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Effect of Electric Shock on the Heart 
By L. P. FERRIS 

Protection Development 

XPERIMENTAL investiga- 
tions of the effects of electric 
shock on living things long 

antedate all commercial uses of elec- 
tricity, but this work of the early ex- 
perimenters left much to be desired, 
particularly in defining the limits of 
shock which are dangerous to man. 
As a basis for the development of pro- 
tective measures and practices, such 
knowledge is obviously important. To 
obtain some of the needed data a 
joint investigation by the Department 
of Physiology of Columbia University 
and the American Telephone and 
Telegraph Company was initiated in 
1927 and has since been continued 
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Fig. 1- Electrocardiograms of sheep: flbove 
-Normal, before shock. The letters are those 
used in medical practice to indicate the 
waves of the electrocardiac cycle. Below - 
Ventricular fibrillation after a severe elec- 
tric shock has been received between the right 

foreleg and the left hind leg 
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with the help of Bell Telephone Lab- 
oratories.* 

In seeking a value of current which 
if exceeded would be dangerous to 
man, it is important to consider for 
different practical conditions the ef- 
fects which are brought about as the 
current is increased. The threshold of 
sensation is reached at about one 
milliampere for a frequency of 6o 
cycles. Other investigators have found 
that with i 5 milliamperes from hand 
to hand a subject is unable to release 
himself. Any currents which prevent 
voluntary control of the muscles are 
dangerous because their pathway 
might include the respiratory muscles 
and stop breathing. No serious or 
permanent after -effects are likely 
merely from the cessation of respira- 
tion, provided it is not continued be- 
yond the point where the victim can 
be resuscitated by artificial respira- 
tion. Currents somewhat greater than 
those just necessary to stop breathing 
may derange heart action and cause 
fatalities even though the duration of 
such shocks is but a few seconds or 
less, far too short to be important 
from the standpoint of interruption 

*Drs. H. B. Williams and B. G. King of Columbia 
University have coöperated throughout this in- 
vestigation with P. W. Spence of the Bell Labora- 
tories and the author. The experimental work has 
been for the most part conducted in the Physiology 
Laboratories at the Medical Center by Mr. Spence, 
Dr. King and assistants. Mr. M. E. Strieby of Bell 
Laboratories participated in the early part of the 
investigation. A more detailed report of these 
studies entitled "The Effect of Electric Shock on 
the Heart" can be found in the May, 1936, issue of 
Electrical Engineering. 

7une 1936 

www.americanradiohistory.com

www.americanradiohistory.com


of respiration, and 
obviously too short to 
give any opportunity 
for rescue before the 
end of the shock. Death 
in these cases is brought 
about by ventricular 
fibrillation, in which 
condition the ventric- 
ular muscle fibers of 
the heart contract in 
an uncoördinated man- 
ner, twitching and 
quivering, in contrast 
to their normal coördi- 
nated rhythmic move- 
ment. As a consequence 
the pumping action of 
the heart ceases and the 
failure of circulation 
results in an asphyxial 
death within a few 
minutes. The medical 
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Fig. 2 -The minimum current which will cause ventricular 
fibrillation is roughly proportional to the weight of the animal 

profession has long rec- 
ognized that when this condition is set 
up in man it is very unlikely to cease 
naturally before death. The value of 
current just under the threshold for 
fibrillation may, therefore, be taken as 
the maximum current to which man 
may safely be subjected, since, regard- 
less of rescue or after -treatment, death 
is liable to result from greater currents. 
The experimental investigation de- 
scribed here was, for this reason, 
directed towards a determination of 
the variation of this threshold cur- 
rent with a number of factors which 
enter into the practical application of 
the results. A number of species of 
animals were included in the tests to 
establish the trend of the effects with 
variation in physiological and mor- 
phological factors, but most of the 
experiments were upon animals com- 
parable in body weight and in heart rate 
and weight to man, so that the results 
which were obtained would be indica- 
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tive of what might be expected in man. 
The animals were kept under surgi- 

cal anaesthesia during the tests and 
the behavior of their hearts was 
studied by making electrocardiograms 
of each animal before and after shock. 
These were recorded together with the 
shock current and voltage, by a three - 
string oscillograph. An electrocardio- 
gram is a graphical record of the time 
variation of the voltage which is al- 
ways associated with the action of the 
heart. A normal sheep electrocardi- 
ogram is shown by the upper part of 
Figure 1, while the lower part is an 
electrocardiogram of a sheep whose 
heart is in ventricular fibrillation. 

The threshold currents required to 
cause fibrillation in seven different 
species of animals were determined 
under standard reference conditions 
which included the use of 6o -cycle 
alternating current for a duration of 
3 seconds, with electrodes on the 
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right fore and left hind legs- condi- 
tions typifying those of many acci- 
dental shocks to man. The general re- 
sults are shown in Figure 2 in which 
the minimum fibrillating current is 
plotted as a function of the body 
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Fig. 3 -The current required to produce 
fibrillation in sheep varies appreciably from 

one animal to another 

weight of the different species. Indi- 
viduals depart widely from the general 
trend of these results as is shown by 
Figure 3. The average weight of an 
adult man is approximately 70 kilo- 
grams and these results on the whole 
indicate that currents in excess of 0.1 
ampere at 6o cycles, from hand to 
foot, will be dangerous for shock du- 
rations of 3 seconds or more. 

Inasmuch as the path of the current 
through the body affects the propor- 
tion of current which reaches the 
heart, the current path as determined 
by the points of contact with an ex- 
ternal circuit influences the amount 
of current necessary to cause fibrilla- 
tion. Based upon the animal tests, it 
is concluded that for man, pathways 
from arm to leg, across the chest, 
chest to arm and head to leg, may be 
expected to give about the same 
threshold. The pathway between the 
arms should give a somewhat higher 

320 

threshold and from leg to leg the pro- 
portion of current reaching the heart 
is so small that fibrillation is not liable 
to result, even at currents of 15 
amperes or more. Such currents would, 
however, probably burn or otherwise 
injure the victim, unless the contacts 
were good and the shock of short 
duration. 

For shocks which last a second or 
more, the threshold fibrillating cur- 
rent at 25 cycles is about 25 per cent 
higher than the 6o -cycle value and the 
direct current threshold about 5 times 
that at 6ocycles. This relation probably 
does not hold for shock durations of a 
small fraction of a second, in which 
case thresholds for these frequencies 
would be expected to approach one 
another. 

For shocks whose duration might be 
limited by quick -actingcircuit breakers 
or other protective devices to a small 
fraction of a second, it was expected 
that the effect would depend upon the 
phase of the cardiac cycle during the oc- 
currence of the shock. In Figure i (top) 
the so- called "waves" of the electro- 
cardiogram are lettered in accordance 
with common medical practice, and 
the different phases of the cycle are 
indicated. Special circuits were de- 
veloped to take advantage of the con- 
spicuous differences among the electro- 
cardiac impulses of a single heart beat 
to initiate operations which controlled 
the application of the shock and the 
recording of the current, the voltage 
and the electrocardiogram. Figure 4 
is a schematic diagram of the appa- 
ratus employed for this purpose. By 
proper timing and biasing, the margi- 
nal tripping circuit operated only on 
the QRS wave. The timing of the 
shock in relation to this reference 
point was regulated by an adjustable 
electrical delay circuit and the dura- 
tion of the shock was controlled by 
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another similar circuit. The feeble im- 
pulses of the heart itself were thus 
made to control the power switches 
which applied the shock. The oscillo- 
graph was started a few seconds before 
shock and operated continuously, re- 
cording the pre -shock electrocardio- 
gram, oscillograms of shock current 
and voltage, and a post -shock elec- 
trocardiogram of sufficient duration 
to show the effect of the shock 
on the heart. The exact time 
relation of the shock to the 
immediately preceding elec- 
trocardiac cycle can thus be 
determined, assuming only 
that the heart continued its 
normal beat for the fraction of 
a second between the discon- 
nection of the cardiograph and 
the application of shock. Typi- 
cal records obtained in these 
tests are shown in Figure 5. 
Time lines appear ten times a 
second. The upper record of 
Figure 5 A shows a shock fol- 
lowed by a coördinate heart 
beat, while the lower record, 
B, is of a shock which resulted 
in ventricular fibrillation. The 
action currents from the body 
muscles which persist after the 
powerful muscular contrac- 
tions during the shock obscure 
to some extent all post -shock 
electrocardiac records, making 
them appear to have high - 
frequency irregularities, but 
the post -shock portion of Fig-. 
ure 5 A reveals the same typi- 
cal sequence of prominent de- 
flections which appear before 
shock, proving coördinate 
heart action. As a result of 
giving over i,000 such con- 
trolled shocks to sheep, it was 
discovered that in order to pro- 
duce fibrillation, shocks of o.i 
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second or less must occur during the 
partially relaxed period of the cardiac 
cycle, corresponding to the T -wave of 
the electrocardiogram. This sensitive 
phase of the cardiac cycle is about 
twenty per cent of the whole. Out- 
side of it fibrillation cannot be pro- 
duced, with extremely rare excep- 
tions, by currents up to at least 15 

