber
bullet for comparison. These coils range in size from
1-inch diameter for use with .22-caliber bullets at the
muzzle, to 3 inches in diameter for use at 100 yards
with .22’s. Since the residual pressure at the muzzle
at the exit of the bullet on high-power rifles runs as
high as 8000 to 10,000 pounds per square inch, one
of the major problems in the design of the coils is in
obtaining sufficient mechanical strength to withstand
the muzzle blast when the coils are placed in close to
the muzzle.

One successful design is shown in Fig. 4. The coil
with the attached plate has withstood continuous

Fig. 4—Coils used along trajectory.
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use at the muzzle on routine tests of .30- and .50-
caliber ammunition. Fig. 5 shows the design of a
6-inch coil and protecting shiclds for use at 100 to 150
feet from the muzzle on .30-caliber tests. The shiclds
and baffles are protection against gunner's mistakes
and are 1-inch and }-inch armor plate. The coil is on a
polystyrene form and the fixed tuning condenser can
be seen. With all coils, every precaution is taken to
produce high-Q circuits in order to obtain maximum
sensitivity.

Fig. 5—Six-inch coil with protective plate and baffes.

It was mentioned carlier that an excessive uncer-
tainty is introduced in the tripping point along the
trajectory when the above-described device is used
alone. This uncertainty can be as great as 3 inches
(sce Fig. 2, curves 4, B, and C) which in 10 feet is 2.5
per cent, whereas it is absolutely necessary that all
results be correct to well within 1 per cent. In order
to obtain uniform tripping when the bullet is at the
center of the coil, regardless of the magnitude of the
pulse. an auxiliary device has been developed which
functions as follows: Referring to Fig. 6, thecurve
at 4 is a typical curve of Fig. 2 of the output voltage
of the previously described unit versus the posi-
tion of the bullet as it passes through the coil. This
voltage after amplification, is shown at B. (None of
these curves is intended to be to scale on the ordinate
axis.) The derivative of the B curve is shown at C in
which negative values of slope are obtained while the
bullet is in the first half of the coil and positive values
arc obtained while in the latter half. When the voltage
at Cis clipped and amplified, the curve D is obtained
and if this process is repeated the final curve at E is the
result. This form of output voltage curve mceets the
requirements of no output until the bullet reaches the
center of the coil and a very rapid build-up at this
point.

The amplifying and clipping are accomplished in the
usual manner and differentiation is performed by
means of a resistance and capacitance in series; the
derivative being obtained from the resistance. This
method was chosen instcad of the usual i;1ductancc
method (L dI/dt) because it is more difficult in the lat-
ter method to minimize phase shift.
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Fig. 6—Action of differentiating trip circuit.

_E - Output

When resistance and capacitance are used, and if the
reactance of the condenser to the fundamental fre-
quency of the pulse is very much greater than the
series resistance, the current is approximately i =dQ/dt.
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Thus the voltage developed across the resistance is

Er = CR(dE/d}). (1)

The exact expression® for the voltage across the re-
sistance is

Er = CR(dE/dt) — C*R¥d*E/dt*) + C?Rle¢'/CR

[0+ -]

The last term can be neglected in our case because its
time constant is less than a microsecond. Similarly, the
second term is 10~7 times the first term and can also
be neglected. Thus, (2) reduces to (1) in practice. It is
evident from this expression that the amplitude of the
derivative is directly proportional to RC and that as
this product is made small, increased gain is required.

Fig. 7 shows schematically the circuit developed to
accomplish the above-described results. At a glance,
this circuit appears to be a more or less conventional
3-stage resistance-capacitance-coupled amplifier. How-
ever, the tube V; is a very high g tube with a low-
resistance plate load. Across this load is connected
the differentiating circuit, C4 and R4, which are of
quite unconventional values. The capacitance is 250
micromicrofarads and the resistance is 1000 ohms, giv-
ing a time constant of 0.25 microsecond. Tube V, is
operated at high bias to make it insensitive to the neg-
ative half of the derivative voltage and sensitive to the
later positive half. Conversely, V; is operated at zero
bias so that it clips positive inputs and amplifies nega-
tive swings, thereby producing high positive outputs of
50 to 100 volts.

(2)

3 L. C. Roess, “A condenser type high speed engine indicator,”

But since Q =CE, I = C(dE/dl). Rev. Sci. Instr., vol. 11, pp. 183-195; June, 1940.
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Fig. 7—Schematic of differentiating trip circuit.
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Fig. 8 shows an experimental check on the operation
of this circuit. The broader curve at A is an oscillo-
gram of the output voltage of the coil unit or the input
voltage of the differentiating trip unit. The curve at
E with the steep wave front is an oscillogram of the

Fig. 8—Oscillogram of input and output voltages
of differentiating trip circuit.

output voltage of the differentiating unit on a different
voltage scale. Thus, it is apparent from this figure that
the device accomplishes the desired result by develop-
ing a sharp positive voltage pulse of considerable mag-

Fig. 9—High-speed picture of bullet with lamp flashed directly
from coil disjunctor.

Fig. 10—High-speed picture of bullet with lamp flashed from
output of differentiating—trip circuit.

nitude when the output of the coil unit reaches a max-
imum. These curves were obtained on a special single-
sweep cathode-ray oscillograph with an accurate meth-
od for initiating the sweep.

A further check on the operation of this circuit was

Fig. 11—High-speed picture of .30-caliber bullet
in tripping position in 3-inch coil.

made by using the two output voltages to trigger a
high-speed flash lamp and to photograph the bullet in
the actual tripping position. Fig. 9 is one such high-
speed picture with the lamp triggered directly from the

Fig. 12—High-speed picture of .30-caliber bullet in tripping
position 1n 6-inch coil. Note protecting armor plate.

output of the coil unit. Note that the bullet s
approximately 3 inches ahead of the center of
the coil. Fig. 10 is a similar picture, but in this
case, the high-speed lamp was triggered by the
output of the differentiator. The coil has been
cut away in order to show the bullet in the trig-
gering position. Note that the bullet s within
% inch of the exact center of the cojl. From pre-
vious experience it is known that a lag of the
order of ¥ or } inch existed in the lamp' trigger-
ing circuits. Consequently, this last picture serves
as sufficient proof that the device trips when the
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bullet is at the center of the coil and that measurements
of distance can be made from this point.

In order to obtain velocity measurements within an
accuracy of  of 1 per cent over 10 feet, the tripping
position must be known to within about % inch. If this
error is negligible the permissible time error for } per
cent over-all accuracy in measuring a velocity of 2500
feet per second over 10 feet is 40 microseconds. Thus,
the necessity for the development of such equipment
is evident.

The equipment described has been in constant use
in the research ranges at Remington Arms for the past
two years and has proved to fulfill the desired require-
ments set down at the beginning of this paper.
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Voltage—Controlled Electron Multipliers*

B. J. THOMPSON{, FELLOW, LR.E.

Summary— The application of secondary-emission multiplication
to conventional grid-controlled amplifier tubes is discussed from the
viewpoints of practical voltage gain per stage of amplification, signal-
to-noise ratio, and ultra-high-frequency applications. It is pointed out
that the gain per stage is limited by the practical output currenl and
the quotient of transconductance by current (N) and that electron multi-
plication increases the gain only as it permils the attaining of higher
values of N. If the output current is assumed to be 20 milliamperes
and N is taken as | milliampere per volt per milliampere, the outpul
transconductance would be 20 milliamperes per volt—little, if any,
better than could be achieved without multiplication. If N is assumed
to be 11.6 (the theoretical maximum for conventional grid control with
a cathode temperature of 1000 degrees Kelvin) the outpul transcon-
ductance could be greater than 200 milliamperes per volt per milli-
ampere. Higher values of N might be attained by some other method of
control. In this case, the wltimate limit of transconductance would be set
by the difficulty in stabilizing the effective control-electrode bias vollage.

The signal-to-noise ratio of the voltage-controlled multiplier is de-
termined chiefly by the input system of the multiplier, the multiplier
being a relatively noiseless amplifier following this input system. The
noise level of the input system is determined by the inpul transcon-
ductance. If the use of a multiplier leads to reduced inpul transcon-
dubcetam:e, the noise level will be increased as compared with conventional
tubes. ’

The principal advantages to be attained from the use of the multi-
plier are found in ultra-high-frequency applications where inpul
loading and input capacilance are serious. The reduction in lrans-
conduclance of the input system for a given over-all gain which is per-
missible leads to a corresponding reductionof inpul conductance (whether
arising from electron-transit-time or lead effects) and input capacilance.

INTRODUCTION

HE secondary-cmission electron multiplier has
T been applied widely to increase the effective sen-

sitivity and to improve the signal-to-noise ratio
of photoelectric tubes.!? Multiplier gains higher than
1,000,000 fold have proved useful. Secondary-emission
multiplication has been applied to grid-controlled am-
plifier tubes to increase the transconductance, though
so far much smaller multiplier gains have been used.?+

v Degimal classification: R132. Original manuscript received by
the Institute, May 22, 1941, Presented, Sixteenth Annual Conven-
tion, New York, N. Y., January 10, 1941.

 R.C.A. Manufacturing Company, Inc., Harrison, N. J.

1\ P. T. Farnsworth, “Television by electron image scanning,”
Jour. Frank. Insl., vol. 218, pp. 411-444; October, 1934.

2V, K..L\'vorykm, G. A. Morton, and L. Malter, “The sec-
ondary emission multiplier,” Proc. I.R.E., vol. 24, pp. 351-375,
March, 1936.

* J.L. 1. Jonkerand A. J. W. M. v. Overbeek, “The application
of secondary emission in amplifying valves,” Wireless Eng., vol. 15,
pp. 150-156, March, 1938.

4 H, M. Wagner and W. R. Ferris, “The orbital-beam secondary-
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The questions naturally arise as to how the use of a
multiplier affects the voltage gain and the signal-to-
noise ratio attainable with voltage-controlled ampli-
fiers, and how much multiplier gain can effectively
be used. This paper will discuss these questions.

LIMITATIONS TO INCREASED VOLTAGE GAIN
PER STAGE

It has frequently been proposed that the incorpora-
tion of a secondary-emission multiplier with a conven-
tional grid-controlled amplifier should permit the at-
taining of any desired voltage gain in a single stage of
amplification.’ Let us examine the problem.

The effective over-all transconductance of the con-
ventionalized grid-controlled multiplier shown in Fig.
1 is given by

Emp = Mg’"a (1)

where gn, is the over-all transconductance, or output
transconductance, gm, is the transconductance of the
grid and cathode assembly without multiplication, or

Fig. 1.—Conventionalized grid-control electron multiplier.

input transconductance, and M is the effective scc-
ondary-emission multiplication. The output current is
given by

Iy = MI, (2)

where I, is the output electrode current and I, is the
cathode current. If we divide (1) by (2), we have

"_“Sgage of amplification” does not mean “gtage of electron
multiplication.”
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Ly Bma_ (3)

where N, the quotient of transconductance by current,
is independent of the factor of multiplication and is a
characteristic of the current input system only. From
this expression we see that for any output transcon-
ductance gm, there will be a definite output current I,
which can be reduced only by increasing the quoticent
N.

In usual triodes of the best design, N has a value of
little more than 1 milliampere per volt per milliam-
pere. The addition of an clectron multiplier to such a
triode could produce a tube with a transconductance
of 100 milliamperes per volt or cven of 1000 milliam-
peres per volt, but at the same time the tube would
have an output current of 100 milliamperes or 1000
milliamperes. These currents are much too high to be
practical for receiving tubes. If we set 20 milliamperes
as an upper limit for output current, we also sct an
upper limit of 20 milliamperes per volt for the trans-
conductance. This value is not better than could be
realized by conventional methods. It becomes appar-
ent that a very high output transconductance cannot
be realized in a practical receiving tube unless the
quotient N is greatly increased beyond the value cited
of 1 milliampere per volt per milliampere.

With the conventional control method, the maxi-
mum theoretically attainable quotient of transcon-
ductance by current is limited by the velocity dis-
tribution of the electrons® and is given by

e
N = e milliamperes per volt per milliampere (4)

where e isthe specific clectronic charge, kis Boltzmann's
constant, and T is the cathode temperature. On sub-
stituting the values for e and %, we have

11,600 .
= —— milliamperes per volt per milliampere. (5)

With the usual coated cathodes, T may be taken as
1000 degrees Kelvin. In this case

N = 11.6 milliamperes per volt per milliampere.

With our previously assumed limit of 20 milliamperes
output current and this new value of N, we find that
we could achieve a transconductance of more than 200
milliamperes per volt.

It would appcar up to the moment that we have no
argument for the use of a multiplier, since the theo-
retical limit to the transconductance is set by the
quotient N and the permissible output current, neither
of which is altered by the use of a multiplier. But it is
much easier to approach the limiting value of N with
triodes of very small current than in the casc of cur-

¢ F. Below, “The theory of space-charge-grid tubes,” Zeit. Sur
Fernmeldetechnik, vol. 9, pp. 113-118 and 136-142, 1928.
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rents of the order of 20 milliamperes. There are other
advantages, as well, some of which will be discusscd
later.

We have established a practical transconductance
limit of 200 milliamperes per volt for conventional grid
control, assuming 20 milliamperes output current. If we
could find some other type of control which would af-
ford a higher value of N, higher transconductance could
be attained. How high a valuc of transconductance is it
worth while to strive for? The first answer would be
that there is no limit. We should encounter practical
difficulties, however, in using tubes with extremely
high values of N. Fig. 2 shows the control characteris-

OUTPUT CURRENT OR TRANSCONDUCTANCE -ARBITRARY UNITS

1 10.38
. . _1
AE=- & I AE =53 —J

CONTROL-ELECTRODE VOLTAGE

Fig. 2—Control-electrode-vo]tagt_output-current characteristic
of tube assumed to have constant quotient of transconductance
by current gn/Ii=N to show effect of a change in control-
electrode potential of 1/N units, ’

tic of a tube with constant value of N, plotted in gen-
cral units. It will be scen that a change in control
voltage of 1/N volt will change the current and trans-
conductance by a factor e, the Naperian base. Thus,
if N be assumed to be 100, a change in control voltage
of 0.01 volt will reduce the current and transcon-
ductance to 0.38, or increase them to 2.7, times the
original values. Maintaining the required control-volt-
age stability would begin to be a problem. Even here,
the output transconductance for 20 milliamperes cur-
rent would be only 2000 milliamperes per volt. The
word “only” is used because a conventional 3-stage
amplifier with a voltage gain per stage of 40 in the
first two stages would have an over-all effective trans-
conductance of 8000 milliamperes per volt, assuming a
last-stage transconductance of 5 milliamperes per volt.
It appears evident that there are serious obstacles to
realizing a practical high-gain amplifier consisting of
only one stage of amplification, whether or not we use
secondary-emission multiplication.
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Noise CONSIDERATIONS

The advantage of the secondary-emission multiplier
with respect to noise in the case of the amplification of
photoelectric emission might be expected to be realized
in the case of voltage-controlled multipliers as well. A
little consideration will show that the two problems are
not similar, however. Figs. 3 and 4 show the compari-
son of the usual amplifier for photoelectric currents

THERMAL AGITATIONS IN
COUPLING RESISTOR

LIGHT
FLUCTUATIONS IN
FLUCTUATIONS IN \ PLATE CURRENT OF
PHOTOEMISSION l AMPLIFIER TUBE

I ; I
Fig. 3—Conventional triode amplifier for amplification of
photoelectric currents, showing the sources of fluctuations.

with a secondary-emission multiplier. As shown in the
diagrams, the sources of noise (fluctuations) in the case
of the usual amplifier (Fig. 3) are fluctuations in photo-
tube current, thermal agitation in the resistor R, and
fluctuations in the current of the amplifier tube. Of
these, thermal agitation is normally by far the greatest.
The sources in the case of the multiplier (Fig. 4) are
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Fig. 4—Secondary-emission multiplier for amplification of
photoelectric currents, showing the sources of fluctuations.

practically the same with the difference that the fluctu-
ation in photoelectric emission is multiplied by a factor
M along with the useful signal before the thermal agi-
tation noise is added. It is, thercfore, possible to arrive
at a condition such that the final noise limitation is the
inherent noise in the photoemission.

In the case of the voltage-controlled multiplier as
compared with the usual amplifier we have a different
situation. Figs. 5 and 6 show the comparison. In the
usual amplifier (Fig. 5), the sources of noise’ are
thermal agitation in the input impedance, fluctuations
in plate current, and thermal agitation in the output
impedance. Of these, the first two are normally the de-
termining sources. The addition of a multiplier to the
same cathode and control-grid structure (Fig. 6) mul-
tiplies the signal and the first two sources of noise by
the factor M. Inasmuch as these were already the
determining sources of noise, the signal-to-noise ratio
is unchanged by the use of the multiplier.

In all of this discussion it is assumed that the multi-
plier introduces no noise of its own. This assumption is
not strictly true but suffices for most practical pur-
poses. The matter is discussed quantitatively in the
Appendix, being omitted here so as not to impede the
argument.

We have just said that the use of a multiplier will
not change the signal-to-noise ratio. This statement
applies only to a given cathode and control-grid struc-
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Fig. 5—Conventional triode amplifier for voltage amplification,
showing the sources of fluctuations.

ture, and a given space current. We have said previ-
ously that the use of a multiplier permits us to obtain
higher values of the quotient N by working with
smaller values of current from the cathode. In such a
case we are not justified in concluding that the signal-
to-noise ratio is unchanged by the use of a multiplier.

It has been shown? that the root-mean-square fluctu-
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Fig. 6—Secondary-emission multiplier for voltage amplification

showing the sources of fluctuations.

ations in plate current of a triode are proportional to
the square root of the cathode conductance (nearly the
same as the transconductance). The signal component
of the space current is proportional to the transcon-
ductance. Hence, the signal-to-noise ratio as deter-
mined by space-currer®® fluctuations alone is propor-
tional to the square root of the transconductance. In
the case of the voltage-controlled multiplier, the trans-
conductance to be considered is, of course, the input
transconductance.

