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PREFACE

To the best of the author’s knowledge there is no text book at
present available which is directed specifically to the teaching of radio
principles in the laboratory. There are available some brief outlines
of various tests on radio apparatus, but in such books the keen student
will ind no satisfaction. One learns but little of the fundamental
principles of radio in adjusting a radio receiver.

A comprehensive text for the radio laboratory should be laid out
with the idea of emphasizing the principles involved in the perform-
ance of radio apparatus, rather than the specific operation of such. A
factory test man can generally carry out the adjustment of a radio
receiver in routine fashion just as well as or better than the graduate
of the best engineering school; it is of little value to the engineering
student to spend much time in work of this nature. Rather should
his efforts be directed to mastering the relationships of the multitu-
dinous factors which affect the performance of suck a receiver. Some
one has the task, therefore, of dissecting into its simple constituents,
receiving and transmitting apparatus, and laying out, such tests as shall
bring out the characteristics of these component parts. Then, in so
far as the performance of one part affects the operation of another,
other tests must be laid out to show these mutual relationships.

Such is the viewpoint and purpose of the author in writing this
laboratory manual. It is anticipated that the laboratory work will be
carried out in parallel with classroom work which uses some such text
as the author’s ““ Principles of Radio Communication.”
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INTRODUCTION

Reasons for Performing Some of the Tests at Low Frequencies.—
When endeavoring to verify experimentally the laws underlying the
performance of radio apparatus it is advisable to eliminate, in so far
as possible, errors of variable and unascertainable character. The
errors generally increase in importance as the frequency is raised, and

at frequencies of a million or
more, are frequently of such
a character that even the
most skilled radio experimen-
ter finds difficulty in checking
theoretical and experimental
resuits.

As an illustration of this
let us consider the apparently
simple task of measuring the
amount of amplification of an
ordinary broadcast receiver.
The identical receiver, left in
the same place in the labora-
tory, and tested with the
same instruments, shows va-
riations from day to day not
of a few per cent but of
hundreds of per cent! In
Fig. 1 this fact is illustrated;
the amplification of this
special recciver when tested
every day for a month gave

Micro-volts required for standard signal

o IR ) [
200 - S (g [

Variation in sensitivity
| of & modern receiver |

5 6 7 8 9 10 11 12 13 14 16 16
Frequency in hundreds of kilocycles

Fia. 1.

results which increased and decreased irregularly from day to day, as
much as covered by the shaded area. This shows that when adjusted
to receive different frequencies the voltage amplification varied by
different amounts, for the higher frequencies changing as much as
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four times. Later tests seem to show that this difference in perform-
ance was due to moisture condensed on parts of the apparatus. A
correlation was found between amplification, humidity, and tempera-
ture, with a time lag between cause and effect of several days!

Evidently the beginning experimenter cannot be expected to avoid,
or account for, such effects. At the low frequencies used in power
machinery such errors are not likely to occur, and at these frequencies,
it is easy to obtain a close agreement between theory and experiment,
for many of the circuits used in radio apparatus.

Meters for Use in the Radio Laboratory.—As will be evident from
examination of the list of experiments outlined in this text, some of
them are to be carried out at power frequencies, some at various fre-
quencices in the audible range, and many of them at radio frequencies.

For the power frequency experiments the ordinary type of alter-
nating current ammeter or voltmeter is available, notably the iron
vane type such as the Weston Model 155. Besides being cheap and
rugged they are reasonably accurate for frequencies up to a few hun-
dred cycles per second.

In using meters of this class the student is likely to acquire an attitude
of faith in the ability of his meters to stand overloads and rough usage
which will be rudely shaken when he begins to use the more delicate and
sensitive types of meters employed in radio measurements.  For exam-
ple, if 10 amperes is put through a 5-ampere iron vane meter, or 200 volts
impressed on a voltmeter of 100-volt range of this type, no appreciable
harm is done the meter, if the overload is of short duration. The
finger of the meter will be completely off the scale and the student is
at once aware of the overload.

A 100 per cent overload on a hot wire meter, or thermocouple meter,
however, is always disastrous, and the meter is ruined. Furthermore,
many times the response of the meter is so sluggish that the meter is
burned out before the finger has had time to move even to full scale
reading. A change in the setting of the variable condenser in a radio
circuit, of only one of two divisions, may bring about such a large change
in current as to burn out a meter which, before the setting of the con-
denser was changed, was reading only a small percentage of full scale.
In some circuits the mere approach of the observer, to take a meter
reading, may change the resonance condition in the circuit sufficiently
to burn out a thermocouple which, before the observer drew near, was
reading well down on its scale.

The student beginning to work in the radio laboratory cannot
observe too much caution in the usc of meters of the hot wire and
thermocouple types.
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Ordinary Meters Not Suitable for Radio Frequencies.—The ques-
tion might well be asked—why not use the rugged meters of the iron
vane type, or dynamometer type, in making radio measurements? The
answer is that these meters, if they indicate at all at radio frequencies,
will be entirely incorrect in their indications, for one or more of several
reasons

The iron vane type of meter utilizes the repulsive force between
iron vanes, magnetized by a coil through which is flowing the current
to be measured. For a given strength of current the amount of mag-
netic flux set up in the iron vanes decreases as the frequency increases,
and decreases to such an extent that at the higher radio frequencies
the flux set up may not be more than a very small per cent of the flux
set up by the same current at 60-cycle frequency. As the force which
actuates the finger of the meter varies with the square of the flux it is
apparent that the meter reading will be practically zero at radio fre-
quencies, no matter how much current is flowing through it.

This defect in the iron vane meter is due to the non-penetration of
the flux at the high frequency; the error is present whether the meter is
ammeter or a voltmeter.

In the case of an iron vane voltmeter the inductance of the coil
which magnetizes the iron vanes, causes an additional error. A 100-
volt range meter has about 800 ohms resistance and an inductance of
0.1 henry. The current which flows through such a meter (and it is
this current, not the impressed voltage, which actuates the meter) varies
with frequeney, because of the effect of the coil reactance. Assuming
one hundred volts impressed, the current which flows through the meter
at different frequencies is calculated as follows:

| Fraction
Frequency | Resistance | Reactance | Impedance | Current @ h‘-uc
[ reading,
| | per cent
25 800 | 15.7 s00 | 0.1%5 100
60 | S0 | 37.7 800 | 0.125— 100
120 ‘ 800 75.1 803 0.1243 99.5
500 S00 314 858 0.1§65 93.3
5,000 | 800 3,140 [ 3,230 ‘ 0.0309 24.7
100,000 S00 62,800 62,800 0.00159 1.27
1,000,000 S00 | 628,000 628,000 i 0.000159 [ 0.127

In the above calculation it is assumed that the resistance is inde-
pendent of the frequency; such is actually not the fact because of the
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“sgkin effect.” This results in an increase in resistance, which is, how-
ever, negligible in the above calculation.

In the case of an iron vane ammeter there is no error corresponding
to that calculated above for the voltmeter but, owing to the reactance
of the ammeter, the impedance drop in the meter itself (which should
be negligible) is hundreds, and even thousands, of volts at radio fre-
quencies. Of course this means that the ammeter would either break
down because of this excessive voltage strain on its insulation or would
act as a choke coil, and so practically prevent the flow of radio fre-
quency current in the circuit where it was used.

In the case of the dynamometer type meter there is no error due to
the non-penetration of magnetic flux, but the effect of reactance is
present as in the type just discussed. There is an additional effect
in the dynamometer type which assumes importance at the higher
frequencies. The two coils, one rotatable inside the other, are close

together and so act as the two plates of a
o————oaoNFixed  gondenser. At high frequencies much of the
current flowing between the two terminals of
the meter does not flow through the two coils
in series, as it should, but passes from one coil
to the other across this condenser. This
“condenser by-pass” effect also exists to some
extent with the iron vane type of meter, pass-
ing from one layer of the coil to the other
by means of the inter-layer capacity. The idea, as applying to a
dynamometer type of meter, is illustrated in Fig, 2.

The ordinary wattmeter cannot be used in radio ecircuits at all.
Its potential circuit is subject to the errors discussed above for the
voltmeter; its current coil is subject to the same limitations as those
discussed above for the ammeter; and in addition there is an error due
to the fact that the current in the potential circuit is not in phase with
the voltage in the potential circuit, but lags nearly 90 degrees behind
the voltage at high frequencies. This error, caused by the reactance
of the potential circuit of the wattmeter, is quite appreciable, even at
60 cycles, when the power factor of the measured circuit is low. This
error will be discussed in detail in Exp. 1, where it must be taken into
account to get accurate measurements of the resistance of a low power
factor coil.

Amount of Power Used by Ordinary Meters.—The amount of power
used by the meters discussed above depends somewhat upon the cur-
rent and voltage range of the meter in question. In ranges less than
one ampere the iron vane ammeter uses from 0.5 to 1.0 watt of power,

Capacity
between
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at full scale reading; in ranges above one ampere the power is some-
what greater, say from 1.0 to 2.0 watts for meters of a few amperes
range. Voltmeters of the iron vane type have a resistance of about 15
ohms per volt of scale range; thus a 30-volt meter would use about 2
watts of power at full range, and a 150-volt meter would use about 10
watts of power.

Rectifier Type of Alternating Current Voltmeters.—With the
advent of the copper-copper oxide rectifier it became possible to build
low range alternating current voltmeters, having a high resistance,
a result impossible of attainment with any other type of rugged
portable meter. The properties of this
rectifier are examined in detail in Exp. 15,
so they will not be discussed here. Fig. 3
shows how this rectifier is used, in com-
bination with a sensitive c.c. ammeter, to
make an alternating current voltmeter.
Four small rectifying units are connected
in a bridge scheme, poled as shown in Fig. 3. Fia. 3.

By inspection of this figure it will be seen
that, for either polarity of voltage across the terminals, the current
through the continuous current milliammeter A is in the same direction.

Although the scale of this meter is not quite uniform, as in a c.c.
meter, it is much more so than any other type of alternating current
meter. As commercially available, these meters have a resistance of
about 2500 ohms per volt of scale. It is sometimes found advisable to
put a high resistance R, in parallel with the bridge of rectifier units; a
series resistance Ro serves to increase the voltage range of the meter.

In one make of this copper oxide meter available on the market,
it is stated by the manufacturer that the resistance is 2500 ohms per
volt of range, and that the error is 10 per cent at 10,000 cycles.
Actually a very peculiar error exists in the reading of this meter, in
that it reads higher as the frequency is increased. And unfortunately
its resistance, or rather its impedance, decreases rapidly as the frequency
is increased. 'Thus a 5-volt meter shows an impedance of 13,000 ohms
at 100 cycles, about 10,000 ohms at 500 cycles, and 300 ohms at 50,000
cycles.

A voltage of 5.00 volts was impressed at varying frequency, with
the following unexpected result:

o—

\
Frequency..| 100 | 1 ke. | 2 ke. | 5 ke. |10 kc.! 14 ke. | 20 ke. | 40 ke. | 60 ke. | 80 ke.
Reading. .. .|5 00| 5.08 | 5.22 6.13 | 7.80 1 8.77 \ 9.52 ! 10.2 1 10.3 | 10.3

1
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There is a resistance unit of about 10,000 ohms used for Rz (Fig.
3), and apparently the internal capacity of this resistance unit acts as
a partial short circuit to the resistance at higher frequencies, thus
impressing a higher proportion of the impressed voltage on the rectifier
units and so giving a higher reading.

In another meter of this type available on the market, the reading
was lower at the higher frequencies; it is possible, however, so to
design and build these rectifier meters that they read correctly (to
within a few per cent) for frequencies as high as 100 ke.

The resistance of this copper oxide type of meter is different for a
high-scale reading than for a lower one; this cffect becomes more
noticeable the higher the frequency.

Hot Wire Meters.—Various grades of hot wire ammeters are avail-
able, ranging in price from $5 to $100, according to the type of con-
struction used. This type of meter is used quite extensively for high
frequency measurements, but it uses a considerable amount of power,
is very casy to burn out, and is not at all permanent in its calibration.

A thin platinum (or other suitable metal) wire or strip carries
the current to be measured; its ex-
pansion due to the heat generated,
operates through a multiplying scheme
to actuate the pointer. A simple illus-
tration of the arrangement is given in
Fig. 4. In common with all meters of
this type, which give a response vary-
ing with the square of the current, its
seale is very much crowded in the lower
range. A 1.0 ampere meter, for ex-
ample, is not even ecalibrated below
about 0.2 ampere, so that the low
readings are very inaccurate, especially
when the “creeping zero” is taken into account. On most meters
of this class it is necessary continually to readjust the zero setting, as
the meter is used.

There is some variation, between different makes, as to the amount
of power used, but a typical line of commercial meters, costing about
$20 each, has resistance and power loss values as given on page 7.

The low range meters, using the smaller amount of power, are neces-
sarily more delicate in construction than the higher range ones.

One can realize easily that it is impossible to build hot wire meters
of very low current range. The heating falls off with the square of the
current, so that even if very fine wire is used the heat available is
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— =

Range, Resistance, Power for full scale,
amperes | ohms watts
0.1 31.0 0.31
0.25 7.0 0.44
| 0.50 3.5 0.87
' 1.0 1.2 1.2
2.0 0.5 ! 2.0
5.0 | 0.15 3.7

SE————— S —

vanishingly small for low currents. The most sensitive meter of this
type available on the market has a resistance of 7 ohms and requires
.05 ampere to deflect the finger full scale. The scale is very short, and
the frictional errors in the meter are large.

It will be evident that hot wire voltmeters are not very useful in
the average radio experiment, because of the very considerable amount
of power required. Such a meter uses about 0.15 ampere for full scale
deflection, so that a 150-volt range meter requires over 20 watts of power.
This is more power than is generally available, unless the experiment has
to do with a high-powered transmitting set.

Thermocouple Meters.—The radio laboratory uses this type of
meter, both for voltmeter and ammeter, more frequently than any
other.

In the most generally employed form a copper-constantan junction
is heated by a fine wire through which flows the current to be meas-
ured. The couple is straddled over the wire (sometimes welded to it)
so that the couple hot junction is in direct contact with the current-
heated wire.

With temperatures safely used in such meters a single junction
will generate a few millivolts. The couple is connected to a sensitive
continuous current millivoltmeter, this generally having a uniformly
graduated scale.

As the voltage generated by the thermocouple is directly propor-
tional to temperature, and the temperature of the heated wire is pro-
portional to the square of the alternating current flowing in the heater,
the reading of the millivoltmeter is proportional to the square of the
current through the heater wire.

Thus, suppose the seale has 100 divisions, and that full scale reading
in the millivoltmeter is obtained with a current of 10 milliamperes in
the heater. The millivoltmeter will read 25 divisions when 5 milli-
amperes is flowing and 1 division when 1 milliampere is flowing through
the heater.
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In order to make these couples as sensitive as possible (greatest
temperature for a given power), the heater wire must be of the proper
length, it should be smooth and bright, the thermal junction should
be small, and yet of low resistance, and the millivoltmeter used should
be sensitive and have a resistance approximately equal to that of the
couple.

To conserve the heat generated in the heater wire the whole junc-
tion and heater are mounted in a small glass bulb from which the air
has been evacuated.  This removes the possibility of the surrounding
air cooling the heater wire. The heat-
radiating efficiency of the heater wire,
bulb and its supports, should be low so that a

given heat may result in a maximum

temperature. Fig. 5 shows the normal
construction.

The couple is really a small generator,

and the student of electrical machinery

<< Tomillivdmeter L nows that the load circuit should have

Corrennred the same resistance as the armature of

Fia. 5. the generator itself, if maximum power

is to be delivered by the generator to

the load. This is the reason for winding the coil of the millivoltmeter

with such size of wire as gives a resistance equal to that of the thermo-

couple itself.

It is to be pointed out that nothing is to be gained by winding the
millivoltmeter coil with german silver wire, or filling only a part of the
available winding space, in order to equalize the resistances of coil and
couple. All the available winding space must be filled with wire of
the lowest specific resistance possible. The size of wire should then be
selected to give the proper resistance; the smaller size wire of course
permits a greater number of turns in the coil.

The consideration of heat radiation from the wire itself, of heat
loss by conduction to the heavy wire supports of the heater, heat
delivered to the couple itself, and of the desire to get a maximum tem-
perature at the couple, require a heater wire about 1 em. long and of a
few mils diameter, or less, depending upon the current to be passed
through it. Low-resistance heaters are metallic and high-resistance
heaters are of carbon. The resistance and current capacity of the
ordinary vacuum couples are about as given on page 9.

For current ranges greater than those given in this table it is not
worth while to employ a vacuum; the couple in air uses somewhat
more power but is quicker in action than the vacuum couple,
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Normal current. ...| 0.002 amp. | 0.005 | 0.01 0.025 [0 05 | 0.10 | 0.30
Maximum current..| 0.004 amp. [ 0.010 | 0.015 | 0.035 | 0.065 | 0.13 | 0.35
1.5 | 1.0

Heater resistance. . . 750 chms 150 ‘ 30 ‘ 10 5

The couples themselves are the same whatever the heater resist-
ance; these couples have a resistance of about 10 ohms and generate
about 5 millivolts with normal heater current. If a 10-ohm millivolt-
meter, of 2.5 millivolts full range, is then connected to these couples,
the meter will read full scale when normal current is flowing through
the heater.

It is possible to get a portable millivoltmeter of the suspension type,
having 10 ohms resistance, which gives full scale reading with about
0.25 millivolt. Using this meter with the 750-ohm heater couple, full
scale reading will be obtained with about 600 microamperes in the
heater. If the scale of the millivoltmeter has 100 divisions it will
require 60 microamperes in the heater to give one division deflection on
the millivoltmeter.

If a wall type suspension millivoltmeter is used it is possible to get
a just readable deflection with from 10 to 20 microamperes in the heater.
This is the smallest radio frequency current that can be directly
measured.

These thermocouple ammeters are not subject to appreciable fre-
quency errors, within the frequency range used in the average
experiment.

It is evident that the thermocouple millivoltmeter combination
ean be used as a voltmeter. Thus, the first one listed above required
0.002 ampere in a 750-ohm heater to give full scale deflection. But
to force 0.002 ampere through 750 ohms requires 1.5 volts, hence
the combination may be used as a voltmeter, with a 1.5-volt range.
Whether used as ammeter or voltmeter it is to be remembered that
the reading varies as the square of the quantity being measured.

The vacuum couple itself costs about $12, and a suitable millivolt-
meter costs about $50. When an overload occurs the couple-heater
combination burns out and must be replaced by a new one; the milli-
voltmeter is seldom injured, however.

Efficiency of Thermocouple.—Evidently this combination serves to
change energy from that in an alternating current circuit to energy of
a continuous current circuit. It is interesting to calculate the efficiency
of conversion.

Let us calculate the amount of alternating current power used in
typical heaters, and the amount of continuous current power generated
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by the couple. Whatever the heater resistance the couple has 10 ohms
resistance and the millivoltmeter has 10 ohms resistance, and the volt-
age generated by the couple is about 5 millivolts, so that the power

P

generated for full seale meter deflection is ?)—, or (approximately)

1 microwatt, equals 10~% watts.
The power used in the heaters is given below:

Resistance........... 750 ohms 150 30 10 5 1
Normal current. . . ... 0.002 amp. | 0.005 | 0.0l 0.025 0.05 0.30
Power used.......... 0.003 watt | 0.0037 | 0.003 { 0.00625 | 0.0125 [ 0.09
Power generated. . ... 10-¢ watts 10-¢ 108 10—¢ 10—¢ 10—¢
Per cent efficiency of

conversion.........[ 0.03 0.026 0.03 0.016 0.008 0.001

Moreover, as the c.c. power varies as E%therma and as E varies as
I 2nenrer it follows that the efficiency of conversion, for a given heater,
varies with the square of the current through the heater. The efficien-
cies given above are for normal current, hence the actual efficiency
of a thermocouple in use is this much or less, falling off rapidly with
smaller currents in the heater. For example, with only half the rated
normal current in the heater the efficiency is only one-quarter as much
as the value given in the table.

Both the hot wire meter and the heater of the thermocouple might
be expected to change their resistances according to the amount of
current passing through them, because of the large temperature changes
taking place.

The hot wire ammeter and lower resistance heaters increase their
resistances with current, the increase sometimes being 10 per cent
from zero to full scale reading. The high resistance heaters, however,
are made of carbon and have negative temperature coefficients, decreas-
ing their resistances from 5 to 10 per cent at full scale reading.  Actual
data on this feature are obtained in one of the experiments.

What Meters Read on Complex Waves.—An alternating current
meter gives a force which varies with the square of the current flowing
through it; this is different from the common form of continuous cur-
rent meter (the I)’Arsonval type) in which the force varies with the
first power of the current.

The reading of an a.c. meter is proportional to the square root of
the mean square of the instantaneous values of the current, taken over
one cycle. In case the current through the meter is a simple sine wave

this is equal to 1/ V2 of the maximum value.
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In case the wave is complex in form (but periodic) it is made up of

two or more sine waves, all
having a definite frequency fixed
by the periodicity of the com-
plex wave. One of the com-
ponent waves (generally the
principal one) has the same fre-
queney as the complex wave
itself. All the other component
waves are sine waves having
frequencies which are multiples
of this fundamental frequency.

In Fig. 6 is shown a complex

_Fundamental

Complex wave

Third

/\/hnrmonic
/

Fic. 6.

wave made up of a fundamental sine wave of amplitude 5 amperes,
and a third harmonic current of amplitude 2 amperes. In Fig. 7 is

¢\ V/Complex wave

\
N *\_ Fundamental

Third
harmonic

shown another com-
plex wave, made up
of the same two com-
ponents (5 amperes
fundamental, 2 am-
peres third harmonic),

Fia. 7.

but the phase of the
third harmonic has
been shifted with re-
spect to that of the
fundamental. In gen-
eral, a complex wave
is made up of a great
many components, the

magnitude of the component decreasing as its frequency is higher

If a wave has sharp
corners on it, as indi-
cated in Fig 8, there
must be a great many

/

harmonies in its com-
position, the sharper the /
corner the more har-
monics are there present.
To represent the wave
shown in Fig. § witha rea-

Fia. 8.

sonable aceuracy, probably twenty or more harmonices must be used, and
even then the peaks would be slightly rounded instead of true points.
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When the positive and negative loops of the wave have the same
form there are no even harmonies present; even harmonics make the
two alternations dissimilar. In Figs. 6 and 7 only odd harmonics are
present; in Fig. 9 is shown
a wave having both even
and odd harmonies.

In many radio circuits a
pulsating current exists; it

Fie. 9. is unidirectional, but has

large fluctuations of ampli-

tude. Such a wave is shown in Fig. 10. In such a wave there is a
continuous current component, and a whole series of alternating eurrent
components.  The c.c. compo-
nent is the average of the pulsat-
ing current; this average value
is shown in the dashed line in
Fig. 10. The form of the
actual current, with this dashed
line as a zero axis, is the alternat-
ing current part of the pulsating
wave. It is generally made up
of many sine wave components,

An alternating current meter carrying a complex current reads the
square root of the sum of the squares of the effective values of all the
component waves. Thus, suppose a wave consists of a fundamental
wave of 10 amperes maximum value, and a third harmonic of 5 ampere
maximum value. The effeetive value of the fundamental is 7.07
amperes, and of the third harmonic the effective value is 3.53 amperes.

The meter will then read V'7.07% + 3.532 = 7.9 amperes. Suppose a
pulsating wave similar to that of Fig. 10 is given by the equation

Current

Zero axis

Fia. 10.

t=15+8sinuwt + 7sin2wl + 5sin3wt+3sindwt . (1)

The effective values of the sine components are equal to 1/4/2 of their
amplitudes given in this equation; the effective value of the continuous
current component is the same as its actual value. The ammeter
through which this current is flowing would then read

"

I =

87 5 32
B4, byt +y = 1935 amperes . . (2)

If a continuous current meter were in series with the alternating cur-
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rent meter it would read the average value of the pulsating current,
namely, 15 amperes.

If a pulsating current is known to consist of a simple sine wave
fluctuation, the amount of fluctuation ean be casily obtained by the
readings of an a.c. ammeter
and a c.c. ammeter through
which the current is flow-

ing. Such a wave isshown -

in Fig. 11, and we suppose T
the c.c. ammeter reads 10 10
amperes and the a.c. am- amperes
meter reads 11 amperes. 4

Remembering that this
a.c. meter reads the square
root of the sums of the squares of the effective values of the com-
ponents, we find that the effective value of the sine wave component

is equal to
V112 — 10* = V21 = 1.6 amperes.

The maximum value of the sine wave is then
4.6 X V2 =6.52 amperes.

The wave in question then has an average value of 10 amperes with a
fluctuation of 6.52 amperes

0025 second . i
—t 0075 secand both above and below

A this average value. These
1To l—] values are indicated in
ampere Fig‘. 11.

‘ J Zero nxis_ Suppose a rectangular

pulsating wave such as
shown in Fig. 12 is flowing
through a c.e. ammeter and a.c. ammeter in series. What will each
read?

The current of 10 amperes is flowing for just one quarter of the time,
and the rest of the time the current is zero. T'he average current is
evidently 2.5 amperes, and this is what the c.c. meter will read.  The
square root of the average square is obtained by noting that the squared
value (100) lasts only one-quarter of the time, hence the average square
is 25. The square root of this is 5. IHence the a.c. ammeter through
which this current is flowing would indicate 5 amperes. That is the
alternating current meter would read just twice as much as the c.c.
ammeter—and both of them are right.

I't6. 12.
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This rectangular pulse current is somewhat the shape of charging
current supplied to a storage battery by a ‘“half wave” rectifying tube.
The value of the current, in so far as charging the battery is concerned,
is 2.5 amperes, but the value of this same current, in so far as heating
the battery by I*R loss is concerned, is 5 amperes!

Feasibility of Shunting an Ammeter.—In general, it is not good
practice to use shunts on ammeters operating in radio frequency cir-
cuits, because a shunt which changes the meter reading, say, 5 to 1 at
one frequency, will not have the same multiplying factor for another
frequency. lHowever, for a given frequency, it is not only feasible but
is generally advisable in the laboratory to get into the habit of shunting
meters.  Such practice cuts down the necessary number of meters.

A decade resistance box makes a convenient shunt; the box should
have a total resistance about the same as the resistance of the ammeter
or thermocouple with which it is to be used. The circuit is adjusted so
that the ammeter (hot wire or thermocouple) reads well up on its scale;
the resistance box is then connected in parallel with it (using leads as
short as possible), and by proper adjustment of its resistance the reading
of the meter is reduced say to one-fifth. The circuit may then be left
in this adjustment and all readings of the meter multiplied by five.

If the frequeney is altered by an appreciable amount the multi-
plying factor for the shunt must be redetermined, as it is likely to change
considerably if the frequeney is changed very much.

Wave Meters.—This type of meter, which finds application only
in the radio field, should really be called a frequency meter. It is
nothing but a calibrated resonance circuit, including generally a
resonance-indicating device.

A low-resistance coil (generally one of a set of coils) and a continu-
ously variable condenser of rugged construction, are put in series with
a suitably low-resistance thermocouple or hot wire ammeter. Such
a circuit, if excited by a radio frequency voltage, will show a maximum
current when its total reactance is zero, that is, when the coil reac-
tance is equal to the condenser reactance.

For a given setting of the condenser, and given coil, only one definite
frequency will bring this about, hence this point on the condenser scale
may be calibrated at that frequency. The various condenser settings
will eorrespond to different resonant frequencies, and these frequencies,
instead of capacity values, may be marked on the condenser scale. Or
this may be calibrated in divisions only, and suitable curves be furnished
with the meter showing the resonant frequency for each condenser
setting. By using a set of half a dozen properly proportioned coils,
the same condenser may be used to cover a wide frequency range, the
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condenser generally being good for a three to one frequency range with
each coil.

For convenience the various coils overlap one another slightly in
frequency range; thus the first coil might be good for a range of 100
ke. to 300 ke., the second for 275 ke. to 825 ke., the third 775 ke. to
2300 ke., ete. Ordinarily one coil is given the proper inductance to
cover the broadeast range of frequencies, 500 ke. to 1500 ke.

Wave meters designed to cover the highest frequency range are
extremely simple; a small variable condenser of perhaps two moving
plates and three stationary plates, combined with a coil consisting of
say one turn of wire of No. 10 wire, diameter of the one turn being about
four inches, covers the range 20,000 ke. to 50,000 ke. No current-
indicating device is used to indicate resonance; the skilled observer can
tell when the wave meter is in resonance with the oscillating circuit of
fiis vacuum tube by the indications of the meters ir. the tube circuit
itself.

As the wave length of a radio wave and the frequency of the cur-
rent setting up the waves are related by the simple formula

300,000,000

Ameters = 5 o o o o o0 3
meters Sf(eycles per second) ®)

wave meters can readily be ecalibrated in either frequency or wave
length. At present they are generally calibrated in terms of wave
length. _

As stated before, the ordinary type of wave meter is equipped with
a thermocouple ammeter to indicate resonance, but there are many
times when it is desired to measure wave length when the power avail-
able is too small to give any indication on this meter. In such case a
telephone, in series with a erystal rectifier, is always used. There are
several different schemes used for exciting the phones and crystal
from the wave meter, two of them being shown in IFig. 13. That of a
is the normal connection, giving a much greater response in the phones
than the arrangement of b, which is called the unilateral connection.
However, connection a seriously increases the deerement of the wave
meter, and has a very appreciable effect on the calibration of the wave
meter, especially for the smaller values of the wave meter condenser.
For such a connection two calibration curves should be furnished, one
when the ammeter is used as resonance indicator and one when crystal
and phones are used. Generally the ammeter stays in circuit even
when phones are used as indicator.

The connection of b, Fig. 13, has but little effeet on either the
decrement or calibration of the wave meter; it does, however, require
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that considerably more power be supplied to the wave meter than is
required for the other scheme,

A good wave meter has a decrement not greater than 0.02; this
means that the reactance of the coil (or condenser) is more than 100
times as much as the total resistance in the wave meter circuit. The
effect of erystal and phones on the decrement of such a meter is
large.

Suppose that the wave meter condenser is set at the value of 0.001

uf (microfarad) when

E é é measuring a wave

length of 1000 meters
(300 ke.), and that
the effective a.c. re-
sistance of the phone
and rectifier circuit
across this condenser
is 50,000 ohms. The
reactance of the condenser is practically 500 ohms, so that the equiva-
lent series resistance of this shunt circuit is 500%/50,000, or 5 ohms.*
Now, if the rcactance of the coil of the wave meter is 150 times the
normal resistance of the wave meter this must be 500/150, or 3.3 ohms.
Hence, without the phones and rectifier across the wave meter con-
denser the wave meter resistance is 3.3 ohms; when the phones and
crystal are used for finding resonance the resistance (series) of the wave
meter is 8.3 ohms. This means that the use of phones and crystal
detector makes the resonance curve of the meter more than twice as
wide as it is when using the ammeter above for indicating resonance.

It is evident that in wave meters using tuning condensers of low
capacity the effect discussed above is even more pronounced; in such
meters the arrangement shown in circuit b of Fig. 13 must be used if
the resonance curve is to be kept sufficiently narrow to permit accurate
measurement of wave length.

In addition to increasing the decrement of the wave meter, as shown
above, the connection of the reetifier-phone circuit across the tuning
condenser must necessarily increase the capacity in the wave meter
cireuit, and hence result in a lower resonance frequency. As the added
capacity is not laf'ge, perhaps 25 or 50 uuf, the effect on the resonance
frequency will not be large unless the capacity of the wave meter con-
denser itself is small.

Suppose that at its lowest useful setting the wave meter condenser
has a capacity of 100 uuf. The addition of 25 uuf would change the

* See Principles of Radio Communication, 2nd ed., p. 222.

i

Fra. 13.
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L x4

. i 1.25
resonance frequency in the ratio of /1 0 or 1.12, that is, the wave

meter calibration at this point would show a frequency calibration 12 per
cent lower with crystal and phones than without them. But when the
wave meter condenser is being used at its maximum capacity say
3000 upf, then the addition of the 25 uuf will result in a decrease in fre-
quency of less than § per cent. In Iig. 14 are shown the two calibra-
tion curves; the dashed line applies when using the erystal and phones,
and the full line when the ammeter only is being used as resonance
indicator.

Most wave meters are arranged so that when properly connected to
a small buzzer and battery the wave meter becomes a generator of
damped waves of known wave length. Binding posts are put on the

B
o
5 Py .
: +y
f E ‘
uzzer =
L
Battery
100 Micro microfarads 2000 A
Capacity S
Fig. 14. Fia. 15.

meter for making the connection shown in Fig. 15. When the switch
S is closed, a current I flows through the coil of the wave meter.  When
the current, rising on the logarithmie curve

= Tmax(l — %) . . . N €]

becomes large enough, the buzzer armature pulls away from the con-
tact point, thus opening the buzzer circuit. At this instant there is

1?2
an amount of energy equal to Y stored in the wave meter coil, as well

as a very small amount in the wave meter conderser. This energy
starts oscillations in the I-C ecircuit at the natural frequency of this
circuit. They are damped oscillations, dying away at a rate fixed by
the decrement of the wave meter circuit. These damped waves have
disappeared completely before the buzzer armature, by moving back
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to the contact screw, again starts the operation. Inspection of Fig.
15 shows that in this usc of the wave meter there is an additional capac-
ity connected across the tuning condenser, namely, the capacity between
wires A and B. So in this use of the wave meter a correction must be
made to the calibration curve, just as was done when using crystal and
phones.

Rheostats.—Of course variable resistances are always required
in any engineering laboratory, whatever the frequency of current being
used. The type of rheostat frequently used for laboratory work in
power frequency circuits is of practically no use in the radio labora-
tory. An iron pipe covered with insulation of some sort is wound with
high-resistance wire, and a slider moving the length of this wire-wound
pipe permits the variation of resistance from a maximum to zero.

When used in a radio circuit such a rheostat is subject to many
errors. 'The wire used is frequently rather heavy, and owing to skin
effect, at radio frequencies may have many times as much resistance as
at 60 cycles.

Also the iron pipe constitutes a short-circuited secondary winding,
closely coupled to the real rheostat winding, and this short-circuited
secondary introduces an added resistance, of unknown amount, in the
rheostat circuit.

Next to be considered is the fact that at the higher radio frequencies
the current does not traverse the length of the rheostat wire, but goes

by a capacity path from the resistance
wire into the iron pipe, along the iron
e pipe and again by capacity path to the

Resistance wire

Ciirte o« « o == . . -
— = = N Pipe other end of the resistance wire. This

— e e idea is illustrated in Fig. 16; the two
Cyzpzs ‘_ reomvenrr 2 C2 - condensers marked €y and C2 represent
Resistance wire the capacity between the end sections of

Fic. 16. the winding and the iron pipe. As the

winding is separated from the iron pipe
by only a thin coat of enamel, this capacity is much larger than one
would think. In Fig. 17 is shown the experimentally determined
impedance of one of these enameled iron pipe rheostats; its shape is
dependent upon the combined effects of resistance, eddy currents,
inductance, and capacity.

This capacity by-pass effect is of appreciable magnitude only in
high-resistance rheostats, or at very high frequencies. If the wire
of the rheostat is of low resistance, only a negligible portion of the
current will flow through this capacity by-pass. Furthermore, these
rheostats which act like essentially non-reactive resistances at 60 cycles
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have a reactance at radio frequencies which may be many times as great
as their resistance.

There are, however, available for the radio laboratory special pipe-
wound rheostats which function very well. They are wound on a
poreelain pipe, and have bifilar windings. The resistance wire is made
up of two wires, one around the pipe in one direction and the other in
the opposite direction. These two wires cross each other twice per turn
as they progress down the length of the rheostat. Such a rheostat is
practically non-inductive, the magnetomotive foree set up by the cur-
rent in one wire being practically neutralized by that set up by the
other, flowing in the opposite direction.

Being irductanceless there is a correspondingly small skin effect,

|
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Fia. 17.

so that the resistance at radio frequencies is not greatly increased over
the contintous current value.

For use in circuits carrying comparatively small eurrents, resistance
boxes are used instead of rheostats. At radio frequencies these may be
very inaccurate, even though they are the so-called “standard resist-
ances” of the instrument laboratory. Correct for continuous cur-
rent, or alternating currents of low frequencies, these may be inac-
curate by hundreds of per cent when used in radio frequency circuit.
As they are generally made, the various units of a resistance box may
show a high capacity or a high inductance, depending upon how the
resistance unit is wound (bifilar or not), the resistance value, and the
frequency used.
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Special resistance boxes must be used in radio frequency circuits.
The resistance wire is wound on very thin mica sheet, many times
bifilar, and so are nearly free from skin effect, and have very small
induective or capacitive reactance.