amperes, which was about the limit 
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of the tests which were carried out. 
With the discovery of the sensitive 

phase of the heart cycle the threshold 
current required to produce fibrilla- 
tion for short duration shocks was 
then determined. It is seen in Figure 
6 that the threshold current varies in- 
versely with shock duration, but not 
uniformly -being most sensitive to 
change as the duration approaches the 
time of one heart beat. For shocks of 
o.i second or less it is ten or more 

FREQUENCY - 
60 CYCLES 
PER SECOND 

0.05 0.1 0 5 5 

RATIO OF DURATION OF SHOCK TO LENGTH 
OF HEART BEAT 

10 

Fig. 6- Considerably greater current is re- 
quired to cause fibrillation if the shock is of 

very short duration 

times the threshold for durations of 
one second or more -a fact of great 
importance in the development and 
application of protective devices and 
methods. 

Shocks a third or more of the heart 
cycle in duration may cause fibrilla- 
tion, even though they would not 
extend into the sensitive phase of the 
cycle if the heart continued its normal 
beat. The reason is probably the ini- 
tiation of a premature heart beat 
which brings about a premature sen- 
sitive phase prior to the end of the shock. 

Fig. 7- Right: Record of restoration of 
sheep heart from ventricular fibrillation by a 

countershock. Electrocardiograms taken 
immediately preceding shock, immediately 
after shock showing ventricular fibrillation, 
and at intervals following countershock. 
The latter records show the progressive 

development of normal heart beat 
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The susceptibility of the heart to 
fibrillation by short shocks increases 
with current up to several times the 
threshold as might be expected, but 
then the liability of fibrillation, strange 
as it may seem at first sight, dimin- 
ishes and becomes very small for 
currents of the order of 25 amperes 
through the body in the vicinity of 
the heart. However, other serious in- 
jury may be expected from such 
currents when brought about by acci- 
dental contacts. 

More surprising even than the fact 
that high currents are less prone to 
produce fibrillation than low currents, 
is the fact that fibrillation once caused 
by a relatively low- current shock can 
be arrested and the heart action 
brought back to normal by a subse- 
quent electric shock of high intensity 
and short duration through the heart. 
This seems to be a rather striking and 
true example of the old adage that 
"The hair of the dog is good for the 
bite." In the experimental study of 
the threshold conditions which bring 
about fibrillation, this normally fatal 
effect was necessarily the end result of 
most of the tests and an opportunity 
was thus afforded to investigate the 
effect of this so- called countershock 
method of restoring heart action. The 
method was first reported by the 
physiologists Prevost and Battelli, 

who worked at the University of 
Geneva in 1899 on dogs and smaller 
animals. In the investigation reported 
here, the method was successfully ap- 
plied not only to dogs, but to sheep, 
hogs and calves. A record of the 
restoration of a sheep's heart from 
ventricular fibrillation by counter - 
shock is shown in Figure 7. 

To be successful, a countershock 
must be administered promptly after 
the fibrillating shock, probably within 
a few minutes. The need for maintain- 
ing respiration by artificial means is 
in no way lessened. In fact, the ad- 
ministration of artificial respiration 
even in the interval before the appli- 
cation of a countershock is highly ad- 
visable, not only for respiration itself, 
but because of the accompanying 
slight circulation which will assist in 
the nutrition of the heart and delay 
the degeneration of the brain. Because 
our experiments using an arbitrarily 
chosen countershock on animals com- 
parable in size to man showed a suc- 
cessful restoration in about sixty per 
cent of the cases, we can conclude 
that the method of countershock has 
distinct possibilities of successful ap- 
plication to man. The optimum condi- 
tions of countershock and practical 
apparatus and techniques for its ap- 
plication are matters which can only 
be determined by further work. 

www.americanradiohistory.com

www.americanradiohistory.com


High - Fidelity Radio Broadcasting 
By E. L. OWENS 

Radio Development Department 

F a broadcasting system performed 
its function perfectly, it would 
serve only as a medium for convert- 

ing sound into electrical energy so 

that it could be transmitted through 
the ether with no form of distortion. 
Nothing would be omitted from the 
sounds picked up, nor would any- 
thing be added to them. More speci- 
fically this means that all the com- 
ponent frequencies of the program 
would be transmitted at their true 
relative volumes, and that no addi- 
tional energy in the form of noise or 
other disturbances would be added. 
For a listener to obtain the maxi- 
mum benefit from high fidelity broad- 
casting, his receiving equipment, of 
course, would have to be capable of 
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a precisely equivalent performance. 
Since the quality of the transmitter's 

output depends chiefly on the fre- 
quency range, the volume range, and 
the amount of harmonic distortion, 
these three characteristics may be 
used to gauge the fidelity of a trans- 
mitter. A high -fidelity transmitter is 

one that approaches near enough to 
perfection to make the programs re- 
produced by a suitable receiver enough 
like the original to be satisfactory to a 

critical listener. The requirements for 
a high -fidelity transmitter would vary 
with the type of program to be trans- 
mitted. For perfect reproduction of 
music, all frequencies from about 4o 
to perhaps i 5,000 cycles would have 
to be transmitted equally. The very 
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high frequencies, however, are re- 
quired for only a few of the musical 
instruments, and since they are pres- 
ent only in small volume, and are 
not detected at all by some people, 
an upper frequency limit of 8000 cycles 
is taken as meeting the high -fidelity 
requirements under present conditions. 

Volume range also varies with the 
type of program. The range of sound 
power of a large symphony orchestra 
may be of the order of ten million to 
one, or 7o db. For smaller orchestras 
or single instruments this range would 
be much less. The limiting factors of 
volume range in the transmitter are 
the load carrying capacity of the 
equipment at the upper end, and the 
noise level at the lower, since the 
noise must be lower in level than the 
weakest sound to be transmitted. 
Noise, which includes all unwanted 
frequency components that would be 
reproduced with the program, is ob- 
jectionable chiefly to the extent that 
it interferes with the received pro- 
gram. The amount of this interference 
depends not only on the magnitude of 
the noise currents but on their fre- 
quency. Research work carried on in 

these Laboratories has determined 
the relative disturbing effects of noise 
at all frequencies.* In general it is of 
much less importance at low fre- 
quencies and at the very high fre- 
quencies. For this reason the only 
satisfactory way of measuring noise 
in a broadcasting circuit is by use of 
a weighting network which auto- 
matically corrects the noise at var- 
ious frequencies to conform to its 
actual effect on reception. 

From the standpoint of reception, 
the usable volume range depends upon 
a number of external factors, such as 
room noise and static disturbances. 
Because of this situation, a weighted 
noise level 4o db below the signal at 
ioo per cent modulation would result 
in as high a fidelity as would generally 
be usable by the listener. To merit 
a high- fidelity rating, however, the 
transmitter should be capable of 
better performance than this, so as 
not to contribute to the noise level 
when receiving conditions are good. 

