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A Secondary Frequency Standard Using Regenerative 
Frequency-Dividing Circuits* 

F. R. STANSELf, MEMBER I.R.E. 

Sum mary—A secondary frequency standard is described in which 
standard frequencies are derived from a 5-megacycle oscillator by a 
series of frequency dividers. The advantage of obtaining standard fre-
quencies by frequency division rather than by frequency multiplication 
is pointed out and the characteristics of the regenerative frequency 
dividers used are discussed. 

i
N ALL precision methods of frequency measure-

ment in use today one or more standard frequen-
cies are required. These are generally derived from 

a piezoelectric oscillator operating in the range of 50 
to 100 kilocycles by the use of suitable frequency multi-
pliers or dividers. 
When a derived frequency is lower than the oscil-

lator frequency, traces of the latter in the output cir-
cuit will cause no confusion since the oscillator fre-
quency is a harmonic of the derived frequency and in 
measuring equipment harmonics are usually inten-
tionally introduced and must always be considered to 
be present. Harmonics of the oscillator frequency will 
also cause no difficulty as these harmonics are also 
harmonics of the derived frequency. 
When a derived frequency is higher than the oscil-

lator frequency any traces of the latter in the output 
circuit are a possible source of confusion as this oscil-
lator frequency, is extraneous and not harmonically 
related to the derived frequency. Harmonics of the 
oscillator frequency may also cause confusion since, 
in general, they are not harmonics of the derived fre-
quency. An example of such confusion has been re-
ported by Finden.' Both he and Thomas2 found it 
necessary to interpose a synchronized oscillator in their 
chain of frequency multipliers to eliminate this residual 
oscillator frequency. 
For measurements at higher radio frequencies, stand-

ards of 100 kilocycles, 1 megacycle, and even 10 mega-
cycles are desirable. Piezoelectric oscillators operating 
at 100 kilocycles possess a greater degree of stability 
than those operating at higher frequencies and hence 
are more suited for primary standards, yet the degree 
of stability of a 5-megacycle piezoelectric oscillator is 
sufficient to warrant its use as a secondary frequency 
standard. The National Bureau of Standards now 
makes available a 5-megacycle standard frequency by 
transmitting it on an extensive schedule from radio 
station W WV and if the maximum accuracy is re-
quired, the secondary standard may be monitored con-

* Decimal classification: R 213. Original manuscript received by 
the Institute, August 15, 1941; revised manuscript received, 
October 15, 1941. 
f Bell Telephone Laboratories, Inc., New York, N. Y. 
I H. J. Finden, "Frequency standardization equipment," Wire-

less Eng., vol. 14, pp. 117-126; March, 1937. 
'H. A. Thomas, "Frequency measurement, a new equipment 

for range 1 to 70 Mc/s," Wireless Eng., vol. 14, pp. 299-305; 
June, 1937. 

tinuously against this transmission. In this manner an 
accuracy differing not greatly from that of the trans-
missions from W WV, namely, one part in ten million, 
can be obtained. 
Fig. 1 shows the block diagram of a secondary fre-

quency standard. The piezoelectric oscillator uses a low-
temperature-coefficient-type crystal (Western Electric 
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Fig. 1—Block diagram of secondary frequency standard. 

type 5AA quartz plate) operating at 5 megacycles in 
an oscillator circuit of conventional type. This oscil-
lator is followed by a buffer amplifier and a frequency-
dividing circuit which is adjusted to deliver an output 
of 1 megacycle. This 1-megacycle output energizes a 
second frequency divider which produces 500 kilo-
cycles. A third frequency divider operating from this 
500-kilocycle supply produces a frequency of 100 kilo-
cycles. Each of the four frequencies, the 5-megacycle 
standard and the 1-megacycle, 500-kilocycle, and 100-
kilocycle derived frequencies are provided with serv-
ice amplifiers which make these frequencies available 
for external use. 

FREQUENCY-DIVIDING CIRCUITS 

The frequency-dividing circuits used are of the "re-
generative submultiple generator" or "quasi-stable" 
type proposed by Hortons and Longo' and discussed 

'J. W. Horton, United States Patent No. 1,690,299. 
'G. Longo, "Multiplication of a frequency by simple fractional 

numbers," L'Onde Elec., vol. 13, pp. 97-100; February, 1934. 

April, 1942  Proceedings of the I.R.E.  157 



158  Proceedings of Me I.R.E.  April 

by Sterky,' Miller' and Fortescue.7 Frequency-divid-
ing circuits used heretofore have usually, consisted of 
a multivibrator synchronized at one of its harmonic 
frequencies. Sabaroff,8 Bol!mane and Essen" have re-
ported the successful operation of multivibrators at a 
fundamental frequency of 1 megacycle. These investi-
gators all agree that for operation at this frequency 
all stray capacitances must be carefully controlled 
and "acorn"-type vacuum tubes are essential. In con-
trast, the regenerative frequency-dividing circuits of 
Fig. 1 use vacuum tubes of the type used in broadcast 
receivers and tuned circuits which contain appreci-
able capacitance. No experimental data are available 
on the operation of this type of circuit at frequencies 
higher than 5 megacycles, but there appears to be no 
obstacle to their use to subdivide frequencies of 30 to 
50 megacycles or even higher. 

INPUT  MODULATOR 

J 
LI 

Cl 

C3 1B+ 

c,  L2 

C2 

1 1 

54-

Fig. 2—Schematic of regenerative frequency-dividing circuit. 

Fig. 2 shows the circuit of one of the frequency di-
viders. It consists essentially of two vacuum tubes. 
The first, designated as the modulator, is of the penta-
grid converter type (6SA7) while the second, designed 
as the harmonic generator, is a pentode (6SJ7). The 
input frequency f is applied to the first grid of the 
modulator. The plate of the modulator is connected to 
the parallel resonant circuit Li-Cl which is tuned to the 
submultiple frequency f/n which it is desired to pro-
duce. 
Assume that the output of the modulator contains a 

component of the frequency f/n This component will 

H. Sterky, "Frequency multiplication and division," PROC. 
I.R.E., vol. 25, pp. 1153-1173; September, 1937. 
'R. L. Miller, "Fractional-frequency generators utilizing re-

generative modulation," PROC. I.R.E., vol. 27, pp. 446-457; July, 
1939. 

7 R. L. Fortescue, "Quasi-stable frequency dividing circuits," 
Jour. I.E.E. (London), vol. 84, pp. 693-698, June, 1939; discussion, 
vol. 85, pp. 646-647; November, 1939. 

8 S. Sabaroff, "An ultra-high-frequency measuring assembly," 
PROC. I.R.E., vol. 27, pp. 208-212; March, 1939. 

9 J. H. Bollman, "The design, construction and test of a source 
of precisely controlled high frequencies," Thesis, Polytechnic In-
stitute of Brooklyn, May, 1939. 

38 L. Essen, "A precision frequency-meter of range zero to 2000 
mc/sec," Proc. Phys. Soc., vol. 52, pp. 616-624; September, 1940. 
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 i 

be selected by the tuned circuit Ll-C1 and applied to 
the output amplifier and also to the grid of the har-
monic generator. This tube is adjusted to multiply its 
input frequency by the factor n —1 producing in its 
plate circuit the frequency component 

n — 1 
 f — (1— 1/n)f. 

This component, selected by the tuned circuit L2-C2, 
is impressed on the third grid of the modulator tube 
through the condenser C3. In the modulator, inter-
modulation between this component and the original 
input frequency f produces the sum and difference fre-
quencies 

2n — 1 
 f and  I— • 

The second of these is the frequency component which 
was assumed to exist in the output of the modulator 
and, hence, the circuit once started is self-sustaining. 
As an alternative, the harmonic generator may be 

adjusted to multiply its input frequency, by the factor 
n+1. The frequency applied to the third grid of the 
modulator is then (1+1/n)f and the output of the 
modulator contains the frequency components 

2n + I f and  • 

The problem of starting a frequency-dividing circuit 
of this type is similar in many respects to the problem 
of starting an oscillator although the mechanism is 
more complex. In some cases special starting circuits 
are required, although this was not found to be neces-
sary in this application. 
Table I lists a number cif possible circuit combina-

tions with which submultiple frequencies from f / 2 
through f/5 may be obtained. In addition to the sub-

TABLE I 

REGENERATIVE FREQUENCY-DIVIDING CIRCUITS 
(2ND-ORDER MODULATION 

Modulator Output 
Plate Circuit Harmonic Frequency 

Sum Difference Tuned To Used Fed Back 
Frequency Frequency 

f 2nd 2f 3/ I 
1/2 Fundamental 1/2 3112 //2 
/12 3rd 3f/2 51/2 f/2 
f/3 2nd 2/13 51/3 113 
/13 . 4th 41/3 71/5 113 
/14 3rd 3f/4 7f/4 //4 
1/4 5th 51/ 4 9114 114 
f15 4th 4f/S 91/5 115 
1/5 6th 6/15 11 115 115 

multiple frequency there is always present in the plate 
circuit of the modulator the second modulation fre-
quency (2n  1)fin and the two impressed frequencies 
f and (n ±1)f/n which are passed through the modu-
lator tube by amplifier action. These additional fre-
quencies, which are listed in Table I for the various 
circuit combinations, represent other fractional values 
of the input frequency and if desired may be obtained 
in addition to the submultiple frequency by means of 
suitable 'selective circuits. 
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Since the reason for adopting a high standard fre-
quency followed by frequency dividers is to avoid non-
harmonic frequencies, it is necessary to examine the 
output of such a frequency divider to ascertain that 
no components that are not multiples of the derived 
frequency are present. Present in the plate circuit of 
the modulator and hence in the output, even though 
attenuated by the selective circuit, are the following 
frequencies :11 
Frequencies due to the modulator tube acting as 

an amplifier 

Frequency applied to 1st grid f or —f 

n + 1 
Frequency applied to 3rd grid I. 

Frequencies due to 2nd-order modulation 

2n 
2f or —f 

2(n ± 1) 

2nd harmonic off 

2nd harmonic of (n ± 1)/nf 

Sum product 

Difference product 

2n + 1 

Each of these products has the form (m/n)f, where 
m is an integer, and hence is a multiple or harmonic 
of the derived frequency f/n. 
Higher-order modulation in the modulator tube 

gives rise to several types of products. Harmonics of 
the applied frequencies f and (n +1)nf will always be 
in harmonic relation with the derived frequency f/n. 
Sum and difference' products of the type 

[ n + 1 
pf + q  fi and pf q[n ± ld 

n  n 

where p and q are any integer, may be rewritten 

—f [pn + q(n ± 1)]  and —f [pn — q(n ± 1)]. 

All quantities in the brackets are integers and hence 
any such components in the output will be har-
monically related to f/n. 
There remains to be considered the effect of the 

presence of other harmonics than the (n +1)th in the 
output of the harmonic producer. It has already been 
shown that each component in the plate of the modu-
lator is a multiple of f/n. Hence, any product of any 
type in the output of the harmonic producer will also 
be a multiple of f/n. Finally, any product arising from 
interaction of these products in the modulator tube 
will still be in harmonic relation with f/n. 

" In this tabulation plus or minus signs are used because the 
1/nth submultiple can be produced by two different circuit adjust-
ments using either the (n+l)th harmonic or the (n —1)th harmonic. 
For any one adjustment only one sign is used throughout. 

From this analysis it is established that if a pure 
frequency f is applied to the input of this type of fre-
quency divider, the output will consist of the frequency 
f/n and frequencies which are multiples of f/n. It 
should be noted further that the introduction of har-
monics of f in the input to the frequency divider will 
still not alter this statement. If the input contains 
harmonics of f, these frequencies will be also har-
monics of f/n and all products generated by these 
harmonics will also be in harmonic relation to f/n. 
These statements must, however, be restricted to fre-
quency-dividing circuits such as those heretofore dis-
cussed in which the output is of type fin. In the follow-
ing section frequency dividers using higher-order 
modulation and adjusted to give outputs of the type 
mfln are discussed. If m and n are different, the input 
frequency f is not a harmonic of the output frequency 
mfln. Frequency dividers of this type are, as a conse-
quence, less desirable for use as a part of a standard-
frequency assembly. 
The absence of nonharmonic frequencies in divider 

circuits of this type has been checked on several occa-
sions by the use of a sensitive radio receiver equipped 
with a beating oscillator. All harmonics of f/n within 
the frequency range of the receiver were found to be 
present but in no case was any nonharmonic frequency 

found." 

FRACTIONAL-FREQUENCY GENERATORS 

USING HIGHER-ORDER M ODULATION 

The regenerative frequency-dividing circuits tabu-
lated in Table I all depend on 2nd-order components 
in the modulator and produce fractional frequencies of 
the type f/n where n is any integer. If 3rd- or higher-
order terms in the modulator are considered, fractional 
frequencies of the type mf/n may be obtained. Such a 
generator was demonstrated experimentally using the 
500- to 100-kilocycle frequency divider of the fre-
quency standard described above. In this frequency 
divider the output circuit is tuned to 100 kilocycles 
and the harmonic generator to its fourth harmonic, 
e.g., 400 kilocycles. After the circuit had been adjusted 
to operate satisfactorily under normal conditions with 
an input frequency of 500 kilocycles, the input fre-
quency was changed to 250 kilocycles. With this input 
frequency, an output of 100 kilocycles, 2/5 the input 
frequency, was obtained by modulation between the 
4th harmonic of the output and twice the input fre-
quency. As a further experiment the input frequency 
was changed to 150 kilocycles and 100 kilocycles was 
again obtained, this time as 2/3 the input frequency. 
Here again the 4th harmonic of the output frequency 
was modulated with twice the incoming frequency to 

IS  When two or more frequency dividers are cascaded as in 
Fig. 1 there is always the possibility that nonharmonic frequencies 
from the second divider may, through imperfect shielding between 
elements in the modulator, be impressed on the input of the pre-
ceding service amplifier. These stray components may be eliminated 
either by careful isolation of the circuits or by de-energizing the 
dividers following the service amplifier in use. 
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TABLE II 

REGENERATIVE FREQUENCY-DIVIDING CIRCUITS TO PRODUCE /11///1 
(3RD- AND 4TH-ORDER MODULATION) 

Order of 
Modulation  Plate  Circuit 

Tuned to 

Harmonic 
Used 

Frequency 
Fed Back 

Output 

Sum 
Frequency 

Difference 
Frequency 

3rd (a) 2113 2 41/3 101/3 2f/3 
3rd (a) 2113 4 8f/3 14113 2f/3 
3rd (a) 2f/S 4 8115 18115 2f/S 
3rd (a) 2f/5 6 121/5 22f/S 2f/5 

4th (b) 2f/3 Fundamental 21/3 101/3 2f/3 
4th (b) 2f/.3 2 4f/3 I4f/3 2/13 
4th (b) 2//S 2 4f1S 113115 21/5 
4th (b) 2f/S 3 6f/5 22f/5 211S 

4th (c) 3f/2 Fundamestal 3f/2 91/2 31/2 
4th (c) 3/12 3 9f/2 15/12 3f/2 
4th c) 1 2 2f 5f 31/3 
4th c) 1 4 41 71 3113=1 
4th c) 31/4 3 9f/4 2If/4 31/4 
4th c) 31/4 5 151/4 271/4 3114 
4th c) 31/5 ' 4 12PS 2711S WS 
4th c) 31/5 6 18f/S 33f/5 3f/5 

(a) Twice input frequency plus or minus fed-back frequency. 
(b) Twice input frequency plus or minus twice fed-back frequency. 
(c) Three times input frequency plus or minus fed-back frequency. 

produce, by 3rd-order modulation, the desired output. 
Table II lists a number of fractional frequencies of 

the type mf/n which may be produced by 3rd- and 
4th-order modulation. Third-order modulation pro-
duces fractional frequencies of type 2f/n, such as 2/3, 
2/5, 2/7, etc., of the input frequency, while 4th-order 
modulation produces among other fractional frequen-
cies those of the type 3f/n, such as 3/4, 3/5, and 3/7 of 
the input frequency. Table II can be extended to 
higher orders of modulation and, in general, it will be 
found that nth-order modulation will produce among 
other fractional frequencies those of the type (n —1)f/n. 
As in the case of Table I, in addition to the difference 
frequency, a harmonic of which must be fed back in 
each case to sustain the circuit operation, there are 
present in the plate circuit of the modulator other 
components, particularly the sum frequency, which 
may be obtained if desired by additional selective cir-
cuits. 

TABLE III 
REGENERATIVE FREQUENCY-DIVIDING CIRCII7S TO PRODUCE //N 

(3RD- AND 4TH-ORDER MODULATION) 

Order of 
Modulation 

Plate 
Circuit 
Tuned to 

3 (al 
3 (a) 
3 (a) 
3 (a) 
3 (a) 

3 (b) 
3 (b) 
3 (b) 
3 (b) 
3 (b) 
3 (b) 
3 (b) 
3 (b) 
3 (b) 

4 (c) 
4 (c) 
4 (c) 

4 (d) 
4 (d) 
4 (d) 
4 (d) 
4 (d) 
4 (d) 
4 (d) 
4 (d) 

1 
1/3 
f/3 
f/S 
//5 

1 
f/2 
f/2 
1/4 
f13 
f14 
f14 
f/5 
f IS 

f/2 
f / 4 
//5 

1/2 
/12 
/13 
f/3 
f/4 
//4 
f/S 
1/5 

Harmonic 
Used 

Fundamental 
Fundamental 

2 
2 
3 

Fundamental 
3 
5 
5 
7 
7 
9 
9 
II 

Fundamental 
Fundamental 

2 

7 
8 
10 
11 
13 
14 
16 

Frequency 
Fed Back 

Output 

Sum  Difference 
Frequency Frequency 

115 
2f/3 
2f/5 
3//S 

3//2 
Sf/2 
5f/3 
7//3 
7//4 
9/14 
Sof/S 
Ilf/5 

f/2 
1/4 
2f/S 

Sf 
7f/2 
11//3 
10T/3 
IIf/4 
I3f/4 
14f/5 
1Af/5 

3f 
5/15 
7f/3 

3f 
7f/2 
91/2 
11f/3 
13f/3 
ISP4 
17f/4 
19f/S 
2If/S 

5f/2 
7f/4 
llf IS 

11f/2 
13f/2 
17f/3 
19f/3 
23f/4 
25f/4 
29f/5 
311/5 

fl3 
113 
1'S 
1/5 

1 
/72 
f/2 
f/3 
1/3 
1/4 
f14 
1/5 

//2 
//4 
f/5 

f/2 
f/2 
1/3 
1/3 
1/4 
1/4 

1/5 

(a) Input frequency p us or minus twice fed-back frequency. 
(b) Twice input frequency plus or minus fed-back frequency. 
(c) Input frequency p us or minus three times fed-back frequency. 
(d) Three times input frequency plus or minus fed-back frequency. 

Fractional frequencies of the type f/n such as those 
submultiples already considered in Table I can also 
be generated by higher-order modulation by the circuit 
combinations tabulated in Table III. Table IV com-
piled from the data in Tables I and III and extensions 
of these tables shows the harmonic required to produce 
frequency ratios from 1:2 through 1:6 using 2nd-, 
3rd-, 4th-, or 5th-order modulation. 
The presence of submultiple components due to 

higher-order modulation may sometimes explain dis-
crepancies in experimental observations, particularly 
when the coupling between the harmonic generator 
and modulator consists of a single tuned circuit with 
somewhat limited selectivity. An example of this was 
noted when observing the phase relation between the 
input and output frequency of a certain divider as 
the amplitude of the input frequency was varied. Con-
sidering only the effect of 2nd-order modulation, this 
phase relation should have been constant, but experi-
mental observations showed a variation. The frequency 

TABLE IV 
REGENERATIVE FREQUENCY-DIVIDING CIRCUITS—HARMONICS 

REQUIRED FOR VARIOUS FREQUENCY RATIOS 

Frequency 
Ratio 

Order of Modulation 

2nd 3rd 4th  5th 

1:2 
1:3 
1:4 
1:5 
1:6 

1.3 
2. 4 
3. 5 
4, 6 
5, 7 

3, 5 
I. 2, S. 7 
7.9 
2. 3, 9, 11 
IL 13 

1, S. 7 
8, 10 
1. IL 13 
2. 14. 16 
17. 19 

1. 7. 9 
1. 4. S. 11. 13 
3, IS, 17 
1.3. 7, 8, 19, 21 
23, 25 

divider in question was designed to obtain a 1:5 ratio 
by feeding back the 4th harmonic. From Table IV it 
may be seen that this ratio may be produced not only 
by the 4th harmonic (2nd-order modulation) but also, 
among other combinations, by 2nd and 3rd harmonics 
(3rd-order modulation). In this manner additional 
components of the output frequency were generated 
which had different amplitudes and phases at different 
levels of input frequency and thus caused the observed 
variation in phase between the input and output fre-
quencies. 
It has been suggested that the presen& of additional 

output components due to higher-order modulation 
may have some bearing on the question of stability of 
the circuit. This question has not yet been investigated. 

GENERATION OF FALSE OUTPUT FREQUENCIES 
IN REGENERATIVE FREQUENCY-DIVIDING 

CIRCUITS 

Miller, Fortescue, and other writers have pointed out 
the important advantage of regenerative frequency-
dividing circuifs over multivibrators and other syn-
chronized circuits in that regenerative frequency di-
viders, possessing no natural frequency, can never give 
out a false frequency due to falling out of synchronism. 
While this statement is true for a correctly adjusted 
circuit, experimental observations have shown that 
circuits similar to Fig. 2, if misadjusted, may deliver 
a false frequency which bears no fixed relationship 
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to the input frequency. It should be emphasized 
that these false frequencies occur only in misadjusted 
circuits and once the circuit is correctly adjusted it is 
highly stable and will operate without readjustment 
for an indefinite length of time." 
These false output frequencies were observed when 

the circuit was adjusted as follows: The feedback cir-
cuit was opened either by disconnecting the condenser 
C3 or by substituting a tube with an open heater for 
the harmonic generator. An oscillator tuned to the 
desired output frequency was applied to the input of 
the modulator and the plate circuits of the modulator 
and any following amplifiers were tuned to this fre-
quency. The feedback circuit was then replaced, the 
input frequency applied, and the tuned circuit of the 
harmonic generator adjusted until an output of the de-
sired frequency was obtained a§ shown by the correct 
Lissajous figure on a cathode-ray oscilloscope connected 
between the input and output of the frequency divider. 
While making this last adjustment it was observed 

that over a large portion of the scale of the harmonic-
generator tuning condenser C2 there was, as might be 
expected, no output. Over a small portion of the scale 
corresponding to the (n — 1)th harmonic and again 
over a second portion of the scale corresponding to 
the (n+ 1)th harmonic the desired submultiple fre-
quency was obtained. The transition from the condi-
tion of no output to the condition of the desired output 
was in many cases abrupt but in some cases on one or 
both sides of the setting of C2 there was a region in 
which the oscilloscope showed the presence of an out-
put which bore no definite relation to the input fre-
quency. When such regions of false frequencies were 
present the range of C2 over which they were present 
was often found to be dependent on the care taken in 
making the initial adjustment of Cl. If Cl were de-
liberately misadjusted, the possibility of obtaining a 
false frequency was greatly increased. 
These false frequency outputs were due to any one 

of several mechanisms. In the frequency region be-
tween f/n and (n-1)fin the tuned circuit Li-Cl of 
the modulator has a negative reactance while the 
tuned circuit L2-C2 of the harmonic generator has a 
positive reactance. At some frequency in this range 
the phase angles of the two circuits will be equal" and 
if there is sufficient gain around the loop, a singing con-
dition will be set up. Such singing is independent of 
the amplitude of the input frequency and continues 
even when the input frequency has been removed. 

13  The reader may ask, if these false frequencies are possible 
what, if any, advantage has the regenerative frequency divider 
over the multivibrator? In a correctly adjusted regenerative di-
vider, on the failure of the input voltage the output drops to zero, 
while in even a correctly adjusted multivibrator, the output con-
tinues, giving the operator without warning a false frequency. The 
author has discussed the merits of these two circuits with several of 
his associates who have had experience with both types of circuits 
and the opinion is unanimous that the likelihood of misadjustment 
is vastly greater in the multivibrator. 
"The effect on the phase angle of C3 and input capacitance of 

the modulator must also be considered in any exact analysis. 

A second possible mechanism for false output fre-
quency is modulation between the input frequency and 
some spurious frequency generated in the harmonic 
generator itself due to stray coupling between its input 
and output or some similar cause. In this case the out-
put behaves in exactly the same manner as would a 
true derived frequency, the output disappearing com-
pletely if the input is removed. An abrupt change is 
sometimes observed as a pattern changed from a blur 
to a distinct Lissajous figure which suggests that there 
is a strong synchronizing action when the frequency of 
the spurious oscillation is brought close to the fre-
quency of a harmonic of the desired output. 
Among the modulation products present in the 

modulator there is always a direct-current component. 
This current flowing through the cathode resistor will 
shift the operating point of the modulator. If the new 
operating point is unstable the modulator will shift 
back to the original point and relaxation oscillations 
will be set up. Such relaxatidn oscillations, having the 
characteristic saw-tooth wave-shape and frequencies 
ranging from approximately 5 to 25 kilocycles, have 
been observed in frequency dividers. These relaxation 
oscillations generally appear as a modulation on the 
true output frequencies but in many cases these spuri-
ous sidebands are so strong and numerous as to make 
the identification of the true submultiple frequency • 
impossible. 

ADDITIONAL EXPERIMENTAL OBSERVATIONS 

During the development of the frequency standard 
described above regenerative frequency-dividing cir-
cuits of the type shown in Fig. 2 were operated at 
ratios" of 1:2, 1:3, 1:4,1:5, and 1:6. No experimental 
work was performed on higher ratios but there is 
reason to believe that higher ratios may also be prac-
tical. In addition to these simple ratios the circuit pre-
viously described using 3rd-order modulation was 
operated at ratios of 2:3 and 2:5. The adjustment of 
all of these circuits followed the procedure described in 
the previous section. 
No special devices were found necessary to start 

these circuits. The normal transient in the circuit ap-
parently supplied sufficient excitation to start the 
regenerative action. If, after starting, the input volt-
age was reduced below a critical value, or if one of the 
variable condensers was slightly misadjusted, the cir-
cuit would often continue to function normally but 
would fail to restart if turned off. Such a condition 
could be remedied by restoring the input voltage to its 
former value or resetting the condenser. 
Theoretically, any subdivision can be obtained using 

either the (n —1)th or (n+l)th harmonic. Several cir-
cuits, in which the range of the tuned circuit of the 
harmonic generator was sufficient, were operated by 

" Since the preparation of this manuscript V. J. Weber has 
constructed a frequency divider of this type which operates at a 
ratio of 1:10. Three of these frequency dividers have been used in 
tandem to step down from 100 kilocycles to 100 cycles. 



feeding back the (n —1)th harmonic and then read-
justed to operate by feeding back the (n-F 1)th har-
monic. There appeared to be no marked advantage in 
the use of one over the other of these settings." 
The subdivider circuit shown in Fig. 2 using 6SA7 

and 6SJ7 vacuum tubes required an input of from 1 
to 4 volts for operation. In the 5- to 1-megacycle fre-
quency divider the gain through the circuit was slightly 

u Later experience has shown that there is a small improvement 
in stability when using the (n —1)th harmonic. This is theoretically 
to be expected as any small frequency increment in the modulator 
plate circuit on being fed back appears with a reversed sign in the 
(n —1)th harmonic circuit and with the same sign in the (n-F 1 )th 
harmonic circuit. In order to observe this unstability, it was neces-
sary to use two 1:10 stages, a total frequency division of 1:100. 
The Lissajous figure between the input and output of these dividers 
showed a slight "jitter" corresponding to a random phase shift 
back and forth of about 10 to 20 degrees when one of the two stages 
was adjusted to the (n +1)th harmonic. When both stages were 
adjusted to the (n —1)th harmonic no "jitter" could be observed. 
When the three frequency-dividing stages referred to in footnote 15 
were used the 100-cycle output obtained was quite free from 
"jitters" and other signs of instability. 

less than unity, that is, for a 5-megacycle input of 1.8 
volts applied to the first grid of the modulator, a 
1-megacycle voltage of approximately 1.2 volts ap-
peared at the plate of the modulator. 
No difficulty was encountered in cascading these 

subdivider circuits. Each circuit was followed by a 
tuned amplifier stage which acted as a buffer and in-
sured an dequate supply of the derived frequency for 
exciting both the following stage and the service 
amplifier shown in Fig. 1. 
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Color Television  Part I* 
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Summary—A brief history of color television and the reasons leading 
up to the Columbia Broadcasting System color television system have 
been presented. A general theory for color television, including color, 
flicker, and electrical characteristics, is also given. Equipment for color-
television transmission and reception has been designed and constructed 
based on these principles. 

INTRODUCTION 

M UCH of the significance of color in television 
is striking, even to the casual observer. Aside 
from the most obvious effect, namely, that 

color introduces a sense of reality and a lifelike quality 
into the picture, comparison of a color-television pic-
ture with the corresponding black-and-white image 
makes it apparent that not only are small objects 
more perceptible but outlines in general seem to be 
more clearly defined. As has been experienced with 
other media, color in television also seems to introduce 
a certain perception of depth. This is partly due to the 
increased ability of color to reproduce the contrasts 
and shadows as well as high lights and reflections in 
different hues, while the degree of color saturation, 
which is a function of distance, especially outdoors, 
strongly enhances the three-dimensional quality. 

*Decimal classification: R583. Original manuscript received by 
the Institute, September 2, 1941; revised manuscript received, 
November 17,1941. Presented, in part, New York Meeting, October 
3, 1940; Rochester Fall Meeting, November 12, 1940; Chicago Sec-
tion, October 17, 1941; Emporium Section, October 30, 1941; 
Baltimore Section, November 28, 1941; New York Winter Conven-
tion, January 12, 1942; Montreal Section, March 11, 1942; and 
Toronto Section, March 23, 1942. 
t Television Engineering Department, Columbia Broadcasting 

System, Inc., New York, N. Y. 

Effects such as those mentioned here became appar-
ent immediately after initial experimentation with 
color television and were encouraging enough to war-
rant an extensive investigation of that field with the 
objective of producing a practical color-television sys-
tem. 

At the outset it was realized that the transmission 
and reception of live objects as well as motion-picture 
film in natural color entailed the use of a trichromatic 
system. 

HISTORY 

Before proceeding further, a brief sunimary of color-
television developments in the past will be presented. 
In view of the large number of proposals for color-
television systems, only those are mentioned which, 
to the knowledge of the authors, have been demon-
strated. 

A complete color-television bibliography, which is 
almost identical to that compiled by Panel 1 of the 
National Television System Committee, is appended 
to this paper. 

Color television was demonstrated for the first time 
in July, 1928, by John L. Baird in England. Both at 
the transmitter and at the receiver, a three-spiral 
scanning disk was employed. Each of these spirals con-
sisted of a succession of holes which were covered with 
red, green, or blue filters, which scanned the picture 
completely in the three primary colors. At the trans-
mitter photocells were employed, while at the receiver 
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two gas-discharge tubes controlled by a commutator 
were used. One of the tubes was filled with neon and 
acted on the red spiral, while the other tube, filled with 
a mixture of helium and mercury vapor, appeared 
through the blue and green spirals. The transmission 
employed a bandwidth of the order of 10 kilocycles 
and the pictures corresponded to a number of lines 
somewhere between 20 and 30 per frame.' 
In July, 1929, the Bell Telephone Laboratories in 

New York demonstrated a three-color television sys-
tem employing three independent channels. The live-
pickup equipment consisted of three banks of cells 
with the three primary-color responses. A flying spot 
scanned the object and a scanning disk served on the 
receiving end to reconstitute the image. Three dis-
charge tubes furnishing red, green, and blue light and 
superimposed by mirrors behind the scanning disk 

served as the light source.2 
It is interesting to note that while the Bell Labora-

tories employed a three-channel system which ob-
viously occupies three times the frequency spectrum 
over the corresponding black-and-white picture and 
requires three times the facilities, Baird, though simi-
larly requiring three times the frequency space, em-
ployed rotating filters and was thus the first one to 
demonstrate the sequential, additive method of color 
in television. - 
Early in 1938, John L. Baird demonstrated in Eng-

land a 9- X 12-foot 120-line color-television picture 
using sixfold interlacing, employing a flying spot, 
mirror drum, and rotating filters at the transmitter. 
At the receiving end also a mirror drum was employed, 
rotating at the rate of 6000 revolutions per minute and 
using a Kerr cell as modulator in conjunction with 
rotating color-filter slots. 
In July, 1939, a demonstration with similar trans-

mitting equipment was reported.2 At the receiver there 
was a projection cathode-ray tube combined with a 
rotating color filter. The system was a two-color system 
using alternately orange and blue-green filters. The 
color-picture frequency was 16f per second employing 
102 lines. 
Finally, on August 28, 1940, a three-color, high-

definition television system employing electronic scan-
ning both at the transmitter and at the receiver was 
broadcast for the first time over Station W2XAB in 
New York City. The subject of transmission was mo-
tion-picture color film. Soon after live pickup employ-
ing the same trichromatic system was demonstrated. 
This paper will deal largely with the color-television 

system demonstrated on thok two occasions, as well 
as its subsequent development up to the summer of 

A. Dinsdale, "Recent advances in television: television by day-
light and television in colors," Television, vol. 1, pp. 9-10, 26; 
August, 1928. 