Even when these specially built resistanece boxes are used (the
resistances being taken at their specified values) the inductive reac-
tance can not be neglected when using the low resistance units. Thus,
suppose the one ohm unit has an inductance, in itself and its connect-
ing wires, of one microhenry. At a frequency of 1000 kiloeyeles the
reactance is more than six times the resistance. And even though the
resistance units are correet, at their rated values, it will generally be
found that the ten 0.1-ohm units are not exactly replaceable by one
1.0-ohm unit. The wires conneeting the different units to the binding
posts of the box have appreciable inductance, and as these wires have
different lengths the reactance of the ten 0.1-ohm units will quite
likely be different from that of the single 1.0-ohm unit.

This error, it is to be noticed, is not due to the resistance being other
than its specified value, but to the presence of reactance. In case the
resistance is being used in a tuned circuit the reactance of the resistance
units is casily compensated by a slight readjustment of the tuning
condenser.

When the resistance box is being used as a voltage divider, however,
the error due to reactance is by no means negligible. Thus, it might be
assumed that a current of 0.001 ampere (read on a thermocouple)
flowing through the ten 0.1-ohm units of the resistance would give a
drop of 1 millivolt. Actually, owing to the reactance, the drop might
possibly be 5 millivolts if the frequency of the current was a million
cycles, and correspondingly greater for higher frequencies.

This error, due to unavoidable reactance, becomes negligible in
the units of higher resistance; it is only in the ohm and fractional
ohm units that the error is appreciable.

Batteries.—\Whercas most radio sets built and used today are
independent of batteries for their operation, it is still convenient in
the radio laboratory to use batteries as a source of filament power,
as well as for grid and plate cireuits.

For filament circuit supply, portable storage batteries of the Edison
type are the most satisfactory in ordinary laboratory use. They are
not as efficient as the lead-acid cell but they stand abuse much better
than alead cell.  Thus, if left for a long time with insufficient electrolyte,
perhaps discharged, they will be as good as ever after having the elec-
trolyte replenished, and being charged and discharged a few times; a
lead cell would be permanently injured by similar treatment,
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Cells of about 50-ampere-hour capacity are right for average labo-
ratory use; they are conveniently put up in carrying racks which hold
five cells.

For plate circuit supply the radio laboratory shouid have a 500-volt
storage battery of the lead-acid type with plenty of taps at various
stations around the laboratory. There should be taps at 22, 45 67
90, 130, 200, 300, 400, and 500 volts.

If the battery is of sufficient ampere-hour capacity (50-ampere-
hour cells are advisable) high-resistance potentiometers may be con-
nected across the various parts of the battery without doing any harm.
In this way any voltage up to the maximum of the battery is readily
obtainable; for many tests, of course, the tap voltages themselves will
serve so that the potentiometer connection is unnecessary.

In addition to the main high-voltage battery there should be blocks
of dry cells for plate and grid voltage. 1t does not pay to get the small-
sized dry cells as they disintegrate quickly, even when not being used.
Those of about one-ampere-hour capacity are suitable for general use.

The student should be cautioned not to use a potentiometer scheme
for getting variable voltage from these cells.  Unless o very high poten-
tiometer, is ased, the cells may be completely used up in a few hours,
not by the current taken by the tubes or other apparatus under test
but by the current taken by the potentiometer itself.

A few boxes filled with individual (or three in a block) dry cells are
convenient. Ten of the three cell blocks, packed into an open wood
box, connected in scries, give 43 volts. The terminals of each cell
being available, it is possible to get voltage in 1.5-volt steps up to the
full 45 volts.

A few such boxes of individually available eells, to operate in series
with the 43-volt blocks, permit the experimenter to get any voltage he
may wish without the necessity of putting a potentiometer across the
dry cells.

Coils Suitable for Low Frequency Experiments.—In order that the
60-cycle tests may give results reasonably comparable with those
obtained at radio frequencies, the coils must have a high ratio of reac-
tance to resistance, that is, a low power factor. In ordinary 60-cycle
apparatus a power factor of 0.2, or even 0.3, is comsidered very low
but this is much too high for apparatus designed to simulate that used
in radio cireuits,

To get a low power factor a large amount of copper must be used,
and the copper must be properly made up into a coil. In Fig. 18 is
shown a 75-1b. coil having 10 ohms resistance and 0.6 henry inductance.
It is wound with cable consisting of 7 strands of No. 20 enamel-covered
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wire. Its resistance at 100 eycles is practically the same as its con-
tinuous current resistance. There arc 30 layers of 50 turns per layer.
The winding is opened at the fifteenth layer; it has four ends brought
out to make two coils cach having 15 layers. The inner half of the
coil has 0.14 henry and the outer has 0.2 henry of inductance; the
mutual induction between the two sections is 0.13 henry.

At 100 cycles the complete coil (both sections in series) shows a

‘ reactance 35 times as much
as its resistance, that is, a
power factor of 0.03. If a
lower power factor than
this is desired, a larger coil
(that is greater weight of
copper) must be used. Such
an air core coil has an in-
ductance nearly independ-
ent of frequency, up to two
or three hundred cyeles,
and its induetance is inde-
pendent of eurrent value.

If the same size coil is
wound of very fine wire,
such as No. 36, it might be
thought that a higher ratio
of reactance to resistance
would be obtained, but this is not so. The same weight of copper,
wound into the same size of coil, gives the same ratio of reaectance
to resistance no matter what size of wire is used.

It might be thought that an iron core coil would be more suitable
for getting a low power factor than an air core coil, but such is not the
fact. Kven with a well-laminated core, such as is used in transformers,
the reactance is practically never ten times as much as the effective
resistance, and generally only about five times as much.

Iron core coils, of course, are generally undesirable in that their
inductance varies greatly with current, and appreciably with frequency,
and they also distort the form of current in the cireuit.

When inductance is defined from the standpoint of “interlinkages
per ampere ” the field coil of a large generator has a very high induc-
tance, and if this induetance is used, in combination with the c.c.
resistance of the field winding, a very large ratio of inductance to resist-
ance is obtained. If this inductance to resistance ratio is used in
calculating what the power factor will be on a 60-cycle line a remark-
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ably low value will be obtained, leading one to believe that the reac-
tance will be perhaps fifty times as much as the resistance. When
the field coil is actually tested on an a.c. circuit, however, it will be
found that the power factor is from 0.3 to perhaps 0.6, which means
that the reactance is not more than twice as much as the resistance.

This great difference between the actual value, and the one expected,
is due to the faet that the effective resistance (the resistance which is
neeessarily considered in an a.c. circuit) is many times as much as the
c.c. resistance of the field coil, and the inductance in the a.c. test (change
in interlinkages per unit change of current) is much less than the value
obtained by the c.c. test.

If coils are to be used, in combination with condensers, in making
series resonance tests, let us say, iron core coils are entirely out of the
question. A coil having a closed iron magnetic circuit gives extraor-
dinary behavior in such a circuit, and the relations obtained will
completely hide the ordinary resonance phenomena the test is designed
to show. If a study of parallel resonance is being made the iron core
coil again gives very unsatisfactory results, owing primarily to the very
distorted form of current it draws from the line.

In general, iron core inductances should never be used in a radio
apparatus circuit, except where a large reactance is required, with a
comparatively small cheap coil, and where the high effective a.c. resist-
ance is not detrimental.

In circuits carrying radio frequency currents, iron core coils are
entirely out of the question; the reactance may actually be less than
the resistance if the frequency is very high. Ior frequencies up to
about 100 ke., multilayer, bank-wound air core coils are best, and for
higher frequencies single-layer solenoids are best. At very high fre-
quencies it pays to actually space the turns of the single layer solenoid,
one from the other; this spreading of the winding decreases the indue-
tance of the coil somewhat but it decreases the resistance still more, so
that the reactance to resistance ratio is greater than if the same number
of turns are used, wound close to one another. For frequencies meas-
ured in tens of megacyeles the coils should be wound of about No. 10
solid copper wire, and the space between consecutive turns should be
about equal to the diameter of the wire itself.

Condensers.—The condensers most suitable for experiments at
power frequencies are of the impregnated paper type; a carefully
selected paper about one mil thick is used between the thin plates of
tinfoil or aluminum foil. During manufacture this paper is freed from
all moisture and air, and is impregnated with oil or paraffin wax. The
single layer of paper is sufficient for condensers used on hundred-volt
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circuits; when higher voltages are to be impressed several layers of
paper are used.

Such ceondensers are procurable in units of one or two microfarads
at a cost of from $.25 to $2 or more per microfarad, the price going up
as the voltage rating goes up.

A convenient method of arranging these condensers for laboratory
use is to mount them in shallow wooden trays, in three or four rows
of 10 microfarads each. One terminal of all condensers is connected
together and to one terminal post of the tray. Two or three of the rows
have their other terminals connected together, and to the other terminal
post of the tray, there being a small single pole switeh in each of these
row connections. The last row has the free terminals of four condensers
connected together, and this connection, through a small single pole
switch, goes to the second terminal of the tray.” Similarly for 3, 2, and
1 microfarads of this last row. By this scheme all of the thirty or
forty microfarads may be readily used or any number of microfarads
between one and the total number in the tray.

The voltage rating of a condenser is nearly always given in terms
of the continuous voltage it will stand without puneturing. Only a
fraction of this amount must be used when the condensers are oper-
ating on an alternating current cireuit, for two reasons.

The peak voltage is what punctures a diclectrie, and the peak value
of a sine wave is 41 per cent greater than the voltage read in a voltmeter.
Thus a 110-volt cireuit impresses on a condenser a voltage as high as 155,
twice per cycle.

There are losses occurring in the dieleetric on an a.c. test which do
not exist in a c.c. test, so the dielectric warms up more.  And as a diclec-
tric like wax warms up, its ability to withstand puncture decreases very
rapidly.

Because of the two facts mentioned above, a condenser should not
be used on an a.c. circuit of voltage rating greater than about 60 per
cent of the c.c. rating of the condenser, and this factor decreases as the
frequeney of the alternating voltage inereases.  Thus, a condenser with
a c.c. breakdown voltage of 500 should not be used in an a.c. cireuit of
greater than 300 volts. The condenser might stand, momentarily,
considerably more than this, but if more than 300 volts is continuously
applied it is very likely to puncture.

The losses in good condensers of the wax or oil-impregnated type
are very small, varying of course with the quality of the dielectric.
The current will generally lead the voltage by more than 89°, which
means that the power factor of the condensers is 1 per cent or less,
This means that the equivalent series resistance of the condenser is not
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more than 1 per cent of its reactance. This series resistance is entirely
different from the insulation resistance of the condenser. This should
be above 10 megohms per microfarad and in good condensers may
be as high as 1000 megohms or more per microfarad.

The equivalent series resistance of a good condenser is generally
sufficiently small in a 60-cycle cireuit so that when it is used in series
with coils no great error is involved in assuming that ull of the circuit
resistance resides in the coil. However, if it is desired to allow for the
resistance of the condenser it may be assumed as 1 per cent of the
reactance of the condenser for paraffin paper, about 3 per cent of the
reactance for an oil-impregnated paper, and about  per cent for a con-
denser using mica for its diclecetric.

In many picees of apparatus used with radio reccivers and trans-
mitters it is desired to obtain much more capacity in a given volume
than wax or oil types furnish. Frequently the clectrolytic condenser
is used in such cases. Oxidized aluminum plates in a boric acid solu-
tion constitute the working parts of these condensers. The thin oxide
film forms the dielectrie, the aluminum plate and the solution being
the two “plates” of the condenser. Such condensers have extraor-
dinarily large capacity values, beeause of the smull thickness of the
diclectrie. In the space required for 2 microfarads of paraffin wax
condenser we may put 50 to 100 microfarads of electrolytic condenser.

Electrolytic condensers require a continuous voltage, of proper
polarity, for maintaining the oxide film, otherwise the film disintegrates
and the condenser, as such, disappears.

The borie acid solution (sometimes mixed with glycerin when danger
of freezing exists) is in a glass or copper can; in the latter case the
copper may form one side of the condenser.  The oxidized aluminum
is generally in the form of thin foil, rolled or corrugated so that a large
area is in contact with the clectrolyte.

This aluminum cleetrode must be connected to the positive terminal
of the required polarizing souree of continuous current; if the opposite
conneetion is made the oxide coating quickly disintegrates and the con-
denser short-circuits the line to which it is connected.

In forming the aluminum oxide, current is forced through the con-
denser under an increasing voltage until this reaches about 425 volts.
As the oxide film forms, the current through the condenser drops, and
finally comes to a value of { milliameter or less per microfarad of
condenser.  With the thickness of film so formed the capacity of the
device is about 0.25 microfarad per square inch of electrode. Thus
the standard 8 microfarad condenser has 32 square inches of aluminum
used in its anode.
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A condenser so formed will stand an operating voltage not to exceed
400 volts, and the voltage must never be allowed to reverse. This
means that if a c.c. voltage of 300 is impressed on the condenser a ripple
of not to exceed 100 volts (max) ean be tolerated. Or, if 200 volts of
c.c. voltage is used a ripple of not to exceed 200 volts (max.) can be
tolerated. Both of these cases impress on the condenser a maximum of
400 volts.

The above values are for the electrolyte at about 25° C.; if this
temperature rises, the maximum safe voltage diminishes, and the leak-
age current increases. After a condenser has been in service a long
time the film improves to such an extent that the manufacturer guar-
antees a leakage current of only 0.1 milliampere per microfarad of
capacity.

After standing some time with no polarizing voltage impressed the
film suffers disintegration to some extent, so that when connected to
a c.c. line the leakage current is large for a few minutes, as the film is
repairing itself.

There is much loss in these condensers, apparently due to the elec-
trolyte resistance; the power factor for the a.c. ripple superimposed
on the c.c. polarizing voltage is sometimes as high as 70 per cent,
indicating an equivalent series resistance as great as the capacitive
reactance.

Occasionally laboratory work requires condensers for use on cir-
cuits of a thousand volts or more; neither waxed paper, nor electrolytic
condensers, are suitable for this work. Mliea, glass, oil, or air dielectric
is used in such circuits. When in use on a.c. circuits, especially if the
frequency is high, the solid dielectrics, even mica, warm up, and this
decreases their puncture voltage. A mica condenser which operates
satisfactorily on a 2000-volt c.c. circuit, for example, may break down
in a very short time if 1000 volts of radio frequency is impressed.

If condensers are connected in series on a conlinuous, or pulsating,
voltage line, a suitable leak resistance must be shunted across each one of
the series, or they will probably all puncture. Thus, suppose two paper
condensers, each good for 500 volts, are connected in series on a c.c.
line. The voltage will divide according to their inswlation resistances,
and as they may differ 10 to 1 the voltage divides unevenly. If one has
1000 megohms and the other 100 megohms resistance, practically all of
the 1000 volts of the line will be impressed across the good condenser,
the one with 1000 megohms resistance. This excessive voltage will
puncture this condenser, and then the total 1000 volts will appear across
the poor condenser and, of course, it will break down. If, however,
a resistance of say one megohm had been connected across each of the
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condensers, then each one would have had 500 volts impressed, and both
would stand up to the voltage.

In case one condenser will not stand as much voliage as the other
then a proportionately lower resistance must be connected across the
poorer condenser, to divide the total voltage properly.

Variable Condensers.—Vuriable condensers generally use air or
oil for diclectrics; one set of plates is fixed and another rotates into
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more or less interleaved relation with the stationary plate. If the
rotatable plates are semicircular in formn the capacity of the condenser
varies linearly with the angle through which the plates are turned.
This is the tvpe of condenser used for ordinary laboratory work, and
for standard condensers.

The rotatable plates may, however, be of such a spiral form that the
relation between capacity and angle of rotation has any desired law.

Thus, we have logarithmic condensers, straight-line wave length,
and straight-line frequency condensers.
The SLW condenser is useful for wave
meters and the SLF condenser is useful
in the tuning condensers or broadeast re-
ceivers. In Fig. 19 are shown the approxi-
mate forms of the movable plates of the
SLC, SLW, and SLF condensers. The
exact form of the two latter depends upon
the residual capacity of the circuit, that is,
the total capacity in the tuned circuit when
the movable plates are turned to their zero
position.

Power Supply.—The radio laboratory
should have a variable frequency alternator, good for frequencies from
30 to 150 eycles per second, capable of generating 100 volts at the lowest
frequency. Its wave form should be as pure as possible; less than
1 per cent departure from a pure sine wave is a reasonable specifica-
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tion. Its current capacity need not be greater than 5 amperes. This
machine is suitable for the first nine experiments of the course outlined
in this text.

For small amounts of power for bridge measurements a tuning-
fork hummer is useful. In this scheme, the cireuit of which is given in
Fig. 20, a microphone button A is subject to the vibrational motion of
fork F. A 6-volt battery B supplies the power to magnetize the fork
by coil P, and to excite the primary of transformer 7'y, through the but-
ton M. Fluctuations in this primary current set up alternating cur-
rents in the secondary circuit of transformer 7', which alternating
currents, acting through coil D, serve to maintain the fork in oscillation
at its natural frequency.

The output transformer T, excited through condenser C2, serves
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to purify the generated wave somewhat, making the output power from
its secondary terminals reasonably sinusoidal in form. Fig. 21 shows
how the output power varies in amount as the load circuit resistance
varies. For each of the output terminals (low, medium, and high)
different load resistances are required. Thus on the “low " tap with
a load circuit resistance of 120 ohms, a power output of 50 milliwatts is
available, the input being about 0.8 watt.

The terminals ‘“ zero-high 7’ give about 20 volts on open circuit;
these terminals will thus give plenty of voltage for operating the input
circuit of a small power tube, to get watts of power, if such is desired.

The percentage of harmonie voltages present in the output is shown
in Fig. 21. The principal harmonic is the second; with optimum load
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resistance, this is 5 per cent of the fundamental; the third harmonic
is about 1 per cent, and the higher harmonics are negligible.
The appearance of this type of a.e. power generator is shown in

Fie. 22,

Fig. 22; it can be obtained for frequencies of 400 or 1000 cycles per
second for about $25.  Special ones can be built for frequencies from 100
to 1500 cycles per second.

For getting power over wider frequency ranges a vacuum tube
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oscillating circuit is necessary; such oscillators are available which
will give about one watt of power over a frequency range from 100 to
100,000 cycles per second. The circuit diagram of one such oscillator




30 EXPERIMENTAL RADIO ENGINEERING

is shown in Fig. 23, ard the general appearance is shown in Fig. 24. Tt
is designed to feed into a load circuit of about 5000 ohms, and will
impress on sueh a circuit a voltage about 25 per cent of the voltage
used in the plate circuit. Such vacuum tube oscillators must generate
harmonics, but by proper design these are kept down to about the same
proportion they have in the hummer oscillator shown in Fig. 21.

To cover the wide frequency range, three different coils are used,
and a condenser is required which can be set at any value from 1.0xf

Fia. 24.

down to practically zero. Three decade condensers (0.1, 0.01, and
0.001uf steps) and an air condenser permit this variation.

The circuit used in this oscillator is given in Fig. 23, and the exterior
and interior views are shown in Figs. 24 and 25.

Such an oscillator as that shown in Fig. 24 is necessary in the radio
laboratory, in fact two or more are advisable. They require batteries
for filament and plate circuits; such an oscillator costs about $350.

For radio frequency power one of the standard oscillating circuits
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may be used, such as are studied in Exps. 27 and 32. Several sets of
coils are required to cover a wide frequency range; with a variable con-
denser of .003uf capacity, in parallel with about four .002uf fixed, mica
condensers, (each fitted with a single pole switch to be put in or out
of the circuit) one set of coils will cover a frequency range of about
six to one.

Tt is well to mount the oscillator in a copper-lined box, to prevent

F1G. 25.

excessive interference with other radio frequency set-ups in the labora-
tory. The coil which supplies power to the load is preferably coupled
to the oscillating circuit instead of being part of the oscillating circuit.
An electrostatic shicld between the oscillating circuit and this pick-up
cotl should be used, to prevent any but magnetically induced voltages
being supplied to the load.
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The pick-up coil should be adjustably coupled to the oscillating
circuit, and this adjustment should be such as can be smoothly varied,
when the copper-lined cover of the box containing the oscillator is
closed. Suitable holes in the cover permit the operator to read meters
in the grid and plate cirecuits, oscillating circuit, ete.

Another type of audio frequency oscillator uses the “beat frequency”’
principle. Two vacuum tube oscillators, of adjustable frequency dif-
ference, feed a detector and this supplies the input circuit of a power
amplifier tube. Such a circuit scheme, arranged to get all of its power
from the 60-cycle 110-volt power line of the laboratory has just appeared
on the market (General Radio Co.).




EXPERIMENT 1

Object.—Measurement of coefficient of inductance and resistance
of coils at low frequencies. Air core and iron core coils.

Analysis.—The various measurements are to be made by suitable
ammeter, voltmeter, wattmeter, and frequency meter.

First, using an air core coil of a few tenths of a henry inductance,
hold the frequency constant at a suitable value, and vary the current
through a suitably wide range, reading volts, amperes, and watts.

The effective resistance is obtained from wattineter and ammeter
readings, the impedance from voltmeter and ammeter, and reactance
is calculated from the known values of impedance and resistance.

In determining the effective resistance of the coil by this method,
care must be excrcised that the various meters are properly connected
(with respect to cach other), and that the power lost in the meters
themselves is properly allowed for. A proper
connection of the meters is shown in Fig. 26.

Suppose the coil tested has 5 ohms resist-
ance and 0.2 henry inductance. At 80 cycles
and 100 volts, onc ampere will flow and there
will be a loss of 5 watts in the coil. But the
voltmeter itself will use about 8 watts, the
potential circuit of the wattmeter perhaps 5 watts, and the ammeter
and current coil of the wattmeter may use 2 more. So the meters
themselves use 15 watts and the coil being measured uses only 5.
Evidently proper connection of meters and allowance for their power
consumption must be made if this method of measuring effective resist-
ance is to yield results of any value.

In addition to the errors due to power consumption by meters, the
actual reading of the wattieter itself cannot be done with any degree
of precision, unless a special meter is used. The wattmeter used in this
test would probably have a current capacity of 1.5 amperes, a voltage
rating of 1530 volts, and a full scale reading of 150 watts. So the reading
of 5 watts (power used by the coil) would be only one or two divisions.

For circuits of this nature, it is advisable to use special wattmeters,
suitably calibrated for low power factor circuits. For example, by using
a suitably weak spring the wattmeter mentioned above may have a full

33
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scale reading of say 20 watts. The 5-watt consumption of the coil
would then make the meter read well up on the seale.

On account of the reactance of the potential cireuit of the wattmeter,
the current in this circuit lags behind the impressed voltage and so causes
an error in the wattmeter readings.* This error is negligible with cir-
cuits of reasonably high power factors, but may be appreciable in low
power factor circuits and must be taken into account. It results in a
power indication greater than the actual power used in the coil.

Using the iron core coil (the 110-volt coil of a small transformer is
suitable), carry out the same tests as were used for the air core coil, i.c.,
frequency constant and various current values, and current constant
with various frequencies.

In the first of these runs it is advisable to start with very low cur-

rents, the maximum current used in the
run being perhaps twice the normal excit-

o Los f ing current of the coil. Thus a 3 K.V.A.
;5 transformer has an exeiting current of
2 Lys 1 about 2 amperes. The run then should
£ consist of readings at about eight values
re— of current, from 4 amperes down to 0.1
Frequency of an ampere or less.  Results such as

Fia. 27. shown in Fig. 27 will be obtained.

Providing a sufficient range of current
is used, the iron core will show a low inductance (with the smallest
value of current) which rises, with current increase, to a maximum and
then decreases again.  Unless very small currents are used the test will
show inductance continually decreasing as the current is increased.

The air core coil should show inductance and resistance practically
independent of current and frequency; the iron core coil should show
variation, with current changes, as indicated in the above paragraph,
and for fixed current and varying frequeney, the inductance will
decrease and resistance increase slightly as frequency is raised.

For tests of the kind called for in this experiment about cight prop-
erly spaced points should be obtained.

Plot the curves on cross-section paper.

*See page 39 (Fig. 31) for analysis of this error.,
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Object.—Measurement of mutual inductance of air core coils, for
various spacing and positions,

Analysis.—The two coils, the mutual inductance of which is desired,
are connected in series, and the self-induction
of the pair (treated as one coil) is determined
as in Exp. 1. With the relative position of the
two coils left unchanged, the connection of one
of them is reversed so that the current through
it is now opposite to what it was before, for

MMF’s eiding

L, L| «

MMF’s opposing

a given direction of current in the first coil. L i 4
The self-induction of the pair (again treated ' :
as one coil) is again determined. i, 98

1G. 28,

The mutual induction is equal to one-
fourth of the two self-inductions, as determined above
With the coils connected as in (a) of Fig. 28, the equation of reaction
is:

di
e = (I + R2)i + (L1 + L2 + 2.11)(” N ()]
and with one coil relatively reversed as in (b) of Fig. 28, the equation of
reaction is:
”
er = (Ry + Ra)i + (Ly + Lo — 2.\1)’/'[ ... ()
dt

If we designate (Ly + L2 + 2M) by L’ and (L; + L» — 2)) by L”
and solve the above equation we find

M=—7'"_. . .. . ...

In another method for finding 3, current of known magnitude and
frequency is passed through the first coil and the voltage generated in
the second coil is measured. Then M is ealculated fromn the relation

Eo=2nfMI.. . . . . . . . . (8

In the formula E: is the voltage generaled in the second coil; it
35
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may well be that the voltage measured, with the ordinary type of volt-
meter, is appreciably less than the generated voltage. The ordinary
type of iron vane voltmeter draws about 0.15 ampere when indicating
full scale, and this amount of current, flowing through the impedance
of the second coil, produces a quite appreciable internal drop. The
voltage measured may possibly be as much as 5 per cent lower than the
generated voltage. In case an electrostatic voltmeter of suitable range
is available, this error can be avoided; this type of voltmeter draws so
little current that no appreciable internal drop occurs.

In actually carrying out this test it is advisable to connect one coil
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to the blades of a D P DT switch conneeted as a reversing switch.
The various measurements can then be quickly obtained.

With two coils arranged to move apart while staying coaxial, measure
sufficient values of M to construct a curve showing how M varies with
separation. It will be found advisable to use small increments of sepa-
ration when the coils are close together as M varies most rapidly here.
Obtain values for increasing separation, until this is at least twice the
diameter of the coils.

With the coils separated a distance somewhat less than the diameter
of the coils, find how J varies with the angular relation of the two, by
turning one of them on its axis. Take readings for every 10° rotation.

With the two coils separated sufficiently to permit the insertion of
a third coil between the two, find the effect, on M, of the two coils being
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tested, of short-circuiting the intermediate coil; then close the inter-
mediate coil through several values of resistance (up to a value equal to
two or three times the reactance of the intermediate coil) and again
measure the 3 of the pair of coils.

In general, it is the coefficient of coupling of two coils, rather thar
their mutual induction, which is desired. The value of this coefficient
is obtained from the relation

M
K

VLiL:
Its maximum theoretically possible value is unity; actually in practice
with single-layer solenoids fitting snugly one inside the other, the
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coefficient may be as high as 90 per cent. As the coils are moved out
one from the other the coupling drops slowly at first (while one is still
partly inside the other) and then rapidly as one is completely withdrawn.

In Figs. 29 and 30 are shown experimentally determined values for
coils such as may be used in this test.

Plot values of M and K for the various runs, using M and K for
ordinates, and separation, rotation, or intermediate coil resistance as
abscissae.




EXPERIMENT 3

Object.—Measurement of insulation resistance, capacity, and
power factor of condensers at low frequencies.

Analysis.—The ordinary condenser has such a small equivalent
series resistance that practically no error is made in substituting its
reactance for its impedance. This approximation yields the relation

I=2+CE . . . . . . .. (10)

in which I is the charging current of the condenser having capacity C,
when voltage E of frequeney f is impressed upon it.

The equivalent series resistance of the condenser is obtained from
the readings of the voltmeter, wattmeter, and ammeter, as is the effect-
ive resistance of a coil.

Using an alternator of the best wave form available, measure the
capacity and series resistance of a bank of paraffin paper condensers,
and find out how these vary with frequency (voltage held constant)
and how they vary with voltage at a fixed value of frequency. Compare
the measured value of capacity with that marked on the condensers.

In this condenser test it is extremely difficult to measure the equiva-
lent series resistance because it is generally very low and the instrument
corrections may be larger than the power the condensers are using.
Thus let us consider a bank of 40 microfarads with 100 volts impressed,
at such a frequency that 2zf = 500. The charging current should be
measured as 2 amperes, and the condenser reactance is 50 ohms. If
now the power factor of the condensers is 0.5 per cent (General Radio
Co. gives power factor of their mica condensers as 0.001-0.002 and
of their paraffin paper ones as 0.01), the equivalent series resistance
will be only 0.25 ohm.

Let us assume that the resistance of the potential circuit of the
wattmeter is 1000 ohms and the induetance of this potential circuit is
4 millihenrys. The reactance of the potential circuit is then 2 ohms,
and the current in the potential circuit lags behind the voltage impressed
on the circuit by 0.114°.

The current and voltage relation in the circuit is then as shown in
Fig. 31. The current into the condenser leads the voltage by (90°-

38
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.285°), because, with the 0.5 per cent power factor assumed above, this
phase relation is required.

The wattmeter should read ET sin 0.285° and it actually reads
EI sin 0.171°, which means that the power indieated by the wattmeter
is only about 60 per cent of what it should be.
Thus the equivalent series resistance of the con-
denser will be measured as only 60 per cent of
its true value. As better condensers are used
this error becomes increasingly important ; in fact,
with ordinary high-quality paraffin condensers,
the wattmeter may read zero!

In addition to this error, those due to the
power consumption of the meters (as discussed in
Exp. 1) are also present.

It is likely that another error, of different type, may be encountered
in the experiment. No alternator generates a really pure sine wave;
the wave form has harmonic voltages superimposed, giving what are
called the ripples, or teeth, on the voltage wave. When these ripples
are present they always indicate that there are two harmonies present,
in addition to the fundamental voltage. In a salient pole alternator the
order of these harmonices is fixed by the number of armature teeth per
pair of field poles. Thus an alternator having 12 tecth on the arma-
ture per pair of poles would generate, in addition to its fundamental
voltage, the eleventh and thirteenth harmonics. lLet us suppose such
a voltage wave is used in this condenser experiment. Suppose the
wave is given by the equation

¢e=100sinwt + 9.1sin1l «f + 7.7sin 13 wt. . . (11)

Such a voitage wave, operating in the ordinary voltmeter, would give a
reading of 71.1 volts, whereas if no harmonies were present it would read
70.7 volts; that is, the harmonics scarcely affect the reading of the
voltmeter.

What current would flow on the condenser, when this voltage acted
upon it? Fach voltage would produce its own current, and this would
have the same magnitude as it would have if the voltage were acting
alone. Suppose the condenser has such capacity that the fundamental
voltage alone causes a current of one ampere to flow. Then each of
the harmonics will also cause one ampere of current to flow, and the
condenser current will be made up of one ampere of fundamental cur-
rent, one ampere of eleventh harmonic and one ampere of thirteenth
harmonic. Such a current, flowing through the ordinary iron vane
ammeter, would give a reading of 1.73 amperes!
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If then we use the voltmeter reading and ammeter reading, in com-
bination with the fundamental frequency, in the equation

I = 2xfCE

and solve for C, the value we obtain will be practically 73 per cent
too high!

The amount of error caused by this effect depends upon how much
the voltage wave is distorted; many laboratory machines in use today
have waves more distorted than the one we assumed, and so this wave
form error is present in most tests of this kind.

To eliminate this error it is only necessary to put a suitable choke
coil in series with the alternator supply; the high frequency currents
which cause this error can not readily flow through the choke coil and so
are eliminated.

Great care must be observed, however, if the value of inductance of
the choke, combined with the true value of the capacity being measured,
is such as to satisfy the condition that

1

4 2rV'LC
for any value of frequency to be used in the test. At the frequency
where this relation is satisfied (resonant frequency), the voltage across
the condenser may be ten or twenty times as great as the voltage the
alternator is supplying, and unless care is exercised to keep the alter-
nator voltage very low in the speed range where this frequency is gen-
erated, the condenser will be punctured by the excessive voltage set up
in the circuit. The amount of voltage rise across the condenser (in
excess of the alternator voltage) at this frequency depends upon the
resistance of the choke coil used; the higher this is the less is the chance
of breaking down the condenser.

Care must also be observed that the value of inductance used for a
choke is not such as to satisfy the resonance relation for any harmonic
of the alternator voltage, for any frequency to be used in the test. An
excessive error will be experienced if such a condition is obtained; thug

2

(12)

it is possible for the voltmeter and ammeter readings to indicate a v
of capacity perhaps five times as great as it really is. N
Very peculiar results may be obtained if the choke coil has a closed
iron magnetic circuit, so it is best not to use such a coil unless necessary.
If the magnetic circuit, however, has an appreciable air gap an iron core
choke is satisfactory and even preferable to an air core coil.
The insulation resistance of the condenser may be measured by means
of a megger, or if this is not available, an ordinary c.c. voltmeter. In
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general the resistance of such a voltmeter is given on the card which the
manufacturer sends with the meter; in other cases, the resistance of
the meter is given on the scale eard of the meter as “ 100 ohms per volt,”
or similar figure. Suppose a 150-volt meter having 80 ohms per volt is
being used; its resistance is 12,000 ohms. Now the voltage of some
suitable c.c. source (of proper voltage) is read directly by the volt-
meter and is again read when the condenser is connected, in series with
the voltmeter, to the same voltage source. The reading of the volt-
meter for the two conditions, in combination with the known voltmeter
resistance, gives the insulation resistance of the condenser.

If there were no leakage through the condenser the reading of the
voltmeter would be zero, with the condenser connected in series with it;
the fact that there is some reading shows that some current is leaking
through the paraffin paper or other insulation.

If the reading of the voltmeter is V1, when connected directly, and
V2 when connected in series with the condenser, and its resistance is
R., then the insulation resistance of the condenser I is given by the
relation

RC=R,1'—‘,‘-E. S (13)

Using paraffin paper condensers, make two runs to measure capacity
and power loss in the condenser. In one run hold the frequency
fixed (at approximately the middle value of the range available) and
vary the impressed voltage on the condenser through as wide a range as
feasible. Make another run holding the voltage fixed at some suitable
value and vary the frequency through as wide a range as feasible.  Get
about cight sets of readings for each run.

In measuring the characteristics of the electrolytic condenser, spe-
cial circuit arrangement must
be made, as it is generally
necessary to maintain a suit-
able value of c.c. polarizing
voltage when making the a.c.
measurements.  In Ilig. 32 the
clectrolytic condenser is shown
at C. A milliammeter Ay, in
series with a suitable choke coil L, in series with the variable source of
voltage E, forms the polarizing circuit. For E smali dry cells may be
used, as the current taken is only a few milliamperes at most.

The alternating current circuit comprises the alternator Ey, in series
with suitable meters and the paper condenser C;. This condenser

S e o
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Cy serves to prevent the alternator from short-circuiting the source
of polarizing voltage, I. In series with the alternating current volt-
meter Ve is o condenser Co; this is to prevent the reading of this meter
from being affected by the c.e. polarizing voltage in the condenser.
The amount of this polarizing voltage is read by voltmeter 17;. Note
that this is conneeted so that its current does not flow through the
milliammeter A4,

The wattmeter potential circuit is affected by the polarizing voltage,
as well as by the voltage of alternator ¥,. Its reading will, however,
be unaffeeted by this condition beeause there is no continuous current
flowing through its current coil. The wattmeter should be of the ordi-
nary type, not the low power factor type called for in the previous
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tests. The capacity of condenser €y (paraffin or oiled paper), as well
as that of Cy, should be as large as feasible. The latter should be at
least large enough to make its reactance (for the lowest frequency used
in the test) not more than 10 per cent as great as the resistance of the
voltmeter in series with it.  If ('; is too small the alternator will not be
able to impress sufficiently high voltage on C, the condenser being meas-
ured; its reactance should be only a fraction that of C, for ordinary
conditions.

The voltage of E, the polarizing agent, should always be at least 40
per cent greater than the effective a.c. voltage being impressed on the
condenser.  The reactance of the choke coil L should be large compared
to the reactance of the condenser C, otherwise the ammeter Ao will
read too small a current. Its reactance should be at least fifty times as
large as that of C.
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Make one run to see how the eapacity of (' varies with voltage,
frequency being constant. 1In this run set £ at a value about 50 per
cent greater than the highest value of alternating voltage to be used in
the run.

With fixed suitable values of E, and E, make a run to see if the
capacity and power loss of the electrolytic condenser varies with fre-
quency, varying this throughout as wide a range as feasible.

With fixed frequency and fixed Ey vary £ to scc if capacity, power
loss, and condenser leakage current vary with polarizing voltage. Do
not take readings, after changing FE, until the milliammeter A indieates
that the leakage current has reached a reasonably steady value.

In Fig. 33 are shown some characteristies of typical eclectrolytic
condensers.  Others available on the market show a much lower power
factor than that given by these results.