Harmonic distortion in broadcast- 
ing equipment is caused by the non - 
linearity of certain elements in the 

*RECORD, March, 1936, p. 233. 
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system, which results in the intro- 
duction of frequency components not 
present in the original. Since these 
components are harmonics of lower 
ones, their effect becomes more pro- 
nounced as the frequency band is 

widened. For high -fidelity programs 
these harmonics should not exceed 5 

per cent for peaks of modulation ap- 
proaching ioo per cent since amounts 
in excess of 5 per cent cause distortion 
that can be readily detected. This 
value should decrease for lower levels 
and should not exceed 2 per cent at 
3o per cent modulation. To keep the 
harmonic distortion below these values 
requires a careful design and adjust- 
ment of all component parts of the 
system. 

These various suggested require- 
ments for high- fidelity broadcasting 
have, of course, no official standing, 
and to some extent are arbitrary, but 
any station meeting them could be 
said to have high -fidelity charac- 
teristics according to present -day 
standards. 

A broadcasting system, to meet the 
above requirements for high- fidelity 
transmission, requires careful design 

and engineering of the entire system 
considered as one coördinated unit 
from microphone through studio speech 
input equipment, master control room, 
program wire circuits, station speech - 
input equipment, and radio trans- 
mitter. In the past it has sometimes 
been assumed that when units that 
were individually satisfactory from a 

transmission standpoint were installed 
and connected together in a high fidel- 
ity system, their operation would be 
satisfactory from an audio -frequency 
standpoint without the necessity of 
making overall measurements on the 
system. While this might be con- 
sidered a logical assumption when 
high quality units make up the system, 
it does not take into consideration the 
fact that due to the complexity of a 

modern broadcasting system and the 
number of units involved, the cumu- 
lative effect of small variations in the 
characteristics of amplifiers and re- 
peating coils, small capacitances in 
inter -unit wiring, or slight impedance 
mismatches in mixing circuits, am- 
plifier coupling circuits, and line -term- 
inating equipment may cause the 
overall frequency characteristic to 
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fall far short of the desired perform- 
ance. Such effects can be detected and 
isolated only by complete overall 
measurements as well as by measure- 
ments of all of the individual sections 
of the system. 

Station WOR, owned and operated 
by the Bamberger Broadcasting Ser- 

5 

0 

-5 

equipped with Western Electric mov- 
ing -coil microphones, and each has 
an associated control booth from 
which the operator has a view of the 
studio through a plate glass window. 
Each of these booths is equipped with 
a control unit on which is mounted 
the microphone mixing potentiome- 

ters, the master gain -control 
switching keys, and a vol- 
ume indicator, and each has 
an amplifier bay. This latter 
bay includes both low -level 
and high -level amplifiers and 
associated power equipment, 
a meter for measuring amplifier 
plate currents, a jack panel, 
and a line equalizer for incom- 
ing program lines from remote 
pick -up points. A high -quality 
loud speaker is included in 
each booth for aural moni- 
toring. All of these studios are 
in use most of the time; one 
actually broadcasting and the 
others being used forrehearsals. 

Low -level mixing circuits 
have been used throughout 

the system. The output of the mixing 
circuit in each control booth is con- 
nected to the input of the low -level 
amplifier, and the master gain control 
is located in the circuit between the 
low -level and high -level amplifiers. All 
studio amplifiers are completely a -c 
operated. The vacuum tube filaments 
are heated directly with alternating 
current, and the plate voltage for the 
tubes is obtained from a rectifier 
through a filter of suitable design. 

The high -level amplifiers in the con- 
trol booths terminate in an output 
switching circuit in the master con- 
trol room, so that the outputs of one 
or more studios may be connected to 
the line amplifier that supplies the 
program to the radio transmitter. 
An equalized i 6 -gauge non -loaded 
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Fig. 2- Frequency characteristics of various sections 
of the WOR system: A- studio alone, B- studio 
and master control room, C- transmission line and 
speech input equipment at transmitter station, and D- overall characteristic of the complete system 

vice, is the first high -power radio 
station to meet all the requirements 
for high -fidelity broadcasting as out- 
lined above. This new 5o KW trans- 
mitter, located at Carteret, N. J., was 
developed by the Laboratories and 
manufactured by the Western Elec- 
tric Company. The transmitting sta- 
tion has already been described in 
the RECORD.* All programs for Car- 
teret pass through a master control 
room in New York which is supplied 
from ten studios located in New York 
and Newark. 

Most of the programs originate 
in the New York studios, which are 
of various sizes so as to accommodate 
any program from a single speaker to 
a large symphony orchestra. All are 

*RECORD, April, 1935, pp. 226 and 232. 
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cable circuit connects the master 
control room with the speech -input 
equipment at the Carteret station. 

In the final adjustment of this 
system tests were made of the various 
sections as well as overall from micro- 
phone to radio -transmitter output. 
Some of the frequency character- 
istics are shown in Figure 2. Curve A 
is from the microphone input circuit 
of Studio No. i to the output of the 
booth amplifying equipment, while 
Curve B shows the overall charac- 
teristic from the microphone input 
circuit to the output of the master 
control room. It will be noticed that 
for the studio itself the character- 
istic is flat to within I a db from 3o 
to io,000 cycles. The overall char- 
acteristic to the output of the master 
control room is about as flat over 
most of the range although it drops 
off slightly at the upper and lower 
ends, but even at 3o and io,000 cycles 
it is down less than 2 db. This section 
includes all switching circuits, gain 
control attenuators, and both low - 
level, high -level, and line amplifiers, 
with a gross operating gain of 116 

db, or nearly a million millionfold 
increase in power. Harmonic distor- 
tion in this section is well under 
one per cent. 

Curve C shows the characteristics 
of the transmission line from New 
York to Carteret combined with the 
speech -input equipment at the radio - 
transmitter station. It is flat to within 
2 db from 3o to 9000 cycles. The over- 
all characteristic, from the micro- 
phone input terminals in New York 
to the output of the radio transmitter 
at Carteret, is shown by Curve D. 
This also is flat to within 2 db over 
the same range of frequency. 

The total harmonic distortion at 
the output of the radio transmitter 
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is shown in Figure 3 for levels from 
3o per cent to Too per cent modulation 
and with a pure 400 -cycle signal. The 
weighted noise level of the entire 
system, including the radio trans- 
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Fig. 3- Harmonic distortion character- 
istics for broadcasting station WOR 

mitter, the station speech -input equip- 
ment, the program line to New York, 
and the studio speech -input equip- 
ment is 62.5 db below the signal at Too 

per cent modulation. With such a 
noise level, it is obvious that the 
volume range of the system will well 
meet the 4o db mentioned as a require- 
ment. This is a somewhat greater 
volume range than is broadcast by 
most stations at the present time. 

High -fidelity operation imposes 
considerable responsibility on the 
station personnel, since to secure con- 
tinuously satisfactory performance 
frequent checks must be made of all 
operating characteristics. More care- 
ful monitoring on programs is also re- 
quired, since over -modulation of the 
radio transmitter will ruin the quality 
of any radio program no matter how 
high grade the equipment may be. 
By proper attention to these operating 
procedures, WOR's new system is cap- 
able of the best that modern broad- 
cast service permits, since the char- 
acteristics of the system well meet 
the high -fidelity requirements listed 
above and are superior to them in 
most respects. 
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Adhesives 
By JOHN B. DeCOSTE 

Chemical Laboratories 

DHESIVES are used in many 
different types of telephone 
equipment because cementing 

parts together is a simple method of 
construction which is often prefer- 
able to any other process. Adhesive 
joints are not only light in weight 
and occupy a negligible amount of 
space but many times their use per- 
mits an assembly which otherwise 
could not be made. Moreover, re- 
cent improvements in adhesives have 
so greatly increased their strength 
that it is now possible to realize ten- 
sions of one -half ton per square inch in 
air -dried joints, and of almost a whole 
ton where the adhesive is applied 
dry and then melted by heat. When 
properly selected they will produce 
joints which will withstand tempera- 
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tures and humidities safely above 
those at maximum summer conditions. 