2 "Television in colors; Bell Telephone engineers transmit and 
reproduce scenes in their natural hues, "Tel. and Tel. Age., no. 14, 
pp. 315-318; July 16, 1929. 

2 F. W. Marchant, "New Baird colour-television system," Telev. 
and Short Wave World, vol. 12, pp. 541-542; September, 1939. 

1941. Beginning on June 1, 1941, daily color transmis-
sions over Station WCBW of the Columbia Broad-
casting System inaugurated a field-test period for the 
purpose of determining the practicability of color tele-
vision as presented in this paper. 

COLUMBIA BROADCASTING SYSTEM 
COLOR TELEVISION 

At the outset of research activities in color televi-
sion a number of conditions were set down upon ful-
fillment of which depended the success of practical 
color television. These were: 

1) For a given bandwidth the loss in monochromatic 
definition due to the introduction of color should 
not be excessive. 

2) The system should be based on three primary 
colors. 

3) Within any given bandwidth the performance of 
the color system decided upon should give at 
least as much satisfaction as the corresponding 
black-and-white system. 

In the color-television system under discussion the 
following terms will be used: 
color-field frequency—the highest vertical scanning 
frequency employed in the system 

color-frame frequency—color-repetition time per 
second, i.e., trichromatic-repetition rate per sec-
ond, corresponding to the color-field frequency 
divided by three 

color-picture frequency—number per second of the 
coincidence of one and the same primary color 
with one and the same area of the image 

frame frequency—identical to the term used in mon-
ochromatic television, i.e., completion of the scan-
ning of the entire picture area per second in black 
and white. 

Before the choice for a final system was narrowed 
down, several alternatives were considered. These all 
had in common sequential, additive-color scanning 
where the primary-color impulses of varying ratio, 
following in rapid succession, are integrated by the 
observer's eyes. The three primary colors employed 
were red, blue, and green, the characteristics of which 
will be discussed later. Rotating color disks or drums 
in front of the pickup device and the receiving tube, 
suitably synchronized and phased, produced the color 
analysis at the transmitter and the synthesis at the 
receiver. 
The various systems combining different interlace 

ratios, color fields, color-frame and color-picture fre-
quencies as well as lines, are tabulated in Table I. 
System 1, as can be seen, is a straight adaptation of 

the black-and-white standards. Though the mono-
chromatic definition was unimpaired, the resulting 
flicker due to the low color-frame frequency (20) was 
intolerable even at low illumination values. The ef-
fect, known as "color breakup," which is purely a 
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physiological one and increases with decreasing color-
frame frequency, was objectionable. A white object 
which moved across the screen with sufficient velocity 
would show'red, blue, and green color fringes. Only em-
pirically could it be determined at which color-frame 
frequency the color. breakup for the most commonly 
transmitted objects in motion became negligible. 

TABLE I 

System 1 2 3 4  5 

Color fields —(c) 60 120 120 180 120 
Color frames 20 40 40 60 40 
Frames--(J) 30 120 60 45 30 
Color pictures 10 40 20 15 10 
Interlace ratio —(c/f) 2:1 1:1 2:1 4:1 4:1 
Lines per frame, corre-
sponding  to  441. 
black-and-white, 
nearest practical 
value 441 240 318 350 441 

Horizontal (line) fre-
quency 13,230 28,800 18,900 15,750 13,230 

Lines per frame, corre-
sponding  to  525 
black-and-white, 
nearest Practical 
value 525 260 375 450 525 

Horizontal (line) fre-
quency 15,750 31,200 22,500 20,250 15,750 

Color breakup condi- Unsatisfac- Satisfac- Satisfac- Satisfac- Satisfac-
tions tory tory tory tory 

Interline flicker condi- linsatisfac- Satisfac- Satisfac- Doubtful Untsa°r iisfac-
tions tory tory tory 

Picture flicker condi- Unsatisfac- Satisfac- Satisfac- Satisfac- Satisfac-
tions tory tory tory tory tory 

In System 1 the color-picture frequency is 10, which 
gives rise to interline flicker. It will be obvious when 
considering the subsequent systems that for a constant 
frame frequency the color-picture frequency also re-
mains the same. This is an important factor when con-
sidering interlace ratios higher than 2. 
System 2 employs sequential scanning in order to 

eliminate interline flicker. The frame frequency is 120 
and thus the color-field frequency becomes 40 per 
second. Flicker and color-breakup conditions are satis-
factory. However, the loss in definition is excessive. 
It became evident that in order to increase definition, 

interlacing had to be introduced. This led to a system 
which has a color-field frequency of 120, a color-frame 
frequency of 60, and color-picture frequency of 20 per 
second. Due to a 2:1 interlace ratio the frame fre-
quency remains at 50 per second and the number of 
lines at 343. This system gave freedom from flicker 
with screen brilliancies up to 2 apparent foot-candles 

COLOR MELD INTERVAL 

TRAY( INTERVAL   

COLOR FRANI INTERVAL   

COLOR PICTURE iNTERVAL  • 

Fig. 1—Diagrammatic representation of CBS System 3. 

and showed no interline flicker. It was subsequently 
chosen as the most satisfactory compromise for the 
present 6-megacycle band at the same time increasing 
the number of lines to 375 which corresponds to the 525 
lines used in monochromatic television. 

System 4 is a compromise between Systems 3 and 5 
inasmuch as the color-picture frequency is 15 with a 
corresponding color-frame frequency of 60 and color-
field frequency of 180 per second. The frame fre-
quency of 45 per second will permit a number of lines 
approximating 525N/30/45. In this system flicker even 
at the highest brilliances is eliminated; however, the 
interline flicker still appears somewhat excessive. 
System 5 uses the same horizontal-scanning fre-

quency as monochromatic television; however, it 
utilizes quadruple interlacing to increase the field 
frequency to 120 per second. Thus flicker conditions 
are satisfactory and resolution is excellent. However, 
due to the low color-picture frequency (10 per second) 
interline flicker appears excessive. 
In &der to avoid the so-called "line-crawling" effect 

the quadruple interlacing in Systems 4 and 5 is of the 
staggered type where the sequence of lines is 1, 3, 2, 4 
instead of 1, 2, 3, 4. 
Conditions in these two systems are aggravated by 

the fact that the color-field frequency of 180, and re-
spectively 120, per second, being a multiple of the 
power-supply frequency, would show a distinct break-
down of the line structure emphasizing a raster of 
approximately 100 lines in case 60-cycle components 
were not completely eliminated from the vertical 
scanning. 

The final decision in favor of System 3, with System 
4 as a close second, had to be made in view of the dis-
couraging results, confirmed by other experimenters, 
in attempting to reach a satisfactory solution of the 
quadruple interlacing problem in general. 
In Systems 1, 3, 4, and 5 the number of color fields 

over frames per second was an even number. If in a 
trichromatic system all areas of the image are to be 
scanned in all three primary colors, then the following 
conditions must be fulfilled: 

— = 3n + 1 where c = color fields per second 

= frames per second, and 

n = any whole number 0, 1, 2, 3, etc. 

For sequential scanning n =0 and thus c/f =I, for n =1, 
c/f becomes either 2 or 4 ,which corresponds to double 
and, respectively, quadruple interlacing. Fig. 1 is a 
diagrammatic representation of System 3. 

COLOR 

The color-television method under discussion is 
based on the eye's retentivity of light of all colors and 
its ability to recognize mixtures of several colors as a 
single one. Because of the fact that theoretically all 
colors are reproducible by a suitable set of three pri-
maries, a trichromatic system was chosen as the basis 
for color television. 
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The experimental fact that 
the stimulant E(X) produces 
a sensation equivalent to a 
mixture of three primaries 
can be expressed as 

E(X) = w1(X)/1  w2(X)/2 

ws(X)/3 (1) 

.9 

5200 

5100 

GREEN 

5300 

5400 

where the w's are coefficients  •  COr,, 5500 

and the I's are the three pri-
mary colors.  /  \ 

6  COLORS OF SPECTRAV HUE 

Before proceeding to the 
discussion of the application 
of (1) and the choice of pri-
maries in reproducing color 
in television, it is best to in-
troduce some concepts used 
in standard colorimetry. It 
can be shown that although 
the w's can be determined ex-  .3 
perimentally, there is nothing 
unique about a given set of 

.2 

primaries and their respec-
tive coefficients. The present 
practice is to use coefficients  .. 
determined .by the Interna-
tional Commission on Illumi-
nation in 1931, for the stand-  

2  6  .7  .6  .9 

ard observer.' 
These coefficients, known 

as the ICI tristimulus values 
of the spectrum colors, are 
usually designated by t(X) dominant in the red region  2  5'  2 
of the spectrum, y(X) in the green, and 2(X) in the blue  2 ± 5, + E  i ± 5, + 2  2 + 9 + 2 

region. The tabulated values and the curves for these 
tristimulus values can be found in several places.5." The  as a result x ± y + z = 1. 

primaries associated with 2, y, and 2 are fictitious in the 
sense that they have no physical counterpart. How-  To determine the tristimulus values for a light source 
ever, they never assume negative values. Purposely  E(X), an integration must be performed; i.e., 

y(x) was chosen to coincide with the luminosity curve  ,.,  . 
or the standard visibility function and thus represent  X' = i E(X)t(X)dX,  Y' = i E(X),(X)dX, 
the energy of the light source in terms of the eye or the  o  o 
brilliance of the color.  ,.,  (2) 
With the aid of the tristimulus values 2, y, 2 a  Z' = f E(X)2(X)dX. 

graphic representation of all colors can be constructed.  o 
This is known as the color triangle or the unified tri- For these values the unified trichromatic coefficients 
chromatic coefficient diagram, and is shown in Fig. 2. 
The locus of pure spectral colors is shown with a solid  are 
curve. This curve is obtained by the so-called unified 
coefficients; i.e., 
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Fig. 2—Unified trichrornatic coefficient diagram (color triangle). 

4 "Commission internationale de l'eclairage, Corn pies Rendus 
des Seances, 1931, Cambridge University Press, New York, N. Y., 
1932, p. 25. 

A. C. Hardy, "Handbook of Colorimetry," Technology Press, 
Massachusetts Institute of Technology, Cambridge, Massachu-
setts, 1936.  The light source E(X) can now be represented by a 

'C. D. Hodgman, "Handbook of Chemistry and Physics,"  point in the color triangle. The operation shown in (2) 
Chemical Rubber Company, Cleveland, Ohio, 1937. 
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can be carried out on luminants of any spectral dis-
tribution, such as fluorescent materials, illumination 
sources with or without color filters, etc., after which 
their respective positions in the color triangle can be 
determined. The second equation in the group deter-
mines the luminosity of the color. In Fig. 2, point w 
represents white and grays; i e., 

X = Y = Z. 

The gamut of colors which a given set of primaries 
will reproduce can be determined with the aid of the 
color diagram. (The primaries in this discussion are 
used only with positive coefficients.) Only those colors 
enclosed within the triangle, the corners of which are 
represented by the primaries, can be reproduced by the 
afore-mentioned primary colors. Two such triangles 
are drawn in Fig. 2. In order, to reproduce the largest 
possible gamut, the three primary colors must be so 
chosen that the resulting triangle encloses most of the 
colors commonly used. Usually this entails a compro-
mise, with a sacrifice of some of the blue-green region. 
The limitations encountered in any two-color system 

are obvious when examining Fig. 2. Employing only two 
primaries, the colors that can be reproduced are only 
those found along the straight line joining the location 
of the two primaries in the color triangle. 

Color Characteristics at the Receiver 

In the television system under discussion the pri-
maries at the receiver are determined by the color 
filters, red, green and blue, and the fluorescent material 
in the tube. The largest gamut of colors is produced 
with primaries which fall on the locus of monochro-
matic colors in the color triangle. One such choice is 
red 7000, green 5350, and blue 4000 angstrom units, 
shown in Fig. 2. 
Unfortunately, monochromatic primaries can only 

be obtained at the sacrifice of light intensity. Thus one 
finds that in television, as in certain color-reproducing 
processes, a compromise must be found between light 
intensity and the best choice of primaries. In addition, 
there is a restricted choice in available phosphors. The 
decay time of the fluorescent powder used in the receiv-
ing tube must be such that its intensity becomes neg-
ligible after one color-field period. 
Of the commercially available phosphors the zinc 

and calcium sulphides possess sufficient luminescent 
efficiency and also satisfy the decay requirements. 
The luminescent spectrum of the phosphor must cover 
the entire range of the three filters in order to provide 
a light source for each primary. The precise character 
of the spectrum desired is contingent upon the choice 
of filters. The most desirable characteristic would be 
to furnish maximum light in those blue, green, and 
red regions that fit the maximum transmission por-
tipns of the blue, green, and red filters. Commercial 

tubes usable for color television employ, for the most 
part, two component mixtures utilizing a zinc-sulphide 
with a spectral emission maximum in the blue and 
blue-green region, and a zinc-cadmium sulphide with 
a maximum in the yellow and yellow-red region.' 
The spectral curve of such a mixture is shown in Fig. 3. 
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Fig. 3—Color characteristics at the receivers; filters Nos. 47,58, 
and 26 combined with the phosphor. The fourth curve repre-
sents an average phosphor. 

An inexpensive source of spectroscopically repro-
ducible filters, with a wide selection' of color, is the 
Wratten series, available in gelatin or acetate stock. 
The choice of the filters is determined by the wave-
length at which the maximum transmission occurs, 
the width of the transmission band, and the total trans-
mission. It is desirable to have filters and phosphor so 
chosen as to produce white 'corresponding to daylight 
fluorescent lamps with equal signals on the grid of the 
picture tube during the red, blue, and green periods. 
Thus, if a white surface of 6000 to 6500 degrees Kelvin 
is transmitted, it should be received as the same shade 
of white and also should be identical to the receiver's 
own color when operated without a signal. 
The filters finally chosen for use at thereceiver were 

Wratten No. 26 for red, No. 47 for blue, and No. 58 
for green. The emission curves for the phosphor mix-
ture used for the experimental tubes combined with 
filters Nos. 47, 58, and 26 are given in Fig. 3. The re-
sultant blue, green, and red primaries yield a new color 
triangle represented with broken lines in Fig. 2; the 
location of the new primaries is marked with the corre-
sponding filter numbers. 

A satisfactory method of specifying the color com-
position of the phosphor, which is a mixture of blue, 
yellow, and orange zinc and zinc-cadmium sulphides, 
without resorting to actual spectral curve data, was 
to specify the transmission through filters Nos. 47, 
58, and 26 as recorded with a Weston photocell No. 2. 

7 H. W. Leverenz and F. Seitz, "Luminescent materials,' Jour. 
Appl. Phys:, vol. 10, pp. 479-493; July, 1939. 
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The relative values which proved satisfactory were 
No. 47-1.0, No. 58-1.25, and No. 26-0.75. Of the com-
mercially available tubes, the General Electric and 
Baird have been found quite useful. RCA Radiotron 
and National Union have supplied special tubes that 
have proved satisfactory. In the Columbia Broadcast-
ing System laboratories, tubes have been built using a 
phosphor mixture containing 60 per cent of a blue 
zinc-sulphide, 35 per cent of a yellow-green zinc-cad-
mium sulphide, and 5 per cent of a reddish zinc-cad-
mium sulphide. The final color characteristic of the 
tube, however, depends to a large extent on the vari-

ous processing schedules. 
The range of colors obtainable with this choice of 

phosphors and filters (shown in Fig. 2 with a dotted 
triangle) is as large as is encountered in color photog-
raphy. The white produced with three equal signals 
appears somewhat bluish. Very recently, however, 
satisfactory "white" tubes were made in the labora-
tories, which show consistently good color character-
istics and permit transmitter operation with equal 
blanking pulses. Spectral curves for these tubes are in 
preparation and will be available shortly for standardi-

zation purposes. 

Transmitter Color Characteristics 

While the performance of the receiver was based on 
the color theory of vision, the study of the color char-
actetistics at the transmitting end of the system had 
to be guided by the desirability of producing all colors 
encountered in nature. At the receiver three properly 
chosen narrow bands in the spectrum were sufficient; 
at the transmitter, the bands must be wide enough and 
sufficiently overlapping to produce a signal from every 
color. The exact character of the three spectral curves 
at the transmitter is determined by the filter and phos-

phor combination at the receiver. 
The spectral characteristics at the transmitter are 

composed of the spectral sensitivity of the pickup tube 
in the camera, the transmission curves of the filters 
and the spectral emission of the light source. The filters 
and light source must be so chosen as to produce 
negligible signals in the infrared (beyond 7000 ang-
strom units) and the near-ultraviolet (below 4000 
angstrom units) regions of the spectrum. 
The general relationship between the color charac-

teristics of the transmitter and the receiver can be 
derived from an analysis developed by Hardy and 
Wurzburg in connection with photographic reproduc-

tion in color.° 
The tristimulus values for any object at the trans-

mitter, the spectral reflection of which is represented 
by E(X), was given by (2). At the receiver the tristimu-
lus values are represented by 

$ A. C. Hardy and F. C. Wurzburg, Jr., "The theory of three-
color reproduction." Jour. Opt. Soc. Amer., vol. 27, pp. 227-240; 
July, 1937. 

X" = r f P(X)F,.(X)2(X)dX-I-g f P(X)F Q(X)ic(X)dX 

+b  P(X)Fb(X)I(X)dX 
0 

Y"= r f  P(X)F,(X)9(X)dX-Eg f  P(X)Fo(X)y(X)dX 

+b P (X)F b(X)y(X)dX 
0 

Z"=r f  P(X)Fr(X)2(X)dX+ g f  P (X)F g(X)2(X)dX 
0  0 

+b fP (X)F b(X)2(X)dX 
rl 

(3) 

The coefficients r, g, and b are proportional to the 
light intensities at the picture tube associated with 
signals generated at the camera through the red, green, 
and blue filters. P(X) is the spectral emission of the 
phosphor. F(X), F0(X), and Fb(X) are the spectral 
transmissions of the red, green, and blue filters at the 
receiver, and g(X), 9(X), and 2(X) are the ICI tristimu-
lus values. 
r, g, and b are some functions of the light incident 

at the photosensitive member of the camera tube; i.e., 

r = f(S) (4) g = f(S9)  b = ASO. 

Simplified for further discussion, (3) can be written 

X" = ran + gan ± ban 

V" = ran ± gass  bass 

Z" = ran + gan + ban. 

For the system to reproduce color faithfully it is 
necessary for (2) and (3) to be related linearly; i.e., 

X' = kX"; Y' = kV";  = kZ";  (6) 

where k is a constant. 
The S„, Sp, Sb of (4) is that portion of the light at 

the transmitter which is useful in producing the elec-
trical signal. It can be resolved into three components: 
A (X), the spectral sensitivity of the photosensitive 
member of the camera tube, the spectral attenuation 
of the red, green, and blue filters at the camera tube, 
T,(X), T„(X), and Tb(X), and the spectral distribution 
of the object E(X) being televised. E(X) will depend 
on the light source used to illuminate the object. The 
S's can thus be written as 

as 

Sr= fE(X)T (X)A (X)dX 
0 

S. =fE(X)T „(X)A(X)dX 
0 

Sb = f E(X)T b(X)A (X)A 

(5) 

(7) 
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Fig. 4—Color characteristics at the transmitter; these curves are 
solutions of equation (9) on the basis of receiver characteristics 
represented in Fig. 3. 

The actual functional relation between r and Sr, 
etc., depends on the relationship between the light in-
put and the signal output at the camera, on the rela-
tionship between the voltage on the grid of the receiv-
ing picture and the light output from the phosphor; it 
further depends on the electrical characteristics of the 
terminal equipment, the transmitter proper, and the 
receiver. 
Equations (2) and (3) permit the determinatior? of 

T ,(X) A (X) , T o (X) A (X), and Tb(X)A (A) for a given light 
source, once P(X)F,(X), P(X)F„(X), and P(X)F,(X) have 
been chosen and provided it is assumed that r =S,, 
g= S9, and b= Sb. This in effect signifies that the gamma 
of the over-all system is unity. If (5) is substituted in 
(2) and the new equation is in turn substituted with 
(7) into (3), and the integral sign and E(X) are can-
celled heuristically from both sides, the resulting rela-
tionship is 

ikX) = T,(X)A (X)an TAX)A kX)aii Tb(X)A (X)an 

50) = T(X)A(X)an T9(X)A(X)a22 Tb(X)A (X)a23 

ikX) = TykX)A (X)as, T ,(X) A (X) a 32 T b(X)A (X) a 33. 

The color response at the transmitter is contained 
in the quantities T,(X)A (X), T,(X)A (A), and Tb(X)A (X). 
In (8), the coefficients a,„„ are known constants that 
are evaluated in terms of color response at the re-
ceiver and the ICI tristimulus values. Equation (8) 
can thus be written as 

cT,(X)A (X) = (a22a33 — a23a32)2(X) 

± ((luau — a12a33),(X) 

▪ (a12a23 — a22(113)2(X) 

cT,(X)A  = (a23a31 — a21a33)2(X) 

▪ (anan — a13a309(X) 

▪ (a13a21 — a11a23)2(X) 

cTb(X)A (X) = (a21(132 — 

-F (anan 

- (ana22 

a22a3i)g(X) 

— a11a32)9(X) 

— ana21)2(X) 

(8) 

(9) 

where c is a constant. The solution of (9) in terms of 
receiver color response as represented in Fig. 3 is 
shown in Fig. 4. The curves in these figures display 
the usual characteristics found in all color-reproduction 
problems, the existence of negative color values for 
perfect matching. The present color-television system 
has no mechanism to introduce these negative values; 
however, they are being partially compensated for 
with the aid of the color mixer. 
The above analysis is valid for the color transmis-

sion of live scenes as well as for color slides or motion 
pictures, provided the latter two contain no color dis-
tortion. Once the photographic or printing processes 
have introduced certain distortions, the filters at the 
transmitter must be so chosen as to compensate, if 
possible, for these specific anomalies. 

Camera Tubes 

Before comparing the results contained in Fig. 4 

with actual operating conditions, it is best to consider 
briefly the color characteristics of the tube used at the 
transmitting end. They are of two types: the dissector, 
used for slides and motion pictures, and the orthicon, 
used in the studio and in outdoor pickups. One of the 
problems in dissector operation is the elimination of 
signals produced with infrared radiation. The infrared 
contaminates all colors as it passes freely through the 
red, blue, and green filters. Originally the standard 
dissector was used with a cesiated silver-oxide cathode 
surface. This surface has a minimum color response in 
the green portion of the spectrum while it shows rising 
tendencies both towards the blue and the infrared 
regions. In order to utilize this tube a carbon arc was 
used as a light source, combined with the infrared-
absorbing Corning glass filter No. 978, 2 millimeters 
thick. The filters that were used in this setup were 
Wratten Nos. 47, 58, and 25. Fig. 5 is a graphic repre-
sentation of the results. The dissector used at present 
is the so-called daylight dissector (developed especially 
for color television by the Farnsworth Televisio. n and 
Radio Corporation) with a maximuth in the green 
portion of the spectrum falling off towards the blue and 
the red end. This dissector was also used with a carbon 

tiO 

to 

40 

r 

40 

00 

5000  •  4000  7000 

Fig. 5—Color characteristics at the transmitter; the curves combine 
the standard dissector, the carbon arc, 2 millimeters of Corning 
glass No. 978, and Wratten filters Nos. 25, 47, and 58. 
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arc but with a Corning filter No. 978 only 1 millimeter 
thick. The color filters were again Nos. 47, 58, and 25. 
In both cases a water cell was used to secure protection 
for the slides and film. Fig. 6 gives the operating condi-
tions for the daylight dissector. There is no question 
of the superiority of this type of tube over the standard 
dissector for this work. The signal-to-noise ratio is 
improved partly because of the greater photoelectric 
response in the pertinent portion of the spectrum and 
also because of the reduction in thickness of the infra-

red filter. 
The spectral characteristics of the orthicon have not 
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Fig. 6—Color characteristics at the transmitter; the curves combine 
the light dissector with the carbon arc, 1 millimeter of Corning 
glass No. 978, and Wratten filters Nos. 25, 47, 58. 

been measured under operating conditions. However, 
from measurements of the signal obtained through 
various Wratten filters it can be stated very generally 
that the spectral response of the color orthicon does 
not conform to the standard cesiated silver-oxide sur-
face. It was found that specifications of the color char-
acteristics of the orthicons used can be summed up in 
terms of the signal obtained through Wratten filtprs 
Nos. 47, 57, and 25. The ratio of the signals through 
No. 47 to No. 57 using daylight fluorescent light 
source is approximately 1.25 and the ratio of No. 47 
to No. 25 is 0.85. To obtain a general view of the color 
characteristics at the transmitter a daylight fluorescent-
light source attenuated through filters Nos. 47, 57 and 
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ima slightly but it will not change the limits of the 
individual curves. Thus the extent of filter overlapping 

remains the same. 

Lighting 
The color characteristics at the transmitting end of 

the system depend to a large extent on the illumination 

Fig. 7—Color characteristics at the transmitter; Wratten filters 
No. 25, 47, and 57 combined with daylight fluorescent light 
source as used with orthicons. 

25 has been plotted in Fig. 7. The inclusion of the char-
acteristics of the orthicon in this figure will reduce the 
red curve roughly by 30 per cent. It may shift the max-

Fig. 8—A fluorescent-light unit, used in color work. 

source. For slides and motion pictures, the carbon arc 
is used and the filters are chosen to match the carbon 
arc. For direct pickup it is desirable to have a light 
source such as not to necessitate the change of filters 

Fig. 9—A view of a bank of fluorescent lights. 

when the camera is moved outdoors. A good approxi-
mation to such a light source can be obtained with in-
candescent lamps where the infrared is attenuated 
with properly chosen glass filters, such as Aklo glass. 
However, this type of source is very inefficient. Fluor-
escent lamps of the daylight type are a fair approxi-
mation to the requirements. The lamps contain 
30-watt bulbs mounted in specially designed reflectors, 
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developed for color television to give the maximum 
light flux for a minimum ceiling area. A single 'unit is 
shown in Fig. 8 and a bank in Fig. 9. 
Fig. 10 gives the spectral emission curve for the day-

light fluorescent lamps. The spectral distribution of 
light as received from the sun on a horizontal plane 
under various cloud conditions and at different times 
of day also is shown.° 
It can be seen that the daylight fluorescent lamps 

are down in the red and slightly down in the blue por-
tions of the spectrum as compared to outdoor illumina-
tion. It was found that when switching from studio 
pickup to outdoor scenes it is necessary to reduce the 
red signal by means of the electrical color mixer. 
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Fig. 10—Comparison of daylight fluorescent-light source 
with actual daylight. 

Comparison of Figures 

The calculations culminating in Fig. 4 have been 
purposely kept in general terms using a light source of 
uniform energy distribution over the visible spectrum. 
Figs. 5 through 7 take into consideration the actual 
light source in order to show the signal magnitude 
through the filters and the attenuation of the infrared 
component. 

It follows that the comparison of Fig. 4 with Figs. 
5 to 7 must be very general. The spectral characteris-
tics of operational equipment lack the negative value. 
The maxima are roughly in the same region, and the 
limits (principally determined by the Wratten filters), 
of the blue and green curves correspond quite closely. 
A certain discrepancy exists in the reds, where in Fig. 
4 the cutoff is at 5500 angstrom units and in Fig. 7 at 
5800 angstrom units. When examining Fig. 5 care-

fully, one can see that monochromatic sources between 
4000 and 4800 angstrom units will appear as the same 
blue, between 5400 and 5800 angstrom units will ap-
pear as the same green, and between 6300 and 6700 
angstrom units will appear as the same red at the 
receiver. However, these imperfections are not too 

° A. H. Taylor and G. P. Kerr, "The distribution of energy in 
the visible spectrum of daylight," Jour. Opt. Soc. Amer., vol. 31, 
pp. 3-8; January, 1941. 

serious, since only rarely do objects reflect colors of 
such narrow bands. 
As has been pointed out previously, the present tele-

vision system does not permit introducing the negative 
values (which are common to all color-reproducing 
systems) as shown in Fig. 4. Nevertheless, the color 
mixer permits partial compensation by changing the 
ratio between signals r, g, and b. The system itself is 
unaware of whether the change takes place in the spec-
tral characteristics of the light source at the transmit-
ting end or in light emission of the receiver. Changing 
the relative amounts of the red, blue, and green sig-
nals electrically in effect changes the solution of (9). 
Thus the manipulation of the color mixer changes the 
ratio of positive to negative signal. Color deterioration 
resulting from the lack of negative signal is thus par-
tially reduced. 
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Fig. 11—Solution of equation (9), including a decay of 1/5 from 
one color field to the next in the orthicon. 

In this analysis, the persistence of a signal from one 
color field to the following ones, as experienced in the 
orthicon under certain conditions, has been neglected. 
Curves similar to those in Fig. 4 have been calculated, 
taking into account hangover of 1:5 and 1:10 of the 
original signal into the next field for a ,color sequence 
red-blue-green, and are shown in Figs. 11 and 12. The 
same receiver color characteristics as in Fig. 4 were 
assumed. The most outstanding feature of these curves 
is the increased amplitude and width of the negative 
portions. A hangover of 1:5 (Fig. 11) would require 
much broader filters at the transmitter and the color 
contamination would be appreciable. A hangover of 
1:10 (Fig. 12) shows less deviation, as compared with 
conditions in Fig. 4, where no hangover was assumed. 
The blue filter is wider than in Fig. 4 and has a nega-
tive component in the red region. On the whole, how-
ever, Fig. 12 matches Fig. 4 reasonably well. 

The color mixer has been used to compensate for 
different lighting conditions, to correct for color con-
tamination resulting from lack of negative signal, and 
thus also indirectly for hangover. There is no assur-
ance that all these corrections require the same 
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adjustment. The mixer permits a partial removal of 
color contamination from a number of sources and in 
actual operations a compromise is made for the best 
over-all effect. 
This analysis has been based on a linear relationship 

between light output at the receiver; i.e., a system 
with unity gamma, which conditions may not be ob-
tained with present equipment. 
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Fig. I2—Solution of equation (9), including a decay of 1/10 from 
one color field to the next in the orthicon. 

FLICKER IN COLOR TELEVISION 

The well-known Ferry-Porterm" law states that the 
critical frequency is proportional to the logarithm of 
the illumination intensity. Porter was the first to estab-
lish the fact that the critical fusion frequency is inde-
pendent of wavelength, provided the apparent bril-
liance remains constant. Based on this law he derived 
the well-known color-intensity curve of the eye using 
a flicker photometer. It follows that with constant ir-
radiation over the visual spectrum the eye's sensitivity 
to flicker follows the color-intensity curve. 
In the sequential color-television system under con-

sideration the worst flicker condition would occur if 
only the primary color with the highest luminosity 
were received while the other two primary colors were 
suppressed completely. Such a condition hardly ever 
occurs in practice unless the color camera picks up a 
green object, the limits of its chromaticity being be-
tween 5400 and 5800 angstrom units (see Fig. 5). The 
flicker frequency for this case would be 40 per second. 
An attempt will be made to calculate the maximum 
permissible brilliance of such a green picture before 
flicker becomes perceptible. 
The validity of Talbot's law has been checked for 

all colors by Porter" and others. Thus, applying Tal-
bot's law to the special case of color television as dis-
cussed here, the apparent brilliance of the image at 
the receiver would be 

'° E. S. Ferry, Amer. Jour. Sci., vol. 44, p. 192, 1892. 
11 T. C. Porter, "Study of 'flicker'," Proc. Roy. Soc. (London), 

vol. 70, pp. 313-329; July 29, 1902. 

1 T 

= — f  L(t)cli 
T, 0 

(10) 

where Tc is the duration of a complete color cycle 
(color frame) and T the duration of a color field. L(t) 
is the decay function of the screen material. This is 
assumed to be exponential, with a luminosity not 
greater than 1/10th of the initial brilliance after the 
duration of one field period (T). 
Thus for the transmission of green between 5400 

and 5800 angstrom units the apparent brilliance of 
the received picture becomes 

1 
=  f  YoL(t)dl  (11) 

0 

where the luminosity at the receiver has been expressed 
in terms of the Y component of the tristimulus coeffi-
cients, representing the combination of the receiver's 
green filter and the screen material, as shown in Fig. 2, 
and the decay with time of the screen material. 
For a picture tube made in the laboratories espe-

daily for color reception the following ratios of the 
luminosity values of the three color primaries were 
found: 

"green Y,ed 
— 23 and —  = 10.3.  (12) 

"blue  "blue 

Equation (11) can be rewritten 

T 

1g L(t)di 
T,  0  • 

Using equation (12) we obtain 

23 17 6 r 
19 f  L(i)dt  (13) 

J o 

In order to determine at what apparent brilliance a 
40-cycle television picture will just begin to show 
flicker we consult the curve shown in Fig. 11, which is 
from the article by Engstrom." The curves 
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Fig. 13—Relationship between critical flicker 
frequency and picture brilliance. 