We may conclude, then, that in the case of voltage-
controlled multipliers using conventional grid control,
the noise introduced by the tube will be worse than
that introduced by the nonmultiplier tube giving the

7 B. J. Thompson, D. O. North, and W. A. Ilarris, “Fluctuations
in space-charge-limited currents at moderately high frequencies—
Part 1,” RCA Rev., vol. 4, pp. 269-285; January, 1940; Part II,
vol. 4, pp. 441-472; April, 1940; and vol. 5, pp. 106-124; July, 1940;

Part 111, vol. 5, pp. 244-260; October, 1940; Part 1V, vol. 5, pp.
371-388; January, 1941; Part V, vol. 5, pp. 505-524; April, 1941,
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same gain by a factor M2, the square root of the mul-
tiplication factor, and will be the same as that of a
nonmultiplier tube of the same input transconduct-
ance. The multiplier is to be viewed simply as a noise-
less amplifier following the input triode.

We have admitted the possibility of some other type
of control than that of the conventional triode which
might give higher values of the quotient N. The noise
to be introduced by this hypothetical method cannot
be foretold. It may be assumed, however, that the cur-
rent fluctuations need not rise above those correspond-
ing to temperature-limited emission. If we make this
assumption we can write the minimum signal-to-noise
ratio of the tube itself as follows:

E NI
Qeafyr
ENg,

(2eaf)r?
E" Nx/zgﬂbl /_2_
(2eaf) 2 M1z

E,NIy? ,
(2eAf)r2 M2

signal

noise

where E, is the signal voltage applied to the control
clectrode and Af is the band width over which the
mecasurement is made, the other symbols being as be-
fore. We sec even here that the signal-to-noise ratio
gets worse as we make 7, smaller for a constant value
of N. We can keep a constant signal-to-noise ratio by
keeping the product NI,?or the quotient N/ M2 con-
stant (assuming constant I, in the second case).

OTHER CONSIDERATIONS

So far we have made out a poor case for the voltage-
controlled electron multiplier. It does not increase the
obtainable stage gain very much and it does not im-
prove the signal-to-noise ratio. What, then, are its
advantages?

The advantages arise chiefly from the possibility of
minimizing certain undesirable high-frequency effects
of conventional tubes and of reducing the input ca-
pacitance.

Input loading is a very scrious factor near the upper
frequency limit of conventional tubes, whether the
loading is caused by transit-time effects or by lead
effects.8-219 In either case, the input conductance of the
tube at a given frequency is proportional to the cath-
ode transconductance (equal to the output trans-
conductance in a conventional tube). The use of a

® W. R. Ferris, “Input resistance of vacuum tubes as ultra-high-
frequency amplifiers,” Proc. 1.R.E., vol. 24, pp. 82-105; January,
1936.

* D. O. North, “Analysis of the effects of space charge on grid
impedance,” Proc. I.LR.E., vol. 24, pp. 108-136; January, 1936.

10 M. J. O. Strutt and A. van der Ziel, “The causes for the in-
crease of the admittances of modern high-frequency amplifier tubes
on short waves,” Proc. I.R.E., vol. 26, pp. 1011-1032; August,
1938.

multiplier enables one to obtain a given over-all trans-
conductance with lower cathode transconductance
and, therefore, lower control-grid conductance. Also,
the input capacitance is related to transconductance,
so that lower capacitance may be attained by the use
of a multiplier. This is a real advantage for tubes in-
tended to amplify over a wide band.

There may also be some advantage in the reduction
in cathode emission required, but this is normally off-
set by the increased power which must be supplied at
relatively high voltage to produce secondary emission.

CONCLUSIONS

We conclude that an electron multiplier increases
the voltage gain attainable with a voltage-controlled
device only by making possible the use of input struc-
tures from which a higher quotient of transconduct-
ance by space current may be obtained, the over-all
voltage gain being limited by this quotient and by the
permissible output current.

From the viewpoint of noise produced in the output
circuit, a multiplier tube is always poorer than a simi-
lar nonmultiplier tube with the same gain.

The advantages of the multiplier lie in reduced input
conductance at high frequencies, reduced input ca-
pacitance, and in the possibility of using other types of
control than the conventional control grid.

APPENDIX

It is of interest to determine the fluctuation noise in-
troduced in voltage-controlled multipliers by the proc-
ess of secondary-emission multiplication. It will be as-
sumed that the multiplier consists of a single stage of
secondary-emission multiplication giving a gain of m
and that the fluctuations inherent in sccondary emis-
sion are equal to the fluctuations in a temperature-
limited current of the same magnitude. This latter as-
sumption has been found to be satisfactorily close to
the truth.?

Let I, represent the cathode current of the control
section of the multiplier, 8 the fraction of I, reaching
the multiplier electrode [(1—6) I,=screen current],
and gm, the transconductance of the control section as

a triode. The mean-square fluctuations in I, are given
byll

i = B2(2el,Af).

where B is the factor of reduction in fluctuations
as compared with temperature-limited emission, e
the charge of the electron, and Af is the band width. The
mean-square fluctuations in current flowing into

the multiplier section (space current passing through
the screen clectrode) are given by

U D. O. North “Fluctuations in space-charge-limited currents at
moderately high frequencies—Part 11,” RCA Rev., vol. 4, pp. 441-
472, April, 1940, and vol. 5, pp. 106-124; July, 1940. North uses
T for the factor designated by B in this Appendix. '

2 D. O. North, “Fluctuations in space-charge-limited currents
at moderately high frequencies—Part I11,” RCA Rev., vol. 5, pp.
244-260; October, 1940.




7 = B(2el.06f) + (1 — 6)(2el.af).

The fluctuations in output current I, after multiplica-
tion are given by

W = m2B(2elLAf) + mi0(1 — 0)(2elaAf) + mb(2eLadf)
= [m2B%* + m*(1 — 6) + m6](2elabf).

The ratio of the fluctuations as given above to the fluc-
tuations without multiplication referred to the same
amplification level (or with a noise-free multiplier) is
given by
0 m?B262 + m?0(1 — 8) + mé . 1
m?i? m:B? + m*(1 — 68) m(B%+1—06)
In practical multipliers m may be taken as about 5

and 6 as about 0.8. The quantity B? may vary from 1.0
to perhaps as low as 0.01 in practical tubes. If the quo-
tient g.,/I. is 0.1 milliampere per volt per milliampere,
B?is about 0.01; for gm,/I.=1 milliampere per volt per
milliampere, B? is about 0.12, and for gm,/Ia of 11.6 or
higher B? may be taken as unity, assuming a cathode
temperature of 1000 degrees Kelvin.! Let us compute
the increase in noise produced directly by the multi-
plication process for different values of B2 The results
are tabulated below.

B? ({b_z/mzfz)m
1.0 1.1
0.1 1.3
0.01 1.4

It is seen that, under the assumed conditions, the
multiplier increases the root-mean-square noise by 10
per cent under the best conditions and by 40 per cent
under the worst conditions. The figure of 30 per cent
increase corresponding to B2=0.1is representative of
what would be expected with such a tube as the or-
bital-beam multiplier. It should be pointed out here
that the factor of increase in noise would be worse for
lower values of m and would be much worse in the cases
of B2=0.1 and B2=0.01 if the value of 6 could be made
to approach unity by reducing the screen current.
There seems little reason to suppose, however, that
good design practice would lead to lower values of m
than about 5 or of values of B? less than 0.1. It seems
probable that developments will trend toward!®
B?=1.0. It does not seem likely that it will be practical
to increase § much above the assumed 0.8. Therefore
it is concluded that the addition of an electron multi-
plier to a voltage-controlled device need not greatly
increase the effective noise level. Further, it is con-
cluded that the trends of development will be such as
to minimize the effect of the noise added by the mul-
tiplier.

13 While B? represents the fluctuations for a given space-charge-
limited current as compared with those for a temperature-limited
current of the same magnitude and it might besupposed, therefore,
that B? should be made as small as possible, the magnitude of the
fluctuations is determined only by the cathode conductance (trans-
conductance) and the plate current for a given transconductance,
consequently, is lower the higher we can make B2
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Summary—This paper consists of a theoretical and experimental
study of the frequency variation of transconductance of electrostatic
electron. muitipliers. It is shown that the decrease of transconduclance
with frequency up to 500 megacycles, the highest frequency studied, can
be ascribed to a spread in transit angle resulting from the emission
velocities of secondary electrons and the varying paths of electrons
through the stages of the multiplier. The spread in transit angle may be
represented by an equivalent angle that is linearly related lo the total
transit angle unless the lalter is quile large.

For a given scale and with multipliers of the form herein studied
an upper limit can be set upon the frequency at which mublipliers may
be profitably employed. A brief analysis of the effects of leads within
the tube is included.

An upper limit of 2X10~° second was set upon the time taken for
the phenomenon of secondary emission lo occur.

I. INTRODUCTION

INCE about 1934, when the possibility that re-
markable current amplifications could be achieved
by the application of the phenomenon of second-

* Decimal classification: R139, Original manuscript received by
the Institute, March 12, 1941; revised manuscript received, May
12, 1941, Presented, Sixteenth Annual Convention, New York,
N. Y., January 10, 1941,

t Research Laboratories, RCA Manufacturing Company, Inc.,
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ary emission was realized, considerable thought and
experimental work have been devoted to the develop-
ment of high-gain voltage or power amplifiers employ-
ing hot cathodes and secondary-emission multipliers.
Devices of many sorts have been described, particu-
larly in the patent literature.

More recently, with the increasing interest in ultra-
high frequencies, work has been directed towards
making use of the phenomenon of secondary emission
for obtaining increased amplification at these fre-
quencies. It is the purpose of this paper to examine
critically the possibilities and limitations of secondary
emission multiplication at ultra-high frequencies. In
particular, consideration will be given to the influence
of (1) the velocity distribution of the secondary elec-
trons, (2) the transit-time spread between stages of an
clectron multiplier, and (3) the time taken for second-
ary emission to occur, upon the transconductance
obtainable from voltage-controlled hot-cathode de-
vices incorporating electron multipliers.

Proceedings of the I.R.E. 5817
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I1. CONSIDERATIONS REGARDING TRANSCONDUCTANCE

In the conventional grid-controlled thermionic de-
vice employing any number of grids, the grid-plate
transconductance is defined as the rate of change of
plate current with respect to control-grid voltage. In
conventional grid-control devices, the control func-
tions by space-charge limitation of the emission. The
control may, of course, be by other methods as by the
deflection of a beam on and off a plate. In any case, the
transconductance definition is similar; the differentia-
tion being carried out with respect to the control-
electrode voltage.

When the clectron current or beam, instead of being
permitted to impinge upon a plate, is directed into an
clectron multiplier, the current and all variations
therein are amplified by a factor which at low fre-
quencics is equal to the gain of the multiplier. The rate
of change of the current in the output electrode of the
multiplier with respect to the control-electrode voltage
is defined as the output transconductance of the device.
The rate of change of current entering the multiplier
with respect to control-electrode voltage is defined as
the input transconductance. As the frequency of the
signal applied to the control electrode approaches zero,
the ratio of output to input transconductance ap-
proaches in value the static gain of the multiplier. The
limiting value of the output transconductance at zero
frequency will be referred to as the static transcon-
ductance. At frequencies other than zero, the output
transconductance (always less than the static value)
will be referred to as the dynamic transconductance.
The ratio of dynamic to static transconductance is a
measure of the frequency variation of transconductance
and will be referred to as the frequency response of the
multiplier.

Consider the case of a conventional three-electrode
tube in which the flow of current to the plate is con-
trolled by means of the grid potential. If the grid
potential is made increasingly negative with respect to
the normal operating point, the transconductance de-
creases but, in general, the ratio of transconductance to
plate current increases. Suppose the current which
normally flows to the plate is admitted into a multi-
plier. The output current of the multiplier can be set
at any desired value by adjusting the gain of the multi-
plier. Thus, when the output current is held constant
as the input current is decreased by biasing the grid,
the ratio of output transconductance of the multiplier
to its output current will increase. Hence, when the
current transmitted by a grid is amplified by means of
an electron multiplier, the possibility is presented for
the attainment of transconductance values higher than
those normally attained at some given value of output
current. It has been shown that there exists an upper
limit to the ratio of transconductance to current in
grid-controlled devices.!

'L. H. Germer, “Initial velocities of thermionic electrons,”
Phys. Rev., vol. 25, pp. 795-807; 1925.
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Of course, for attainment of high values of output
transconductance at ultra-high frequencies by use of
an clectron multiplier it is essential that the gain of the
multiplier for the high-frequency-current component
should not decrease to too low a value. Within the
multiplier proper, the chief cause for loss of gain at
high frequencies is the spread in transit time of elec-
trons passing through the multiplier. If the spread in
transit time becomes appreciable compared to the
period of the high-frequency signal, a decrease in signal
output results. Three possible contributions to transit-
time spread were mentioned in the introduction. These
will now be considered in turn.

IIl. EFFECT oF INITIAL VELOCITIES OF SECONDARY
ELECTRONS

A. Relation Between Initial Velocities and Transit Time

In order to isolate the effect of the emission velocity
of secondary electrons upon the frequency response, we
shall postulate the existence of a multiplier wherein the
transit times are such that all electrons emitted at any
one stage with identical initial velocities take identical
times in arriving at the succeeding stage. We neglect,
for the present, the effect of differing paths upon the
transit time. This will be considered in a later section.

Furthermore, it is assumed that the field between
the stages is like that between two parallel planes and
that space charge is negligible. In this type of field only
the component of emission velocity normal to the
surface affects the transit time between stages. Then if,

Tmax = transit time between stages for sccondary elec-
trons with zero emission velocity
V. =potential diffecrence between stages in volts
Ve=secondary-emission velocity normal to surface
in equivalent volts
7 =transit time for any clectron

[ ] o

P

= 0Tmax. (2)

InFig. 1 0=7/100x =14+ V.JV,~\/V.]V, is plot-
ted as a function of V./V,.

then

Ve FOR v, =200 vOLTS
o — A 20 eQ 140 140 0 20

RELATIVE TRANSIT ANGLE # =

Fig. 1—Effect of initial velocity on relative transit angle.
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B. Measurements of Initial Velocities

A knowledge of the velocity distribution of the
secondaries in a direction normal to the surface is thus
essential for the determination of the frequency response
of a multiplier. It was obtained for the casc of a silver-
magnesium alloy surface such as might be used ina
practical multiplier by means of a tube as shown in
Fig. 2. A magnetic field normal to the plane of the
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Fig. 2—Means for measuring initial velocity
of secondary electrons.

paper causes electrons from the cathode accelerated by
the positive anode to strike the secondary emitter S.
The secondaries from this flow towards the collector.
As the potential V. of the collector is made more and
more negative with respect to S, fewer of the second-
aries have sufficient velocity to reach it. The derivative
of the I.— V. curve is the desired velocity distribution.
Fig. 3 shows the velocity distribution of secondaries
from the alloy bombarded by 100- and 200-volt elec-
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Fig. 3—Velocity distribution of secondary electrons.

trons. The scale has been chosen so that the area under
the curve to the left of each point of the curve repre-
sents the fraction of secondaries with emission veloci-
ties between zero and the abscissa of that point. Con-
sequently

fovpp(v.)dv. - 1.

C. Transit-Time Distributions

From Figs. 1 and 3 we are enabled to plot a curve of
the relative number of electrons in any transit-time
interval versus transit time, This is plotted in Fig. 4
for the 200-volt primaries. The vertical scale has been
chosen so that the area to the left of any point repre-

sents the fraction of electrons with transit times be-
tween zero and the abscissa of that point. The hori-
zontal scale is so chosen that the relative transit time
for the electron emitted with zero normal velocity is
unity. By means of this choice of scale, we are enabled
to speak interchangeably of relative transit time or
relative transit angle. When we speak of the transit
angle, the horizontal scale will denote the transit angle
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Fig. 4—Relative transit angles due to initial
velocities of secondary electrons.

relative to that of the electrons emitted with zero
velocity, and the abscissa will be referred to as the
relative transit angle 8. Then 6=w7/Wrnax=7/Tmax
where Tmay is the transit time for electrons emitted with
zero velocity. This curve may be considered to repre-
sent the relative transit-angle distribution of second-
aries, the angle being measured from the moment of
departure from a secondary emitter to the moment of

P (9)

RELATIVE TRANSIT ANGLE

Fig. 5—Relative transit angles due to initial
velocities of secondary electrons.

arrival at the next multiplying electrode. The assump-
tions regarding the nature of the multiplier fields
made at the beginning of this section should be con-
stantly borne in mind.

An examination of the left-hand curve in Fig. 4
indicates that when the average transit time between
stages becomes appreciable compared to the period of
the signal, considerable loss in output results. An ex-
tension of the analysis to the case of more than one
stage appears desirable. This requires a little thought.

In Fig. 5, curve 1 is the relative transit-angle dis-
tribution of electrons after the first stage of an electron
multiplier as computed above. These secondaries give
rise to a further crop of secondaries whose distribution
is given by Il. The abscissa point 2.0 in this case
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represents the relative transit angle of clectrons whose
emission vclocities in both stages were zero. It is de-
sired to obtain the value of ordinate at point 4 of curve
11. Let the abscissa at this point be 1.0+4-65. 85 thus rep-
resents the relative transit angle in the second stage for
electrons whose relative transit angle in the first stage
was 1.0. The total relative transit angle through the
multiplier to 4 is 1.048,. No electrons of 1 lying to the
left of 8; can contribute to 4 since their relative transit
angle in the second stage would be greater than unity.
It is merely necessary to compute the contribution to
the ordinate at 4 of I between 8; and 1.0. This is given

by

1’,,.(02) = f l 01’](01)])](1 0 + 01 - 01)(101 (3)
[}

This function was computed by quadrature and
then adjusted to make its total arca unity. Then, as
before, the arca under the curve to the left of any point
A represents the fraction of electrons with over-all
transit angles between 0 and 1.046,. This form of
representation has the added advantage that it elimi-
nates completely considerations regarding the second-
ary-emission ratio of the surfaces. The adjusted func-
tion denoted by Py () is given in Fig. 4. It should be
clearly understood that the over-all relative transit
angle is in terms of the maximum transit angle through
one stage as 1.0. Proceeding in the same manner,
Piy (83) is the over-all relative transit-angle distribu-
tion for a 3-stage multiplier adjusted in the same way
as Pyand Py. Of course, these distributions apply only
to the 200-volt emission spectrum of Fig. 3. The fact
that in stages following the first, the velocity of all the
clectrons is not cxactly 200 volts exercises so little in-
fluence on the results that its cffects have been neg-
lected. In general, the smaller the average velocity of
the primary electrons the broader the transit-angle
distribution curves and vice versa. This isevident from
the emission spectrum of secondaries due to 100-volt
primaries impinging on the same surfaces, as given in
Fig. 3.