Adhesives are for the most part 
organic in nature and may be di- 
vided into two classes: the agglu- 
tinous, which includes animal glue, 
casein, dextrin, and gum arabic; 
and the resinous, such as the vinyl 
and alkyd resins, the natural resins 
such as rosin and shellac, the var- 
nishes, and pyroxylin cements. The 
agglutinous adhesives are water sol- 
uble and are characterized by poor 
electrical insulation and moisture re- 
sistance. Their use is chiefly confined 
to parts of the telephone plant which 
are remote from electrical circuits. 
The resinous adhesives on the other 
hand generally have good insulation 
and moisture resistance, which render 
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them particularly valuable in the 
assembly of telephone equipment. 

There are two methods of using 
adhesives to make a joint. The one 
most commonly employed is to dis- 
perse the adhesive in a suitable sol- 
vent and apply it to one or both 
surfaces, which are then pressed to- 
gether while the adhesive is still wet. 
The joint is then allowed to dry in the 
air at room temperature, although 
mild heat may be applied if desired 
to accelerate the drying process. The 
other method is a process in which 
sufficient heat is used to melt a dry 
thermoplastic adhesive previously 
placed between the surfaces to be 
joined. Various processes are possible 
which differ mainly in theway the ther- 
moplastic adhesive is carried to the 
surfaces. For this purpose powdered 
resins, adhesive tissues, stick adhe- 
sives, or thermosoftening resin so- 
lutions are used. The thermoplastic 
method has the advantage that parts 
to be joined may be coated with ad- 
hesive in advance and assembled at 
a subsequent time. It is also possible 
to make joints quickly and easily with 
excellent uniformity of strength. A 
limitation of the thermoplastic meth- 
od is that the parts joined must not 
be exposed in service to temperatures 
high enough to resoften the joint. 

The mechanism of adhesion de- 
pends upon the nature of the sur- 
faces joined. It involves two prin- 
ciples of which the most common is 

represented by joints of porous ma- 
terials such as wood, paper, or fab- 
rics. The adhesive penetrates 
these surfaces and, on hardening, 
anchors itself to their irregularities. 
This is called "mechanical adhesion." 
The other mechanism is represented 
by joints of impervious and smooth 
materials such as glass or metal. This 
may be termed "molecular adhesion" 
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and is only partly understood. Ac- 

tually the two types of adhesive 
action operate in all joints with one 
or the other exerting the predomi- 
nating influence. Pure cases illustrat- 
ing either one of these mechanisms of 

Adhesive strength is determined by measur- 

ing the force which is required to pull apart 
the adhesive joint of a test specimen 
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adhesion probably do not exist. 
Molecular adhesion is a very in- 

teresting phenomenon. A suitably 
chosen adhesive will adhere to a 
highly polished surface without any 
visible means of support. The ac- 
cepted explanation is that a preferred 
orientation takes place among the ad- 
hesive molecules due to surface forces 
which are probably of an electro- 
static nature. This orientation of the 
molecules of an adhesive at a joint 
interface is essential in producing 
molecular adhesion, but it is also im- 
portant that every adhesive material 
have powerful cohesional forces oper- 
ating inside the substance, otherwise 
the adhesive will rupture within it- 
self, and the joint thereby fail. For 
this reason it is generally advisable 
to use adhesives in as thin a layer as 
is practical in order to minimize the 
setting up of internal strains in the 
adhesive layer when it solidifies. In 
selecting base materials for use in 
adhesive compounds the more brittle 
substances are usually avoided. Some- 
times plasticizing agents are incor- 
porated to increase the flexibility of 
the adhesive. 

Resinous substances are extremely 
complex in their structure and their 
adhesion is therefore difficult to study 
in a fundamental way. However, some 
insight into molecular adhesion has 
been gained by using pure simple or- 
ganic compounds as adhesives. These 
are melted between flat surfaces of 
various materials and allowed to 
solidify by cooling, after which the 
adhesion is measured by determining 
the load required to rupture the joints 
in tension. Although the relationship 
between adhesion and chemical struc- 
ture is not completely understood, 
no adhesives which adhere strongly 
to metals have been found among the 
non -polar (chemically symmetrical) 
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substances, whereas strong joints have 
been obtained with several polar 
(chemically unsymmetrical) corn - 
pounds. For example, the joint 
strength of naphthalene which is non - 
polar, is only 25 pounds per square 
inch on copper, whereas that of alpha 
naphthol and alpha naphthoic acid, 
two polar derivatives of naphthalene, 
are above 30o pounds. The relative im- 
portance of polar groups has not yet 
been determined but in many cases it 
has been shown that the presence 
of hydroxyl ( -OH) and carboxyl 
( -COOH) groups is a great aid in ob- 
taining strong joints, particularly with 
the cyclic organic compounds. These 
results are in accord with the orien- 
tation theory of adhesion. Polar com- 
pounds because of their unsymmetri- 
cal structure would have the possibil- 
ity of orienting themselves preferen- 
tially while the symmetrical non - 
polar compounds would be limited 
in this regard. 

An idea is often advanced that ad- 
hesives adhere to metal surfaces by 
first visibly etching them in order to 
secure a mechanical bond. This idea 
was investigated by comparing the ad- 
hesion obtained on gold with that ob- 
tained on the more chemically active 
surfaces of copper, steel, and alum- 
inum. The joint strengths were of the 
same order in each case, which indi- 
cates that on these metals at least 
there is no necessity for an adhesive 
to etch the surface in order to obtain 
a good hold. 

Further knowledge of the physi- 
cal and chemical properties of ad- 
hesives and an understanding of the 
mechanics of adhesion are needed be- 
cause of the importance of these ma- 
terials and the wide variations in 
their characteristics. No adhesive 
has as yet been compounded which 
is suitable in all types of joints. 
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A New Power Amplifier of High Efficiency 
By W. H. DOHERTY 

Radio Development 

THOSE who are accustomed 
to operating vacuum tubes at 
the low power levels employed 

in wire transmission or in radio re- 
ceiving systems are frequentlystartled 
to learn of the extremes to which one 
must resort in the operation of power 
amplifier tubes in radio transmitters. 
The transmitting tube, far from being 
operated over a small and linear part 
of its characteristic, is subjected to 
large alternating grid voltages which 
cause the plate current to be zero over 
approximately one -half of the radio - 
frequency cycle, and frequently to 
reach the saturation value deter- 
mined by filament emission on the 
other half -cycle, with accompanying 
large grid currents. This extreme 
mode of operation makes possible 
much larger power outputs than 
could be obtained if operation were 
confined to the linear part of the tube 
characteristic. 

Figure i shows the circuit of a 
simple form of the conventional radio - 
frequency power amplifier, in which 
two tubes are connected in parallel 
and coupled to the transmitting an- 
tenna. The coupling circuit is so tuned 
as to be equivalent to a pure resistance 
load of the desired value over the rel- 
atively narrow transmission band 
occupied by the carrier and the side - 
frequencies due to modulation, while 
for frequencies much lower or much 
higher than the carrier, the impedance 
of the circuit is very low. Hence, al- 
though the radio -frequency plate cur- 
rent wave contains large harmonic 
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components due to the extremely 
non -linear operation of the tubes, only 
the fundamental component encoun- 
ters any appreciable impedance, so 
that the plate voltage wave is very 
nearly sinusoidal. The power delivered 
by the tubes to the circuit is there- 
fore almost entirely at the fundamen- 
tal frequency. High -quality ampli- 
fication of a modulated wave then 
requires merely that the fundamen- 
tal component of the plate current 
be proportional to the radio -fre- 
quency grid voltage. It turns out 
that if the tubes are biased nearly to 
the cut -off point, so that plate cur- 
rent flows only during the positive 
half -cycle of the alternating grid 

+e 

Fig-. 1-Radio-frequency power amplifiers 
are coupled to the load by tuned circuits 
which present a very low impedance to the 
tubes at harmonics of the carrier frequency 

voltage, a close approximation to 
this requirement of proportionality 
is readily obtained. 