11  E. W. Engstrom, "A study of television image characteristics," 
PROC. I.R.E., vol. 23, pp. 295-310; April, 1935. 
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Fig. 14—Dissector block diagram. 

obtained by using a special film which corresponded to 
certain decay characteristics of screen materials. It was 
decided to choose film No. 1, the decay characteristic 
of which is sufficiently fast to correspond to a screen 
material usable in color television, where at the end of 
one frame the screen brilliance decays practically to 
zero. Thus, according to Fig. 13, a repetition frequency 
of 40 per second will permit a screen illumination of 
1.8 apparent foot-candles. 
So far we have considered the most unfavorable 

case from a flicker point of view. More favorable con-
ditions will occur if white with three equal electrical 
impulses during the red, green, and blue periods is 
transmitted and received. 
In order to obtain the total apparent illumination 

at the receiver, (11) will be expanded into 

-  f  YgL(1)(11-1- f Y,L(t)dt  f Y0L(I)dt (14) 
Te o 

assuming that L(t) is independent of color, equation 

(14) can be written as 

(Yg +  + Ye) f p T 
=  L(t)dt  (15) 

T, 

using the substitutions in (12) we obtain 

34 .3Yb 
=-  f T.  L(i)dt. 

0 

Comparing this with (13) it is found that 

/„  34.3 

/9 — 23 

(16) 

(17) 

The meaning of this expression is that the apparent 
brilliance of the receiver screen increases only in the 
ratio of 34.3/23 when white is transmitted, even though 
it is produced by three equal electrical impulses, one 
during each color field. Since in this case a light im-
pulse is received during each of the color fields, flicker 
conditions improve rapidly. However, the apparent 
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Fig. 16—Orthicon camera on tripod; direct-pickup color camera. 
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Fig. 17---Orthicon color camera; inside view, showing 
filter drum with synchronous driving motor. 
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brilliance should not be higher than 1.8 times 34.3/23, 
which is 2.7 apparent foot-candles if one wishes to make 
sure that in the singular case of the transmission of a 
narrow band of green no flicker is present. This top 
value of 2.7 foot-candles is not a serious limitation. 
Present black-and-white pictures with such a high-
light brilliance give satisfactory viewing in darkness. 
The same black-and-white receiver, however, will not 
permit satisfactory viewing with surrounding illumina-
tion of any appreciable magnitude. 
Color-television pictures produced with the aid of 

rotating filters do not deteriorate appreciably in the 
surrounding illumination due to the fact that the room 
light which passes through the filters twice is attenu-
ated by the square of the filter loss factor, while the 
picture itself is only attenuated by the first power of 
the filter factor.'3 As a result the. unmodulated screen 
of a color receiver appears nearly black even in a well-
illuminated room. Thus the 2.7-foot-candle maximum 
brilliance will furnish a more satisfactory image than 
a conventional black-and-white receiver even with 
10-foot-candle high-light illumination. 

EQUIPMENT FOR COLOR TELEVISION 

Studio 
Certain electrical requirements must be met by 

pickup tubes if they are to be used in color television. 
It is important that the signals produced during any 
one color field should not be adulterated by a signal 
left over from a previous field. Storage-type camera 
tubes must, therefore, be designed so that the entire 
electrical charge on the mosaic is removed within one 
field period. 
A constant black level must be established in the 

camera tube, and spurious signals such as "shading" 
should be absent. The dissector is the only commercial 
camera tube that meets all of the above requirements 
though its usefulness is limited to the transmission of 
film or slides due to its low sensitivity. 
The orthicon as modified for color television with 

lower mosaic capacitance was developed through the 
co-operation of the RCA Radiotron Division and has 
been found to produce very acceptable color pictures 
with incident light of 150 foot-candles on the subject. A 
certain amount of "hangover," which may be defined 
as the amount of signal remaining on the mosaic after 
the scanning beam has completed one field, appears 
to be unavoidable, but is only troublesome at lower 
light levels. The hangover occurs when the potentials 
on the mosaic are small enough to be within range of 
the random velocity distribution of the scanning beam. 
Under this condition the charge is not completely re-
moved until the mosaic has been scanned several 
times. A lower mosaic capacitance permits the voltage 
on the mosaic (for a given illumination) to build up to 
higher levels. 

A black-and-white receiver with an equivalent neutral filter 
will resist room illumination to the same extent. 

It might be expected that difficulty would be ex-
perienced with interlaced scanning on a storage-type 
camera tube such as the orthicon. In an ideal storage 
tube, where the scanning spot is only one line wide, 
it will be apparent that at the end of one field-scanning 
period only one-half the lines will be scanned and the 
hangover will be 100 per cent. Actually, in practice, 
hangover ratios of from 1:5 to 1:10 are obtained with 
the orthicon, indicating that either leakage, defocus-
ing, or other effects are present to such an extent as to 
remove most of the unscanned picture at the end of one 

field scansion. 
The gamma of a camera tube need not necessarily 

be unity, as correction may be made for any particular 
characteristic later on, if desired. In general, a tele-

1  1  1   
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COLON 7002001 TED:  PLO, O2.01, 0111 04, 0E0, BLUE, O WEN, ESC. 

Fig. 19—Color-mixer pulse diagram. 

vision system employing a linear pickup tube such as 
an orthicon, will have an over-all gamma higher than 
unity, due to the cathode-ray tube. A reduction in the 
gamma may be more satisfactorily made with tubes of 
the dissector type, where the noise is negligible in the 
black portions of the picture, than in a tube of the 
orthicon type, where the noise is determined by the 
impedance of the tube and the first amplifier stage. A 
reduction of gamma in the latter case results in in-
creased noise in the blacks, if all other factors remain 

equal. 
The introduction of color does not change many of 

the design requirements which are ordinarily encount-
ered in monochromatic television studio equipment. 
Certain factors, however, are worthy of mention. The 
color-field frequency of 120 per second necessitates free-
dom from 60-cycle hum in the synchronizing generator 
and scanning equipment and, to a lesser degree, in 
video amplifiers. Sixty-cycle components present in 
the synchronizing generator or scanning equipment 
cause loss of interlace and in the video equipment 
cause flicker at a 20-cycle rate resulting from the beat 
between the 60-cycle hum and the 40-cycle picture 
components. Hum may be eliminated easily by operat-
ing the equipment from a 120-cycle power source. 
Good low-frequency response is necessary in video 

amplifiers to pass the 40-cycle picture components 
properly. The video control equipment for color is 
somewhat more complex than for black-and-white 
transmission, as it seems advantageous to control the 
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gain and possibly the background of each color inde-
pendently, as previously mentioned. 
Block diagrams of a color-television system using 

dissector and orthicon camera tubes are shown in 
Figs. 14 and 15. Photographs of the orthicon direct-
pickup color camera are shown in Figs. 16 and 17. 

Fig. 21—Filter disk for orthicon. 

As previously mentioned, it is essential that the black 
level be established at the camera since manual con-
trol of the direct-current level for each color would 
seem a tremendous task. This is done by applying the 
blanking pulses to the grid of the orthicon and to the 
cathode of the dissector. 

with its own gain and brightness controls. The video 
signal is switched by means of suitable timing pulses 
(Fig. 19) applied to the screen grids of the 6AG7 switch-

Fig. 22—Orthicon color camera; filter drum assembly. 

The video amplifiers in a color-television camera 
channel are conventional except for the color mixer. 
Manual control of gain and brightness for each color 
are achieved by the equipment shown in Fig. 18. The 
color-mixer amplifier may be described as an electronic 
switch combined with three separate amplifiers, each 

Fig. 23—Nine-inch color-television receiver; front view. 

ing amplifier tubes. The pulses are so timed as to oper-
ate each amplifier in succession, turning on one as 
another is turned off. This switching occurs during the 
blanking period, and switching transients are removed 
by subsequent clipping of the recombined signals. 
Blanking is injected on the cathode of each switch-, 
ing amplifier tube and the individual brightness of 

Fig. 24—Nine-inch color-television receiver; top view, open. 

each color is adjustable by bias controls. The switch-
ing pulses are generated by the "ring frequency 
divider" circuit shown in Fig. 20. 
The nonstorage dissector is more easily adapted to a 

filter disk, since it is necessary that the optical image 
on the cathode be of the correct color only at the 
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point which is being scanned. The orthicon, on the 
other hand, being of the storage type, requires that 
only one color can be present in the optical image for 
one complete scanning-field period, prior to the actual 
scansion of a given point. It is possible to design a 

Fig. 25—Seven-inch color-television receiver; front view. 

disk to fulfill this requirement, but it will be of 
considerably larger diameter than the filter disk for 
the dissector. Fig. 21 shows the filter disk for the 
orthicon, where the contamina-
tion of colors due to the curvature 
of the filter segments is not more 
than 10 per cent. A filter drum, 
as shown in Fig. 22, accomplishes 
the same purpose with less con-
tamination and less space. The 
drum is phased so that the shad-
ow of the slotted rods holding 
the filters follows the scanning 
line. 

Receiving Equipment 

Practically any good black-
and-white television receiver de-
sign may be made the basis of a 
color-television receiver. Typical 
color receivers are shown in Figs. 
23, 24, 25, and 26. The additional 
equipment required will be the 
color disk, with its driving and 
synchronizing means. 
Usually additional precautions 

should be taken to insure com-
plete direct-current component 
insertion and freedom from hum. 
The cathode-ray tube should be 
magnetically shielded to mini-
mize pairing due to 60-cycle hum. 
It is fully as important, however, 
that attention be paid to sources 
of hum in the scanning circuit, 
such as common ground returns 
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economical to inject hum in opposing phase to neu-
tralize alternating-current fields that otherwise may 
be difficult to remove. This is only possible when the 
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interfering hum remains con-
stant in phase and amplitude 
with respect to the neutraliz-
ing components. Another ef-
fect which sometimes tends 
to destroy interlacing is due 
to electrostatic charges which 
accumulate on the rapidly 
moving color disk. Variations 
in the charge over the sur-
face of the disk produce move-
ment of the scanning lines as 
the disk rotates. It is possible 
to remove the charge with a 
semiconductive coating on 
the cathode-ray-tube face or 
with other electrostatic means 
of screening. 
Color disks have been made 

of metal or of transparent 
plastics such as Lucite, Plexi-
glass, etc. Wratten filters may 
be obtained coated on a 
10/1000-inch acetate stock 
which can be rivited to the 
plastic or metal disk. The disk 
may be rotated by a synchro-
nous motor or by an asyn-
chronous motor with auxiliary 
synchronizing means. Owing 
to lack of synchronism be-
tween the power supplies of 
New York, Connecticut, and 
New Jersey, and also owing to lack of standard syn-
chronous motors of 1200-revolution-per-minute type, 
it was found desirable to drive the disk with an inex-
pensive induction-type motor and synchronize it by 
means of a phonic motor or a magnetic brake. Satis-
factory phonic motors have been constructed which 

Fig. 28—Seven-inch color-television receiver, showing 
synchronizing brake and driving-motor assemblies. 

Oi.CCTiON Or .00e10.0 

Fig. 29—Generation of filter shapes. 

are driven by a single 6V6 tube, but the brake arrange-
ment is preferred, Fig. 27. A photograph of the same 
brake assembly as used on the receiver of Fig. 25 is 
shown in Fig. 28. The 120-cycle voltage is derived from 
the low-frequency scanning circuit and is mixed with 
a similar voltage from a small generator on the disk 
shaft. The sum of the voltages is then rectified and 
the resulting direct current applied to the magnetic 
brake. A departure in the disk phase with respect to 
the scanning produces a corresponding correction on 
the part of the brake. 
The generation of a properly shaped filter disk is 

shown in Fig. 29. This type of shape is suitable for a 
receiving or transmitting tube with short decay or 
storage times. The curve which is obtained in Fig. 29 
is an envelope of the position of a scanning line as 
traced onto the filter which is moving with the line. 
The required filter shape for a given mechanical ar-
rangement is obtained by developing curves which 
make allowance for positive and negative tolerances 
to take care of fluctuation in the disk position, viewing 
angle, and screen decay, Fig. 30. Generally, the mini-
mum disk diameter is about twice the outside diameter 
of the tube plus 1 or 2 inches. The optimum location 
will be determined by such factors as the distance 
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Fig. 30 (right, top) —Typical receiver 
filter-disk design. 

Fig. 31 (left, below)—Drum receiver. 

Fig. 32 (right, middle)—Rectangular 
flat-screen cathode-ray tube for 
color. 

Fig. 33 (right, boitom)—Projector for 
color film showing lamp housing, 
projector, filter disk, and dissector 
housing. 
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from the disk shaft to the picture frame, but can be 
determined for any particular arrangement. 
Color drums have been used at the receiver as well 

as at the transmitter instead of color filters. A short 
cathode-ray tube can be placed within the drum (Fig. 
31). The drum is designed for a lower speed of revolu-
tion than is usually possible with the disk. Successful 
drums have been built to operate at a speed of 600 
revolutions per minute or one half the usual disk speed. 
The small table-model receiver shown in Fig. 25 

utilizes a cathode-ray tube developed especially for 
color 'pictures. The screen of the tube is flat and has 
the exact shape of the final image (Fig. 32). The tube 
produces a picture equivalent in size to that of a con-
ventional 7-inch round tube. Thus the color disk is 
15 inches in diameter. A 10-inch lens with a focal 
length of 12 inches, which is tiuilt into the receiver, 
increases the image to correspond to that of a conven-
tional 9-inch tube. Owing to low magnification, distor-
tion and decrease of the viewing angle are appreciably 
reduced. 

ACKNOWLEDGMENT 

All members of the Columbia Broadcasting System 
television engineering department have been con-
cerned with this development. In particular, the active 
co-operation of Messrs. Goetz, Freundlich, Harcher, 
Erde, Doncaster, Reeves, and Haas is gratefully ack-

knowledged. 
The CBS television program department has un-

selfishly contributed by preparing suitable test and 
demonstration material. 
Thanks are due to Mr. Adrian Murphy for his con-

structive criticism, active encouragement, and en-
thusiastic support throughout the entire develop-
mental period. 

Bibliography 

SECTION I-PATENTS 

(1) OM von Bronk, No. 155,528 (German) 10/22/04. Method 
and device for making visible at a distance pictures or objects 
under temporary decomposition of the picture into parallel 
rows of points. 

(2) W. von Jaworski and A. Frankenstein, No. 172,376 (German) 
6/21/06. Method and device for reproducing at a distance pic-
tures and objects by means of selenium cells through color 
filters and decomposition of the pictures in groups of points by 
means of mirrors. 

(3) Johannes Adamian, No. 7219 (British) 1908. Improvement in 
electrically controlled apparatus for seeing at a distance. 

(4) A. C. Andersen and L. S. Andersen, No. 30188 (British) 
1909. Television apparatus. 

(5) V. K. Zworykin, No. 255,057 (British) 7/3/26. Television 
apparatus. 

(6) R. D. Kell, No. 308,277 (British) 11/21/29. Television ap-
paratus. 

(7) R. D. Kell, No. 1,748,883 (U. S.) 2/25/30. Transmission of 
pictures. 

(8) Siemens-Schuckertwerke, No. 387,206 (British) 5/30/31. 
Cathode-ray tubes. 

(9) M. von Ardenne, No. 388,623 (British) 6/8/32. Television 
method. 

(10) John Hays Hammond, Jr., No. 1,725,710 (U. S.) 8/20/29. 
System and method of television. 

(11) H. E. Ives, No. 390,158 (British) 9/28/31. Television. 
(12) J. L. Baird, No. 418,527 (British) 5/25/33. Television. (Noted 

in Tekv. and Short Wave World, vol. 8, p. 385, July, 1935.) 

(13) D. S. Loewe and K. Schlesinger, No. 426,138 (British) 9/29/33. 
Cathode-ray tubes. (Noted in Telev. and Short Wave World, 
vol. 8, p. 458; August, 1935.) 

4) Fernseh, G.m.b.H., No. 432,989 (British) 3/6/34. Television 
receivers and cathode-ray tubes. (Noted in Telev. and Short 
Wave World, vol. 8, p. 715; December, 1935.) 

5) Fernseh, G.m.b.H., No. 434,868 (British) 3/6/34. Color tele-
vision and cathode-ray tubes. (Noted in Telev. and Short Wave 
World, vol. 8, p. 28; January, 1936.) 

(16) W. S. Hewitt, No. 439,494 (British) 6/5/34. Television. 
(Noted in Telev. and Short Wave World, vol. 9, p. 208; April, 
1936.) 

(17) L. C. Jesty, (General Electric Co.) No. 443,896 (British) 
10/6/34. Television. 

8) J. L. Baird, No. 473,323 (British) 5/9/36. Television. 
9) Standard Telephones and Cables, Ltd., No. 500,005 (British) 
2/18/38. Cathode-ray tubes. (Noted in Telev. and Short Wave 
World, vol. 12, p. 346; June, 1939.) 

(20) A. Carpmael, No. 502,358 (British) 9/14/37. Television. 
(21) C. N. Smyth, No. 508,037 (British) 12/24/37. Television. 

(Noted in Telev. and Short Wave World, vol. 12, p. 647; Novem-
ber, 1939.) 

(22) J. L. Baird, No. 508,039 (British) 12/24/37. Television. 
(Noted in Telev. and Short Wave World, vol. 12, p. 648; No-
vember, 1939.) 

(23) J. L. Baird, No. 512,855 (British) 3/22/38. Television. 

SECTION II -ARTICLES AND PAPERS 

(1) "Der Fernseher der Gebrfider Andersen (Television apparatus 
of Andersen and Andersen)," Zeit. fur Schwachstrom Tech., vol. 
4, no. 17, pp. 452-454; 1910. 

(2) H. D. Hubbard, "Colored scenes, motion, sound are envis-
aged," Radio World, vol. 11, p. 13; April 23, 1927. 

(3) "Motion pictures in color radio's next," Radio Digest, vol. 20, 
p. 13; March 11, 1927. 

(4) 'Colored television due," Radio World, vol. 12, p. 7; February 
4, 1928. 

(5) A. Dinsdale, "Recent advances in television: television by 
daylight and television in colors," Television, vol. 1, pp. 9-10, 
26; August, 1928. 

(6) J. C. Jevons, "Television in colour," Pop. Wireless, vol. 13, p. 
829; August 25, 1928. 

(7) C. Tierney, "My impressions of daylight and colour televi-
sion," Television, vol. 1, pp. 7-8; August, 1928. 

(8) R. F. Tiltman, "Television in natural colors demonstrated," 
Radio News, vol. 10, pp. 320-374; October, 1928. 

(9) "How colour television images are obtained," Television, vol. 
1, p. 25; September, 1938. 

10) E. T. Lamer, "Practical television" (Book review signed 
A. R.), Nature, vol. 122, pp. 232-234; August 18, 1928. 

11) C. S. Gleason, "High frequencies for color television," Radio 
News, vol. 10, pp. 632, 633, 679, 680; January, 1929. 

12) H. E. Ives, "Television in color," Bell Lab. Rec., vol. 7, 
pp. 439-444; July, 1929. Reprint: Instrument World, vol. 2, 
no. 17, pp. 133-34; 1929. 

(13) E. Andersen, "Ein Vorschlag zum Fernsehen in natiirlichen 
Farben (A suggestion for television in natural color)," Fern-
sehen, vol. 1, pp. 179-180; 'April, 1930. 

(14) A. Neuberger, “Farbiges Fernsehen (Color television)," Fern-
sehen, vol. 1, pp. 62-68; February, 1930. 

(15) H. E. Ives, "Television in color," Tel. Engr., vol. 33, 8, pp. 
19-20; August, 1929. 

(16) "Television in colors; Bell Telephone Laboratories engineers 
transmit and reproduce scenes in their natural hues," Tel. and 
Tel. Age, vol. 14, pp. 315-318; July 16, 1929. 

References on same subject 
Sci. News Letter, vol. 16, p. 3; July 6. 
Telephony, vol. 97, pp. 23-25; July 6. 
Wireless World, vol. 25, p. 37; July 10. 
Science, vol. 70, supp. p. x; July 5. 
Radio World, vol. 15, p. 11; July 20. 
Elec. Record, vol. 46, p. 91, August. 
Pop. Science, vol. 115, p. 25, September. 
Radio News, vol. 11, p. 203; September. 
Pop. Wireless, vol. 16, pp. 11-12; September 14. 
Bell Tel. Quart., vol. 8, p. 344; October. 
Radio, vol. 11, pp. 35-36; October. 
Nature, vol. 124, p. 241; August 10. 

(17) "Color television," Western Elec. News, vol. 18, pp. 18-19; 
August, 1929. 

(18) H. E. Ives and A. L. Johnsrud, "Television in colors by a 
beam scanning method," Jour. opt. Soc. Amer., vol. 20, pp. 
11-12; January, 1930. 

(19) "Color television reported on way," Tel. Engr., vol. 34, p. 40; 
March, 1930. 

(I 

(I 

(1 
(1 



(20) S. P. Cook, "On an electromagnetic theory of sight and color 
vision," Phys. Rev., p. 790, 1930. (Abstract.) 

(21) Gradenwitz, "Ahronheim's television in natural colors," Tele-
vision, vol. 3, pp. 177-178; June, 1930. 

(22) H. E. Ives, "Television in color from motion picture film," 
Jour. Opt. Soc. Amer., vol. 21, pp. 2-7; January, 1931. 

(23) "Photoelectric cells for color  telev ision , Television, vol. 7, 
pp. 36-37; January, 1934. 

(24) J. C. Wilson, "Trichromatic reproduction in television," Jour. 
Roy. Soc. Arts., vol. 82, pp. 341-863; June, 1934; Television, 
vol. 7, pp. 268, 270, 272; June, 1934. 

(25) R. L. Ashmore, 'Color values in television," (A discussion of 
the pickup of colored scenes and their reproduction in black 
and white)," Telev. and Short Wave World, vol. 8, pp. 516, 517, 
519; September, 1935. 

(26) "Cheap screen invention reported for television in colors with 
sound, Tel. and Tel. Age, p. 146; July 1, 1935. 

(27) "Television development—color broadcasting system," Elec-
trician, vol. 114, p. 805; June 14, 1935. (News item.) 

(28) "Television in color reported in Belgium," Motion Pict. Herald, 
vol. 119, p. 9.0; June 8, 1935. 

(29) "Natural color television forecast by new patent (U.S. 
2,055,557)," Sci. News Letter, vol. 30, p. 345; November 28, 
1936. 

(30) "Natural color television (Patent U.S. 2,055,557 RCA)," 
New Prod. Digest, vol. 2, item no. 1177, December 16, 1936. 

(31) "Television pictures shown in color," Pop. Science, vol. 131, 
p. 53; July, 1937. 

(32) V. A. Babits, "Television in colors," Telev. and Short Wave 
World, vol. 10, p. 480; August, 1937. 

(33) "Baird color television," Telev. and Short Wave World, vol. 11, 
pp. 151-152; March, 1938. 

(34) W. L. Prager, "Color in broadcasting studies by new Holly-
wood television group," Amateur Cinematographer, vol. 19, pp. 
160-161; April, 1938. 

(35) "Television in color covered by new patent (U.S. 2,109,773)," 
Sci. News Letter, vol. 34, p. 70; July 30, 1938. 

(36) "Television in color," Electrician, vol. 120, p. 197; February 
17, 1938. 

(37) G. Otterbein, "Ein Farblichtrelais (Colored light relay—Its 
use in color television)," Teleg.- Ferns.-und Funk.-Tech., vol. 
27, spec. issue, pp. 550-551; November, 1938. 

(38) H. Pressler, "Vber die Bildfeldzerlegung bei der Farbenfern-
sehtibertragung (Resolving the field of the image in color tele-
vision transmission)," Fernsehen, supp. to Funk. Tech. Monats-
hefie, no. 12, pp. 89-93; December, 1938. 

(39) F. W. Marchant, "New Baird color television system," Telev. 
and Short Wave World, vol. 12, pp. 541-542; September, 1939. 

(40) T. de Names, "Color television with electrical color filters," 
Telev. and Short Wave World, vol. 12, pp. 73, 75; February, 
1939. 

(41) "Grande-Bretagne—La television en couleurs, (Great Britain 
—Color television)," Rev. Tekph., Tekg., et Tel., vol. 16, 
pp. 169-170; February, 1939. 

(42) J. Pressler, "La television en colores (Television in color)," 
Revista Telegrafica, vol. 27, pp. 169, 171, 187; March, 1939. 
(Translation of an article in German.) 

(43) N. W. Maybank, 'Color television—Baird telev ision  system  
described," Wireless World, vol. 45, pp. 145-146; August 17, 
1939. 

(44) W.. Reichel, "Der Mehrfachzeilenspring (Multiple interlac-
ing)," Fernseh., vol. 15, pp. 171, 179; August, 1939. 

(45) "Television in natural color." Communications, vol. 20, pp. 8, 
27-28; June, 1940. 

(46) CBS Publicity release, "Color television achieves realism," 
New York Times, September 5, 1940. 

(47) A. H. Rosenthal, "The Skiatron—a new Scophony develop-
ment towards large screen television projection," Electronics 
and Telev. and Short Wave World, vol. 13, pp. 52-55; February, 
and pp. 117-119; March, 1940. 

(48) A. H. Rosenthal, "A system of large-screen television recep-
tion based on certain electron phenomena in crystals," PROC. 
I.R.E., vol. 28, pp. 211-212; May, 1940. 

(49) "Color television demonstrated by CBS engineers," Elec-
tronics, vol. 13, pp. 32-34, 73-74; October, 1940. 

Characteristic Impedance of Parallel Wires in 
Rectangular Troughs* 
SIDNEY FRANKELL ASSOCIATE, I.R.E. 

Summary—The method of conformal transformation and the method 
of images are employed jointly to deduce the characteristic impedance 
of a balanced two-conductor transmission line and of a balanced three-
conductor transmission line symmetrically surrounded by perfect, 
rectangular, grounded, conducting surfaces. It is assumed that I, the 
wires are of circular cross section, of diameter small compared to the 
distance between them and small compared to the distance from the 
wire to any side of the surrounding surface, and 2, the wires are perfect 
conductors. 

I. INTRODUCTION 

THE characteristic impedance of a transmission 
line consisting of a system of parallel perfect 
conductors in air is readily calculated when the 

capacitance per unit length of the line is known. Thus if 
Zo =characteristic impedance, in ohms 
C = electrostatic capacitance in electrostatic units 

per centimeter 
then' 

30 
Zo = — • (1) 

Decimal classification: R322. Original manuscript received by 
the Institute, August 8, 1941. 
1' Federal Telegraph Company, Newark, N. J. 
W. R. Smythe, "Static and Dynamic Electricity," first edition, 

McGraw-Hill Book Company, New York, N. Y., page 472, equa-
tion (7). 

The problem of determining the characteristic im-
pedance thus reduces to a two-dimensional problem in 
electrostatics otherwise known as the logarithmic po-
tential.' Many such problems can be solved directly 
by finding the potential field due to an assigned distri-
bution of charges and then calculating the capacitance 
as the ratio of charge on the conductors to potential 
difference between them.2-4  The number of solutions 
available can be extended by various devices,2.5 among 
which two will be employed in this paper. The two 
devices employed here are the method of conformal 
transformation2.6 and the method of images.' .3 Start-
ing with known solutions of simple logarithmic potential 

2 jr. H. Jeans, "Mathematical Theory of Electricity an d Mag -
netism," fifth edition, Cambridge University Press, London, Eng-
land, pp. 67-68, 75-74, 185-299. 

M. Abraham and R. Becker, "Electricity and Magnetism," 
Blackie and Son, London, England, pp. 53-69. 

4 R. D. Duncan, "Characteristic impedance of grounded and 
ungrounded open-wire transmission lines," Communications, p. 10, 
June, 1938. 

'E. Weber, "Mapping of Fields," Trans. A.I.E.E., 1934, vol. 
53, p. 1563, 1934. (Extensive Bibliography.) 

6 I. S. Sokolnikoff and E. S. Sokolnikoff, "Higher Mathematics 
for Engineers and Physicists," first edition, McGraw-Hill Book 
Company,- New York, N. Y., pp. 432-461. 
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problems (such as, for example, the problem of 
two circular conductors in free space), a conformal 
transformation will be used to change these solutions 
to the solutions of problems involving wires located 
between parallel infinite planes. Finally, by the method 
of images these solutions will be transformed to the 
solutions of problems involving wires in rectangular 
troughs. 
Although the methods used are fairly general, only 

two definite rectangular-trough problems are solved 
in this paper: The balanced two-wire transmission line 
and the balanced three-wire line in which the center 
lines of the three wires lie in a plane and the inner wire 
serves as a return for the outer two. In all cases the 
trough is at zero, or ground, potential. The following 
assumptions are made: 
(1) The wires are of circular cross section, of diame-

ter small compared to the distance between 
them, and small compared to the distance 
from the wire to any side of the trough. This 
assumption is similar and equivalent to the one 
ordinarily made in computing open-wire lines. 

(2) The wires are perfect conductors, so that (1) is 
valid. 

In the method of conformal transformation only 
points are transformed and not potentials. This means 
that if the points of the complex Z plane are trans-
formed to points of the complex W plane by means of 
an analytic transformation 

w = f(z) 

then the point 

= f(zi) 

has the same potential in the W plane that the point 
zi has in the Z plane. For this reason the intermediate 
step of transforming capacitance is unnecessary; the 
characteristic impedance may be transformed directly. 
This, of course, is no longer true when the method of 
images is introduced. 

II. WIRES BETWEEN INFINITE PLANES 

We begin by considering the conformal transforma-
tion from the complex Z plane to the complex W plane, 

w = u + iv = es = ex-fiv = ex cos y iex sin y; 

u = ex cos y 

v = ez sin y 

where i = V— 1, e = Naperian base = 2.718 

Consider the transformation of points on the u axis. 
Let (a, 0) be such a point, and first let a>0 (Fig. 1(a)). 
Then we have, from (2), 

ex cos y = a k 
ex sin y = 0 J' 

a > 0. 

From the second of these we have 

sin y = 0,  y= + nv-  (n = 0, 1, 2, • 

whence 

ex(— 1) n =  a,  ex = (— 1)na 

(A M 

(a) 

Z plane 

' 11 
1 6' 

sw 

t"  
f zw 

Fig. 1—Transformation of a point in the W plane to points in the 
Z plane by means of the transformation w=e., where the point 
in the W plane lies on the u axis to the right of the origin. 

and since ex>0 for real x, we must restrict n to even 
integers. The result is, therefore, 

y = ± 2mw  (m 0, 1, 2, • • • ) 
x = loge a I a > 0. 

These transformed points are plotted in Fig. 1(b). Now 
suppose a < O. Then, as before, 

ex = (— 1)na 

which requires that n = 2m+1, (m = 0, 1, 2, • • • ). The 
result runs 

y = ± (2m +  (m = 0, 1, 2, • • • ) 

x = loge (— a)  I a < 0. 

The situation is shown in Figs. 2(a) and 2(b). 

W ',fame 

(-a, 0) 

(a) 

Fig. 2—Transformation of a point in the W plane to points in the 
(12)  Z plane by means of the transformation w=e', where the point 

in the W plane lies on the u axis to the left of the origin. 

Let a>0. If in the W plane we have a charge X•per 
unit depth at (a, 0) and a charge —X per unit depth at 
( —a, 0) (Fig. 3(a)), then Fig. 3(b) shows the resultant in 
the Z plane. 
The line u = 0 transforms to 

41 

7w 

51r 

131r 
Ir 

I. 

y = ± (2m + 1) — 
2 

(b) 
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as is apparent from the equation 

U = ez cos y = 0. 

In particular, it transforms to y = ± 7/2. Hence it is 
apparent that the field to the right of the Y axis trans-
forms (in particular) to the field between the planes 
whose traces are y= ±7/2; i.e., to a field between 

W  p h: mg 

•A 

, 0) 

(a) 

(a , 0) 

I plans 
+At4ft 

•ALur 

-Apr 

T4 - - f 

. 7 

441-zw 

-A4-3w 

(b) 

Fig. 3—Transformation of points representing line charges in the 
W plane to points representing line charges in the Z plane by 
means of the transformation w =e., where the line charges in 
the W plane lie on the u axis, symmetrically disposed with re-
spect to the origin. 

infinite conducting plates separated by a distance 7r 
when a thin wire is located centrally between them. 
We get more general solutions by using more general 
pairs of lines corresponding to the condition 

7 
(m = 1, 2, 3, • • • ). 

2 

Before proceeding further it is desirable to generalize 
the transformation slightly, by changing it to 

w = eks,  k > 0, real.  (3) 

In that case we get 

u = ekx  cos ky 

v = ekl sin ky 

(a) (b) 

Fig. 4—Transformation of points representing line charges in the 
W plane to points representing line charges in the Z plane by 
means of the transformation w=e', where the line charges in 
the W plane lie on the u axis, symmetrically disposed with re-
spect to the origin. 

The solutions for y become 

Y = k 

while for x, we have 

= —1 log. a. 

The configurations are shown in Fig. 4. If k=r/h 

the transformation gives the solution for the field due 
to a wire between parallel plates separated by a dis-
tance h when the solution for two wires in free space is 
known. This solution will now be obtained. 
In the W plane let the radius of the wires be c0. Then 

the well-known solution in practical units is 

2a 
Zo = 276 logio — •  (4) 

Ca 

This is the characteristic impedances between wires, 
in ohms. 