Get about eight sets of readings for each of the three runs outlined
above. Plot curves of capacity, power loss, power factor, and leakage
current as ordinates, using for abseissae the fuctor which was varied in
the run.




EXPERIMENT 4

Object.—Measurement of inductance and resistance of a coil, to
which another coil, of various resistances, is magnetically coupled.

Analysis.—When a elosed secondary circuit is coupled to a coil in
which an alternating current is flowing, current will flow in this second-
ary circuit, the magnitude of which depends upon the indueced voltage,
and the reactance and resistance of the secondary cireuit.

Of course, when current flows in the secondary circuit, power must
be used here, and this power must come from the coil which, by the
action of mutual induction, is setting up the current in the secondary
circuit. If then we read the power supplied to the first coil, by a
wattmeter, the reading of this instrument must give not only the power
actually expended in the coil to which it is connected, but also the
power being supplied to the secondary ecircuit. If then we use the
customary definition of a.c. resistance,

watts

R=—f o o« . ...

in which the watts are given by the wattmeter reading, and 7 is given
by the ammeter reading in the primary circuit, evidently £ must be of
complex nature, not only representing the actual resistance of the
primary circuit itself but having an additional component which indi-
eates an increase in the effective resistance of the primary circuit, due to
the power supplied to the secondary.

The voltage induced in the secondary circuit is given by wMI, and
if the impedance and resistance of the circuit are indicated by Zz and
I22, respectively, the power supplied to the secondary circuit is

wMI\2
< Z>» >R2'

Hence the total power supplied to the primary circuit, and which of
course is read by the wattmeter, is

MIN\2
1R, +<w7 ]> R
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and if we divide the wattmeter reading by the square of the primary
current we obtain the effective, primary resistance. It is indicated by
R’y and evidently is equal to

M2
1e'1=1f1+<“’Z—> Ree + o . . . . .(15)

The second part of the right-hand term must evidently be the increase
in effective primary resistance due to the presence of the secondary
circuit. It inereases with the square of the magnetic coupling, de-
creases with increase in secondary impedance, and increases with
secondary resistance (for a fixed secondary impedance).

The secondary current must have an effeet upon the magnetic field
set up by the primary coil, beeause of the mutual induction between the
{wo coils. By considering the phase relations, it will be found that the
secondary coil tends to demagnetize the primary coil, resulting in a
decrease in the apparent reactance of this coil. The eJective reactance
of the primary coil is given by the expression

. wM\2

X=X —-{= X.. .. . . . . (16
< Z: >

The second part of the right-hand term can never be greater than the

term X so that the reactance of the primary coil is a;ways positive, and

smaller than its true value, namely, ;.

Iividently if the secondary circuit has no resistarce, no power can
be used in it with any finite value of current, so for very low secondary
resistances the increase in primary resistance is small.  And for very
large secondary resistances the current flowing in the secondary circuit
approaches zero, so the power (which varies with the square of the current)
approaches zero. Hence for this condition also the secondary circuit
will have a negligible effect on the resistance of the primary cireuit.
Some intermediate value of secondary resistance must therefore result
in a maximum increase in primary resistanee. By caletlus it may be
found that this critieal value of secondary resistance shout ld be obtained
when the secondary resistance is equal to the secondary reactance, i.c.,
R> = wlo.

Using the two coils, the mutual induction of which was measured
in Exp. 2, arrange voltmeter, ammeter, and wattmeter to measure the
power and power factor of one of them, which is to be connected to a
variable frequency alternator, as indicated in Fig. 34, To the other coil
connect, a variable resistance which can be continuously varied from zero
to a value about three times the value of the reactance of the second




46 EXPERIMENTAL RADIO ENGINEERING

coil. Have a suitable ammeter in this circuit for measuring secondary
current; use one the full scale reading of which is equal to the second-
ary current, when, no resistance is added in this circuit and tightest
coupling obtains.

Do not change to a lower range meter for adjustments giving small
value of current unless necessary;
the ammeter resistance may be a
quite appreciable part of the resist-
ance of the secondary circuit, and, as
the resistance of an ammeter varies
inversely with the square of its cur-
rent range (approximately), chang-
ing from one ammeter to another
will materially change the resistance of the secondary circuit. Of
course, if the ammeter resistance is known and allowed for, the am-
meters may be changed at will.

With tightest possible coupling and no added secondary resistance,
adjust the alternator frequency to about its mid-range value and then
increase the alternator voltage until the ammeters read well up on
their scales; the wattmeter will read a small fraction of its scale, unless
a special low power factor wattmeter is used.

Holding impressed voltage and frequeney constant, vary the sec-
ondary resistance from zero to its maximum value, reading meters at
about cight points. Repeat this run for medium coupling and for
weak coupling,.

With medium value of secondary resistance vary M in about cight
steps (from maximum to a small
value), keeping frequency and im-
pressed voltage constant.

With tight coupling, and such
value of secondary resistance as gives
a secondary resistance equal to sec-
ondary reactance at the middle fre-
quency, using a suitable value of
voltage vary the frequency over the

F1a. 34

Primary resistance
Primary inductance

available range, keeping the voltage R,
impressed on the primary coil con- F1g. 35.
stant.

Calculate effective reactance and resistance of the primary circuit
for all runs, as well as the reactance and resistance of the primary coil
by itself. If these results are not available (from Exp. 1), make another
run through the same frequency range as called for in the last run of
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this test with secondary circuit open; from these readings the true re-
actance and resistance of the primary coil by itself can be calculated.

In Fig. 35 are shown typical results obtained from runs performed
as above.

Plot curves for all runs, using secondary resistance, mutual indue-
tance, or frequency, for abscissae, according to which was varied in the
run being plotted. Plot effective primary resistance and reactance as
ordinates.




EXPERIMENT 6

Object.—To study the effect of a secondary circuit upon the primary
circuit to which it is magnetically coupled, the secondary circuit having
inductance, capacity, and resistance in series.

Analysis.—For this case, as for the one discussed in Exp. 4, the
cffective resistance of the primary circuit must be increased by the
presence of the secondary circuit, and the amount of this increase must
depend upon the amount of power used in the
secondary circuit. The circuit arrangement is
shown in Fig. 36.

For the case considered in Exp. 4, the
effective reactance of the primary coil was
diminished by the presence of the secondary

Fia. 36. circuit, and this diminution occurred for all

conditions that might obtain. In the case

considered in this experiment, however, the reactance of the primary

circuit may be increased, reduced to zero, or even made negative,
according to coupling, frequency, ete.

The same pair of equations as given in Exp. 4 hold good for this
case, also, but their analysis leads to different results than were pre-
viously obtained. We have

M\
Rq=m+(;>m N 1))
and for the present case we have
1 \2
Zy° = <wL;z — —> +R2 .. . . (18)
wC2

It is evident that Z» may reduce to R. for this case; whenever

L3, C2, and w are related to make wl. — = 0, this will be true.

2]
2

w(z
When the frequency impressed on the primary circuit is that frequency
which produces resonance in the secondary circuit (considered by itsclf)
the expression for effective primary resistance is
oM
Rq=m+%r........(m

48
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Evidently now the increase in effective resistance of the primary may
(w)?

be very great. As Rs is diminished, the term increases, resulting

in large increases in R'y.

This is the case frequently encountered in actual radio circuits;
the effeet of the secondary circuit on the value of R’y is so great that
R, itself may generally be neglected! That is, practically all of the effect-
ive resistance of the primary circuit is due to the power transferred to
the secondary circuit. Of the total power I,2R’, supplied to the primary
circuit, the amount I,2; is used to develop heat in the primary coil

—372

wM

itself, and the amount I, is transferred to the secondary circuit.
’ y

B3

The effective reactance of the primary eoil is given by

. MA?
X'1=‘\1—<%>.\: N 0]

and as X is zero at the resonant frequency, it is evident that when the
frequency impressed on the primary is the resonant frequency of the
secondary circuit (considered by itself) the effective reactance of the
primary coil is the same as if the secondary circuit were absent.

Furthermore, it is evident that the effective reactance of the primary
circuit (which is itself evidently inductive, that is, positive reactance)
may even be negative. The formula for effective primary reactance
may be written

‘wl\? 1
"’1 = Xl — (wy ) (ng - E‘\’ ©o o o o (21)
42 2/

from which it appears that at frequencies lower than the resonant
frequency of the secondary circuit the secondary reactance is negative

1 . .
<—C- is greater than ng), and because of the negative sign before the
w2

second term the positive reactance X is increased by the presence of
the secondary circuit. This makes the primary circuit act as if the

coil had a greater inductance than its true value. Beeause of the presence

7
42

wM\*
of Z, in the denominator of the term < > and because near the

resonant frequency of the secondary circuit Z» becomes small, the
effect of the secondary circuit on the primary reactanee is greatest near
the secondary resonant frequency.

Thus, at frequencies much below the secondary resonant frequency
the effect of the secondary circuit on the primary inductive reactance
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is small, but what effect there is acts to augment the apparent inductance
of the primary coil. ~ As resonant frequency is approached, this augmen-
tation is greatly increased, making the primary coil act as though it had
five or ten times as much as its actual inductance. The magnitude of
this effect evidently depends upon the coupling of the two coils, being
greater as the coupling becomes tighter.

When the impressed frequency is the secondary resonant fre-
quency the reactance of the primary coil is its true inherent reactance,
the secondary circuit having no effect, as discussed earlier.

M\ 2
At frequencies slightly above the resonant value the term <w—>
2

1
is still large and the sign of the term <wL2 = 7) has reversed, that
wC2

is wljy is greater than % so the parenthesis is positive. This then may

w(C'z

result in X’; being less than X, and in fact, in most laboratory tests

where low resistance coils and tight coupling are used, X'; is actually
negative.

This means that the primary coil is acting as though it were a

condenser; it actually draws a leading current from the generator to

which it is attached.  In Fig, 37

the analysis carried out above is

depicted graphically. The curves

marked R, and L; show the ac-

S— tual resistance and inductance of

coupling the primary coil per se; these are

the values measured when the

secondary circuit is opened. The

_____ ____Ll

Primary inductance
Primary resistance

_____________ R, curves marked R’y and L’} show
the measured values of primaryre-

Frequency sistance and inductance when the

Fig. 37. secondary circuit is closed and so

reacting on the primary. The
difference between the two sets of curves, for any frequency, gives
the value of resistance and inductanee introduced into the primary coil
by the reaction of the sccondary circuit. Both of these increase as the
coupling of the two coils is increased and as the resistance of the second-
ary circuit is decreased.

In carrying out the tests called for below, care must be exercised that
the condensers in the secondary circuit are not punctured by excessive
voltage set up in this circuit. When the impressed frequency is the
resonant value for the secondary circuit, comparatively large currents
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may flow in this circuit, setting up voltages across the condenser much
greater than the voltage being generated by the alternator. To pro-
tect against this condition we would naturally put a voltmeter across
the condenser and take its reading. As will be discussed more in
detail in the next experiment, this is not a safe procedure, and the con-
denser may be punctured even though the voltmeter never shows a
voltage great enough to bring this about.

To guard against excessive voltage the reading of the ammeter in
the secondary circuit must be depended upon. If the value of capacity
has been properly chosen for the test, the secondary circuit will be
resonant at the middle of the available frequency range. If this fre-
quency and the value of the capacity being used, and the maximum safe
voltage (effective a.c.) for the condensers, are known, the ammeter
serves as a safeguard by noting that its reading must not exceed 2xfoCE’,
where fy is the resonant frequency, C is the eapacity and E’ is the maxi-
mum effective voltage the condenser will stand.

Thus suppose the secondary coil has an inductanee of 0.2 henry and
the middle value of frequencies available is 80 cycles. The proper
condenser to use in the secondary circuit is obtained from the formula

80 = ———=——=or C = 20yf.

Now if the maximum safe voltage is 200, the current in the con-
denser, given by the formula 7 = 2780 X 20 X 107% X 200, must not
exceed about 2 amperes. Hence in adjusting the alternator voltage the
frequency should be set at the resonant value and the voltage then
raised until the secondary ammeter reads about 2 amperes. Experi-
mentally the procedure is to put a very low voltage on the primary
coil, vary the frequency until the secondary ammeter shows its peak
value, hold the frequency at this value and raise the alternator voltage
until the secondary ammeter reads the desired value.

With the highest value of A obtainable, no added resistance in the
secondary cireuit, and the highest value of impressed voltage permis-
sible (obtained as outlined above), vary the frequency throughout the
available range, keeping the impressed voltage constant. Read primary
volts, amperes, and watts and secondary current.

Repeat this run with medium coupling and again with loose coupling.
Get about eight sets of readings for each curve.

Repeat the tight coupling run with a non-induetive resistance added
to the secondary circuit; the value of this added resistance should be
two or three times as much as that already in the secondary circuit.

With tight coupling, frequency held at its resonant value, impressed
voltage held constant at its highest permissible value, read primary
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volts, amperes, and watts and secondary current as the resistance in
the secondary circuit is varied from its minimum value (that inherent

ry resistance

Primn:

Primary reactznce

Positive

Negative o

Frequency

Fia. 38.

in the coil and ammeter) to
a value about three times as
great as the reactance of the
secondary coil.  Get read-
ings for about eight differ-
ent values of resistance.

Plot curves for all runs,
using for abscissae in each
case the quantity which was
varied. For the last run plot
also the power supplied to
the secondary cireuit, using
here also the values of sec-
onduary circuit resistance as
abscissae.

In Fig. 38 are shown typieal results for primary effective resistance

and reactance, for a run such as called for above.
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Object.—To study resonance characteristics of a circuit containing
inductance, capacity, and resistance in series. Iffeet of series and
shunt resistance on sharpness of resonance. Determination of deere-
ment of the circuit. Use of air core inductance and of iron core induc-
tance. Effect of air gap in the iron core.

Analysis.—The coil and condenser are first properly selected so as
to satisfy the resonance condition <wL = w%) for a frequency at about
the middle of the available frequency range. In general the coil will
not be of variable inductance, so that the condenser will be the factor
which is selected of proper magnitude to satisfy the resonance relation.
Thus suppose an inductance of 0.5 henry of 10 ohms resistance is avail-
able, and that the frequency range available is from 50 to 100 eycles.
The circuit should give resonance at about 75 cyeles, and by ealculation
C = -1— we find that a condenser of 10 microfarads is suitable.

(2nf)*L

The coil and condenser, in series with suitable voltmeter, wattmeter,
and ammeter, arc connected to the variable fre-
quency alternator, as shown in Fig. 39. It requires
some calculation to determine what range these c
meters should have.

Let us suppose that the maximum safe working
voltage (effective a.c.) for the condensers is 400
volts.  We know that maximum current will flow in
the circuit when resonance oceurs, so we ealculate
how much current will flow in 10 microfarads of
capacity, at 75 cycles, when 400 volts is impressed.

I = 2xfCE = 1.89 amperes.

A

—

Fig. 39.

Hence the current coil of the wattmeter and the ammeter should be of
2 amperes capacity.

The reactance of the condenser at resonant frequeney is 214 ohms,
and if we assume the power factor of the condenser is 1 per cent (a rea-
sonable figure for good condensers) the equivalent series resistance of the
condenser is about 1 ohm. The coil itself has 10 ohms (aecording to our

53
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previous assumption), so that the total series resistance of the circuit
(excluding the meters) is 11 ohms.

Now at resonance there is no net reactance in the eircuit, so that
the impressed voltage has to overcome only the RI drop in the circuit.
To forece 1.89 amperes through 11 ohms resistance requires about 20
volts, so this is the value for which the alternator is to be adjusted.

And it must be borne in mind that even though the voltage im-
pressed on the circuit is only 20 volts, at the resonant frequency there
will be 400 volts across the condenser, and very close to 400 volts across
the coil!

The values we have assumed for inductance, capacity, and resistance
give about as sharp a resonance curve as can reasonably be expected at
power circuit frequencies; in the average laboratory test the voltage
across the condenser, at resonance, will not be 20 times as great as the
impressed voltage, but more probably ten times as much.

In the previous test it was stated that an ordinary a.c. voltmeter
was not suitable for proteeting the condensers in such a test as this,
and the statement will now be analyzed. Let us consider the circuit
which has been treated so far in this test, namely, a circuit of 0.5 henry
and 10 ohms resistance in series with 10 microfarads of capacity with an
equivalent series resistance of 1 ohm, the impressed voltage being 20
volts and the impressed frequency the resonance value, namely, approxi-
mately 75 cycles per second. Previous calculation showed a voltage
across the condenser of 400 and a current of 1.89 amperes at resonant
frequency.

Now what will happen if a 400-volt iron vane voltmeter is con-
nected across the condenser, with the idea of measuring this 400 volts?
The resistance of the voltmeter will be about 6000 ohms, so that if 400
volts is impressed on it 0.066 ampere will flow through it.  This amount
of current, at a pressure of 400 volts, represents a power loss in the
voltmeter of about 25 watts. This relatively high power consumption
is quite common in voltmeters of the iron vane type.

Now such a power loss in a closed box the size of an ordinary volt-
meter would result in excessive temperature in the box, if allowed for
appreciable time. The temperature rise would give a large error in
reading and quite possibly would injure the insulation in the meter
winding. Because of this condition, voltmeters of this type are always
equipped with a button switch so that the meter eircuit is closed only
when it is being read. So the question we have to solve is this: if the
voltage across the condenser is 400 volts when the voltmeter circuit is
closed, what is it when the voltmeter circuit is opened?

To answer this question we consider the voltmeter as a resistance

.



EXPERIMENT 6 55

across the condenser (which of course it is), and to make the calcula-
tion of the problem simple, we first change this shunt resistance into an
equivalent series resistance. The equivalent series resistance is one
which, connected in series with the condenser, will experience the same
power loss as does the actual shunt resistance.

The current flowing into the condenser is given very nearly by the
expression I = 2xfCE, and this current flowing through a series re-
sistance I, would produce a power loss of I2/2,. Now the actual shunt
resistance I2,, experiences a power loss of £*/R.. So to get the equiva-
lent series resistance we put

2

I{uh

=IPR, . . . . . ... (2

and substituting the value of I previously given,

@rfCE)R, = —~

4

I{sh

or
1 Xx#
T (WO)ERu R

R, (23)
Now the reactance of the condenser in the circuit being analyzed was
previously found to be 214 ohms, so we have

R, = (214)%/6000 = 7.8 ohms.

Hence putting the voltmeter across the condenser has the same effect
on the circuit as would result from inserting 7.8 ohms resistance in
series with the condenser.

Now such a resistance, in series with the 11 ohms already in the cir-
cuit, gives a circuit resistance of 18.8 ohms. With such a resistance,
the alternator voltage, to give 400 volts across the condenser at reso-
nant frequency, would have to be 18.8 X 1.89 = 35.5 volts.

When the voltmeter switch is opened, the circuit has only 11 ohms
resistance.  Such a resistance, with 35.5 volts impressed, would give a
current in the circuit of 3.24 amperes, and such a current would give a
voltage across the condenser of 690 volts!

Therefore, in this test if, with the voltmeter connected across the
condenser, the alternator is adjusted (at resonant frequency) to give
400 volts acrass the condenser, there will be 690 volts across the con-
denser as soon as the voltmeter circuit is opened.

Conditions similar to this are quite common in radio circuits, and
the student must be constantly on the lookout for them; connecting a
meter to measure a certain quantity may of itself alter that quantity
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greatly so that the value measured is far from the value existing before
the meter is connected.
Returning now to the general consideration of the problem, we note
that in this circuit we have
E - E
1\ VE4XT
)

I=—

/ (24)
N+ <¢.1 -

. 1y,
At frequencies below resonant frequency, e is greater than wL, the
w

capacitive reactance predominates, and whatever current flows will
lead the impressed voltage. At resonant frequency there is no reac-
tance, so the current is in phase with
the voltage. At frequencies higher
than the resonant value the in-
ductive reactance predominates and
the current lags. At resonance the
Vo impedance is a minimum, so the
current is a maximum (constant
impressed voltage assumed). The
values of current, plotted against
frequency as abscissae, give the well-
known resonance curve, shown in
Frequency Fig. 40. The lower the resistance
Fig. 40. of the circuit, the sharper is this
resonance curve. In Fig. 40 there
are shown the curves of “ volts across coil ” and “ volts across con-
denser,” as well as the current in the circuit.

The radio engineer frequently uses the term * decrement ” when
discussing resonance phenomena. This quantity, generally represented
by the letter small delta, 8, gives an accurate measure of the sharpness of
the resonance curve and, furthermore, it tells the radio engineer how
rapidly electrical oscillations will die away in the circuit if some dis-
turbance sets up such a current and it is left to die out.

If f, is the resonant frequency of a circuit consisting of L, C,and B
in series, the decrement is defined by the ratio

R

5=—271—1(25)

It is evidently a quantity somewhat akin to the power factor of the coil,

R
at resonant frequency. We know that power factor = cos ¢ = E'

1

T for higher
value of R

Current voltage
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and if the resistance of a coil is small compared to its reactance we have

-———, s0 that we have the relation cos ¢ = 3‘ This relation
27l’f11 T

holds good only at the resonant frequency of the circuit. Now the
quantity 8 ean also be obtained from the shape of the resonance curve.
Referring to Fig. 41 at f; (resonant frequency) the current is I;. Now
two other points are selected on the resonance curve where the current

cos ¢ =

-

Current

|
|
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|
I
[
|
__'__
}
|
|
[
|
!
|
|
|
1
|
1
|

A

Frequencey

Fia. 41.

is equal to I, V2. These two currents oceur at frequencies f and fa.
It can be shown* then that

e L
f’

It is then possible to obtain the decrement from experimental results
in two different ways—by measuring R, f., and L, and by measuring
the frequencies f, fi, and f2 from the resonance curve.

Iron core inductances give most peculiar and unexpected results
when used in such an experiment as this one.  Entirely different results
will be obtained if the frequency is started low and then raised to the
higher value, than if it is started high and lowered gradually. The
peculiar behavior is a result of the dependence of the iron permeability
upon the current through the coil, and, of course, in this resonance run
the current varies greatly.

Typical values for I and R are given in Fig. 42. The coil was the
95-volt windirg of a 3KVA lighting transformer. In Fig. 43 are shown

* Principles of Radio Communication, 2nd ed., p. 77.
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the resonance characteristics of a circuit made up of this coil and a
120-uf condenser. Starting with low frequency (25 volts held con-
stant in the circuit), the current was so low that the induetance and
resistance values of the iron core are on the left side of the maxima
given in Fig. 42. As frequency inereased the current inecreased, L
increased (see Fig. 42), and the resonant condition was approached.
When about 0.6 ampere was flowing (frequency 18 cycles) the maximum
value of L occurred, if Fig. 42 is to be relied upon, but even so the induc-
tive reactance was much less than the condenser reactance. Now as
the frequency was raised and the current increased above 0.6 ampere,
the inductance began to decrease, making the resonant frequency higher.

T T T T
| . | T [ ‘ |
] | 1- Curve showing relation between L and |
| 2_ ar a Y a R e 4
| 95 Volt Coil,- 3 K.V.A, Transformer
| _ Frequency = 60 cycles .

S SRS DS

10104

15 I.oz i

%% 1 2 3 L 5§ 7 8
Current - Amperes

F1a. 42.

And as the frequency increased still further, L continually decreased
(sec Fig. 42), preventing the circuit from coming into resonance
<wL = %) This continued until a frequency of 65 cycles was
w!

reached and the current rose to 8 amperes; for this condition the equal-
ity of inductive and ecapuacitive reactances is nearly reached. Suddenly
with the slightest increase in frequencey the current drops from 8 amperes
to 0.3 ampere, so that evidently the right-hand side of the resonance
curve is unstable.

What happens is this. Just after the resonant condition is reached,
the current, having passed its maximum value, starts to fall. But Fig.
12 shows that as the current decreases from a value of 8 amperes the
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inductance inereases. But increase in inductance means a lower reso-
nant frequency, and this action results in still lower current. So a higher
induetanee exists, resonant frequency for the eireuit is still further
reduced, and on the curve of Fig. 43 when the alternator was generating
70 eyeles the resonant frequency of the circuit was about 40 eyeles!

So with increasing frequency we see the effect of the varying per-
meability of the iron is to keep the resonant frequency of the cireuit

Series Resonant Circuit
_|1- Curve between [ and
z- M Xo
< 190} p— i R :
t | Series Circuit of 120 mf and 95 Volt Coil
9 180 i of 3 K.V.A. Transformer
Impressed e.m.f.= 25 volts

D
g
Ohms

ol Y ! | |
0 10 20 30 40 50 60 70 80
Frequency - Cycles per second

FiG. 43.

somewhat above the value of the impressed frequency; there comes o
limit to the cireuit’s ability to maintain this eondition and suddenly the
resonant frequencey of the cireuit shifts backward and drops to a vahwe
bclow the frequency impressed on the circuit.

If an air gap is inserted in the iron core the instability of the circuit
ix correspondingly diminished, and with an air gap an appreciable frac-
tion of an inch the unstable condition does not exist.

The curves of Fig. 42 illustrate an effect which the student finds
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difficult to appreciate at first; namely, an air core coil can be built
with much lower power factor than an iron core coil. A transformer
core is, of course, well laminated and has little eddy current loss, but
even so the ratio of its reactance to resistance is only about three to
one, whereas an air core coil of the same weight as this iron core coil
(iron plus copper) would have a reactance fifteen or even twenty times
as much as its resistance.

Perform runs as follows, getting sufficient points, properly spaced,
to construct accurately the resonance curves.

With air core coil, no added resistance, with sufficient impressed
voltage to give maximum safe voltage on the condenser at resonance,
read current for various frequencies, holding voltage constant through-
out the run.

Repeat with two values of added resistance, one about the resistance
of the coil and the other about three times as much. For these runs
increase the alternator voltage sufficiently to give the same maximum
current for all three curves.

When these curves are plotted the eurrent values are to be pro-
rated to the values they would have had if the impressed voltage had
been the same for all three runs. It is better to carry out the tests as
suggested rather than actually to hold the voltage the same for the three
runs, beeause in this case the currents would be so small as to be scarcely
readable on the ammeter used for the first run. And it is generally
advisable not to change meters in a set of runs like this because the
ammeter itself has appreciable inductance and resistance (in the low
range meters) and so the cireuits for the several runs might have appre-
ciably different values of inductance, when presumably they are the
same.

With no added series resistance, and same impressed voltage as in
the first run, make another run with a shunt resistance across the con-
denser using a resistance about ten times the value of the eondenser
reactance.

With a closed iron core inductance, and sufficient capacity to pre-
sumably give resonance at the mid-frequency range, try to get a resonance
run showing the phenomenon illustrated in Fig. 43. (The inductance
of a transformer core can be approximately ealculated by assuming
a reasonable exciting current for rated voltage and frequency and
caleulating the inductance from the approximate relation 2xfLIexe =
Eraea.) If available, use an iron core coil with an air gap for getting
another resonance run.

For all runs plot curves of current, inductive reactance drop, and
capacitive reactance drop, against frequency as abscissae.
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From the known impressed voltage, and maximum eurrent from the
resonance curve, calculate the resistance of the circuit (R = £/l egonance).
From this resistance and known value of inductance and resonant fre-
quency caleulate the decrement.  Compare with the value of decrement
caleulated from the shape of the resonance curve.

For the run using a shunt resistance across the condenser, calculate
the series resistance equivalent to the shunt resistance (at resonant
frequency), and from this and the known resistance of the rest of the
circuit get the total equivalent series resistance of the circuit. Check
this value from the measured values of E and I at resonance. At
resonant frequency calculate the ratio of reactance to resistance of the
coil.
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Object.—To study parallel resonance and the effect of circuit
changes on it. liffect of alternator wave form on aceuracy of results.
Effeet of supplying power to a portion of the coil only.

Analysis.—In the previous resonance test it was necessary to observe
caution to prevent dangerously high voltages being set up across the
condenser.  When the coil and condenser are connected in parallel, as
called for in this test, the resonance charaeteristies are just as pronounced

as they were for the series connec-

tion, but no dangerous condition is

Re likely to be obtained when earrying

_1_ out this test. The condenser never

d’) - ¢ has a higher voltage than that im-
pressed by the alternator.

In addition to the ammeter,
voltmeter, and wattmeter used in
the line from the alternator to the
parallel cireuit, there should be used a suitable ammeter in each
branch (Fig. #4).

When the power factor of both the coil and the condenser are low (as
should always be the case in resonancee tests) the resonant condition in the
circuit occurs at practically the same frequency as it would if the

1
25V 1O
Resonanee is defined for a parallel ecircuit in the same way as for a
series circuit, namely, that frequeney for which the circuit shows no
reactance, in other words, that frequency for which the power factor of
the circuit is unity, or we may say, that frequency for which the line
current is in phase with the line voltage.

Let us suppose that the coil we are to use has 0.2 henry inductance
and 5 ohms resistance, and that the mid-frequency available is 80 eyeles.
We have 2xfL = 125, and the condenser required to give a reactance
of 125 ohms at 80 eyeles is 20 microfarads.  Suppose we decide to use
125 volts as the line voltage and the frequency is varied from 40 to 120
cycles.

The first thing to note about this circuit is that each branch takes
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exactly the same current and power as it would if the other branch were not
present.  Such a statement could not be made, of course, for the scries
connection of the lust test.

The current in the two branches will change with frequency
(impressed voltage being held constant at 125), as shown in Fig. 45.
The condenser eurrent is a linear function of the frequeney and the indue-
tance current is nearly a hyperbola.  The lower the coil resistance, the
closer the curve approuaches a reetangular hyperbola.

For the first analysis we will suppose that the condensers are so
good as to have a negligible power loss; this means that the condenser
current leads the line voltage by 90°.

If the coil is properly built of eable its resistance will be essentially
constant at its c.e. value, in the frequency range used.
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At the resonant frequency both branch ammeters will indicate 1
ampere, as nearly as can be read.  (This negleets the important factor
of alternator wave form which will be discussed later.)  The reactance
of the condenser is 125 ohms, the reactance of the coil is 125 ohms, and
its resistance i3 5 ohms. This small resistance, compared to the reue-
tance, means that the coil impedanee is sensibly the same as its reactance.
This is the reason both branches draw the same current, even though one
has 5 ohms resistance and the other has none.

The line current will be the veetor sum of the two branch currents,
and this is shown in Fig. 46. The two branch currents combine to give
a line current OA, much smaller than either branch current.  The cur-
rent OA is evidently equal to the current I, multiplied by sin 6 and

Ry -
this is sensibly the same as I, tan 8 = I, —\;’- Substituting the proper
<\ L

values of Ry and X, gives a line current 0.1 of .04 ampere. The line
impedance is given by the ratio of line voltage to line current or
125/.04 = 3125 ohms. Strange as it may seem, this is the faet, that

io History
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this coil of only 5 ohms resistance, when shunted by a suitable con-
denser, acts like a resistance of thousands of ohms! And stranger still,
it is evident upon further analysis that, as the resistance of the coil
is diminished, the apparent line resistance becomes higher and higher.
From inspection of Fig. 46 it is secen that as the coil resistance becomes
smaller the current 0.1 becomes less, even though it remains in phase
with the line voltage. But when the line current becomes smaller for
a fixed line voltage, we must conclude that the resistance of the circuit
has become larger.

The power actually used in the coil is 7,2R;, and, of course, the line
resistance must be such a quantity that it, multiplied by the square of
the linc current, gives the power used by the coil.

The line current is sensibly equal to I.R./X,., and this current,
squared, multiplied by the line resistance, which we will call R/, must
be equal to I.2R.. So

I?lz 4\’],2

B = It =L
I. RVE i L*Re or R oL (27)

This relation holds good, of course, only at the resonant frequency,
when the circuit draws a current in phase with the line voltage. Also
it assumes a coil and con-
denser, the impedance of which
Tjne. if harmonica —~ is sensibly the same as the re-

are present =18 actance; this is always the case
in actual radio cireuits.

By constructing Fig. 46 for
a various frequencies, and trans-
,,,, posing the line current so ob-
tained to Fig. 47, we see that

Frcquency the line current is in the form

16, 47. of a V, being practically the

same as the larger branch cur-

rent for frequencies distant from the resonant frequency, and having

very small values (perhaps one-tenth of either branch current) in the
region of resonant frequency.

Now it will be found, when this test is carried out in the laboratory,
that instead of verifying the theory outlined above, the results disprove
it completely. The circuit we have analyzed, which should have an
effective resistance of 3125 ohms at resonance, will probably show a
resistance of 30 ohms only, possibly less. This, it will be seen, is not an
error measured in a few per cent, but in many hundred per cent.

The reason for this great discrepancy between the experimental

-

Current
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results and those predicted by theory, lies in the wave form of the alter-
nator. If this generates a pure sine wave, theory and experiment will
agree, but, of course, no generator can produce a really pure sine wave.
A voltage wave which has so little distortion as to appear truly sinusoidal
will still give very poor agrcement between theory and experiment.
We will analyze a typical case.

Let us suppose an alternator having 12 teeth per pair of poles, a
common construction. This machine, with salient poles, will generate
an eleventh and a thirteenth harmonie of nearly equal amplitudes. We
will suppose each of them is 5 per cent of the fundamental; this would
produce a ripple on the voliage wave (or ““ teeth ”” on the voliage wave
as they are frequently called) which would have at certain parts of the
wave, an amplitude 10 per cent of the amplitude of the fundamental.
At other parts of the voltage wave, the amplitude of the ripple would be
practically zero. (This waxing and waning of the amplitude of the
ripple is due to the thirtecenth harmonic ‘ catching up” with, and
passing, the cleventh harmonic twice per fundamental cycle.) Such a
wave does not look badly distorted, and is much better than is given by
the average laboratory generator.

Now, let us again suppose the voltage of the fundamental wave is
125, as before, so that the harmonies will each have a value of 6.25
volts. The coil we have been considering has 0.2 henry and 5 ohms,
and the condenser has 20 microfarads of capacity and negligible
resistance.

The current, of fundamental frequency, is one ampere in both coil
and condenser, and the lire current of this frequency is 0.04 ampere, as
shown on page 63. The linc current has this very small value because
the two reactive currents, that in the coil lagging 90° and that in the
condenser leading 90°, just neutralize one another.

Now it is « fundamental proposition in clectrical theory that if sev-
eral voltages of different frequencies are impressed upon a circuit, each
voltage will produce the same current as it would if it were acting alone.
This is known as the principle of superposition. It holds good only if
the L, R, and C of the circuit are constant, independent of voltage and
current intensity. It thus does not apply to circuits having iron core
coils, wires of varying temperatures, microphonic contacts, and the like.
In our case the coils and condenser are constant in their induetance and
capacity, so we may use this principle of superposition.

Now turning our attention first to the eircuit branch containing the
coil, we conclude that the upper frequencies in the voltage wave will
produce current of negligible magnitude. Thus, the eieventh harmonic
will produce a current of 0.0045 ampere, and the thirteenth harmonic
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a current of 0.0038 ampere.  Compared to the 1.00 ampere of funda-
mental eurrent in the coil, these currents are entirely negligible.

But when we consider the eapacity branch of the circuit we find an
entirely different state of affairs. The eleventh harmonic produces a
current of 0.55 ampere and the thirteenth harmonic a current of 0.65
ampere.  ‘These currents are nearly as large as the fundamental current;
their unexpected magnitude comes about because of the high frequency.
This factor acts to offset the comparatively low magnitude of the
voltages.

Now these two currents, 0.55 ampere of cleventh harmonie and 0.65
ampere of thirteenth harmonie, are not neutralized by corresponding
currents in the coil, so they must be supplied by the line itself. Thus
the line must supply & current of 0.04 ampere of 60-cycle current, 0.55
ampere of eleventh harmonic and 0.65 ampere of thirteenth harmonie.

These three currents flowing through the line ammeter will produce
thereon a reading of V0 4 552 + .65% = 0.87 ampere.  That is, the
line ammeter reads 0.87 ampere, when the theory (based on sine wave
voltage) prediets a current of 0.04 ampere!

Now the power used in the parallel eircuit is the same as if the vol-
tage were a pure sine wave, because the upper harmonie currents flow
only in the condenser branch, where we have assumed a negligible
series resistance.  Ience, the power loss in the parallel circuit, which
is read in the line wattmeter, will be 5 watts, as it was before.  The line
resistanee will be

%% wiatls
= IE

= 6.85 ohms
Or if we assume that the resistance may be obtained as hefore, namely,
by dividing the line voltage by the line current, we find

25
I’ = . 144 ohms

So that this circuit, even at resonant frequency, does not give the same
value of impedance when caleulated by the two methods. The watt-
meter method gives 6.85 ohms, the impedance caleulation gives 144
ohms, and theory indicates that the resistance should be 3125 ohms.
The harmonie eurrents not only upset the resistance ealculations but
also spoil the sharpness of the resonance curve. In Fig. 47 are shown
the fundamental currents through the coil and condenser 1, and I and
the line current Jine duce to these two currents. It shows a sharp mini-
mum of only 0.04 ampere at the resonant frequency. In this figure is

'orld Radio Histol
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shown also the curve Inae which gives the harmonice current flowing in
the condenser path. In the dotted line is shown the line current the
experiment yields; instead of dropping to 0.04 ampere at the resonant
frequency it falls only to 0.88 ampere.