Under these conditions, which are 
represented in Figure 2, most of the 
plate current flows while the plate 
potential is near its minimum value, 
and if this minimum value is suffi- 
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ciently low -i. e., if the amplitude of 
the plate voltage wave is sufficiently 
great -the power lost in the tubes, 
which is proportional to the product 
of instantaneous plate voltage and 
current, will be small, and the effi- 
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Fig. 2 -Most of the plate current of a 
power amplifier flows while the plate poten- 
tial is in the vicinity of its minimum value, 
so that the tube loss can be made small by 
a plate voltage swing of large amplitude 

ciency correspondingly high. The effi- 
ciency is, in fact, very closely propor- 
tional to the amplitude of the plate 
voltage swing. By permitting the plate 
voltage to swing down to a value as 
low as 10 or 15 per cent of the ap- 
plied d -c plate potential, large power 
outputs may be obtained at an 
efficiency of 6o to 70 per cent; but 
unfortunately such large amplitudes 
correspond only to the peaks of modu- 
lation, and since these peaks at 100 
per cent modulation have amplitudes 
of twice the carrier amplitude, the 
plate voltage swing for unmodulated 
carrier must not be more than half 
of its peak value. 

The efficiency of the conventional 
power amplifier, then, is but 30 to 35 
per cent when the carrier is unmod- 
ulated, and only slightly more for the 
average percentage modulation of 
the usual broadcast program. An 
efficiency of 33 per cent means that 
the d -c power supplied to the plate 

circuit of the amplifier must be about 
three times the carrier output, and 
two -thirds of this input power has to 
be dissipated at the anodes. 

With power levels of 5o kilowatts 
and higher becoming almost common- 
place in radio broadcasting, it has be- 
come very important to find means 
for increasing efficiency to reduce the 
cost of power. Since early in 1934 a 
succession of tests have been con- 
ducted at the Whippany Laboratory 
on a new power amplifier circuit in 
which the usual practice of dividing 
the load equally between the tubes 
at all times was discarded. The idea 
was conceived that by obtaining the 
power from a reduced number of tubes 
up to a certain point -in particular 
the carrier output -these tubes could 
be operated at this point at their max- 
imum plate voltage swing, and con- 
sequently at high efficiency; then if 
the remaining tubes were brought in- 
to action in a certain manner they 
would not only contribute to the out- 

1i 
VI - -I3 V2 

Fig. 3 -In the high -efficiency circuit, an 
impedance -inverting network, N, is inserted 

between one of the tubes and the load 

put, but would so change the oper- 
ating conditions for the original tubes 
as to permit the latter also to increase 
their output power without having to 
increase their output voltage. 

Figure 3 shows schematically the 
method of connecting the tubes to 
the load in the new high -efficiency 
circuit. V1 and V2 are two tubes that 
in the conventional amplifier might 
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have been connected in parallel with 
a circuit whose impedance, for the 
fundamental frequency, may be rep- 
resented by the resistance R. In the 
new circuit a network N is interposed 
between R and Vi, the tube which is 

to deliver the carrier power. This 
network is the equivalent of a quarter - 
wave transmission line, and like such 
a line has the interesting property 
that its impedance as measured at one 
end is inversely proportional to the 
impedance connected at the other end. 

For all values of grid excitation 
from zero up to the carrier level, V2 
is prevented by a high grid bias from 
having any plate current, and the 
power is obtained entirely from Vi. 
The network N is so designed as to 
present to VI an impedance so high 
as to require this tube to operate at 
nearly its maximum possible radio - 
frequency plate voltage swing in or- 
der to deliver the carrier power. The 
efficiency of the amplifier at the 
carrier output is accordingly high, 
and may be from 6o to 70 per cent. 

If we were to plot the current in 

i.e 

0 
GRID EXCITATION 

leo 

Fig. 4 -If the second tube were not per- 
mitted to come into action at the carrier exci- 
tation eo, the load current could not in- 
crease, and so would follow the path OAB 
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the load impedance R against the 
radio -frequency voltage applied to 
the grids of the tubes, as in Figure 4, 
the curve would be essentially linear 
up to the carrier point A and then, if 
V2 were not allowed to come into ac- 
tion, would flatten off along a path 
AB because the plate voltage swing on 
Vi had attained its maximum value. 

By permitting V2 to begin coming 
into play at point A we obtain a two- 
fold action: V2 not only contributes 
power to the load, but in coming into 
play in parallel with R it effectively 

e0 

GRID EXCITATION 

2e0 

e0 
GRID EXCITATION 

2e0 

Fig. 5- (above) -The current I2, fur- 
nished to the load by tube V2, supplements 
I3 to make the total load current linear with 

respect to the grid input voltage. (Below) - 
zis the grid excitation is modulated about its 
carrier value eo, the plate potential of tube 
Vi does not respond to the positive half - 
cycles of modulation, since it has reached 
its maximum value at the carrier output 
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increases the impedance in which the 
network N is terminated. This in- 
crease in terminating impedance, by 
virtue of the inverse characteristic 
of this type of network, results in a 
decrease in the impedance presented 
to VI, so that the radio -frequency 
plate current, and hence the power 
output, of VI may increase without 
any increase in its alternating plate 
voltage, which was already a max- 
imum at point A. As the grid excita- 
tion on the tubes increases beyond 
its carrier value e0, V2 contributes 
more and more power to the circuit 
and thereby permits Vi also to supply 
more power, until, at point C, which 
corresponds to the instantaneous peak 
of a completely modulated wave, 
half of the power in R is being con- 
tributed by V2. The network N is at 
that instant effectively terminated in 
2R ohms instead of the original R 
ohms, and the impedance presented 
to Vi is half of its original value, 

TUBE V2 

ZERO 50 PER CENT 
MODULATION MODULATION 

(b) 
TUBE VI 

permitting Vi to deliver twice its orig- 
inal output power with no increase 
in its output voltage. The total power 
in the load, then, at the peak of modu- 
lation is the required value of four 
times the carrier power, correspond- 
ing to an increase in load current to 
twice its carrier value. 

It is a characteristic of networks 
having the impedance- inverting prop- 
erty of network N that a definite 
current at either pair of terminals is 
associated with a definite voltage at 
the other pair of terminals, entirely 
without regard to the terminating 
impedances. From this rather re- 
markable property we may deduce 
that if the output voltage El of tube 
Vi is linear with respect to the grid 
excitation up to the carrier excitation 
e0 of Figure 4, and then remains con- 
stant up to the peak excitation 2e0, 
then the current I3 fed into the load 
from network N behaves similarly, 
as shown in Figure 5(a); whence, 

100 PER CENT 
MODULATION 

1 

Fig. 6- Cathode ray oscillograms of the plate potentials of the tubes 
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in order to have the total load current 
I4 linear with respect to grid excita- 
tion, the current I2 fed into the load 
from tube V2, which is zero at the 
carrier point, must rise linearly be- 
yond this point and be equal to I3 at 
the peak of modulation. 

From this same property of net- 
work N we also deduce that if the 
voltage E2, across the load and the 

jX jX 

-ix 

o 1 o 

Fig. 7 -A section of simple low-pass filter 
at 0.7 times the cut -off frequency consists of 
three equal reactances, and has a 9o- degree 
phase shift together with the desired im- 

pedance- inverting characteristic 

second tube, is linear with respect to 
grid excitation, then the current I1 

fed into network N by tube Vi must 
also be linear. Figures 5(a) and 5 (b) 
therefore give the complete picture 
of the conditions existing at the 
plates of the two tubes for all values 
of radio -frequency grid input volt- 
age to the amplifier, and the be- 
havior of each tube during the modu- 
lation cycle may be studied by con- 
sidering the grid excitation to vary 
at audio frequency about its average 
value eo, to the extent corresponding 
to the percentage modulation. 