0 0 

Oar. 

0 0 

21 

1 

1 h/z 
f 

 radaa = a 

1 11/2 Z.• 138  

-1—a 

i   
(b) 

radii. a 

Z. .2 76/og.44 

4/2  radi, = a 

+ 0  0 

h/2  ?„--276/0a.ih ffith riAl 

(c) 

rod,' =,, 
hk 
+0 j2 0 

1,12  1 1aah Th-
4,=107,°Se 2aa(lrierhjy)46J 

(d) 

Fig. 5—Characteristic impedance of various configurations of trans-
mission lines located between parallel infinite planes; (a) bal-
anced two-wire line in plane perpendicular to infinite planes, 
(b) single-conductor line, (c) balanced two-wire line in plane 
parallel to infinite planes, (d) balanced three-wire line in plane 
parallel to infinite planes. 

0 0 

In the Z plane let the radius of the wires be a. The 
distance between two successive wires is h. Now since 

dw 
dz = — 

kw 

we have, taking dz =a, dw=c„ (i.e., a and c0 assumed 
small) 

Ca 
a = — ; a, c0 small7 

ka 

7 A circle in the Z plane transforms very nearly to a circle in the 
W plane if the radius of the circle is sufficiently small. Thus, let the 
equation of a circle in the Z plane be 

z=1"-I-Pel° 
where r is the distance from the origin to the center of the circle, p is 
the radius of the circle, and 0 is the independent variable angle. In the 
W plane we have w=f(z)=f(r-l-pele) which by Taylor's expansion 
theorem may be written w=f(r)+I'(3)pee+r(t)/2!ple"8+ • • • , 
where f() ()_(1̂/def(z)._;(n.-- 1, 2, 3, • • • ). From this series 
it is clear that by taking p sufficiently small we can approximate 
W by the first two terms of the series, which, of course, represent 
another circle. 
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a  1  h 
—  — 
ca ak  wa 

Substituting this value in (4) we find that the charac-
teristic impedance between two wires is 

2h 
Zo = 276 logio — 

wa 

or between a single wire and ground, it is 

21: 
Zo = 138 logio — • 

wa 

(5) 

(6) 

These results are shown in Figs. 5(a) and 5(b), respec-

tively. 
Next suppose that instead of two wires in the W 

plane, we have four as shown in Fig. 6(a). Then the dis-

W plane 

lv 

(-60) (-a,0) (,0) (8,0) 

I plane 

(a)  la) 

Fig. 6—Transformation of points representing line charges in the 
W plane to points representing line charges in the Z plane by 
means of the transformation w =eka, where the line charges in 
the W plane lie on the u axis, symmetrically disposed with 
respect to the origin. 

position of wires in the Z plane is clearly as shown in 
Fig. 6(b), and a particular solution that can be found is 
the cases for two parallel balanced wires between infi-

nite planes. 
Let wires at (a, 0) and (—a, 0) have radii ca; wires 

at (ft, 0) and (—a, 0) have radii co; while wires in the 
Z plane all have radii a. Then, by the same method as 
used previously, 

Ca  co 
a = — = — • 

ka 
(7) 

Furthermore we have, from Fig. 6(b) 

1  „ (8) 
a  a 

The solution for the characteristic impedance be-
tween wires 1 and 2 in the W plane is readily obtaineds 

as 

a  afi 
Zo = 276 logio [ 219  Al 

+ a  C.C8 

For the expression of a transformation representing the poten-
tial of any number of parallel filaments see E. J. Townsend, "Func-
tions of a Complex Variable," Henry Holt and Company, New 
York, N.Y., p.141. 

e kD  1  kD 
  = tanh 
e kD +  1  2 

1 

cacs  k2a2 

from (8) 

from (7). 

I  I.- D  F-°--1 
9  9.  9  0  9  0  9 0  0  0 .  - 

d  I  d  d  d 

/eriticsis (1/- 0) 

Fig. 7—Substitution of an infinite series of line charges for a finite 
system of line charges located between two parallel infinite 
planes. 

Hence, the solution runs 

kD 
[ 2 tanh — 

2 
Zo = 276 logio   ka  J ohms.  (10a) 

In particular, if k =71h, 

[ 2h tanh —wp  
2h 

Zo = 276 logio    ohms.  (10b) 
wa 

The configuration is shown in Fig. 5(c). 

III. WIRES IN TROUGHS 

Balanced Two- Wire Line 

In order to establish the characteristic impedance of 
a balanced line symmetrically placed in a rectangular 
box, we apply the method of images to the configura-

Z plane 

los,B 

W plane 

• 
r5.0)  (-(1 0) ia,0)  (5,0) 

Fig. 8—Transformation of the left ma-image pair of Fig. 7 (points 
1 and 2 in the Z plane) to a system of charges in the W plane 
(compare Fig. 6). 

tion of Fig. 5(c). In order to establish two vertical equi-
potentials for the vertical walls, it is necessary to use 
an infinite series of images extending in a straight line 
from — co to + co as shown in Fig. 7. 
In order to study the effect of this series of images on 

the potential difference between the wires (which, for 
fixed charge per unit length X is proportional to Zo), 
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we study the effect of the mu pair to the left of the  Hence 
wires. The me" pair to the right has precisely the same 

(V0-0  — a)(/  e6' + 13) effect on the potential difference, so that the effect of  Vg = — 2X loge   
two symmetrically placed pairs is twice the effect of  a)(Nra7f1 ei, — /3) 
one of them. Finally we sum the effects over m. 

which, by virtue of (8), becomes In Fig. 8, the left Wit image pair is at the points 1, 2, 
(Z plane) and the wires with charge X per unit length,  (e11,-1-kDI2  1)(e114—kDI2 + 1) 
are at the points 5, 6. In the W plane the potential at  V6 = — 2X log. 
any point is 

But by (11), 

V = — 2X log. 1 w  w2 I I w — 2141 (subscripts corre-  kD  kD 
66+ —  = 2mkd, 

1w — will w  w31 , spond to points)  2  — —2 = k(2rnd — D). 

(eö.+tdl.)12  1)(03—kp12 — 1) 

Hence 

Vg = — 2X log. {tanh [mkd] coth [k (md —  
2 

Similarly 

Vb = — 2X log. {tanh [k (md  coth [mkd]} . 
2 

Thus the effect of the left WI pair is 

(V6—  = — 2X log. 
tanh2 [m kdj 

D 
tanh [k (md —  tanh [k (md  —1) )1 

2  2 

= — 2X log. 
Ieks  eks  eks41 

ekz  esni I eks  elm I 

where  wi =  ws =  wa = —  w4 = 

Since we are interested only in points on the X axis, 
and since ex >0 for all x,  1 

(ekx — a)(ekx  /3) 
V = — 2X log.   

(ekx  a)(ekx  

Now 

1 
xs= — log. NATti  2md  — ; 

2 

kx6 = log. N/Taft + 66, where ö,= k(2md  —D 
2 

1 
x6= — log. Ni  2md — — • 

2 

kx6 = log. Nici/3  36, where 66 =  k(2md — —D 
2 

Zo = 276 

rD 
[2h tanh --

2h 
logio 

ra 

while the effect of both (left and 
just twice this value; i.e., 

(V6 — V6)„, = 2(V6 — 

It is readily shown that 

right )  pairs is \m ai 

V5) ,,1. 

tanh (a  b) tanh (a — b) = tanh2 a 

Hence (14) becomes 

(V6— V  = — 4X log e 

(14) 

(sinh by 

sinh al 

1+ 
(sinh 

cosh al 

kD i2 
sinh — 

2 
1 +   

[cosh mkd 

1  sinh 

]2 

2 

kD 

[sinh mkd 

Summing for m and adding to the original potential 
in the absence of images, we get for the characteristic 
impedance 

Na m, 

It 

(  D r 2 
sinh 

2h 

mrd 
cosh 

rD  2 
sinh 

2h 

r. m d 
sinh 

(15) 

> .  (16) 
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Finally, setting 2d =w, we get the formula for the configuration 

Zo = 276 
logio [2h tanh — 

7rDi 

2h 

ra 
E logio 
m-1 

of Fig. 9(a), 

rD 

2h 
1+ 

sinh 

thrw 
cosh   

2h 

\ 2 — 

1 

D. r 
sinh   

2h 

sinh 
M r 21) 

2h 

2 

Usually, it is unnecessary to go beyond m = 1 in the summation. Hence for practical purposes, 

Zo = 276< 

rDi 
[2h tanh 

logio   logio 
ra 

Three Wires in a Trough 

We consider_ the case of three wires in a trough, 
where the middle conductor acts as a return for the 
outer two. The problem is entirely similar to the pre-
ceding one of two conductors. The configuration in the 
W plane is shown in Fig. 10(a), while the transformed 
configuration is shown in Fig. 10(b). 
If the wires at points (a, 0), (3, 0), and (my, 0) have 

radii ca, co, c7, respectively, while the wires in the Z 
plane all have radius a, then 

7  
=  =  =  = e kDI2 

a  13  ca co 

Ca co  Cy 
— = — = — = a 
ka  kft ky 

In the W plane the potential function is 

I wi 1.1w  w31 
V = — 2X log. Iw — W 12 • w — 

where X is the charge per unit length 
the charge on the inner (return) 
whence 

(19) 

• I w  2141 2  

I I w  w61 (20) 

of the outer wires, 
wire being —2X 

1+ 

S. 

rD 
sinh — 

2h 

rw 
cosh — 

2h 

2 

1 

rD • 2 
sinh — 

2h 

w. 
sinh 

2k 

rad a 

4̀441 0 0 _._ 

(b) 

(17) 

(18) 

Fig. 9—Rectangular-trough configurations; (a) balanced two-wire 
line, (b) balanced three-wire line, (c) concentric line. See text 
for characteristic-impedance formulas. 

c7(7  a)(7 + 13)2  
VI = — 2X log e 

(•-r — 0)2(7 + a)(27) 

(7 — 0)(13 a)(2 )2 
V2 = — 2X log. 

Cs2(13 a)(7 + 13) 

Vi — V2 = — 2X log. [-1 (- 1  1 
8 7  13  7 — 13  7 + a ( —a 
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Making use of (19), we get 

C., (cp)2 
— —  = (ka) 3 
7  0 

7 k +  D= coth — 
1 — fl  4 

a kD 
= tanh — 

+ a  2 

0-1-« kD 
= coth — • 

0— er  4 
W plane 

6  5  4  3  2  I 
-A  •  A  •A  - 
(-7,0) (-0,0) (- ai3O)  (c*,0) (8,0) (7,0) 

(a) 

I plane 

(b) 
Fig. 10—Transformation of points representing line charges in the 
W plane to points representing line charges in the Z plane by 
means of the transformation w=-e", where the line charges in 
the W plane lie on the u axis, symmetrically disposed with 
respect to the origin. 

Hence 

k3a3 kD  kD 
V1— V2 — 2X log. — coth4 — tanh --

8  4  2 

rD 
tanh4-

2h 3  41/ 
6X log, — 

ra 7D 
tanh — 

2h 

so that for three wires between infinite planes (Fig. 5(d)) 
we get 

•  •  • 
17—D  
-  - I ;  ;  - + . . • • • 

d  d  d  al  e --4*--Zd   

 equipoienlials 

Fig. 11—Substitution of an infinite series of line charges for a finite 
system of line charges located between two parallel infinite 
planes. 

2h 
Zo = 207 logo — 

/ra 

= 207 logic) 

a[l + sech —2h  
rD r  Ts 

3  rD tanh4-
4h 

/TD 
tanh — 

Us 

7D 
2h twill — 

2h 

V = —(— 1)"2x loge I w  w21 2. 1w  2°41 • 1w — 

(ek. _ .y)(ek. _ a)(ek. ± to/ 
= — (— 1)"2x log e 

ek.  'Wei"  01)(eki — (3)2 

for points along the X axis. 
Although the wires at 7 and 9 (Fig. 12) are unequally 

affected by the left-hand mth image, the inequality is 
exactly reversed by the right-hand mth image, so that 
the mth pair brings 7 and 9 to exactly the same poten-
tial. Therefore we consider the effect on the potential 
difference between 7 and 8 only. The change in 
(V7— Vs) due to both mth-order images is the same as 
the sum of the effects on 7 and 9 of the left image 
alone. Therefore we calculate ( V9 —  Vs) and ( V,— 178) 
for the left image. Their sum is the effect of the left 
and right images on (V7— 178). We have 

In obtaining the image effect of the vertical sides of 
the rectangular box, we notice (Fig. 11) that on the 
first-order image the signs of the charges are reversed, 
on the second-order they are direct again, etc. For the 
mth-order image on the left the situation is shown in 
Fig. 12. The potential function is, from (20), 

I w  I • I w  2'41  I 2V — W6 12 

Wg 

Z plane 

Fig. 12—Representation in the Z plane of the left ?nth-image group 
of Fig. 11 (points I, 2, 3; compare Fig. 6). 

1 
= — loge 2md + — • 

2 

kx7 = log, 0 ± 67, where 67 = k O md + —D 
2 

1 
x, = — log.  2md; 

k x9 = loge 68, where (59 = 2 kmd 

1 
x9 = — log e 2md —  

2 

k x9 = loge 69, where 69 = k(2md — —) . 
2 

Hence 

(13e67 — -y)(fle's — )(flea, /3)2 V7 = — (— 1)"12x loge 
(007 + 7)(fl07  a)(0e27 — /3)2 

(21)  But since 

= 7e —C1312  k 12 
— a e 
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we get, on substituting and reducing, 

Similarly 

and 

V7 = (— 1)2X log  {[tanh ?flied [ tanh k (md  —D )][ coth k (md  —D )] 2} . 
2  4 

Vg = — — 1)"2X loge [ tanh k (md — —)][ tanh k (md  —)][coth mkd]2} 
4  4 

Vy — — (— 1)-2X log e [ tanh k (md — —)] [tanh mkd][ coth k (md — D )12} 
2  4 

• 

By our agreement, the effect'of the mth pair on the potential difference is 

(V7 — Vs). = (V7 — 8) + (V9 — Vs) = V7 ±  g  2V3 

[tanh mkd] [tanh k (Ind + -12-)][coth k (md  —D 
2  4 

[tanh k (Ind — —D )1 [tanh mkd] [coth k (Ind — —D )T 
2  4 

=  - 

( — 
[tanh k (md —  [tanh k (Ind ± —D4)]2 [coth mk44 

(— 1)"2X log e {[tanh in kti ]6[tanh k (Ind ± —D2)][coth k (md + —D4 )14 

[tanh k(md — —D2)][coth k (nd — —D ] } 

1) m2X log4 

which by hyperbolic transformations reduces to 

(V7 — V8)„, = — (— 1)m2X log. 

sinh k2D 2 

1 

sinh mkd 

1+  sinh 2 
kD  

cosh mkd  _ 

so that the final result for the characteristic impedance is 

Zo= 207 

rD 
2h tanh — 

2h 

To [ logio   irD 1/3 
1-Fsech — 

2h 

for the configuration of Fig. 9(b). 

2 a° E ( 1) ni logy, 
3 rril 

kD  2- 4 
sinh 

4 
1+   

cosh mkd 

sinh kD  
4 

1 
sinh mkd  _ 

7D 
sinh   

2h 

mirw 
sinh 

2h 

sinh 
2h 

mir 
cosh   

2h 

VOml, 

1+ 

rD  
sinh —  

4h 

Mit' w 

cosh   
2h , 

rD 
sinh —  

4h 

mirw 
sinh   

2h 

(22) 



Concentric Line with Circular Inner Conductor and 
Square Outer Conductor 

In Fig. 9(a), a vertical plane that divides the config-
uration into its two mirror-image halves is an equipo-
tential of potential zero. Accordingly, if we replace 
half the configuration by a plane conductor in this 
neutral plane and set D=h, w=2h, we get the con-
figuration of Fig. 9(c), for which we have, from (17), 

Zo = 138 logio 

7 
2h tanh — 

2 

If d is the inner diameter of the outer conductor 
and a is the outer radius of the inner conductor of the 
conventional concentric circular transmission line, 

then 

Z0= 138 logo — • 
2a 

Equations (23 and (24) are equal if 

(24) 

d = 1.079h.  (25) 

ri+ sinh — 2 

cosh mr, E logio 
rns... I  sinh — 

1  212 
.  

sinh mrj 

(23) 

For the same characteristic impedance the diameter 
of the circular conductor exceeds the side of the square 
conductor by only 7.9 per cent. 

Water and Forced-Air Cooling of Vacuum Tubes* 
Nonelectronic Problems in Electronic Tubes 

I. E. MOUROMTSEFFt, ASSOCIATE, I.R.E. 

Summary—General laws of heat transfer from a hot wall to a 
moving fluid are applied to water and forced-air cooling of vacuum 
tubes. The calculated data are compared with experimental results. 
The practical importance of various factors constituting the mecha-
nism of heat transfer is analyzed; the role of the internal structure of 
the tube on the dissipation limits is discussed generally. Rules for 
designing finned air coolers are outlined, and the "optimum" design 
is discussed. Numerical examples are given. Some limiting factors in 
cooler design are analyzed. 

W ITHOUT exaggeration one may state that in 
designing electronic tubes there are many more 
mechanical, metallurgical, and heat engineer-

ing problems than those of pure electronic character. 
One may also admit that quite frequently nonelectronic 
problems are solved by the cut-and-try method rather 
than by calculation. One of such questions is the anode 
cooling; in spite of the fact that water cooling of 
vacuum tubes has found enormous application since 
1923, even now there is no complete agreement among 
individual experimenters regarding diverse factors in-
volved in efficient cooling of the tubes. In this paper 
an attempt is made to give a common basis for analyz-
ing and comparing practical results obtained by various 
experimenters. This is done by simply applying to our 
specific case data long since known in heat engineering. 

• Decimal classification: R139. Original manuscript received by 
the Institute, January 24, 1941; revised manuscript received, 
November 6, 1941. Presented, Fifteenth Annual Convention, Bos-
ton, Massachusetts, June 28, 1940. 
t Westinghouse Electric and Manufacturing Company, Bloom-

field, New Jersey. 

PART I—WATER COOLING 

Generally speaking, the efficiency of cooling of a hot 
wall by moving fluid depends on the physical constants 
of the fluid, its velocity, and the dimensions of the 
cooling arrangement. In vacuum tubes with external 
anodes, cooling also depends,—in a degree not to be 
neglected,—on the anode wall thickness and the in-
ternal tube structure, as these parameters determine 
patterns of heat distribution throughout the Anode. 
Heat generated on the inside surface of the anode flows 
through its walls, is transferred to the moving liquid 
and carried by it away from the tube. From heat engi-
neering it is known that all factors constituting the 
mechanism of heat transfer from the wall to the liquid 
are connected by the following relation 

( —hkD = 0.024 ( —DPV )"  X k0, 0.4 (1) 

If the individual factors are measured in any con-
sistent system .of units, the three parenthetic expres-
sions in this equation are dimensionless. In our discus-
sion centimeter-gram-second units are used, therefore 
the meaning of the symbols is as follows: 

h=rate of heat transfer in calories per second per 
square centimeter per degree centigrade 

William H. Adams, "Heat Engineering," McGraw-Hill. Book 
Company; Inc., New York, N. Y., and London, England, 1933, p.165. 
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k = thermal conductivity of fluid in calories per 
second per centimeter per degree centigrade 

p = density of fluid in grams per cubic centimeter 
= viscosity of fluid in grams per centimeter second 
(poises) 

C„ = specific heat of fluid in calories per gram per de-
gree centigrade 

V= average velocity of the fluid in centimeters per 
second 

D =equivalent diameter of the cross section of the 
fluid channel in centimeters 

If h is known, the total anode dissipation can be 
represented as the product of three quantities. 

Pk =  S 7'0 It calories per second = 4.2 S T. h watts  (2! 

where S is the total heated area of the anode and T. i. 
the anode temperature above that of the cooling water 
It is important to point out that (1) is applicable 

only to cases of "turbulent" flow in contradistinction 

ig. 1—Type 891 water-cooled tube. 

to the "parallel," "laminar," or "viscous" flow. In each 
individual case one can decide whether the flow is 
turbulent or viscous either by direct observation on 
the transparent model of the jacket, or by using the 
well-known criterion, the so-called, Reynolds number 
given by 

DpV 
Re = (3) 

One can notice at once that Re is nothing else but the 
second dimensionless member in (1). About 60 years 
ago Osborn Reynolds established the fact that with 

/MODE Tm   oat"( ,aa CM) 

JACKET CL AAAAA Cr. 01111 A224C1) 

ANODE DIAMETER, I Bi el 4 CM) 

CROSS SECTION OF ANNULAR 

JACKET CL( ARAMCE, 2 ROCIO 

OUTGOING WATER 

HEATED 
PORTION 

"IILESOMI 

INCOIMIN 

Fig. 2—Anode dimensions. 

Re smaller than 2100 the flow is always viscous; with 
Re greater than 4000 it is turbulent. With intermediate 
values of Re the flow is unstable and may change from 
turbulent to viscous and vice versa. This law holds for 
any fluid and it has been repeatedly verified by many 
experimenters. 
In order to obtain a clearer picture of the amount of 

cooling that can be achieved on vacuum tubes, and 
also in order to study the role of the individual factors 
involved in the cooling mechanism, we shall apply (1) 
to the well-known 891 or similar types of water-cooled 
tubes regarding which numerous experimental data 
are available. 
The general view of this tube is represented in Fig. 1; 

the principal dimensions of its anode and standard 
jacket are given in Fig. 2. The recommended rate of 
water flow is from 3 to 8 gallons per minute, and the 
safe plate dissipation with 4 gallons per minute, and a 
uniform heat distribution (such as is approximately 
realized in class C operation) is 10 kilowatts; to this, 
1320 watts necessary for lighting the filament must be 
added. Experimentally, it has been found that under 
the specified conditions the water just begins to 
"hiss."2.3 Direct observation through a glass water 
jacket shows that at this point minute steam bubbles 
are formed at the anode surface and are carried away 

by the water. 

2 I. E. Mouromtseff and H. N. Kozanowski, "Comparative 
analysis of water-cooled tubes as class B audio amplifiers," Pkoc. 
I. R. E., vol. 23, pp. 1246-1248; October, 1935. 

$ I. E. Mouromtseff and H. N. Kozanowski, "Analysis of opera-
tion of vacuum tubes as class C amplifiers," PROC. I. R. E., vol. 23, 
pp. 769-771; July, 1935. 
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In the following, by using (1) on the chosen example, 
we shall calculate h, the rate of heat transfer from the 
anode wall to the cooling water. However, in order to 
justify the application of (1) we must first check 
whether the flow under the specified conditions is 
turbulent. The two physical constants affecting the 
Reynolds number are water density p and viscosity 11; 
both vary with temperature. We assume that the ini-
tial water temperature is, 1,= 25 degrees centigrade; 
then, from the rate of water flow, 4 gallons per minute 

(254 cubic centimeters per second), and the figure of 
dissipated power, 11.3 kilowatts, we shall determine 
that the outgoing water will have temperature t. = 37.5 
degrees centigrade. Hence, the average water tempera-
ture t... = 31 degrees centigrade. From physical tables 
it is found that at this temperature 

p = 0.996 gram per cubic centimeter 

= 0.0078 poise (gram per centimeter second). (4) 

Water velocity calculated by division of the rate of 
flow, 254 cubic centimeters per second over the cross-
section area of the flow, 2.98 square centimeters, is 

V = 85 centimeters per second.  (5) 

Finally, the equivalent diameter of the annular clear-
ance between the anode and the jacket (Fig. 2), calcu-
lated as explained below, is 

D. = 0.45 centimeter.  (6) 

Using the numerical data one arrives at the Reynolds 
number 

Re = 0.45 X 85/0.778 X 10-2 = 4940.  (7) 

Hence, the flow is turbulent, and therefore (1) is ap-
plicable to the case under investigation. 

As to the diameter D., by definition', it is equal to 
four times the hydraulic radius of the cross-sectional 
area of water flow, the hydraulic radius being defined 
as the ratio between the area and the wetted perimeter 
of the cross section. In the particular case of the an-
nular cross section, the equivalent diameter is equal to 
the difference of the jacket and the anode diameters, or 
to twice the spacing between the jacket and the anode, 
2e =0.45 centimeter. 
In order to find the numerical value of the rate of 

heat transfer, in addition to the already determined 
quantities, one must know heat conductivity k and 
specific heat of water C„. From physical tables we have 

k = 0.00145 calorie per centimeter second per 

degree centigrade 

C,, = 1 calorie per gram per degree centigrade. 

Inserting (4) to (8) into (1) we finally obtain 

h = 0.1355 calorie per second per square 

centimeter per degree centigrade. 

4 William H. Adams, see pp. 117 and 235 of footnote 1. 

(8) 

(9) 

This is the rate of heat transfer from anode to water 
in the case under discussion; more generally, the calcu-
lated figure also shows the order of magnitude of heat 
transfer per unit area (1 square centimeter) of water-
cooled anodes under more or less conventional condi-
tions. When h and the total heated area of the anodes 
are known, one can calculate the anode temperature 
simply by using (2). In discussions similar to ours, it is 
generally more convenient for various theoretical der-
ivations to consider a 1-centimeter long anode zone. 
From the total power of anode dissipation and the 
length of its "hot" portion we find that dissipation per 
unit length of anode is5 

m = 11,320/4.2 X (11.5 + 1.24) 

= 212 calories per second  (10) 

where 0.62 centimeter is added on each end of the 
filament length to take care of the cooling effect of the 
anode ends; this will be explained in some later part 
of the paper. On the other hand, the amount of heat 
transferred to water within the same zone is 

e = h X rd = 0.1355 X 4r 

= 1. 7 calories per second per degree centigrade. (11) 

In the state of equilibrium the relation exists 

m = eT,,.  (12) 

Therefore, 

Ta = 212/1.7 = 124.5 degrees centigrade.  (13) 

and the actual anode temperature above freezing point 
is 

To. = 124.5  31 = .155 degrees centigrade. (14) 

This is considerably in excess of the boiling tempera-
ture of water. Some direct measurements made by 
various experimenters 6 confirm that the anode tem-
perature at sufficiently high dissipation is above the 
boiling point. Still, on first thought it seems to be some-
what puzzling how water can be in contact with such 
a hot surface and not boil. The explanation is to be 
looked for in the following facts: First, practical 
measurements of permissible tube dissipation are 
usually carried out with the anode insulated from the 
ground by "water coils" both on the inlet and outlet 
sides. These coils are made of rather long pieces of rub-
ber hose and incur considerable pressure drop when 
water is flowing; actually from 20 to 60 pounds water 
pressure is usually required to pass water at the recom-
mended rate through vacuum tubes. Thus, the pressure 
inside the jacket, which is in series with the two coils 
and between them, may be as high as 30 pounds and 
more. The boiling point at this condition reaches the 

6 In this expression, the factor 1/4.2 converts watts into calories 
per second. 

6 R. LeRossignal and E. W. Hall, "The development of large 
radio transmitting valves," Gen. Elec. Co. Jour. (British), vol. 7, 
p. 185; August, 1936. 
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value of 135 degrees centigrade or more. Second, 
"spheroidal" state of water probably precedes the out-
right boiling. Cold water coming in contact with a hot 
surface forms an extremely thin film of superheated 
steam at the surface so that there may be no direct 
contact between the water and the anode wall; this 
film is continuously destroyed and renewed due to 
turbulency of flow. An increase in heat flow above the 
"safe limit" results in more energetic formation of 
steam bubbles, that is, in boiling, which frequently can 
be accompanied by mechanical vibration of the hose 
and even of the tube itself. It is considered undesirable 
to permit water to boil as this usually results in scale 
formation and finally anode puncture due to its local 

overheating. 
Now, we shall more closely discuss the effect of 

variation of the individual factors appearing in (1) and 
the limitation imposed by them. 

WATER VELOCITY 

The most important factor in (1) is water velocity V, 
because in practice it is the only factor which can be 
varied by the operator at will and varied within rather 
wide limits. In our example the recommended water-
flow limits are from 3 to 8 gallons per minute. Accord-
ingly, the heat-transfer figure theoretically can be 
varied from  - 

its = h4(3/4)" = 0.108 calorie per second per 

square centimeter per degree centigrade  (15) 
to 
hs = h4(8/4)" = 0.235 calorie per second per 

square centimeter per degree centigrade  (16) 

hence, permissible dissipation should vary in the same 
ratio as heat-transfer figures, that is, proportionately. 
to h3:h4 and h8:h4. So, for 3- and 8-gallon-per-minute 
rate of water flow the dissipation limit will be 8 and 16 
kilowatts, respectively. However, if one looks into 
the published technical data of the tube, one will find 
that there is no practical need in dissipation higher 
than approximately 10 kilowatts because other limita-
tions (in voltage, electronic emission) make it useless. 
Yet higher rates of water flow are necesssary because 
in a great majority of cases of operation heat distribu-
tion in the anode is nonuniform. Then, as is demon-
strated elsewhere,7 dissipation limit may vary in pro-
portion only to 0.4th power of water velocity instead 
of 0.8th as implied by (1). This will be discussed later 
on in connection with the effect of tube structural 
parameters. 
In this place, it may be repeated that the immediate 

effect of an increase of water velocity is the intensifica-
tion of turbulency of flow; a more turbulent flow makes 
a greater inroad into the thin stationary film of water 
(or steam) ever present at the anode wall, and thus 

7 I. E. Mouromtseff, "The influence of grid focusing effect on 
plate dissipation limit of a vacuum tube," Communications, vol. 
20, p. 11; December, 1938. 

increases heat exchange between the wall and the 
water. The existence of slowly moving or stationary 
layers of liquid in the vicinity to the wall even in a 
turbulent flow has been established by direct measure-
ments by many experimenters.8 
It is obvious that turbulency of the flow can increase 

not only due to increased water velocity but also due 
to the formation of steam bubbles. Therefore, the 
higher the anode temperature, the greater is the rate 
of heat transfer. However, for the reasons given before 
it is not desirable to carry this too far and to permit 
water to boil. It is also logical to admit that the turbu-
lency of flow can be also intensified by properly de-
signed baffling surfaces built in the path of the water, 

or by other "mechanical" means. 

CLEARANCE BETWEEN ANODE AND JACKET 

With a fixed rate of water flow Q. cubic centimeters 
per second, variation of the annular clearance e be-
tween the anode and the jacket affects two factors: 
velocity of water V and the equivalent diameter D.. 
Each of these factors independently affects turbulency 
as may be seen from (3). However, for a given anode 
size the Reynolds number is practically independent of 
the width of clearance (if clearance is generally small 
compared to the anode diameter do). Indeed, water 
velocity increases with decreasing clearance practically 
in inverse proportion, while the equivalent diameter of 
the annular cross section decreases in direct proportion 
to it; hence, the net effect is almost nil. In our numerical 
example e =0.0885 inch and the Reynolds number, 
Re= 4940. One can show that even with an infinitesimal 
spacing (e =nearly 0) the Reynolds number will in-
crease only slightly. In this limiting case 

2 X 254 
Reo = 2e42„/erdads =   = 5200.  (17) 

7 X 4 X 0.0078 

In other words, with a large or a small clearance, 
turbulency stays the same if the number of gallons per 
minute is maintained the same. This, however, does 
not mean that the heat transfer h remains the same. 
By combining similar factors of different dimensionless 
groups in (1) one will find that h is proportional to the 
0.8th power of velocity and inversely proportional to 
D°.8. Hence, for smaller clearance heat transfer be-
comes larger, mainly, due to an increased velocity. 
Experiments show that improvement in cooling does 
not quite follow the expected law, when the clearance 
becomes very small. In fact, it has been found that for 
each particular set of operating conditions there is an 
optimum value of clearance e, such that either for 
larger or smaller clearances the efficiency of cooling 
drops. The experiments on a standard tube with a 11-
inch anode showed that the optimum clearance varied 
from 0.020 to 0.015 inch depending on the rate of water 
flow. Of course, in ordinary designs of water-cooled 

William H. Adams, see p. 106 of footnote 1. 
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tubes these extremely small clearances can be con-
sidered as impracticable. The reason for existence of the 
optimum clearance must be looked for in the fact, men-
tioned previously, of existence of almost stationary 
films of liquid at the walls. When the thickness of the 
water wall becomes comparable with the thickness of 
these stagnant films the turbulency decreases and the 
flow may even become laminar, in spite of a higher 
velocity. 

20 
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Fig. 3-Factor A versus fluid temperature. 

Factor A shows combined effect of physical constants 
on rate of heat transfer 
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PHYSICAL CONSTANTS OF LIQUID 

From the four constants appearing in (1), water 
density p and specific heat C, can be considered 
practically independent of water temperature; either 
of these constants is equal to unity. The other two 
constants, heat conductivity k and viscosity Ai, vary 
with temperature. Their over-all effect on rate of heat 
transfer is shown in Fig. 3, upper curve. 
In order to illustrate the discussed relation better, we 

shall assume that with the same power dissipation, 
11,320 watts, the temperature of the incoming water is 
7 degrees centigrade. The values of k and IA to be used 
in (1) are 

k = 0.00136 calorie per centimeter per second per 

degree centigrade. 