To eliminate this error in performing the test on parallel resonance,
it is necessary to place in series with the alternator a choke coil, and in
making connections to the circuit under test the cheke coil is treated
as part of the alternator circuit. It is well to use an iron core choke
with a small air gap in the magnetic circuit, if such is available. This
choke coil then tends to eliminate the high frequency currents not only
by its reactance but also by resistance due to core losses; these are much
larger for the harmonics than they are for the fundamental frequency.

Referring to IMig. 48, which shows the connection to be used in this
test, it can be seen that other resonances besides that being investigated
may occur. For the high
frequency harmonics being
discussed the main circuit of
L and C in parallel will be a
capacity for all the fre-
quencies to be used in this
run. Thus, if the frequency
variation in this test is to be
from 40 to 120, the resonant
frequency of the parallel
circuit being, say, 75 cycles, then for the harmonies the parallel circuit
will be a condenser, even at 40 cycles. In fact, for the eleventh harmonie
the parallel cireuit will be a capacity until the fundamental frequency
goes lower than 7 eycles.

It is thus evident that the choke coil, in series with the parallel cir-
cuit (which can be replaced in our minds by a condenser), may show
series resonance for one of the harmonic frequencies. This will bring
an unexpeceted hump in the resonance curve. The serics resonance will
result in an exaggeration of the harmonic voltage across the condenser
of the parallel circuit.  Generally this phenomenon will not be encoun-
tered; if it is, a larger choke coil should be used and this will depress the
series resonant frequency (for the harmonic) below the frequency range
used in the test.

With the main inductance having a value of 0.2 henry, as has been
assumed in this analysis, a choke coil of a few hundredths of a henry
(say 0.05 henry) will be found satisfactory.

Besides investigating the phenomenon of parallel resonance in the
cireuit of Fig. 48, this test also involves a study of what happens if the

Choke

16, 48,
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power supply is made to only a portion of the coil, say from a to ¢ of
Fig. 48. The parallel circuit now has an inductance in one path and
an inductance in series with a condenser in the other path. It will be
found that the circuit shows resonance (line current in phase with line
voltage) at just the same frequency as it did before, in fact this is a
special case of the general theorem that when circuit reactances are
large compared to resistances, ¢ network will show resonance at the
same frequency mo matter what two points of the network are used for
supplying the power. In the special case we are considering it will be
found that the results are about as shown in Fig. 49. Curve 1 gives the
line current when all of the coil is in one branch and only the condenser
in the other. Curve 2 shows the line current when the power is supplied
across half the coil only. It is sup-
posed that the line voltage is the

same for both runs.
These curves are qualitative only;
2 their exact shape, one compared to
the other, depends upon how much
1 mutual induction there is between
the two parts of the coil. If the
coupling between the two parts is

Line current

7o weak, or if only a small part of the coil
Frequency is used across the power line, large
Fre. 49. voltages may be built up across the

condenser at some frequency used
in the run; the reading of the ammeter in the branch containing the
condenser will serve to indicate whether a dangerous condition exists,
because the voltage across the condenser, the current in the branch,
and the frequency being used, bear the relation mentioned several times
before; i.e., I = 2xfCE. From preliminary calculations the student
should know how much current can flow in the condensive branch of
the circuit without danger of the condenser breaking down.

With the circuit arranged as in Fig. 44, make a run reading all
meters, keeping impressed voltage constant. Add in the condenser
branch a resistance about 10 per cent of the condenser reactance, and
repeat the run.

With no resistance added to the original circuit, make a run for a
small range of frequencies in the region close to resonance, after having
put a suitable choke coil in series with the alternator. To hold the
voltage on the test circuit constant during this run, it will be nccessary
to vary the alternator voltage considerably. The voltage in the circuit
is equal to the voltage of the alternator minus (vectorially) the drop
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in the choke coil, and this will vary a great deal in magnitude and
phase for the different frequencies used in the test.

With the power supply connected to one end of the coil and a tap
about midway between the two ends, and no added resistance, make
another run. Use the same impressed voltage as for the other runs, if
the apparatus permits.

If time allows, get an oscillograph record of the branch and line
currents, at the resonant frequency, for the various arrangements
tested.

Plot curves and explain results obtained.
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Object.—Study of resonance phenomena in a eireuit resembling that
used in a radio frequeney amplifier.

Analysis.—In general the cireuits used in aectual radio apparatus
are somewhat more complicuted in their arrangement and action than
are those so far studied. The phenomena so far studied are involved
in the action of the radio apparatus, but generally, not simply as studied
in the foregoing tests, but in combination with other aetions. The
average tuned radio frequency amplifier involves cireuits similar to
those given in Figs. 50 and 51. The cireuit of Fig. 30 is similar to
that of the ordinary screen grid radio frequeney amplifier, and that of

RP
WY ' »
. W %
f— R
L 2 L, [ :_C': R,
K
I'16:. 50. Ira. 51,

Fig. 51 represents one stage of the ordinary tuned radio frequency
amplifier, used with the three-cleetrode tube.  In each figure 12, repre-
sents the intérnal a.e. resistance of the plate eireuit of the vacuum
tube, and I, represents the a.e. resistance between the grid and eathode
of the succeeding tube.  The value of I, is determined by grid bias,
whether external grid leak is used, ete.  The value of R, depends for
its value upon the type of tube, grid bias, and plate voltage used.

In this test we shall not take the values of inductanee and capacity
used in the aetual radio cireuits, beeause at the low frequencies given
by an alternator resonanee could not be obtained with micerohenrys of
inductance and milli-microfarads of capacity, such as the radio fre-
quency amplifier uses. But we shall try to seleet such values of in-
ductance, capaeity, and resistance as will show, reasonably well, the
performance of the actual radio apparatus.

In interpreting the result of this test, as well as the preceding and
following cxperimeats, it must be remembered that the resonance

70
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characteristics of actual radio circuits are much more pronounced than
we ean obtain at power frequencies.  The sharpness of resonance de-
pends upon the ratio of reactanee to resistance of the coils and con-
densers used; whereas the coils of radio apparatus have a reactance
one hundred times as much as their resistance, it is not feasible, at
power frequencies, to get a reactance more than about 25 times the
resistance.  ISven this ratio ealls for a well-built coil weighing about
100 1bs.

With allowance made for this quantitative difference between the
two cases, however, these low-frequeney tests show very well the per-
formance of actual radio apparatus.

In trying to set up a cireuit, for the low-power frequency, which
shall duplieate the performance of that of Fig. 50 used at radio fre-
quencies, we note that in the radio circuit the value of &, may be
200,000 ohms, the reactance of the coil, as of the condenser, may be
800 ohms, and £, may be from 100,000 to 500,000 ochms. The power
factor of the coil may be 1 per cent, so that from equation 23 on p. 55
we find that at resonance the equivalent resistance of the parallel ecir-
cuit (neglecting for the moment the ceffect of R,) is

. 8002
R = — = 80,000 ohms.

N
¢

Now if we use a coil with 0.2 henry and a resonant frequency of
80 cycles, the reactance of the coil will be about 100 ohms. If it has
5 ohms resistance, and a suitable condenser is used in parallel to es-
tablish resonance, the equivalent resistance of the parallel cireuit is

R

100
[ = — = 2000 ohms.
5

In the actual radio circuit the resistance [?, is about three times
that of the parallel eircuit, so for our test we should use R, = 3 X 2000
= 6000 ohms.

And for R, we should use a resistance about the same as I, or say
5000 ohms.

To show the resonance phenomena we can measure either the cur-
rent in the condenser, or the voltage across the parallel cireuit.  But
if it is attempted to use an ordinary voltmeter for measuring the volt-
age it must be remembered that its resistance (for a 150-volt scale) will
probably be only 2000 ohms, and this is in parallel with R, which we
have taken as 5000 ohms! If the characteristics of the circuit are to
be maintained, therefore, it is necessary to use an clectrostatic volt-
meter for measuring the voltage across the condenser.

[World Radio Histo
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However, the resonance phenomena can be measured by the cur-
rent in the condenser, and from this current, together with the known
capacity and frequency, the voltage can be calculated.

The proper capacity to use in our test will have 100 ohms reactance
at the resonant frequency (because we have assumed a coil which has
this reactance), so that if 100 volts oceurs across the parallel circuit at
resonance, there will be one ampere of current flowing in the condenser.
Thus an iron vane ammeter of l-ampere range will be suitable for
showing the occurrence of resonance.

Of course, it must be remembered that even putting a l-ampere
meter in series with the condenser has a really appreciable effect upon
the power factor of the condenser path. Thus its resistance will be
about 1 ohm, and this will increase the power factor from the value
of possibly 3 per cent (condenser itself) to 13 per eent. In fact, putting
this 1-ampere meter in series with the coil has almost as much effect
on the condenser power factor (hence upon the sharpness of resonance)
as putting the resistance R, in parallel with the condenser.

Putting 5000 ohms in parallel with a resistance of 100 ohms is the
same as putting X2/R, = 1002/5000 ohms in series. This gives an
equivalent series resistance of 2 ohms. Thus putting the ammeter in
series is about the equivalent of decreasing the shunt resistance R,
from 5000 to 3000 ohms!

If available, it is well to use an electrostatic voltmeter across the
condenser to indicate resonance; portable electrostatic meters with a
full scale reading of 150 volts are readily obtainable.

To get a hundred or more volts across the parallel circuit will require
a voltage on the alternator of about 400 volts. It will generally be neces-
sary, therefore, to use a step-up transformer between the alternator
and test circuit, as the average laboratory alternator will not give over
100 volts at the lower frequencies.

To measure the line current in this test it will be necessary to use a
milliammeter because the current taken by the circuit is very small.
Thus with a value of I, of 6000 and equivalent resistance of the parallel
circuit (at resonance) of 2000 ohms, the circuit has 8000 ohms resist-
ance, and with 400 volts impressed the current will be 0.05 ampere.

It will, of course, require a rather sensitive ammeter to measure
this small current, and the meter (if of the iron vane type) will probably
have several hundred ohms resistance. Such a high resistance in an
ammeter would greatly upset conditions in an ordinary circuit where
ammeters are used, but in this circuit it is no detriment at all. The
circuit requires a high resistance, and so the ammeter may be regarded
as part of this resistance.
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The cireuit shown in Fig. 51 is that of the ordinary transformer
repeating tuned radio frequeney amplifier.  Again R, represents the
resistance of the plate eircuit of the tube, and R, represents the resistance
of the input eircuit of the succeeding tube.  In the acfual radio cireuit
L. is about 250 microhenrys, C varies from 25 to 250 micro-microfarads,
L, is about 10 microhenrys, the coefficient of coupling is about 75
per cent, R, is about 5000 ohms, and £, is about 100,000 ohms or more.

The resistance of Ly itself is negligible, but the resistance which
the secondary eircuit introduces into the Ly circuit may be quite large.
From the analysis given in Exp. 5 we know that the value of resistance
introduced into the primary circuit, at the frequency which gives reso-
nance in the secondary, is (wd)?/R..

From the data given above, M = .75V 250 X 10 = 37.5uh, and for
a frequency of 10% we have wM = 236 ohms.

A reasonable resistance for the eoil Ly at this frequency is 15 ohms,
so that

() 362

= ——— = 3700 ohms.
e ]

In other words, the resistance which the tuned sccondary eircuit intro-
duces into the primary ecircuit is about the same magnitude as the
resistanee of the plate circuit of the triode. In the average radio set
it is not as great as this, being perhaps one-quarter as great as the
resistance of the triode plate circuit.

Let us suppose that in our test (IFig. 51) we seleet for the coil Lo
one having 0.6 henry inductance and 10 ohms resistance. The value
of capacity required for tuning the secondary circuit {o 80 eycles is about
7 microfarads. The reactance of the coil, as of the condenser, at
resonant frequeney is about 300 ohms. If we use for L; a coil of .03
henry, coupled 70 per cent to coil La, we shall have for the value of 3,

70V .6 X .03 = .094 henry
and for w3 about 47.0 ohms. Then for (wl[)?/IR2 we have

472
o = 220) ohms.

In order for the circuit of Fig. 51 to represent the condition in g
radio circuit, therefore, we should use for the value of 2, about 500
ohms.

Some caution must be observed in the cireuit or c¢lse the condenser
may be punctured by a high voltage set up at the resonant frequency.
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If we assume 300 volts as the maximum safe voltage (effective) on the
condenser, the permissible current in the circuit at resonant frequeney
is obtained by the relation

I = 2xfCIY = 2780 X 7 X 107" X 300 = 1.0 ampere.

With this current flowing the power loss in the cireuit is 10 watts, and
this is the amount of power the primary cireuit must supply to the
secondary.  In other words, this is the maximum amount of power
which may be supplied by the (square of the primary current) flowing
through the resistance which the secondary eireuit introduces into the
primary. So we have I,* (primary current) X 220 = 10 or

I,2 = 0155 or I, = 21 ampere.

Now the total resistance of the primary cireait is 500 + 220 = 720
ohms, and to force a current of 0.21 ampere through this resistance
requires about 150 volts. Henee this is a suitable voltage to use in
running the test, for the conditions we have outlined.

Using the cireuit shown in Fig. 50 with suitable value of voltage,
held constant at the alternator, take readings of line current, condenser
current (or condenser voltage) with no resistance shunted around the
condenser, and two more runs with two values of shunt resistance, one
representing a low resistanee for the triode input circuit and the other
representing a high resistance for the input cireuit.

Perform similarly three runs on the cireuit of Fig. 51, using values
about as outlined in the analysis.

In both arrangements of cireuit the eurve between primary current
and frequeney is nearly a straight horizontal line, having more or less
of a dip for that frequency which sets up resonance in the secondary
circuit.
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Object.—To study resonance phenomena in two magnetically
coupled cireuits, both ecircuits having condensers in scries with the
coils.

Analysis.—The circuit we investigate in this experiment is shown
in Fig. 52; in each circuit there are a coil and condenser in series, and
the two circuits may react on one
another through the mutual magnetic
field, indicated by M.

We will first consider the simplest
possible ease, ie., L; = L: and
Cy = C2, with Ry and R. sufficiently
small in comparison to L; and L.
that they play no part in determining Fia. 52,
resonance conditions.

From Exp. 5 we know that the secondary circuit will affect both
the resistance and reactance of the primary circuit, inaking the effect-
ive resistance and reactance of this cireuit,

Primary Secondary

I\ 2
I£’1=161+<‘;>R2 N )]
and )
M2
_-'1=‘\',—<“’ZZ>X._, R €11)

As R» is small compared to the reactance in the secondary circuit, it is
apparent that the second cireuit will introduce a large resistance into the

. L whM
primary circuit only when the term 7

> is large, and this occurs only
A

for the condition that Z» = R.. For this condition, as we have shown
before, R'1 = R1 + (wM)?/R2 and that this holds good only when the
frequency impressed on the primary is the resonant frequeney for the
secondary circuit. For frequencies appreciably different from this fre-
quency the effective resistance of the primary ecircuit does not have
values greatly in excess of its own true resistance. It may be twice as
much, but it will not be ten or twenty times as much, as it may be for
the resonant frequency.

75
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In general it is the reactance which limits the current in such circuits
as this, so we now investigate the effeetive reactance of the primary
circuit, as given in eq. (29). Iirst it is evident that, for the special

. 1
cireuit conditions we have specified, when ol = — muking X; = 0,

1
T WwCs
zero the value of X'y (given in eq. (29)) is zero, so that the primary ecir-
cuit must show the resonant condition, that is, line current in phase
with line voltage.

But, even though the reactance is zcro, it seems probable that the
current in the primary circuit will not be large, because of the large
resistance, introduced by the secondary circuit.  For all values of coup-
ling except the very weakest, this term will be very large compared to
21 and so will result in low values of primary current (for a given im-
pressed voltage) even though the ecircuit shows no reactance. And,
of course, a low primary current results in a low induced voltage in the
secondary circuit, and so a low secondary current.

Now evidently there may be other frequencies which show zero
reactance in the primary circuit, because of the form of eq. (29). If
we put X'y = 0 and simplify the solution of the resulting equation by
neglecting the resistance terms in comparison to the reactance terms, we
get a comparatively simple bi-quadratic equation which can be solved.

If we eall 1/V 1,Cy = 1/V LaCa = 2ufo and if we eall M/NV Ly Ly =,
then the equation yields for the two values of frequency for which the
primary circuit shows zero reactance;

we also have wl» or Xeo= 0. But if both X and X2 are

, o Jo )
I'=re &
and
Jo
/ V1 -k @1

These two resonant frequencies, f* and f”/, not only show zero reactance,
but they also show comparatively small resistance (when the cireuit is
analyzed more carefully) so that these two frequencies show minimum
values of primary impedance. They, therefore, give the frequencies
for which the primary circuit shows maxima of current, and are called
the two resonant frequencies of the eireuit.

It will be noticed that one of these frequencies is lower than the
natural frequency of the circuit (either cireuit, as the two have the
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same natural frequency) and the other occurs at a frequency higher than
the natural frequency. 1Is there a physical explanation for these two
frequencies which, in so far as this analysis has shown, are merely two
roots of the quadratic equation obtained by putting the primary react-
ance equal to zero?

To find the reason for these two frequencies let us consider what
effect the secondary circuit has upon the primary (which is connected
to the variable frequency alternator as shown in Fig. 52) as the fre-
quency is inereased from low values.

For low frequency the secondary circuit shows high reactance,

1
wCa
flow in this circuit, but what current does flow will lead the secondary
voltage and hence will help to magnetize the magnetic circuit of L.
(The student of electrical machinery will recognize this as the same
principle which states that a leading current drawn from the armature
of an alternating current generator helps the field winding to magnetize
the field poles.  And shortly we shall use the complementary principle
that a lagging current in the armature circuit tends to demagnetize
the field poles.)

Now if L; acquires more interlinkages per ampere (owing to the
assisting action of L»), then it has a higher effective self-induction than
it would have if L» were nol present. The amount of this increase
depends upon the current in L and upon its angle of lead.

As the frequencey impressed on the primary is inereased (hence, of
course, that set up in the secondary also) the current in the primary cir-
cuit increases, and that in the sccondary cireuit inereases, so that its
effect on Ly is increased. At some frequeney (perhaps much below the
natural frequency of the primary eircuit acting alone) this augmented
value of L, is sufficient to produce resonance in the primary cireuit,
and this is the frequency denoted by f7 in eq. (30).

The amount by which this frequeney 7 differs from fo, the natural
frequency of the primary circuit, depends upon how much L, is aug-
mented by the action of coil Lz, and this in turn depends upon how much
current is set up in L2.  But this in turn depends upen how much volt-
age is set up in the secondary circuit, and this depends upon the coeffi-
cient of coupling between the two eircuits.  We can then see, at least
qualitatively, the reason for the form of the equation f' = fo/ V1 + k
in which % is the coeflicient of coupling of the two circuits.

Now at the frequency f7 a maximum of current will flow in the
primary circuit, and henee a maximum of induced voltage will result in
the second circuit. As the constants of the second circuit have been

being very large compared to wL2. A small current will, therefore,
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assumed the same as those of the primary, a maximum current will
flow in the secondary circuit at the same frequency at which the maxi-
mum induced voltage oceurs. Hence, that frequency which shows a
maximum of current in the primary, namely, f/, will also result in a
maximum of current in the secondary circuit. This statement is not
quite true, because the resistance of the secondary circuit plays a minor
role in determining the secondary maximum current, and the effect of
the resistance is to make the secondary maximum current oceur at a
frequency slightly higher than that which gives a maximum primary
current.

If now the frequency is still further inereased, we soon reach that
for which the secondary reactance is zero, and here the current of the
secondary is in phase with its generated voltage and so neither mag-
netizing nor demagnetizing action is exerted on Ly by Ls. 1lence L,
appears to have its true value. Now as we have assumed that L.Cs =
L,C, it is evident that when the secondary ecircuit shows resonance
(eurrent in phase with voltage) the primary circuit also shows resonance,
that is, no net reactance.

There will not be a maximum of primary current at this frequency,
however, because of the amount of resistance which the secondary cir-
cuit introduces into the primary, namely, (w3[)?/R>. For low resist-
ance secondary coil, and any value of M exeept the extremely low values,
the value of this expression (wM)2/R2 is so great as to cause a minimum
of primary current even though the reactance is zero.

But if the primary cireuit has minimum current, the induced voltage
in the secondary is a minimum and hence the secondary circuit also
shows a minimum current. Here again the truth of this statement
depends upon the coupling having some appreciable value, say for ordi-
nary coils greater than perhaps 5 per cent.

Now as the frequeney impressed on the primary is further increased,
the eurrent in the primary (and hence that in the secondary) begins to
increase, because the secondary introduces less resistance into the
primary. Thus the secondary coil begins to exert an appreciable mag-
netic effect upon Li; but now the action is a demagnetizing one, because
at frequencies above the natural one the current in the secondary cir-
cuit lags behind its generated voltage. Thus L now appears to have a
value of self-induction less than its true value.

As the frequency impressed is further increased, thus further dimin-
ishing the resistance introduced in the primary circuit by the secondary,
the primary eurrent increases, the secondary current increases, and the
demagnetizing action on L, reaches still larger values.

Soon this action gives such a diminished valuc of L, that its reac-
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tance, combined with that of €y, gives a net reactance in the primary
circuit of zero and hence a maximum of primary curreat flows.  And,
just as before, when this oceurs, 2 maximum current ualso occurs in the
secondary cirecuit.

This simple analysis explains, in a rather superficiul manner, to be
sure, the form of resonance curves in a pair of coupled, tuned circuits.
For three different values of coupling, there are given in Fig. 53 the forms
of primary and sccondary current for the arrangement of Ifig. 52.
The solid lines give the primary current and the dotted line the secondary
current. Those marked 1 are for tightest coupling, and those marked
3 are for weakest coupling.

It will be noticed that primary and secondary maxima do not quite
coincide, and that this departure from coincidence becomes greater

Current

Frequency

I1G. 53.

as the coupling is diminished. Tt will further be notieed that the two
resonant frequencies are not equally spaced from the ratural frequency
of the two circuits. The higher frequency moves away from fy much
faster than does the lower; as a matter of faet, for the tightest coupling
imaginable (100 per eent) f/ has moved from fu to fo/ V2 and /" has
moved from fy to infinity.

It will be noticed that outside the two resonant frequencies f* and f”'
the primary current is larger than the secondary, and that in between
f" and f” the reverse is true.  The latter part of this statement must be
qualified and, in fact, reversed when the coupling becomes very weak,
as we will now show.

At the frequency fo the resistance introduced into the primary
circuit by the secondary is equal to (wM)?/R2. The resistance of the
primary alone is I?y, so the total power supplied to the two cireuits, by
(wM)?

I
in the primary is 7,2R1, and the amount of power expended in the sec-

the alternator, is 11'-’<Rl + ) The amount of power expended
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2

LwM o .
ondary is I,* wﬁ—. Now it is also true that the power expended in the

secondary circuit is 7»2R2:, and as we have assumed in the discussion
that the two circuits were identical (i.e., R = I%2), it follows that if

2

wM

R
that if w)°/R2 is equal to s the two currents must be equal, and if
m2, I, is less than 2s then 72 must be less than 1.

It thus follows that if wM = . the current in the secondary (at
frequency fo) is just equal to the current Iy; if wl is greater than R.
then 12 is greater than 74, and vice versa.

From this discussion, it follows that for the tests shown in Fig. 53
at even the weakest coupling the mutual reactance was greater than the
secondary resistance.

In case the circuits are mistuned, that is, L;C, is not equal to L2Cy,
the above simple analysis does not suffice to predict the results.  Math-
ematical analysis,* however, shows that in this case the two resonant
frequencies are given by

is greater than 22 then 7o must be greater than I, Also it follows

R N e S
=N 2(1 — k) : (32)

"o S+ 1P _7\/(fl2 — fo¥)? +7 4_",2@
AN 21 = &%) ... (33

For this mistuned condition it also may be shown, by mathematical
analysis, that the two maxima of current, at f* and f, are not equal,
as they are for the tuned condition.  Unless the student is especially
interested in the case it is sufficient to analyze the circuits experi-
mentally, without attempting the mathematical analysis.

In Fig. 54 are shown the results of a test on mistuned cireuits. In
dashed curve (A) is shown the resonance curve of the primary for the
tuned condition; the two resonance peaks have the same height. By
increasing the capacity in the secondary about 100 per cent, both reso-
nant frequencies are lowered, as common sense would prediet, and
the higher frequency f” has a much greater current than the lower
frequeney f (C). By increasing the capacity of the primary, instead
of the secondary, the same values of f and f” are obtained (B), but now
the greater current flows at the lower resonance frequency.

With tuned circuits identical (preferably with the same constants
as used in Exp. 6) make three resonance runs, with maximum obtain-

* Principles of Radio Communication, 2d ed., pp. 119-120.
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able coupling, minimum of about 5 per cent, and an intermediate value.
Get sufficient points aceurately to delineate the curves  This calls for
a closer spacing of the measured values in the regions of resonance than
elsewhere.

For these runs the voltage impressed on the primary circuit may be
twice the value which was found safe for the single eircuit of Exp. 6.
(This statement holds good only for couplings which make wf greater
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than 22, but even with only 5 per cent coupling this will be true, for low-
resistance coils.)

Increase the capacity of the primary by 50 per cent (leaving second-
ary at its previous value) and make another run.  Then have the primary
capacity at its original value and increase the secondary capacity by 50
per cent and make another run. Use tightest coupling for these two
runs.

With frequency held at that value which gives resonance for a single
circuit, and voltage held constant at about 150 per cent of that used in
Exp. 6, make a run for various values of coupling, from the tightest
available to the lowest value which can be used safely (voltage across
primary condensers may get too high with very loose coupling).
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Object.—1"se of alternating current bridge, at audio frequencies, to
measure effective resistance, self and mutual induction.  Measurement
of resistance of a variable standard self-induction at various settings
and frequencies, by resonance bridge.

Analysis.—The bridge is nothing but two paths connected in parallel
to a common voltage source, as in Fig. 55, If then a connection is made
to any point A in one path it must be possible to find a point in the other
path such that there is no potential difference between these two points.
If then they are conneeted together by some
current-indicating  device it will indicate zero,

< and the bridge is said to be balanced. Under

R3§§ such condition, by a simple analysis it is secen

= A B—F that Ry/R> = Ry/Ry. 1f say Ry is being
R“E measured, I3 will generally be a continuously

T variable resistance (or variable in very small

steps), whereas R, and R: are known resistances
adjustable in larger units. They are called the
ratio arms of the bridge. In average laboratory
procedure 2y, Rz, and Ry will all be resistance boxes of the decade
type. It is generally advisable to use for K3 that box having the
smallest units available. Thus if three boxes are available, two having
100’s, 10’s, and units and the third having 100's, 10's, 1’s, and tenths,
the latter should be used for Ry.

In the alternating current bridge, not only resistances (effective) are
measured, but also inductances and capaeities. The ratio arms are
resistance boxes of the decade type, generally and the unknown indue-
tance or capucity is balaneed against a known variable inductance or
capacity. Many types of alternating current bridges have been
designed, but we shall discuss in this text only two or three of the more
common ones.

The a.c. bridge is necessarily somewhat more difficult to use and
analyze than the c.c. bridge, because as it is generally impossible to build
devices having reactance which do not at the same time have resistance,
It is thus necessary in order to get a balance to adjust both resistance
and reactance.

I1a. 55.

82
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This idea is illustrated in Fig. 56, in which the ratio arms are again
shown as resistances ) and K2, the unknown coil has reactance X4
and effective resistance 2y and the third arm, where the variable stand-
ard coil X3 is placed, has also a variable resistance [25. It is just possible
that with this arrangement a balanee eannot be obtained, no matter
what ratio arms are used, nor what values of X'z and I3 are used. It is
just possible that to get a balance there should be an additional resist-
ance in series with the unknown coil, instead of in series with X3, so
that Rz should be shifted to the arm containing Xy. To obviate the
necessity of shifting this box it is advisable to use an additional box
in the fourth arm.  To indieate when a balance is obtained, it is generally
convenient to use a head telephone as indicated in Fig. 57. This a.c.
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bridge is of great utility in the radio laboratory, and the student should
gain as much ability in its use as possible.

The balancing of the bridge requires common sense as well as the
ability to vary resistance boxes. When a balance is obtained we have

Ri/Ro = (R3 + R'3)/(Rs + R'4) = Xa/XNu. . . . (39)

Thus the resistance must be balanced, as well as the reactance, if no
sound is to be heard in the phones, and it is the necessity for the simul-
tancous balance of both quantities that bothers the beginner. How-
ever, by using a logical procedure it is possible to set up and balance the
bridge in a few minutes.

In many college laboratories an entirely incorrect method is used in
teaching the student to use this a.c. bridge. With a battery for power
and ¢.c. galvanometer for detector, the bridge is balanced for resistance;
the bridge is then transferred to an a.c. source of power and an a.c.
indieator used in place of the galvanometer. Without disturbing the
resistance clements of the bridge the reactance balance is obtained, as
well as possible, by varying the standard reactance.
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The reason why this procedure is not accurate is evident at once
when we remember that the alternating current resistance of a coil is
quite different from its value determined by continuous eurrent measure-
ment.  The difference may be only a few per cent in some cases, but in
others it may be several hundred per cent!  And, of course, if the ratio
arms and resistances R and I2y are left the same as they were adjusted
for the continuous current balance, the alternating current test can-
not possibly show a balance. It is true that as the variable standard
inductance is varied, & minimum sound may be heard in the phone, but
even with this minimum the bridge may be badly unbalanced.

There is no reason whatsoever for making the resistance measure-
ment on continuous current test, because it is comparatively casy to
balance the bridge for alternating current, when the right steps are
followed. And the resistance value determined on ec.c. test is not cor-
rect even if the bridge happens to show a complete balanee when tested
with alternating current, beeause the resistance of the variable standard
inductance may be quite different for the tico cases. In the case of the
variable standards of many millihenrys, the thousand cycle resistance
may be much more than it is for continuous current.

Before trying to balanee the bridge on a.c. it is well to make some
approximate estimates as to proper values of the ratio arms, as well as
Rs and Ry With a little experience the inductance of the unknown
inductance can be guessed, at least approximately.  Thus if the coil is
a single-layer solenoid, its inductance may be approximated if one or
two somewhat similar solenoids of known values are compared with the
unknown. For a given length of winding and number of turns, for
example, this inductance varies about as the (diameter)? of the solenoid.
For a given size of wire and diameter of solenoid, the inductance
increases nearly as the square of the length, for short coils, and nearly
as the length, to the first power, for long coils. For a given length and
diameter of coil the inductance varies as the square of the number of
turns per inch, ete.  IFrom ideas of this kind the induetance may be
guessed at, and the ratio arms chosen so that the mid-value of the
variable standard induetanece will balanee the bridge.

The resistance of a solenoidal coil, at 1000 eycles, may be taken as
about one ohm per millihenry, for those sizes of wire generally used in
radio coils. So if the resistance of the variable standard is known even
the values of 3 and Ry may be approximately set, after the required
ratio (to balance the inductance) has been set. Then with about
one volt impressed on the bridge, the variable standard inductance is
varied throughout its range. A minimum of sound in the telephone
receiver should be heard somewhere on the scale. With the standard
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left at this setting, one of the resistances 3 or Ry (say R3) is increased;
if the phone signal decreases, I is further increased until a further
increase increases the sound.  If upon increasing /23 this signal increases,
it must be decreased, or, if it is already set at zero, Ry must be increased
to reduce the signal to a2 minimum. When this minimum has been
reached, the variable standard induetance is reset for a new minimum,
the resistance 123 or IRy is further adjusted to reduee the signal, and these
two approximations at a balance will generally give a balance so close as
to make the signal inaudible.  Then eq. (34) may be used to caleulate
the unknown inductance. T'o caleulate the resistance of the induetance
being measured, it is necessary to know the resistance of the standard
inductance for the setting and frequeney being employed, if this is not
known it must be measured as explained later in this test.

If when first trying for a balanee, by varying the standard indue-
tance, a minimum of phone signal is heard at one end or the other of its
scale setting, the ratio of the bridge must be changed. Thus referring
to Fig. 57, if minimum signal is heard at the minimum value of X3 (the
standard) R, must be increased or R: decreased. This change must be
continued until an approximate balance is obtained (as X3 is varied)
somewhere on the seale of X3 not too close to either limit of its adjust-
ment. Theoretically the impedance of all arms of the bridge should be
the same, to bring about the most sensitive condition for balancing.
But actually it is possible to balance a bridge of this kind, as accurately
as the seale of the variable standard ean be read, with the Ry, Ry arms
ten or even a hundred times as great (or small) as the £y, Ro arms.  Itis
also possible to balanee the bridge with the ratio widely different from
unity, but certain errors are likely to oceur which make it inadvisable
to use a ratio greater than perhaps five or ten.

It will be realized that it is not advisable to try and measure the
inductance of a coil of a few mierohenrys by this method; the reactance
of such a coil is so low as to make a balanee very uncertain. At fre-
quencies in the audible range, coils of a millihenry may reasonably well
be determined, but the bridge, as ordinarily arranged, should have
inductances of several millihenrys up to a henry, for easy and accurate
determination.

If great accuracy in balancing is desired it is advisable to use one or
two stages of audio frequency amplification between the bridge and
detector; this is espeeially advisable if the laboratory is noisy.

It will generally be found that, with the bridge as described so far,
it is impossible to adjust conditions to give zero noise in the phones; a
minimum can be reached but not zero. This is frequently due to the
fact that even when the bridge is perfectly balanced, there is still current
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running from the bridge into the phones, thus giving a signal. The
observer is generally near to ground potential, and the parts of the
bridge where the phones are attached may not be at ground potential
(they generally will not be so).  Thus charging current flows through the
phones into the observer (by capacity action) and so to ground. This
current is what gives the residual noise, when the bridge is perfectly
balanced.

By using what is called a Wagner earth connection, this difficulty can
be overcome.  As shown in Fig. 58, another auxiliary bridge is added
{o the one we already have, consisting of
the two resistances I5 and g (of tot:l
resistance, say, 1000 ohms), the junction
of which is earthed. An extra pair of
phones T’ is used (the pair Ty ecan be
temporarily transferred) to balance the
bridge made up of the original bridge, in
combination with I?; and 2.

With the switch S open the original .

P,
-Power

T, bridge is balanced as closely as possible.

Then switch S is closed, T2 used for a

Ry S( Rs detector, and the extra bridge is balanced
—74 —— by varying Rs and R, leaving the original
Fie. 58. bridge as balanced before.  When this

“ecarth balance ” has been obtained, S is

opened, and the final adjustinent of the original bridge is carried out.

Ior the measurement made at a fixed frequency a hummer generator

may be used for power; for the resistance measurements calling for

various frequencies, either an audio frequency oscillator or a beat fre-

quency oscillator may be used.  Of course, frequeney calibration curves
for these are also necessary.

For inductances measured in microhenrys a higher frequency power
supply should preferably be used; this is reasonable when it is remem-
bered that such low inductance coils are never used in audio frequeney
circuits. Their reactance, at audio frequencics, is too low to make them
of service.

For inductances measured in many henrys the bridge is satisfactory
when a sufficiently large variable induetance is available. There are,
however, other methods (see Exp. 36) which serve without the use of
such a large standard induetance, which is generally not available.

To measure the mutual induction of two coils they are conneeted
in series, after being placed in the position for which the mutual indue-
tion is desired. The total self-induction of the pair is measured. Then
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the connection of one of the coils is reversed and another value of total

self-induction is obtained.

(The resistance balance will probably

be different when the connection has been reversed, so that Ry or Ry

must be charged.  Why?)
inductions so measured

One-quarter of the difference of the two self-

is the wvalue of the
mutual induction de-
sired.

Asmentioned before,
to obtain the resistance
of the coil measured in
the test it is necessary
to know the resistance
of the standard. As
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values for two variable standard inductances built by a well-known
manufacturer are shown in Figs. 59 and 60; evidently standards of the
higher values of self-induction inerease their resistance at the higher
frequencies faster than those of lower self-induction.

To measure the resistance of the standard for various positions and

frequencies, an  ad-
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justable condenser of
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standard  inductance
in omne arm of the
bridge, the other three
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400 only. By selecting the
right value of eapacity
in the adjustable con-

denser the inductive reactance of the standard is neutralized, thus
giving in this arm also only resistance.