When samples of the radio -fre- 
quency plate potentials on the two 
tubes during modulation are viewed 
on the screen of a cathode ray oscillo- 
scope, the patterns are of the shape 
shown in Figure 6. Patterns (a) rep- 
resent the envelope of the plate po- 
tential of V2, which, being directly 
associated with the load, is required 
to be sinusoidal when the modulating 
signal is a pure tone. Patterns (b) 
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show the envelope of the plate po- 
tential of VI, which, though sinu- 
soidal over the negative half of the 
modulating cycle, is twice as high 
as that of V2 over this range, and 
being unable to increase appreciably 
beyond its carrier value, remains flat 
during the upper half of the cycle 
of modulation. 

The network N employed to ob- 
tain the impedance inversion may 
be one of a number of networks of 
which an example is given in Figure 
7. They always have a 9o- degree 
phase shift, which means that the 
plate potentials on the two tubes are 
always in quadrature.This requires the 
insertion, in the grid circuit of one or 
the other of the tubes, of another 9o- 
degree network in order that both 
tubes may be excited from the same 
source. The complete amplifier then 
assumes one of the forms indicated 
in Figure 8. 

The numerous tests conducted on 
the high -efficiency amplifier at var- 

Fig. 8 -With a 9o- degree phase shift in the 
plate circuit of one tube, a compensating 
phase shift must be inserted in the grid cir- 
cuit of one of the tubes so that both tubes 

may be excited from the same source 
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ious power levels have been uni- 
formly successful, and the new cir- 
cuit is being incorporated in the new 
high -power broadcasting equipment 
of the Western Electric Company. 
The overall efficiency obtained in the 
tubes and output circuits is 6o per 
cent for unmodulated carrier and a 
few per cent higher with complete 
modulation. This represents a re- 
duction in the plate power consump- 
tion of the final stage of a radio trans- 
mitter by nearly a factor of two, as 
compared with the power required 
by an amplifier of the conventional 
type. A 50- kilowatt amplifier, for 
example, with 33 per cent efficiency 
would require a d -c plate input of i 5o 
kilowatts, of which ioo kilowatts 
would be dissipated at the anodes of 
the water -cooled tubes. With the new 
circuit the power input for unmodu- 
lated carrier is 83 kilowatts, and the 
dissipation accordingly only 33 kilo- 

watts, permitting a considerable sav- 
ing in the water cooling system as 
well as in power requirements. These 
items are of great importance in 
modern broadcasting where the cost 
of apparatus and power constitutes 
a large part of the operating expense. 

By the application to radio trans- 
mission of another Laboratories de- 
velopment, the feedback principle* 
of H. S. Black, to reduce the effects 
of non -linearity in the amplifier char- 
acteristics, the new high -efficiency 
equipment has been made to perform 
with a quality of transmission which 
satisfies the most rigorous require- 
ments of high- fidelity broadcasting. 

Finally, the new circuit, being 
purely an amplifying scheme, can be 
applied to special types of trans- 
mission, such as the single -sideband 
transmission employed in the trans- 
oceanic service of the Bell System. 
*RECORD, 7une, 1934, p.290. 

Vail Medal Awards for 1935 
For the second time since the estab- 

lishment, in 192o, of the Theodore N. 
Vail Memorial Fund, special recognition 
was given to the entire personnel in an 
area of a telephone company by the 
National Committee of Award. A special 
plaque has been awarded to the em- 
ployees of the Mountain States Telephone 
and Telegraph Company at Helena, 
Montana, "for outstanding performance, 
when, during the month of October, 1935, 
a succession of earthquakes of varying 
intensity and extending over a period of 
about three weeks caused damage to 
telephone plant and other property and 
placed an especially heavy demand upon 
the entire telephone organization. Through 
the courageous action and splendid co- 
operation of employees of all depart- 
ments, telephone service was maintained, 
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crippled plant was restored to service and 
telephone service was available con- 
tinuously to rescue and relief agencies, 
greatly accelerating their activities." 

In the report of the Committee for 1935 
announcement was also made of the 
award of two silver medals, each accom- 
panied by $250, to the following: 

To Ruby C. Bahr, a Telephone Oper- 
ator of the Community Telephone Com- 
pany, Fairfield, Wisconsin, "for alertness, 
initiative and prompt and intelligent 
action which led to the apprehension of a 
dangerous criminal." 

To Mamie Inez Pitts, a Telephone 
Operator of the Southern Bell Telephone 
and Telegraph Company, Pontotoc, Mis- 
sissippi, "for courage, resourcefulness and 
loyalty to public service, despite grave 
personal danger, during a tornado." 
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X -Ray Diagnosis for Telephone Apparatus 
By LESTER E. ABBOTT 

Telephone Apparatus Development 

-RAY technique has been found 
extremely helpful in a number 
of engineering fields. One of 

the most obvious advantages is that 
destruction of the object examined 
is not required to discover its internal 
condition. This has made x -ray exam- 
ination a valuable engineering tool 
for detecting hidden flaws and de- 
fects in metallic objects.* Another 
useful field for x -rays, particularly 
in telephone work, is for the exam- 
ination of assembled apparatus sus- 
pected of containing defective wiring 
or misaligned parts. Such apparatus 
is often housed in a sheet steel case of 
appreciable thickness, and may con- 
sist of condensers, inductances, re- 
sistances or a combination of these 
depending upon the particular type 
of telephone apparatus considered. 
To complicate the problem further, 
these assemblies are frequently sealed 
in position by completely filling the 
space around the parts with a potting 
compound. Thus the x -ray procedure 
must result in recognizable differences 
on a photographic film between as- 
sembled parts which may be com- 
posed of combinations of metals and 
non -metallic materials, all of dif- 
ferent dimensions, and completely 
embedded in a potting compound. 

This objective is attained by taking 
advantage of the differences in ab- 
sorbing power for x -rays of the several 
parts of the apparatus photographed. 
The image produced on the x -ray 
film is therefore a shadow picture, 
*RECORD, November, 1933, page 72. 
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the gradations in the shading of 
which depend upon the variations 
in the x -ray absorption of the dif- 
ferent materials and the thickness 
of the parts. It is possible to draw an 
analogy between the taking of a 
photograph and the making of an x- 

FOCAL SPOT 
OF 

X-RAY TUBE, 

OBJECT. 

FILM II 

1 ii 
, 

, 
f 

Ik-a-I 
b 
A B C 

Fig. i -The sharpness of an x -ray photo- 
graph improves as the distance of the x -ray 
tube from the object increases and the size of 
Me focal spot of the tube decreases; also as 
the distance from the object to the photo- 

graphic film decreases 
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Fig. 2 -The filament and grid as- 
sembly of a completed vacuum tube 

can be inspected with x -rays 

ray picture, but there is a funda- 
mental difference because no method 
of focusing x -rays is known, so that 
sharp definition can be obtained with 
them only if their source approxi- 
mates a point. 