= 0.0124 poise.  (18) 

The calculated heat-transfer figure is, then 

h = 0.1075 calorie per second per square 

centimeter per degree centigrade  (19) 

and the anode temperature 

T.= 169 degrees centigrade.  (20) 

Thus, .we arrive at an apparent paradox: in spite of 
much colder water (7 instead of 25 degrees centigrade) 
the anode temperature is higher by 14 degrees centi-
grade. Moreover, due to an increased viscosity, the 
Reynolds number in the case of the 7-degree-centigrade 
water becomes practically nonturbulent. This will 
cause a further reduction in the rate of heat transfer. No 
wonder that in this condition water at the anode sur-
face may start boiling, and one will be forced to limit 
the permissible dissipation. 
In addition to the temperature sensitivity, viscosity 

of water may also vary with pressure; and since the 
pressure in the water jacket may vary from case to 
case to a considerable degree, the cooling effect may 
be somewhat different in spite of the apparent 
similarity of other conditions in various experiments. 
The role of the physical constants becomes particu-

larly important if one decides to use liquids other than 
water, for example, transformer oil, kerosene, or one of 
the known antifreeze solutions. This may be war-
ranted by superior insulating properties of oils, or by 
the necessity to install a transmitter in a roo m without 
heating. Table I gives constants for the two most 
popular antifreeze liquids, prestone and alcohol. From 
the table one can see that except for density Of pres-
tone the constants of both solutions differ from those 
of water so that all of them tend to reduce the rate of 
heat transfer. Particularly important is viscosity which 
with solutions with medium content of antifreeze is 
from 2 to 3 times higher than with water. This means 
that in order to have the same turbulence as with 
water the rate of the flow must be doubled or trebled. 

TABLE I 

PHYSICAL CONSTANTS Or COOLING LIQUIDS 

Mixture 
% 

Boiling 
Point 
°C 

Freezing 
Point 
°C 

Density Viscosity . Specific Heat. Cp Heat Ccnuitictivity.k 
30°C 10°C 

gns/crno 
0°C 30°C 10°C 

centipoises 
0°C 30°C 10°C  0°C 

cal/gin/1°C 
30°C  10°C 

cal/sec/cm/1°C 
0°C 

Water 

i'restone 

Alcohol 

100 

10 
30 
50 

10 
40 
100 

100 

101 
102 
106 

93.5 
83.5 
80 

0 

--4 
--16 
-37 

-5 
--29 

1 

1.010 
1.034 
1.058 

0.979 
0.928 
0.78 

1 

1.014 
1.042 
1.07 

0.984 
0.942 
0.80 

1 

1.016 
1.046 
1.075 

0.81 

0.8 

1.0 
1.75 
3.0 

1.16 
2.02 
1.00 

1.35 

1.75 
3.1 
5.5 

2.18 
4.39 
1.47 

1.8 

2.5 
4.5 
8.0 

3.31 
7.14 
1.77 

1.0 

0.99 
0.90 
0.83 

1.0 
0.92 
0.64 

1.0 

0.99 
0.88 
0.79 

1.0 
0.91 
0.60 

1.0 

0.99 
0.87 
0.79 

1.0 
0.90 
0.54 

0.00145  0.00138 

(0.001) 

0.00130  0.00122 
0.00093  0.00088 
0.000433  0.000433 

0.00132 

0.000635 

0.00116 
0.000.85 
0.00433 
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If necessary to choose from the two solutions, prestone 
must be preferred as alcohol easily evaporates at com-
paratively low temperatures, and its constants are sum-
marily less favorable for heat transfer than those of 
prestone. The over-all effect of prestone and alcohol 
for low temperatures is plotted in Fig. 3. 
The physical constants of oils, generally speaking, 

are also such that the heat-transfer figure for oils is less 
than for water. Therefore with the same dissipation 
the anode temperature is always higher for oil than for 
water. With the temperature approaching 200 degrees 
centigrade oil begins to "sludge"; this contaminates the 
anode surface and consequently the rate of heat trans-
fer drops markedly from its initial value. Nevertheless, 
oils possess one indispensable advantage, high in-
sulating property which makes Jong insulating water 
coils unnecessary. Therefore, in cases when dissipation 
is not too high, or where perfect insulation is of prime 
importance (as for example in X-ray tubes), oil cooling 
may become justifiable. One of the best liquids of this 
kind seems to be kerosene. 

THE ROLE OF THE VACUUM-TUBE STRUCTURE 

If the anode of a vacuum tube is heated perfectly 
uniformly, the anode diameter d and the cathode length 
L are the only structural parameters determining the 
dissipation liniit. If the permissible maximum tempera-
ture is T.., the dissipation limit is 

Po = rd L  (21) 

where his heat-transfer figure to be calculated from (1) 
and T.az is the anode temperature above that of the 
cooling water. However, it is known that due to the 
focusing effect of the grid in many cases of operation 
heat is generated in the anode nonuniformly ; heat pat-
terns depend on grid meshes and on the location of in-
dividual filament strands with respect to the grid 
stays. As a result, the average anode temperature 
's,,,„ cannot be allowed to reach the permissible maxi-
mum; hence, the anode dissipation limit becomes less 
than with a uniform heat distribution. Usually closely 
spaced grid windings of thin wire affects but very little 
the temperature distribution; the entire blame for 
nonuniformity is to be put on the heavy longitudinal 
grid stays. It has been shown' that in the typical 
case of electron beams concentrated along the mid-line 
between the shadows of adjacent grid stays (points A, 
B, C, D in Fig. 4) the average anode temperature is 
given by the expression 

Tsyr = T..(tanh O N.  (22) 

The temperature Tin. prevails at the points, A, B, C, 
and D, where heat is generated by impinging electrons; 
quantity Q depends on heat-transfer figure h and the 
tube structural parameters in the following way: 

Q = \Alb k X rd/2n.  (23) 

• I. E. Mouromtscff, see p. 12 of footnote 7. 

Here d= anode diameter (4 centimeters) 
S= anode wall thickness (0.159 centimeter 

=1/16 inch) 
n = number of grid stays (4) 
k =heat conductivity of copper (0.9 calorie 
per centimeter per second per degree centi-

grade) 
h= heat-transfer figure (0.1355 calorie per 
square centimeter per second per degree 

centigrade) 

Fig. 4—Focusing effect of grid stays in. the 891 tube. 

Accordingly, if there is grid focusing effect, the anode 
dissipation limit will be reduced in proportion to 

rave/ T.. = (tanh Q)/Q.  (24) 

Using numerical values in parenthesis, which are the 
figures of our practical example of the 891 tube, one 
will find that 

Q = 1.53 and tanh Q = 0791  (25) 

here 
tanh Q/Q = 0.595.  (26) 

This means that because of the grid focusing effect the 
permissible plate dissipation is to be reduced by 40.5 
per cent. The reduction can be even greater if the fila-
ment strands are not symmetrically located with re-
spect to the grid "windows." 
Close examination of (22) and (23) reveals that 

variation of any factor in (23) should effect a simul-
taneous increase or decrease of both the numerator and 
denominator of (22). However, the hyperbolic tangent 
of a function changes more slowly than the function 
itself. Therefore, the net change of T1/Toe is governed 
by the variation of quantity Q in the denominator. This 
is especially true if the value of tanh Q is nearly unity 
(which is the case in our example). Thus, one may rule 
that in order to decrease the nonuniformity of tem-
perature distribution resulting from the grid focusing 
effect one has to increase either the anode wall thick-
ness 6 or the number of grid stays n. The latter state-
ment must be supplemented by the consideration of 
the cathode structure; it must be disposed of in such 
a manner that all grid "windows" are uniformly utilized 
by the electrons. In addition, one may also note 
that the larger the anode diameter, the greater is 
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temperature nonuniformity with the same number of 
grid stays. As to the effect of heat-transfer figure h, one 
arrives at the conclusion that its increase amplifies the 
nonuniformity of temperature distribution; and, since 
in a given arrangement one can change h by changing 
water velocity, one must realize that the faster the 
water is passed through the tube the more pronounced 
are heat spots on the anode. Nevertheless, in spite of 
this the total power dissipation increases generally with 
the rate of water flow. This follows from the expression 
for total heat dissipation 

Pf total = ardl h T.,  (27) 

or 

.13, total =  tanh (0 0-IX Td/2n).  (27a) 

With water-cooled tubes of conventional designs the 
hyperbolic tangent in this expression, as already men-
tioned, is usually very close to unity; therefore the dis-
sipation limit in operation with pronounced grid 
focusing effect increases proportionally to the square 
root of the heat-transfer figure, or proportionally to the 
0.4th power of water velocity V. 

In connection with (21) and (10) the question may 
be asked: "Is the length of the anode hot portion 
exactly equal to that of the filament structure, or is it 
longer due to the heat spreading throughout the 'Cold 
ends'?" A theoretical treatment of this problem is 
given elsewhere ;1° in application to our numerical 
example it can be shown that the contribution of the 
cold ends is equivalent to an increase of the heated 
portion by approximately 0.6 centimeter at each end. 

PART II—FORCED-AIR COOLING 

INTRODUCTORY NOTES 

In recent years, approximately since 1935, water-
cooled tubes in a number of new transmitters built in 
this country and, later on, in Europe were supplanted 
by tubes with forced-air cooling. Air-cooled tubes can 
be advantageously used in all cases when there is a 
danger of ambient temperature dropping below the 
freezing point. In some other cases they can be fur-
nished with inexpensive individual blowers, thus elimi-
nating the necessity of water piping and of the use of 
water coils insulating the high-voltage water-cooled 
anodes from the ground. 
Air cooling, the same as water cooling, is not a new 

engineering problem; yet its application to high-power 
vacuum tubes is a new and sufficiently specific problem 
to warrant its careful study both theoretically and 
experimentally in order to establish general rules for 
the systematic design of air coolers. The problem of de-
signing an efficient air cooler for a given type of vacuum 
tube with an external anode may be formulated in 
several different ways. Thus, one may wish to design 

to I. E. Mouromtseff, "Temperature distribution in vacuum 
tube coolers with forced air cooling," Jour. Appl. Phys., vol. 12, 
pp. 491-497; June, 1941. 

a cooler of the smallest mechanical dimensions for a 
definite maximum power dissipation. Or vice versa, one 
may start with the largest permissible diameter of a 
cooler and calculate the feasible maximum dissipation. 
One may also need a cooler representing not more 
than a certain specified resistance pressure, in order to 
employ a distinct type of air blower available on the 
market. In the case of a portable air cooler its weight 
becomes an important factor. Finally, the cost of the 
individual coolers may influence the choice of the de-
sign. One should note that in all cases the maximum 
permissible anode temperature is a critical factor, as it 
directly affects the dissipation ratings. However, this 
temperature cannot be specified once and forever and 
for all designs, because it depends on physical proper-
ties of' materials involved in the design and on the 
degree of outgassing vacuum-tube parts. Obviously, 
there is no single solution of the postulated problem in 
general, but for each particular set of requirements one 
can find the best answer or an optimum design for the 
cooler. 

It may be of interest to mention that as far back as 
1931 an air-cooling jacket for the 863 tube (closely re-
sembling the 891), was designed and tested at East 
Pittsburgh; it was intended for a 5-kilowatt trans-
mitter. This project is interesting because the air cooler 
formed a part of the transmitter equipment, and the 
tube could be replaced in it as in an ordinary water 
jacket. In a few words, this air jacket can be described 
as follows: It was machined from a 34-inch aluminum 
bar; its total weight was less than 4 pounds. The cen-
tral bore was drilled to fit the 14-inch tube anode. A 
number of longitudinal slots was milled on the outside 
of the cylindrical bar. Due to a longitudinal cut, the 
jacket could be easily brought about and clamped 
tightly around the anode. Cooling air was supplied at 
a rate of 90 cubic feet per minute from the source of 
about 0.4 pound pressure. The described jacket per-
mitted approximately 2.5 kilowatts total anode dis-
sipation with the anode temperature at about 160 
degrees centigrade. For protection frolil oxidation the 
anode of the tube was gold-plated. The device did not 
find much practical application as the transmitter de-
signers needed greater anode dissipation if forced-air 
cooling had to compete with water cooling. 
In this part of the paper general principles of de-

signing air coolers are, first, outlined; then, the princi-
ples are applied to the calculation of a cooler for one of 
the popular types of tubes; finally, various factors in-
fluencing cooler designs are discussed. 

GENERAL PRINCIPLES 

A conventional air cooler consists of a core with a 
central bore for the tube and of a set of vertical fins 
extending in radial direction and secured to the outer 
surfaces of the core. All parts are usually made of 
copper because of its good thermal conductivity. A 
general view of an 891 tube soldered in an ir cooler is 
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shown in Fig. 5; its horizontal and vertical cross sec-
tions are schematically rispresented in Fig. 6. 
Generally speaking, the amount of power dissipation 

by a cooler Ph is proportional to each of the following 

three factors: 
. Average temperature difference between tins and 

air,  
2. Rate of heat transfer from copper to air, Is calories 

per second per square centimeter per degree centigrade. 

3. Total area of the cooling surface, S square centi-

meters. 
In short, the power dissipated is 

P  T  Is ) S calories per second.  (28) 

Fig. 5—Type 891 tube adapted for air cooling. 

For a given ambient temperature t„, the largest pos-
sible value of fin temperature T 1 a . is restricted by the 
maximum permissible anode temperature  the 
major part of which is constituted by fin temperature. 
The actual anode temperature in operation establishes 
itself as function of the power dissipated in the cooler. 

It can be computed by summing up individual tem-
perature differences in the path of heat flow from the 
tube to the cooling air; to this sum the ambient tem-
perature must, of course, be added. obviously, at no 
time and at no place can the actual anode temperature 
be permitted to exceed the safe maximum anode 
temperature T.  As such, one can designate 20 or 
30 degrees centigrade below the dangerous temperat tire 
at which either the soldur Immd between the tube and 
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Fig. 0 Optimum design of 891K and similar air cliolcrs. 

the cooler can he weakened, or the vacuum inside the 
tube becomes affected by gas liberated from overheated 
tube parts. Thus for example. with pure tin solder, 160 
degrees centigrade can be specified as T. ... because at 

180 degrees centigrade tin begins to soften; if heated to 
this level even occasionally, the solder finally melts at 
some points and causes a puncture of the anode wall. 
With normally exhausted tubes it appears safe to 
adopt 230 degrees centigrade as the anode temperature 
limit; in such cases, of course, a solder with a higher 
melting point has to be used; cadmium proved to be 

very satisfactory for this purpose. 
The second factor in (28), the rate of heat transfer 

Is can he calculated from the expression similar to (1), 
in which physical constants for water are substituted 

for by similar constants for air 

h = 0.024 k (Dpl y.s co‘  • 4 
(29) 

D  k  • 

By inspection of this expression one may conclude 
that the only factor in the designer's hands for control-
ling the rate of heat transfer is air velocity. The higher 
the velocity the more efficient is the cooling. Its upper 
limit may be set either by an objectionable whistling 
noise produced by air escaping from the ducts, or, more 
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likely, by a rapidly increasing pressure required to 
force the air through the cooler; this pressure increases 
as the square of velocity. An excessive pressure may 
preclude the use of certain types of good commercial 
blowers available on the market. In addition, power 
required for driving the blower increases proportionally 
to the cube of the air velocity. One may assume that 
3000 centimeters per second (6000 feet per minute) is 
the highest velocity to be recommended for practical 
applications. 

Equivalent diameter of the ducts D in (29) is calcu-
lated as four times the ratio of the duct cross-sectional 
area to its perimeter. Its variation from cooler to cooler 
has not muchinfluence on the rate of heat transfer as it 
enters in (29) only with an exponent of 0.2. 
Individual physical constants appearing in the same 

equation vary with air temperature. However, if 
grouped together, they form a factor whose value re-
mains almost constant within a wide range of tempera-
tures. This factor A. is plotted in Fig. 3 as a function 
of air temperature; it rises slightly toward the freezing 
point; otherwise for all practical cases it can be as-
sumed approximately 0.0215X10-2 , so that (29) in 
applications to air can be modified as follows: 

yo.s  yo.8 
h = 0.024 —  A = 5.15 X 10-6   ,(30) 

Do.2  Do.2 

Note: The dimension of the factor A is colories per 
second°.2 per ce.ntimeter" per degree centigrade. 
As in most of the practical designs, Dc2 is not too 

much different from unity; the later formula can be 
simplified still further to read 

h = 5.15 X 10-6 V°.8.  (31) 

As to the third factor in (28), the total cooling area 
of fins S is one of the important factors determining 
the merits of a cooler design. The larger it is the better. 
However, once the size of the cooler is chosen, there is 
a definite maximum cooling area inherent in the design: 
it depends on mechanical limitations of the cooler 
structure. These are the minimum fin thickness 8 and 
the minimum spacing t between the fins at their root, 
that is, at the core surface. Thus, independent of the 
general design of the cooler, the smallest fin pitch 
around the periphery of the core is (8+0; therefore, 
with the core diameter D, the largest feasible number 
of fins is 

= TD,/(5  I).  (32) 

If, then, DI is the cooler diameter, the total cooling 
area of the fins is 

S = 2(0f — D.) X 71A/03  (33) 

Since the fin length is usually fixed by the tube length 
I, the feasible maximum of S can be found from 

as 
— = 0.  (34) 
ape 

Solution of this equation gives 

D, = D//2. 

April 

(35) 

This holds for any fixed figure of fin pitch. As to the 
role of the over-all cooler diameter DI it may be con-
cluded a priori that the larger the diameter, the more 
power can be taken care of by the cooler, all other 
conditions being equal. However, at the end of this 
section we shall more closely enter upon the optimum 
radial extension of fins. One may generally note that 
due to a great difference in values of factor A shown in 
Fig. 3, the total cooling area of an air cooler must be 
much larger than in a water jacket, if anode dissipation 
of the same order of magnitude is to be taken care of in 
both cases. In a practical design the size of the cooler 
is limited by the general design of the transmitter and 
its radio-frequency circuit. 

NUMERICAL EXAMPLE OF COOLER DESIGN 

In this section a method of calculation of an air 
cooler is outlined on the example of the 891-R and 
similar tubes. 

For convenience of numerical calculation we first 
assume that power dissipation per centimeter length 
of the "hot" portion of the anode (Fig. 6) is constant 
and equal to 1000 watts, which corresponds to the 
total anode dissipation 11,500 watts. With this as-
sumption we calculate maximum anode temperature 
for air flow rate of 1500 centimeters per second. (3000 
feet per minute). Then, in view of proportionality 
between power dissipation and anode temperature 
above the ambient, the permissible dissipation for each 
individual rate of air flow is obtained by setting the 
anode temperature limit" for example at 230 degrees 
centigrade and by reducing or increasing the initially 
assumed power dissipation in proportion to the new 
anode temperature. It is convenient to refer all calcu-
lations to the cooler zone of unit length. 
Taking into consideration the discussion of the previ-

ous section and with reference to Fig. 6, we shall adopt 
the following structural data in Tablel I for the cooler: 

TABLE II 

Inches  Centimeters 

Di =outer fin diameter 
D, =outer core diameter 
de =inner core diameter 
6 =fin thickness 
=fin spacing at root 

T =fin spacing at free end 
I „., =fin spacing, average 
Is =fin width (in radial direction) 
le =fin length (in axial direction) 
n =fin number  86 
L' =length of lower cold end 
L"—length of upper cold end 

L  =length of Seated portion 

7.5  19.1 
3.75  9.53 
1.63  4.14 
0.0625  0.159 
0.075  0.191 
0.150  0.381 
0.1125  0.286 
1.88  4.78 
9.0  22.8 

2.70  6.85 
1.72  4.38 
4.53  11.50 

From these data one can compute several quantities 
necessary for further discussion. These are 
Total "heated" perimeter of air ducts: 

p = 2nzv = 820 centimeters.  (36) 

Total Cross-sectional area of air ducts: 
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A = — D/(1 - 1/4) - ndw 
4 

= 150 square centimeters. 

Hydraulic radius of individual ducts: 

rh = A/p = 0.18 centimeter. 

Equivalent diameter of individual ducts: 

D = 4rh =  0.72 centimeter. 

Total cooling area of fins in a unit zone: 

S = 2nw = 820 square centimeters 

Rate of air flow though the cooler: 

q. = vA = 1500 X 150 

= 225,000 cubic centimeters per second 

= 475 cubic feet per minute. 

• 

(37) 

(38) 

(39) 

(40) 

(41) 

The physical constants for air at 60 degrees centigrade 
are: 
p = 1.06 X10-4 gram per cubic centimeter is the air 

density. 
k = 6.25 X10-5  calorie per second per centimeter 
per degree centigrade is the thermal conduc-
tivity of air. 

C',,= 0.24 calorie per gram per degree centigrade is 
the specific heat of air. 
= 1.95 X10-4 gram per second per centimeter is 
the air viscosity. 

As indicated in the previous section, instead of using 
individual physical constants, one can conveniently 
operate with the factor A. plotted in Fig. 3. The esti-
mated average air temperature will be 60 degrees 
centigrade if we assume an ambient temperature of 

45 degrees centigrade. 
Before proceeding with further calculation we shall 

check whether under the specified conditions the air 
flow is turbulent. The Reynold's number is 

Re = Dpvlu = 5860.  (42) 

Hence, the flow is turbulent, and for the calculation of 
the rate of heat transfer from fins to air, we can apply 
either of the equations (29), (30), or (31). We obtain, 

first 

h = 0.00193 calorie per second per square 

centimeter per degree centigrade.  (43) 

From this figure and from the total cooling area one 
will find the total rate of heat transfer for the entire 
unit zone: 

= hS = 1.57 calories per second per 

degree centigrade.  (44) 

Remembering that heat generated within the same 

zone is 
in = 1000 watts  240 calories per second (45) 

one can determine the average fin temperature Tf above 
air from the equilibrium condition: 

in = ef X Tf eve 

Tf eve =  153 degrees centigrade. 

Due to the radial heat flow through the fins, tem-
perature is maximum at the fin roots and gradually 
falls toward their free ends (see Fig. 7). The tempera-
ture distribution in the fin is given in the law derived 
elsewhere :" 

tx = Tf eye cosh (Qf - qfx)/cosh Qf.  (47) 

The relation between the average fin temperature, 
T1 0 and Tif max (which at the same time is the tem-
perature of the core, T.), according to the same deriva-

tion (7), is: 

Or 

T .( ave =  TI ,(tanh Qf)/Qf 

(46) 

(48) 

Tf aye = Tc(tanh Qf)/Qf.  (49) 

In the last three expressions, Qf, as shown below, de-
pends on rate of heat transfer h; fin thickness 5; their 
length w; and heat conductivity of copper k=0.9 
calorie per second per centimeter per degree centigrade. 

Qf =  qw = w-V2h/5 k..  (50) 

Using the numerical values from the previous dis-
cussion one obtains 

qf = 0.164 centimeter-' 

Qf = 0.784 

tanh Qf = 0.653 

(tanh Qf)/Qf = 0.833 

and finally, 

Tf max = 153/0.833 = 184 degrees centigrade. (53) 

In order to determine the anode temperature T., we 
must yet find the temperature drop in the core AT, and 
in the layer of solder AT,. The thickness of solder we 
assume to be 1 millimeter (0.040 inch). Using dimen-
sions given in the beginning of this section we find 

T, = in X 1/27k, X in(D,/do) 

= 35 degrees centigrade  (54) 

T. = n X 0 .117(1,k, = 12.3 degrees centigrade.  (55) 

Here k,= 0.225 designates thermal conductivity of 
cadmium solder. 
In addition, we must check the average air tempera-

ture At h_ a vet above ambient. This will be found from 
the total dissipation P h = 2760 calories per second and 
the rate of air flow q.= 225,000 cubic centimeters per 

second. 

a we  = Ph/2q.pC,, = 24 degrees centigrade.  (56) 

"See equation (1) on p. 491 of footnote 10. 

(51) 

(52) 
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Finally, the anode temperature will be determined 
by simple addition of all calculated partial temperature 
drops in various parts of the cooling system: 

= 45 degrees centigrade 4- Ai . --Ave +  Timex +  Te + T. 

= 45 + 24 + 184 + 35 + 12.3 

= 300 degrees centigrade.  (57) 

This is in excess of T„  230 degrees centigrade 
which we adopted as the permissible maximum anode 
temperature at any point. However, the calculated 
temperature, 300 degrees centigrade, corresponds to a 
situation seldom encountered in practice and certainly 
not in our concrete example. Indeed, it is calculated in 
supposition that all heat generated in any unit zone of 
the cooler is transferred to the cooling air within the 
same zone; in other words, thus far in the calculation 
we neglected longitudinal heat flow through the core 
from the directly heated portion to its cold ends and, 
hence, we neglected the contribution to the heat dis-
sipation by the cooler's "cold ends." Logically, one can 
predict that the heavier the core the more substantial 
is thii help. Mathematical treatment of this problem 
is given elsewhere." Briefly, it can be summarized as 
follows: The effect of "cold ends" is manifested, first, 
in a general reduction of temperature along the entire 
heated portion of the cooler. In addition, from the 
middle of the heated portion the temperature de-
creases toward the cold ends. In a symmetrical struc-
ture the maximum temperature occurs exactly at the 
geometrical middle. With unequal lengths of ends the 
maximum moves toward the shorter end; its exact 
location can be established by calculafon. Without 
reproducing the theoretical derivation we shall use 
here only its final results. The important maximum 
temperature at about the middle of the directly heated 
portion of the core (omitting temporarily the consid-
eration of the radial temperature drop in the core) is 
generally given by: 

Tc . = in/es — (m/  — to)/cosh Q.  (58) 

Here, quantity m/ec is the core temperature cal-
cated in the earlier assumption that there is no longi-
tudinal temperature drop in the core (no cold ends). 

m, as before, is heat generated per unit length. 
ec is the rate of heat transfer for the entire unit 
zone, referred to the outer surface of the core per 
unit zone. It can be determined from (44) and 
(46) and the condition of continuity of heat flow: 

GT, = efTi (59) 

is the temperature at the boundary between the 
"heated" and "cold" portions of the core. 

Q is the quantity similar to Qf of (50) pertaining 
however, to the heated portion of the core; viz, 

to 

and 
Q = qL 

q= 

(60) 

(61) 

with a, designating the annular cross section of the 
core; L, the length of the heated portion between the 
points with temperature maximum and to, and k„, heat 
conductivity of copper. 
The boundary temperature for each end is given by 

lb' = m/e, X 1/(1  tanh Q'/tanh Q)  (62) 

and 

lb  = miGx1/(1+ tanh Q"/tanh Q) 

Here, 
Q' =  and Q" = aL"  (63) 

with q the same as per (61) and L' and L" representing 
the lengths of the two cold ends. Obviously, maximum 
temperature Te max  calculated for both ends of the 
core must be the same. 
By a trial calculation one can easily establish that 

the maximum core temperature lies at a distance of 6.2 
centimeters from the longer and 5.3 centimeters from 
the shorter cold end. Then, inserting the available data 
into (62) and (58) we obtain 

lb' = 91.3 degrees centigrade 

lb" = 99.8 degrees centigrade 

Tc . = 124.25 degrees centigrade. 

This temperature is to be compared to 184 degrees 
centigrade of (52). Obviously, the actual heat flow in 
a radial direction through the unit zone comprising 
„,„x is less than the initially assumed figure, 240 

calories per second, in proportion to the calculated 
temperatures: 

1",..= 240 X 124.5/184=. 162. 5 calories per second. (65) 

This permits us to compute the actual maximum 
radial temperature drop across the core at the hottest 
cross section; it will be reduced from the former figure 
(equation (53)) in the same proportion: 

Tc. = 35 X 124.5/184 = 23. 6 degrees centigrdde. (66) 

As to the temperature drop through.' the solder wall 
one must assume that it stays unaffected by the de-
rived distribution of heat flow; indeed, heat generation 
in the anode is unaffected by it, and one may assume 
that longitudinal heat equalization takes place entirely 
in the core, as the anode wall is relatively thin. Also, 
unaffected by the longitudinal temperaturedistribution, 
air temperature above the ambient remains as it de-
pends only on the total heat dissipation. Thus, the cor-
rect maximum anode temperature is 

Ta m ex = 45 -I- 24 + 124.25 + 23.6 -I- 12.3 

= 230 degrees centigrade.  (67) 

This temperature is exactly equal to the established 
permissible T. ma .. Hence, the assumed total dissipa-
tion =11.5 kilowatts is the correct maximum permis-
sible dissipation for the designed cooler under the 

and 

(64) 
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assumed operating conditions. One may note that the 
calculated power-dissipation figure equals the limit 
usually specified for the 891 tube with water cooling. 
This indicates that, if necessary, air coolers can be de-
signed so that practically the same dissipation ratings 
can be applied to a tube as with water cooling. The 
calculated radial temperature distribution within the 
hottest section of the cooler is represented graphically 

in Fig. 7. 
It may be of interest to note that in a cooler with 

no cold ends, the permissible dissipation should have 
been reduced from the originally assumed total dissi-
pation,11,500watts, in proportion to the maximum per-
missible anode temperature and the calculated anode 
temperature above ambient, that is, 

Ph m ax = 11.5 X (230 — 45)/(295 — 45) 

= 8.3 kilowatts.  (68) 

The corresponding cooler would have a length exactly 
equal to that of the heated portion of the anode. Ob-
viously, for efficient cooling such a structure normally 
should be avoided; however, one may be forced into it 
if the filament structure occupies practically the entire 
length of the anode. 
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AERODYNAMICAL PROPERTIES OF THE AIR COOLER 

In the design of a water jacket for vacuum tubes one 
does not give much consideration to the pressure drop 
in the jacket as this normally is only a small portion of 
the total pressure generally available at the station 
and necessary for forcing water through long insulating 

water coils. For example, with 3 gallons per minute 
recommended for the 891 and similar tubes, the pres-
sure drop across the jacket is only 2 pounds per square 
inch, while the available pressure is seldom less than 
25 pounds per square inch. Things are quite different 
with air coolers. The resistance pressure of a cooler and 
the rate of air flow inherently determine the kind of 
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blower and power necessary for forcing the air through 
the cooler. For a given cooler design as mentioned be-
fore, air pressure required from a blower increases in 
proportion to the square and power to the cube of air 
velocity. 
Resistance pressure of the jacket proper consists of 

friction loss in the ducts Hf and of contraction loss H, 
due to a sudden change of the cross section of the air 
flow at the entrance into the cooler; adding to this 
the velocity head H,, one obtains the total pressure 
110551  necessary to propel air through the jacket with 
the desired velocity, v centimeters per second. 
Friction loss is given by the expression" 

Hf = f100212grh.  (69) 

Contraction loss is 13  

= kpv2/2g 

and velocity head 

H, = pv2/2g. 

The meaning of the symbols is as follows: 

v =air velocity in centimeters per second; v =1500 
centimeters per second. 

g = gravitational acceleration; g= 981 centimeters 

per second squared. 
p =air  density;  at  40  degrees  centigrade, 

p =1.2 X10-8 gram per cubic centimeter. 
= total length of the cooler; lc= 22.75 centimeters. 
= friction coefficient; for the calculated Re = 5860, 
f = 0.0093, (see Fig. 8). 

(70) 

10 

12  William H. Adams, see p. 109 of footnote 1. 
u William H. Adams, see p. 121 of footnote 1. 
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k =a factor depending on A/A 1, if A is the total 
cross-sectional area of the air ducts, and A1 the 
total area of the cooler cross section. (See Fig. 9.) 
In our case A/A =0.52 and k=0.285. 

rh =hydraulic radius of individual ducts of the 
cooler; rh =0.18 centimeter. 
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' of contraction loss. 

Substituting the indicated numerical values just given 
for the symbols in the last three expressions, we obtain: 

H f =  1.55 centimeters H, = 0.392 centimeters and 

H, = 1.36 centimeters.  (72) 
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Fig. 10—Maximum anode temperature and power dissipa-
tion limit versus air velocity. 

The minimum pressure required from the blower 

litotis I =  3.34  1.315 inches. (73) 

Minimum power requirement in horsepower is to be 
computed from the expression 

HP = 0.157 X 10-8 Q, Irtothi  (74) 

where Q,, is the rate of air flow in cubic feet per meter 
(in our case Q = 475 cubic feet per meter), while 
litotid is the total pressure in inches of water. In our 
numerical examples, HP„,in = 0.5. This is without con-
sidering the efficiency of the blower. In many cases, 
knowing the required values of Q. and H, one can 
readily find all necessary data for a suitable blower in 
industrial catalogues. 