When a balance is obtained the resistance of the standard is at once
obtained (approximately) becausc the effective series resistance of a
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good condenser is negligible compared to that of the induetance, so that
all the resistance measured may be considered as coil resistance. If,
however, it is desired to have the resistance of the standard inductance
as accurate as possible, it may be assumed that the power factor of a
good paraffin paper condenser is ) per eent.  (This is about as good as
they can be built.) It may be assumed that this power factor is inde-
pendent of frequency, throughout the audio frequeney range. In case
a mica condenser is used, its power factor may be assumed as 0.2 per
cent, and in case a good air condenser (in which no solid dielectric is
used) is employed, the power factor may be assumed, without very
much error, as 0.1 per cent.

Suppose the 50 millihenry value of a variable standard is being
measured, at 1000 cyeles.  Its reactance is 314 ohmns, so the condenser
used to give resonance will also have 314 ohms.  This requires a capac-
ity of about (.5 microfarad. Probably such a condenser would be of
the paraffin-paper type, and its resistance would be } per cent of 314
or 1.5 ohms.  The power factor of the ordinary variable standard indue-
tance, at 1000 cycles, is about 0.2, so its resistance, for the point being
measured, would be found by the bridge balance to be, let us say, 60
ohms. I'rom this 60 ohms (which represents the resistance of the indue-
tance and condenser in series with each other), we subtract 1.5 ohms as
the probable series resistance of the condenser, thus obtaining a value of
58.5 ohms for the induetance.

To measure the resistance of the variable inductance throughout
its range, and throughout the audio frequency range where it is likely
to be used, requires quite a range in eapacity, as we will now show.
Ordinarily a range of 10 to 1 is obtained in a variable inductance, thus
the one we have in mind might have a range of 15 to 150 millihenrys.
The lowest audio frequency at which we wish to use it, let us say, is 200
cycles, and the highest 5000 eycles.  We will then calculate how much
capacity it requires to balanee 15 millihenrys at 200 eyeles and how much
for 150 millihenrys at 6000 cycles, and these will be the extreme values.
For the first condition we require 43 microfarads, and for the last con-
dition about 0.007 microfarad. To obtain this range of values we require
some trays of telephone condensers, & decade box of capacity units,
having ten steps each of 0.1, 0.01; and 0.001 microfarad, and a varia-
ble air condenser, having a maximum ecapacity of about 0.0015 micro-
farad. These are readily obtainable on the market.

For each frequencey, say 200, 500, 1000, 2000 and 5000, about 5 points
are to be obtained throughout the inductance range. For the low
frequencies the variable air condenser will not be necessary, the tele-
phone condensers in parallel with the decade condenser box being
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sufficient for a good balance. TIor the higher frequencies the decade
box and the variable air condenser, in parallel, will be required.

In performing this part of the test the student will be much bothered,
at first, by the harmonic voltage of the power supply and will probably
balance the bridge very poorly. All the readily available sources of
power supply for this test (a tuning-fork oscillator, or a vacuum tube
oscillator) generate quite appreciable harmonies; in many cases the
third harmonie is as great as 10 per cent of the fundamental.

Now when the right capacity has been found to neutralize the react-
ance of the induetance, and the resistance balance has been obtained,
both for the fundamental frequency, neither condition is satisfied for
the harmonics, so they will not be balaneed and so will produce a loud
signal in the telephone receivers. Moreover, if the bridge is being
balanced for 200 cyeles, let us say, the third harmonie will be 600 eycles
and the fifth harmonic will be 1000 eycles, and both the ear and phones
arec much more sensitive for these frequencies than they are for the
fundamental, 200 cyeles. Hence even when the balance is actually
obtained (for the 200 eycles) the noise in the telephone receiver may be
almost as great as before the bridge was balanced.

The experimenter must learn lo listen only to that frequency with which
he is working, and this is one of the valuable lessons to be learned from
this test. To gain experience in this it is well to listen to a bridge,
balanced for the fundamental, as the variable inductance is varied a
little either side of the point for which the balance has been obtained.
The loud harmonie tones do not change in intensity as this is done, but
the fundamental tone ean be heard underneath the overtones, waxing
and waning as the balance is destroyed or obtained.

Check the laboratory variable standard inductance against one or
more fixed standard inductances.  Try this for several different
bridge ratios, to sce if the value determined is independent of bridge
ratio.

Measure several single-layer solenoids, of one millihenry or more.
Get dimensions of the coils for ealculating the inductanee by Nagaoka's
formula.* Get the inductance of a two-layer solenoid, one layer being
wound on top of the other. Preferably this should be the duplicate in
dimensions and size of wire, of one of the single-layer solenoid measured.
Its inductance should be found to be about four times that of the single-
layer solenoid.  Measure the induetance of a head telephone, both by
comparison with a variable standard and by finding the capacity required
for resonance, the frequency, of course, being known. Measure the

* Prineiples of Radio Communieation, 2d ed., p. 194.
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mutual inductance of a pair of coils throughout the range of their pos-
sible motion. This may well be a pair of coils which are to be used later
in the course, for coupling the grid and plate circuit of a triode for pro-
ducing oscillations; the calibration will then be needed. Measure the
resistance of the variable standard inductance throughout the ranges
specified by the instructor.
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Object.—Use of special bridge for measuring capacity at audio
frequencies. To measure phase angle of a condenser. Calibration of
a variable condenser of the SLC, SLF, and the logarithmic type. Meas-
urement of specific inductive capacity and “ phase difference "’ of various
dielectrics.

Analysis.—In the previous experiment the impedances used in
the arms of the bridge are comparatively low, very seldom over 1000
ohms, and generally much less than this. Thus a one millihenry coil,
for use in a radio circuit, tested at 1000 cyeles, has only 6 ohms react-
ance and a few ohms resistance. When such low impedances are used
in the bridge arms, it will be found that inappreciable errors are incurred,
owing to capacities to ground, extraneous induced voltages by either
clectric or magnetic fields, ete. Thus the bridge may be made up of
several decade resistance boxes suitably connected together, and it
will be found that if reasonable neatness is used in the arrangement and
wiring, this bridge can be torn down and reconnected time after time,
and the measured values of inductance and resistance will be the same
time after time.

Now when we endeavor to measure, at audio frequencies, the con-
densers used in radio circuits, we find that great difficulty is encountered
in getting results at all consistent, and a little reflection at once brings
out the differcnce between this case and that of the previous test.

The ordinary tuning condenser used in a radio set has a maximum
capacity of about 300 micro-microfarads. At a frequeney of 1000 cycles
this condenser has a reactance of 500,000 ohms! The slightest unbal-
ance of a bridge, made up of such elements, with respect to grounding,
stray capacities, stray induced voltages, ete., will give large errors in
the measured values of the capacities and resistances. In making
measurements of this kind only bridges of very special construction can
be used, if the results are to be at all accurate.

Errors due to stray capacities to ground are least when the ratio
arms of the bridge have the same resistance, so we notice first that
bridges intended for this kind of work have unity ratio; the ratio arms
are set at some reasonable value and are not adjustable. Although
theoretically the ratio arms should have the same impedance as the
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arm being measured, and this is generally hundreds of thousands of ohms
in work of this kind, it is found advisable to make the ratio arms of
about 5000 ohms resistance only. Mechanical difficulties, lack of
permanence in resistance, ete., are encountered if the wire used in mak-
ing these resistance arms is too fine. And if a very large resistance is
attempted using reasonably sized wire, the size of the resistance unit
is so large that difficulties from its distributed capacity are encountered.
So the compromise value of about 5000 ohms is found best.

To eliminate the possibility of voltages being induced in one part
of the bridge by other parts, it is necessary to shield the various parts
carefully. This is done by putting the various parts in separate copper-
lined partitions and grounding these partitions. Such a copper lining
is a perfeet shield for electrieal fields, and a reasonably good shield for
magnetic fields, of audio frequencies.

The variable standard condenser which necessarily is used with such
a bridge, we will analyze later. It is generally necessary to have a
variable resistance in series with one condenser or the other, if a perfect

balance is to be obtained, so there

1 c ft is a decade resistance box built

— toTel . . .
-_74| M S into the bridge, as well as the ratio

J né cl arms.

| T R 1) ‘ A The power supply for the
Pow:: Bl %_f—;—_]_ “7R3 bridge may greatly unbalance the
Supply| [ 2 E é vl ls 05 bridge, with respect to ground,
T3 > ] Re! [ so that care must be exercised
g L here.  The bridge we are describ-
B i — ing is illustrated in Idig. 61, and
T Ad o it will be noticed that the power
Fie. 61. supply is connected to the bridge

through a transformer and that
there is a grounded metallic shield between its two windings. This
isolates the bridge from the power supply cireuit, in so far as elec-
tric ficlds are concerned.

The observer, on aceount of his proximity with the bridge circuit
through the head phones, may produce leakage capacity effects which
seriously affect the aceuracy of such a bridge; the phones are therefore
connected to the bridge through another transformer, and this also has
a grounding shield between the two windings. This transformer is
generally not unity ratio but “steps down” from bridge to phones in the
ratio of about three to one. This makes the phones more nearly match
the impedance of the bridge arms.

It will be noticéd that the two resistance arms of the bridge are in
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the same copper-lined partition; it has been found unnecessary to shield
them from each other, when they are mechanically and electrically
similar.

It will be noticed from Fig. 61 that the variable resistance R3, in a
separate copper-lined section of the bridge, may be thrown from one
side of the bridge to the other by the switch S. The two condensers to
be compared, the standard and the unknown, are conneeted to the
terminals A and B, and it will be seen that by throwing 8 down the
variable resistance is put in series with the condenser connected to B,
and vice versa.

The bridge network itself is grounded at the switeh S. It looks as
though it would be just as well to ground the bridge either at this
point or at the junction points of the two ratio arms; owing to the
action of stray capacitics, however, it is found that large errors may
oceur in the resistance determination of the unknown condenser if the
bridge is grounded at the resistance arms. This may amount to 50
per cent or more if the condenser being measured has a low capacity.

The standard condenser used with such a bridge must be of excellent
mechanical construction, as well as electrical, or the bridge is useless.
It must be possible to adjust the condenser, easily, by amounts measured
in hundred-thousandths of its full scale capacity if resistance determina-
tions are to be made with any degree of precision, as we will now show.

A good variable condenser has an equivalent series resistance not
more than .01 per cent of its reactance. Thus if the condenser has a
reactance of 500,000 ohms, its series resistance may be 50 ohms, and we
may want to know this resistance, to within 5 ohms, let us say. Now
the a.c. bridge is an impedance bridge; when it is balanced the impedance
in the arms are balanced, and if we wish to obtain the resistance within
5 ohms we must balance the impedance within 5 ohms. (This is an
approximate statement; for the skilled observer it is not quite true.)
But the impedance is practically all reactance, so we may say that the
reactance must be balanced to within 5 ohms. But this is only 0.001
per cent of the reactance, so it will be easily appreciated that the stand-
ard condenser must be adjustable by the most minute steps.

Now a change in capacity of much more than 0.001 per cent will
occur if the hand is brought in the vicinity of the condenser, and the
hand must necessarily be brought somewhere near the condenser to
adjust it. It is thus evident that the standard condenser must be
clectrically shiclded, so that the proximity of conducting, or semi-
conducting, bodies does not affeet the capacity.

A good standard condenser therefore is mounted in a box which is
copper-lined, and this copper lining is well connected to the rotating set
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of plates. It is easier to isolate thoroughly the stationary plates than
the rotating ones, so the stationary plates form the ungrounded side of
the condenser (sometimes referred to as the high potential side or
merely the “high side” of the condenser). In connecting such a con-
denser to the bridge of Fig. 61 it is imperative that the grounded plates
connect to the posts going to switeh S; if it is connected in the reverse
manner very large errors, especially in resistance determinations, will
be incurred.

In measuring the capacity of an unknown condenser, therefore, it is
connected to either 4 or B terminal of the bridge, and the standard is
properly connected to the other. As the bridge has unity ratio it
follows that a balance ean be obtained only if the unknown has a
capacity within the range of the standard.

With the resistance Rj set at zero (switch S thrown to either side)
the standard condenser is varied until a reasonable balance is indicated.
Some resistance is then cut in on Rj and its effect on the balance is
noted. (Unless the capacity balance has been quite earefully obtained
probably no effect will be noticed from quite large changes in Ry.) If
the balance is improved R is changed until a new minimum is given by
the phones; if the balance is made poorer by increasing R3 from its
original zero value, switch S should be thrown to the other side and the
above adjustment carried out. After B3 has been set at its best value
the standard condenser is adjusted for a new minimum and then k3
again adjusted. When the best balance obtainable is reached, the read-
ing of the standard and of 3 is noted. The connections of the stand-
ard and unknown to the bridge are then interchanged, and it will gen-
erally be found that the other values of capacity and resistance are
required for balance. The average of the two sets of values should be
used as the correct one.

The reading of the standard condenser gives at once the capacity of
the unknown, and the value of I3 enables us to get the resistance of the
unknown in terms of the resistance of the standard condenser. Gener-
ally it will be found that R3 must be connected in series with the standard
to get a balance, because it is very seldom that a commercial condenser
is built with losses smaller than those of the well-built variable standards.

Suppose the average of the two values of 23 required for a balance is
85 ohms in series with the unknown. This means that the unknown has
85 ohms more resistance than has the standard, so we must know the
resistance of the standard. This generally requires the use of a formula
che basis for which the student must appreciate.

There is no loss at all in the air between the stationary and rotating
plates, but there is a dielectric loss in the blocks of insulation which serve
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DieLecTRIc CoNSTANT, PHASE DIFFERENCE AND THEIR PRODUCT FOR SEVERAL
COMMERCIAL INSULATING MATERIALS*

M al Frequency Dielectric Phase P
ateria Lilocycles constant Difference, roduct
degrees

B o o |

Phenol Fiber A........... 295 5.9 i 2.9 17.1
50 | 58 2.9 16.8
670 5.7 | 2.9 16.5
1040 | 5.6 | 3.3 ' 18.5

Phenol FiberB........... 190 [ 5.8 ! 2.2 12.7
500 | 5.6 [ 2.5 14.0
675 [ 56 | 2.6 14.6
975 5.6 2.8 15.7

Phenol FiberC.......... | 200 54 | 2.1 1.3

| 395 5.4 2.2 1.8
685 | 53 2.3 12.2
; 975 " 5.2 2.4 | 12.5
|

Phenol FiberD..... . .. .. | 194 5.4 4.2 22.7
500 5.2 3.9 20.3
695 52 3.9 20.3
1000 5.1 3.8 19.4

Wood (Oak)............ ' 300 3.2 2.1 6.7
425 3.3 2.9 6.6
635 3.3 22 | 7.3
1060 3.3 2.4 | 7.9

Wood (Maple) . . ....... 500 4.4 1.9 t 8.4

Wood (Birch). . ... ..... 500 5.2 3.7 19.2

Hard Rubber. . ... ... . 210 3.0 0.5 1.5
440 3.0 0.5 1.5
710 3.0 05 1.5
1126 3.0 0.6 1.8

|

Flint Glass. ............ 500 7.0 0.24 1.68
720 7.0 0.2 1.68
890 7.0 0.2 1.61

Plate Glass.............. 500 6.8 0.1 2.7

Cobalt Glass............. 500 7.3 | 0.4 2.9

Pyrex Glass. . ......... 500 ‘ 1.9 ‘ 0.24 1.18

* All of the samples had been in the laboratory for some time during summer weather without
artificial drying or other special preparation,
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as mechanical supports to keep the two sets of plates in their proper
relative positions. Hard rubber, glass, isolantite, or quartz are used for
these blocks; all of these have small losses and are mechanically suit-
able materials to use, especially the two last mentioned. The charac-
teristics of some commercial dielectries and their variation with temper-
ature are shown in the accompanying tables taken from the Bell System
Technical Journal for Nov. 1922,

VARIATION WITH TEMPERATURE OF DiIELEcTRIC CONsTANT, PHASE DIFFERENCE
AND THEIR Propver ror SoME COMMERCIAL INSULATING MATERIALS (FREQUENCY
500 KiLocycLes)*

|
Material Temperature,| Dielectric _é’h‘nso ! .
Tateria degrees C. constant difference, Product
( | degrees
Molded Phenol Product A.. : 21 56 3.1 17.4
71 6.9 6.5 45.0
120 10 .4 22.0 230.0
Molded Phenol Product B.. 21 5.2 ‘ 2.3 12.0
i 71 6.1 3.7 | 22.5
120 7.6 8.9 [ 68.0
1
Molded Phenol Product C.. 21 53 2.8 14.8
‘ 71 6.1 3.6 22 0
: 120 6.7 9.6 64.0
1
Phenol Fiber B.. ... ... .. 21 [ 56 2.5 14.0
71 6.6 3.1 20.5
' 120 6.5 4.6 30.0
Phenol Fiber C..... ... ... 21 | 5.4 ’ 23 | 124
71 6.0 3.9 23.5
120 , 5.3 4.9 26.5
Phenol Fiber D. ... .. o 21 52 3.9 ; 20.3
71 6.6 6.9 46.0
120 6.3 12.5 85.5
Hard Rubber...... .. .. .. 21 3.0 ) 0.5 1.5
71 3.1 1.2 7
120 3.2 7 11.8
Pyrex Glass. .. .......... 20 4.9 0.24 1.18
74 5.0 0.4 2.0
125 50 0.7 I 3.5

* The measurements on cach sample were made in the order in which they are given in the table.
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The actual condenser may then be represented as shown in Fig. 62.
C represents the capacity between the rotating and stationary plates
through the air dielectric, and Cy represents the eapacity between the two
sets of plates where they are clamped together by means of the insulating
blocks. The diclectrie, having losses, is shown by the sectioned part
of the sketeh.  The value of Co is very small compared to the maximum
value of C, being perhaps 1 per cent the maximum eapacity of the con-
denser.  The arrangement of Fig. 62a can be changed to its equivalent
Fig. 62b, in which the losses of the faulty dieleetric are now replaced
by the losses in the resistance Io. The power factor of such material
as is used in a good condenser may be 0.005, so that if (g is, say, 15 uuf,
then at 1000 cycles Ry must be 0.005 X —ml_ ————, or about 5000

2r X 108 X 15

ohms.

Thus the standard condenser we have in mind is equivalent to the

Ro%
Co 7 I Zero to
0 I C,,-[ G 1600uuf c—émoow p
a b
Fic. 62. Fig. 63.

arrangement of Fig. 63a.  If now we wish to replace the arrangement of
Fig. 63a by that of Fig. 63b, how large must £ be? It must have the
same losses as those occurring in %y, and as these lesses are given by
I?R, the I°R loss in R (Fig. 63b) must equal that in Ry (Fig. 63a).

But for a given frequency and voltage the current into a condenser
varies as the eapacity, so the current flowing in R is equal to C/Cy times
that flowing in I2o.  No that & must be given by the value of Ro(Co/C)=.
If we assume that € is 1000uuf then we find £ to be 10 ohms, so that our
standard condenser is representable at 1000 eyeles and a setting of
1000uuf by this value of eapacity in series with 10 ohms resistance.

For other frequencies and condenser settings the equivalent series
resistance must be suitably changed. The equivalent series resistance
vartes tnversely with the frequency and inversely with the square of the
capacily setfing. Thus if the standard has its eapacity inereased to
1500uuf the current through R (Fig. 63a) is 1.5 times as large as it was
for a setting of 1000uuf. But the losses in the insulating blocks is just
the same as it was before, so the losses in the new value of R must be the
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1\2
same as they were before or Ris500 = Rio00 X <ﬁ> , or about 4 ohms.

On the other hand, if C is decreased to a value of 100uuf, the value of R
will be 100 times the value for 1000uuf or 1000 ohins.

For a frequency of 500 cycles, and a capacity setting of 1000uuf, the
equivalent series resistance is 20 ohms.

If then the manufacturer of the standard condenser gives the value
of the equivalent series resistance for one frequency and setting, its
value for other frequencies and settings may be calculated.

All of the foregoing argument is based on the assumption that the
insulation resistance between the plates of the condenser is so high that
the loss due to leakage current is negligible compared to that due to
diclectric hysteresis in the material of the separating blocks of insulating
material. It may well be that such is not the fact.

Let us suppose that the insulation resistance is equal to 1000
megohms, a fairly high resistance. This shunt resistance may be
changed to its equivalent series resistance by eq. (23), page 55.

—_— ‘\'2
h I{sh.

R,

For 1000upf at 1000 cycles the value of X is 160,000 ohms, so we have
R, = 2.5 X 1010

10°
the separating blocks to reduce its insulation resistance from let us say
100,000 megohms to 1000 megohms, the equivalent series resistance will
be increased from 10 ohms to 35 ohms! This is not at all an impossible
condition in a laboratory during the humid summer days.

The losses due to leakage over the surface of the dielectric do not
follow the same laws as do the dielectric losses, so that this variation in
equivalent series resistance deduced for the latter ease will not suffice if
the leakage loss is appreciable. The equivalent series resistance, in so
far as it is due to leakage current through, or over the surface of, the
insulating blocks, varies inversely with the square of the condenser
setting and inversely with the square of the frequency.

It is to be noticed also that the block of insulation, on the bridge
itself, to the terminals on which the standard condenser is connected, is
just as important in this discussion as the insulating block of the stand-
ard condenser itself; this block is connected directly in parallel with the
standard condenser, so that its characteristics function as though it
were part of the standard condenser itself.

From the foregoing discussion, it is evident that even when this

= 25 ohms! If then sufficient moisture condenses on
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} special capacity bridge has been balanced, the resistance of the con-
denser under test, deduced from bridge readings and manufacturers’ data,
| may be very far from the correct value.
There is another method (the differential method) of using this
capacity bridge, by which practically all of the previously discussed
possible errors may be eliminated, and this method, now to be described,
l is the normal method of using such a bridge. It is suitable for measuring

condensers of capacity somewhat less than the capacity of the standard;
| say with a standard of 1500uuf (an ordinary value), a condenser of
1400uuf can readily be measured.

The standard is properly conneccted to the bridge (proper polarity),
and a variable condenser of equal range (or a fixed condenser of value
practically the full range of the standard) is connected to the other side
of the bridge. The condenser to be tested is connected in parallel with
the standard with short, rigid wires. In case the condenser is of the
shielded type, its shielded side must be connected to the corresponding
side of the standard.

The wire connecting the ‘“high side” of the standard to that of the
unknown is row disconnected, at the unknown condenser, bending the
wire enough to put it about } inch away from the terminal on the
unknown condenser.

With the standard condenser set at practically full scale the variable
condenser in the other arm is varied until a balance is obtained. Gen-
erally it will be necessary to have R in series with the standard in getting
this balance. Let the reading of the standard condenser and resistance
R3 be called €y and Ry, respectively.

Now the unknown condenser is connected in circuit and the bridge
again balanced by varying the standard condenser and 3. Call the new
reading C2 and Ro.

Then the capacity of the unknown condenser is at once given by
C, — C- and its resistance is given by the equation

C, 2
= (R, — R)|————+
R = (R -><Cl = c2>

as proved below.

In case it is necessary to shift R3 from one arm to the other to get
this balance, the sum of its two readings must be taken rather than the
difference.

In Fig. 64a is shown the standard condenser C, its cquivalent series
resistance R, for the setting, and R;, the required value of the Rs
resistance of the bridge to get a balance.

When the unknown condenser has been connected in parallel with




100 EXPERIMENTAL RADIO ENGINEERING

the standard and the balance restored by capacity and resistance adjust-
ment, the eircuit is as shown in Fig,
64b. The reactance of these condenser

=C circuits is so much greater than the
"3R, resistance that we may consider react-
ance and impedance equal to each
R other. Then
1
1/ C=C+C.orC;=C - C".
a

If the two circuits above are equal
in resistance they will have the same
loss when a given voltage F is impressed across them, so

s

Fig. 64.

LBy + Ra) = LR + (I')*F + 1°R:

and

I, = wCE, I, = «CE, I' = w('E, I, = wC,E
SO
WO R2 + wC™Ry + oC,°R,

WC(Ry + Ra)

Now divide through by «® and note that, as the resistance of a
condenser varies inversely with the square of its capacity,

C:Rs = C'*Ry,

and we get
0211’1 (vglf:l + C.rQRt

or

R.

(Rl_RZ)<§;>2 N G 1))

In this method of measuring the eapacity and resistance of a con-
denser, stray capacities, losses in terminal blocks of the bridge, ete., do
not cnter into the measurement; the only assumption made is that the
equivalent series resistance of the standard varies inversely as the
square of its capacity.

T'o balance the resistance of the bridge (R3) to one ohm, when the
capacity (standard plus unknown) is 1000uuf, requires the capacity
balance to be obtained to .01uuf and necessitates generally a two-stage
amplifier between the detector and bridge and about 50 volts impressed
on the bridge. It is thus evident that very accurate determination
of the equivalent series resistance of a condenser, by bridge method,
is not easy.

In measuring the specific inductive eapacity and phase angle of a
dielectric, it is advisable to have the material to be tested in the form
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of thin slabs, about 10 inches square. Metal plates are clamped on
opposite sides of the slab, and just opposite to one another. If the slab
is not reasonably smooth, somewhat more accurate results will be
obtained if vaseline is smeared over the slab, before the metal plates are
clamped on it.  To make the “ edge effect 7’ negligible the plates should
be at least 4 inches in diameter. It is well to * back up” the metal
plates with thick wooden blocks to make them lie close to the surface
of the dielectric. A small air gap between the dielectric sample and
metal plate will appreciably reduce the capacity of the combination.

By measuring the capacity of the condenser so formed, and obtaining
its dimensions by caliper and rule, the specific inductive capacity can

drd
timeters if the plate area A, and dielectric thickness d, are given in cen-
timeters. The capacity in micro-microfarads is obtained by dividing
the capacity in centimeters by 0.9.

In a perfect condenser the current leads the voltage by 90°; in
actual condensers the lead is always something less than this. The
difference between the angle of lead of the perfect condenser (90°) and
the actual lead is frequently called the “ phase difference ”’ of the con-
denser.

As the series resistance of a condenser is always small compared to
its reactance, the reactance and impedance may be considered equal
and the phase difference is then given by the expression

be caleulated, using the relation C = The capacity is given in cen-

¢ = RwC radians = 57.3 RwC degrees . . . . (36)

By the first method deseribed (standard on one side of the bridge,
unknown condenser on the other) measure the capacity and resistance
of two or three laboratory condensers, paraffin paper and mica. After
each determination reverse the position of standard and unknown and
make a check determination.

Using the differential method calibrate and measure the resistance
of three laboratory condensers of different types, say a straight line
capacity, a logarithmie capacity, and a straight line frequency con-
denser.

Using the differential method measure the specific inductive capacity
and phase difference of several samples of dielectrics.
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Object.—Measurement of the internal capacity of various types
of vacuum tubes.

Analysis.—The vacuum tube used so much in radio has at least
three electrodes, and sometimes four or five, small metallic surfaces
which necessarily act like small condensers. In the three-electrode
tube, having cathode, grid, and anode, the capacity between the grid
and anode plays a very important role in its operation; the other two
capacities are of somewhat less importance.

These small electrodes, separated by vacuum for dieletric, must
obviously form condensers of extremely small capacities; in the aver-
age detector and amplifying tubes they have capacities ranging from
1 to 10uuf, seldom more. Of course in the larger tubes used to obtain
many watts of power output, the capacities are somewhat larger.

Not only do the electrodes themselves contribute to this capacity,
but the connecting wires (especially where they go through the * press ')
and the base with its prongs also add an appreciable amount.

In the building of radio frequency amplifiers these small condensers
play an extremely important role, and it is desirable to know them to
one-tenth of one micro-microfarad. Evidently such a measurement is
not readily obtainable with the bridges so far discussed; because of this
a special bridge has been designed and is used for this specific use.

At 1000 cycles the reactance of a 5uuf condenser is 30,000,000 ohms;
with such impedance in the arms it is evident that stray capacities to
ground, ete., would entirely nullify the value of any measured values, unless
the scheme of measurement
was free from such effects. As
pointed out in the last experi-
ment, the differential method
of capacity measurement,
properly used, is independent
of ground capacities, stray in-
duced voltages, etc., and this
is therefore the scheme gen-
erally used to measure the
inter-electrode capacities.
The arrangement of apparatus is as shown in Fig. 65. A hummer

102

Fia. 65.
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(generally self-contained) supplies power to the bridge through a trans-
former, which is built in two equal sections, grounded at the junction of
the sccondaries, and electrostatically shielded between each primary
and secondary winding. The two resistance arms Iy and R2 are from
100,000 to 500,000 ohms cach; they are not adjustable, but must be
reasonably equal in resistance. Thus the bridge will operate satisfac-
torily if one is 450,000 and the other 510,000 ohms, but, as put on
the market by the manufacturer, it would not operate if one resistance
is 25 per cent greater than the other. The reason for this will appear
later.

A fixed condenser C3 has about 30uuf of capacity and forms the
third arm of the bridge. The fourth arm is made up of a standard varia-
ble condenser of about 30uuf capacity, C, a small uncalibrated variable
vernier conderser C’ in parallel with C, and the pair of terminals for
connecting in the unknown condenser C;.  The telephone is connected to
the bridge through a step-down transformer, to make its impedance
match the bridge arm impedances. Across the resistance arms Ry
and R is connected a special, small, variable condenser consisting of
two sets of stator plates, and one set of semicircular rotor plates. These
rotor plates mesh with either set of stator plates, or partly with one
and partly with the other. This type of condenser acts just like two
condensers, so coupled together mechanically that as the capacity in
one increases the other correspondingly decreases. This compound
condenser is called the “loss adjuster”; its function and operation
will be described later.

The standard eondenser C is a straight line capacity condenser, hav-
ing a constant increment in capacity per degree of rotation. This
calibration factor, i.c., capacity per scale division, is furnished by the
manufacturer, and is generally about 0.3uuf. The scale of C is mounted
on the shaft in such a way that when it reads zero the capacity is at its
maximum, instead of minimum, value.

In using the bridge C is set at zero and the vernier C’ is adjusted to
make the bridge balance. It generally happens that the losses in the
Cs arm and the C arm are not the same, and so the bridge can be only
approximately balanced. But if the power factors of the C3 and C
arms are not the same, the bridge still can be balanced if the power
factors of the R and Ro arms are suitably altered. This is the function
of the C1-C2 condenser. When the bridge has been balanced as closely
as possible by €’, the C,-C> condenser is adjusted to give a better bal-
ance; (' can then be further adjusted for & new minimum.

Now the unknown condenser is connected at C, and of course the
balance is destroyed. C is now reduced (its scale reading increasing
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from zero) so as to restore the balance as well as possible. The loss-
adjusting condenser C,-Cz will probably require a slight change, then
C is again set to get as good a balance as possible. It is possible that
C1-C» must again be changed to get a balance as good as desired, but
not likely. At any rate C and C;-C» are alternately adjusted to get
the best balanee possible.

The reading of the scale of C, multiplied by the ealibration factor,
then gives the value of C,, the unknown condenser. This can generally
be found to about 0.01uuf. There are many other schemes available in
the well-equipped radio laboratory for measuring the inter-electrode
capacity of tubes, but none as convenient or simple as this one.

Now it so happens, when it is attempted to measure the internal
capacities of the triode by this method, that although very accurate
measurements ean be made, the value of eapacity obtained from the
bridge balance is not really the eapacity we
have been attempting to measure, but a
more complex quantity.

In Fig. 66 is a conventional sketch of a
triode; indicated in the sketch are the three
capacities mentioned, that between plate
and filament, C,/; that between plate and
grid, Cp; and that between grid and fila-
ment, C,y.

Now when we measure the capacity between the plate and filament
terminals, it is not merely C,, that we measure, but this condenser plus
a parallel eapacity made up of Cp and €,y in series.

Now from the law of series condensers we know that the capacity

Filament:

16, 66.

CmCaf
CW + Caf
capacity actually measured between the plate and filament terminals
is equal to

of condensers Cp, and Cy in series is equal to , so that the

Cpacuf

= C .
Cpf o+ (,W + ('af

@37)
A similar relation holds good when the capacity is measured between
any other pair of terminals, so that all of the capacities are measured
too large.

Of course, having measured the three apparent capacities, and know-
ing the law which serves to connect these with the actual, or so-called
“direet ' capacities, we can calculate these direct capacities. It is,
however, very easy to modify slightly the connection of the bridge so
that the direct capacity is at once given by the bridge setting.
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There is furnished with this special bridge a tube socket, into which
the triode fits, which is fitted with three prongs spaced on an equilateral
triangle so that any pair of the three can be inserted into the terminals
labeled C, in Fig. 65. These three prongs connect to the filament,
grid, and plate of the triode. Ience by inserting any pair into the bridge
terminals, the total capacity between that pair of prongs is measured.
This, as just pointed out, is considerably greater than the direet eapacity
which we are endeavoring to measure. The third prong of the special
socket is left free, disconnected from the bridge, when this total eapacity
measurement is being made.

Now by putting in an extra connection on this special eapacity
bridge, whereby the unused prong
is connected to the junction of the
resistance arms of the bridge, the
value of capacity given by the bridge
is the actual, direct capacity. This
extra conneciion is shown in Vig.
67. The two terminals @ and b are
those we have already assumed on
the bridge. They connect to the
two electrodes of the triode, the ca-
pacity between which it is desired
to measure. Now it will be noticed
that in Fig. 67 an extra terminal, )
C, has been fitted to the bridge, so Fia 67.
positioned  with respect to the
other two that the prong of the special socket, which formerly was
free, is now connected to the junction of the resistance arms R,
and .

We have shown the special socket in position to measure C,,, the
two terminals a and b, of the bridge connecting to the grid and plate of
the triode. Then the filament prong connects to the junction of R
and Rs.

Now it will be noticed that with this connection the condenser Cy,
connects directly across the phones, and so when the bridge is balanced,
there being no potential difference across the phones, the condenser
C;, is not excited, i.c., it draws no current and hence affeets the balance
of the bridge not at all. The condenser C,; is conneeted in parallel with
the resistanee arm Rq; its effect on the bridge balance can then be com-
pensated by an increase in part Ci of the “ loss condenser ” and a corre-
sponding decrease in part C2. The amount by which the standard
variable condenser, C, has to be reduced, to balance the bridge after the
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triode has been connected to the bridge, is the direct capacity between
the two electrodes connected to terminals a and b.

It will be noticed, when the instruction for compensating condenser
C,s by an adjustment of the loss condenser CCy, is analyzed, that this
compound condenser is nothing but a scheme for changing the power
factor of the 1 and 2 arms of the bridge, to make them correspond to the
power factor of the 3 and 4 arms. When the bridge has been balanced,
with the special socket in the bridge terminals, but no triode in the
socket, not only are the capacities in the 3 and 4 arms proportional to
the ratio R,/R2» but the power factor ratio of the 1 and 2 arms is the
same as that of the 3 and 4 arms. Now connecting C,; across the resist-
ance K2 of course upsets this power factor condition, so the relative
power factors of the 1 and 2 arms must be brought back to the previous
proportion if the bridge is to be again balanced and the restoration of
power factor relation is accomplished by reducing C: and increasing C,.

By means of this special capacity bridge, measure the various inter-
electrode capacities of the various types of triodes at present in use.

Measure the apparent capacities (extra prong not connected to the
bridge) and the direct capacity. From the measured values of direct
capacities calculate what the apparent capacities should be and com-
pare with the values obtained from the bridge balance.
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Object.—Measurement of the electrical characteristics of a tele-
phone receiver with and without diafram, with diafram elamped and
with it free. [Electrical characteristics of a loud speaker with and
without diafram, with and without magnetic field (if the type permits).
Effect of horn.

Analysis.—Both the head telephone and loud speaker are special
forms of electric motors; their function is to make a diafram move
back and forth, thus imparting compression and rarefaction to the
adjacent air, in conformity with the shape of current supplied to the
winding. How well they carry out their task ean be judged to some
extent by the measured values of resistanee and inductanee, these meas-
urements to be carried out for various frequencies and various adjust-
ments of the device.

We will first consider the telephone receiver, a simple cross-section
of which is shown in Fig. 68. A
U-shaped magnet, permanently mag-
netized in some way or other, has its
poles N and S of soft iron so that the
flux through them may be inereased
and deereased when current flows
through the winding surrounding the
pole pieces. A soft steel diafram D is
clamped to a ring RR so that even
though it bends under the pull of the permanent magnetic field from
N to 8, it does not distort sufficiently to touch the pole pieces.

When current flows through the winding in such a direction that
the magnetic field of the poles is strengthened, the diafram is further
distorted to position 1), and when the current flows tl:rough the wind-
ings in the reversed direction, thus weakening the magnetic field and
decreasing the pull, the elastic quality of the distorted diafram pulls it
back to some such position as D”. When alternating current flows
through the winding the diafram must, therefore, execute a to-and-fro
motion, and if this oscillating motion occurs with say fifty or more
excursions per second, an audible sound is set up in the air adjacent to
the moving diafram.