If, instead of plotting the transit-angle distribution
after any number of stages in terms of the maximum
possible transit angle in a single stage, we make the
plot in terms of the maximum possible transit angle
for the given number of stages as 1.0, the curves of Fig.
6 are obtained. These revcal that for a given over-all
transit angle it is desirable from the standpoint of
transit-angle spread to divide the trip into disjointed
segments rather than completing it without any inter-
ruptions. In addition, one obtains at the same time the
advantages of electron multiplication.

D. Equivalent Transit-Angle Spread

It is shown in Appendix I that the loss in signal
resulting from any form of transit-angle spread can
be duplicated by means of a uniform spread over an
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angle a. Means for computing this angle, referred to as
the equivalent transit-angle spread, are given there. The
signal loss through a complete multiplier is what has
been previously defined as the frequency response, since
it is the ratio of alternating output current under
dynamic conditions to the output current at vanish-
ingly low frequencies, the input voltage being the same
2
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Fig. 6~ Relative over-all transit-angle spread
due to initial velocities,

in both cases. The signal loss or frequency response
from an equivalent transit-angle spread a« is shown
to be given by frequency response = (sin a/2)/(a/2) in
Appendix 1.

It is convenient to effect the transformation from
nonuniform to uniform spread in all cases, for the
reasons that (1), it enables one to assign a numerical
value to the spread and (2), it provides a quantity
which can be combined with the corresponding quanti-
ties for the spread from other causes to arrive at a total
resultant spread. ’

In applying Appendix I to the results of the preced-
ing section, it is convenient to speak in terms of transit
angle rather than transit time. The transit angle is
given by ¢ =wr = 2wfr, where 7 is the transit time. The
maximum possible transit angle in onc stage of the
multiplier ¢ =wrm.x is that for sccondaries emitted
with zero velocity.

Some value is assigned to WTmax. Then, by definition,
F(wr)=P(0) where P(8) is the relative transit-angle
spread function as defined in the preceding section,
From (26) of Appendix I, « is then computed. This has
been done over a considerable range of wr,.. for the
spread Pi(6.) of Fig. 4, and the results are given in
Fig. 7. It is seen that « increases lincarly with wr,.,
up to a=w. In any case for spreads greater than this
the transformation from the function F to the uniform
distribution undoubtedly becomes less and less valid.
Physically, the lincarity of this relationship means
that for a given transit time, the effective angle a in-
creases linearly with frequency or dimensions up to
transit angles of about 107, or five full periods.

Itis convenient to define the ratio a/wTnax = R as the
relative spread. It is obvious that R=t,/Tnax where ¢,
is the equivalent transit-time spread in analogy with
the definition of equivalent transit-angle spread. For
the case just discussed R=0.11 over the linear portion
of Fig. 7.
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IV. EFFect OF PATH DIFFERENCES OF SECONDARY
ELECTRONS

Electrons starting with the same initial velocity at
different points on the surface of an electrostatic-
multiplier electrode will, in general, take different
lengths of time to arrive at the surface of the succeed-
ing electrode except for certain special configurations,
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Fig. 7—Equivalent transit-angle spread
due to initial velocities.

as for example, when the field between the electrodes is
plane-parallel. No such multistage multipliers have
been described. Every multiplier is thus a problem
unto itself.

Consider a section of a multiplier as shown in Fig. 8.
Secondaries emitted from electrode 4 with zero velocity
travel to electrode B along the paths indicated. The
equipotentials were obtained by means of an clectro-
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Fig. 8—Unit cell of electrostatic multipler.

lytic tank and the electron paths by means of a rubber
model. In order to simplify the problem of computing
transit times, it is assumed that the secondaries are all
emitted with zero velocity: The effect of initial veloci-
ties in a plane parallel field was determined in the pre-
ceding section. The methods of combining the effects
produced by these different causes will be considered
below.

By dividing each of the electron paths in Fig. 8 into

small segments defined by the equipotentials as drawn,
it is possible to compute the total transit time between
stages along any of the paths. The transit time for each
segment is given by the quotient of the path element
to the average velocity along the path element. The
sum of the separate transit times for each segment gives
the total transit time along the path. The results are
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Fig. 9—Relative transit angles in type A unit cell.

plotted in Fig. 9, the vertical scale being such that the
maximum of the curve is unity.

If it is assumed that the emission from 4 is uniform
over its surface, then the relative transit-time (or
angle) distribution is obtained by plotting the ordi-
nates of Fig. 9 against the corresponding reciprocal of
the slopes. This has been done in Fig. 10, the ordinate
scale being chosen so that the area under the curve is
unity.

The application of the method of Appendix I per-
mits of the computation of the equivalent angle a over

I —] TYPE AT UNIT C:LL v
0 _<.#<I _T,-<§ T’, T 1 +— di——

—'TF L
|

RELATIVE NUMBER OF ELECTRONS

Fig. 10—Relative transit-angle distribution in type A unit cell.

which a uniform distribution would result in the same
frequency response as that caused by the distribution
of Fig. 10. For a maximum transit angle wTmax Of
360 degrees, the angle a turns out to be 74 degrees.
Therefore, the relative spread in a multiplier stage of
type A resulting from path differences only, is 0.21.
The transit-angle spread from path differences for
more than one stage does not necessarily bear any rela-
tion to that for one stage only. Thus, if the long-transit-
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time electrons in one stage produced secondaries having
a short transit time in the following stage, the over-all
spread produced by path differences only in the two
stages might be less than in the first. This is actually
the case for the multiplier of type C described by
Rajchman? in which the relative spread from path dif-
ferences alone, subject to the condition of zero emission
velocity, is 0.59 in the first stage, 0.31 for two stages,
and 0.75 for three stages. In the multiplicr of the form
of Fig. 8, which was developed with the idea of having
a smaller spread, no such alternating effects occur, but
theoretically the spread from varying paths increases
only very slowly after the first stage, because of the
concentration of the beam from stage to stage.?

V. COMBINATION OF INDEPENDENT SPREADS

In practice, the considerations of the preceding para-
graph lose their meaning almost completely, since the
effects of initial velocities, space charge,* nonuniform
emission over the surface, and fringing fields are such
as to tend to wash out the effects of crossover and con-
centration. At most, it can be said that for an n-stage
multiplier with some form of concentration, the over-
all spread from path differences will be greater than
that in the first stage but less than # times that in the
first stage. This is proved for the effects of initial
velocities in Appendix II. The actual computation of
the spread produced by path differences for any par-
ticular structure would have to take into account the
effects mentioned above. This would be an extremely
laborious task, which would not affect the general
qualitative conclusions of this paper. It appears safe
to apply to spreads from path differences the combina-
tion rule arrived at in Appendix III for the spreads
from initial velocities. The final combination formula
as given in (30), Appendix 11, is

A= [Ea,‘”]m (4)

p=1

where 4 is the angle over which a uniform spread
would produce the same loss in signal as the scparate
application of equivalent transit-angle spreads oy,
O *+ - up to ay,.

Then if 4 is the equivalent transit-angle spread of an
entire electron multiplier its frequency response is given

b
g A

sin —
2

Jrequency response = ————— . (5)

I\JI;

?]J. A. Rajchman, “Le courant residuel dan les multiplicateurs
d’electrons electrostatique,” Archiv de Science de Genéve, vol. 20,
pp. 231-264; September-October; pp. 267-289; November-De-
cember, 1938.

V. K. Zworykin and J. A. Rajchman, “The electrostatic elec-
tron multiplier, Proc. I.R.E., vol. 27, pp. 558-566; September,
1939.

*J. R. Pierce, “Limiting current densitics in electron beams,”
Jour. Appl. Phys., vl. 10, pp. 715-724; October, 1939,
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VI. EXPERIMENTAL METHOD

Two 5-stage multipliers employing unit cells of type
A asshown in Fig. 8 were constructed, one being made
four times the scale of the other.

In the preceding sections, we considered the de-
crease, from a variety of causes, in the amplitude of a
current J, sin wt. If there were no losses in a multiplier,
the alternating component of output current from a
signal E sin wf applied to the control grid would be

, Ig sin w! = g, [, sin wt (6)

where g.,'is the static output transconductance.

Actually, at high frequencies the alternating-current
component of output current is decreased to some value
14 where

Tasin ot = guuF, sin w! (7)

where gnq is the dynamic output transconductance.
The frequency response (FR) has been defined as:

mad I/
<8 1e ®)
Lma ]0

An angle 4 has been defined such that

sin .1/2

FR=—""'".
/2

9)

Means for computing 4 were given in the preceding
section thus permitting the theoretical determination of
FR to be made. It is now desired to sce how gne and
gna may be measured. From these a comparison be-
tween theory and experiment is possible.
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Fig. 11—Experimental setup for measuring frequency response.

The static output transconductance gme is deter-
mined either by mecasuring the slope of the I,—V,
curve, where 7, is the output direct plate current and
V, the control-grid voltage or DLy determining the
limiting value of the dynamic transconductance as the
frequency of operation approaches zero. Now, (sce
Figs. 15 and 16)

laq L,
gma =—— and J4=-—. (10)
Sy R,
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Therefore,

1 E

11
R L. (11)

Emd =
where I is the output alternating plate current and
E, is the voltage amplitude at the output electrodes, R:
is the output impedance at the tube output electrodes
and E, is the alternating-voltage amplitude at the input
electrodes. Tt will be noted that stress is placed upon
the fact that the quantities are measured at the
electrodes. At high frequencies the effect of lead induct-
ance is such that the voltages measured at the tube
terminals differ appreciably from thoseat the electrodes.
The matter is discussed in detail in Appendix III where
it is shown that if E, and E, are the alternating-voltage
amplitudes at the input and output terminals, re-
spectively, and E, and E, the voltage amplitudes across
the corresponding electrodes, then

(12)

and

Li+L 1
E2 = El /‘/ (»l— 2) .
° -]
1 — —
where f.; = the series-resonant frequency of input leads
and electrodes
f.o=the series-resonant frequency of output
leads and electrodes
f=the frequency of operation

L;=the inductance of the output leads
L, = the inductance of the external circuit

(13)

A method for the determination of input and output
circuit resonances has been described by Nergaard.® In
the case of f,: the procedure used here was similar to
that described by Nergaard for the diode, the tube in
this case being biased so as to be nonlinear in response,
resonance being then indicated by a change in the out-
put current. In determining fr, it was necessary to
connect a diode voltmeter across the output terminals
to serve as a resonance indicator. Its capacitance was
not sufficiently large to affect the results obtained.

The voltage E, impressed across the input terminals
was obtained from a signal gencrator. Below 1350
megacycles, a calibrated Ferris microvolter was em-
ployed. This supplies a known voltage at the terminals
of a properly loaded transmission line. From E,, the
voltage E, may be computed with the aid of (12).

At frequencies above 150 megacycles a negative-
resistance magnetron was used as a signal generator.
The magnetron output was coupled into a resonant in-
put circuit. E, was determined by the so-called slide-

s L. S. Nergaard, “A survey of ultra-high frequency measure-
ments,” RCA Rev., vol. 3, pp. 156-195; October, 1938.
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back method. The input circuit was first biased to cut-
off with the signal off. The change in direct output cur-
rent produced by the signal was noted. From the
signal voltage at lower frequencies required to produce
the same change in output current, the value of E,
could then be computed.

To determine R. at any frequency, one proceeds in
the following manner.

1. With a given value of input voltage E,, the ex-
ternal output circuit is tuned to resonance and the
voltage E, across the external circuit measured with a
diode voltmeter.

2. A known resistance R, is connected across the
external circuit, and the external circuit retuned to
resonance. The retuning is necessary because of the
slight capacitance of the resistor leads to the remainder
of the circuit. ’

3. The resonant voltage across the external output
circuit is measured under this condition. It is denoted
by Eo.

4. The resonant impedance of the output circuit at
the tube terminals (R)) is then given by

E,
Ri=Ro (—— = 1).
E,

By substitution of this in (42) there results

(14)

1

Emd = -

()
0 E,
E 2 L T /\
- OWamE- O e
Eﬂ fri Ll + L2 fra
From this set of values of gma and the value of gm,
previously determined, the experimental values of the

frequency response can be computed and plotted as a
function of frequency.

VII. CoMPARISON OF THEORY AND EXPERIMENT

A tube incorporating a S-stage multiplier made up
of unit cells of type A (see Fig. 8) was placed in the
circuit shown in Fig. 11 and investigated in the man-
ner described in the preceding section. It was found that

fri = 750 megacycles
fro = 570 megacycles
L, = 16 X 10~ henry.

The external output circuit was in the form of a
coaxial line so that L, could be computed at each fre-
quency from its measured length. The corrections for
the effects of input and output lcads were computed by
the methods outlined in the preceding section.

Measurements of input and output terminal voltages
(E, and E;) were made over a range of frequencies. R
was determined over the same range. Substitution of
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all these measured and computed values in (15) yielded
values for gmas. The ratio gme 10 ga, is plotted in Fig.
12, The values of g., at frequencies below 4 mega-
cycles were used for gn,.

For the theoretical computation of the frequency re-
sponse, i.c., gmi/gms, the cquivalent spread caused by

[ f w
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Fig. 12—Frequency response of 5-stage
electrostatic multiplier.

initial velocities of secondaries and that caused by pat
differences must be computed. ’

Using the methods outlined above, in section 111 D
and section IV, it was found that if the maximum tran-
sit angle between adjacent stages is wr, the equivalent
transit-angle spread from initial velocities is 0.11wr.
For the structure used, the equivalent spread in any
one stage from path difference is 0.21wr.

Then from (4) we can compute 4, the equivalent
transit-angle spread for the entire 5-stage multiplier.
This is given by

A = [5(0.2107)43 4 5(0. 11w7)4/3]3/4
= 0.92wr.

7, the average transit time per stage, has alrcady
been computed in obtaining the transit-time spreads.
Consequently, 4 as a function of frequency can be com-
puted and from that, also determined as a function of
frequency, frequency response=(sin A/2)/(A/2). The
results are plotted on Fig. 12. The agreement between
theory and experiment is as good as could be expected
and serves to vindicate the sclected combination law
for independent transit-angle spreads. The theoretical
curve, if extended, would pass through the axis. Nega-
tive values of FR merely represent a phase reversal.
However, such a transition can occur only for uniform
transit-angle distributions. In the case under considera-
tion, the actual nonuniform distribution results in
gradual phase changes with finite output at all values
of over-all transit angle as indicated by the experi-
mental points.

As was previously mentioned a second tube was
built to four times the scale of the first. When operated
at the same voltages it should yield a similar frequency-
response curve whose frequency scale is one quarter
as great; provided that the transit-angle spread is
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produced principally by initial velocity and path dif-
ferences. Under these conditions, if the curves in both
cases are plotted in terms of transit angle, they should
agree. The results for the two tubes are plotted on Fig.
(13) as a function of transit angle. The agreement is
within the limits of experimental error,
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Fig. 13—Transit-angle response of electrostatic multipliers.

Kilgore of these laboratories has investigated the
behavior of even smaller-scale multipliers up to fre-
quencies of 500 megacycles. His electrode structures
were similar to the form type C described by Rajch-
man,? which theoretically yicld a much greater spread
in the initial stage than that of type A, but in which
because of crossover of the heam, the spread in more
than one stage may be less. Kilgore found that his
results, when plotted against the total transit angle
through the multiplier, were substantially the same
as ours when plotted in the same fashion. The indica-
tion thus is that for multistage clectrostatic multipliers
(in their present form of development) the behavior
depends primarily upon the over-all transit angle. This
presumes that the unit cell of the multiplier does not
differ radically from that studied by Kilgore or by us.
It would be expected, however, that the.l or T types®
or any type without a high positive gradient at the
secondary-emitting surface would have a more rapid
fall with frequency. This has actually heen observed to
be the case.”

VIII. TIME oF EMISSION OF SECONDARY ELECTRONS

From the fact that the frequency response of an
clectrostatic multiplier depends only on the over-all
transit angle and not on the scale to which it is built,
an interesting conclusion can be drawn regarding time
of emission of secondary clectrons. If there were any
spread in the time of emission of sccondaries compar-
able to that produced by initial velocities or path dif-
ferences, a change in the tube scale would result in a
difference in the frequency-response curve when plotted
against over-all transit angle. The fact that there is

.‘ V K. prr)_'kin, G. A. Morton, and L., Malter, “The secondary
emission multiplier, a new electronic device,” Proc. 1.R.E., vol. 24,
pp. 351-375; March, 1936.

.7 “The behaviour of the augetron at high frequencies, Electron-
ics and Television, vol. 13, p- 131; March, 1940,
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no appreciable difference up to 500 megacycles for
small tubes as compared with large ones indicates (see
Fig. 13) that there is no appreciable time spread for
secondary emission of the order of 2X10~* second.
From the physical picture of the phenomenon of
secondary emission it appears extremely unlikely that
the average time taken for the emission to occur can be
in excess of the spread in the time of emission. Thus,
we conclude that secondary emission from the surfaces
studied takes place in less than 2X10~®second. To the
best of our knowledge this is a lower experimental limit
than has been established by previous observers.