DISCUSSION OF SOME SPECIAL PROBLEMS 
IN COOLER DESIGNING 

Variation of Air Velocity 

Considering (28) and (29) one may expect that per-
missible dissipation is proportional to the 0.8th power 
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Fig. 11—Permissible power dissipation versus core dianieter. 

of air velocity. However, due to the radial temperature 
drop in fins (see (49)) and due to the effect of the 
cooler's "cold ends," the actual proportionality ex-
ponent lies between 0.8 and 0.4. The greater the veloc-
ity, the smaller is the exponent. Fig. 10 contains curves 
of calculated permissible dissipation and maximum 
anode temperature for the 7.5-inch cooler of our 
numerical example and also for another cooler, 10.5 
inches in diameter, designed for the same tube. Both 
are coolers of "optimum" dimensions. 
Optimum Desiin 

Earlier in this discussion it was shown that for a 
given outside diameter of the cooler D i,  a maximum 
dissipation can be expected for a design in which the 
core diameter is approximately D,=Df/2. This con-
clusion is based on a derivation in which the average 
fin temperature alone is considered, as it usually 
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constitutes the major part of the total temperature dif-
ference between the anode and the air. However, tem-
perature drop in various parts of the cooler (layer of 
solder, radial drop in the core, etc.,) may influence the 
final results and may change the above ratio. In order 
to check how close the derived figure, 1/2, is to the 
actual relation, calculation has been carried out on 
several cooler designs. The results showed that by ad-
hering to the 50 per cent core-diameter rule, one will 
always be within only a few per cent of the feasible 
maximum dissipation, the actual maximum falling be-
tween 0.5 D f and 0.55 D f.  In Fig. 11 a curve is plotted 
for the 10.5-inch cooler, representing permissible dis-
sipation as a function of core diameter. 
The requirement of the maximum cooling area in an 

optimum design implies also that with a given core 
diameter the fin number must be the greatest feasible. 
Their thickness and spacing, as mentioned in an earlier 
section, is governed primarily by the mechanical 
strength and convenience of manufacturing and han-
dling the cooler. Experience shows that with coolers of 
medium and large sizes 1/16 inch is apparently the 
practical low limit for fin thickness; spacing between 
the fins can be equal to their thickness, or better, be 
somewhat wider. However, in some cases it may be 
found that instead of brazing stamped fins to the core, 
it is more economical to mill longitudinal slots on the 
outer surface of a larger copper cylinder." The fins 
formed by this method are heavier than stamped fins; 
also, when deep slots are required they must be wider 
than root spacing between the adjacent stamped and 
soldered fins. As an example, practicable dimensions 
for slotted designs are given in Table III. 

TABLE III 

Milled Slots 

Cooler diameter. inches 
Slot depth, inches 

4 
1 

6 
1.5 

8 
2 

10 
2.5 

12 
3 

Slot width, inches 0.0625 0.080 0.100 0.125 0.1875 

Spacing at slot bottom, inches 0.046 0.088 0.109 0.120 0.138 
Fin number, approximate 58 56 60 64 58 

1/16-inch Stamped Fins 

Fin number, approximate  I 46  I 68 92  114  140 

It is evident that the larger the cooler diameter the 
greater is the total cooling area of a "fin" design as 
compared to the "milled-slot" design. Hence, rela-
tively higher dissipation limits can be obtained with 
finned designs, all other conditions being similar. With 
smaller coolers the milled type may prove to be prefer-
able. The data given in Table III are only approxi-
mately estimated figures. 

Maximum Radial Fin Length 

In the "optimum design" the fin length is equal to 
one quarter of the cooler diameter D f,  and the fin 
number n is proportional to the same. Hence, the 
larger the cooler the more dissipation can be taken care 
of by it. However, the increase of fin length has its 

14  Van de Beek, "Air cooled transmitting valves," Philips Tech. 
Rev., vol. 4, p. 124; May, 1939. 

limit beyond which it does not contribute to further 
improvement of cooling. This becomes evident from 
the following reasoning. Suppose we gradually increase 
the fin length without changing their number. By com-
bining (49), (28), and (36), we can represent core tem-
perature as function of structural and operational 
parameters by 

mq  1 
T, = —  X   

2nh  tanh wq 
(75) 

From this, permissible dissipation per unit length m 

can be written as 

m = T0n Orn5CX tanh wq. 
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Here, according to the earlier designation 

h =the rate of heat transfer from fins to air 
b =the fin thickness 
kc= the thermal conductivity of copper 
w = the fin length (in radial direction) 
q =\/i  

One must remember that h depends on air velocity 
and is proportional to  
If we assume all factors to be constant except w, per-

missible dissipation will be proportional to tanh wq, 
which, at wq = 3, practically reaches its limiting value, 
unity. Hence, there is no sense in choosing fins longer 

than 
w = 3/q.  (77) 

Moreover, by examining tables of hyperbolic functions 
one can notice that a reduction of wq by 50 per cent 
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from this limiting value, that is to 1.5, would reduce 
tanh wq and m only by 10 per cent. 
From (77) it is also obvious that the greater the air 

velocity (hence, h, the rate of heat transfer) the shorter 
becomes the useful length of fins, all other conditions 
being similar. The fin thickness 6 also influences the 
useful fin length. This length calculated from (77) for 
several different fin sizes is plotted in Fig. 12 versus 
air velocity for an assumption of 95,90, and 80 per cent 
utilization of the total feasible cooling capacity of the 
fins. From these curves one can conclude for example, 
that with a velocity of 3000 centimeters per second 
very little can be contributed by 1/16-inch fins by ex-
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tending their length in excess of 31 inches and even 
3 inches. The similar limiting length for a 1/32-inch 
thick fin is only 21 inches and 2 inches. 
In Fig. 13 the curves are plotted to show compara-

tive dissipation limit in coolers of various sizes with 
soldered 1/16-inch fins and, also, with milled slots. The 
relatively low dissipation with the larger coolers of the 
latter type is due to the fact that the fin number in 
these coolers, because of greater depth and greater 
spacing of slots, comes out almost independent of the 
cooler size. Equation (76) is used in this calculation. 
The curves also show that by doubling the air velocity 
one can increase permissible dissipation only by 48 per 
cent. Consideration of the effect of the cold ends would 
modify this ratio in favor of lower air velocities by a 
few per cent. 

Cold Ends 

From a close examination of (58) and (62) one may 
draw the following conclusions in regards to the effect 
of the cold ends: (1) with a given length of the anode 
"hot" portion L1 (that is, with a constant Q), cold ends 
tend to reduce maximum anode temperature, hence, to 
increase permissible dissipation; (2) the effect of cold 
ends reaches a maximum when tanh Q' or tanh qL' 
becomes equal to unity; (3) with this optimum length 
of the cold ends, their effectiveness drops as the length 
of the hot portion L increases; (4) cold ends completely 
cease to influence permissible dissipation when the 
length of the hot portion becomes such that Q=qL 
reaches the value of 4.6 or even 3.0; with the first figure 
the maximum anode temperature is only 1 per cent 
below the uniform anode temperature calculated in the 
absence of the cold ends; with Q=3 this difference is 
5 per cent. This can be derived from the same equation 
by putting tanh Q' =1; (5) in estimating the cold-end 
effect one must keep in mind that both Q and Q' are 
proportional to q, and this is proportional to 0.4th 
power of air velocity and inversely proportional ap-
proximately to the square of the core thickness. 

CONCLUSIONS 

Reviewing the results of various derivations arrived 
at in this paper, which are in agreement with direct ex-
periments, one may state that within practical limits 
water and forced-air cooling can both be used in equal 
measure on vacuum tubes with external anodes. The 
decision whether one or the other type of cooling is 
preferable in any particular tube application depends 
on the general design of the transmitter, relative cost 
of the installation, and on certain specific conditions of 
operation. Thus, forced-air cooling becomes indis-
pensable in unheated spaces where the ambient tem-
perature is hovering about freezing point, or below it. 
Air cooling is also a logical solution if fresh water is 
scarce, as for example on shipboard. On the other 
hand, water jackets are more compact than air coolers; 
also, water-cooled tubes possess the important ad-
vantage of being easily replaceable in their jackets, 
thus permitting the jackets to be built into the trans-
mitters. Air-cooled tubes cannot be simply inserted in 
their coolers; they must be very carefully soldered into 
the cooler core to form an intimate contact between 
the anode and the cooler. Generally, it is considered 
impracticable to burden station personnel with this 
slow and rather critical operation, especially when cad-
mium solder is used. Therefore, air-cooled tubes, as a 
rule, are trapsported and handled with their bulky and 
sometimes very heavy coolers as a unit; this procedure 
is expensive and inconvenient. Attempts have been 
made to design air coolers consisting of two component 
parts: (1) a thin inner core, soldered around the anode 
at the factory; (2) an outer part of the core with fins, 
built into the transmitter. Then, only the tube with a 
relatively light shell can be transported and handled.. 
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The difficulty in this case lies in establishing a reliable 
and uniform thermal contact between the removable 
and stationary parts of the cooler; in fact, this requires 
extremely accurate machining of the contact surfaces 
which logically would have a slightly tapered form. 
Experience shows that a special mechanism would be 
required in this case for removing an old or a defective 
tube from its seat, as the portable and stationary parts 
of the cooler in operation frequently sweat together at 
some spots, due to localized heat. This fact is rather 
disappointing, because it makes it necessary to reclean 
the stationary cooler surface mechanically each time 
the tube is changed. 
Among other points of relative merits of air versus 

water cooling one may reiterate that, if desired, air-
cooled tubes can be furnished with individual cooling 
units consisting of a small air blower driven by a small 
electric motor, while water cooling always implies an 
elaborate water supply and drainage system. Finally, 
one may remark that, as a rule, air-cooled tubes behave 
better in operation than water-cooled tubes with re-
spect to "arcing" back." This is, probably, due to a 
more favorable temperature distribution within the 
tube, influencing the distribution of adsorbed gas; with 
air-cooled tubes the anode is at a much higher tempera-
ture than the glass blanks which are intensely cooled 
by the outgoing air. In a water-cooled tube the anode 
is the coldest surface inviting condensation of residual 
gases; these may eventually be released in operation 
and cause instantaneous local increase in pressure, 
hence, an arc. 
Calculations and direct experience show that either 

with water or forced-air cooling one may count on a 
safe dissipation of 500 to 750 watts per square inch of 
the "heated" anode portion, provided heat is generated 
uniformly throughout the hot surface. Nonuniformity 
of heat generation, such as is caused by grid focusing 
effect, as mentioned in this paper, may reduce the per-
missible dissipation with water-cooled tubes by as 
much as 50 per cent and even more. Air-cooled tubes 
are in a much more favorable position in this respect as 
heavy-walled cores allow for better heat equalization 
in the longitudinal or circumferential directions, that 
is, perpendicular to the main heat flow in the radial 
direction. In the case of air-cooled tubes the figure of 

reduction in permissible heat dissipation would usually 
not exceed 20 per cent; mostly it is below this figure. 
For similar reasons (restricted heat flow in a longi-

tudinal direction), the presence of the "cold ends" in 
water-cooled anodes practically does not contribute to 
the anode cooling, while "cold ends" in an air cooler 
play a very important role by increasing the total cool-
ing surface, thus making up for the much lower rate of 
heat transfer per unit area from metal to air as com-
pared with water. However, there is a limit to the 
length of the "cold ends" beyond which they cease to 
contribute further to cooling efficiency. 
The effect of "cold ends" is less pronounced for 

higher rates of heat transfer, that is, for higher air 
velocities. 
Regarding the number and the length of fins we may 

reinterate the findings of this paper that for greater 
dissipation a greater number of thinner fins is desira-
ble. For a given cooler size and given fin pitch at the 
core surface, an "optimum design" will have the core 
diameter equal to one half of the total cooler diameter. 
Also, there is a limit to the fin length beyond which 
there is no further contribution to the cooling effect of 
the cooler. This limiting length is the shorter the 
greater the air velocity and the thinner the fins. 
In conclusion, it may be mentioned that as a rule 

the material for air coolers is copper, because of its high 
thermal conductivity. However, coolers made of cop-
per are relatively heavy. Therefore, a natural question 
arises: why not use aluminum for the same purpose? 
Among ordinary material, the thermal conductivity of 
aluminum is next to that of copper; it amounts to 
about 50 per cent, while aluminum weight is less than 
25 per cent of that of copper. 
In general, aluminum coolers are quite feasible. 

However, at this time,lack of an easy method of solder-
ing copper anodes into an aluminum cooler prevents 
the realization of this desirable innovation on a wide 
scale. One must also keep in mind that the temperature 
drop in the metal parts of a cooler (core, fins) is greater 
with aluminum than with copper; therefore, the aver-
age fin temperature, hence, total heat dissipation, will 
be lower with an aluminum than with a copper cooler 
of similar dimensions and with the same permissible 
anode temperature. 

Correction 

Correction to "The Calculation of Ground-Wave 
Field Intensity Over a Finitely Conducting Spherical 
Earth," by K. A. Norton. Footnote 13 which appears 
on page 625 of the December, 1941, issue of the PRO-
CEEDINGS, states "The graph paper used for drawing 
these figures was Keuffel and Esser Company graph 

paper No. 30731, which consists of log-log cycles with 
dimensions identical to those in Figs. 2, 4, 7, and 11." 
The number of the graph paper should read K&E 
358-127 for the thin sheets and for the heavy sheets, 
K&E 359-127G. 
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Board of Directors 
The Board of Directors inct on March 

4 and those present were A. F. Van Dyck, 
president; Austin Bailey, A. B. Chamber-
lain, C. C. Chambers, I. S. Coggeshall, H. 
T. Friis, Alfred N. Goldsmith, C. M. 
Jansky, Jr., J. K. Johnson, F. E. Terman, 
B. J. Thompson, H. M. Turner, H. A. 
Wheeler, L. P. Wheeler, and H. P. West-
man, secretary. 
The resignation of Mr. Crawford as 

assistant secretary was announced. 
It was agreed that the names of mem-

bers, as of December 1, 1941, residing in 
enemy and enemy-controlled countries 
would be included in the YEARBOOK. 

Executive Committee 
The Executive Committee met on 

March 3. Those present were A. F. Van 
Dyck, chairman; I. S. Coggeshall, Alfred 
N. Goldsmith, R. A. Heising (guest), F. B. 
Llewellyn, B. J. Thompson, and H. P. 
West man, secretary. 
Approval was granted of sixty-four 

applications for admission to Associate, 
two for admission to Junior, and forty-
three for admission to Student grade. 
There were sixteen applications for ad-

mission to Member and nine for transfer 
to Member approved. 
The resignation of Mr. Crawford as 

assistant secretary was accepted. 

On March 17, a meeting of the Execu-
tive Committee was held and was attended 
by A. F. Van Dyck, chairman; I. S. Cogge-
shall, Alfred N. Goldsmith, R. A. Heising 
(guest), F. B. Llewellyn, B. J. Thompson 
and H. P. Westman, secretary. 

Broadcast Engineer-
ing Conference 
The Fifth Annual Broadcast Engineer-

ing Conference which was held from Febru-
ary 23 to 27 at Columbus, Ohio, was highly 
successful in the opinion of those who at-
tended it. The leadership of the confer-
ence was in the hands of W. L. Everitt of 
The Ohio State University who was as-
sisted by L. C. Smeby, director of engineer-
ing of the National Association of Broad-
casters, and A. F. Van Dyck, president of 
the Institute. These two organizations 
co-operated with The Ohio State Univer-
sity in the holding of the conference this 
year. 
The conference was primarily devoted 

to a consideration of the problems which 
confront broadcast stations under wartime 
conditions. The program was given in full 
in the February, 1942, issue of the PRO-
CEEDINGS. 
Besides the sessions on the campus, two 

evenings of entertainment were scheduled; 

a popular scientific lecture by Dr. Phillips 
Thomas of the Westinghouse Electric and 
Manufacturing Company, and the annual 
banquet which was attended by nearly two 
hundred guests. 

Section Meetings 
ATLANTA 

Discussion on "The Radio Engineer's Part 
in the National Defense Program," 
January 30, 1942. 

BOSTON 

"The Communication System of the Trop-
ical Radio Telegraph Company," by C. 
C. Harris, chief engineer, Tropical Radio 
Telegraph Company, November 14, 
1941. 

"Analogies Between Photography and 
Radio," by Donald G. Fink, Electronics, 
January 23. 

"The Coronavisor," by H. W. Babcock, 
Radiation Laboratory, Massachusetts 
Institute of Technology, February 19. 

BUFFALO-NIAGARA 

"Radio Interference," by Herbert W. 
Staderman, ' Buffalo-Niagara  Electric 
Company, February 18. 

"Photoelectric Intrusion Protection," by 
Carl C. Smith, Hydro-Electric Commis-
sion of Ontario, March 9. 

"Field Strength Measurements of Broad-
cast Stations," by Leroy F. Fiedler, Buf-
falo Broadcasting Corporation, March 9. 

CHICAGO 
"Equivalent Circuits for Vacuum-Tube 
Amplifiers," by G. D. Robinson, U. S. 
Navy, February 20. 

"Description of New CBS Transmitter 
WABC," by J. L. Middlebrooks, Colum-
bia Broadcasting System, February 20. 

CINCINNATI 

"Physical and Chemical Forces," by Karl 
K. Darrow, Bell Telephone Labora-
tories, January 22. 

"Light and Darkness in Defense," by 
Samuel G. Hibben, Westinghouse Elec-
tric and  Manufacturing  Company, 
January 21. 

"High-Frequency Therapy Apparatus," by 
Carl K. Gieringer, Liebel-Flarsheim, 
February 17. 

CLEVELAND 

"The Role of Radio in Air Transporta-
tion," by E. P. Buckthal, Communica-
tions Laboratory, United Air Lines, 
February 26. 

CONNECTICUT VALLEY 
"Trends in Receiving-Tube Design," by 
Robert L. Kelly, RCA Manufacturing 
Company, January 15. 

EMPORIUM 
"Spectrographic Analysis in the Manu-
facture of Radio Tubes," by Stuart Par-

sons, Hygrade Sylvania Corporation, 
February 26. 

INDIANAPOLIS 

"Noise Suppression in Frequency Modula-
tion," by H. J. Reich, University of 
Illinois, February 20. 

MONTREAL 

"Shore-to-Ship Communication," by L. T. 
Bird, Canadian  Marconi Company, 
February 18. 

"Color Television," by P. C. Goldmark, 
Columbia Broadcasting System, March 
11. 

PHILADELPHIA 

"Some Problems of Disk Recording," by 
C. J. LeBel, Audio Devices, Inc., March 
5. 

PITTSBURGH 
"The Brush Surface Analyzer and Other 
Industrial Applications," by Charles K. 
Gravley and H. S. ICartsher, Brush De-
velopment Company, February 9. 

TORONTO 
"Color Television," by P. C. Goldmark, 
Columbia Broadcasting System, March 9. 

"Frequency-Modulation - Receiver - Design 
Principles," Dudley E. Foster, Rogers-
Majestic (1941), Ltd., Toronto, March 
23. 

TWIN-CITIES 

General discussion of the recent Broadcast 
Engineering Conference held at Ohio 
State University relating to the problems 
of the communication engineer as a re-
sult of .the war, by H. Skifter, chief eng-
ineer, KSTP; M. Jensen, chief engineer, 
WCAL; 0. Prestholdt, chief engineer, 
WLOL, March 18. 

WASHINGTON 
'Impedance Measurements at Frequencies 
from I to 100 Megacycles," by Robert 
F. Field, General Radio Company, 
March 9. 

Eta Kappa Nu 
Awards 

Dr. Cledo Brunetti (A'37), assistant 
professor of electrical engineering at Lehigh 
University and now on leave of absence 
for defense work, has been named by Eta 
Kappa Nu, the electrical engineering honor 
society, as the outstanding young electrical 
engineer for 1941. This award is made an-
nually to an engineer not more than ten 
years out of college nor over 35 years of 
age in recognition of "meritorious service 
in the interest of his fellow men." 
Dr. Brunetti was born in Virginia, 

Minnesota, on April I, 1910. He worked 
his way through the University of Minne-
sota, receiving the B.E.E. degree in 1932 
and the Ph.D. degree in 1937. From 1932 
to 1936 he was a teaching Fellow and during 
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the next year an instructor in the electrical 
engineering department of the university. 
In 1937 he went to the faculty of Lehigh 
University as an instructor, becoming an 
assistant professor of electrical engineering 
in 1939. During the summers of 1939 and 
1940 he was a research associate at the 
radio laboratory of the National Bureau of 
Standards. Since May, 1941 he has served 
there as a radio physicist and is on leave of 
absence from Lehigh University. 
Dr. Brunetti has contributed exten-

sively to the technical press and a number 
of his papers have appeared in the PRO-
CEEDINGS. 
Two certificates of honorable mention 

are presented by Eta Kappa Nu and this 
year were received by Institute members, 

DR. CLEDO BRUNETTI 

George F. Leydorf of the Crosley Corpora-
tion and Simon Ramo of the General Elec-
tric Company. 
George F. Leydorf (A'26) was born in 

Perrysburg, Ohio, on April 24, 1908. He 
was trained at Ohio State University, re-
ceiving a Bachelor's degree in electrical 
engineering in 1931 and a Master's degree 
in science in 1933. He then joined the 
broadcast division of the Crosley Corpora-
tion and shortly thereafter became direc-
tor of the technical staff. 
Dr. Ramo (A'38) was born in Salt Lake 

City, Utah, on May 7, 1913. He received 
a Bachelor's degree in electrical engineer-
ing from the University of Utah in 1933 
and in 1936 had conferred on him by the 
California Institute of Technology the 
Ph.D. degree, magna cum laude. 
He joined the engineering staff of the 

General Electric Company in 1936 and 
has worked on high-frequency engineering 
and electron-optics problems. He has con-
tributed to the PROCEEDINGS and to other 
engineering publications. 

Membership 

The following indicated admissions and 
transfers of memberships were approved by 
the Board of Directors on March 4, 1942. 

Transfer to Member 
Aiya, S. V. C., Poona 4, India 

Canon, H. B., 1523 Woodbine Ct., Deer-
field, Ill. 

Davis, G. C., 501-507 Munsey Bldg. 
Washington, D. C. 

Findley, Paul B., 463 West St., New York, 
N. Y. 

Gebhard, L. A., Naval Research Labora-
tory, Anacostia, D. C. 

Herrick, R. H., 1033 W. Van Buren St., 
Chicago, Ill. 

Hoffman, R. B., 36 S. Munn Ave., East 
Orange, N. J. 

Hood, J. T., 4816 N. Illinois St., Indian-
apolis, Ind. 

Labin, E., 25 Fifth Ave., New York, N. Y. 
Sykes, R. A., Bell Telephone Laboratories, 

Inc., 180 Varick St., New York, 
N.Y. 

Admission to Member 
Aboussleman, W., 122 Woodlawn Ave., 

Collingswood, N. J. 
Anderson, H. V., Radio Station WJBO, 

444 Florida St., Baton Rouge, La. 
Boswau, H. P., 2447 E. Erie Ave., Lorain, 

Ohio 
Chesnut, R. W., Bell Telephone Labora-

tories, Inc., 463 West St., New 
York, N. Y. 

Condon, E. U., Westinghouse Research 
Laboratories, East Pittsburgh, Pa. 

Davis, R. J., Towson and Morris Ave., 
Lutherville, Md. 

Ferguson, J. G., Bell Telephone Labora-
tories, Inc., 463 West St., New 
York, N. Y. 

Findley, P. B., Bell Telephone Labora-
tories, Inc., 463 West St., New 
York, N. Y. 

Kendall, B. W., Bell Telephone Labora-
tories, Inc., 463 West St., New 
York, N. Y. 

Licuanan, F. H., Jr., 28 Alfonso XIII, 
San Juan, Rizal, Philippines 

Mathes, R. C., Bell Telephone Labora-
tories, Inc., 463 West St., New 
York, N. Y. 

Sherman, J. M., 5033 Portland Ave., S., 
Minneapolis, Minn. 

Sweeny, C. P., 16 Jackson Ave., Chatham, 
N. J. 

Wagner, W. J., Box 1040, Anchorage, 
Alaska 

Whitney, M. E., 308 Corinthian Ave., 
Willow Grove, Pa. 

Young, M. G., University of Delaware, 
Evans Hall, Newark, Del. 

Admission to Associate 
Alden, E. E., Radio Station WIRE, 

Indianapolis, Ind. 
Amundsen, R. C., 4 Gilbert Ave., East 

Norwalk, Conn. 
Anderson, E. J., 1331 Schley St., Butte, 

Mont. 
Bartha, S. J.,3326 W. Crystal St., Chicago, 

Bewig, K. W., 107 W. South St., Crown 
Point, Ind. 

Bierach, K. F. Jr., 561 Tech. S. S., Bar-
racks 151, Scott Field, Ill. 

Biga, J. J., 3412 Montrose Ave., Chicago, 

Bromley, R. A., Box 123, Hamlin, W. Va. 
Bryson, R. W., 26 Alleghany Ave., Tow-

son, Md. 

Cahill, J. P., 23 Bramcote Dr., Beeston, 
Notts., England 

Caswell, J. N., 127-02 109th Ave., South 
Ozone Park, N. Y. 

Chambers, G. R., 3116-18 St., N. W., 
Washington, D. C. 

Cohen, J., 430 Lamont St., N. W., Wash-
ington, D. C. 

Conner, F. B., 65 Waverly Ave., Dayton, 
Ohio 

Davidson, C., 696 Broadway, Long Branch 
N. J. 

DeVore, L. T., 717 S. Fountain Ave., 
Springfield, Ohio 

Dickerson, B. C., 913 Colonial Ave., 
Norfolk ,Va. 

Dimmer, R. P., 3315 W. Monroe St., Chi-
cago, Ill. 

Epstein, J., 132 W. Maple Ave., Moores-
town, N. J. 

Ferrier, D. T., 92 Winchester Rd., Arling-
ton, Mass. 

Furst, U. R., 2256 N. Cleveland Ave., 
Chicago, Ill. 

Gorham. J. E., 320 Bath Ave., Long 
Branch, N. J. 

Gresham, W. S., Jr., Box 1384, Indian-
apolis, Ind. 

Guiles, C. H., 102 Anchor Way, East 
Hempstead, L. I., N. Y. 

Handleman, M., 33 Beeching St., Worces-
ter, Mass. 

Hassler, E. B., 2332 N. Central Park Ave., 
Chicago, Ill. 

Hibbard, L. U., 16 Phoenix St., Lane Cove, 
Sydney, N.S.W., Australia 

Kelley, J. J., WFBL Bldg., Syracuse, N. Y. 
Kennedy, F. H., Jr., 1702 Tower Pe-

troleum Bldg., Dallas, Texas 
Killgore, H. S., 25 Prospect Pl., New 

York, N. Y. 
Kirshner, D. R., 2011 Grand Concourse, 

New York, N. Y. 
Kroll, R. T., 212 Murray St., Ann Arbor, 

Mich. 
Lindenberg, E. C., 1442 N. Farwell Ave., 

Milwaukee, Wis. 
Lyon, J. A. M., c/o Ebasco Services, Inc., 

2 Rector St., New York, N. Y. 
Martin, J. F. P., 137 Peterborough St., 

Boston, Mass. 
Moulic, W. E., Jr., c/o Radio Today, 480 

Lexington  Ave.,  New  York, 
N. Y. 

Nadeau, A. G., 11 St. Benoit St., Quebec, 
Que., Canada 

Odden, R. B., 1008 S. Adams St., Marion, 
Ind. 

Pate, C. W., 214 Mossbrae Apartments, 
Dunsmuir, Calif. 

Pratt, J. W., Jr., 207 Ingleside Ave., 
Catonsville, Md. 

Pritchard, W. S., 750 Huron Rd., Cleve-
land, Ohio 

Rehfisch, T. J., Northampton Polytechnic, 
St. John St., London E.C. 1, 
England 

Richards, G. W., Route 5, Box 189, 29490 
Gloederd, Mount Clemens, Mich. 

Robertson, H. G., 36 Norwood Rd., 
Toronto, Ont., Canada 

Rohidas, P., Jr., The Gramophone Com-
pany, Ltd., Box 118, Bombay, 
India 

Rumbaugh, J. R., 628 Wood St.,Houma,La. 
Scarborough, H. B., Georgia School of 

Technology, Atlanta, Ga. 
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Seaton, J. W., 1426-21 St., N. W., Wash-
ington, D. C. 

Sherwood, H. R., 35-448 Eighth St., Jack-
son Heights, L. I., N. Y. 

Smith, S. R., Box 2162, Georgia School of 
Technology, Atlanta, Ga. 

Smith, W. L., 10110 Pierce Dr., Wood-
moor, Silver Spring, Md. 

Stonger, W. L., WFBL Bldg., Syracuse, 
N. Y. 

ADMISSIONS 

H. M. Turner, Chairman 

C. B. Aiken 
H. H. Beverage 
I. S. Coggeshall 
F. W. Cunningham 

G. T. Royden 
Melville Eastham 
Lloyd Espenscheid 
L. C. F. Hone 

AWARDS 

Ralph Bown, Chairman 

A. B. Chamberlain 
Melville Eastham 
G. E. Gustafson 
C. M. Jansky, Jr. 

C. B. Jolliffe 
F. B. Llewellyn 
F. E. Terman 
H. A. Wheeler 

BOARD OF EDITORS 

Alfred N. Goldsmith, Chairman 

R. R. I3atcher 
P. S. Carter 
L. M. Clement 
E. W. Engstrom 
W. L. Everitt 
P. C. Goldmark 
F. W. Grover 
C. M. Jansky, Jr. 
J. D. Kraus 
F. B. Llewellyn 
S. S. Mackeown 
E. L. Nelson 

H. F. Olson 
G. W. Pickard 
Haraden Pratt 
C. A. Priest 
L. J. Sivian 
L. C. Smeby 
B. J. Thompson 
H. A. Wheeler 
L. P. Wheeler 
L. E. Whittemore 
G. W. Willard 
William Wilson 

C. J. Young 

CONSTITUTION AND LAWS 

Austin Bailey, Chairman 

I. S. Coggeshall  L. C. F. Horle 
R. A. Heising  H. M. Turner 

H. R. Zeamans 

EXECUTIVE 

A. F. Van Dyck, Chairman 
Haraden Pratt, Vice Chairman 

I. S. Coggeshall  F. B. Llewellyn 
Alfred N. Goldsmith  B. J. Thompson 

H. P. Westman, Secretary 

MEMBERSHIP 

F. E. Terman, Chairman 

V. J. Andrew 
C. M. Burrill 
J. M. Clayton 
R. I. Cole 
E. D. Cook 

F. W. Cunningham 
A. V. Eastman 
Noel Eldred 
W. L. Everitt 
D. G. Fink 

Suffield, F. G., 2636 N. Charles St., Balti-
more, Md. 

Sullivan, T. J., 24 Ozark St., Springfield, 
Mass. 

Vizanko, D., 1518 S. Fith, Springfield, Ill. 
Vogeler, R. A., 6650 S. Cicero Ave., Chi-

cago, Ill. 
Wallin, G., 631 Sheridan Rd., Chicago, Ill. 
Wayer, C. F., Jr., Box 440, Anchorage, 

Alaska 
Weber, G. L., 4358 N. Pershing Dr., 

Arlington, Va. 

INSTITUTE COMMITTEES, 1942 

E. W. Herold 
C. M. Jansky, Jr. 
J. G. Kreer, Jr. 
J. P. Minton 
R. L. Snyder 
Sarkes Tarzian 

K. S. V9,11 Dyke 
H. M. Wagner 
Ernst Weber 
H. A. Wheeler 
Jack Yolles 

NEW YORK PROGRAM 

Keith Henney, Chairman 

C. B. Aiken 
Wilson Aull, Jt. 
A. B. Chamberlain 
E. J. Content 

F. A. Hinners 
G. T. Royden 
B. E. Shackelford 

NOMINATIONS 

H. H. Beverage, Chairman 

Ralph Bown  J. K. Johnson 
W. L. Everitt  W. W. Lindsay, Jr. 
C. M. Jansky, Jr.  Haraden Pratt 

L. P. Wheeler 

PAPERS 

William Wilson, Chairman 
F. B. Llewellyn, Vice Chairman 

H. A. Affel 
J. L. Callahan 
N. P. Case 
A. B. Chamberlain 
J. K. Clapp 
I. S. Coggeshall 
F. W. Cunningham 
R. B. Dome 
W. G. Dow 
E. B. Ferrell 
F. W. Grover 
0. B. Hanson 
J. V. L. Hogan 
F. V. Hunt 
Harley lams 
L. F. Jones 
J. G. Kreer 
F. R. Lack 
H. C. Leuteritz 

D. K. Martin 
Knox 'Mcllwain 
H. R. Mimno 
G. G. Muller 
A. F. Murray 
Benjamin Olney 
H. 0. Peterson 
J. R. Poppele 
Simon Ramo 1 
F. X. Rettenmeyer 
P. C. Sandretto 
S. A. Schelkunoff 
D. B. Sinclair 
H. M. Turner 
Dayton Ulrey 
W. C. White 
Irving Wolff 
J. W. Wright 
H. A. Zeamans 

Wilson, E. S., 1265 Culver Rd., Rochester, 
N. Y. 

Withrow, W. E., 4209 Longfellow St., 
Hyattsville, Md. 

Wood, J. 0., 15 Stoddard Rd., Hingham, 
Mass. 

Woodward, T. M., Jr., 354 E. Fifth St., 
Emporium, Pa. 

Vetter, E. W., 4901 Stenton Ave., Phila-
delphia, Pa. 