Terminals

1. 68.
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It must not be thought that the motion of an actual diafram has such
an amplitude as suggested in Fig. 68. The amplitude is measured only
in thousandths of an inch even when the phone is giving off a loud signal;
for weak signal the excursion is probably measured only in millionths
of an inch.

In the case of a loud speaker, giving off a very loud 100-cycle note
(sufficient. volume to fill a hall) the excursion is only a few hundredths
of an inch, and for a 1000-cycle note of the same loudness the amplitude
is measured only in thousandths of an inch. The pressure on the air
increases and decreases from its normal value (14.7 1b. per sq. in.) by
possibly one ten thousandth of a pound per square inch. For sounds of
the intensity of ordinary speech, the change in air pressure, due to the
sound wave, is only about 0.000001 Ib. per sq. in.

The c.c. resistance (i.c., wire resistance) of an ordinary radio receiver
head phone is about 1000 ohms. The a.c. resistance will of course
be more than this, owing to the losses in the iron of the pole pieces and
in the diafram. These losses inerease with the frequency (hysteresis
with the first power and eddy current with the square of the frequency)
so that we may expect the a.c. resistance to increase quite rapidly as
the frequeney is increased through the audible range.

In order to find what part the diafram plays in the action of the
magnetie circuit, the diafram may be removed and the effective resist-
ance and inductance of the electromagnet may be measured. It will
not be necessary to take many readings through the frequency range
because the two factors change along smooth curves, when plotted
against frequency.  Some telephone magnets have solid pole pieces and
some are laminated; the former will show greater changes in both I2 and
L than the latter, R increasing and L decreasing as the frequency is
raised.

If now R and L are measured through the same frequency range as
before, with the diafram in place but clamped so that it eannot move,
the resistance and inductance should both change with frequency at a
more rapid rate than with no diafram. The reduction in the air gap of
the magnetic circuit (the diafram reduees the air gap greatly) results
in a greater flux being set up by the alternating current in the windings,
hence a larger resistance and induectance. Offsetting the increase in
inductance is the effect of the eddy currents in the diafram. At high
frequencics the diafram eddy currents act as o magnetic shield to keep
the alternating flux out of the diafram, thus making the inductance
nearly the same as it is without the diafram.

If now the diafram is unclamped, so that it can move under the
action of the alternating current in the winding, another action takes
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place. The diafram, moving back and forth synchronously with the
increase and decrease in magnetic field strength, generates different
hysteresis and eddy current losses than it did when it was station-
ary; whether they are greater or smaller than in the former case depends
upon the relative phases of the motion of the diafrum and the change in
field strength.

It might be thought that the motion of the diafram would be exactly
in phase with the strength of magnetic field; i.c., strongest field result
in greatest veloeity, ete., but such is not the faet. 'Fhe diafram is a
mechanieal system which has mass, and an clasticity which tends to
hold the diafram in a certain position. Such a system always has a
frequency of motion at which a given foree results in greatest amplitude
of motion. This is called the resonant frequency of the system. The
sharpness of resonance of the diafram’s motion is affected by the losses
incurred by its motion, such as frictional losses in the elamping ring
around the rim of the diafram, viscosity losses in the material of the dia-
fram itself, and energy imparted to the surrounding air.

The ordinary telephone diafram has a natural frequeney at about
800 vibrations per second. Below this frequency, the motion (velocity)
of the diafram leads the field strength by about 90°; that is, when the
field is strongest the diafram is pulled down as cluse to the pole pieces
as it can get. But at the extremity of amplitude ary body executing
harmonic motion is at rest; its maximum velocity, towards the pole
picees, oceurred one-quarter of a cycle earlier.

If the frequency of current through the windings is the same as the
natural frequency of the diafram, the amplitude is a maximum and the
motion of the diafram is in phase with the magnetic field. As the fre-
queney of the current in the winding is raised higher than the natural
frequency, the amplitude of the diafram rapidly diminishes and the
motion of the diafram lags 90° behind the magnetic field.

This peeculiar change in the relative phase of diafram motion and
magnetic field strength might be expected to be reflected into the elee-
trieal charaeteristies of the winding, as measured in the bridge, and such
proves to be the fact. In Fig. 69 are shown in dashed lines the
inductance and resistance of the phone with the diaframn elamped,
and in solid lines the same characteristics with the diaframn free to
vibrate.

A peculiar condition occurs for a frequency somewhat above the
resonant value; the effective alternating current resistance is less when
the diafram is moving, giving off energy in the form of sound, than
when it is clamped so that it can give off no sound emergy. It would
secem that the motion of the diafram actually supplied energy to the
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magnet winding, but of course such cannot be the fact. The explana-
tion of this curve brings out a seldom emphasized fact, the extremely
low efficiency of the telephone receiver as a sound generator. Although
the moving diafram is actually giving off energy in the form of sound,
the extra resistance (positive) which must be introduced into the windings
by the required energy transfer from the electrical circuit is much less than
the decrease in hysteresis and eddy current losses in the moving diafram,
compared to these losses when the diafram is clamped tight.
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The measurement of the sound-generating efficiency of a telephone
is a difficult one, so there are not many published data available, but it
secems likely that the ordinary telephone receiver does not transform
into sound more than 1 per cent of the electrieal power supplied to its
windings, and at frequencies far removed from the resonant frequency
of the diafram even this figure is much too high.
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Many of the loud speakers in use employ a moving diafram scheme
similar to the head phone just analzyed, but add a properly designed
horn to improve its efficiency as a sound generator. The reason for the
extremely low efficiency of the vibrating diafram as a sound generator
is a result of the air ““ running away ” from the diafram when this moves
forward to form the compression wave, and of air ““ running in 7’ when
the diafram, moving backward, is endeavoring to set up a rarefaction
wave. Now if the air in front of the diafram is properly confined, the
diafram’s motion is much more effective in compressing and rarefying
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the air, and so a given motion sends off much more sound energy. Of
course such a horn generally brings into the sound response some of
its own frequency preferences so that the quality of speech or music
may be considerably distorted by its action.

The effect of such a horn on the sound-producing qualities of the
system is shown to some extent by the electrical characteristics meas-
ured in the bridge. In Fig. 70 are shown the measured resistance and
inductance of such a loud speaker with the diafram clamped, diafram
free with no horn, and diafram free with horn. With no horn the excess-
ive motion of the diafram at the resonant frequency shows a great
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increase in resistance, and incidentally a very intense sound is given off
by the speaker under this condition. It is an efficient sound generator
(comparatively) for this one frequency.

When the horn is fitted to the speaker, the resonant response entirely
disappears, but the effective resistance has been appreciably raised,
especially for the lower frequencies. It is at these frequencies that
this speaker without a horn gives almost no sound response what-
ever.

The more recent “ moving coil ” or “ dynamic ” speaker is much
more cfficient than the average moving diafram type. The moving
coil itself has only about 10 ohms resistance (gencrally) so that it
requires a transformer to make it take power efficiently from the output
tube of the radio set. This transformer should generally then be treated
as a part of the loud speaker.

Just as the moving diafram type requires that the permanent magnet
supply its poles with a field much stronger than that set up by the wind-
ings (to prevent frequency doubling) the dynamic speaker coil requires
a strong magnetic field in which to move. It would move, of course,
with no current at all in the c.c. exciting winding, but the sound response
would be very weak and would have a frequency twice that of the current
flowing through the coil. The eddy current which the moving coil
scts up in the faces of the magnet, and to some extent the hysteresis
loss, will exist whether the magnet is excited or not, but the force pro-
duced in the moving coil will be very small, so no appreciable sound will
be emitted. The change which occurs in these losses when the mag-
netic field is excited can be measured by getting the £ and L of this coil
with the exciting winding first not excited and then with the
winding excited, in both cases having the coil clamped to prevent
motion.

The coil may then be freed and its characteristics be obtained, with
no paper diafram attached, and finally the moving coil may be meas-
ured when functioning normally.

It will be found that the increase in resistance due to the emission
of sound by the speaker is much greater with this type of movement
than with the moving diafram. This is particularly true at the lower
frequencies, and is undoubtedly due to the larger amplitudes of motion
available to the moving coil, compared to the possible amplitude of the
ordinary diafram.

Using a bridge similar to that used in Exp. 10, measure the charac-
teristics of a telephone receiver, for the various conditions analyzed,
and also those of at least one type of loud speaker. The curves with
moving diaframs are never smooth but have all sorts of humps due to
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partial resonance at various frequencies.  If accurate results are desired,
it is necessary to get measured points at a great many frequencies.

At first the characteristics should be measured with various cur-
rents, at a fixed frequency. If the inductance and resistance show
appreciable changes with current variation, the current through the
phone must be held constant when making the several frequency varia-
tion runs.
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Object.—Calibration of hot wire ammeters and thermocouples.
Variation of resistance with current. Efficiency of conversion in the
thermocouple.

Analysis.—Practically all radio measurements (with the excep-
tion of frequency) are made by means of ammeters and resistances;
a radio frequency wattmeter is a practical impossibility, and a radio
frequency voltmeter is almost never used because it requires too much
power. (This statement will be qualified in the discussion of Exp. 22.)
In view of this fact, it is important to have methods of checking the
accuracy of the ammeters and resistances used in the radio laboratory.

As the force acting on an alternating current ammeter must be in the
same direction, even when the current is reversed, it follows that an
ammeter suitable for radio frequency measurements must be one in
which the force varies with the square of the current. The iron vane
ammeters, the induction type ammeters, the hot wire meter, the dyna-
mometer type of meter, and the thermocouple meter all obey this law,
and so are suitable for alternating current measurements. But at the
high frequencies used in the radio field many of these types have serious
defects, so that actually only the hot wire and thermocouple types have
found appreciable application.

In the hot wire type, a thin wire is heated by the current to be meas-
ured and of course expands when heated. This expansion serves to
actuate the finger, which
moves over a scale properly
calibrated in amperes. The
expansion of the wire is of
course foo small to result in
much motion of a finger;
some kind of mechanical
multiplying device must be
used to make the finger move,
say, over a S-inch scale when

Fra. 71. the hot wire itself has ex-
panded perhaps only 0.01 inch.

The general idea of the ordinary hot wire ammeter may be obtained
from I'ig. 71.  The terminal posts A and B arc mounted upon a base
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block; if this is of metal they are properly insulated therefrom.  They
are connected by a thin wire, N, about 3 inches long, through which,
the current to be measured flows. Threaded on this wire at its mid
point is a glass bead, C, to which is fastened a silk thread . The other
end of O is fastened to a stiff spring D, which is anchored on block F.
This spring D can be adjusted by the screw G, the head of which is
usually aceessible from outside the meter case.  Fastened to the middle
of thread O is another silk thread 7/, which after passing around the
shaft I of the meter once or twice, is fastened to a sender spring L,
which serves to keep the two threads stretched taut,

When the wire N is heated it expands, and the threads move to the
positions shown by the dotted lines. The motion of the finger is nearly
proportional to the expansion of wire N, so that the seale of the meter,
in current, is of the parabolic type, very crowded at the lower end of the
scale.  The expansion of the wire JV is four times as much for 2 amperes
as it is for one, so the finger moves practically four times as far on the
scale for 2 amperes as it does for 1.

The zero setting of such a meter must be readily accessible, as the
position of the pointer will evidently change with temperature, ete.
If blocks A and B are mounted on metal which has the same tem-
perature expansion coefficient as has the wire N, the effect is minimized,
but generally this is not the fact. The set screw G evidently permits
the ready adjustment of the zero setting.

The a.c. ampere is defined as that current which will heat a given
resistance to the same temperature as will a c.c. ampere, so it follows
that this meter can be calibrated on a c.c. circuit. The question
arises, however, to one studying the peculiarities of very high-frequency
currents, as to whether the resistance of the wire is the same for the
radio frequencies, at which the meter is to be used, as it is for a continu-
ous current. The answer to the question is, no. The resistance may
be very differont at one megaeyele than it is for continuous current,
owing to the skin effect existing at the higher frequencies.

In a c.c. circuit, the current distributes itself uniformly throughout
the cross section of the wire, but at very high frequencies the current
density at the center of the wire may be only a small fraction of what it
is at the outside of the wire. The difference in current distribution
results in a difference in resistance, the uniform distribution giving the
lowest resistance. The factor by which the c.c. resistance must be
measured to give the a.c. resistance inereases with frequency and with
size of wire, and decreases as the specific resistance of the material used
for the wire increases.

Hence if we want a wire to have the same resistance at radio fre-
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quencies as it has for continuous eurrent, it must be of some high resist-
ance material, and must be of small diameter. In the table below is
given the largest diameter of wire, of different material, which can be
used, at a specified frequency, without having the a.c. resistance exceed
the c.c. resistance by more than 1 per cent.

WIRE DIAMETERS

Largest wire (straight) which ean be used without the high-frequency resistance
exceeding the c.e. resistance by more than 1 per cent

Diameters Given in Millimeters
Wave length,

3000 I

in meters

Advanee Manganin Platinum Copper

100 ‘ 0.30 0.29 ' 0.13 1 0006
200 0.46 0.40 0 20 0.045
300 0.57 0.50 0.27 0.09
400 0.66 (.60 0.30 0.10
600 | 0.83 0.75 , 0.37 \ 0.15
800 0.98 0.88 | 0.42 0.20
0 | 110 0.99 0.50 0.21
1200 1.20 1.10 0.57 0.22
1500 1.30 1.21 0.63 0.26
2000 1.52 1.38 0.73 0.30
1.82 1.62 ‘ 0.80 0.33

Irequency = 3 X 10% + wave length.

Thus if we want to use a piece of manganin wire for a hot wire
ammeter good to 3 X 10% cyeles per second (100 meters) and the
resistance for the radio frequeney current is not to be greater than
1.01 times the c.c. resistance, its diameter must not exceed 0.29 mm.
(No. 30 wire). And if copper wire is to be used its diameter must not
be greater than 0.006 mm., which is smaller than a No. 40 wire.

But if the wire must be so small, and of high resistivity, it evidently
cannot carry much current without overheating. To construct an
ammeter good for more than a very few amperes, therefore, it is neces-
sary to use several wires in paralicl.  When this is done it will be found
that the current does not divide evenly between the different wires,
unless special care is exercised in their arrangement. They must be in
some symmetrical arrangement with respeet to a central axis; in Fig. 72
is shown the construction of a meter good for 50 amperes. Instead of
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using wires, very thin strips of a high-resistance alloy are arranged
much like the staves of a barrel, and the heavy copper castings which
serve as the barrel heads conneet to the heavy terminal posts of the
meter. The expansion of one of these strips is used to actuate the finger
of the meter. The various parts of the meter are mounted on a marble
slab.

As we attempt to use the hot wire idea for the construction of meters
to measure weak currents, we soon reach a lower current limit beyond
which it is impossible to go. For a given resistance the heat developed

Hor
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Fig. 72.

varies as the square of the current, thus a 0.l-ampere meter with a
given resistance would generate only 1 per cent as much heat as a
l-ampere meter.  To offsct this effect the lower range meter is made of
smaller wire having higher resistance.  However, even if we use a wire so
fine as to be scarcely visible to the eye, it requires about 0.05 ampere to
heat it sufficiently to move the pointer over a very small seale.  The
resistance of this meter would be about 10 ohms.

By using the thermoelectrie voltage set up on a bi-metallie junction,
however, we can build meters, good for radio frequency measurements,
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which will operate with much less current than the value given above as
the limit for the hot wire ammeter. In this type of meter a wire is
heated by the current to be measured, and this heated wire is in contact
with a thermal junction. The thermal junction, heated, generates a
continuous voltage which serves to operate a sensitive c.c. galvanometer.
To get as much temperature on the hot wire (and hence on the junction)
as possible, with little power, it is necessary to climinate the cooling
effect of air in contact with the wire. To carry out this idea the thermo-
couple and heater wire are mounted inside a small glass bulb, from which
the air is afterwards exhausted. The arrangement is as given in Fig. 73.

The heater wire, ¢, is straddled at its mid-point by the junction, d;
comparatively heavy wires go through the
“press” and serve to hold the heater wire and
thermocouple in place.

Without exceeding the safe temperature of
the wire ¢, the junction, d, will generate about
8 millivolts; the temperature of the junction
will be about 350° C, and of course the wire
itself will be much hotter. It requires some
thought to answer the very simple question as
to how long the wire, ¢, should be. If it is

D made too short it will be cooled too much by the

FiG. 73, heavy wires at its ends, and if it is made too long

its resistance is unnecessarily high. The joints a

and b serve to cool the heater at its ends, and the couple itself, d,

serves to keep it cool at its middle, so we may expecet it to be hottest

half way from the couple to either end.  Here the temperature is about
500° C when the couple is at 350° C.

As these deviees are offered on the market today the couple itself is
the same whatever type of heater wire is used. The resistance of the
couple from B3 to C (I'ig. 73) is very close to 10 ohms, whereas the heater
wires may vary in resistance from a small fraction of one ohm to a thou-
sand or more ohms. Of course this thermocouple is of no use itself as a
current indicator; it is merely a conversion device to change a.c. power
into c.c. power. The e.c. meter used to operate from the power gen-
erated in the couple should have the same resistance as the eouple itself,
if the couple is to deliver a maximum power. The proper meter to use,
therefore, is 2 millivoltmeter of about 10 ohms resistance.  If a portable
meter of the pivot type is used a full seale reading of about 2.5 milli-
volts is about as sensitive as can be obtained; if & semi-portable meter
with suspension construction is used, about 0.25 millivolt full scale can
be obtained. If a telescope and mirror instrument, of 10 ohms resist-
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ance, is used, a deflection of 10 c.m. (about the size of the scale of the
meters just discussed) can be obtained with 0.05 millivolt.

Of course, when any of these meters is indicating a certain number
of millivolts, the temperature of the couple is great enough to generate
just twice the amount of voltage; one-half the voltage it generates is
used up as internal resistance drop.

The resistance of the heater wire depends upon the current it is
designed to carry; on page 9 of the text is given a tuble showing ap-
proximately the resistances and current ranges as couples are made today.

Now a very important point in connection with the use of hot wire
ammeters and thermocouples is the constancy of their resistance.
Both types of meters depend for their operation upon increase of tem-
perature of their current-carrying wires, and generally the resistance
of a wirec vanes with temperature. It is generally assumed that the
resistance of the meter itself is independent of the current through it, but
such is not actually the fact. In many of the measurements made in
the radio laboratory, a certain current is obtained in the test circuit;
resistance is then added in the circuit to decrease the current to a cer-
tain fraction of its original reading, and from the required value of this
resistance, conclusions arc drawn as to the constants of the circuit.
These conclusions will be wrong if the ammeter itself appreciably
changed its resistance when the current in the circuit was decreased.
The heater wires in very low current thermocouples are generally of
carbon, and for the higher current capacities are some sort of metallic
alloy. We might conclude, therefore, that the low current heaters would
decrease in resistance with increasing current and that the others would
show in increasing resistance.

Typical results from commercial thermocouples are given here.

: Couple No. T 376 Couple No. 227

— _ N
Current, Resistance, Current, Resistance,
amperes ohms amperes ohms
0 000388 | 693 0.108 0.300 |
0.000621 | 689 0.173 0.302
0 000831 684 0.251 l 0.305
0.000973 679 0.330 6.309
0.001122 675 0.410 0.314
0.00135 668 0. 489 ‘ 0.319
0.00148 | 664 0.557 0.327

‘ 0.00163 650 0.657 0.338
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From these values it is seen that if accurate results are to be obtained
in certain radio tests, allowance must be made for a considerable change
in ammeter resistance, sometimes an increase and sometimes a decrease.

Using the arrangement of apparatus shown in Fig. 74, calibrate two
hot wire ammeters and two thermocouples. A slide wire bridge is sup-
plied with power from a storage battery of one or two cells connected to
a potentiometer having a current-carrying capacity sufficient for the
full seale of the larger of the two hot wire ammmeters. A reversing switch
permits rapid changes for reversed current reading. The voltmeter V,
of about 3-volt range, is preferably of the center zero seale type. The

resistance /¢ should be of about the
same resistance as the meter, A, being
tested. It should carry safely the

R} A maximum current to be sent through
9 the meter A. G is an ordinary bridge
Slidg wire balancing galvanometer.
au x For each meter get about eight
—\) readings of voltages V and bridge set-

13

ting, taking readings for ¢ direet” and
“reversed ”’ power supply. I must be
accurately known, If not, it must be
measured.  The value of V for which
readings are taken should be properly
selected to give reasonably well-separated
points on the scale of the meter being
IG. 74 tested.

Note whether the zero reading of
the meters changes as current is passed through them, and if the
zero does change find some experimental way of allowing for the
change so that the ammeter readings may be taken as aceurate (allowing
for the calibration which the test gives).

From the bridge setting the resistance of the meter is given. From
this (in combination with the known value of &) and the reading of 1,
the current through the meter is ealeulated. The bridge conncetion
resistances must be so low as to be negligible compared to the meter
resistance, in this scheme of ealibration.

Plot calibration curves and resistance curves for the four meters
tested.

For the two thermocouples caleulate the efficiency of conversion, at
about four points on the scale, equally spaced.
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Object.—Study of rectifiers. Copper oxide, crystal contacts, gas
tubes, with and without heated electrodes. (Diodes taken up later.)

Analysis.—The rectifier, or one-way conductor, serves many pur-
poses in radio apparatus, and according to the service for which it ic
intended may be of high resistance and low current capacity or the
reverse.

It is seldom that the rectification is complete, with any of the com-
merieal forms of rectifiers; they simply carry current more readily in
one direction than in the other, that is, they show assymmetrical con-
ductivity. Now practically any contact surface, between different
conducting materials, has this property to a greater or less extent;
thus the eontact between a hot and cold surface of even the same mate-
rial shows some recetification.

Of course, to be of much value the contact must show a much greater
conductivity in one direction than in the other, say ten times as much.
Iven when such a contacet is found, it is generally useful in a very lim-
ited range of voltage. Thus a given contact might rectify in one diree-
tion for voltages (a.c.) less than 2 volts, not reetify at all at 3 volts, and
rectify in the opposite direction for higher voltages.

The exact mechanism by which contacts rectify has been the subject
of much speculation; it seems reasonable, in view of the theories of
modern physics, to assume that it is merely a question of the ease with
which eleetrons are able to eseape through the surface of the contacting
materials. The amount of energy required to carry an electron through
the surface of a conductor (sometimes called the surface work) is different
for different materials, and even for different surfaces of the same mate-
rial if this is crystalline in its structure, so that when a voltage is
impressed across the contacting surface it seems likely that the elec-
trons will flow across more readily in one direction than in the other.

The high-frequeney currents which are set up in a radio receiving
circuit are incapable of giving an audible signal in the phones until they
have been passed through a rectifier.  The intensity of voltage avail-
able, to impress on the rectifier, in this case is generally a fraction of 1
volt; it may possibly be a few volts but such a case is unusual. The
amount of rectified eurrent required for actuating a head phone is only
121
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a few microamperes, so that this service requires a rectifier which will
give a few microamperes of current when a signal measured in fractions
of a volt is impressed.

There are many crystal contacts which serve well for this purpose;
sometimes two crystals in contact with each other are used and some-
times a finc metallic point (like the point of a needle) is lightly pressed
against the crystal surface. In Fig. 75 are shown the current-voltage

curves obtained from a double

Y . : || erystal contact, zincite pressing
| Micro { Amps. o o stal f
| —— 1000 - _{- lightly against a crystal o
I e chalcopyrite. These curves
A T arc obtained by impressing
T T 1 various voltages across the
12:{000f — . i
| |zincite-Cilaleppy rite [ ] cx.'ysta'l contact, ﬁmt in one
/ direction and then in the other,
10:-{0001 frt-dr— - q
' / and reading the resultant cur-
g0loo 41— — / ' rent. The solid line curve is
i | for a good rectifying point
/ .
soloo J - and the dashed curve is for a
A = point which rectifies not so
40{00 L i well.  These curves have been
/
- ‘& , taken for voltages greater than
20f00- "~ ———— generally available in radio
LT T3 1 1] 1| receiving circuits; the impor-
T RN tant part of the curve where it
P o Valts— ] g
Lot | ‘ should show good rectification
| ! ! ! ! | ! !
Fia. 75. is the part between plus and

minus 1 volt,

In Fig. 76 is shown the rectification between a steel needle point and
a silicon carbide erystal; here again the characteristics of a good and poor
point are shown. This type of contact gives its best rectifieation if a
constant polarizing voltage (in this case of about 1.2 volts) is impressed.
The rectification is by no means as good as for the erystal of Fig. 75,
but the silicon carbide rectifier has the advantage of being less easily
spoiled by strong signals, jarring, ete.

In Fig. 77 are shown the a.c. and c.c characteristics of a crystal con-
tact for strong and for weak signals. The a.c. characteristic is obtained
by impressing a known alternating voltage across the crystal and read-
ing the current which flows with a c.c. galvanometer. This of course
will read only the amount of rectified eurrent which flows through the
contact.

The points on the a.c. characteristic ean be calculated for any point
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by assuming any value of a.c. voltage; from the c.c. characteristic the
current for any instantaneous value of this voltage is obtained, and from
the curve so obtained the average value of current is measured, by
planimeter or similar scheme.  This idea is illustrated in Fig. 78.
Another type of rectifier which is very useful is represented by the
copper-copper oxide contact. A plate of copper, properly cleaned, is
oxidized by a definite proeess. A plate of some soft metal is then pressed
tightly against these oxidized surfaces and the reetified current flows
between these plates and a lug of the copper plate which has been
cleaned of oxide. The rectifying properties of such a surface are shown
in Fig. 79; it will be
noticed that the seale for .
reversed current is in | {

milliamperes, whereas the | ‘
direct current isin amperes. |
The rectification is thus |

nearly perfect in the volt-
age range shown.

i , t——+ 10[00 +—f—

In common with all . e

types  of rectifiers  the ‘

| Micro 4 amp:; |

30{00-4+—

copper-copper oxide is )

iled i irh a volt: |
.Sp(.)ll( d if too high a voltage | soleo -
is impressed. It heats up | I
too much and the oxide |[_ 1oloo
cracks away from the 'Tl AL

. q e -1 - -2 L e A i

copper, th,lih ruining th'o e T K
contact. This rectifier, it 7= e— \7“5 ——
will be seen, is serviceable ' : ] 4 '
where currents of the Fia. 76

order of an ampere are

required from an a.c. supply of a few volts. If a higher voltage
source is to he recetified, the proper number of these units must be con-
nected in series,

Where a eurrent measured in milliamperes is dexired, from a cireuit
of from 1 to 300 volts, a tube containing rarcficd gas has been
much used.  In this type of tube (generally marketed under the trade
mark “Raytheon’) the reetifying properties of a rarefied inert gas in a
bulb having differently shaped electrodes is utilized. By suitably
placing the electrodes with respect to one another, and suitably form-
ing these electrodes, it is possible to build a tube which will carry a
considerable fraction of an ampere (say 0.2 ampere) with only about
150 volts across the tube, and will pass practically no current in the
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reversed direction until perhaps 300 volts is impressed. In Fig. 80
are shown conventionally the current-rectifying properties of such a

tube.
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All tubes containing appreciable amounts of gas are more or less
unstable; when conduction oceurs, owing to progressive ionization of
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the gas at voltages above that required for breakdown, the tube is likely

42| Volts

Impressed +!

ANVA

Voltage 0

10]

Rectified g
Current
(Millinmperes) -7t --""r"-

:;\/\/\/

—Total Current

D.C. Component

0

I16. 78.

to short-circuit the power supply unless a proper amount of stabilizing
resistance or reactance is in series with the tube to limit the current flow.

Copper oxide
rectifier.

Four square inches
of rectifying surface

Max.mum safe
reversed voltage
=3.5 volts

Rating of unit=1amp, (c.c.)

niillialnperes

10

/_20°Centigrade

Amperes

—

Current

Voltage

Fia. 79.

For satisfactory operation this type of reetifier requires the proper
amount of rarefied gas present; if too much voltage is used on the tube
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it will overheat, the gas pressure will be changed, and the tube possibly
spoiled.

The type of tube just analyzed requires quite a high voltage between
its electrodes, it will be noticed, before it carries appreciable current,
even in the conductive direction. Another type of gas rectifier which
overcomes this difficulty uses for one electrode a heated filament, from
which electrons are evaporating. These evaporated electrons are suffi-
cient to start the ionization of the gas in the tube at very low voltages,
when the proper polarity of voltage is impressed between the hot fila-
ment and the other electrode.  This polarity requires the hot filament
to be negative with respect to the other electrode.  When the polarity
of the impressed voltage is reversed no current, flows because there are
available no eleetrons for ionization. Those evaporating from the hot

filament are forced back into the
/\ filament by the impressed voltage,
and the other electrode, cold, is
not evaporating any electrons.
¢ In tubes of this nature it is
quite possible that the hot filament
may be spoiled, in its clectron-

emitting qualities, by the action

400
volts ¢
™~ i of the positively charged gas ions
which continually bombard it dur-

V ing that part of the cycle when
the tube is carrying current.  The
type of filament, kind and pressure

F1G. 80. of gas, and voltage condition in

the circuit all have to be properly

considered if the filament is not to be ruined by this bombardment

in a very short time.  Generally neon or argon gas are used in these

tubes (some of which are marketed under the trade name “ Tungar”)
at a pressure of about one-half an atmosphere.

The mercury are rectifier (of Cooper Hewitt) uses this idea, but the
heat required to emit the electrons from the negative electrode (a pool
of mereury) is supplied by the rectificd current flowing through the
tube. A white hot spot on the pool of mereury occurs where it is being
bombarded by the positive ions, and it is from this hot spot that the
electrons which produce the ionization of the mereury vapor originate.

In the latest type of rectifier of this general type, a hot filament is
used for one electrode, and mercury vapor at low pressure is the gas
which when ionized helps to carry the current. A grid is placed between
the plate (cold clectrode), and the filament and this grid serves to con-

——————200 volts
NE

—————2300 volts
(4
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trol the start of the ionization of the mercury vapor. Of course, in
this tube as in the others, the ionization takes place only when the hot
filament is negative, but whereas in the previously discussed tubes the
current flow started when the plate reached a certain positive voltage,
in this grid-controlled reetifier the potential of the grid serves as the
dominating control. By varying the grid potential, if this is from a c.c.
source (or by varying either its amount or phase if a.c.), the amount
of reetified current which the tube delivers to its load may be controlled.

The action of this grid is not the same as that of the grid of an
ordinary triode; after the grid potential has once permitted the start-
ing of the ionization phenomenon, it is helpless to control the magnitude
of current to the plate for the rest of that alternation of the power supply;
during the alternation when the plate is negative the ionization of
the mereury vapor ceases, so the grid regains its control for the begin-
ning of the suceeeding alternation.  (Some of these special rectifiers are
being sold under the trade name of ““ Thyratron.”)

Get characteristic curves, both c.c. and a.c., for a crystal rectifier
such as has been used in radio receiving circuits.  Get curves for a good,
and a poor, point. Note how easily a good point is lost, by jarring the
crystal.

Get curves for a copper oxide rectifier. In this test it will be neces-
sary to allow for temperature variation if consistent results are to be
obtained. At the higher voltages, after having set the conditions for
the desired reading, take off the power, let the plate cool down, and then
get readings as soon as the switch is closed, or some other consistently
uniform procedure may be followed. Note whether the plate heats.

Get curves, both a.e. and c.e., for a “ Tungar’ or similar bulb.
In this case have a storage battery in the cireuit, of voltage rating for
which the outfit is designed.

Study the action of the “ Thyratron ” sufficiently to become famil-
iar with its characteristics.

In getting the a.c. tests called for above, it is most essential that the
a.c. voltage supply have sufficiently close regulation so that the wave
form impressed on the rectifier retain its sinusoidal form during the
complete eycle.  Part of the eycle current is being drawn and part of
the eyele the power supply is not delivering any current. This is likely
to result in the voltage wave, impressed on the rectifier, being flat
topped during the conductive part of the cycle. In Fig. 81 this idea is
brought out; a low voltage is required, say for the copper oxide rec-
tifier. A step-down transformer with a secondary current rating of
several times that carried by the rectifier is advisable. To vary the
voltage impressed on the rectifier a resistance might be used as in a
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or b of Fig. 81. Necither of these schemes will work at all; the amount
of rectified current obtained will be much less than it should be, because
during that part of the cycle when the reetifier is carrying current, the
voltage across it will be much smaller than it should be.  If the scheme
of Fig. 81c¢ is used, however, the a.c. test will check with the values pre-
dicted from the c.c. test results. The voltage on the rectifier will be
sinusoidal; its value may be found by measuring the voltage impressed
on the high side of the transformer and allowing for the known trans-
former ratio. The amount of voltage is varied, not by a resistance in
either circuit of the transformer, but by varying the field current of the
alternator.

In case an alternator is not available for the test, so that the labora-
tory power line must be used, it is possible to use the arrangement of

I'1a. 81. Fig. 82.

Fig. 82, but the potentiometer must be of low resistance. To test
whether it is sufficiently low, put such a resistance on the secondary of
the transformer (without the rectifier) that a secondary current flows
of magnitude somewhat greater than the maximum current to be taken
by the rectifier. If, on opening and closing the secondary circuit, the
voltmeter across the primary shows no change, the potentiometer will
be suitable.

For the crystal rectifier, and copper oxide rectifier, construct curves
of the current form during an a.c. eycle and compare the average value
of this with the value obtained in the a.c. test, for that voltage which
corresponds to the voltage assumed in drawing the current form.
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Object.—Study of various types of wave meters. Use of a buzzer
generator and wave meter for measuring self and mutual inductance
and capacity.

Analysis.—The construction and performance of wave meters was
taken up in the Introduction of this test, and the student should study
the material there given before carrying out the work required in this
experiment.

In this laboratory work, the student is to observe carefully the
construction of several classes of wave meters, noting about what value
of capacity is used, what type of condenser it is, the kind of scale (fre-
quency or wave length) calibration the meter has, the method or methods
of detecting resonance, ete. Notice whether the type of condenser and
the kind of seale calibration seem to have any predictable relation.

At least four types of wave meters should be studied.  One, similar to
the Telefunken, which has a wave range from 100 to 6000 meters and
-arious extra equipment which makes it a very useful laboratory meter;
one designed for short waves, say from 5 to 10 meters; one for very
long waves, say up to 20,000 meters, and some special onc like the
Kolster combined wave meter and decremeter.

These meters should be opened up, if necessary, so that their con-
struction may be investigated. Great care must be exercised not to jar
the meter or bend the condenser plates in the slightest amount, for of
course this would entirely spoil the calibration of the meter.

Note whether the ealibration of the meter is different when the dif-
ferent resonance indieators are used. If there is a differenee, note
whether the difference is constant throughout the range of the meter.

The laboratory standard wave meter should of course never be opened
for inspection nor used in any way except for the calibration of the other
laboratory wave meters.

The buzzer wave generator is a scheme for getting a few milliwatts
of damped, high-frequency power from a low-voltage c.c. source.
Whereas measurements made by the power from such a source do not
have as much precision as those made by a power source giving con-
tinuous oscillations, its use is simpler and often more convenient.

The method of operation of the buzzer generator may be under-

129
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stood with the help of Fig. 83. A small U-shaped soft iron magnet is
wound with several hundred turns of wire. A soft iron armature A is
pivoted at B and some sort of adjustable spring action keeps it pressing
against the contact screw D. The electrical circuit is through the
winding, armature, and contact screw, in series. If current is passed
through such an arrangement, it acts just like the ordinary electric door-
bell; the armature vibrates at
,;x( !C' a frequency fixed by its mass
and the tension on its spring

adjustment.
—E cC_—1L The contact surfaces of
armature and serew D are
necessarily covered with some
S non-oxidizable metal such as
Fia. 83. platinum, platinum-iridium

alloy, or sometimes tungsten.

It will be noticed that the battery E, instead of being connected
direetly to the buzzer, is connected through an adjustable resistance 12,
switch S and coil L. When the switeh S is closed, current starts to

=_Ib}

et

increase through the circuit on a logarithmic curve 7 = (E/R) (1 — € ’4)
in which R is the total resistance in the circuit and L is the total induct-
ance. When the current reaches a certain value the armature is attracted
sufficiently to the electromagnet to pull away from the contact screw D.
If sparking does not oceur at the contact (it will not if the buzzer is
operating properly) the circuit made up of L and C is cut off from the
buzzer and battery at this instant. The condenser C’, shunted across
the electromagnet, is for the suppression of such spark as the contact
may tend to set up. It must not be too small, neither should it be too
large, to get the best results as far as non-sparking is concerned. Its
proper size is determined by the inductance of the electromagnet and
the vibration frequency of the armature.

Frequently a resistance is used in parallel with the eleetromagnet
instead of the condenser C’. Such a scheme generates somewhat more
high-frequency power than if a condenser is used, but it may cause
somewhat more sparking at the contacts.

To get a clear musical tone, free from a seratchy note, from such a
buzzer, the right value of resistance R, the right separation between
armature and pole pieces, and the right tension on the spring adjust-
ment must be used. Further, the contact points must be kept smooth
and clean.