I1X. FREQUENCY LIMIT OF ELECTROSTATIC
MULTIPLIERS

The application of the results of section VII permits
of the setting of an upper frequency limit at which
multipliers of the type studied may be operated.

It will be assumed that the upper limit is not set by
available output circuit impedance, available input
transconductance, or frequency response of the input
control circuit but only by the frequency response of
the multiplier proper and the smallness of scale at
which a structure can be built.

Thus, for example, let it be supposed that for reasons
of constructional difficulty and cold emission from
closely spaced edges,?® the scale be chosen so that the
average path length of electrons between stages 15 0.5
centimeter.

A convenient operating voltage for the purposecs of
this experiment has been found to be 250 volts per
stage. This results in a transit time per stage of 10~?
second. Assuming that a 3-stage multiplier is required,
7., the total transit time, becomes about 3X107?
second. It is assumed further that the upper limit of
usefulness is that at which the dynamic transconduc-
tance has dropped to 10 per cent of the static value.
From Fig. 13 this is seen to occur for an over-all transit
angle of about 40 radians.

Then, if fiax is the maximum usable frequency

27 frnax 71 =2 40
or
fmax = 2.0 X 10° cycles per second.

Because of the frequency characteristics of input
and output circuits this value of frax is unquestionably
high. It should be realized that this limit applies only
to multipliers of the general form studied and for the
particular scale described.

X. CONCLUSIONS

It has been demonstrated by a comparison of theory
with experiment that the decreasing amplification of a
multiplier with increasing frequency can be ascribed
to the transit-time spread resulting from varying initial
velocities of secondary electrons and the differences in
paths described by electrons originating at different
points on multiplier surfaces.
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From the analysis it appears that the upper fre-
quency limit of multipliers as constructed at present
is of the order of a few thousand megacycles. If multi-
pliers should be designed which eliminate the effects of
path differences upon transit-time spreads, the upper
frequency limit would be extended by a factor of about
2. It appears more difficult to eliminate the spreads
due to initial velocity distribution.

Subject to the conditions imposed upon multiplier
design in this paper, it may be said that the practical
upper limits for the application of multistage electron
multipliers is in view of being attained. The smallness
of scale imposes extreme constructional difficulties and
in addition the power-handling ability of output
electrodes is already being taxed.

(A similar treatment of magnetic multipliers has
been completed. The results are substantially the same
as for the case of electrostatic multiplier.)
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APPENDIX I

Relation Between Transit-Angle Spread
and Loss in Signal

A. Uniform Transit-Angle Distribution

Consider a sinusoidal signal present as a current
variation I sin wt in an electron stream. Now suppose
that in going between two points 4 and B in a multi-
plier, a transit-angle spread occurs for any reason
whatever. It is desired to compute the amplitude of the
current variation at B. Let the transit-angle distribu-
tion be uniform over an angle of width « as illustrated
in Fig. 14. This means that electrons leaving A at some

Fig. 14—Uniform transit-angle distribution

instant {—Tmex+0/2w, (where Tmax is the maximum
transit time between A and B) result in the arrival of
electrons at a uniform rate at B between two later
instants, the ecarlier of which is ti=t—a/2w and the
later of which is tz=t+a/2w. The signal at B at any
instant is obtained by averaging the current, which
leaves A between { —a/2w and (+a/2w.

Thus, if the current at A is T4 sin w!, that at B is

t+al2w t4al2e
Ip =1 f sin wid! / f dt
t—af%w t—af2w

(16)
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=1, sin w! (17
|«
| 7
(24
I Sin-;
n _ . (18)
T4 sin wf @
2

Now since 14 sin wt is what the current would be at
B in the absence of transit-angle spréad, /14 sin w!
is the measure of decrease in the alternating amplitude
of the current at B caused by the transit-angle spread.
If A is located at the input of the multiplier and B at
its output, then the ratio Ip/I4 sin wf is also the ratio
gmd/gme. This latter ratio has alrcady heen defined as
the frequency response.

Thus, for the case under consideration

sin a/2

) (19)

Sfrequency response =
’
Now the actual transit-angle spread is a. The rela-
tive spread is then defined as R =a/wrmax Where Tpmax is
the maximum possible transit time between 4 and B
for all electrons.

B. Nonuniform Transit-Angle Distribution

Let P(#) (see Fig. 4) be the relative transit-angle
distribution between points 4 and B of a multiplier.
The transit-angle distribution is

Flwr) = P ( > = P(6). (20)

WTmax

This means that clectrons leaving 4 at any instant
lo arrive at B between t=t, and {=ly+Tmx at a rate
given by

Flo(t — to)) = F(wr). (21)

From section 111C it is obvious that
f Flwr)dwr = 1.
0

In this case, since the current leaving A4 is I, sin (wto),
that at B is

Iy = IA f - F [w(l - Io)] sin (wlo)d(wlo). (22)

Since w(t—1to) =wr and since d(wty) = —d(wr), it fol-
lows that (22) can be rewritten as

I, = lAf F(wr) sin w(t — r)dwr. (23)
0

Upon integration this takes the form
Iy = Kl sin (wf + \) (24)
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where K is a constant less than unity, and X is a phase
angle. To find K, one proceeds as follows:

1. Assign any value, say wh, tow! in Fw(f —1,) of (23)
and evaluate. The result will he

Ay = K sin (wf) + \). (25)
2. Then assign the value (wh+m/2) to wt and oltain
Ay = K cos (wl; + N).

Therefore
K = /A2 4+ A, (20)

What may be done in practice is to plot F(wr) and
sin w! on the same horizontal scale, disregarding their
relative position or “phase” and then evaluate

) St ormael () sin wtd(wf)
L T T B e d(wl)

w ‘—me.

(27)

The F(w!t) curve is then shifted 90 degrees on the
horizontal scale and A, evaluated,

If Fis a symmetrical function, its symmetry co-
ordinate can be made to coincide with the maximum
of the sine function and one obtains immediately

K=—. (28)

A comparison of (24) with (17) indicates that corre-
sponding to any form of F we can find an angle a,
referred to as the equivalent transit-angle spread, over
which the transit-angle spread is uniform, which yields
the same reduction in signal amplitude. The value of
a is given by

sin a/2
K=——. (29)
a/2
Thus, K of (24) is the frequency response of the multi-
plier whose equivalent transit-angle spread is a.

Arrexpix 11
Combination of Independent Spreads

It would be extremely convenicnt to have some
simple rule for combining transit-angle spreads pro-
duced by independent causes. In one case, that of scc-
tion 111 C the resultant spread caused by the cffects
of initial velocities in succeeding stages of a multiplier
has been computed by quadrature and the results are
given in Fig. 4. \We now examine the possibility of using
these results for establishing an cmpirical combination
formula.

By application of the method of Appendix 1, it is
found that the relative fransit-angle spread in terms
of the maximum transit angle through a single stage
as unity is given by 0.108, and 0.184, and 0.244 for the
1-, 2-, and 3-stage multiplicrs, successively. Now

0.184 = (0.1084/3 + 0. 1084/3)3/4
and 0.244 = (0.1084/3 4 (0. 1084/3 4 (). 1084/3)3/4,
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Thus, for the combination of spreads caused by ini-
tial velocities it appears that a suitable law is

A = [pz‘:ap4l3]3l4
p=1

where «, is the equivalent transit-angle spread for the
p'th stage and A is the equivalent angle for all =
stages.

As has been mentioned in section 1V, the spread in
a 2-stage multiplier from path differences alone may be
less than that in 1 stage. However, when all effects are
combined in a multistage multiplier, the spread un-
doubtedly increases with the number of stages but less
rapidly than in a linear manner. In the absence of a
perfectly general law applicable to all structures we
shall attempt to apply (30) to the combination of
spreads produced by any cause whatsoever in a multi-
stage multiplier.

In general, while the over-all spread may not be
given exactly by (1), we do know that

4 < Za,, (31

where a, is the individual spread from any cause what-
ever. This expression serves as a check upon the ex-
perimental confirmation of theory by use of the rela-
tion

(30)

sin 4/2
A/2

since the frequency response can be measured and A
computed.

[frequency response =

ArpENDIX II1

Corrections for Lead and Electrode Resonances
A. Input End

Consider a circuit as shown in Fig. 15. This may be
considered as the input end of a voltage-controlled
multiplier. 4 and B are the terminals outside the tube.
It is desired to know the actual voltage E, across the

! 2
E« g
1 J ||
8 | |

& "Eqﬁ‘

Fig. 15—Input circuit of voltage-controlled multiplier.

control electrodes in terms of E,. This problem has
been considered by Nergaard® who found that

E'r - - : (32)

The terms in this expression are defined in section VI.

B. Output End

The output circuit of a multiplier is shown in Fig. 16.
This may be represented schematically by the circuit
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of Fig. 17 where L, and r, refer to the external circuit,
L, is the inductance of the tube leads, r: their resist-
ance, and C is the capacitance of the anode to every-
thing else. E, is the voltage observed at the tube ter-
minals. E, the voltage between screen and anode, i.e.,
between L and M, is desired in terms of E,.

ANODE

SCREEN
GRID

LARGE 8Y-PASS +
CONDENSER
Fig. 16—Output circuit of
voltage-controlled mul-
tiplier.

Fig. 17—Equivalent output circuit.

The output circuit resonant impedance R, is that
existing between L and M. An expression for R: in
terms of voltage readings between 4 and B is desired.

The impedance Z between 4 and B is given by

1 1 1
Z ot t 1 =
Z r )
e ra + jwLs + ]-;_C
jwrsll — L + 1 + jwrilC — o*L,C (34)
T (r1 + jwL)(1 + jer — w*LLC)
At resonance,
w(Ly + Lo)C = 1
and in practice,
n<«wl, and wrC L1 — w?LC.
Then, (34) becomes
L e
Z Ll — L)
or
Li(1 — w?LC)
Z=Ri=—"""77T
(rn + r2)C
L 2LL\L
_ 1 WLl (35)

(r1‘+ re)C ; (r1 + r2) .

Now R, the resonant impedance between L and M, is

_ (L + L) _ L, " L.
(n+r)C ni+nC N+ r2)C

Since the power dissipated in the circuit is a fixed
quantity,

(36)

2

E?r  Fp?
R, R
R:
Eo=Fy g/ —- (37)

Ry



Substituting (36) in (38), we obtain

gy g/t U
b b W/ L 1 - oLC

If the resonant frequency of the output circuit is
far removed from that of L, and Cin scries (the series-
resonant frequency of the output clectrodes and leads)

then )
ke ('f,,;)

where f., is the resonant frequency of L and C. (This
has been proved by Nergaard.5)

The output transconductance (sce section VI) is
given by

(38)

(39)

1‘ /‘R2
Ve 1 YR

E, R, E, R,

Emd =

1 I, | DN /a1 — Wil ()
= = [ . V (40)
E~, \/RzR] Ly R| L] + Lz
¥ s (3]
= - . (41)
e = e m V L+ L Joo
Substituting (32) in (41), we finally obtain
1 K, \?
IRLIET)
Rl Eu fn )
an \*]
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The Orbital-Beam Secondary-Electron Multiplier
for Ultra-High-Frequency Amplification”

H. M. WAGNERY, MEMBER, LR.E.,, AND W. R. FERRIS{, NONMEMBER, LR.E.

Summary—A developmental ultra-high-frequency receiving tube in
which secondary-emission electron multiplication has been applied to a
conventional high-transconductance tube structure to increase the
transconductance without a corresponding increase in interelectrode
capacitances and input conductance is described. It was designed
primarily for wide-band amplification at a frequency of approximately
500 megacycles, as required for television radio relay systems. The tube
uses conventional circuils and requires a power supply of less than 400
volts. The structure adopted permits the most efficient use of the
secondary-emission multiplier consistent with satisfactory life and good
high-frequency performance. The structure also permits the use of beam
deflection to provide a convenient gain-control method, hf:ee from the
input capacitance and conductancevariations atlending the usual grid-
bias control. A novel method of measuring interstage gain, involving
the use of transmission lines, is discussed.

DEsIGN CoNSIDERATIONS OF ULTRA-HIGH-FREQUENCY
AMrLIFIER TUBES

HE NEED for a recciving tube for amplification
Tof ultra-high-frequency signals in the neighbor-
hood of 500 megacycles per second, particularly
for television relay links and services where a wide
band of frequencies is transmitted, has led to the de-
velopment of a type of tube descriptively called an
orbital-beam secondary-emission multiplier. This type
of tube has a cathode with a conventional control-grid
structurc and makes use of secondary emission to aug-
ment the transconductance. The increase of trans-
conductance is obtained without a proportionate in-
crease in the capacitances and loading of the input and
output circuits. The developmental design, to be de-
scribed in this paper, is especially suited for amplifica-
tion at frequencies as high as 500 megacycles, but may
* Decimal classification: R330XR262.4. Original manuscript
received by the Institute April 10, 1941, Presented, Sixteenth An-
nual Convention, New York, N. Y., January 10, 1941,

t Research Laboratories, RCA Manufacturing Company, Inc.
Harrison, N. J.
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also be valuable as a high-gain amplifier for lower-
frequency applications, and tests indicate that the
tube may prove useful at even higher frequencies.
For many reasons, it is desirable to have small
capacitances between the electrodes of high-frequency
amplifier tubes. The input and output capacitances
often become a large part of the total capacitance of
the circuits which are connected to the tubes and,
hence, affect and limit the performance of these cir-
cuits. The properties of the tuned circuits which couple
one tube to the next tube in a multistage amplifier are
governed by the circuit capacitance. For example, a
tuned circuit connected across the output of a tube
has an impedance which varies over the received band
of frequencies. This impedance variation consequently
changes the amplification. A given band width can be
amplified with a response “fat” to within a prescribed
amount, by shunting the tuned circuit with a resistance
small enough to satisfy the broad-tuning requirements.
In fact, the value of equivalent shunt resistance varies
almost inversely as the band width and circuit capaci-
tance. Thus, for a given band width, the larger the
capacitance, the smaller the output circuit resistance,
and the smaller the amplification. Because the output
resistance has to be small to meet wide-frequency-
channel requirements, conventional tubes fail to
amplify even at relatively low frequencies. In order to
obtain sufficient gain per stage over a wide band, tubes
designed: for this service must have a high transcon-
ductance and their input and output capacitances must
be as small as possible. A factor that has been used as
a figure of merit of a tube is gm/\/CiCy, where g is the
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transconductance and C; and C; are the effective input
and output capacitances of the tube. Of course, the
limiting values of circuit capacitances are the capaci-
tances of the tube itself. It is important that the design
of an ultra-high-frequency tube satisfy the special re-
quirements for wide-band service in addition to the
general requirements of satisfactory ultra-high-fre-
quency operation.

One very effective method of minimizing input
capacitance in a tube is to use small input electrodes,
for example, a small cathode and a control grid which
produces small modulated current, and then to make
use of the phenomenon of secondary emission to gener-
ate a larger current, thus effectively increasing the
transconductance of a low-capacitance input structure.
The output capacitance of a tube can be reduced by
utilizing beam formation which causes the electrons to
be collected by an anode of small area and small
capacitance.

THE ORBITAL-BEAM MULTIPLIER

Fig. 1. shows a photograph of a developmental re-
ceiving tube in which secondary emission and beam
formation are” employed. The electrode structure is
mounted within a cylindrical glass envelope. The leads
are arranged radially and are sealed through an acorn-

Fig. 1—Photograph of orbital-beam multiplier.

type scal at one end of the bulb. The arrangement of
electrodes in a cross-sectional view is illustrated in Fig.
2. The input electrode system consists of a cathode K,
control grid G, and the accelerating grid Ga. The long
oxide-coated cathode is placed parallel to the axis of
the tube. The opposite faces of the cathode adjoining
the control-grid wires are made flat in order to produce
two well-defined beams emerging from the cathode in
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opposite directions. The positive grid G: which is
placed near the control grid serves to draw sufficient
current from the cathode with the control grid operated
at a negative potential. The electron-optical operation
of the tube is indicated in the figure. The primary
electrons are emitted by the cathode, and pass through
the control grid and screen grid as in the usual tetrode.
They then follow the curved paths 4-4 between the

SECONDARY = ELECTRON
EMITTER
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Fig. 2—Schematic cross section of orbital-beam multiplier.

cylinders J, and J; and strike the secondary-emitter
target K, where secondary clectrons in the proportion
of about five secondaries to one primary are emitted.
These secondary electrons are attracted by the output
anode, which operates at a potential considerably
higher than the sccondary emitter and performs the
function of the plate in a conventional tetrode. A mag-
netic field is not required for the use of this tube. The
electrons follow the paths A-4 under the attractive
force of the highly positive central electrode Jy but do
not strike it. The shape of these paths is, of course, ex-
plained by the centrifugal force acting on the electrons;
this force just equals the radial attraction of the central
conductor for the electrons. The motion is suggestive
of that of a planet in its orbit about the sun, hence,
the use of the term “orbital beam.”

The radius of the orbit may be conveniently changed
by varying the potential of the outer cylinder J,. When
electrode Jp operates at zero potential the clectrons
normally follow the path 4-A. When J; is made nega-
tive, the beams follow paths such as B-B, and some
of the electrons are diverted to the inner cylinder Jy
thus reducing the output plate current. This feature
affords a very useful method of volume control. It is
particularly useful in high-frequency circuits because
its action is not accompanied by changes in the cathode
current. Thus, the method avoids the objectionable
changes in input capacitance and conductance which
the method of controlling volume by variation of the
cathode current usually introduces. The deflection
volume-control characteristic is shown in Fig. 3.