PAPERS PROCUREMENT 

D. D. Israel, Chairman 

W. L. Barrow  D. E. Noble 
E. L. Bowles  A. A. Oswald 
J. E. Brown  J. R. Poppele 
R. S. Burnap  P. C. Sandretto 
E. L. Chaffee  W. L. Schwesinger 
J. D'Agostino  B. E. Shackelford 
E. T. Dickey  H. C. Sheve 
A. V. Eastman  L. C. Smeby 
D. E. Foster  Karl Spangenberg 
Virgil M. Graham  H. M. Turner 
0. B. Hanson  A. F. Van Dyck 
F. V. Hunt  H. A. Wheeler 
H. S. Knowles  L. P. Wheeler 
H. K. Morgan  R. M. Wise 

PUBLIC RELATIONS 

0. H. Caldwell, Chairman 

E. K. Cohan  D. D. Israel 
D. G. Fink 
G. W. Gilman 
George Grammer 
0. B. Hanson 

I. J. Kaar 
F. X. Rettenmeyer 
Lincoln Walsh 

REGISTRATION OF ENGINEERS 

H. B. Richmond;Chairman 

J. K. Johnson  E. L. Nelson 

SECTIONS 

R. A. Heising, Chairman 

C. N. Anderson  L. C. F. Honk 
I. S. Coggeshall  J. H. Miller 
E. D. Cook  F. A. Polkinghorn 
Virgil M. Graham  G. T. Royden 

L. P. Wheeler 

TELLERS 

A. B. Chamberlain, Chairman 

R. S. Burnap  Beverly Dudley 
C. E. Scholz 
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TECHNICAL COMMITTEES 

ANNUAL REVIEW 
L. E. Whittemore, Chairman 

W. M. Angus 
W. G. Cady 
0. H. Caldwell 
J. L. Callahan 
J. H. Dellinger 

Keith Henney 
I. J. Kaar 
D. E. Noble 
E. G. Ports 
H. A. Wheeler 

ELECTROACOUSTICS 
G. G. Muller, Chairman 

S. J. Begun  George Nixon 
F. V. Hunt  Benjamin Olney 
V. N. James  H. F. Olson 
Knox Mcllwain  H. H. Scott 

L. J. Sivian 

ELECTRONICS 
R. S. Burnap, Chairman 

E. L. Chaffee 
H. P. Corwith 
K. C. DeWalt 
W. G. Dow 
R. L. Freeman 
T. T. Goldsmith, Jr. 
L. B. Headrick 
S. B. Ingram 

Ben Kievit, Jr. 
I. E. Mouromtseff 
L. S. Nergaard 
G. D. O'Neill 
H. W. Parker 
H. J. Reich 
C. M. Wheeler 
J. R. Wilson 

FACSIMILE 

J. L. Callahan, Chairman 

J. C. Barnes 
W. A. R. Brown 
G. V. Dillenback, Jr. 
W. G. H. Finch 
John Hancock 
J. V. L. Hogan 

H. C. Knutson 
Paul Lefko 
R. E. Mathes 
J. W. Milner 
J. R. Poppele 
C. J. Young 

C. F. Baldwin 
W. L. Bond 
J. K. Clapp 

FREQUENCY MODULATION 
D. E. Noble, Chairman 

J. E. Brown 
C. C. Chambers 
W. F. Cotter 
Murray Crosby 
W. L. Everitt 
R. F. Guy 

C. M. Jansky, Jr. 
V. D. Landon 
H. B. Marvin 
B. E. Shackelford 
D. B. Smith 
L. P. Wheeler 

Warren White 

PIEZOELECTRIC CRYSTALS 

W. G. Cady, Chairman 

W. P. Mason 
J. M. Wolfskill 
K. S. Van Dyke 

RADIO RECEIVERS 
W. M. Angus, Chairman 

G. L. Beers 
W. M. Breazeale 
W. F. Cotter 
Harry Diamond 
W. L. Dunn 
H. B. Fischer 
H. C. Forbes 

R. M. Wilmotte 

D. E. Foster 
C. J. Franks 
David Grimes 
J. K. Johnson 
Garrard Mountjoy 
H. 0. Peterson 
A. E. Thiessen 

RADIO WAVE PROPAGATION 

J. H. Dellinger, Chairman 

S. L. Bailey  H. R. Mimno 
C. R. Burrows  K. A. Norton 
W. A. Fitch  H. 0. Peterson 
G. D. Gillett  H. P. Thomas 

Warren White 

STANDARDS 

H. A. Wheeler, Chairman 

W. M. Angus 
C. T. Burke 
W. G. Cady 
C. C. Chambers 
Virgil M. Graham 

H. M. Turner 

L. C. F. Horle 
I. J. Kaar 
D. E. Noble 
E. G. Ports 
A. E. Thiessen 

SYMBOLS 
H. M. Turner, Chairman 

R. R. Batcher  E. L. Chaffee 
M. R. Briggs  E. T. Dickey 
C. R. Burrows  0. T. Laube 

E. W. Schafer 

TELEVISION 
I. J. Kaar, Chairman 

H. S. Baird 
R .R. Batcher 
J. E. Brown 
A. B. DuMont 
D. E. Foster 
P. C. Goldmark 
T. T. Goldsmith, Jr. 
A. G. Jensen 

L. M. Leeds 
H. M. Lewis 
A. V. Loughren 
H. T. Lyman 
A. F. Murray 
R. E. Shelby 
D. B. Sinclair 
D. B. Smith 

TRANSMITTERS AND ANTENNAS 

E. G. Ports, Chairman  • 

Raymond Asserson 
M. R. Briggs 
W. W. Brown 
Harry Diamond 
F. A. Gunther 
Raymond Guy 

J. E. 

INSTITUTE REPRESENTATIVES IN COLLEGES 

Alabama Polytechnic Institute: Woodrow Darling 
Alberta, University of: J. W. Porteous 

British Columbia, University of: H. J. MacLeod 
Brooklyn, Polytechnic Institute of: F. E. Canavaciol 

California Institute of Technology: S. S. Mackeown (Alternate, 
William Pickering) 

California, University of: L. J. Black 
Carleton College: C. A. Culver 
Carnegie Institute of Technology: R. T. Gabler 
Case School of Applied Science: P. L. Hoover 
Cincinnati, University of: W. C. Osterbrock 
Colorado, University of: J. M. Cage 
Columbia University: J. B. Russell 
Connecticut, University of: V. S. Carson 
Cooper Union: J. B. Sherman 
Cornell University: True McLean 

Drexel Institute of Technology: R. T. Zern 
Duke University: W. J. Seeley 

Florida, University of: Joseph Weil 

Georgia Institute of -Technology: M. A. Honnell 

Harvard University: E. L. Chaffee 

Idaho, University of: Hubert Hattrup 
Illinois Institute of Technology: P. G. Andres 

W. E. Jackson 
J. F. Morrison 
J. C. Schelleng 
Robert Serrell 
D. B. Sinclair 
Warren White 

Young 

Illinois, University of: H. J. Reich 
Iowa, University of: R. C. Kent 

Johns Hopkins University: Ferdinand Hamburger, Jr. 

Kansas State College: Karl Martin 
Kansas, University of: S. E. Clements 
Kentucky, University of: E. B. Doll 

La Plata: Jean Arnaud 
Lawrence Institute of Technology: H. L. Byerlay 
Lehigh University: H. C. Knutson 
Louisiana State University: Taintor Parkinson 

Maine, University of: W. J. Creamer, Jr. 
Manhattan College: J. F. Reintjes 
Maryland, University of: G. L. Davies 
Massachusetts Institute of Technology: W. H. Radford and E. 

Guillemin 
McGill University: F. S. Howes 
Michigan, University of: L. N. Holland 
Minnesota, University of: H. E. Hartig 
Montana State College: G. J. Fiedler 

Nebraska, University of: F. W. Norris 
Newark College of Engineering: Solomon Fishman 
New Mexico, University of: H. L. Jones 
New York, College of the City of: Maxwell Henry 
New York University: Philip Greenstein 
North Dakota, University of: E. J. O'Brien 
Northeastern University: G. E. Pihl 
Northwestern University: A. B. Bronwell 
Notre Dame, University of: H. E. Ellithorn 
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Ohio State University: W. L. Everitt 
Oklahoma Agricultural and Mechanical College: H. T. Fristoc 
Oregon State College: A. L. Albert 

Pennsylvania State College: G. H. Crossley 
Pennsylvania, University of: C. C. Chambers 
Pittsburgh, University of: R. C. Gorham 
Princeton University: J. G. Barry 
Purdue University: R. P. Siskind 

Rensselaer Polytechnic Institute: H. D. Harris 
Rose Polytechnic Institute: H. A. Moench 
Rutgers University: J. L. Potter 

Southern California, University of: J. K. Nunan 
Southern Methodist University: R. E. Beam 
Stanford University: Karl Spangenberg 
Stevens Institute of Technology: F. C. Stockwell 

Texas, University of: E. W. Hamlin 

Toronto, University of: B. de F. Bayly 
Tufts College: J. L. Barnes 

Union College: F. W. Grover 
United States Military Academy: E. C. Gillette, Jr. 
United States Naval Academy: G. R. Giet 
Utah, University of: 0. C. Haycock 

Virginia Polytechnic Institute, W. A. Murray 

Washington, University of: A. V. Eastman 
Washington University: R. S. Glasgow 
Wayne University: G. A. Carter 
Western Ontario, University of: G. A. Woonton 
West Virginia University: R. C. Colwell 
Wisconsin, University of: Glenn Koehler 
Worcester Polytechnic Institute: H. H. Newell 
Wyoming, University of: Carl Brown 

Yale University: H. M. Turner 

INSTITUTE REPRESENTATIVES ON OTHER BODIES 
A.I.E.E.—Subcommittee on Radio of the Committee on Applications to Marine Work  T E. NIVISON AND J. L. PRESTON 
American Documentation Institute   

C. M. JANSKY, JR. Committee on Applied Physics   
WILLIAM WILSON 

Council of the American Association for the Advancement of Science  J C. JENSEN 
Engineering Index National Committee   

MELVILLE EASTHAM 
Joint Co-ordination Committee on Radio Reception of the N.E.L.A., N.E.M.A., and R.M.A  C E. BRIGHAM 
National Advisory Council on Radio in Education, Committee on Engineering Developments   

 LLOYD ESPENSCHIED, ALFRED N. GOLDSMITH, C. W. HORN, L. M. HULL, AND R. H. MARRIOTT 
National Television Systems Committee  ALFRED N. GOLDSMITH (H. A. WHEELER, alternate) 
Panel 2   

Alfred N. Goldsmith, Chairman Panel 4   
E. G. PORTS Panel 8   

•  KNOX MCILWAIN New York City Advisory Board on Industrial Education   
H. P. WESTMAN 

Planning Committee, National Conference on Educational Broadcasting, American Council on Education   

 C. M. JANSKY, JR., C. B. JOLLIFFE, AND E. L. NELSON 
U.R.S.I. (International Scientific Radio Union ) Execut ive  Comm ittee  C M. JANSKY, JR. 
U. S. National Committee, Advisers on Electrical Measuring Instruments  MELVILLE EASTHAM AND HAROLD OLESEN 
U. S. National Committee, Advisers on Symbols 

L E. WHITTEMORE AND J. W. HORTON 

Standards Council 

AMERICAN STANDARDS ASSOCIATION  - 

Board of Examination ALFRED N. GOLDSMITH (H. P. WESTMAN, alternate) 
H P WESTMAN 

H. M. TURNER (H. P. WESTMAN, alternate) Sectional Committee on Acoustical Measurements and Terminolog y 
Sectional Committee on Definitions  of Electr ica l Terms  E D. COOK AND H. F. OLSON 

HARADEN PRATTSubcommittee on Vacuum Tubes 
B E. SHAgKELFORD Sectional Committee on Electric and Magnet ic Magn itu des  and  Units  
J  H. DELLINGER Sectional Committee on Electrical Installations on Shipboar d 

I  F. BYRNES AND V. R. Russ Sectional Committee on Electrical Measuring Instrumen ts   
WILSON AULL Sectional Committee on Graphical Symbols and Abbreviations  for  Use on  Draw ings  AUSTIN  BAILEY  (H. P. WESTMAN, alternate) 

Subcommittee on Communication Symbols   
H M. TURNER Sectional Committee on Letter Symbols an d Abbrev iat ions  for Science and Engineer ing  H.  M.  TURNER  

Subcommittee on Letter Symbols for Radio Use 

Electrical Standards Committee   

H  M. TURNER 
Sectional Committee on National Electrical Safety Code, Subcommittee on Article 810, Radio Broadcast Reception Equipment   

E T. DICKEY (VIRGIL M. GRAHAM, alternate) 
A. F. VAN DYCK 

ALFRED N. GOLDSMITH, Chairman; HARADEN PRATT, AND L. E. WHITTEMORE 
J  V. L. HOGAN, C. M. I JANSKY, JR., AND L. E. WHITTEMORE 

H. M. TURNER 
AUSTIN BAILEY 

B E. SHACKELFORD 

Sectional Committee on Preferred Numbers   
Sectional Committee on Radio   
Sectional Committee on Radio-Electrical Co-ordination 
Sectional Committee on Specifications for Dry Cells and Batteries   
Sectional Committee on Standards for Drawings and Drafting Room 
Section Committee on Vacuum Tubes for Industrial Purposes 

Practices   
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Books 

Chart Atlas of Complex Hyper-
bolic and Circular Func-
tions (Third Edition), by 
A. E. Kennelly, 1924. 
Published by Harvard University Press 

Cambridge, Massachusetts. 30 large pages 
of charts. 20X20 inches. Price $6.00. 

This volume, originally published in 
1914, is a valuable collection of large 
graphical charts giving the direct and in-
verse hyperbolic and circular functions of 
a complex variable. The large size of the 
charts contributes to the accuracy of read-
ing. For convenience in plotting, the angles 
are expressed in quadrants instead of 
radians. One of the variables is plotted on 
rectangular co-ordinates, the other. is 
plotted in contour lines. In special cases, 
the contours form the polar co-ordinates 
of the familiar circle diagrams. The prin-
cipal application of these charts is in the 
field of transmission lines and filters. 

H. A. WHEELER 
Hazeltine Service Corporation 

Little Neck, L. I., N. Y. 

Tables of Complex Hyperbolic 
and  Circular  Functions, 
(Second Edition), by A. E. 
Kennelly, 1927. 
Published  by  Harvard  University 

Press, Cambridge, Massachusetts. 240 
pages. 61X91 inches. Price $6.00. 
This volume, originally published in 

1914, is mainly a collection of numerical 
tables of hyperbolic functions of the com-
plex variable. About one third of the boek 

Contributors 

is devoted to an explanation of the tables 
and their use, with special attention to 
interpolation and correcting factors. This 
section gives instructions for plotting the 
functions in charts.' Also it closes with a 
collection of 238 formulas of the relations 
among hyperbolic functions, their series 
expansions, derivatives, and integrals. 

H. A. WHEELER 
Hazeltine Service Corporation 

Little Neck, L. I., N. Y. 

• A. E. Kennelly. "Chart Atlas of Complex Hy-

perbolic Functions." 1914-1924. preceding review 
on this page. 

Theory of Gaseous Conduc-
tion and Electronics, by 
F. A. Maxfield and R. R. 
Benedict 
Published by McGraw-Hill Book Com-

pany, 330 West 42 Street, New York, 
N. Y. 465 1-xiv pages+17-page index. 241 
figures. 61)01 inches. Price, $4.50. 

As to general plan, this text in each 
chapter presents certain principles of elec-
tronic behavior, and then illustrates these 
principles by discussing specific devices in 
which they are used. For example, gase-
ous-conduction rectifiers, including thyra-
trons and ignitrons, are taken up in the 
latter part of a chapter on the "Arc Dis-
charge," while photoelectric devices are 
discussed toward the end of the chapter 
on "Electron Emission." The text proper 
opens with a treatment of electric-field 
principles. There follow several chapters 
treating the behavior of charged particles 
in evacuated regions, also in regions con-
taining gases, then chapters respectively 
on spark formation, and the behavior of 
glow discharges and of arc discharges. 

The text is plentifully illustrated with 
cuts of equipment, diagrams illustrating 
the electronic behaviors being analyzed, 
and circuit diagrams. There is very con-
siderable qualitative discussion of the be-
havior of circuits in which electronic de-
vices are used, but relatively little detailed 
circuit analysis. The book is a good illus-
tration of the present trend toward use of 
the m-k-s system of units. The reasons for 
the choice of this system of units are ex-
plained early in the text. 
By far the greater part of the book is 

taken up with the discussions of the vari-
ous electronic mechanisms associated with 
gaseous conduction. The presentation of 
the basic and generally important facts of 
the molecular theory of gases in relation to 
gaseous conduction is especially good. The 
background of Paschen's spark-over law 
is built up simply and well, although with 
only a very general reference to the im-
portant part that is believed to be played 
by secondary photoelectric emission at the 
cathode. 
In the last chapter there is a very good 

discussion of a closely related group of ap-
plications, including arc-back in mercury-
arc rectifiers, the principles of behavior of 
circuit-interrupting devices, and of light-
ning arresters, together with certain 
aspects of the internal behavior of ig-
nitrons and thyratrons. This treatment 
reflects the 'very considerable industrial 
experience Dr. Maxfield has had in work 
in this field. 
A knowledge of the more common elec-

trical-engineering principles, and a reason-
ably satisfactory facility with calculus, 
provide sufficient background for study of 
the text. There are very many useful, illus-
trative problems. 

W. G. Dow 
University of Michigan 
Ann Arbor, Michigan 

JOHN N. DYER 

John N. Dyer (J'30-A'32) was bcrn in 
Haverhill, Massachusetts, on July 14, 

1910. He received the B.S. degree in 1931 
from Massachusetts Institute of Technol-
ogy. In September, 1933, he joined the 
Columbia Broadcasting System staff and 
was assigned to the Byrd Antarctic Expedi-
tion as chief communications engineer to 
handle the Columbia Broadcasting System 
broadcasts. Returning in 1935, he did 
ultra-high-frequency work in the general 
engineering department. At the close of 
1936 he was transferred to the television 
engineering department and is now as-
sistant chief engineer. 

S. Frankel (A'37) was born in New 
York City on October 6, 1910. He re-
ceived the B.A. degree in electrical engi-
neering at the Rensselaer Polytechnic In-
stitute in 1931, the M.A. degree in mathe-
matics in 1934, and the Ph.D. degree in 
mathematics in 1936. He was an instructor 
in mathematics at Rensselaer Polytechnic 
Institute from 1931 to 1933. 

S. FRANKEL 

During 1936-1937 Dr. Frankel was a 
sound-recording engineer with the Brook-
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PETER C. GOLDMARR 

lyn Vitaphone Corporation, and in 1937-
1938 an assistant engineer in the design 
and development of electronic flight in-
struments with the Eclipse Aviation Cor-
poration, at Bendix, New Jersey. 
Since 1938, he has been an engineer in 

the design and development of radio trans-
mitters with the Federal Telegraph Com-
pany, Newark, New Jersey. 
He is a member of Sigma Xi. 

Peter C. Goldmark (A'36—M'38) was 
born on December 2, 1906 at Budapest, 
Hungary. He received the B.Sc. degree in 
1930 from the University of Vienna and 
the Ph.D. degree in physics in 1931. Dr. 
Goldmark was in charge of the Television 
Department of Pye Radio, Ltd., Cam-
bridge, England, from 1931 to 1933; con-
sulting engineer in New York City, 1933 
to 1935. Since 1935 he has been chief tele-
vision engineer at the Columbia Broad-
casting System. 

J. M. i IOLLYWOOD 

John M. Hollywood (J'30—A'32) was 
born at Red Bank, New Jersey, on Febru-
ary 4, 1910. He received the B.S. degree 
in communications in 1931 and the M.S. 
degree in electrical engineering in 1932 
from Massachusetts Institute of Tech-
nology. From 1933 to 1935 Mr. Hollywood 
was with the Electron Research Labora-
tories; from 1935 to 1936 with the Ken-
Rad Tube Corporation engaged in cath-
ode-ray-tube development; and from 1936 
to the present time, with the Columbia 
Broadcasting System working on television 
development. 

•:* 

• 

I. E. MOUROMTSEFF 

Ilia Emmanuel Mouromtseff (A'34) 
was born in December, 1881, at St. Peters-
burg, Russia. He received the M.A. degree 
from the Engineering Academy at St. 
Petersburg in 1906 and the Diploma-
Ingenieur degree from the Institute of 
Technology at Darmstadt, Germany, in 
1910. Mr. Mouromtseff was in the radio 
laboratory of the Russian Signal Corps in 
1911. He has been a member of the tech-
nical staff of the Westinghouse Electric 
and Manufacturing Company since 1923. 

E. R. Piore (A'38) received the B.A. 
in physics in 1930 and the Ph.D. degree in 
physics in 1935 from the University of 
Wisconsin. He was assistant instructor in 
physics at the same University from 1930 
to 1935, and from 1935 to 1938 he was a 
research physicist at the electronic re-
search laboratories of the RCA Manufac-
turing Company, Inc. Since 1938 Dr. 
Piore has been a member of the Columbia 
Broadcasting System television engineer-
ing department as engineer-in-charge of 
the television laboratories. He is a member 

E. R. PIORE 

of the American Physical Society and 
Sigma Xi. 

• 

F. R. Stansel (A'26—M'33) was born in 
Raleigh, North Carolina, on August 7, 
1904. He received the B.S. in E.E. degree 
from Union College in 1926, the M.E.E. 
degree from the Polytechnic Institute of 
Brooklyn in 1934, and the D.E.E. degree 
from the same institution in 1941. In 1926 
he joined the Bell Telephone Laboratories 
and until 1936 was engaged at their Whip-
pany laboratory in the development and 
design of high-power radio transmitters 
for broadcast and transoceanic service. 
Since 1936 Dr. Stansel has been engaged 
in the development and design of special 
testing equipment. 
He is a member of the American Insti-

tute of Electrical Engineers. 

F. N. STANSEL 
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NOT SO PUFFED WITH OUR OWN IMPORTANCE 

•
Yes, we do have the most complete line of precision attenuators in the world, and 
these DAVEN components are recognized, in most discriminating circles, as the best 

obtainable commercially. • Equally, true, our Super DAVOHM precision wire-wound resistors and our attenuator 
type, step-by-step switches have an enviable degree of acceptance. 
Output Power Meters, Transmission Measuring Sets, Decade Resistance Boxes, 
Attenuation Networks, Volume Level Indicators and many other types of DAVEN 

Laboratory Test Equipment are used extensively in electrical, broadcast, sound picture 
and television fields. 

Naturally we are proud of such a record. But we readily admit, and even boast, 
that we are indebted to those clients who have collaborated in many developments 

with constructive criticism and suggestions. These have always been welcome.  • And the fact that our facilities are taxed with urgent orders will in no way alter 
this policy. 
Please call upon us if you should encounter a problem requiring special design and 
construction. 

THE DAVEN COMPANY 
158 Summit Street  • Newark, New Jersey 
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y Back to Earth...by i 
Radio Instrument Landing System 

Developed in Cooperation with the Civil Aeronautics 

Administration by I. T. &T. Associate Company 

Through the fog the airliner of tomorrow will be able to 
glide toward an unseen landing field as accurately as if its 

wheels were taxiing down a gently sloping road. 

In the log books of commercial aviation a new chapter starts 
with the words: Radio Instrument Landing System developed 
by I. T. & T. 's associate, International Telephone & Radio 

Manufacturing Corporation, in cooperation with the Civil 

Aeronautics Administration. 

Utilizing ultra high frequency equipment, which incorporates 
I. T. & T.'s broad experience in the field, this new system 

places before the pilot—on one dial—all information needed 

to keep his ship on a correct landing course. 

Having demonstrated its value in actual use the system will 
be installed in many of the Nation's principal airports 

during the coming year. 

INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 

67 Broad Street, New York, N. Y. 
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"THERE IS A BRIGHT SIDE" 
.1n Open Letter to Users of Electrical Measuring Instruments 

Much more than instruments is needed to fill the vast requirements 

of America's gigantic production program. Experience gained by many 

years of actual instrument manufacturing is vital. Triplett's broad ex-

perience in filling peace-time needs is answering the call to arms —is 

doing its part in re-establishing in the world the Democratic ideals of 
freedom. 

Private business must undergo restrictions for the sake of National 

security. As good Americans we will bear these willingly. 

And there is a bright side. Rapid expansion, new fields and improved 

processes mark today's instrument program. New developments unbeliev-

ably revolutionary in their scope are growing out of the vast proving 

ground of war-time production. When war ends, these advantages will 

be passed on to all of you. From the experience of today will come many 

new and greatly improved instruments to better serve the peaceful world 
of tomorrow. 

Sales Manager 
The Triplett Electrical la.tramcat I a. 

EFENSE 

BUY 
UNITED 
STATES 
SAVINGS 
/BONDS 
•L\U 5TVAPS 

We Can Also Help in Another 
Way 

Buy Defense Stamps and Bonds. Buying them 
regularly is the best way you can help General 
MacArthur and our fighting men. We must all 
pull together now, and your dollars can best 
serve in stamps and bonds. 

THE TRIPLETT ELECTRICAL INSTRUMENT CO. 
BLUFFTON, OHIO 

Proceedings of the 1. R. L. April. 1942 



LIGHTWEIGHT AIRCRAFT COMMUNICATION SYSTEM that 

compares in performance with heavy, high powered equipment is 
announced by Bendix Aviation, Ltd.  - 

Although designed for aircraft requiring the most compact in-
stallation, performance of the Bcndix system has proved so outstanding 
that numerous military installations have been made in large patrol 
airplanes. Radio operators have reported that constant two-way 

communication has been maintained over a 2500-mile range. 

The Transmitter-Receiver is a small compact unit which may be 

installed in any convenient location. The power supply and audio 
systems are housed separately. The receiver is a six tube superhetrodyne 
with one stage of tuned radio frequency. A number of the tubes serve 
a multiple purpose. The set provides beacon and communication 

reception, and also functions as an interphone system within the 
airplane. The transmitter is crystal controlled and coupled to the 

antenna through a continuous variable inductor. Three crystals provide 
operation on the fundamental or second harmonic or both, allowing 

up to six crystal controlled frequencies. Radio telephone, Interphone, 
Modulated CW, or CW transmission are available. 

The Bcndix Communication System, complete with power supply, 
-weighs but twenty-five pounds. As a 12-volt system the set draws a 

maximum of 13 amperes, while the 24-volt system draws only 6 
amperes. Complete data will be supplied business inquiries addressed 

on company letterhead. 

BENDIX  9 AVIATION, LTD. 
Subs.d ,o,y of  ''.••°.  Bondix Aviation Corporation 

NORTH HOLLY WOOD, CALIFORNIA 

??4.-
COMMUNICATION SYSTEM 

.PHONE SYSTEMS • TRANSMITTERS • COMMUNICATION UNITS • RANGE FILTERS • CONTROL PANELS • JACK BOXES • ANTENNA SWITCHES • MICROPHONI 

'UM SWITCHES  • FABRICATION OF ELECTRICAL CABLES  • INTERFERENCE FILTERS  • INSTALLATION ENGINEERING  • HYDRAULIC AIRCRAFT UNI1 



(Below) FAR-FLUNG LINES of communications are an integral 
part of the nation's lines of defense. To speed the dispatching of 
messages to such vital areas as the Caribbean, South America, and 
the Southwestern Pacific, additional facilities for radio-telephone ser-
vice are being constructed. Representative applications of Isolantite* 
in such stations are shown in the accompanying photographs. Main 
photo shows Isolantite stand-off insulators on an antenna selector 
switch panel. Switches shown in inset employ Isolantite strain in-
sulators as bases, mounted on Isolantite stand-offs. These uses are 
typical of the diversified ways in which increasing quantities of 
Isolantite are employed to serve the needs of the Victory program. 

(Below) IN AIRCRAFT APPLICATIONS, Isolantite incorporates 
outstanding features in a single ceramic body. Its high mechanical 
strength is a doubly important advantage. It reduces the risk of 
insulator breakage, and permits the use of relatively small cross. 
sections, with consequent savings in weight. Isolantite is liberally 
used on many combat planes. 

INSU 
HIGH 

(Below) EXTERNAL CONSTRUCTION is completed on the new 
building at Isolantite's plant, which will provide greatly increased 
capacity for the production of ceramic insulators. Production facilities 
are planned for maximum time economy, to enable Isolantite to 
render more efficient service in meeting the demand for its products. 

— 771 

(Above) ISOLANTTTE'S MANUFACTURING PROCESSES are 
adaptable to the production of a wide variety of shapes and sizes. Illus-
trated are a few of the many forms in which Isolantite has been produced 
for specialized applications in which standard designs cannot be used. 

CERA MIC INSULATORS 
IS OLANTITE  INC., 233  BR OA D WAY, NE W YORK,  N. Y. 

Registered trade-name for the products of Isolantite Inc. 

vi 
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STABILITY: 

a il  7 ail &)1 7 W * V an 

d  ,MpaM  X l &e 

1.500 MAX 

CLASS A 

CLASS 

Ageing and humidity cause no measurable change 
in capacitance. There is no air film or possible 
mechanical movement between the plates. 

RETRACKING: 
Small mass and open tubular construction insure 
rapid and uniform changes with temperature. No 

measurable change in the coefficient after cycling. 

POWER FACTOR:   
Less than .08%. After 100 hrs. at 90% humidity 
. . . less than 0.2%. 

VOLTAGE RATING:   
500 volts D.C. Tested at 1000 volts RMS 60 cycles. 
Special small capacity high voltage units available 
on special order. 

Write for special Bulletin 597 

CLASS 

.340" 

CLASS C CLASS D 

Capacities Available in Each Size 

Temp. Coeff. 

A 

A 

o. 

Maximum  Minimum 

-.00075 

o. 
-.00075 

0. 

-.00075 

0. 

-.00075 

400 mmf. 

900 mml. 

220 mint. 

525 mmf. 

160 mmf. 

375 mml. 

50 mmf. 

120 mmf. 

220 mmf. 

525 mmf. 

ISO mmf. 

350 mmf. 

SO mmf. 

120 mmf. 

1 mmf. 

2 mmf. 

CENTRALAB Ceramic fixed Capaci-
tors are furnished with zero tem-

perature coefficient where absolute sta-
bility is desired, and with any desired 
negative temperature coefficient to a 
maximum of —.00075 mmf immf /C'. 

The temperature coefficient is deter-
mined by the ingredients of the ceramic 
dielectric and is accurately controlled. 
The dielectric constant of the material 
increases with the amount of negative 
coefficient which makes possible high-
est capacitance per unit size in the maxi-
mum negative coefficient. (See chart). 

ntralab 
Proceedirigs of the I. R. E.  April, 1942 

Division of GLOBE-UNION INC., Milwaukee, Wisconsin 
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NEW BEDFORD, MASS., 

Sales Offices in All 
Principal Cities 

AER OVOX 1940 SERIES 

Type 194o: 8" dia. x to" tall. .0000t mid. 3500o 
V.. to at mid. 15000 V. 

Type 1950: 31/2 " dia. x 21/2 " tall. .0000t mfd. 
6000 V. to .02 mid. 3000 V. 

Type 1960: 41/2 " dia. x 3" tall. .00001 mid. 15000 
V., to .25 mfd moo v. 

Type 1970: 51/2 " dia. x 4" tall. 0000t mid. 20000 
V., to .5 mid. woo V. 

Type 1980: 51/2 " dia. x 51/2 " toll. .ct000t mfd. 
35000 v., to .05 Mid. 5000 V. 

Stack-9Tb 
HEAVY-DUTY 

%Ilea Capaciimb. 

• Climaxing an outstanding selection of mica receiving 
and transmitting capacitors —from tiny "postage stamp" 
molded-in-bakelite types to the extra-heavy-duty micas 
—Aerovox offers its stack-mounting units as standard 
items (subject to priorities, of course). Heretofore made 
in limited quantities, these capacitors are now in regular 
and large production. Note these features: 

Special cylindrical low-loss glazed 
ceramic case. Long creepage path 
between terminals. Design eliminates 
corona losses inside and out, and 
provides uniform voltage gradient. 
Cast-aluminum terminals insure low 
contact resistance between units. 

Sections of finest grade India ruby 
mica dielectric, made to very close 
tolerance  to  equalize  loading  of 
series-connected sections. 

Units conservatively rated to with-
stand surge  voltages above rated 
values. Extremely low power factor 
to handle heavy kva. loads without 
overheating.  Vacuum•impregnated 
sections imbedded in low-loss filler 
reducing stray-field losses and safe-
guarding against moisture entrance. 
Mica stacks rigidly clamped in low. 
loss non-magnetic clamps, and heat. 
treated for maximum capacity-tem-
perature stability. 

Ask for DATA . . . 
Lngineering data on these stack-mounting and other extra-heavy-

duty transmitting capacitors, available on request. Meanwhile, 

submit your particular capacitance problem or requirements. 

CORPORATION 

LX In Canada 
AEROVOX CANADA LTD. 

Hamilton, Ont. 
EXPORT: 100 \Wick St., N. Y. 

Cable 'ARLAB' 

VI" 
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TiefIRYNAL 
of 

The INFORMED 
t in the 

electronic industries — always fast 
—was stepped up to lightning sped 

nts began 
fast — and 

to have FACTS. 
• 

en 
Today,  .re than ever, it's a mat-
ter of the survival of the informed. 
Almost every new electrical devel-
opment brings a new insulation 
problem. 