Now returning to the cycle of events in the buzzer operation. At
the time the contact opens, there is a certain current I flowing in the
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circuit, and of course a certain voltage 17 on the condenser €. This
means that the battery I has stored energy in the L-C circuit, an
amount equal to LI2/2 in the coil and C17#, 2 in the condenser.

When the contaet opens the current in the coil will tend to fall to
zero, but in doing so it charges the condenser € to a greater voltage
than it already has. We will caleulate this voltage for a typieal case.
Suppose L = 1 millihenry, I = 0.5 ampere, C = .001 microfarad, and
I” = 2 volts. (This 2 volts of course must be somewhat less than the
voltage of battery E.)

001 X .52

The energy LIZ/2 is equal to - >

joules = 000125 joule

of energy.

10-9 X 22

The energy C172/2 in the condenser is 5 =~ =2 X 1079 joules,

which is negligible compared to the energy in the coil, hence we negleet it
in further caleulation.

When the coil energy has all passed over into the condenser, this
must be charged to such a voltage that CV2/2 = .000125.  Calculation
shows that the voltage is 500 volts. Now this voltage will tend to pro-
duce sparking at the contact points, and will, unless they are sufficiently
separated at the time the voltage occurs. The frequency of oscillations

1
in the LC circuit is given by f = ——== = about 160,000 cycles per
2V LC

sccond. The high voltage across C' occurs one-fourth of a cycle after
the oscillations start, or only about 1/600,000 of a second after the
contacts open.  In this short time the gap cannot be very wide (between
armature and contact screw) so sparking across the minute gap is likely
to occur.

It looks at first as though a condenser might be put across the gap,
to stop this sparking tendency. This, however, would leave the buzzer-
battery-resistance R eircuit clectrically connected to the LC circuit
(through the condenser across the gap), so that only very weak oscilla-
tions, of low frequeney, would be set up.

If the spring tension is reduced, so that the armature will pull away
from the contaet screw with only 0.1 ampere in the clectromagnet, the
voltage st up across C will be somewhat less than 100 volts, so sparking
is not so likely.

The oscillations set up in the LC cireuit will die away at a rate
depending upon the resistance in the circuit. The reactance of the coil
will be 1000 ohms (2xfL) and if we assume a power factor of coil of
2 per cent and of condenser 1 per cent, the resistance of the oscillatory
cireuit is 30 ohms. The decrement which determines the rate of decay
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of oscillations is equal to R/2fL = about 0.1. The oscillations will
have died to 1 per cent of their original strength in a number of cycles

46 + ¢
)

given by = 47.  And 47 oscillations (frequency 160,000 per

second) will oceur in 1/3000 of one second. Hence if the armature of the
buzzer is vibrating 500 times a second, let us say closed 0.001 second
and open 0.001 second, then the high-frequency oscillations have
decayed to practically zero in only one-third of the time the contact is
open. Hence when the contact closes again the oscillatory circuit is
electrically dead, ready to repeat its previous performance.

The amount of high-frequency power generated by the buzzer is
rather small. If we assume the buzzer adjusted to open on the 0.1

0.001 0.12
ampere of current, the energy in the coil is ML X

= 0.000005

joule, and this amount is changed into high-frequency energy 500 times
per second.  The amount of power is therefore 2.5 milliwatts.

If then, in some laboratory work, a wave meter is being excited
from a buzzer generator, it must not be expected that the hot wire
ammeter will show any deflection. It requires about 10 milliwatts in
the hot wire meter itself to show a readable deflection, so it is quite evi-
dent that in experiments employing a buzzer wave generator for power
supply the wave length must be measured in the wave meter by detector
and phones, rather than by hot wire aimmeter.

Having a buzzer, a calibrated wave meter, and a known inductance
(or known condenser), any condenser or inductance suitable for use in
radio cireuits can be readily measured. The unknown condenser is con-
nected to the known inductance and then arranged for excitation from
the buzzer, that is, in Fig. 83, C is the unknown condenser, and L is a
coil of known inductance. The wave meter is coupled loosely to this
oscillatory circuit and its setting varied until resonance with the oscil-
lating circuit is indieated by a maximum sound in the phones.  (Hot
wire ammeter cannot be used for resonance indicator.) Now for any
setting of the wave meter its calibration will give cither frequency or
wave length, and to this value there corresponds a definite produet, LC.
This relation is obtained either from the equation

Ameters = 1884VLC . . . . . . (38)
or
106
fccm per second — T ——. o o o o 5 o (39)
e e VIC

in which formulas L and C are both given in micro-units (microhenrys
and microfarads).
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Now when the LC of the wave meter is known and this cireuit is in
resonance with the oscillatory ecireuit conneeted to the buzzer, the LC of
this latter cireuit is also known. Henee if either L or € of the circuit is
known the other quantity ean at once be caleulated.

If then another coil is to be measured, this is now substituted for the
known coil, the new LC again determined by wave meter, and as C is
now known the new value of L can be ealeulated.

Various arrangements of the unknown L or C in combination with
the known quantities enable the experimenter to measure quantities
which he otherwise might not be able to.  Thus suppose one of the con-
densers is so large that it in combination with the smallest known L,
gives a LC product beyond the range of the wave meter.  This large
condenser can be connected in series with one of the known condensers
and this combination connected to one of the known coils. The LC
can then be measured on the wave meter and the value of C calculated.
IFrom the value of C, the known value of one of the condensers of the
series combination, and the known law for capucity of condensers in
series, the capacity of the large condenser can be caleulated.

Short wires must be used in connecting the buzzer-excited cireuit,
beeause the connecting wires are in parallel with the condenser to be
measured and so augment its eapacity.

It will be found that a considerable signal will be heard in the wave
meter phones wherever it is tuned. This is due to induction directly
into the wave meter from the buzzer itself. This sends off pulses of
electric and magnetic fields of the same frequency us the tone of the
buzzer, and these pulses produce sound in the wave meter all over its
seale, being generally loudest at the smallest setting of the wave meter
condenser. This noise will be heard even if the wave meter erystal is
not adjusted on a reetifying point, whereas the desired high-frequency
signal (from the LC part of the buzzer set up) will be heard only if the
crystal in series with the wave meter phones is rectifying properly.

The signal which the listener hears is about as indicated in Fig. 84,
Curve a represents the interfering signal from the buzzer; and curve b
represents the response of the wave meter to the desired high-frequency
signals. The solid line is the signal the listener actually hears. By
weakening the coupling (taking the wave meter farther away from the
buzzer circuit) the total signal becomes weaker, curve b also becomes
narrower, and when the best coupling is obtained the wave meter is
silent except for two or three divisions of its scale. This response is
the peak of the b curve and gives the frequency of the LC circuit which is
the quantity desired.

To get the best ratio of desired signal to interference, the coil of the
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wave meter should be kept in the position which gives maximum cou-
pling with the test coil, for a given separation. This is illustrated in
Fig. 85. The wave meter is indicated by ecither A or B. Position A
(wave meter coil and coil L coaxial) will give a better ratio of signal to
interference than position B. By rotating the wave meter coil from
position A to position B the signal is cut down more than the interfering
signal.

Many wave meters are themselves equipped with a buzzer, so that
the wave meter itself may be used as a calibrated buzzer generator.
In this case the unknown condenser is connected in series with the known
coil, and a erystal detector and phones, in series, are conneeted across
the condenser.  The setting of the wave meter (and hence the frequency
of the wave it sends out) is changed until 2 maximum signal is heard in

Noise in phones

0,

180°

Wave-meter condenser

F1G. 84. I'1g. 85.

the phones. The LC of both cireuits is then the same, and so the
unknown quantity ean be ealceulated.

Measure the inductance and eapacity, by the method of this experi-
ment, of coils and condensers which have previously been measured at
audio frequencies. Single-layer solenoids, and condensers, should
show sensibly the same values at radio as at audio frequencies. The
double-layer solenoid measured in Exp. 10 will probably aet like 2 con-
denser at radio frequencies.  Liven if it is found to be an inductance, its
value will have no relation to the value measured at 1000 cycles.  And if
it is measured at several radio frequencies it will probably act like a
coil at some frequencies and a condenser at others.

In lixp. 18, an oscillation transformer is to be used in the operation
of a simple spark transmitter. IFind the transformer you are to use
and measure the self-induction of its coils, for several positions of the
clips, and measure the mutual induction of the two complete coils for
several separations, from the closest coupling to the weakest available.
These values of L and M will permit the construction of a coupling
curve which will be necessary in carrying out Exp. 18.
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Object.—To measure the natural frequency of an antenna using
buzzer excitation and an aperiodic listening circuit. To measure the
capacity and self-induction of an antenna. To find the effeet of the
number of wires on the antenna capacity. To find the effect of a
series inductance, a series condenser, and a condenser shunting a load-
ing coil in the base of the antenna.

Analysis.—The actual antenna used either at a transmitting sta-
tion or receiving station is not generally a very simple electrical con-
ductor; in this first study of antenna theory we shall consider the
antenna as a simple vertical wire having the same indueiance and capace-
ity per centimeter throughout its entire length, beecause it is only in an
antenna of this kind that simple conclusions ean easily be reached.

The vertical wire is to be regarded as one plate of a condenser, and
the carth as the other. When a source of high-frequency a.c. power is
connceted, one side to the antenna and one to the earth, alternating
currents flow into the antenna to charge it alternatively positive and
negative. Of course the current at the extreme end (top) of the antenna
must evidently be zero, and it follows therefore that the current is differ-
ent (at a given instant) at different parts of the antenna. If the fre-
quency is low this current change is nearly linear, as indicated in Fig.
86; and the voltage of the antenna, with the earth regarded as zero
potential, is uniform as indicated by the voltage eurve of Fig. 86. If
we use the expression I = 2xfCFE and solve for C, the value obtained
will be the capacity of the antenna when all parts of the antenna are
charged to the same voltage. The current drawn from the alternator
is of course a leading one.  Now as the frequency is increased it will be
found that at a certain frequency (ealled the natural frequency of the
antenna) the current taken from the alternator is in phase with the
impressed  voltage; the power factor of the antenna is unity. An
investigation of the voltage and current distribution for this condition
shows them both to have sinusoidal form, as in Fig. 87. Each curve
is onc-quarter of a sine wave, their space distribution being 90° apart.

The veloeity of travel of an clectrical disturbance along a wire like
this antenna is practically 3 X 108 meters per secord, the velocity of
light. The frequency impressed upon the antenna of Fig. 87 sets up
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one-quarter of a wave length, so we can say that the antenna is radia-
ting for this condition a wave four times as long as the antenna is high.
Thus if the antenna of Iig. 87 is 50 meters high, the wave length
radiated is 200 meters and the frequency of the current must be
(3 X108)/200= 1.5 X 10° cycles per second.

Now any circuit which we know has capacity, and yet shows unity
power factor must have an inductance, and must have as much mag-
netic energy stored as LI?/2, as it has clectrical energy stored as CE?/2.
The inductance of the antenna is of course due to the magnetie field
which the antenna current sets up in the surrounding region; as there
is no current at the top of the antenna then there ean be no magnetic
field there, and also it follows from Fig. 87 that the magnetic ficld must
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be a maximum near the base of the antenna, decreasing sinusoidally
toward the top.

The inductance of the antenna is calculated by measuring the
resonance frequency (i wave length oscillation) for the condition of
Fig. 87; with the capacity obtained from the condition shown in Fig.

86, and the formula for resonance, f = m, I is then calculated.

Evidently this is a fictitious value of L, because the capacity of the
antenna for the voltage distribution of Fig. 87 is considerably different
from the capacity with the voltage distribution of Fig. 86.

In spite of this discrepaney in reasoning, however, the values of
capacity and inductance obtained by the method outlined above are
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known as the antenna capacity and inductance, respectively. As
generally used, the voltage distribution of the antenna is more like that
of Fig. 86 than that of Fig. 87, so that the capacity value is reasonably
correct; the inductance of the antenna is generally small compared to
the inductance added in series with the antenna, so that even if there is a
considerable error in the assumed value of antenna induetance, but little
error is caused in the final result.

In the ease of a simple inverted L antenna (Fig. 88), the natural
wave length is four times the total length from earth to extreme end.
If the top part of the antenna consists of several wires eonnected together
in parallel, the natural wave length may be as much as six times
this length. In the case of a T
antenna the natural wave length is
from four to six times the distance
from ground up the down lead and -
out the antenna to one end of the '
top part.

The capacitics of antennas used today, for transmitting stations,
range from 0.0005 to 0.005 microfarad; the capacity of the small
antenna used for a receiving station may be only 0.0002 miecrofarad.
The inductance of the small receiving antenna is a few microhenrys,
say from 10 to 30, depending upon the length.

An antenna intercepts the broadeast wave, and a voltage is set up
in the antenna equal to the “ microvolts per meter ”” strength of the
wave multiplied by the effective height of the antenna in meters. (The
effective height is generally about 0.8 the actual height.) But little
current will flow in the antenna circuit, however, unless the antenna is
tuned to the frequency of the wave itself. Suppose an antenna 10
meters high having C = 0.00015uf and L = 10ph and R (cffective) of
5 ohms, is excited by a “ one millivolt per meter” wave from a 1000
kilocycle transmitter. How much ecurrent will flow? X, = 1062,
X: =62, X = 1000, Z =< 1000, so I = E/1000 = 0.001 X 10/1000 =
0.00001 ampere.

If, however, we put an inductance in series with the base of the
antenna such that its reactance combined with the inductive reactance
of the antenna just neutralizes the capagity reactance of the antenna,
the coil having 5 ohms resistance, then the impedance of the antenna
circuit will be merely its resistance, or 10 ohms.  The eurrent then will
be 0.001 ampere, or 100 times as great as for the untuned antenna.

The tuning of an antenna therefore is a very important condition
to be fulfilled in using it for picking up, or radiating, energy, and this
constitutes the main object of this experiment.

I'1q. 88.
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The top part of an antenna, especially that of a transmitting station,
is generally made up of several wires all connected in parallel.  Suppose
five wires are used, will the eapacity be five times as much as the eapacity
of a single-wire antenna?  Sometimes two or more down leads are used
in parallel; is the inductance of such an antenna the same as if a single
down lead were used? The answering of these two questions forms
another part of this test.

To make the proper measurements for anwering the two above
questions, it is convenient to have a flat-top antenna with, say, five
wires.  Three wires (the two outside ones and eenter one) are connected
together and to one down lead; the other two are connected together
and to another down lead about 2 feet from the first, and parallel to it.
The induectance and capacity of each of the three antennas (two-wire,
three-wire, and five-wire) are then

Wavemeter measured, and suitable comparisons

P .;‘Buzzcr will give at least qualitative answers

= 7|7 S=Battery g stions asked.

g’ t t'h‘(‘ question 3 ked ‘
——————————————— Fhe antenna is to be excited by a

Loading coil wave meter, buzzer excited. An

£ T & Listening aperiodic listening circuit is loosely
B3 ’]f‘ cireuit - coupled to the antenna, and by its
2 indications resonance between wave
Fra. 89. meter and antenna can be obtained.
The arrangement is as shown in
Fig. 89. A coil of a very few turns L, is coupled to the wave meter,
whieh is generating high-frequency current by the action of its buzzer.
An adjustable inductance Ly, of range up to about 1000uh, is in series
with the down lead and also a coil of a few turns Ls. This coil is
coupled to the listening circuit consisting of coil Lz in series with a
deteetor and phones.  The dashed line across the center of the figure is
to indicate that there must be no appreciable coupling between the wave
meter and listening circuit; whatever energy gets into the listening
circuit from the wave meter must come through the antenna.

The coil Ly should be variable to some extent; the secondary coil
of the old-fashioned “loose coupler” is satisfuctory. The coils L and
L; should be of as small inductance as can be used.  When they are
too small the listener has difficulty in ascertaining the resonant fre-
quency of the antenna; when they are too large, they upset to some
extent the caleulation of the antenna constants, because their inductance
is unknown, and neglected in the following procedure.

The experiment is carricd out with the least trouble if the first
measurement made is to find the resonant frequency of the antenna
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with L; set at its largest value. For properly carrying out this test, on
the average small antenna, a calibrated variometer with a maximum
inductanece of 1000 to 1500 microhenrys is suitable for L;. By negleet-
ing the inductanece of the antenna itself, as well as that of L and L.,
the resonant frequency of the antenna circuit is approximately caleu-
lated from the known value of L; and a reasonably assumed value of
antenna eapacity.  (This will vary from 100uuf for a small receiving
antenna to perhaps 600upf for one having several wires in parallel in
its elevated portion.) This rough approximation enables the experi-
menter to set the wave meter generator at approximately the correct
frequency for resonance, without wasting time.

In this test, coils L and Lo may be as large as perhaps five turns, of
say 4 inches diameter, without appreciably affecting the aceuracy of the
result, It is convenient to make these coils by windirg them loosely
of flexible wire; the number of turns can then be easily altered. Of
course, if the Lo—Ls combination is a loose coupler, L2 will be equipped
with a switch by which the desired number of turns can readily
be selected.

With tight coupling between the wave meter coil and L, and tight
coupling between Lz and Lg, the wave meter setting is changed until
the signal is loudly heard in the phones.  Beeause of the tight coupling
used, it is likely that the setting for a loud signal in the phones is not
well marked. By decreasing the coupling, both between wave meter
and L, and between Ly and Ls, the setting of the wave meter, for reso-
nance, becomes more definite, and of course the signal generally becomes
weaker.

With a little practice the student should be able to set the wave
meter condenser on the resonant point within one division or better.

The listening cireuit is supposed to be aperiodic, i.e., non-resonant,
but it sometimes happens (especially if L3 is a coil of many turns) that
the natural period of the coil Ly is the reason for the resonance showing.
This is especially true when the value of L; being used is small; it is
not likely to occur with large values of L. However, to test for this
possibility, the number of turns in Ly is changed somewhat and the wave
meter is again adjusted for resonance. If this setting of the wave
meter is the same as the previous one (with original value of Ly) the
setting is actually the resonant frequency of the antenna.  If, however,
the setting of the wave meter is changed (for resonance) with the new
alue of Lz, then the frequency indicated by the wave meter is the
resonant frequeney of coil Lz and not that of the antenna.

Having measured the wave length of the antenna with L, in series,
the capacity of the antenna can be caleulated from the relation
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A= 1884\/14(3,.“. This formula neglects the inductance of L and
L> as well as the inductance of the antenna. Provided that L and Ls
are kept as small as feasible and L, is of the order of 1000-1500 micro-
henrys, but little error oceurs in this determination of the antenna
capacity. If desired a small correction can be made to this value of
capacity later in the experiment.

Now the value of L is decreased in about five steps to its minimum
value, reading the resonant wave length of the antenna eircuit for each
setting. Then another variometer is substituted for L;, this new one
having o maximu:mn induetanee about equal to the minimum inductance
of former one.  Get the resonant frequency of the antenna for about five
values of this new inductance, the values being spaced approximately
equally between its maximum and minimum inductances.

As the values of this added inductance are continually diminished,
the error caused by the neglect of the inductances L and La continually
increases. Hence as the test progresses, the number of turns in L and
L2 should be reduced as much as feasible, keeping only enough turns to
give a well-defined resonance setting of the wave meter.

Get a reading with the inductance L; taken out entirely, of course
connecting together the two wires of the antenna circuit where the coil
L, is taken away. This reading gives the natural frequency of the
antenna, except for the slight error caused by L and L.. It will be
noticed that the resonance setting is not as well defined as was the case
when large values of Li were used.  As the amount of loading induc-
tance, Ly, is diminished, the decrement of the antenna circuit increases,
thus making the resonanee broader (not so sharp).

From this natural frequency of the antenna and the previously
calculated antenna capacity, the value of the antenna inductance, Lyn,
can be calculated. If it is found that this is appreciable compared to the
largest value of L; then this can be added to the value of L; and the
antenna capacity recaleulated from the formula

A= 1884 \7 (Ll + Lum)Cnm . . . O O (40)

With this new value of Ca, we can calculate a somewhat more accurate
value of Lane. The inductance of the antenna (including that of L and
L2) can also be obtained from the results of the experiment just carried
out, by the help of a curve as shown in Fig. 90. By plotting the relation
between the values of L; and (wave length)? a straight line curve is
obtained which cuts the X axis with a negative intercept. This negative
intercept, to the same scale as used for L), gives the antenna
inductance.
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With the maximum value of L; added, measure the resonant fre-
quency for the two other antennas.  If the five-wire antenna was used
in the above test, then measure the resonant frequeney for the two- and
the three-wire antennas.  Caleulate the antenna capacity for each case.

With no added inductance, measure the natural frequency for these
two other antennas. Calculate the antenna inductance for these two
other antennas.

It should be found that the capacity goes up with the number of
wires, but by no means is it proportional to the number of wires. Assum-
ing two down leads, some distance apart, it should be found that the
inductance of the three-wire antenna is slightly more than that of the
two-wire antenna and the inductance of the five-wire antenna (the two
down leads in parallel) is con-
siderably less than that of the
three-wire, and possibly less
than that of the two-wire
antenna.

In place of L; (Fig. 89),
insert a calibrated condenser
of maximum capacity several
times as much as the antenna
capacity. Measure the reso-
nant frequency with this con-
denser set at its maximum
value; this frequency is some- Fle. 90.
what greater than the natural
frequency. It is also more difficult to obtain because, as the reso-
nant frequency of the antenna circuit increases, its resistance, and
decrement, both increase; hence the amount of power supplied to the
antenna by the wave meter generator diminishes, and the resonance
becomes less definite.

Try to get wvalues of resonant frequency for several decreasing
values of the added series condenser; it will be found that as the value
of this capacity approaches zero, the resonant frequency does not
approach infinity, as might be supposed, but approaches a frequency
just twice the natural frequeney.

In case ton much difficulty is experienced in getting settings to show
this effect of the series condenser, add a coil of a few hundred miero-
henrys in series with the antenna (as well as the series condenser) and
leave this coil fixed as the series condenser is varied. A curve somewhat
similar to the desired curve will now be obtained, showing that as the
capacity of the series condenser is diminished, the resonant frequency

Wave len;z!.h2
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continually increases.  All frequencies will, however, be lower than those
which would have been obtained if no added induetance had been used in
the antenna cireuit.

Put the variable inductanee L, (formerly used) in series with the
antenna and set at its maximum value. Conneet the variable con-
denser in shunt with the coil, and find how the resonant frequency of the
antenna circuit varies as this condenser is varied from zero to its maxi-
mum value. Get about six points.

Plot your results in suitable curves, using for the abscissae the factor
which was varied, inductance or capacity, as the case may be.
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Object.—To study the operation of a small spark transmitting
set. Tuning closed and antenna cireuits. [ffeet of coupling on
frequency of radiated power. Conditions for maximum radiation at a
specified frequency. Effect of antenna resistance on proper coupling.
Operation of a quenched spark.

Analysis.—In radio communication as carried on today, spark
telegraphy plays a minor role; a study of the operafion of a spark set is,
however, worth while because of the theory involved, which theory is
applicable to all shock-excited oscillations.

In Exp. 16 we utilized the high-frequency oscillations which are
set up when the energy which is stored up in the magnetic field (as
LI2/2) is emptied into a condenser.  In the present experiment we study
the effeet of a condenser, in which electric energy is stored, being con-
nected to a coil.  As before, the stored energy sets up oscillatory cur-
rents.  The oscillatory power so generated has had a very wide applica-
tion in radio, practically all transmitting sets having operated in this
fashion up to a few years ago. Even now, in the

merchant marine, there are thousands of radio S
{ransmitters which obtain the high-frequency ~ R
power, required for radiation, by the sudden dis- © L
charge of a condenser through a suitable coil.

If & condenser C is charged to a voltage F, the Frg. 901.

stored energy is CE2/2. Now if such a condenser

is connected to a coil of inductance L and resistance 1 (as in Fig. 91),
when the switeh is closed oscillatory current will flow in the cireuit,
the current being given by the equation

Rt
1'=E\/ge—275in21rft N CT)

4

R
If we write § = and let n represent the

1
20V LC 2fL.

number of eycles of current that, have oceurred sinee the switch was

in which f =

closed, the equation becomes

i=E\/Ce‘"‘sin2rfz O € %3
L
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The term e~ continually decreases the value of the right-hand term;
the function, sin 2xft, is zero when the switch is closed (¢ = 0) and rises
to its maximum value (unity) one-quarter of a cycle later. The maxi-
mum current which occurs in the circuit is theoretically (no damping)

given by E \[g, we call it Io. The actual maximum current is Joe™ %%,
L

which in the average radio transmitter circuit is not greatly different
from Iy. In a spark transmitter a spark gap takes the place of the
switch of Fig. 91; the arrangement is shown in Fig. 92. The power of
an alternator is stepped up in voltage to about 15,000 volts, and the
voltage is impressed on condenser, C; the coil L of a few microhenrys
serves as a connecting wire while the condenser is being charged.

When the voltage reaches a certain
value, this depending upon the length
of the gap, the spark gap breaks down
and oscillatory currents flow in the
C-L-R-8 circuit of Fig. 92. During
this time the gap is conductive and

Fie. 92. practically short-circuits the secondary

of transformer 7. Evidently this

transformer must be one with high magnetic leakage, or the alternator

would feed so much energy into the gap as to burn up its electrodes.

Generally T is either an open magnetic circuit transformer (lots of

leakage) or high reactance is introduced between the alternator and
spark gap by other means.

The frequency of oscillations in the C-L-R-S circuit is determined

1
by f 27V LC
circuit, as necessarily constructed in a powerful transmitter, this decay
term is large; the decrement may be several tenths.

This is caused by the small value of inductance permissible in the
circuit. For a given power rating of transmitter a given amount of
energy must be stored in the condenser before each spark. If there are
N sparks per second, if the condenser will stand a voltage E safely, and
has a capacity C, the energy transformed into high frequency oscilla-
tory power, each second, is given by

and the rate of decay by the factor ¢ ", Now in this

PO\w'er=NC;E~. B )

If there are 1000 sparks per second, and the condensers will stand
safely 10,000 volts, we need a condenser of 0.02 microfarad per KW.
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of high-frequency power. A 2-IKKW. set would then require a condenser
of 0.04 microfarad.

If the frequeney to be generated is 500,000 cycles (standard for the
merchant marine) the amount of induetance required is only 2.5 micro-
henrys. Now it is impossible to build such a circuit with a low deere-
ment; the inductance is too small.

The energy in this circuit is then used to set up oscillations in another
circuit in which a low eapacity and high indutance are used; here the
decrement may be made reasonably low. This second cireuit is the
antenna circuit of the ordinary ships set, as in Fig. 93. To get
the energy from the

local closed cirecuit ———
S-C-L-R into the c R,
antenna this must be _ Te T 1

tuned to the same ; | R 5 Bl C,
frequency as the ) | 3 l 7> s g ' |
closed circuit; that Lvu_f £ R ﬁ ‘

is, C1L, = CL. Now e
C, is only about g, 93,

0.001, so that L, will
be twenty times as large as L and the deerement may be kept below
0.2, the maximum permitted by law.

As long as S stays closed there are two tuned coupled circuits
acting here, so that the theory analyzed in Exp. 9 must apply. That
experiment showed that there were two resonant frequencies for such a
combination, and neither of these two frequencies was the one for which
both circuits are tuned. The high-frequency oscillatory energy will
divide nearly equally between these two resonant frequencies so there
will be, in the arrangement of Fig, 93, two high-frequency currents in
each of the coupled cireuits. One frequeney will be higher than the
frequency for which each ecireuit is tuned, and the other will be lower.
As shown in Ixp. 9, the separation of these two freguencies depends
entirely upon the coefficient of magnetic coupling of the two circuits,
the tighter the coupling the farther apart the two frequencies.

The two frequencies are (by eqgs. 30 and 31)

f
(A S ‘ l 44 — -
s Vigr X d V1—k

so that

f/r o ’-/
k=" R T
; (44}
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An antenna which sends out two frequencies, neither of them being
the frequency for which the circuit is tuned, is evidently of but little
value. The phenomenon is, however, an interesting one and is to be
investigated in the laboratory.

A hot wire meter in the antenna circuit will read the effective value
of the series of damped sine waves, perhaps a thousand per second. Its
reading will, of course, be but a small fraction of the maximum current
Iy in the cireuit. In a typical case I, was 260 amperes but the reading
of the hot wire ammeter in the circuit was only 15 amperes.

Now it will be found that the reading of the antenna ammeter varies
with the amount of coupling between the two circuits; as the coupling
is decreased from its tightest value the antenna ammeter deereases slowly
at first and then quite rapidly. It might then be thought that tight
coupling should be used between the antenna and closed circuit, because
here the antenna ammeter gives its greatest reading. Such is far from
the fact, as the test next to be deseribed will show.

A wave meter, tuned to the frequency which the set is supposed to
generate, is coupled loosely to the antenna circuit. The reading of its
hot wire ammeter corresponds to the response which would be received
by a distant receiver circuit tuned to the frequency which the trans-
mitting antenna is supposed to send out.

Now this curious result will be obtained.  With tightest coupling
the wave meter reads practically zero; as the coupling is decreased the
antenna ammeter gradually decreases its reading, and the wave meter
ammeter reading increases! This effect will eontinue, antenna ammeter
decreasing, wave meter ammeter inereasing until a eritical coupling is
reached, beyond which the wave meter will rapidly fall. This critical
coupling, it will be noticed, is that value at which the antenna ammeter
begins its rapid decrease, after having held a nearly constant value as
the coupling deereased; the effeet is shown in Fig. 94, As the wave
meter reading corresponds to the signal which would be received by a
distant listening station, it is evident that this critieal coupling is the
proper one for the transmitting station to use. Experiment will show
that the critical coupling depends upon the resistance of the antenna
circuit, the critical coupling increasing as the antenna resistance
increases.

Now it is advantageous, in many ways, to use a low-resistance
antenna. The lower the decrement of the antenna cireuit the sharper
is the tuning of its signal in the distant receiving set, and hence the
signal is freer from interference in the listener’s circuit; also it causes
less interference to those listening for other signals on neighboring fre-
quencies,
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But we have seen that a low-resistance antenna requires low coupling
at the transmitting circuit, and low coupling here means that the high-
frequency energy passes slowly from the closed circuit to the antenna
circuit. But this closed circuit has a very high deerement, as explained
before, and so the circuit rapidly uses up any cnergy oscillating there.
Hence weak coupling at the transmitter really means that most of the
high-frequency encrgy obtained from the condenser discharge is used
up uas heat in the closed circuit and so is of no use for communieation
purposes.

The radio engineer therefore has the task of using a low-resistance
antenna circuit, a tight coupling between closed and antenna cireuits,
and yet have the antenna
receive a maximum energy ’j
at the desired frequency. g L
This requirement led to -
the development of a S\ vemeter
special type of spark gap, one turn
called the quenched gap. Antenna ammeter

It will be noticed that
the spark gap is in series
with the closed circuit;
if the gap is open no cur- gz Coupling oose
rent can flow and the
circuit does not exist.

Then there is only one oscillating circuit (the antenna cireuit) and this
will oscillate freely at its own natural frequency.

The oscillatory energy starts in the closed cireuit. It is originally
all stored in the condenser C. Just as soon as oscillations start, the
energy begins to flow across into the antenna circuit and after a few
cycles (equal to k) the energy has all been transferred to the antenna.
Now if a set is equipped with a quenched gap the “ closed " cireuit will
open at this instant, and the energy is left to oscillate in the antenna
at its own frequency and decrement.

A quenched gap in good condition will restore its insulation, that is,
change from a conducting gap to a non-conducting gap, in about 0.000001
second. Such a gap is made up of a series (generally ten or more) of short
gaps between heavy copper dises.  Fach gap is about 0.008 inch long
and the faces of the copper discs, from which the sparks jump, are made
of silver, or else pure copper in the cheaper ones.  Euch gap is closed
around its periphery by an insulating gasket, so that the gap is really
an air-tight chamber. As the oxygen rapidly disappears, the spark
normally takes place in nitrogen. This non-oxydizing gas permits the

Wavemeter
ammeter

Current

['1G. 94,
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sparking surfaces to stay bright and clean, in spite of the millions of
sparks that jump across the gap.

A quenched gap is easily spoiled. If the gaskets leak air the spark
surfaces soon become covered with oxide and the gap will not quench.
If the gap overheats it is also spoiled, and this overheating oceurs if
the coupling between the closed cireuit and antenna is either too tight
or too loose. With the normal gap a coupling between 20 and 25 per
cent is necessary to retain its efficient operation.

In Fig. 95 are shown the currents in closed and open circuits when
using an ordinary open (non-quenching) gap and when using a quenched
gap functioning normally.  With a quenched gap, much more power, at

the desired frequency,
can be obtained than
Closed circuit with an open  gap,

Open assuming the same

Spark .
power supplied to the

ntenna circuit
condenser of the closed
circuit for both cases.
A A I . Using an open gap
VV 1 adjust the closed ecir-
Quenched gap

cuit of a spark trans-

Antennacircuit mitter to oscillate at

uny convenient fre-

FiG. 95. quency, while the

spark gap is inspected

and adjusted if necessary. The gap should be clean and adjusted for

such a scparation that the voltage required to break down the gap will

not over-stress the condenser in the eircuit. Have an ammeter in the

oscillatory eircuit to indieate the current therein; it will be noticed that

unless the spark is white and snappy there is practically no high-fre-
queney power generated.

A bluish, roaring spark (really an are) shows that the gap never
really opens—the power supply sends sufficient power 1o it so that it
maintains its conductive condition. This being the case, the secondary
winding of the transformer is continually short-circuited, so that there is
never available a high voltage for properly charging the condenser.
And, of course, if the condenser never gets charged to the high voltage
(several thousand volts) there is no high-frequency power generated and
so the ammeter in the high-frequeney ammeter does not read.

To get a snappy spark, it may be necessary to get more reactance
between the power supply and the spark; a choke coil may possibly
have to be used in series with the primary of the transformer. Having
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the spark operating properly, find the relation between oseillatory cur-
rent and amount of capacity, with fixed spark-gap length, and the rela-
tion between oscillatory current and gap length, for a fixed amount of
capacity.

With proper amount of capacity and spark-gap length, vary the
inductance one turn at a time and read the wave length for each adjust-
ment.

One clip of the oscillatory circuit should be left connected to the outer
end of the spiral, and the other clip moved in toward the center of the
spiral. The outer turns of the spirals permit tighter coupling than the
inside turns, and later in the test tight coupling is called for; if inside
turns of the spiral were being used it could not be obtained.

Of course in using the wave meter in this test the hot wire ammeter,
rather than crystal and phone, is used to detect resenance. Couple
the wave meter to the coil of the cireuit as looscly as possible so that a
very small deflection is obtained on the ammeter of the wave meter.
A small deflection shows the wave length just as well as a full seale
reading, and with loose coupling the wave meter ammeter is less likely
to be burned out by an accidental inerease in coupling. It will be
noticed in this test that a very slight change in angular position of the
wave meter coil may result in large changes in its ammeter reading.

Set the eclip on the inductance at the right place to get the wave
length specified by the instructor, using outer turns of spiral. With
the secondary coil of the oscillation transformer connected to a suitable
condenser, ammeter, a small scarch coil and a variable non-inductive
resistance in series, tune this circuit to the frequency of the primary.
This is done by using loose coupling, small added resistance, and vary-
ing the inductance of the secondary (using outer turns of the spiral)
until the ammeter indicates resonance.

The small search coil is for the purpose of coupling the wave meter
to the secondary circuit in such a way that as the secondary coil is
shifted (to change transformer coupling) the wave meter coupling is
not changed. The search coil is conveniently made of one or two turns
of flexible wire, the turns about 3 inches in diameter. This coil is in
series with the secondary circuit; it is placed on the table and held
in place by a clamp of some kind. The wave meter is placed so that it
is coupled to the secondary cireuit only through this search coil.

At this stage of the test it is to be noticed that the tuning of the
circuit ean be seriously affected by moving any of the flexible wires
used in making up the circuits. There should be as few of these as
possible, and they should be so arranged that they are disturbed as
little as possible when carrying out the tests called for below.
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With no resistance added in the secondary cireuit and tightest
coupling, spark operating steadily, cnough so that the ammeter in the
secondary circuit shows a reasonably steady reading, wave meter fixed
at a coupling which gives reasonable readings on its ammeter take a
set of readings between wave meter setting, and reading of its ammeter.
This shows the “ energy distribution ” curve; it shows how the high-
frequency cnergy is distributed among the various frequencies in the
region of the tuned frequenecy. (Of course all the energy should
preferably be concentrated in the frequency for which the circuit is
tuned.) Repeat this for two other values of transformer coupling,
medium and loose, keeping all other conditions the same.