Other static characteristics of the developmental
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Fig. 3—Volume-control characteristic provided by
deflection of the electron beam.

tube are shown in Table I and in Figs. 4 and 5. The
figure of merit gn/+/CC; for this tube is about 3100
(micromhos per micromicrofarad) as compared with
1210 for the RCA-6AC7/1852. ,
Attention has been given in the tube design to the
cffect of the transit time of the clectrons, not only
from the familiar viewpoint of an idealized picture of

TABLE 1
TyPICAL OPERATING CONDITIONS FOR DEVELOPMENTAL MULTIPLIER TUBE

Plate (output anode) voltage 370 volts
Secondary-emitter voltage 240 volts
Outer focusing-electrode voltage 0 volts
Inner focusing-electrode voltage 300 volts
Grid No. 2 voltage 45 volts
Grid No. 1 voltage =1 volt

12 milliamperes
9.5 milliamperes
3.5 milliamperes
15,000 micromhos
6.5 micromicrofarads
3.5 micromicrofarads
3100 micromhos per micromi-
crofarad

Plate current

Secondary-emitter current
Cathode current

Grid No. 1-plate transconductance
Input capacitance

Output capacitance

Figure of merit
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Fig. 4—Transfer characteristics of orbital-beam multiplier.
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Fig. 5—Plate characteristics of orbital-beam multiplier,

a uniform clectron flow, but also on the basis of con-
sidering the spread in transit times of all the different
clectrons in their different paths between cathode and
anode and the resultant effect on over-all trans-
conductance. In this tube, as in the acorn tubes, the
spacings of control grid to cathode and of screen grid
to control grid are very close; thus, high transconduc-
tance and minimum electron transit time are obtained.
The rectangular cathode, coated only on the flat faces,
and the parallel-plane grid structure provide narrow
rectilinear beams of clectrons which are casily focused
on the sccondary-emitter target K, The transit time
from the cathode to the ¢ontrol grid, with this con-
struction, is substantially the same for all clectrons.
This is important in keeping the input conductance
low, since the clectrons originating under the grid
side rods in a tube having the cathode completely
coated, although few in number, have a long transit
time and can contribute heavily to the input conduc-
tance but contribute very little to or actually reduce
the transconductance. The sccondary clectrons are
cmitted by the target K; with substantially no time
lag, but with considerable spread in velocity of emis-
sion. The velocity spread, however, is not serious with
this design because there is only a single stage of
multiplication and because the output clectrode P
which collects the secondary clectrons is quite close to
the secondary-emitter target. It is quite important that
the total transit time for each clectron from the control
grid to the output clectrode, or rather the sum of the
primary- and secondary-clectron transit times, be the
same for clectrons emitted from various parts of the
cathode. The use of the rectangular cathode, the nar-
row beams, and the special shape for the secondary
emitter all contribute to this end. If this condition is
not met, the contributions of the various electrons to
the output current will not be in phase and, therefore,
a serious loss in transconductance will result at ultra-
high frequencies.

The cylinders J, and J, perform functions, already
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mentioned, as accelerators, focusing electrodes, and de-
flecting electrodes for the electron beams. They also
serve as highly effective electrostatic shields between
the control grid and output anode. Thus, the internal
direct capacitance between these electrodes is reduced
substantially to zero. These shields also act as baffles to
keep materials evaporated or otherwise driven off
from the cathode from reaching the secondary emitter.
Such materials usually poison secondary-emitting
surfaces.

ULTRA-HI1GH-FREQUENCY CIRCUITS
AND MEASUREMENTS

The arrangement of leads and circuits can be seen in
Fig. 6. The arrangement of leads was governed by the
requirement of providing a maximum of isolation be-

Fig. 6—Experimental amplifier for 500-megacycle measurements
on orbital-beam multiplier.

tween the input and the output electrodes, leads, and
circuits. In some cases several leads are used for the
same electrode in order to minimize lead impedance
and to reduce loss produced by circulating currents.
Two adjacent leads are used for the control grid Gi;
two leads outside the grid leads are used for the
cathode to provide a low-impedance circuit for the
grid-cathode circulating current. The leads for the sec-
ondary emitter and the output electrode are placed
opposite the control-grid leads in order to provide a
maximum of separation. The other electrodes, heater,
screen grid, and focusing electrodes, have their leads
arranged in intermediate positions. All electrodes other
than the control grid and anode are usually by-passed
to a radio-frequency ground by means of condensers.
At the highest frequencies, special circuits may be
used to tune out lead impedances.

Measurements of the performance of the tube as a
voltage amplifier were made at ultra-high frequencies.
The following data obtained at 500 megacycles are
representative of these measurements.

Band width 6 Mc
Voltage gain 7 times

11 Mc
S times
Of interest are measurements showing that the trans-

conductance at frequencies as high as 500 megacycles
is not greatly different from the static value of 15,000

micromhos. That the loss in transconductance is small
demonstrates that the time lag of secondary emission
(or more accurately the spread of emission lag) is less
than 10~? second.

Experimental measuring equipment used in making
some of the high-frequency tests on the orbital-beam
multiplier is also shown in Fig. 6. The tube is held in a
low-loss socket. Two concentric cylindrical transmis-
sion lines are placed on opposite sides of the socket. One
line is loosely coupled to an oscillator and applies the
high-frequency voltage to the control-grid terminals
of the tube. The other line is connected to the anode of
the tube and receives the amplified output. Both lines
are made with sliding short-circuiting bars which are
used to tune the lines to the oscillator frequency. A
diode vacuum-tube voltmeter mounted on each line
can be slid back and forth to measure voltage at any
point on the line. Sliding of the voltmeters is made
possible by a long slot cut through the outer cylinder
of each concentric transmission line. Small high-fre-
quency by-pass condensers connect the socket termi-
nals to a copper base plate and to the outer cylinders
of the transmission lines.

The measurement of gain at frequencies of the order
of 500 megacycles presents serious difficulties when
ordinary methods are employed. The tube capaci-
tances and the inductance of the leads are of such mag-
nitude that they tune to a frequency nearly as low as
and often even lower than that of the applied signal.

§TO U=-H-F SIGNAL GENERATOR

INNER CONDUCTOR OF

OUTER CONDUCTOR OF
CONCENTRIC LINE

CONCENTRIC LINE

*.:.4.“_.‘;;6:']'.1-:.?
—]

= = ]" TO PLATE

INSUCATORCA :7::.;.45’.1:

R s

MOVABLE SHORTING | "$ g |
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U-H-F VOLTAGE
DISTRIBUTION

Fig. 7—Schematic diagram showing voltage distribution and volt-
meter connection of test amplifier shown in Fig. 6.

This difficulty necessitates the use of coupling schemes
which can make the best use of the input power to
drive the tube and the output power supplied by it in
spite of the fact that voltage nodes occur near or
actually inside the tube. Transmission lines with sliding
bridges are convenient coupling devices for measure-
ment purposes since they are easily tuned and since
voltmeters are easily applied at any point along them.

The transmission lines employed in the testing of
these tubes usually were effectively three quarters of
a wavelength long. Account must be taken of the leads
of the tube and the interelectrode capacitances. The
distribution of voltage with this system is indicated
qualitatively in Fig. 7. When the characteristic im-
pedance of the lines is much lower than the internal
shunt grid or plate resistance of the tube, and also
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lower than that of the voltmeters indicated in the
figure, the lines have the characteristics of transformers
and in addition may be tuned to resonance very satis-
factorily.

The actual method of measuring the gain of these
tubes with resonant lines is as follows:

A voltage source is loosely coupled to the grid circuit
of the tube as indicated in Fig. 7 and the line is tuned
by sliding the bridge B; to give maximum deflection
on the grid voltmeter V;. A mental note of the deflec-
tion is made and the voltmeter is moved to a new posi-
tion a few millimeters along the line which is retuned
to give a new maximum reading V,. This is repeated
until a position is found for the voltmeter which pro-
duces its greatest possible deflection. In effect, the volt-
meter is then located along the line at such a distance
from the voltage node that the voltmeter is matched
to the line and tube circuit so as to absorb maximum
power. There are three positions along a three-quarter-
wave line which give this same maximum deflection,
one near the short-circuited end of the line and a posi-
tion on either side of the voltage node near the tube.
However, when the tube input capacitance and lead
inductance cause a voltage node to appear within the
tube or near the end of the line, the position farthest
from the tube is ordinarily employed as illustrated by
the position of the plate voltmeter in Fig. 7. \Vhen the
ultra-high-frequency power is introduced near a volt-
age node and the voltmeter kept out of the coupling
field, the maximum voltmeter reading indicates ap-
proximately equal power division between the volt-
meter and the grid of the tube, provided certain condi-
tions are realized. A lengthy analysis indicates that the
approximation is satisfactory, providing a low-loss
line is used, when (1 =2Zo/R)*+(ZwC) is of the order
unity or greater, Zo, R, and C being, respectively, the
surge impedance of the line, the shunt resistance, and
the capacitance of the tube input. These conditions
insure the presence of standing waves on the line. The
voltmeter impedance should be larger than the surge
impedance of the line. This adjustment of the grid cir-
cuit is maintained with the grid voltmeter in place and
the plate-circuit transmission line is then similarly
tuned and another voltmeter V3 is likewise moved along

the plate line until a position which gives V, its great-
est deflection is found. Stray coupling from the output
to the input circuit may necessitate a readjustment of
the input voltmeter and the input tuning which, in
turn, may require a readjustment of the plate circuit,
but a few successive trials will enable the best position
for the two voltmeters to be found. Then, the power
consumed by the voltmeter V, is equal to that dissi-
pated by the effective shunt output resistance of the
tube under test. The ratio of the reading of the plate
voltmeter to that of the grid voltmeter gives the maxi-
mum voltage gain possible with the tube under test,
when the tube is used as an interstage amplifier be-
tween two similar tubes.

The advantages of this method of test are that no
exact knowledge of the impedances of the tube under test
or of the two voltmeters need be had, provided only that
the voltmeters have equal resistance. Neither is it neces-
sary to have an absolute calibration of the voltmeters
if their readings are proportional in a known way to the
applied voltage.

Band-width measurements have been made in a
number of ways but the most straightforward is the
use of a calibrated signal generator and a plot of the
response curve of the plate voltmeter against the fre-
quency.

Values of tube input and output impedance and
transconductance at high frequency can be computed
roughly from measurements of the lengths of the trans-
mission lines together with separate measurements of
the tube capacitances and ‘voltmeter impedances.
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Author’s Note

In my article “The Response of Electrical Networks to Non-
sinusoidal Periodic Waves™* | stated that current is continuous in
any circuit. It has been brought to my attention that this is a con-
fusing statement. What is meant there is that in any circuit which

is inductive, the current itself is continuous, and in every capaci-
tance, the accumulation of current or charge is continuous.

Nathan Marchandt

* Proc. I.R.E., vol. 29, pp. 330-333; June, 1941.
t Federal Telegraph Company, Newark, N. J.

Discussion on

“The Response of Electrical Networks to
Nonsinusiodal Periodic Waves”*

Herbert Sherman:' Mr. Marchand has presented an interesting
method for the solution of single-mesh problems. His method may
be extended to the general #-mesh case, but the labor involved
in solving anything higher than two meshes becomes considerable
because the expansion and solution of two or more determinantal
equations is required.

He classifies two methods of solving such problems as the
Fourier series method and the “transient series” method. There is
a third method which is far more powerful and useful than either of
those mentioned. It requires the knowledge of Laplacian transforms
and complex integration which are, today, the most powerful tools
of the circuit analysts. An exposition of the method of “finite
transforms” (a name originated by Jacob Millman of the College of
the City of New York) or of “Fourier series obtained operationally”
is given by N. W. McLachlan in his book, “Complex Variable and
Operational Calculus,” Cambridge University Press, 1939, p. 131,
or in his article, “Fourier series obtained operationally,” Phil. Mag.,
January, 1938.

The “finite transform” is a method of expressing the non-
sinusoidal periodic voltage as a transform over one period thus:

JTe(t)e>dt

1—¢?T

where T is the time for one complete period.

This “transformed voltage” may now be used to solve the more
general n-mesh problem by conventional transform methods with
the solution of only one determinantal equation.

* Proc. I.R.E.. vol. 29, pp. 330-333; June, 1941.
1 Signal Corps Representative, Bendix Kadio Corporation, East Joppa Road.
Towson, Md.

Corrections

S. A. Schelkunoff has brought to the attention of the editors
the following corrections to his paper “Theory of Antennas of Ar-
bitrary Size and Shape,” which appeared in the September, 1941,
issue of the PROCEEDINGS on pages 493-521:

On page 494, a section of the last paragraph in the left column
reads: “Some writers*=. . . other writers’™12.” It should read: “Some
writers?™: 12, . . other writers.””™"

On page 509, the parenthetical remark in the second line up-
ward from equation (69) reads: “See footnote 20.” It should read:
“See Section 1X.”

Dr. Schelkunoff also calls attention to the following errata in his
paper “Transmission Theory of Plane Electromagnetic Waves,”
which appeared in the PROCEEDINGS for November, 1937, on pages
1457-1492.

Equations (82) and (84) apply if m=0 and 70, If m>0 and
n=0, then (82) should be

2R
a. = — (0.5 + pp?)(1 — »?)712,
nb

Institute News and Radio Notes

described. A comparison was given of a

SeCtlonS 5.inch Permatic speaker and a permanent-
-Ni FORTHCOMING magnet speaker of similar size. It was
Buffalo Nlagara MEETINGS shown that the new speaker required, on

L. C. F. Horle, consulting engineer, |
presented a paper on “Some Aspects of the
Impact of War Economy on Civilian
Radio.” This broad treatment of the sub-
ject, which included the manufacture of
both parts and sets, was followed by a
symposium in which five speakers treated
specific divisions of the field.

D. J. Phelps of the General Instrument
Company discussed the problem of obtain-
ing material for variable air condensers.
The desirability of standardizing condens-
ers to reduce inventories was pointed out.
Substitute materials are replacing alumi-

' Winter Convention
New York, N. Y.

January 12, 13, and 14, 1942 '

Summer Convention
Cleveland, Ohio

June 29, 30, and July 1, 1942

of material required for the permanent-
magnet speaker.

H. A. Williams of the Stackpole Carbon
Company talked on iron-core tuning and
powdered iron cores for radio-frequency
chokes and intermediate-frequency trans-
| formers. He stated that there is not likely

to be any shortage of material used in the
‘ manufacture of these items.

|
| theaverage, only 59 per cent of the amount
i
|

A paper by H. C. Forbes of the Colonial
Radio Corporation on “Receiver Circuit
Design” was read by . C. Tittle of the
same organization. In it, the impact of the

num and it is anticipated that there will
be no shortage in the supply of tuning
condensers.

J. T. Hood of P. R. Mallory Company
described the case for the electrolytic con-
denser. Satisfactory substitutes are very
difficult to obtain in this field. Aluminum,
glyco, glycerin, copper wire, and quality
paper are all on the priority list. The trend
is toward reducing the quantity of ma-
terial required for a condenser of given

November, 1941

capacitance and it was pointed out that a
74 per cent reduction in aluminum has
already been made by the development of
etching and spraying processes. Standardi-
zation of sizes, shapes, and electrical rat-
ings would be helpful in reducing inven-
tories.

T. S. Trzyna of Quam-Nichols Com-
pany discussed loud speakers. The con-
struction, operating principles, and char-
acteristics of the “Permatic” speaker were

Proceedings of the I.R.E.

defense activities in this country on the
radio industry were outlined. Substitutes
are for many materials used in radio re-
ceivers and in some cases the substitutes
become unavailable and must be replaced.
Tool steel and man-hours are essential if
the industry is to continue and will be ef-
fective if a forecast of the forthcoming
shortages proves correct.

October 10, 1941, E. 1. Roy, chairman,
presiding.
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Chicago

“Direction Finding at Medium High
Frequencies and the United Air Lines
Ground-Station Direction Finder” was the
subject of a paper by P. C. Sandretto,
superintendent, and E. P. Buckthal, com-
munications engineer, of United Air Lines
Transport Corporation.

Mr. Sandretto introduced the subject
with a description of the early long-wave
direction finders used on commercial air-
craft.

Fading and the deviation of waves were
then discussed. The use and behavior of
polarized waves were treated.

A description was given of modern air-
craft direction-finding equipment. For
comparison purposes, pictures of earlier
equipment were shown. These included the
Adcock antenna and the goniometer. Con-
ventional spaced loops were then described.

The equipment used by the United
Air Lines was then described. A double-
loop antenna is employed. The operation
of the system was considered and it was
pointed out that no excessive horizontal
errors have been found with it. Although
the null indication may be obtained aurally,
greater accuracy results from recording
with an inked stylus. This recording per-
mits ready detection of fading conditions.

Mr. Buckthal then described the equip-
ment in detail. The coaxial, coplanar loop
and its advantages over the Adcock loop
were discussed. By employing a vertical
antenna and the loop, a cardioid pattern
having a sharp null is obtained.

Superheterodyne receivers using crys-
tal filters at the intermediate frequency to
obtain high selectivity are used. Addi-
tional selectivity is obtained by the use of
filters in the audio-frequency section of the
receiver. The detector is designed for op-
erating a recorder. The 360 degrees are
spread over approximately eleven inches
of arc on the record sheet. A special rule
marked in degrees differentiates effectively
between null and maximum values.

At frequencies below 500 kilocycles,
the accuracy of aircraft direction finding
varies inversely with the distance. It de-
parts considerably from this inverse law
at higher frequencies. With the double-loop
system, no error exceeding 7.5 per cent has
been found.

September 19, 1941, K. E. Hassell, vice-
chairman, presiding.

Cincinnati

“Sound Isolation and Acoustical Treat-
ment of Radio Broadcast Studios” was the
subject of a paper by Lon Green, Jr., presi-
dent of the Acoustical Construction Cor-
poration.

The adjustment of conditions within
the studio by means of acoustical treat-
ment was first considered. The best pro-
portions for a studio were stated to be 2
units high, 3 units wide, and § units long.
Good designs usually incorporate high ceil-
ings and avoid square studios and regular,
large, curved surfaces, Smaller curved sur-
faces are useful in some designs.
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Old-style studios and their characteris-
tics were described and compared with
modern structures. Curves showing the re-
quired characteristics of studios were pre-
sented.