American Lava Corporation gives 
you needed information and help in 
selecting the proper AlSiMag stea-
tite ceramic insulation in three 
ways: 

ALSIMAG PROPERTY CHART  ALSIMAD SPECIAL COMPOSITIONS 

1. A chart of Physical Properties of 
the more frequently used AlSiMag 
compositions, sent free on request. 
We know of no other data available 
with comparable detail or accuracy. 

2. In its research department there 
are records of the physical charac-
teristics of a great number of special 
AlSiMag steatite ceramic composi-
tions which have been evolved for 
specific applications. 

When you have a problem, old or 

ALSIMAG RESEARCH DIVISION 

3. An Engineering Staff and Re-
search Laboratories that are unri-
valled in the industry stand ready 
to advise or assist in any problem 
involving technical ceramics. 

new, involving 

technical ceramics you can probably find the answer here. 

1_1 4L,La it  FRO M CERAMIC READ0.13 W O ° 

Trade 111•At VA& U. R. Pat. Oft. 

AMERICAN LAVA CORPORATION • CHATTANOOGA • TENNESSEE 
CHICAGO • CLEVELAND • NEW YORK • ST LOUIS • LOS ANGELES • SAN FRANCISCO • BOSTON • PHILADELPHIA • WASHINGTON, D C 

lz 
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EXCELLENT OPPORTUNITY 
FOR OUTSTANDING MEN 

THE FARNS WORTH 
TELEVISION & RADIO CORPORA-

TION is adding to its staff of research 

and  development  specialists — the 

closely knit group which has won recog-

nition throughout the world for its de-

velopments in the field of electronics. 

These men know how to work harmoni-

ously toward a common goal, for each 

realizes that his opportunity to succeed 

is controlled only by his ability and am-

bition. 

The urgency for additional research 

and development of highly specialized 

electronic apparatus at this time en-

ables us to solicit applications from 

qualified American citizens including 

junior and senior engineers and physi-

cists having suitable qualifications. 

Excellent opportunity to participate 

now in most important engineering de-

velopments as well as to qualify for re-

sponsible positions in post-war activi-

ties. 

Replies, including complete state-

ments of experience and training, ref-

erences and photographs, should be ad-

dressed to this company, attention of 

Personnel Manager, at its main office at 

Fort Wayne, Indiana. 

Personal interviews will be by ap-

pointment only. 

FARNS WORTH  TELEVISION  &  RADIO  CORPORATION 
FORT W AYNE, I ND. 

M ARI ON, I NO. Makers of 

RADIO AND TELEVISION TRANSMITTERS AND RECEIVERS, THE CAPEHART, 

THE CAPEHART-PANAMUSE AND FARNS WORTH PHONOGRAPH-RADIO 
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THAT EXTRA SOMETHING 

Alb 

• 
• 

• 

The HK-454 
250 Watt Plate 
Dissipation.  A 
Modern UHF Tube It's the extras that make a winner. Extra long life, Extra performance, and 

Extra stamina are built into every GAMMATRON tube. Fourteen years of 

pioneering tantalum tube design and manufacture have developed 

Heintz and Kaufman quality to the point where users today expect and 

get the GAMMATRON Extras. • Heintz and Kaufman engineers respon-
sible for these developments will be glad to assist with your individual 

vacuum tube problem—your correspondence is invited. 

GAM MATRONS 
of course HEINTZ' SC,Jfl 5A1  KAUFMAN 

xi 
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"TO PROVIDE FOR THE CO MMON DEFENSE, TO PR O MOTE THE GENERAL WELFARE" 

Throats to speak our nation's piece 

THERE'S A BLOOD-TINGLING ANS WER to 
I the challenge of Pearl Harbor. 

There's a voice that will speak for the 
men who stood to their guns at Midway 
and Wake—the don't-tread-on-me roar 
of an aroused America: the voice of the 
Navy's big guns. 

At cities far from the oceans, in brand-
new, Westinghouse-operated factories, 
will be built much of the Navy's ordnance 
which will sound our nation's determina-
tion to preserve this freedom we have 
worked so long to build. 

Here, in 143 days, plants were built, 
machines were installed, craftsmen were 
trained, in an outstanding example of 
the way Westinghouse "know how" is 
working three shifts a day for our War 
Program. 

What is this Westinghouse "know how" 
that brought these plants so rapidly from 
blueprint to production? It is the hard-
earned skill of our craftsmen, trained in 
the Westinghouse tradition. It is ex-
perience and industrial ingenuity. It is 
xii 

the ability to get things done in the 
best possible way. 

You've experienced this Westinghouse 
"know how" before. You've seen it at 
work in great power plants, in refrigera-
tors, electric ranges, street railways, 
elevators, and many another necessity 
of peacetime living. Till a few months 
ago, these were but a few of our con-
tributions to the general welfare. 

Today this same Westinghouse "know 
how" is serving the cause of the common 
defense. It is building parts for tanks 
and aircraft, binoculars and big guns, 
lights for airports, and mounts for anti-
aircraft guns. It's a $400,000,000 effort 
... and it is as varied as it is big.  • 

Research —the heart 

of our effort 

Today, Westinghouse has become a huge 
" a rs e n al  of democracy.'' But one thing 
about us has not changed—that is our 
dependence upon the scientists and en-
gineers who man the great Westinghouse 
Research Laboratories. Now, as in times 
of peace, their work is the very heart of 
our effort. We wish we could reveal all 
the inventions and improvements these 
men have already perfected and turned 
over to our armed forces—but they 
must remain secret. 

The work goes on—and will go on 
until America's war has been won! 

Westinghouse 
WESTINGHOUSE ELECTRIC & MANUFACTURING CO MPANY, PITTSBUR GH, PENNA. 
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THE INSTITUTE serves those interested in radio and allied electrical communication 

fields through the presentation and publication of technical material. 

THE PROCEEDINGS has been published without interruption since 1913 when the first 

issue appeared. The contents of each paper published in the PROCEEDINGS are the responsi-

bility of the author and are not binding on the Institute or its members. Material appearing 

in it may be reprinted or abstracted in other publications on the express condition that specific 

reference shall be made to its original appearance in the PROCEEDINGS. Illustrations of any 

variety, however, may not be reproduced without specific permission from the Institute. 

STANDARDS reports are pub-
lished from time to time and are 
sent to each member without 
charge. The four current reports 
are on Electroacoustics, Elec-
tronics Radio Receivers, and Ra-
dio Transmitters and were pub-

lished in 1938. 

MEMBERSHIP has grown from 
a few dozen in 1912 to about 
seven thousand. Practically every 
country in the world in which radio 
engineers may be found is repre-
sented in our roster. Dues for the 
five grades of membership range 
from $3.00 to $10.00 per year. The 
PROCEEDINGS is sent to each mem-
ber without further payment. 

SECTIONS in twenty-seven cities 
in the United States, Canada, and 
Argentina hold regular meetings. 
The chairmen and secretaries of 
these sections are listed on the op-
posite page. 

SUBSCRIPTIONS are accepted 
for the PROCEEDINGS at $10.00 per 
year in the United States of 
America,  its possessions, and 
Canada; when college and public 
libraries order direct from the In-
stitute, the subscription price is 
$5.00. For other countries there is 
an additional charge of $1.00. 

The Institute of Radio Engineers, Inc. 

Harold P. Westman, Secretary 
330 West 42nd Street 
New York, N.Y. 

The Institute of Radio Engineers 
Incorporated 

330 West 42nd Street, New York, N.Y. 

To the Board of Directors 

Gentlemen: 

I hereby make application for ASSOCIATE membership in the Institute 
of Radio Engineers on the basis of my training and professional experience 
given herewith, and refer to the sponsors named below who are personally 
familiar with my work. 

I certify that the statements made in the record of my training and pro-
fessional experience are correct, and agree if elected, that I shall be governed 
by the Constitution of the Institute as long as I continue a member. Further-
more I agree to promote the objects of the Institute so far as shall be in my 
power. 

Mr.   

Address   

City and State 

Mr.   

Address   

City and State 

Mr. 

(Sign with pen) 

(Address for mail) 

(City and State) 

(Date) 

SPONSORS 

(Signatures not required here) 

Address 

City and State 
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M ONTH DURING 
W HICH 

APPLICATION 
REACHES I.R.E. 
H EADQUARTERS 

GRADE 

REMITTANCE SCHEDULE 

AMOUNT Or REMITTANCE ( = ENTRANCE FEE + DUES) 

W HICH SHOULD ACCOMPANY APPLICATION 

ASSOCIATE PERIOD COVERED BY 
DIMS PAYMENT 

Jan., Feb.  $7.50 (=$3+$4.50*)  Apr.•Dec. (9 mo. of current 
year)? 

Mar., Apr., May  6.00 (= 3-1- 3.00)  July•Dec. (6 mo. of current 
year)t 

June, July, Aug.  4.50 (= 3+ I.50•)  Oct.-Dec. (3 mo. of current 
year} 

Sept., Oct., Nov.  9.00 (= 3+ 6.00)  Jan.-Dec.  (entire next 
year) 

Dec.  7.50 (= 3+ 4.50)  Apr.-Dec. (9 mo. of next 
year) t 

t You can obtain the PROCEEDINGS for the entire year by including with 
your application a request to that effect and a remittance of $9.00. 
• Associate dues include the price of the PROCEEDINGS, as follows: 1 year, 
5.00; 9 months, $3.75; 6 months, $2.50; .3 months, $1.25. This may not 
be deducted from the dues payment. 

TO APPLY FOR ASSOCIATE M E MBERSHIP 

To Qualify for Associate membership, an applicant must be 
at least 21 years of age, of good character, and be interested 
in or connected with the study or application of radio science 
or the radio arts. 

An Application should be filed, preferably on blanks obtain-
able on request from I.R.E. Headquarters or from the secre-
tary of your local Section. If more convenient, however, the 
accompanying abbreviated form may be submitted. Additional 
information will be requested later on. 

Sponsors who are familiar with the work of the applicant must 
be named. There must be three, preferably Associates, Mem-
bers, or Fellows of the Institute. Where the applicant is so 
located as not to be known to the required number of member 
sponsors, the names of responsible nonmembers may be given. 

Entrance Fee and Dues: The Associate entrance fee is $3.00. 
Annual dues are $6.00 per year, which include the price of the 
PROCEEDINGS as explained in the accompanying remittance 

schedule. 

(Typewriting preferred in filling in this form) No.   

RECORD OF TRAINING AND PROFESSIONAL 

EXPERIENCE 

Name 

Present Occupation 

(Give full name, last name first) 

(Title and name of concern) 

Business Address   

Home Address   

Place of Birth   Date of Birth   Age   

Education   

Degree 
(College)  (Date received) 

TRAINING AND PROFESSIONAL EXPERIENCE 
(Give dates and type of work, including details of present activities) 

Record may be continued on other sheets this size if space is insufficient. 

Receipt Acknowledged   Elected   Notified   
4111 

Remittance:  Even though the I.R.E. 
Constitution does not require it, you 
will benefit by enclosing a remittance with 
your application. We can then avoid de-
laying the start of your PROCEEDINGS. 

YOUT PROCEEDINGS will start with the 
next issue after your election, if you en-
close your entrance fee and dues as shown 
by the totals in the accompanying remit-
tance schedule. Any extra copies sent in 
advance of the period for which you pay 
dues (see last column) are covered by 
your entrance fee. 

Should you fail to be elected, your en-
tire remittance will be returned. 

OTHER GRADES are available to 
qualified applicants. Those who are be-
tween the ages of eighteen and twenty-
one may apply for Junior grade. Stu-
dent membership is for full-time stu-
dents in engineering or science courses 
in colleges granting degrees as a result 
of a four-year course. A special appli-
cation blank is provided and requires 
the signature of a faculty member as 
the sole sponsor. Member grade is open 
to older engineers with several years 
of experience. Fellow grade is by in-
vitation only. Information and appli-
cation blanks for these grades may be 
obtained from the Institute. 

SUPPLIES 

BACK COPIES of the 'PROCEEDINGS 
may be purchased at $1.00 per copy 
where available. Members of the In-
stitute in good standing are entitled to 
a twenty-five per cent discount. 

VOLUMES, bound in blue buckram, 
may be purchased for $14.25; $11.25 to 
members. 

BINDERS are $1.50 each. The volume 
number or the member's name will be 
stamped in gold for fifty cents addi-
tional. 

INSTITUTE EMBLEMS of fourteen-
carat gold with gold lettering on an 
enameled background are available. 
The lapel button is $2.75; the lapel pin 
with safety catch is $3.00; and the 
watch charm is $5.00. All of these are 
mailed postpaid. 

xiv 
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W HEREVER THERE IS RADIO 

THERE ARE SPRAGUE CONDENSERS 

Sprague Condensers are made 
to the highest quality stand-

ards in a complete line meet-
ing practically every electronic, 

electrical and industrial need. 

It is natural then, that today's 
production is largely devoted 

to a complete, fully approved 
assortment for Army and Navy 

uses. Our engineers will gladly 
cooperate in solving your ca-

pacitor problems. 

SPRAGUE 
CONDENSERS - KO OLOH M  RESISTORS 
Quality Co mponents  • Expertly Engineered  • Co mpetently Produced 

SPRAGUE SPECIALTIES CO MPANY, NORTH ADA MS, MASS. 

Proceeding+ of the  April, 19 I.! 



Super-Cardioid Simplifies 
Sound Pickup Problems 

tn Yiefelic (me/Re/mak e A49a defl abty 

Model 556A for 
3 5 • 5 0 ohms, 
Model 556/3 for 
200.250 ohms, 
Model 556C high 
impedance—at 
only $75.00 list. 

'FEATURES 
* More unidirectional than the 
cardioid—yet has wide-angle • 
front pick-up. 

* Decreases pick-up of rever-

beration energy and random 

noise 73%. 

* Improved wide-range fre-

quency response—from 40 to 
10,000 cycles. 

* Symmedical axial polar pat-

tern at all frequencies. 

* Highly immune to mechani-

cal vibration and wind noises. 

ests prove it gives optimum directional performance 
under the great majority of acoustical conditions. This, 
together with other advantages of the Shure Uniphase 
single-unit moving-coil construction, offers a simpler so-
lution to sound pick-up problems in studio and remote 
locations. The Super-Cardioid eliminates undesired noises 
more easily—simplifies microphone placement—insures 
better performance outdoors as well as indoors. 

30-Day Trial. Broadcast Engineers: Try the Super-
Cardiac/ for 30 days in your station without obligation. 
Prove it yourself. Write us today. 

....................................................... 

SH U R E  BR O T H E R S 
Designers and Manufacturers of Microphones and Acoustic DePices 

225 West Huron Street, Chicago, Illinois 
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The 
STRONGEST 
DEFENSE 
for the technical radioman 

who wants to be a success 

CREI arms the ambitious 
engineer with the ability to 
succeed—at a time when 
technical ability is more im-
portant than ever! 

Every radioman, no matter what his job, has 
a responsibility to his company and to his 
country to work at top efficiency. In the face 
of the present emergency, CREI home study 
training takes on new importance—becomes 
the strongest defense—for professional radio-
men who realize that technical ability is more 
important than ever today. Every man who 
improves his technical ability is performii g 
a duty to his country, his company and him-
self. NOW is the time for every sincere, am-
bitious radioman to prepare for the better-
paying positions in the higher branches of 
engineering. No matter how arduousloresent 
duties may be, a CREI .,planned system of 
study for se?'%improvement during spare hours 
will pay great dividends in the important 
years ahead. 

Alert engineers are encouraging CREI 
training for their employee's. Your rec-
ommendation of our home study courses 
to your associates will increase the effi-
ciency of your engineering staff. We will 
Fr glad to send our free 1 klet and 
complete details to you, or to any man 
whom you think would be interested. 

"Since 1927" 

CAPITOL I1tuio 
ENGINEERING INSTITUTE 

E. H. RIETZKE, President 

Dept. PR-4, 3224-16th Street, N.W. 
WASHINGTON, D.C. 

Contractors to the U. S. Signal Corps—II. S. Coast Guard 
Producers of Well-trained Tech-
nical  Radiomen  for  Industry 

Proceedings of the 1. R. E.  April, 1042 



Ready to go anywhere 

... QUICKLY 

reassuring these days to see those 

sturdy Bell System trucks along the 

highway. 

They are mechanized motor units. Each 

ha- a highly skilled crew: each has its 

ow II  111111... power and materials. They 

are read. a 0(1 efficient and can be 

mobilized  w here. any time.  And 

there are lllll -.• than 27.000 of them. 

This is just one way the Bell System is 
prepared to keep lines open and ready 

for war-time service — no matter when 

or where the test may come. 

,&\  _ 
,11 

e lta  -Ni; • % 

'We'll keep c,  011 n9 

wh   the 

war needs call." 

011.1.•••• 

BELL TELEPHONE SYSTEM  . Serrice to the Nation in Peace and War 



MICA CAPACITOR 
add vital dependability to radio and co mmuni-
cations equip ment for the Ar med Service 
Branches of the Govern ment. The "Quality 
Above All" incorporated in these units is 
evolved fro m a wealth of experience. If Mica 
Capacitors are part of your proble m, consult 
Solar for a ready solution. 

Ask for Special Catalog 12-E, available on letterhead request.. 

SOLAR MFG. CORP., Bayonne, N. J. 

ELECTRIC MFG. CO. 
500 W. Huron Street, Chicago, U.S.A. 

TRANSFORMER SPECIALISTS SINCE 1895 

POSITIONS 
OPEN 
• 

The following positions of interest 
to I.R.E. members have been re-
ported as open on April 1. Make 
your application in writing and ad-
dress to the company mentioned or to 

Box No.   

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

JUNIOR AND SENIOR RADIO 
ENGINEERS 

$3500 to $6500 per year for qualified 
junior and senior radio engineers. The 
Magnavox Company  (Radio-Phonograph 
Instrument Division) is expanding its engi• 
neering facilities to meet present wartime 
and future peacetime needs. Transmitter 
and receiver experience preferable. State 
experience, education, and age in applica• 
tion to Mr. Frank Freimann, Vice-Presi-
dent,  The  Magnavox  Company,  Fort 
%Vayne, Ind. 

ENGINEER, DRAFTSMAN, ASSISTANT 
ENGINEER 

The following three openings are avail-
able in a Chicago firm: 
1) Radio or Electrical Engineer (Col-

lege Graduate), with about two years ex-
perience in the Engineering Department of 
a company manufacturing small mechani-
cal devices, to do laboratory testing, design-
ing and general work on amplifying cir-
cuits. Box 267A. 

2) Draftsman-Designer with at least two 
years of college in mechanical engineering, 
possessing experiences on specifications 
and tolerances of small mechanical devices. 
To handle drafting and detailing of speci-
fications. Must be willing to learn. Box 
267B. 

3) Laboratory Assistant with at least 
one year of radio engineering college and 
experience in constructing amplifiers, radio 
sets, etc. The duties involve construction 
of amplifiers and test circuits, measure-
ments on acoustic devices and checking of 
production standards. Box 267C. 

RADIO ENGINEER, TECHNICAL 
ASSISTANT 

Radio engineer having good theoretical 
and practical experience on radio systems 
for defense work in laboratory in New York 
City. Also technical assistant competent 
to construct equipment. Part-time services 
may be acceptable. Box 269. 

••••, 

. MECHANICAL ENGINEER 
We need a first.class mechanical engi• 

neer who is thoroughly familiar with the 
production problems involved in manu-
facturing high-grade variable air condens-
ers. Radio-engineering experience desir-
able. Hammarlund Manufacturing Com-
pany, 424 West 33rd Street, New York, 
N.Y. 

DESIGN ENGINEER 
We have an opening for an engineer 

with experience in the design of frequency-
modulated transmitters and receivers. It is 
desirable but not imperative that the appli. 
cant have some experience in the design 
of directional antenna equipment for stand-
ard broadcast stations. The firm is an es-
tablished manufacturer of broadcast-sta. 
tion and sound equipment. Box 264. 

LABORATORY ENGINEER 
An eastern manufacturer of components 

has an opening in its laboratory for a young 
man with a college electrical-engineering 
background. Box 265. 

(Continued on page xx) 
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(VIM  

ANTENNAS 

Playing a Leading 

Role in America's 

War Program .. 
On sea, on land, at airports— 

maintaining communications under 
most critical conditions—serving de-

fense needs. 

In this national emergency, Premax 
has enlisted its entire personnel and 

experience in the manufacture of 
mend, aluminum and steel antennas. 
Both are demonstrating their ability 
to meet critical requirements while 

maintaining the high standards of 

Premax service. 

Send for catalog of Antennas and 
Mountings, or submit your specifica-

tions if special designs in fully tele-
scoping, adjustable equipment is 

needed. 

PremcxBohci 
Division or Chisholm • Rieder Co, 

4215 Highland Ave., Niagara Falls, N.Y. 

Proceedings of the L R. E.  April. 1942 
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OUR engineering department is equipped 
to turn out sample audio or power 

transformers, reactors or filters, of broadcast qual-
ity . . . with speed and precision. These special 
units are designed to meet exacting requirements 
under adverse conditions and because of our in-
creased manufacturing facilities to meet war-time 
demands, can be delivered within a few days. 

Wide experience with a variety of designs enables 
us to meet the most exact specifications for audio 
and power equipment. Our engineers will be glad 
to help you solve your particular problems. Write 
today for complete descritive literature. 

NYT DECADE INDUCTANCE 
This precision laboratory unit is very 
useful in setting up experimental fil-
ters,  equalizers,  tuned  amplifiers, 
phasing networks, etc. 

SPECIFICATIONS 
1. Available decades from .001 
step to 10 henries. 

2. 0 aporoxlmately 25 
3. Useful range 50 to 20.000 cycles per 
second. 

4. Accuracy ± 5%. 
5. Operating level up to 30 db. 

henry per 

og< . ..cr wt 
••••; =2.,,, 

• 

• 

Suppliers to Manufacturers Demanding 

Highest Quality 

NEW YORK TRANSFORMER CO. 
51  WEST  3rd  ST.,  NE W  YO R K,  N. Y. 
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.... Accuracy and 
dependability are 
built into every 
Bliley Crystal Unit. 
Specify BLILEY for 
assured performance. 

BLILEY ELECTRIC COMPANY 
UNION STATION BUILDING ERIE, PA. 

3 BIG REASONS WHY 

TERMINAL IS YOUR MOST RELIABLE 

SOURCE OF SUPPLY! 

Largest Stock of Radio Parts an d Elec tron ic Equ ipmen t in 
l• our History! This tremendous increase in inventory is due to 
the consolidation of our two stores, concentrating all stock at one 
source. 

2 Every Terminal salesman is an experience d radio man — no t 
• a mere order taker. If a particular brand you want is on 

priority, he is qualified to recommend an equal or similar make 
to your satisfaction. 

10  Priority orders receive first consideration at Terminal. W e're 
J• all out to assure quickest delivery of equipment for the 
National Victory program—and we have geared ourselves to 
handle priority orders without delay. 

TERMINAL RADIO CORP. 
85 CORTLANDT STREET  •  NEW YORK CITY 

TELEPHONE • WOrth 2-4416 

POSITIONS 
OPEN 

(Confittn.d 11. ,::: /dye xciii) 

• 

VOCATIONAL TRAINING DIRECTOR 
We have an opening for a vocational. 

training teacher who is capable of organiz-
. mg and directing our in-plant training pro-
gram. Trainees are supervisors and work. 
:ten engaged in soldering, inspection, cali-
bration, etc. on variable air condensers. 
Hammarlund Manufacturing Company, 424 
West 33rd Street, New York, N.Y. 

ELECTRONIC ENGINEER 
There is an opening with a New York 

organization for an engineer experienced 
on communication circuits: auto telegraph, 
wire photo, or facsimile. He should In-
capable of directing layout for manufac-
tu.ing. Box 266. 

MICROPHONE MANUFA CTURING 
1 his firm wishes to employ an cite! 

neer experienced with the inspection and 
manufacture of carbon-button microphones. 
Duties include supervising the manufacture 
and inspection of microphones. Federal 
Manufacturing and Engineering Corpora. 
non, 211 Steuben Street, Brooklyn, N.Y. 

RADIO PHYSICIST 

The United States Civil Service Com• 
mission has issued a call for physicists ex-
perienced in vacuum-tube circuits, short 
radio waves, and similar specialties at 
salaries ranging from $2,600 per year to 
$5,600 per- year depending on the quali-
fications of the applicant. Additional in-
formation can be obtained by asking about 
examination No. 164 at the offices of the 
Commission in NVashington or at any first-
or second-class post office. 

ENGINEERS FOR DEFENSE WORK 
The Institute receives frequent calls 

from the government and private industry 
for engineers with experience in various 
specialized phases of radio engineering to 
engage in war work. If you are qualified 
and are not now in war work, you are 
invited to register with I.R.E. headquarters. 
A request will bring you 3 copies of a 
form on which you can summarize your 
experience. One copy is kept on file, the 
other two are available for circulation 
among interested employers. Box 260. 

TRANSMITTING-TUBE ENGINEER 

We have a permanent position with a 
real opportunity for a man with these 
qualifications: complete knowledge of all 
phases of advanced engineering—research, 
design, and methods—on all types of trans-
mitting and electronic raijio tubes. All cor-
respondence will be treafed confidentially. 
Taylor Tubes, Inc., 2341 W'abansia Ave-
nue, Chicago, 

Attention Employers . . . 
Announcements for Positions Open" 
are accepted without charge from 
employers offering salaried employ-

ment of engineering grade to I.R.E. 
members. Please supply complete in-
formation and indicate which details 
should be treated as confidential. Ad-
dress: "POSITIONS OPEN," In-
stitute of Radio Engineers, 330 West 
42nd Street, New York, N.Y. 

The Institute reserves the right to refuse any 
announcement without giving a reason for 

the refusal. 
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Now -hp- offers an outstanding new 
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Po; t ons Opcn .xviil, xx 

DISPLAY ADVERTISERS 
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Aerovox Corporation  viii 
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VACUUM TUBE VOLTMETER 

Ideal for use in audio frequency, carrier current, 

super-sonic, television and broadcast fields 

Here's the most recent development from Hewlett-Packard Laboratories 
...a Vacuum Tube Voltmeter designed to cover the frequency range from 
10 cps to 1 megacyle. Measurements with this new instrument are ex-
tremely accurate because the indication is proportional to the average 
value of the wave ... thus, waveform errors are reduced. 

Measurements up to 1 megacycle with this Voltmeter are as simple as 
measurements with the usual multi-range meter at d-c! Generally, no pre-
cautions are necessary... no adjustments to make during operation ... no 
damage from large overloads ...and, input impedance is high enough so 
that it won't affect the circuit being measured. 

The very excellence of this Voltmeter makes it particularly valuable for 
laboratory work in measuring amplifier gain, network response, and out-
put level. In many cases, its sensitivity is sufficient to measure the hum 
level directly. The high voltage ranges are very useful for measuring both 
power circuit voltages and high frequency voltages in transmitting equip-
ment. This new Voltmeter also provides a decibel scale to facilitate read-
ings where a decibel base is desired. 

All in all, the simplicity of operation of Model 400A saves valuable 
time in production testing ... no time lost in adjusting zero position or 
other adjustments ... wide frequency range is another asset ... just one 
more link in a long chain of evidence that for speed and accuracy in labora-
tory instruments, Hewlett-Packard is unsurpassed! 

Get the facts on the 400A Voltmeter today! Write for complete de-
tails and specifications. Request a data sheet on your letterhead. 

H EW LE T T 
4" PAGE MILL ROAD 

PACKARD 
PALO ALTO, CALIFORNIA 
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The Radiotron 

Designer's Handbook 

Edited by F. Langsford Smith espe-
cially for the radio set designer, 
this book (now in its Third Edition) 
is equally valuable to others 
interested in the fundamental prin-
ciples of practical radio circuit 
design. Chapters cover Audio Fre-
quencies; Tests and Measurements; 
Valve Characteristics; General 
Theory, etc. Contains 356 pages, 
with many illustrations, numerous 
reference charts, tables, and other 
data. Send your remittance to RCA 
Manufacturing Company, Harrison, 
N. J. Pric• $1.00 postpaid. 

DOUBLE THE LIFE OF HARD-TO-GET TUNGSTEN-FILAMENT TUBES 
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The accompanying chart showing how the life 
expectancy of pure-tungsten-filament tubes in-
creases by leaps and bounds as filament voltage 
is reduced, serves as a convincing illustration of 
how simple precautionary measures can often 
add thousands of hours of life to tubes already 
in use. In tungsten-filament tubes, reduction of 
only 5% in the filament voltage doubles tube 
life. A reduction of 15% increases it almost 
tenfold! 
Obviously, a 15% filament-voltage reduction 

with its resultant decrease of 73% in tube 
emission would hardly be feasible in most 
applications. On the other hand, a less drastic 
reduction might. Admitting that maximum 
signal quality is important to a broadcast sta-
tion, it is well to recognize that these are days 
when circumstances might well alter cases. In 
many instances, it may prove highly advisable 
to adjust station operation conditions closer to 

the maximum permissible distortion in order 
to operate tungsten-filament tubes at the lowest 

possible filament voltage and thus add materi-
ally to the life of units which may be difficult 
to replace. 

It is an old story that RCA Transmitting 
Tubes are built to withstand plenty of abuse— 
so much so, that abnormal operating conditions 
are frequently accepted as "normal." Even 
though tube life has been entirely satisfactory 
under such conditions, it is by no means as long 

as might be obtained, simply by operating the 
tubes as conservatively as possible, and in 
accordance with the information given in the 
Instruction Booklet packed with each one. Not 
only does conservatism in the use of tubes mean 
the saving of essential war materials, but it may 
well be a station's assurance of staying "on the 
air" at a time when the civilian supply of new 
tubes has been drastically reduced. 

Irigaou 'miltiagr Tatha m 
PROVED IN COMMUNICATION'S MOST EXACTING SERVICES 

RCA MANUFACTURING CO., INC., CAMDEN, N. J. • A Service of The Radio Corporation of America 
Cono 0  RCA VICTOR CO MPANY LIMITED, M ONTREAL 

V.11111110111 
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more planes for victory — more hours of capacitor use per dollar for industry 

Pr HIS is an air war. The 60,000 
planes Uncle Sam must have in 

1942 are a real challenge to Amer-
ican production genius. To the men 
in aeronautics ...to the men in radio 
communication. 
To meet that challenge, Cornell-

Dubilier has been preparing for 
more than thirty-two years. Its capa-
citors for radio communication, like 
all C-Ds have extra dependability ___. 
more than enough to outlast any 
enemy. And as the world's largest 

producer of capacitors exclusively. 
Cornell-Dubilier has the production 
facilities to outweigh him. 
While you may not now be able to 

enjoy the finer performance of C-Ds, 
Cornell-Dubilier's contribution to 
America's war effort does assure 
more hours of capacitor use per dol-
lar for industry in time to come. 
Cornell-Dubilier Electric Corpora-

tion, South Plainfield, New Jersey; 
New England Division, New Bed-
ford, Mass. 

- -a 

MI C A  CA P A CI T O R S 
Copied, imitated. but never duplicated. 

Type 75A Mica Capacitors are designed 
and widely used for heavy-duty commer-
cial service such as high frequency C. W. 
furnaces or bombarders. These units em-
ploy the patented radial type stack as-
sembly and are encased in heavy, ribbed 
wall aluminum castings. Available in 
capacities from .001 mfd. to .05 mfd at 
voltages from 7,500 to 25,000 volts. 

MO R E  IN  US E  TO D A Y  TH A N  AN Y  OT H E R MA K E 
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This  printing  machine  has  been  de-
veloped by G-R to print scale calibra-
tions on a sir-inch dial which is hand-
marked at over 1,500 points on a scale 
with an effective length of 15 feet. 

111111110 
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ACCURATE CALIBRATION 

V ERY ACCURATE calibrations are furnished with 
many General Radio direct-reading instruments. No 

matter how good the internal stability of any instrument, 
its usable accuracy depends upon the reliability with which 
the variable-control element may be reset after calibration. 
An incorrectly engraved dial will immediately nullify the 
goodness of the electrical circuit. • 
Many General Radio instruments are equipped with 

dials, such as the logarithmic type, on which the scale divi-
sions are not uniformly spaced. To insure accurate calibra-
tion, instruments of this type are individually calibrated in 
the laboratory, the dial setting for each calibration point 
being indicated by a fine pencil mark. The dial is then trans-
ferred to a hand-operated engraving machine (illustrated 
above) where the divisions are carefully engraved over the 
pencil lines. The dials are then returned to the laboratory 
for replacement on the instruments, and for final checking. 
Other instruments require linear scales engraved with 

great accuracy. Dials with photo-etched scales do not have 
the necessary accuracy. These scales are engraved on an 
automatic self-indexing engine divider on which a geared 
motor accurately rotates the dial through the required arr. 
the dial pausing in its rotation long enough for a steel tool 
to engrave the divisions. 

Only through engraving of this type is it possible for 
General Radio to insure accurate, usable calibrations on 
precision variable-element instruments such as beat-fre-
quency oscillators, standard-signal generators, precision 
variable condensers and wave analyzers. 

GENERAL RADIO 'nMPANY CA M B RI D GE 

M A SS A C H U SETTS 