Since the focal spot of an x -ray 
tube is usually an oval of definite 
size with the long dimension not ex- 
ceeding one -quarter of an inch, the 
only means of controlling the sharp- 
ness or definition of an x -ray negative 
is by increasing the distance which 
separates the tube from the object 
under examination. This results in 
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Fig. 3 -X -ray photographs through the 
metal jacket of transmitter tubes disclose 

the parts within 

the focal spot acting more nearly as 
a point source. The projected image 
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of an assembled object is more nearly 
correct in dimensions when a long x- 
ray source -to -film distance is used, 
as may be seen by comparing a and 
b, in Figure 1, A. In B of Figure i is 
shown the spreading of the projected 
image due to the use of an x -ray tube 
having a large focal spot. The position 
of the objects in the apparatus under 
examination in relation to the posi- 
tion of the x -ray film also affects the 
definition of the x -ray negative. The 
sharpness of the image decreases as 
the distance of the film from the ob- 
ject increases because of x -ray scat- 
tering. This is suggested in Figure 1, 

by comparing A, case a, with C. In 
practice a source -to -film distance of 
from twenty -four to thirty -six inches 
is generally used to obtain satisfac- 
torily sharp images. Additional sharp- 
ness might be had -especially if the 
assembly under examination has con- 
siderable depth -by using even great- 
er source -to -film distances, but the ex- 
posure time required would be greatly 
increased, since the inverse -square 
law applies to x -ray radiation, and an 

' exposure at forty -eight inches takes 
four times that required for a twenty - 
four -inch source -to -film distance. 

The x -ray method of non- destruc- 
tive examination has been applied 
successfully to a number of telephone 
problems of widely different types. 
In vacuum tube development work, 
for example, it is desirable to check 
the filament and grid assembly before 
test, and to check any changes which 
occur during test or after failure. 
Since the filament and grid assembly 
is usually completely blocked from 
visual examination by the plate, x -ray 
examination is employed to obtain the 
desired information. A small tube of 
the glass -enclosed type, in which the 
position of the various elements may 
be clearly seen, is shown in Figure 2. 

Tune 1936 

Fig. 4 -1n apparatus assembly embedded 
in pitch can be inspected with x -rays 

Larger types of tubes, transmitters 
for instance, have the grid and fila- 
ments completely encased in a metal 
jacket which acts as the plate. Such 
tubes are inspected easily by x -rays, 
and a uniform technique for exam- 
ination makes it possible to check 
fairly small changes in the position of 
the elements by comparison of radio- 
graphs taken several months apart. 
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Fig. 5 -The cause of apparatus failure can often 
x -ray photograph 

Usually in these inspections two 
radiographs are taken at right angles 
to each other so that the information 
obtained may be complete. Figure 3 is 
a typical radiograph of this type. 

When an assembly consists of con- 
densers, coils and resistances, em- 
bedded in a potting compound, there 
is always a possibility of misalign- 
ment of the parts, or of short circuits 
caused by the resistances or lead 
wires being sealed against the sides 
of the container. In Figure 4 is shown 
one of two views of an assembly of 
this type, which was x -rayed to deter- 
mine the position of the small resis- 
tances. It should be noted that the 
detail obtained is such that even the 
voids present in the potting com- 
pound are visible. 

When apparatus is received for test 
in connection with an engineering 
complaint, x -ray examination may 
often furnish definite proof of the 
cause of failure, and in addition pro - 
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be determined quickly from an 

vide a permanent record of the faulty 
condition on the x -ray negative, prints 
of which may be included in the en- 
gineer's report. Figure 5 shows views 
of two condenser units which were x- 
rayed in connection with an engi- 
neering complaint investigation. The 
condenser on the left has a broken 
wire, and the other was considerably 
misaligned when assembled, which 
greatly increased the possibility of 
trouble developing in service. 

To sum up the advantages of the x- 
ray method of examining assembled 
apparatus -it is a non -destructive 
test; it may be repeated at regular in- 
tervals on apparatus under life or ser- 
vice test and thus reveal any internal 
changes of a physical nature which 
occur; it is an excellent means for 
checking the alignment of parts in a 
complicated assembly; and it fur- 
nishes a permanent record of the con- 
dition of the apparatus examined, 
at a known date. 
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An Acoustic Resistance Meter 
By T. J. POPE 

Transmission Instruments Development 

URING the early youth of 
electrical science, the behavior 
of electricity in a circuit was 

likened to the flow of water through 
a system of piping, and in fact such 
analogies are still used in pre -college 
instruction. Not only was the analogy 
drawn, but many of the terms now 
used to describe electric circuit phe- 
nomena such as "flow," "current," 
"pressure," and "resistance" are taken 
directly from fluid dynamics. With 
the extensive study of acoustics in 

more recent years, the borrowing of 
terms has taken a reverse direction, 
and many of the more complex con- 
ceptions of electric circuit theory such 
as impedance, resonance, and capaci- 
tance have been taken over by the 
science of acoustics, which is one 
branch of fluid dynamics. In many 
ways the analogy between acoustic 
and electric systems is very close, as is 

brought out in one respect by the 
acoustic resistance meter employed 
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for many purposes in studies of sound. 
A common way of determining the 

value of an electrical resistance is to 
measure the voltage drop across it 
while it is carrying a known current. 
From Ohm's Law the resistance is 

then equal to the quotient of the volt- 
age by the current. The circuit would 
be as in A of Figure i. A rheostat 
permits the current to be set at some 
convenient value, which is read on 

an ammeter, and the drop across the 
resistance is read on a voltmeter. In 
the fluid analog, shown at B, a pump 
replaces the battery, and a valve, the 
rheostat; and suitable flow and pres- 
sure meters give the current flowing 
and the pressure drop across the re- 

sistance, indicated by an enlarged sec- 

tion of pipe filled with obstructing 
material, such as steel wool. If the 
current flow is measured in cubic 
centimeters per second and the pres- 
sure drop in dynes per square centi- 
meter, the resistance will then he in 
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what is usually called acoustic ohms. 
The ammeter in IA consists of a 

small known resistance with a volt- 
meter connected across it with its 
scale marked in the values of voltage 
divided by the fixed resistance, or 
current flowing, since V ÷R =1. A 
more complete representation of the 
circuit would thus be that shown in 
2A, which is similar to IA, but with the 
ammeter replaced by a known re- 
sistance shunted by a voltmeter. The 
corresponding fluid circuit is shown in 
28, where a manometer and a resist- 
ance replace the flow meter of IB. 
The arrangement of 2B, when air is 
the fluid, is an acoustic resistance 
meter to measure the acoustic or me- 
chanical resistance of the piece of 
apparatus inserted at x. But why call 
this acoustic resistance? The term 
acoustic applies to sound, while no 
sound is involved in this apparatus at 

A 

FLOW 
VALVE METER 

PRESSURE 
GAUGE 

RESISTANCE 
X 

B 

Fig. i -ll -a simple arrangement for 
measuring electrical resistance; B -an 
equivalent method for measuring the resist- 

ance to fluid flow 

all, at least none that is desired or 
measured. A flow of air, and an air 
resistance are what is measured. The 
reason for and justification of the term, 
however, is not hard to find. 

Sound is caused by air in vibration, 
and its electrical analog is an alter- 
nating current. It is found that the 

344 

opposition to the flow of an alternat- 
ing current, which is called imped- 
ance, is not constant, but varies with 
frequency. An impedance has two 
components: a reactance, which may 
be either positive or negative and 

r' 
(..e7= PUMP 

VALVE 

=&-=1-4¡,..1 

A 

X 
ri^P? 

B 

Fig. 2 -The ammeter of Figure 1 consists of 
a fixed resistance and a voltmeter, as indi- 
cated at !l. In the fluid circuit, B, this cor- 
responds to a fixed resistance and a man- 

ometer 

which varies in value with the fre- 
quency; and a resistance, which for 
any single element is approximately 
independent of frequency. At zero fre- 
quency (direct current) the imped- 
ance is equal to the resistance because 
the reactance component becomes 
zero. 

In the acoustic analog there is a 
closely similar set of factors: an 
acoustic reactance, which becomes 
zero at zero frequency, and an acous- 
tic resistance which does not. An 
acoustic impedance at zero frequency 
is the acoustic resistance, but it is here 
that the apparent paradox enters, be- 
cause sound at zero frequency is no 
longer sound, but a steady flow of air. 
Thus an arrangement like that of 
Figure 2B, which measures resistance 
to a steady flow of air, really measures 
an acoustic resistance. 