By combining various types of con-
struction and acoustical treatments, al-
most any desired characteristic can be ob-
tained. Low-frequency sound absorption
increases as the acoustical base of the
studio walls is made thicker. Practically
all of the high-frequency absorption takes
place at the covering material.

The isolation of outside noises and
sound was then considered. Air-condition-

. ing systems are the principal carriers of

such sound. Ducts are lined with sound-
absorbing material to prevent this. Eleva-
tor noises are sometimes carried through
such systems.

Most studios are placed in the center
of buildings to reduce street noises. En-
trance to the studios is through vestibules
to provide adequate isolation from outside
halls.

September 29, 1941, J. M. McDonald,
chairman, presiding.

Cleveland -

“Amplifier Characteristics and Their
Relation to the Design of Negative Feed-
back Systems” was the subject of a paper
by F. E. Terman, president of the Insti-
tute and head of the department of elec-
trical engineering of Stanford University.

Emphasis was placed on radio trans-
mitters but audio-frequency amplifiers
were also covered. For feedback in general,
a few simple rules were stated. (1) For a
large amount of amplification, make the
coupling resistance about equal to the
screen-grid resistance. (2) For high output
voltage, the screen-grid resistor should be
about 0.1 to 0.2 of the value of the grid-
leak resistor. (3) Resonance, in general will
give 180-degree phase shift. (4) Resistance
and capacitance will give a 90-degree phase
shift. For transmitter work, it should be
remembered that the sidebands are shifted
from the carrier.

It was stated that when feedback is
applied to more than one or two stages,
considerable difficulty may be encountered.

A high slope in the transmission char-
acteristic gives a large phase shift. If the
slope is not too abrupt, an estimate can be
made of the phase shift at a desired fre-
quency. The maximum permissible rate of
cutoff in a feedback amplifier is about 10
decibels per octave. If transmission is to in-
clude frequencies up to 10 kilocycles, con-
trol of frequencies up to 100 kilocycles must
be provided and if the transmission is to ex-
tend down to 100 cycles, the control must
be effective to 7 cycles, in a typical case.

Though consideration was given to the
problem of phase shifts, the final discussion
concerned only the magnitudes of amplifi-
cation, feedback, and attenuation in the
control of undesired frequencies. It was
pointed out that for practical purposes,
phase shift need not be considered.

September 17, 1941, Carl E. Smith,
chairman, presiding.
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Connecticut Valley

A. B. Chamberlain, chief engineer of
the Columbia Broadcasting System, pre-
sented a paper on “C. B, S, International
Facilities.”

An outline of the developments in high-
frequency broadcasting was first presented.
International transmissions from the
United States are now on a commercial
basis.

The Columbia Broadcasting System is
affiliated with 60 stations in Central and
South America and has contracted for
rebroadcasting of its programs on 29 high
frequencies and by 34 transmitters utiliz-
ing the regular broadcast band.

The new international high-frequency
transmitters are located at Brentwood,
I.ong Island, New York. The programs
will originate in some 30 studios in New
York City and will be transmitted to
Brentwood over 3 frequency-modulated
transmitters operating at 330 megacycles.

The transmitting plan consists of 3
exciters and 3 power amplifiers of 50 kilo-
watts output each. An exciter may be
connected to any of the amplifiers. Two
high-level modulator units which utilize
high-frequency pre-emphasis, are pro-
vided. There are 2 rectifier units for sup-
plying power to the amplifiers.

With 2 channels operating simultane-
ously, an exciter and power amplifier are
available for emergency purposes. Instan-
taneous change-over from one frequency
to another in the band from 6 to 22 mega-
cycles is also possible. The output on each
channel will be 50 kilowatts at 100 per
cent modulation in the range specified
above and with an audio-frequency range
having variations not greater than 0.5
decibel between 40 and 10,000 cycles.

By means of 39 switches, the power
amplifiers may be connected to any of 13
antennas. Some of the antenna arrays are
arranged for simultaneous operation at
two frequencies.

South America is served by 8 of the
antennas and the remaining 5 are used for
Central America, Mexico, and Europe. By
reversing the functions of the reflectorsand
radiators, an antenna can be made to oper-
ate in either direction. Field-strength
measurements at distant points are used
to establish the gain of the antennas in re-
lation to radiation from a half-wave dipole.

Scptember 18, 1941, F. G. Weber,
chairman-elect, presiding.

Emporium

L. M. Clement, director of engineering
and research of the Crosley Corporation,
presented a paper on “Engineering Or-
ganization with Particular Reference to
National Defense.”

_ The general principles of an engineer-
ing organization were considered. The
analysis was made from the standpoint
of the product manufactured by the com-
pany and its methods of doing business.
The cnginecring department should be en-
gaged in research, in the development of
uses for the company’s products, and in
the development of new devices for manu-
facture. It should work with the sales de-

.
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partment so that a marketable product
will result from its development and re-
search programs. The problems of cus-
tomers should be considered as well as the
improvement of the existing products.

Standardization, cost reduction, and
the development of future products must
also be considered. At all times the engi-
neering department must be co-ordinated
with the activities of the sales, product-
engineering, manufacturing, and other de-
partments.

The organization of the Crosley Cor-
poration and its engineering department
were described in detail. The paper was
closed with an outline of the course taken
in putting a new model into production.

October 2, 1941, R. K. Gessford, chair-
man, presiding.

Indianapolis

J. M. Whitmore, electronics engineer
of Allison engineering division of the Gen-
eral Motors Corporation, presented a
paper on “Electronics Measurements in
Aircraft-Engine Manufacture.”

Just prior to the presentation of the
paper, C. G. Cooke, assistant to Mr. Whit-
more, presented a sound motion picture
entitled “General Motors in Aviation”
which showed the production and testing
of Allison engines.

The paper covered a discussion of
measurements of linear and torsional vi-
bration, dynamic cylinder pressures, and
sound. The design of the pickup devices
used in making these measurements was
described.

September 26, 1941, S. E. Benson, vice-
chairman, presiding.

Kansas City

“Design Considerations of Ultra-High-
Frequency Aircraft Equipment” was the
subject of a paper by J. H. Gardner, chief
engineer of the Wilcox Electric Company.,

In introducing the subject, it was
pointed out that ultra-high-frequency op-
eration was stimulated by the crowded
condition of the lower-frequency bands
and the relative freedom from noise which
the higher frequencies provide.

The government has allocated 6 fre-
quencies in the 130-megacycle band and
25 frequencies in the 140-megacycle band
for aeronautical purposes. One channel in
the 130-megacycle band is reserved for
reception by the pilot and is used by the
control towers at airports. The 140-mega-
cycle band is reserved for company two-
way communication,

The design of a 10-frequency receiver
and a 4-frequency transmitter was then
described. The receiver has a sensitivity
between 5 and 10 microvolts per meter for
a 50-milliwatt output. The transmitter has
a 50-watt output with instantaneous selec-
tion of any one of 4 frequencies and a fre-
quency tolerance of 0.01 per cent.

In the receivers, spot tuning is pro-
vided by means of crystal oscillators, har-
monics of which are injected into the cath-
ode circuit for mixing. An intermediate
frequency of approximately 6325 kilo-
cycles provides a high image rejection.
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Diode detection and a direct-current am-
plifier are used to provide adequate auto-
matic volume control.

The transmitter uses the new RCA 29
twin tetrode, which requires small driving
power and is strong mechanically. The
tank circuits are of the conventional coil-
and-condenser type. Two antennas are
used.

October 2, 1941, Harner Selvidge,
chairman, presiding.

As a result of the resignation of Chair-
man Selvidge, who has moved from the
territory of the Kansas City Section, H. K.
Morgan, superintendent of communica-
tions of Transcontinental and Western
Air, Incorporated, was named chairman
and C. N. Kimball, chief engineer of Air-
craft Accessories, was designated vice-
chairman. G. L. Taylor, Midland Radio
and Television, Incorporated, continues as
secretary-treasurer.

Montreal

An inspection trip was taken to Station
CBJ at Vercheres and to the Montreal
studios of the Canadian Broadcasting Cor-
poration.

The station engineers and representa-
tives of the companies who constructed the
various transmitters acted as guides at the
station. A 50-kilowatt high-effeciency
broadcast transmitter and a 7.5-kilowatt
high-frequency transmitter were inspected.
Both vertical radiators and rhombic an-
tennas are used at the station.

After the inspection, the Montreal
studios were visited and a short business
meeting was neld.

The existing officers were re-elected
and are E. A. Laport, manager of the en-
gineering and development laboratory of
RCA Victor Company (Montreal), as
chairman; R. E. Hammond, sales manager
for the Northern Electric Company, as
vice-chairman; and W, A. Nichols, assist-
ant to the design and construction engineer
of the Canadian Broadcasting Corpora-
tion, secretary-treasurer.

May 7, 1941, J. A. Ouimet, presiding.

San Francisco

“Modern Marine Communication Equip-
ment” was presented by J. F. McDonald,
engineer of the Radiomarine Corporation
of America.

A general summary of ship radio instal-
lations required by the Communications
Act of 1934, as amended, was presented.
Various types of equipment developed
to meet the legal requirements and to
give ship-to-shore voice communication
were then described. The equipment in-
cluded radiotelegraph transmitters, voice-
modulated transmitters, portable units,
lifeboat sets, the “automatic alarm,” direc-
tion finders, receivers, and coastal-harbor
installations.

In the radiotelephone communication
system, privacy is obtained by speech in-
version. Operation is automatic by means
of voice-controlled relay circuits.

The radiotelephone installation on the
America was described. The use of iron
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cores for inductance tuning was discussed
in detail.

After the paper, an inspection tour was
made of the radio installation aboard the
Lurline.

October 1, 1941, L. J. Black, chairman,
presiding.

Twin Cities

“The Use of Radio in Modern Air
Transports” was the subject of the paper
by M. E. Knox, supervisor of aircraft
radio of Northwest Airlines, Incorpo-
rated.

The special requirements for aircraft
radio equipment were first outlined. A de-
scription was then given of the radio instal-
lation of a Douglas DC-3, 21-passenger
plane. The communications receiver is a
10-tube superheterodyne using a crystal-
controlled oscillator, with fixed tuning at
8 different frequencies. A radio-range re-
ceiver covering the band from 200 to 400
kilocycles uses the superheterodyne cir-
cuit and 8 tubes. Two additional receivers
provide automatic direction finding and a
marker-beacon service at 75 megacycles.
The 100-watt transmitter uses electrical
band-shift for operation on any of 8 fre-
quencies. A dynamotor power-supply unit
provides plate voltage for both the trans-
mitter and the receivers. Power require-
ments are about 1200 watts. The total
weight of the equipment is approximately
340 pounds. The communications receiver
and the transmitter were available for
inspection.

An antistatic cartridge was displayed.
This device permits static charges built
up on the body of the plane to be dis-
charged into the air at the tail of the plane
through a 5-foot flexible resistor and a thin
wire.

The paper was closed with a discussion
of the organization of the communications
department responsible for radio opera-
tions between Chicago and Seattle for
Northwest Airlines, Incorporated.

“Telephone Facilities for Radio Broad-
casting” was the subject of a paper by
H. C. Hawkins, transmission and protec-
tion engineer of the Northwestern Bell
Telephone Company.

A general outline was presented of the
part played by the telephone organization
in furnishing program circuits to the radio
broadcasting station. The assigning of
cables, conductors, and terminals and their
connestion to establish completed circuits
were discussed: The checking for continu-
ity, balance, cross talk, and noise was then
considered. Methods of labeling circuits
to avoid interruptions or interference with
the programs were outlined.

. Consideration was given to the require-
ments for circuits which will presumably
be needed for frequency modulation and
television.

A discussion was presented of circuits
involving both local and toll facilities and
the influence of the grade of service, price,
and the availability and duration of use
of lines. The loading of circuits was dis-
cussed in detail.

The paper was closed with a general
résumé of the services provided by the
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telephone companies for telegraph, carrier
current, and other purposes. The use of
phantom circuits was described briefly.

October 15, 1941, H. R. Skifter, vice-
chairman, presiding.

Washington

R. F. Guy, radio facilities engineer of
the National Broadcasting Company, pre-
sented a paper on “NBC’s International
Broadcasting Facilities.”

There was first presented a short his-
tory of the early international transmis-
sions. Some of the early transmitters were
described and contrasted with the modern
equipment now in use. Information was
given on the population, percentages of
radio receivers, and listening habits of the
various South American countries. Record-
ings were presented of noise and the signal
intensities of American, English, and Ger-
man high-frequency transmissions in South
America. The signal intensities from the
three countries are about equal.

A description of the steerable antennas
located at Bound Brook, New Jersey, was
given. Their characteristics were shown.

The synchronous operation of two
transmitters to produce an output of 100
kilowatts was discussed.

An outline was given of methods used
to provide service to particular sections of
Central and South America with respect
to the language used in these regions.

The paper was concluded with a discus-
sion of the international network of 92
Latin American stations which has been
developed by the National Broadcasting
Company. A description was given of the
New York and Hollywood high-frequency
listening posts.

October 13, 1941, E. M. Webster, vice-
chairman, presiding.

Books

Radio-Frequency Measure-
ments by Bridge and Reso-
nance Methods,by L. Harts-
horn
Published by John Wiley and Sons,

Inc., 440 Fourth Avenue, New York,

N. Y. 265+xiii pages. 99 figures. 6" X83".
Price $4.50.

As stated by the author, the purpose of
this book is to present, “not an encyclo-
paedic account of everything that has
been written on the subject, but a system-
atic account of the basic principles and
general working ideas, that form the tools
of the practising technician.” The book
fulfills this aim admirably, comprising, as
it does, the theory, technique, and concepts
that combine to give the necessary “feel”
for impedance measurements at high fre-
quencies.

The author follows an orderly approach
in his treatment of the subject. Part I
contains, first, a discussion of impedance
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and admittance, with an exposition of the
mathematical and physical relationships
that make it desirable to consider certain
elements and circuits as series impedances
and others as parallel admittances. This is
followed by basic analyses of resonance
methods, both series and parallel, and of
radio-frequency bridge methods. Part 11
contains a description of generators and
detectors and a detailed account of stand-
ard capacitors, resistors, and inductors,
with the residual parameters that cause
departure from idealized behavior. Part
I11 is devoted to a treatment of the meas-
urement of specific quantities by the meth-
ods developed in Part I, with equipment
composed of the apparatus analyzed in
Part II, with an additional chapter on
transmission-line methods for very short
waves.

In a book developed in this way, it is
inevitable that predilections of the author
should be evident. In the main, however,
exceptions can be taken only on matters of
opinion and not matters of fact, with the
burden of proof upon the reader in these
matters. It is, for instance, the author’s
opinion that “it would be difficult and
probably misleading to assign the methods
to individual authors. They have been
gradually evolved as the work of many in-
vestigators, and when references to original
papers are quoted, they are to be regarded
merely as examples, selected as convenient
sources of further information on special
points.” The following of this philosophy
has led to a rather brief bibliography, con-
taining only thirteen references and a quo-
tation from Hilaire Belloc's “Hills and the
Sea”—“Read less, good people, and ob-
serve more; and above all, leave us in
peace.”

The material dealing with generators
and detectors is rather general in form and
might, with profit, be made more specific.
Particularly to be noted is the omission of
any discussion of frequency limitations of
thermionic voltmeters caused by resonance
and by finite electron transit time.

In all important respects, however, the
material is complete and concise and the
book should be of great value to anyone
interested in accurate impedance measure-
ments at high frequencies.

D. B. SincLAIr
General Radio Company
Cambridge, Massachusetts

Radio Engineering Handbook
(Third Edition), edited by
Keith Henney .

Published by McGraw-Hill Book Com-
pany, 330 West 42nd Street, New York,
N. Y. 928+x pages+17-page index. 835
figures. 41" X71". Price, $5.00.

In the third edition of the “Radio Engi-
neering Handbook,” a number of changes
are noted. Six of the sections have new
authors which present a somewhat dif-
ferent point of view or at least a change
of emphasis. These sections and two others
have been completely rewritten and in
most cases the amount of material con-

siderably increased. Power-supply systems,
high-frequency transmission and recep-
tion, loudspeakers and room acoustics
have been increased about 70 per cent
and television over 200 per cent. This has
made possible the inclusion of a consider-
able amount of recent data, characteristics,
and other information. In several of the
other sections the material has been rear-
ranged and some of a historical nature has
been eliminated to make room for that
which is more useful to the practicing engi-
neer.

A short but useful table of exponential
and hyperbolic functions has been in-
cluded. Tables IV and V, on pages 195 and
196, giving the approximate constants of
rectifier instruments will be particularly
useful. Another useful table on Attenuators
for VU Meters is on page 198.

The value of a handbook is determined
by the extent to which it supplies the in-
formation sought. In this respect the one
under review has been subjected to several
random tests and has received a high rat-
ing. The index is not as complete as users
would desire, they seldom are. For ex-
ample, high-frequency ammeters are not to
be found under high-frequency or am-
meter or measurements, but under meters
and electrical measurements. Under the
letter I, the first three items alphabetically
speaking are well down the list and might
be missed completely. In a few other cases,
they are slightly out of order. One is rather
surprised to find no mention of relays in
the index and equally surprised to find La
Guardia Field included. On page 34, under
alternating current, the indiscriminate use
of capital letters for instantaneous values
and lower case for effective or maximum
values is not in accordance with standard
practice. On page 71, one finds an error
carried over from the second edition,
€= —d¢/dt (without restriction) instead of
e= —nd¢/dt. These are minor criticisms.
The handbook should be in the hands of
every radio engineer.

H. M. TURNER
Yale University
New Haven, Connecticut

Six-Place Tables, by Edward
S. Allen

Published by McGraw-Hill Book Com-
pany, Inc., 330 West 42nd Street, New
York, N. Y. 181 4xxiii pages. 7' X 44",
Price $1.50.

This is a handy pocket-size edition of
the more frequently used mathematical
tables and functions. Its usefulness is in-
creased by the provision of an ingenious
indexing system which permits the user to
turn instantly to the desired tables. Six-
place tables of both natural trigonometric
functions and their logarithms are pro-
vided as in previous editions. Appearing
for the first time are a four-place table of
trigonometric functions and their loga-
rithms for radian arguments from 0 to
3.20, a table of common logarithms of
factorials from 1 to 100, and a brief table
of two elliptical integrals.

The title of the radians and degrees




conversion tables “Corresponding values of
degrees, minutes, seconds, radians and
hundredths of degrees” appears to be a
misnomer. More appropriate would be a
title such as “Corresponding values of
radians and of degrees, minutes, seconds
and their decimal equivalents.”

E. W. ALLEN, ]JR.
Federal Communications Commission
Washington, D. C.

[~

Radio at Ultra-High Frequen-
cies, Part I

Published by RCA Institutes Tech-
nical Press, 75 Varick Street, New York,
N. Y. 448 +vi pages. 284 figures. 6" X9".
Price, $1.00.

This book contains a group of papers
by RCA engineers on propagation, trans-
mission, reception, relaying and measure-
ments involving frequencies above 30
megacycles. The papers presented in full
have been selected according to a subject-
classification plan; space limitations re-
quired the publication of correlated ma-
terial in summary form. Both of these
groups are divided-arbitrarily in two parts,
first, those papers dealing with frequencies
below 300 megacycles, and, second, those
papers involving frequencies above 300
megacycles. While the majority of the
papers are reprinted from various sources,

Contributors

such as the PROCEEDINGS of the L.LR.E.,
RCA Review, Electronics, and others, a
few original papers are included.

Of the papers given in full in the first
group for frequencies below 300 mega-
cycles, the first section on transmitting
methods and equipment covers wide-band
and directive antenna systems, with par-
ticular reference to television, frequency
control of transmitters, a cathode-ray fre-
quency-modulation generator, and a dis-
cussion on carrier and side-frequency rela-
tionships in multitone frequency or phase
modulation.

The second section, on propagation and
relaying, includes a study of ultra-high-
frequency wide-band propagation char-
acteristics, propagation, noise and service
characteristics of frequency-modulated
transmissions, and descriptions of equip-
ment in ultra-high-frequency relaying.
Bibliographies of 48 papers on these sub-
jects are included in this section.

The third section on measurements in-
cludes descriptions of wide-band variable-
frequency testing transmitter and field-
strength-measurement equipment, and
papers on a method of measuring im-
pedance at ultra-high-frequencies and a
survey of the broad field of such measure-
ments. A bibliography of 25 papers on
these subjects is included.

In the fourth section, on reception,
papers on vacuum tubes of small dimen-
sions and on antenna and receiver input
circuits are given. Few references are
given, but one is to a paper including a

rather extensive bibliography on ultra-
high-frequency transmitting and receiving
circuit technique.

The second group of papers, given in
full for frequencies above 300 megacycles,
includes one on magnetron oscillators for
frequencies between 300 and 600 mega-
cycles, one on an ultra-high-frequency
power amplifier, one on transmitters, and
one on transmission of 9-centimeter waves.
Thirty-four bibliographical references are
included.

In summary form there are respec-
tively five, five, four, twelve, and five
papers in the categories outlined above.
The summaries are sufficiently complete
to give a good idea of the subject matter.
The medium of publication is given in all
cases.

For those whose work lies in these
fields, this book should be a most useful
basic reference, .particularly since the de-
tailed material is drawn from several
sources making direct reference to the
original publications somewhat incon-
venient. An important and useful feature
is the rather extensive bibliography includ-
ing references to other similar bibliog-
raphies. The rapid expansion of and de-
velopments in the ultra-high-frequency
field may make the detailed descriptions
of equipment somewhat obsolete, but will
not impair the value of the more funda-
mental material.

J. K. CLarp
General Radio Company
Cambridge, Massachusetts

W. Lindsay Black (M ’36) was born
on February 8, 1900, at Asbury Park,
New Jersey. He was graduated from Pace
Institute of Accountancy and Business
Administration in 1936. From 1918 to

W. LiNpsay BLACK

1925, Mr. Black was in the engineering
department of the Western Electric Com-
pany. Since 1925 he has been in the radio
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development department (later commer-
cial products development department)
of the Bell Telephone Laboratories, where
he has been engaged in the development
and installation of audio amplifiers, car-
rier telephony, public-address systems,
power-line carriers systems, radio trans-
mitters, and, since 1927, speech input
equipment for radio broadcasting and
audio-frequency equipment tor other ap-
plications. He is a member of the Acousti-
cal Society of America, and the American
Institute of Electrical Engineers.

Qo

C. Irving Bradford (A '37) was born
in Newport, New Jersey, on September §,
1909. He was graduated from Bliss Elec-
trical School in 1929 and served as a tech-
nical assistant in the Bell Telephone
Laboratories from 1929 to 1930. He re-
ceived the B.S. degree in electrical engi-
neering from Rutgers University in 1933
and then spent a year at The Ohio State
University on a Coffin Research Fellow-
ship, receiving his M..S. degree in 1934, Mr.
Bradford then spent three years with
Westinghouse as an electronic tube de-
velopment engineer. Since that time he has

Proceedings of the 1.R.E.

been a member of the research staff of the
Remington Arms Company in Bridgeport,
Connecticut, and has been engaged in
electronic-tube application work. He is the
secretary-treasurer of the Connecticut

C. IRVING BRADFORD

Valley section of the Institute of Radio
Engineers.
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W. Robert Ferris was born at Terre
Haute, Indiana, on May 14, 1904. He re-
ceived the B.S. degree from Rose Poly-
technic Institute in 1927 and the M.S. de-
gree from Union College in 1932. Mr.
Ferris was in the research laboratory of
the General Electric Company from 1927
to 1930; since that date he has been a

W. RoBERT FERRIS

member of the research laboratories, RCA
Radiotron Division, of the RCA Manu-
facturing Company, Inc.

°,
g

Louis Malter (A '27) received his B.S.
degree from the College of the City of
New York in 1926 and his M.A. and
Ph.D. degrees from Cornell in 1931 and

Louis MALTER

1936, respectively. He taught physics at
C.C.N.Y. from 1926 to 1928. He was with
the acoustic research division of the RCA
Manufacturing Co., Inc., from 1928 to
1930 and during the summer of 1931.
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From 1933 to 1936 he was in the elec-
tronics research division of the RCA
Manufacturing Company, Camden, N. J.;
from 1936 to 1938 in the high-vacuum sec-
tion, and from 1938 to date in the research
laboratories of the RCA Manufacturing
Company at Harrison. Dr. Malter is a
member of the American Physical Society
and Sigma Xi.

N. C. Norman joined the research de-
partment of the Bell Telephone Labora-
tories immediately after being graduated
from Indiana University in 1925 with the
B.A. degree in physics. He continued the
study of physics on a part-time basis at
Columbia University, receiving the M.A.
degree in physics in 1928. His work at the
Bell Telephone Laboratories has been

N. C. NorMAN

mainly in the field of voice-operated de-
vices as applied to long cable circuits, the
transatlantic radiotelephone facilities, and
ship-to-shore radio circuits. Contributions
made in these arts include the Compandor
and the radio noise reducer, devices which
have lessened the effects of static on radio-
telephone facilities, Recently, Mr. Nor-
man’s work has been centered in the de-
velopment of speech input equipment for
broadcast stations.

Browder J. Thompson (A '29-M '32.
F ’38) received the B.S. degree in electrical
engineering from the University of Wash-
ington (Seattle) in 1925. He entered the te-
search laboratory of the General Electric
Company in 1926, working on vacuum-
tube research and development problems.
In 1931 Mr. Thompson transferred to the

RCA Radiotron Company in Harrison,
New Jersey, in charge of the electrical re-
search section of the research and develop-
ment laboratory. In 1940 he was appointed
associate director of the research labora-
tories of the RCA Manufacturing Com-
pany, Inc. He is a Member of the American
Physical Society.

BROWDER J. THOMPSON

,
>

Herbert M. Wagner (S *32-A '34-M '40)
was born at Boston, Massachusetts, in
1910. He received the B.S. degree from the
Massachusetts Institute of Technology in
1932 and the M.S. degree in 1933. During
1933 he was a staff member of the M.I.T,
electrical engineering department. Since
1934, Mr. Wagner has been associated

HERBERT M. WAGNER

with the research laboratories of the RCA
Manufacturing Company, Inc., Harrison,
New Jersey. He is an Associate member of

the American Institute of Electrical Engi-
neers.




with a 10 to 1 safety factor

More than a year ago, Eimac announced these Multi-Unit tubes to
the industry under the statement A Revolutionary Change in Vac-
uum Tube Design.” They were developed in the Eimac laboratories
for the precise purpose of providing a high power,low voltage (1000
to 2500 volts) tube having an extremely low internal resistance which
would operate efficiently up to 200 megacycles In actual operation
Eimac 304 T tubes are seeing service with as much as 20,000 volts
on the plates...10 times the rated voltage. Where else is there a tube
offering such a safety factor? It’s just typical of Eimac’s leadership...
another reason why Eimac tubes are to be found in the key sockets
of most of the important radio transmitters throughout the world.

FOLLOW THE LEADERS TO o/
I

Export Agents: FRAZAR & CO,, LTD l

301 Clay Street, San Francisco, Calif.

UBES

Eitel-McCullough, Inc., San Bruno, California

LOW VOLTAGE TUBE...LOW INTERNAL RESISTANCE

The triode units in these tubea arc so nearly perfect in
design that two or more can be placed within a single
envelope. Thus, the power cnpnbi{i’ues are multiplied by
the number of units employed. Example: 73T having
but a single triode unit has a plate dissi ation rating of
78 watta . . . the Bimac 152T with two of the same triode
uhits in a single bulb has a plate dissipation of 150 watts
and the 304T with four or the same units has a plate
dissipation of 300 watta. All other characteristica maintain
the same ratio. Thus, by simply re-neutralizing the trans-
mitter, these tubes nay be interchanged without altering
the efficiency of the transmitter. Available in both high
and fow Mu types 132TL and 304TL with amplification
factor of 10 . . . 152TH and 304TH with amplification
factor of 18.




THE cornerstone of this organization is a policy of continued improvement
through research and development. The Engineering and Production Staffs
of American Lava Corporation contain representatives of many of the leading
technical institutions of this country. It is typical of this organization that
it was the first to meet Specification G of the U. S. Army and Navy on
a commercial basis. Four completely equipped new laboratories sweep across
one floor of American Lava Corporation's new plant. These four labora-
tories, electrical, chemical, mechanical and ceramic, are in charge of men whose
skill is favorably known to leading engineers in this country and abroad. They

are ready to work for you on any problem involving technical ceramics.
* 39th @em a% Ceramic [eacfewkifz *

A

Trade Mark Reg. U. 8 Pat. Of,

AMERICAN LAVA CORPORATION * CHATTANOOGA * TENNESSEE

CBICAGO ¢ CLEVELAND « NEW YORK « ST.-LOUIS « LOS ANGELES » SAN FRANCISCO « BOSTON « PHILADELPHIA - WASHINGTON, D. C.
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@ Hyvol Type -09 oil-impregnated oil-filled units have
exceptionally compact dimensions for given capacity and
working voltages. Widely used for heavy-duty continuous-
service a;pplications in transmitters, public-address ampli-
fiers, laboratory power packs, etc. A special Aerovox-
developed totally immersion-proof terminal, ideal for use

- in marine radio equipment or in the presence of salt air,

is standard in this type capacitor.

Also note the adjustable mounting bracket providing for
universal mounting. Capacitor may be mounted at any
height above or below chassis, with terminals at top or
bottom, as desired. Side clamps with spade-lug or hole-
mounting, or permanent immovable mounting feet or

flanges, are also available in certain sized units.

o Joop Up-to-Date ...

® Many revised pages have just been
issued for the Aerovox Transmitting
Capacitor Catalog. If you are en-
gaged in commercial or professional
radio work, write on business letter-
head for a copy right up-to-date.
New pages are sent to registered
catalog holders from time to time, as
issued.

. BEDFORD, MASS.,
NEW BEDFORD,

Sales 6ﬁices: i-n Al
Principal Cities

\ QI_{(_)Vox
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Wherever Performance
s Of Prime Importance

DAVEN ATTENUATORS

The DAVEN catalog lists the most complete line of pre-
cision attenuators in the world; “'Ladder,” "T" type, "“Bal-
anced H" and Potentiometer networks—both variable and
fixed types—employed extensively in control positions of high
quality program distribution systems and as laboratory stand-

ards of attenuation.

Due to the specialized nature of high fidelity audio equip:
ment, a large number of requirements are encountered where
stock units may not be suitable. If you have such a problem,

write to our engineering department.

ype switches, both for program switch-
ing and industrial applications are available upon request.
These switches employ the same type of high quality materials
and workmanship as supplied in Daven attenuators.

Super DAVOHM resistors are precision type, wire-wound
units of from 19, to 0.1%, accuracy.

ality and rugged dependability in your
laboratory equipment, specify

Special heavy duty t

To insure precise qu
speech input or special
DAVEN components. e Here'

lere’s an unretouched phot :
::ch bla.;:kgless of the ncw%lzcc;wrtag:n:;

w aval 1
OSci"ogy:ph'c with the DuMont Type 208

For the first time
. you are offer
:hsmllogvaph with self-illuminated C:a::'
at can be used with equal ease in.dark-
ness or in full light. There are time
when such an instrument must be usc;
ul'.ldhcv adv_cvse lighting conditions—or even
Ealt no light at all, in which case the
ackout Panel is indispensable.

I’l:“ sdpccEally-pvqccsscd steel panel is
- cm with luminous paint that retains
=, aximum  luminosity for several
o es after exposure to ordinary light
aﬂe’c:hn be observed for an hour or more
i at. It can be kept activated by ul-
ra-violet light. The Blackout Panel is now
;gsopglo?'al feature with the DuMont Type
’cﬁnm::;:ogi;ap‘l;;. providing still another
ont inst’umcn‘:, outstanding general-

Write for Literature . . .

ALLEN B. DU MONT
LABORATORIES, Inc.

Passalc % New Jersey
& Cable Address: Wespexlin, New York

Proceedings of the 1. R. E Novemb 194
er, 1




Now

Available @
CARBONYL

THREE
TYPES!

w FOR HIGH EFFECTIVE
PERMEABILITY

w FOR HIGHEST Q VALUE

THREE types of G.A.W. Carbonyl Iron Powder
are now in production. Cores made from these
powders are providing a degree of performance
that establishes a new high standard in carrier
and radio frequency service. % For all grades the

average particle size is less than 5 microns. Note

the spheroidal particle, a characteristic unique

¢ MAGNIFICATION 400 X
with G.A.W. Carbonyl Iron Powder.

"

FOR INFORMATION ADDRESS THE MANUFACTURER

GENERAL ANILINE WORKS

435 HUDSON STREET NEW YORK CITY

OR THE DISTRIBUTOR

‘ ADVANCE SOLVENTS & CHEMICAL CORPORATION

245 FIFTH AVENUE NEW YORK CITY
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DONT LET RESISTORS CRAMP
YOUR ENGINEERING STYLE

FOR several years Sprague Koolohm resistors have been doing the jobs
“that couldn’t be done.”” A few of the outstanding recent applications of
these remarkable resistors follow:

® A radio transmitter manufacturer used the simplified and completely
ceramic insulated mounting features of Koolohms to reduce size and weight
of his unit—and met a previously “impossible’ specification.

® The extremely high resistance values available in small Koolohm sizes with
high wattage and voltage ratings permitted an instrument manufacturer
to redesign his products for great material and cost savings.

® Another manufacturer increased efficiency and lowered costs when we
proved that one close tolerance Koolohm o _special design would replace
eight conventional resistors previously used in his product.

® A user of Precision Meter Multiplier Resistors was pleasantly surprised to
find that Koolohm multipliers are rated at 150° C., eliminated the need
for special mounting locations, and that 4 megohms could be obtained in
a unit 5-5/16" long, complcteiy sealed to withstand even salt water im-
mersion tests.
And so on, in one tough application after another we can almost guarantee
that Koolohms will solve your resistor problems. Your inquiry will bring an

engineering catalog, samples and complete engineering consultation.

WOUND WITH CERAMIC-INSULATED WIRE . ..

. that is 1000° C. heat-proof and molsture-proof and
which affords ample high-voltage Insulation. Layer or
interleaved windings permit Important construction ad.
vantages.

SPRAGUE SPECIALTIES CO., RESISTOR DIVISION
North Adams, Mass.

SPRAGUE {OOLOHMS

Totally Different Outstandingly Superior

vi

POSITIONS OPEN

The following positions of interest to I.R.E.

memue 1 on JVCm‘
her 1. Make your application in ting
address to the company mentioned or to

Box No.

PROCEEDINGS of the L.R.E.
330 West 42nd Street, New York, N.Y.

MANUFACTURING ENGINEER

A prominent and successful midwestern manu.
facturer in the radio field wants a man with first.
hand knowledge of production methods who is
capable of assuming major management respon.
sibilities. Detailed specifications available on
request. Box 254,

ELECTRICAL ENGINEER

Electrical engineer with good physics back-
wround for developmental work wanted by an
established castern manufacturer. Experience
with the development of transmitting and meas-
uring equipment desirable. State qualifications
and salary desired. Box 255.

TRANSFORMER DESIGNER
RADIO ENGINEER

(1) Audio transformer designer should have
education and experience necessary to establish
basic designs and supervise production enginecer-
ing on both *‘voice” and “‘control” applications.
Work will be on national defense projects and
expanded commercial products after present
emergency.

(2) Interesting work on national defense proj-
ect for a technically trained radio engineer
having experience in the design and operation
of ultra-high-frequency radio apparatus.

Write giving education and experience. All
communications will be treated confidentially.
Raytheon Manufacturing Co., 190 Willow St.,
Waltham, Mass,

AUDIO AND ELECTRONIC
ENGINEERS

Permanent position and opportunity for de.
velopment amroori inal wore with established
company doing national business in audio spe-
cialt flycld.