The design of transmitters, re- 
ceivers, handsets, and all acoustic ap- 
paratus requires that the acoustic re- 
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actances and resistances of all parts be 
known. While apparatus for measur- 
ing acoustic impedance is available, it 
is more elaborate than the acoustic 
resistance meter, and more time is 

consumed in making a measurement. 
For many purposes, moreover, a 
measurement of resistance alone is 

sufficient. Often it is desired to com- 
pare the acoustic impedances of pieces 
of apparatus which have the same 
general form of impedance curve. In 
such cases a measurement of resist- 
ance alone, which establishes the 
point at which the curve crosses the 
axis of zero frequency, is sufficient to 
indicate the relative values of the im- 
pedances. Also, it is sometimes pos- 
sible to calculate the values of re- 
actance, so that a measurement of re- 
sistance alone is sufficient to permit 
the impedance to be determined. A 

simple acoustic resistance meter is 

thus very useful, and several of them 
are in use in the Laboratories. 

One form is shown in use in the 
photograph at the head of this article. 
Its general arrangement is illustrated 
in more detail in Figure 3. A com- 
pressed air supply is admitted through 
a valve at the extreme left and passes 
through two resistances with a by- 

pass valve between them. This ar- 
rangement permits a fine control of 
air pressure at the input to the meter 
proper. The capillary tube has a very 
small bore and serves as the fixed re- 
sistance for measuring flow. A manom- 
eter, bridged across it, measures the 
pressure drop, which- divided by the 
resistance of the tube -gives the ac- 
tual flow in centimeters per second. 
The air then passes through the re- 
sistance under test. A second man- 
ometer measures the pressure at this 
resistance. The scale of this manom- 
eter is marked along an inclined por- 
tion of the tube to permit accurate 
measurement of very small pressures. 
A rubber tube connection allows the 
adjusting reservoir to be raised or 
lowered so as to bring the level of 
the liquid in the inclined tube to 
the zero point of the scale. 

With the instrument shown, and a 

flow of 5.1 cc per second, one centi- 
meter on scale F will correspond to io 
ohms resistance. To make a measure- 
ment it is necessary only to raise or 
lower the reservoir to adjust the zero 
position of scale F, and then to adjust 
the flow by the valves until the proper 
reading on scale A is obtained to indi- 
cate 5.1 cc per second. The resistance 

AIR 
SUPPLY 

POROUS 
PACKING 

CAPILLARY 
TUBE 

SCALE A 

LEVEL - 
ADJUSTING 
RESERVOIR 

RESISTANCE 
UNDER TEST 

flaumn SCALE F 

Fig. 3 -One form of acoustic resistance meter used in the Laboratories 
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may then be read directly on scale F. 
The instrument is adapted to measur- 
ing the acoustic resistance of almost 
any type of element from a piece of 
fabric, as in Figure 3, to a complicated 
piece of apparatus. An application to 
the measurement of microphone parts 

has already been mentioned in thr 
RECORD.* The arrangement showr 
in the photograph at the head of thi; 
article employs two fixed resistance: 
(capillary tubes), either of whicf 
may be connected into the circuit, 

*RECORD, May, 1932, p. 320. 

Dr. H. B. Williams, Dalton Professor of Physiology and Executive officer of the Depart- 
ment of Physiology of the College of Physicians and Surgeons of Columbia University, 
and Dr. B. G. King, Instructor in Physiology at Columbia University, who coöperated 
with L. P. Ferris and P. W. Spence of Bell Telephone Laboratories in the investigation 

of the effect of electric shock on the heart reported in this issue of the Record. 
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Contributors to this Issue 

E. L. OwENs graduated from Virginia 
Polytechnic Institute in 1924 with the 
B.S. degree in Electrical Engineering. 
He then entered the Engineering Depart- 
ment of the Western Union Telegraph 
Company and remained with them for 
some five years. In 1929 he became a mem- 
ber of the Technical Staff of the Labora- 
tories. Here, with the Radio Develop- 
ment Department, he has been engaged 
in the development of speech input equip- 
ment for radio broadcasting transmitters. 

L. P. FERRIS received the B.A. degree 
from the University of Colorado in 1908 

and the B.S. degree in electrical engi- 
neering from M.I.T. in 1911. Immediately 
thereafter he joined the Engineering 
Department of the A. T. and T. Company, 
his first assignment being the capacity 
unbalance testing of the first cable laid 
between Philadelphia and Washington. 
After about two years in transmission 
engineering he was sent to California 
where he was engaged for five years in 

a joint investigation with power engi- 
neers of inductive interference with com- 
munication circuits by power circuits. In 
1919, when the Department of Develop- 

E. L. Owens 
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ment and Research was formed, his work 
in that department included carrier and 
telegraph transmission problems. In 1920 
his work was transferred to inductive in- 
terference, crosstalk and measuring de- 
vices. Later when his organization was 
transferred to the Laboratories he became 
Inductive Coördination Engineer. Ques- 
tions as to the effect of foreign voltages on 
telephone circuits arose many times in 
connection with Mr. Ferris' work and led 
to the joint study of electric shock with 
Dr. H. B. Williams and Dr. B. G. King, 
of Columbia Medical School, and P. W. 
Spence, of the Laboratories, which is 

summarized in this issue of the RECORD. 

P. W. SPENCE joined the Engineering 
Department of the American Telephone 
and Telegraph Company in 1914 and 
worked for a year on safety codes. He then 
severed his connection with the company 
temporarily to study at Columbia Uni- 
versity where he received the B.S. degree 
in 1918 and that of E.E. in 1921. In the 
latter year he returned to the American 
Telephone and Telegraph Company and 
engaged in studies of inductive inter- 
ference in the Long Lines Department. 

L. P. Ferris P. W. Spence 
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L. E. Abbott 

From 1922 to 1927 he was 
with the Operations Depart 
ment, working on problems 
in broadcasting develop- 
ment, new services and 
patent licensing. Since 1927 
he has been largely occupied 
with the studies on the ef- 
fects of electric shock which 
are reported in this number 
of the RECORD. 

L. E. ABBOTT was grad- 
uated from the Brooklyn 
Polytechnic Institute with 
the degree of M.E. in 1928, 
and obtained his M.S. de- 
gree from the same insti- 
tution in 1931. As a mem- 
ber of the Materials group he worked on 
various problems connected with the 
physical properties of metals until 1930, 
when be began his present work. This is 
concerned with the use of welding in tele- 
phone apparatus fabrication, and the ap- 
plication of X -ray technique to telephone 
problems. 

J. B. DECOSTE entered the Commercial 
Department of the Laboratories in 1928. 
In the same year he was transferred to 
the Chemical Research Department where 
he has been engaged in the development 
of organic finishes, synthetic resin plastics 
and resinous adhesives. In 1933 he re- 
ceived a B.S. degree in chemical engi- 

7. B. DeCoste 

T. 7. Pope 
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W. H. Doherty 

neering from Cooper Union. 
W. H. DOHERTY received 

the B.S. degree in electric 
communication engineering 
from Harvard University in 
1927, and the M.S. degree 
in engineering in 1928. He 
spent a few months in 1928 
with the Long Lines De- 
partment in Boston as a 
technical employee and then 
became a research associate 
with the radio section of the 
Bureau of Standards, where 
he engaged in a study of 
radio wave phenomena. In 
June, 1929, he joined the 
Radio Development De- 

partment of the Laboratories where he 
has been engaged ever since in the de- 
velopment of high -power transmitters for 
transoceanic radio -telephony and broad- 
casting. 

T. J. POPE received the B.S. degree 
from the University of Illinois in 1927 and 
at once joined the Technical Staff of the 
Laboratories. Here, with the Research 
Department, he has worked chiefly in 
the field of acoustics, devoting a large 
part of his time to the study of acoustic 
impedance and its measurement. While 
with the Laboratories he has also studied 
at Columbia University, and received his 
M.A. degree in 1934. 
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