(1) Senior engineer required. Salary $4,000
to $6,000 per year with bonus and advancement
opportunities. Requirements: electrical engineer-
ing degree and considerable audio and electrical
experience in design, development,

(2) Junior engineer, salary $200 to $300
monthly with bonus. Must be graduate electrical
engineer with some experience in electronics.

State qualifications: academic, graduate, em.
ployment, experience in design, dcvclopmcnt
and production and any patents in audio an
clectronic fields. Also give any experience in
production and supervision, acoustics, speakers
and reproducers, tool and die design, lastics,
cte. All replies strictly confidential. Empl oyment
to begin }anuary 1st. Box 256.

ELECTRICAL ENGINEER

Young engineer who has specialized on com-
munications wanted for development work with
established manufacturer of radio components.
Experience desirable but not necessary. Describe
training, experience, and aptitudes and state
salary desired. Box 257

POWER TUBE SPECIALISTS

We_ have openings for the following men:
(1) Electronic Research Engineers having ex
perience on design of magnetrons and vefocit
modulation tubes and assocjated circuits; (2
Vacuum-Tube Development Engineers having
experience on design and manufacture of high.
power transmitter tubes; (3) Mechanic with ex.
perience on assembly of high-power tubes, spot
and arc.welding operations. A ply International
Telephone & Radio Laboratones, 67 Broad St.,
New York, N.Y.

Attention Employers . . .

Announcements for *Positions Open' are ac-
cepted without charge from employers offering
salaried employment of engineering grade to
LR.E. members, Please supply domplete infor-
mation and ‘indicate whicg (Yc(alls should he
treated as confidential, Address: “POSITIONS
OPEN," Institute of Radio Engineers, 330 West
42nd Street, New York, N.Y.

The Institute reserves the right to refuse any an-
nouncement without giving a resson for the ve‘uul.

Proceedings of the I. R, E November, 1941
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SOLANTITE, INC. has, within the past year, increased its
I production of high-quality precision ceramic parts to
five times the former output, in order to keep pace with
the constantly increasing demand for its products in
urgent defense work.

This exceptional increase in output has been made pos-
sible by purchase of new equipment which utilizes exist-
ing plant facilities to the full, by increasing operations
to a twenty-four-hour basis and by effecting every pos-
sible economy in manufacturing time.

Large as this increase is, Isolantite recognizes that a
still further expansion in output is necessary to antici-
pate the needs of industry for quality ceramic parts.
With this end in view, Isolantite has initiated a program
of plant construction and improvement that will double
present capacity—raising Isolantite’s output to ten times
the level of a year ago.

Construction of a new three-story building that will
add 80,000 square feet to existing productive areas is a
major phase of Isolantite’s expansion program. The
new building will be provided with machinery of the
most modern type, and production lines will be planned
to maximum capacity. Rearranged facilities in exist-
ing buildings will contribute to the increased flow of
Isolantite” products.

Isolantite, Inc.is also concentrating its efforts towards
new and improved manufacturing methods. Modern
facilities and engineering research will maintain present
high quality standards for which Isolantite has been the
Proceedings of the 1. R. E. November, 1941

leader. New bodies are now in the course of develop-
ment which will offer to the electronic industry improve-
ments in both electrical and mechanical properties. Per-
sonnel is being expanded to meet the demands of these
new and broadened facilities.

The recently created “Radio Specialties Division” is
constantly developing new items involving metal parts
in combination with Isolantite for transmission line,
antenna and other important radio and allied products.

Work has already begun on this expansion program.
With its completion in the early spring, Isolantite will
be ready to render more efficient service in meeting
the demand for its ever-grdwing list of new products.

*Registered trade-name for the products of Isolantite, Inc.

CERAMIC INSULATORS

ISOLANTITE, INC. FACTORY: BELLEVILLE, NEW JERSEY

SALES OFFICE: 233 BROADWAY, NEW YORK, N. Y.




In these and similar bat-

teries of electric ovens
every Triplett Instrument
is subjected to scientific
heat treatment during
several stages of the as-

sembly process.

Pre-curing of molded
parts and heat treatment
of all assembled materi-
als is a precaution to
eliminate strains and
stresses which otherwise
would develop after the
instrument is in the hands
of the user. This is one of
the many Triplett meth-
ods of insuring your con-
tinued satisfaction with
Triplett Precision Instru-
ments and Testers. Accur-
ate alignment for depend-
able performance is thus
assured under all normal

conditions and usage.

THE TRIPLET ELECTRICAL
INSTRUMENT CO.
BLUFFTON, OHlO

RIMDLEY

Precision

ELECTRICAL INSTRUMENTS

viit

LEFT: Type MO3 temperature
controlled unit specially de-
signed for high frequencies.

CENTER: Type MO2 unit is
-ruggedly built for portable and
mobile transmitters; 2,000ke.
to 30,000ke.

RIGHT: Type BC46T Preci.
sion Variable Air Gap Temper-
ature controlled unit primarily
for Broadcast frequencies.
Approved by F. C. C.

|

' BLILEY Crystal Units for frequencies from 20kc.
to 30mc.—three of which are illustrated —

[ conform to highest commercial standards of de-

. sign and performance.

|
Write for your copy of '
| , Catalog G-12 describing '

the complete line.

BLILEY ELECTRIC COMPANY

UNION STATION BUILDING

Proceedings of the I. R. E
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THE EXTENSIVE RANGE of Ohmite
types and sizes makes possible an almost end-
less variety of regular or special resistors to meet
every need. Core sizes range from 2.1/2”
diameter by 20” long to 5/16” diameter by 1~
long. They are available in fixed, adjustable,
wire or flexible lead, tapped, ferrule, Edison
base, bracket, cartridge, strip, precision, non-
inductive, and other types.

YOU CAN OFTEN SAVE by using
Ohmite stock units or calling on the spe-
cialized experience of Ohmite Engineers.

OHMITE Vitreous Enameled Resis-
tors have proved their dependability in
every climate from the arctic to the tropics.
That's why they are so widely used in
Industry and in the Armed Forces of the
Nation.

Write on company letterhead for com-
plete, helpful 96 page Catalog and
Engineering Manual No. 40.

OHMITE MANUFACTURING CO.
4861 Flournoy St, Chicago, U.S.A

52 /5ht with

OHMITE

RNEOSTATS - RESISTORS - TAP SW‘ITCN(S

November, 1941



HOW TO START A STATION

Here's the RCA Transmitter chosen by
84 American Broadcasting Stations!

Starting a new station=—?
Whether your construction per-
mit has already been granted,
or your application is still to be
filed, choose the transmitcer that
is America’s first choice by an
impressive margin—the RCA
Type 250-K, for efficient, eco-
nomical, dependable operation
at 100/250 watts.

84 stations, built or being
built, have purchased this out-
standing broadcast transmitter.
Foreign purchasers account for
nine more. Yet the 250-K has
been on the market less than
two years! 2

The reasons for such un-
equalled acceptance are inherent
in the 250-K itself. Flat within

American Broadcasting Stations Equipped with the 250-K

1% db. from 30to 10,000 cycles,
it delivers program-qualiry diffi-
cult to match even at a higher
price. High-level Class B Modu-
lation, and efficient RCA-engi-
neered circuits, keep operating.
costs low. It draws only 1625
watts from your power-line
while operating at average pro-
gram modulation on a 250-watt
carrier. Installation is simple
and inexpensive; operation is
simplicity itself.

And—a thought fos the future
—the 250-K is easily adapted to
1,000-wattoperation atany time,
by the simple addition of the
RCA amplifier unit, Type MI-
7185 and suitable power-supply.
Werite for complete data today.

including 1,000- watt stations using it as 8 250- watt exciter unit

KANA KBIX KEWD  KBUR KFBG KFIZ KGLO KFMB KFI0 KFPW

KFXM KHAS KHON KLS KLUF KRJF KROO KSKY KSRO KuJ

KVFD KVOE KWiL KWRC  KYCA KYOS WAJR WARM  WATN WBIR RCA 250-WATT
WBJTA WCED WBOC  WDAS WDEF WCBI WCRS WDAK WFDF WHKY TYPE 250-K
WFIG weTgL WHBQ  WGOV  WISR WHUB  WFPG WINX WIZE WHYN N G

WGAC WLBJ WKIP WKMO WKWK WKPA WLAY WLOK WMIM WMRN
WMOB WwMOG WOSH WORD WSAY WSGN ws00 WSRR wsLB wsoc
WTHT WTMA W1 WWNY

... plus still others to forejgn countries, American police installations, and for stations now under construction]

@ Bhonatad] S

=1 A
S0 Tig |} a e whY
’W ‘

RCA Manufacturing Company, Inc., Camden, N.J. * A Service of the Radio Corporation of America
In Canada: RCA Victor Co,, Ltd., Montreal

New York: 411 Fifth Ave.  Chicsgo: 589 E, Jllinois St.  Atlantas 530 Citisens & Southern Bank Bldg. Dellas: Senta Fo Bldg.  8an Frenciscor 170 Ninth 8t.  Hollywood: 1016 N, Syeamore Ava,
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WIRE & RIBBON

For Direct-Heated

ELECTRON EMITTERS
in VACUUM TUBES

In a complete range

of sizes and alloys for:
* TRANSMITTING
e RECEIVING

* BATTERY and

* HEARING AID TUBES

elted and worked under
close supervision to assure
maximum emissivity, uni-
formity and the highest
tensile strength . . .

WIRES

drawn to .0005"” diam.

RIBBUN

rolled to .0001” diam.

SPEBIAI. ALLOYS

made to meet your in-

dividual specifications

Write for list of stock alloys

SIGMUND COHN

NEW YORK

44 GOLD ST GA
1901

SINCE

RADIO? o \MUNICATIONSE - ~rpic POWER?

There is a PRECISION INDUSTRIAL CIRCUIT TESTER
to meet your INDIVIDUAL SENSITIVITY REQUIREMENTS

Ranges to 6000 Volts —60 Amps—10, 20 or 60 Megs—70 DB
\ 1000, 5000 or 20,000 ohms per volt!

> SELECT THE AC-DC
VOLT-OHM.-DECIBEL-MILLIAMMETER
BEST SUITED TO YOUR NEEDS

-

ADD THE SERIES | yh— ‘
MULTI-RANGE A.C. AMMETER '

o i VA A LN e
* Series 844 (illustrated above)
1000 ohms/volt AC and DC

* Series 845 5000 ohms,/ volt DC

* Series J (illustrated above). Eight
AC ammeter ranges, 300 MA full scale

Plus 1000 ohms/volt AC and DC

* Series 856 20,000 ohms/volt DC
Plus 1000 ohms/volt AC and DC

or 856,

to 60 AMPS. Available individually or
as companion unil to Series 844, 845

* Series 844-) Combination AC-DC Industrial Circuit Tester (center illustration). Complete with chmmeter batteries
and high voltage test leads. Furnished in walnut finished hardwood portable case, size 11 x 15 x 6" ______ $48.95

* Series 845-J Combination AC-DC Industrial Circuit * Series 856-J Combination AC-DC Industrial Circuit
Tester. Complete as above _$52.95 Tester. Complete as above $59.95

WRITE FOR NEW PRECISION INDUSTRIAL TEST INSTRUMENTS CATALOG No. 42.F

AR STONNESTRED LN RMENT
INDUSTRIAL - LABORATORY - RADIO - TELEVISION

PRECISION APPARATUS COMPANY « 647 KENT AVENUE + BROOKLYN, N. Y.
Export Division: 458 Broadway, New York City, U. S. A, . Coble Address: Morhanex

INDEX

Positions Open vi

DISPLAY ADVERTISERS

A G
Advance Solvents & Chemical Corporation. v  General Radio Company Cover IV
Aerovox Corporation e iii
American Lava Corporation - i |
American Telephone & Telegraph Com- Isolantite, Inc. i
pany xii
Amperex Electronic Products, Inc.. Cover Il o
B Ohmite Manufacturing Company viii
Bliley Electric Company viii P
c " Precision Apparatus Company x
Cohn, Sigmund x R

Cornell-Dubilier Electric Corpo ;ﬁon Cov;r 1
A RCA Manufacturing Company, Inc. ix, xi

D

Daven Company Sy S

DuMont Laboratories, Inc., Allen B. ...iv  Sprague Specialties Company vi
E T

Eitel-McCullough, Inc. R .ev...i  Triplett Electrical Instrument Co. . viii
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Typical of RCA Tube values is the RCA-800%
Transmitting Triode de luxe, priced at only $7 net.
Designed for use as a radio frequency amplifier and
class B modulator, this tube is capable of handling
300 watts (ICAS) input at 5 meters!

PRODUCTION FOR DEFENSE
... COOPERAT/ON FORALL/

Defense production with RCA gets first call—and
always will. Suffice to say that a tremendous quan-
tity of RCA Transmitting Tubes is being supplied
for a wide variety of defense needs. Meanwhile,
although the 1941 total of RCA Transmitting Tubes
supplied through our regular distribution channels
will exceed that of last year, there is a scarcity of
certain types. We know you will understand that
this is unavoidable. We know, too, that we can count
on your cooperation during these trying times —
just as we want our countless friends in all branches
of Radio to know that they can count on oufs.

RCA Transmitting Tube quality is being rigidly
maintained. RCA publications will be kept up-to-
date. Ham Tips for amateurs will be continued. New
data and construction material will be supplied.
Inquiries about RCA Tubes and their applications
will be answered promptly. Above all, research and
development work is continuing as never before.

Thus, although it may not always be
possible to supply the tubes you want
during the National Emergency, RCA is
still on the job to help wherever and
whenever it can!

TRANSMITTING TUBES

RCA MANUFACTURING CO., Inc., Camden, N. J.

A Service of The Radio Corporation of America . For Canadian
prices write to RCA Victor Compony Limited, Montreal

Proceedings of the 1. R. E. November, 1941 xi



*“THE TELEPHONE HOUR? is broadcast every Monday evening over the N.B.C. Red Network
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What 1t takes to

keep ‘em flying

Back of the safety record of America’s
leading airlines is the world's most
dependable radio cquipment. Signifi-
uu;tly, Cornell-Dubilier capacitors are
used by all these major airlines both
in ground station and aircraft commu-
nications. Here is convincing proof
that C-Ds have what it takes - extra
dependability not only to “keep ‘em
flying”, but to meet your most exacting

capacitor requirenents.

CAPACITORS MAY LOOK ALIKE BUT...

There is extra long life, extra uniformity
and dependability built into C-Ds. Next
time you specify capacitors, look for the
Cornell-Dubilier seal of experienced en-
gineering. And get the bidden extras at

no extra cost. Send for catalog. Cornell-

Dubilier Electric Corporation, 1012 Ham-

ilton Blvd., South Plainfield, New Jersey.

New England Div., New Bedford, Mass.

o
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Type 650-A Bridge, direct-reading over
these ranges:—
Resistance: 1 milliohm to 1 megohm
Capacitance: 1 micromicrofarad to

100 microfarads
Inductance: 1 microhenry to 100
{ henrys

. e’

The CRL Dia; with semi-logarithmic
scale.

The cam on the CRL potentiometer.
The contact arm is not connected di-
rectly to the potentiometer shaft, but
turns freely on it. At the outer end a
spring is pressed against a follower
which rides on the cam. The cam fol-
lower rocking up and down on the cam
changes the angular position of the
contact arm and the scale. Adjustment
of the eight serews will take up all
differences hetween individual poten-
tiometers and the master potentiometer
which itself ix an average.

MAKING INSTRUMENTS
DIRECT READING
with Variable Resistors

N RESEARCH and production testing the convenience of having instru-
ments read directly in the quantities they measure has been appreciated
for some time by the manufacturer and the user of electrical measuring in-
struments. So rapid have been the improvements in most direct-reading
instruments that they now have considerably greater accuracy than
similar units manufactured several years ago without the direct-read-

ing feature.

In general, direct-reading scales are used only with resistors and
capacitors; the accuracies obtainable are high, frequently as great as
0.19, of full-scale. In order to maintain high accuracy in a direct-
reading instrument, constant fractional accuracy must be obtained and
the rate of variation of the unknown should be logarithmic. In any
linear scale the fractional accuracy decreases directly with the quantity
varied.

The circuit used with any direct-reading instrument has to be chosen so

that the magnitude of the variable element is proportional to the unknown.

One of the most interesting examples of a direct-reading instrument is the
Type 630-A Impedance Bridge. This bridge measures five quantities over
exceptionally wide ranges with the following maximum errors: for resistance,
29, ; for capacitance, 2% :; for inductance, 10%; for dissipation factor

(R/X) 209 and for storage factor (X/R) 209%.

For the measurement of so many different quantities and for the very large
ranges obtainable from this bridge, four circuits and a number of multipliers
are selected by two multi-position switches. The balances are obtained by the

use of two of the four variable resistors.

The semi-logarithmic scales on the four dials . . . the CRL, D, DQ and Q
dials . . . are direct-reading. The potentiometers used with these dials are
wound on tapered cards. The scales can be made direct-reading either by
hand calibration of each point 1o fit the irregularities introduced by varia-
tions in wire size and spacing, or these irregularities can be « ontrolled to fit
a pre-engraved scale.

Originally the CRL dial of this bridge.was hand calibrated with every line
set to its proper resistance value. Later, the calibrations on a production lot
were averaged and a master constructed. From this master calibration, other
dials were engraved on a pantograph engraving machine. These dials are now
photo-etched. In the quantities in which these instruments are now manufac-
tured, it has proven much more economical to provide the CRL potentiomelers
with the photo-etched dial scale and to compensate for irregularities by means
of a flexible cam, than 1o engrave each dial separutely.

Many other General Radio direct-reading instriments use resistors as the

variable clement. The dial scales ave calibrated in a manner similar to those

on the Type 650-A Bridge.

GENERAL RADIO COMPANY

Cambridge, Massachusetts

S .