With medium coupling take a series of readings between secondary
current and secondary added resistance. (The rheostat should have
about 50 ohms resistance, maximum.) Take care that the variation
in sccondary resistance does not mistune the secondary; if it does,
retune by moving the clip on the secondary of the oscillation trans-
former. During the test have the wave meter set at the frequency for
which the circuits have been adjusted.  TFor about six values of added
resistance read “antenna’ current and ammeter of wave meter.
(The secondary circuit in this test corresponds to the antenna of an
actual spark transmitter.)

With no added resistance and very weak coupling get a “resonance
curve’” of the secondary current. Read the wave meter ammeter for
aarious settings, keeping the coupling (wave meter to search coil)
fixed. The shape of this resonance curve enables us to caleulate the
sum of the decrements of the wave meter and the secondary cireuit.
Knowing the wave meter decrement (from instructor) the circuit
decrement is obtained as the difference between total deerement, from
curve, and the wave meter decrement. If the decrement of the see-
ondary cireuit is known, its resistance ean be caleulated from resonant
frequency and inductance. Thus the total secondary eircuit resistance
is now known.

With no added resistance, wave meter coupling to search coil con-
stant, wave meter set for resonant frequencey, take a series of readings
between coupling, closed circuit current, secondary cireuit current, and
wave meter reading.  Take readings for about cight different values of
coupling.

Repeat the above run with about 10 ohms added to the secondary,
and also with about 30 ohms added.

The wave meter coupling should be left the same for all three runs
if possible, so that its readings give comparative “radiation” for the
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several conditions. (Of course there is practically no radiation from the
laboratory eircuit.)

Replace the open gap by a quenched gap, of about the same break-
down strength.  With about 25 per cent coupling and about 5 ohms
added resistance get an energy distribution curve of the secondary
current.  (Have the wave meter to search coil coupling the same as it
was for the previous tests.) Read also the sccondary current. Try
the same test with tighter coupling and with looser coupling, say 40
per cent and 10 per cent.  As the gap may heat up and spoil under these
conditions get readings quickly and take off power affer readings are
obtained.
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Object.—Study of electron emission from various kinds of cath-
odes. Effect of space charge and anode voltage on the thermionic
current,

Analysis.—We regard a conductor as being made up of an aggre-
gate of atoms and electrons, both of which are in a state of haphazard
motion, except at absolute zero temperature. Because of their rela-
tively small mass, and the equipartition of energy between atoms and
electrons, the velocity of the electrons is very high, even at room tem-
perature,

The atoms of a metal tend to separate from each other as the tem-
perature is raised, or we may say the metal tends to evaporate. Now
it seems likely that if, when the atoms acquire a high velocity, they are
able to break through the surface tension of the metal, the electrons can
do the same thing, hence we get the idea of clectrons evaporating.
This evaporation of clectrons will take place at lower temperature than
that of the atoms of the metal itself because of the higher average
velocity of the electrons.

Richardson predicted the evaporation of electrons would take place
according to the equation

N=AVTEw, . . . . . . (45)

N = number clectrons evaporating per second per square centimeter
of surface

T = absolute temperature, Centigrade
a = latent heat of evaporation
A = a constant

Later Dushman found that the evaporation took place nearly in
accordance with the relation

N = AT2& T . (46)

in which 1 is a constant, ¢o = Richardson’s ‘“work function,” k is
Boltzmann’s constant, and e is the charge on an eleetron.

The work function ¢o expresses the energy it takes to abstract unit
152
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electric charge from the metal; that is, it is a measure of the effort of
the metal to keep its electrons within the boundary of its surfaces.
This has been measured for some metals, and is found to be 4.53 volts
for tungsten, 4.40 for tantalum, 4.31 for molybdenum, 2.94 for thorium,
and 2.24 for calcium.

To be useful as a source of evaporated clectrons it is evident that a
metal must neither melt nor evaporate at the temperature required for
electron evaporation. This consideration limits the clectron-emitting
metals to a comparatively small list—tungsten, thoriumm and some
refractory oxides, notably barium and strontium.

Until very precise methods of experimentation had been developed
it was a question (even as late as 1910) whether clectrons actually did
evaporate from metals at all. It is now known that almost imper-
ceptible amounts of certain gases, in contact with the heated metal
from which the electrons are expected, will so contaminate the surface
that electrons cannot break through. The effeet is much the same as
occurs when water is covered with a very thin layer of oil; water cannot
evaporate through such a layer, no matter how thin it is. Traces of
water vapor in contact with hot platinum stop eleetron evaporation
almost completely; Langmuir found that the surface of tungsten could
be completely spoiled, as far as eleetron evaporation was concerned, if a
pressure of only 0.000001 mm. of oxygen was in contaet with the hot
tungsten.

Some idea of the velocity required before an electron can break
through the surface of a metal can easily be obtained. The energy
abstracted from the electron as it breaks through the ‘““surface ten-
sion” of the metal is equal to the eleetric charge in the electron multi-
plied by the surface work, measured in volts. An electron, inside the
metal, must approach the surface with such velocity that its kinetic
energy is at least equal to that demanded by the surface work. So we
put

Ve=3m*. . . . . . . . . (47

where V' = surface work
¢ = charge on electron
m = electron’s mass
v = required veloeity.,

V, e, and m being known, » can be calculated.  For tungsten this velocity
proves to be somewhat greater than 10% em. per see., about 700 miles
per second.

Any clectron having this critical velocity would undoubtedly fall
immediately back into the tungsten; only those electrons having greater
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velocity than this emerge from the tungsten with a residual velocity,
which will carry them away from the surface of the tungsten and so
make them available for producing current effects.

The filament of the ordinary incandescent lamp is of tungsten;
when carrying its rated current such a filament has a temperature of
about 2400° K. (K stands for Kelvin; the seale is the absolute Centi-
grade scale.) The number of eleetrons breaking through the surface
of such a filament can be caleculated from eq. (46); of the number
breaking through only 1 per cent have a residual velocity (after coming
through the surface of the tungsten) of 2.5 X 107 em. per sce., and only
1 X 1079 per eent have a veloeity as high as 4 X 107 em. per see. It
will be recollected that they all must have a velocity (inside the metal)
of at least 10% cm per see., to break through; it is then evident that they
lose nearly all their energy in breaking through the surface tension of
the tungsten.

A little thought shows at onee that as a source of evaporated eleetrons
we should use that type of surface which emits electrons copiously at a
low temperature.  Whatever heat is supplied for heating the filament,
from which the cleetrons are coming, is evidently wasted, in so far as
evaporated clectrons are concerned, so this heat should be kept as small
as possible.  In fact the usefulness of an electron-emitting surface is
sensibly measured in terms of * amperes per watt.” A filament which
gives us an emission equivalent to 1 ampere of eurrent, with a heat
expenditure in the filament of 10 watts, is quite evidently superior to one
which requires 100 watts for the same emission.

As pointed out before, the surface work of thorium is only 2.94 volts
whereas that for tungsten is 4.53 volts. It therefore requires only about
two-thirds as much power to get electrons out of thorium as out of tung-
sten, so we would naturally use a thorium filament in preference to one
of tungsten. However, thorium evaporates very rapidly even at the
low temperature required for eleetron emission, henee it eannot be used
in this fashion. However, it is found that tungsten may be coated with
an extremely thin layer of thorium (only one atom thick) and the elec-
tron emission is the same as it would be from s thorium filament, and
furthermore this one atom deep layer of thorium does not evaporate until
the temperature greatly exceeds that at which a pure thorium filament
evaporates. The adhesion between the thorium atoms and the under-
lying tungsten atoms is greater than that between two layers of
thorium atoms.

This so-called thoriated-tungsten is made very simply. Thoria
(thorium oxide) is present in tungsten as ordinarily reduced from its
ores. If 4 per cent of thoria is present there is sufficient thorium to
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repeatedly give the tungsten a thorium coating, as this is spoiled for
some reason or other.

The tungsten filament is first flashed at a dazzling temperature
(2800° K) to clean its surface thoroughly. It is then held at a tempera-
ture of 2100° K for some hours; the thoria reduees to thorium and dif-
fuses to the surface.  This thorium-coated tungsten, at 2100° K, gives
100,000 times as much electron emission as pure tungsten.

This process of covering of the tungsten with its thorium layer is
styled “activation” of the tungsten. When activated at 2000° K a
certain filament gave a final emission of 0.001 ampere, and reached
90 per cent of this emission in three hours; held at 2050° K the final
emission was 0.00074 ampere, and 90 per cent of this was reached in one
hour; held at 2150° K the final emission was 0.00025 ampere and 90
per cent of this was reached in 30 minutes. It is then evident that the
activation of thoriated tungsten is a rather eritieal process.

If now a properly activated filament is held at 2250° I\ it rapidly loses
its thorium layer, and in a short time the emission drops to practieally
zero. Thus a thoriated tungsten filament must be operated very closely
to its rated temperature, or it may spoil.  Although spoiled, as far as
electron emission is concerned, it lights up properly so that one has no
idea it has been spoiled.  Only an emission test shows this.

A thoriated filament may also be spoiled even when operating at
normal temperature. If it is in a poorly evacuated bulb, and the
gas beconies ionized when the filament is negative (with respeet to the
other clectrode) the positive ions of the dissociated gas bombard the
filament. A very short period of such bombardment completely spoils
the thorium layer.

The reactivation process for a spoiled thoriated filament is given
by the manufacturer as follows: A 3-volt filament should be operated
at 10 volts for 30 scconds to rid the surface of contaminations and
then at 4.5 volts for 10 minutes. During this treatment there must be
no voltage on the grid or plate of this tube. Correspondingly a 6-volt
filament should be operated at 15 volts for 1 minute and then at 7.5
volts for 10 minutes. This reactivation process can be carried out
several times before the supply of thoria in the filament is used up.

The oxide-coated filament is generally made from a very thin ribbon
of platinum nickel alloy. A mixture of barium and strontium oxides is
baked onto the filament by any one of several processes, giving a layer
of oxide of about 2 milligrams per sq. em. of filament. This form of fila-
ment is more cfficient, than any other, in so far as emission is concerned.
It will spoil if run at too high a temperature, because the oxide cracks
away from the filament.
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In Fig. 96 there are shown the emissivity characteristies of the three
types of filaments discussed; logarithmic seales are used for emission and
power consumption, and the coordinates are so drawn that the curves
plotted between emission and filament power are straight lines. The
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emission is given per square centimeter of filament, and the power is
given in watts taken by this square centimeter of filament.

Suppose, c.g., that we have a tungsten filament of 0.3-mm. diameter
and 10 cm. long; it will have about 1 sq. em. of surface. If we supply
40 watts to this filament it will reach such a temperature that there will
be 0.03 ampere of emission; if 60 watts are supplied to the filament
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it becomes much hotter (2370° K) and the emission increases to about
0.20 ampere. The filament will have about 700 hours’ useful life at this
temperature. If 100 watts are supplied to the filament it will rise in
temperature to 2640° K and will last only 60 hours. However, its emis-
sion has increesed to 2.0 amperes and the emission is 20 mils per watt.

Evidently then the emission per watt of filiment power goes up
rapidly; but the life of the filament is rapidly lowered. The proper
operating temperature will therefore be fixed by the costs of filament
power and cost of replacing the filament. The thoriated filament when
run at such a temperature that the filament has 2000 hours of life
(1500° KX) gives an emission of 30 mils per watt, and the oxide-coated
filament, run at 1170° K, has a life of 2000 hours and gives 50 mils of
emission per watt of filament power.

To make measurements on the amount of electricity evaporated
from filaments it is necessary to pull away from the filament all the
electrons as soon as they evaporate, otherwise they fall back into the
filament. Also it is necessary to have the electron-emitting surface
in a highly evacuated bulb, to prevent the surrounding gas from con-
taminating the filament for one thing, and to permit the unimpeded
motion of the electrons away from the filament. If there were appre-
ciable gas surrounding the filament, the eleetrons, jumping through the
filament surface as they evaporate, would rebound from the gas par-
ticles and re-enter the filament.  Also some of the gas molecules would
be split up (ionized), setting free electrons which would be confused with
those evaporating from the filament.

Bulbs utilizing the phenomenon of cleetron evaporation are there-
fore highly evacuated, to about 10=% mm. of mercury. Even at this
high vacuum there are still about 101° gas molecules per cu. em., but
this number is not generally harmful.

In Fig. 97 is a sketch of a filament, F, heated sufficiently by battery
A to evaporate eleetrons a, b, ¢, ete.  The plate I°, reasonably close to
the filament, is held at a positive potential with respeet to the filament
by the battery B.  Any electrons flowing to the plate and then around
the plate circuit through B and back to the filament constitute an
electric current and will be registered by ammeter C.

The eleetrons flow in this eircuit in the direction of the arrows, and at
O join with those flowing from the A battery; past this point both plate
and A battery current flow in the direction of the arrows to the fila-
ment. It follows that the current in the N end of the filament is
greater than that at the Af end by an amount equal to the current
through ammeter C. This is, of course, as it should be; some of the
electrons starting around the filament at N, escape (evaporate) and go
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over to the plate, so that there are fewer electrons passing point 3 in
the filament than pass point N.

In the ordinary receiving tube the plate current is so small compared
to the filament current that but little difference hetween the current at
the two ends of the filament occurs; however, in a power tube, where
the plate current may be 0.8 ampere and the filament current only 3.5
amperes, the current at one end of the filament may be 3.2 amperes
and in the other 4.0 amperes.  This must be remembered. 1t is brought
out graphically in Fig. 98. The filament ammeter should always read
the larger current; it should be in

the negative leg of the filament 3'3
with the plate return not connected
between the ammeter and the fila-
ment, but on the other side of the
ammeter.

If, with sufficient filament cur- + 4
rent to cause a perceptible eleetron e
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evaporation, the voltage of the plate battery B (Fig. 97) is gradually
increased from zero, the plate current will inerease on a nearly parabolic
curve for a time, then the increase becomes less rapid and finally the
plate current becomes constant, independent of plate voltage. This is
illustrated by eurve  in Fig. 99; with voltage from O to A this current
increase is nearly parabolic; from A to B the slope decreases, and from
B to C and beyond the current is constant.

In discussions of this kind the term “plate voltage” always sig-
nifies the voltage of the plate with respect to the negative end of the filament;
thus in Fig. 97 the “ plate voltage ™ is the voltage to the negative end
of the filament, that is in this case the voltage of the B battery. But
if the B battery (negative terminal) had been connected to the positive
terminal of the A battery, as it frequently is, then the plate voltage
would be that of the 4 and B batteries combined.

’
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Returning to the discussion of Fig. 99, we notice that the num-
ber of eleetrons evaporating from the filament must have been the
same when getting all the points of curve @, because the filament
current, hence filament temperature, was held constant. Hence the
clectrons evaporating at this filunent current are shown by the value
0OX, frequently called the saturation current, for this filament temper-
ature.

Evidently for plate voltage less than OB, some of the evaporated
clectrons must have fallen back into the filunent, and the reason is to
be scen from Fig. 97. The electrons are distributed all through the
space between the filament and plate, and these will tead to push back
into the filament those electrons just emerging from the filament;
these electrons which push back the others are called the “space charge”
of the tube.

Until the plate reaches such a positive potential that its tractive
force, on the clectrons close to the filament, is great enough to overcome
the repulsive effect of the space charge, some of the electrons will fall
back into the filament. TUnder this condi-
tion the plate current is said to be limited ! . ] ]
by the space charge. 17

When the voltage exceeds the value O3 B,
(Fig. 99) and the plate current no longer
increases as the plate voltage is increased,
all the eclectrons which are evaporated
come over to the plate—none fall back 3
into the filament. The current is now g |
limited by emission. 0~ A8

The plateau of plate current, shown Plate voltage
flat in I%ig. 99, is actually of this form in Fie. 9.
a highly evacuated tube with tungsten fila-
ment, or thoriated filament; with the oxide-coated filaiment saturation
is never reached.  The plate current continually rises with plate
voltage, even though slowly. This effect probably has something to
do with the rough surface of the filaiment, and possibly gas in the fila-
ment and tube plays a part. 1If now the filunent current is inereased
(over the value it had in getting curve Q, Fig. 99, and the plate volt-
age again increased in steps, curve E is obtained. Again there is a
parabolic portion and a plateau, but now the plateau begins at a
higher plate voltage, and is higher. This means that the emission is
greater; it is O) for this new vualue of filament current.

A further increase in filument current results in curve S; here the
plateau is just beginning to appear, at the highest plate voltage used.
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The emission, for this value of filament current, is greater than any value
shown on this curve sheet.

In the curves of Fig. 99 the plate current is limited by space charge
on the curved portions of the graphs, and by cemission on the plateau.
Suppose, now, that the plate voltage is held fixed, at some low value,
and the filament current inereased; the plate eurrent follows the curve
Q of Fig. 100. TUp to a certain filament current no pereeptible plate
current flows; then it inereases on a curve and finally becomes constant.
For a given voltage the plate current does not inerease with filament
current after this reaches a critieal value.

If the plate voltage is held at a higher value a similar curve is
obtained, but the plateau is higher and only shows itself at a higher
filament current.  This is shown in the dotted curve of Fig. 100.

Now notice that on the curved

parts of the graphs of TFig. 100 the

current is limited by emission, and on

‘é the plateaus it is limited by space

5 /,/ """" charge; tllf‘se are exactly ()ppOSlto.to

< ! the conelusions reached when analyzing
& J the similar-shaped curves of Fig. 99.

Q .

Using a small and a large tube of

Filament current each type, get curves similar to those

M6, 100. of Figs. 99 and 100 for oxide-coated

£ )

thoriated tungsten and pure tungsten
tubes. In ecase two-electrode tubes of each kind are not available,
three-clectrode tubes may be used by connecting together the grid and
plate, and treating the combination at the plate.

When carrying out the test use caution not to put on a higher
voltage than the tube will stand. Of course, it appeals to any exper-
imenter that the filament current must not exceed its rated value, but
why must caution be exercised with respeet to the plate voltage?

The power expended on the plate of the tube, which appears as heat,
is equal to the product of the plate volts and plate current. If this
exceeds a certain safe limit (of course different for different tubes) the
plate becomes too hot and gas is emitted from the plate. This spoils
the vacuum and the tube is ruined.

With the thoriated tungsten and oxide-coated filaments another
trouble may occur owing to excessive bombardment of the filaments by
the positive ions of the gas in the tube.  Above a certain voltage this
gas ionizes, and, even though there is not much gas present, the positive
ions strike the filament with such momentum as to ruin it. In the
thoriated filament all the thorium is knocked off, and in the oxide-coated
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one the bombardment is likely to concentrate on one spot, produce
here an excessive temperature, and thus release cnough gas from the
filament to ruin the vacuum. It is well for the student to get from the
instructor upper limits of filament current, plate current, and plate
voltage for each of the tubes he tests.

Besides reading plate voltage and plate current in these tests read
also filament power, so that the emission per watt of filament power
can be computed.

Plot the curves of plate eurrent »s. plate voliage on logarithmic
cross-section paper, as well as upon ordinary cross-section paper.  The
exponent of the expression relating the two quantities in the expression

may be measured from the logarithmic plot, as the slope of the line.
If r is a constant in the above equation the plot will be a straight line;
if z is different for different values of I (generally the case) the logarith-
mic plot will be curved. However, even if it is curved, the value of x
for any valuc of E is equal to the slope of the curve at the specified
value of F.

Note the comparative colors of the three types of filunents, when
operating at rated filament power.

If time and apparatus permit, spoil a thoriated filament, by over-
heating, and then try to reactivate it according to the data given in the
analysis above. 'This should be tried only with small amplifying or
detector tubes; the process is not very suceessful with tubes above a
few watts rating, beeause during the flashing part of the cycle, enough
gas is generally driven off the filament to spoil the vacuum, so that when
rated voltage is applied (after reactivation) the tube is likely to jonize,
showing a light blue haze at first and then actually short-cireuiting in
the plate eirenit if the plate voltage is maintained. This, of course, not
only spoils the tube but also the ammeter in the plate circuit.




EXPERIMENT 20

Object.—Study of triodes, detectors, wmplifiers, and power tubes.
Caleulation of amplification factor from curves and from tube dimen-
sions.

Analysis.—It was explained in the previous experiment how the
cloud of clectrons between the filament and plate of a vacuum tube act
as a hindrance to those near the filament; unless a comparatively high
plate voltage is used the current to the plate is limited by this space
charge,

As long as space charge limits the plate current, the plate current
increases with the plate voltage according to the relation

t=kEY/x%. . . . . . . . . (48)

where I/ = voltage between cathode (filament) and plate
x = distance between cathode and plate

If z is in centimeters, K is in volts, eathode and plate are plane and
parallel, this becomes
i =233 X 107%E/x? amp. per sq. em. of plate . . (49)

In case the plate is eylindrical in form and the eathode is a filament along
its axis this becomes

7= 14.6 X 107%K"/r amp. per em. length of plate . (50)
o volts in which r = radius of
ll | 1 cylinder in centimeters.
H "+ It is to be noticed that
both of these expressions
1 Filtient assume the same voltage
o between all parts of the

£1104 02
|

cathode and anode (plate),
but with the filamentary
form of cathode this ob-
viously is not true. In
Fig. 101 this point is illus-
trated; a 6-volt battery is
required to heat the filament and a plate battery of 20 volts is assumed.
Evidently the potential gradient between anode and cathode varies
162
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greatly throughout the length of the filament. Under these conditions
theory shows that the exponent of E in eqs. (19) and {(H0) should be
much greater for low plate voltage than for high, and that the ex-
ponent is a variable, not constant.

If a unipotential eathode is employed the equations do give closely
the form of plate current curve. Eq. (30), it should be pointed out,
assumed the dinmeter of the eathode negligible compared to that of the
anode.

Now if a mesh-like structure of conducting material is interposed
between the eathode and anode, and its potential (with respeet to the
cathode) is varied, it will assist or oppose the space charge in controlling
the plate current.

This extra electrode, called the grid, is often a ladder-like structure,
of fine wires welded to rigid end wires; in other types of tube it is a
helix of fine wires. The grid, as well as the plaie and other metal parts
inside the tube, is made of metal which will * out gas " readily, and which
will hold its form when raised to a red heat. The alignment and spacing
of cathode, grid, and anode must be held within very narrow limits if
tubes are to have the same P
electric charaeteristies, plate
current, grid control, ete. f £ \

A cross-section through
two typical triodes (three-
electrode tubes) is shown in
Fig. 102. In a the grid helix
is wound close, and the helix
is long enough to reach past
the ends of the filament,
whereas in b the helix is
much coarser and shorter.

The grid of a will control
the plate current much more closely than will the grid of b.

In the triode the plate current will evidently depend (providing
there is an emission from the cathode greater than is required for the
plate current) upon both grid potential and plate potential. The
equation for plate current is then

i=k(E, + ul) . . . . . . . (B

It is necessary to put in the factor u because it is not at once evi-
dent that 1 volt on the grid will have the same effect, on the plate cur-
rent, as 1 volt on the plate; we may call u the relative effectiveness jactor
of grid and plate potentials. The exponent is now written as z; it was
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stated previously that it was generally different for different voltages.
Theoretically equal to 4, the exponent is more nearly 2 for tubes as
actually construeted.

The factor u, for triodes as actually constructed, is greater than 1,
in other words the grid voltage is more effective in controlling the plate
current than is the plate voltage itself. Thus an increase in plate volt-
age (in a certain tube) of 1 volt might increase the plate current by 1
milliampere, whereas an increase of 1 volt in the grid potential (plate
voltage remaining fixed) might increase the plate current by 10 milli-
amperes.  The factor p is therefore called the amplification factor of the
tube.  As it depends upon the geometry of the tube (size and spacing of
grid wires, distance between grid and plate) it is generally called the
geometrical amplification factor of the tube. It depends upon the vari-
ous factors according to the equation

2ran

p=— . . . . . ... (52

1
log, ——
. 2rrn

in which a = distance between grid and plate
n = number of grid wires per cm
r = radius of grid wires

This formula is derived on the assumption that cathode, grid and plate
are all infinite parallel planes; in the actual triodes a considerable depar-
ture from the value caleulated from eq. (52) may be expected.

The potential of the anode with respect to the cathode is always
positive. The eathode potential is always considered zero; in actual
circuits the cathode is generally connected to earth.

The potential of the grid may be either positive or negative, but as
used today the grid is practically always negative.  If the grid is positive,
some of the electrons on their way from the cathode to the anode will
enter the grid and so constitute a grid current. However, if the grid is
negative the electrons passing through it on their way to the plate are
repelled by the grid wires, so that there is no grid current. Lven when
it is negative the grid still exerts its control over the plate current, so
that the power output of the plate battery is controlled by the grid
without this requiring any appreciable power. The triode is thus an
amplifier, and this is the main service it performs today.

In Fig. 103 is shown a circuit for getting the characteristic
curves of a triode. The battery E serves to heat the filament; the
B battery serves to hold the plate at any desired positive potential;
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the C battery, through the potentiometer A, serves to adjust the
grid potential to any desired positive or negative value. The several
ammeters Ay, A, A, serve to read the currents of the various ecircuits.
If another ammeter is inserted at A, it will be found that this reading
is less than that of A; by an amount equal to the sum of A, and A..

With a circuit arrangement as shown in Fig. 103 get curves of grid
and plate currents for several types of
commercial triodes. Get curves for
normal plate voltage, 25 per cent over
normal voltage and 25 per cent under
normal voltage—or such other voltages
as the instructor may specify. The
grid potential variations should be
sufficient, for each setting of plate
voltage, to vary the plate current from
somewhat greater than its rated ecur-
rent down {o nearly zero. For many
of the triodes used at present this
means that no positive grid potential may be used.

It will be noticed that the voltmeters are so connected that the
respective ammeters do not read the current taken by the voltmeters.
If the voltmeter Ep should have one of its terminals connected to the
cathode and the other directly to the plate (as indicated by the dotted
line), the ammeter A, would read the voltmeter current plus the plate
current; as the voltmeter current may be much greater than the plate
current, this ‘est, if so conducted, would give the characteristic of the
voltmeter rather than that of the triode!

It is convenient to use for the meters A, and V. those with a center
zero seale; it will then not be necessary to reverse meter connections
during the test. Whereas there should, theoretically, be no grid cur-
rent when the grid potential is negative, owing to imperfections in the
tube some will generally flow—only a few microamperes, however.
This current depends upon actual leakage between grid and cathode and
upon the ionization of any gas which happens to be in the tube. When the
grid is negative any positive gas ions on their way to the eathode may
flow to the grid, thus giving grid current proportional to the amount of
gas ionized. This form of grid current curve therefore is somewhat com-
plex, depending upon the amount of gas ionized as well as the grid poten-
tial. The curve is used by triode manufacturers as a measure of the
amount of gas left in the tube after the evacuation process has been
completed. A typical curve is shown in Fig. 104,

For each triode tested there should be available a sirilar one with the

B battery
I'16. 103.
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glass bulb removed so that proper measurements can be made to com-

pute the amplification factor from eq. (52).

From the plotted curves, of plate current vs. grid potential, the u of
the tube can be calculated by noticing how much the grid potential
had to be varied to bring the plate current back to some speeified value,

after the plate voltage had been changed. 'Thus

a plate current of 5 mils is obtained with K, = |
150, K. = — 10, and also with I, = 200, K, = —
20, it is evident that a change of 50 volts in the
plate potential is offset (in its effect on plate cur-
rent) by a change of 10 volts in the grid potential.
Thus 50 volts on the plateis “worth ” only 10 volts
on the grid so that the amplification factor is 5.

It will be found that the triodes available on
the market have amplification factors between 2
and 50; the lower values are for the “output
tubes ” of radio sets and the higher values are
for certain types of telephone repeaters.

If time permits get one or two plate current-
grid voltage curves, for one of the tubes tested,
with an added resistance in the plate circuit. |
The resistance should be about equal to the |
resistance of the plate circuit itself, that is, rated
plate voltage (with zero grid voltage) divided
by rated plate current. The plate circuit volt-
ages used in these runs should be the same as |
those previously used so that a comparison of the

- — — — —
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curves may show directly the effect of external plate circuit resistance

on the characteristic curves.
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Object.—Study of characteristic curves of tetrodes and pentodes.

Analysis.—A very scrious trouble is eaused in a triode, operating

as a radio frequency amplifier, by the cleetrostatic capacity between

the grid and the plate. Although the capacity is only a few micro-

microfarads, its action in coupling the output and input cireuits of the

amplifier stages is generally sufficient to sustain self-excited oscillations

in these circuits. And a triode in which . .
. ) . . . Screen grid

such self-excited oscillations exist is prac- / \
tically useless as an amplifier. d/c‘;':ff'\

Also the effective capacity of the input
cireuit of a triode is very much greater
than the geometrical eapacity if the tube
is arranged to amplify. The effective input
capacity may be several times as large as
the geometrieal capacity—the value meas-
ured in Ixp. 12.

Both these effects may be reduced to 11“’"“
practically zero by interposing anot her grid- .
like structure between the grid and plate, I
that is, putting in another grid. In the type I'ia. 105.
of tube being discussed here this structure
takes the form shown in Fig. 105; this is called the sereen grid tube.
The extra grid is made up of two helieal grids, one just inside, and one
just outside, the plate, these two being connected together as one grid.
It will be seen that this structure completely surrounds the plate with
the screen grid.

The scheme of connections used with such a screen grid tube is
shown in Fig. 106; the screen grid is connected directly to a suitable
point on the B battery with no coil or resistance in between.  As the
negative end of the B battery is grounded it is evidert that the screen
grid potential cannot change from that steady constant value given
by that porticn of the B battery between it and ground.

Henece no matter how much the plate may fluctuate in voltage, set-
ting up a fluctuating electric ficld, this fluctuating field cannot * reach
through ”’ the screen grid to the other grid (the control grid) and so
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cannot transfer energy from the plate cireuit to the input circuit.
That is, this constant potential grid (the screen grid) entirely eliminates
the capacitive coupling between the plate eircuit and the input ecireuit.

Furthermore, although the introduction of this screen grid does
increase the geometrical eapacity of the tube over the value it would
have if the screen grid were not used, this value is not augmented by
anything that happens in the plate eireuit, so that the effective capacity
of the input circuit is no more than the geometrical capacity. Thus
the interposition of this sereen grid between plate and control grid over-
comes both the defects mentioned above regarding the triode.

E
- g Screen
? xrid Coupling
5 condcmtr
= —
A —
> :2 ! Choke
> J/ coil
>
| 1 |
—t[ijifio|ep)oF
l To grid bias
T7777777.
Fig. 106.

In carrying out the tests on the sereen grid tube the student will
encounter one of the most interesting of the phenomena which occur
in vacuum tubes, namely, secondary emission. If an electron strikes an
clectrode with sufficiently high velocity it may * splash ”’ out from the
clectrode several other electrons; the higher the speed of the impacting
clectron the more clectrons it can splash out. These splashed-out elec-
trons are called secondary emission.

Now ordinarily these electrons fall right back into the electrode
from which they were knocked out, so we have no evidence of their ejec-
tion from the cleetrode. However, if there is another electrode close
by, with a higher positive potential than the clectrode in question, these
splashed-out clectrons may leave this electrode and travel over to the
higher-potential one.  And there may be more of these splashed-out
electrons than there are doing the splashing. It may be that there are
more electrons leaving the electrode than arriving, that is, the net flow
of electrons is away from this positively charged electrode, and the
electrode is cold! This phenomenon results in “ negative plate current ”
an effect which seems anomalous until this phenomenon of secondary
emission has been studied.
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Let us suppose the control grid absent temporarily (as it plays
no part in the phenomenon) and arrange the sereen grid and plate as in
Fig. 107. The screen grid G is held at a constant positive potential
while that of the plate is continuously varied from
zero up. The form of the actual plate current is F G P
complex, being the net result of two opposing ac-
tions. In Fig. 108 there is shown the form of
plate current for voltages from zero to a value
about equal to that of the screen grid: this is the l]
curve OEFGII. This is the only curve that can be ok,
measured, but its form can be understood by the 2 g
use of several other curves, constructed from theo- Fia. 107.
retical reasoning. Curve 0OA shows the electron
current to P due to emission from the filament; curve OB shows the
amount of secondary emission from P, due to the electroas of current O.41;
curve C shows the fractional part of the sccondary emission which is
attracted to G; curve
0D shows the electron
current away from P’
due to secondary
emission; and curve
OEFGII  shows the
actual plate current,
which is the result
of these component
effects. The values
of plate voltage as-
sumed in plotting Iig.
108 are too low to
make the tube of any
service in the ordinary
amplifying cireuit; in
Tig. 109 are shown
the complete forms
of plate and screen
grid currents, as plate

Tic. 108. voltage is varied
from zero to a value
considerably higher than that of the screen grid.

The first part of the plate current curve is the same slope as that of
Fig. 108, but this is not the portion of the characteristic ordinarily
used. In Fig. 109 it is seen that for voltage greater than OA the plate

Plate current

o
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current increases uniformly with plate voltage, and in this region the
screen grid current is reasonably low; this is the operating region of the
screen grid tube.

In getting these curves the control grid potential is held fixed; the
slope of the plate current curve therefore gives the a.c. resistance of the
plate circuit of the tube. The plate voltage is relatively impotent in
controlling plate current because of the screen grid interposed between
the plate and the source of eleetrons. This makes the a.c. resistance of

the plate circuit, AEp/Alp, very

|
s ! high, so much so that it is
C o . . . .
g:rfgn " Plate difficult to build a cireuit which
e - .
% ch:ee:g | is suited to the needs of such a
28 |\ clrene ! tube.
@ . .
EE’; ) : If the control grid potential
§'§+ [ is now wvaried, assisting and
S“g \;\ opposing the space charge, the
% (O Pt J";g currents to both screen grid
ate vo e
. and plate change greatly, keep-
p g Y, p
ing approximately the same
pp Yy

Fre. 109. division of total current be-

tween them. In other words,

the sereen grid in no way hinders the control grid from affecting the

plate current, but does very greatly detract from the plate voltage
control over plate current.

Actually a change of 1 volt in control grid potential may change

the plate current as much as does a change of 200 volts on the plate;

this then would give an amplification factor of 200. In actual tubes

Alp /ATy
the amplification factor, defined as ,l /—,—l, may be much more than
AL,/ AEp

that.

In general, there are many more electrons evaporated from the fila-
ment of a receiving tube than are required for the plate current. If with
a given plate voltage, some arrangement results in a large increase in
plate current, there is a considerable advantage gained because the plate
circuit resistance is cut down.

Of course the control grid could be held at positive potential, and
this will very materially increase the plate current for a given plate
voltage, as evidenced by the results of Ilxp. 20. But such an
expedient is not available because, for reasons which will appear in
later experiments, the control grid, connected to the input circuit,
must practically always be held at such a potential that it draws no
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current; this means that the control grid must be held at negative
potentials.

However, it is possible to put in an extra grid, surrounding the fila-
ment and close to it, which is held permanently at some such positive
potential that the space charge is partially neutralized, thus increasing
the supply of electrons available for plate current. A grid so used is
called a space charge grid, and, when used in a sereer. grid tube, evi-
dently results in the pentode, or five-electrode tube. Surrounding the
filament is the space charge grid; around this is the control grid; next
comes the screen grid surrounding the plate, and finally the plate.
In case a heater type of tube is used there are required two terminals for
the heater, one for the eathode, one for each of the three grids, and one
for the plate or a total of seven terminals.  The control grid terminal
generally comes through the top of the bulb (in Ameriean practice), the
socket has five terminals arranged as usual for heater type tubes, and
one terminal ecomes through the side of the tube base.

Get characteristic curves of the sereen grid tube for normal plate
voltage and sereen grid voltage (as well as normal filament conditions),
reading currents to sereen grid, control grid, and plafe as eontrol grid
potential is varied through suitable limits.

Get similar curves for normal plate volts and decreased screen
grid voltage, and for normal sereen grid volts and decreased plate voltage.

With screen grid at rated voltage, control grid constant at about 2
volts negative, get curves of screen grid current and plate current as
plate voltage is varied from zero to 25 per cent above its rated value.

Get similar curves with the control grid held at zero potential.

With a pentode get curves of currents in plate, screen grid, control
grid, and space eharge grid, as control grid is varied with plate and screen
grid at normal potentials and space charge grid at zero potential. Get a
similar set with the space charge grid at some suitable positive potential
as recommended by the manufacturer.
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Object.—Study of the vacuum tube voltmeter and effect of fre-
quency upon its calibration.

Analysis.—In the radio laboratory the ordinary a.c. voltmeter is of
very little use, primarily on account of the large current required for its
operation, and secondarily because of the very great error in its indica-
tions when the frequency is high. The hot wire type is free from this
frequency error, but the power required for its operation is even greater
than that required for the ordinary iron vane type.

Of course, as was pointed out in Exp. 14, the high-resistance thermo-
couple ammeter may well be used as a voltmeter; this type is free from
frequency error and uses but a small fraction of the power required by
the hot wire ammeter, but, even so, its power demands are so great that
its use in many radio circuits result in errors of 50 per cent or more.

Let us consider that the most sensitive thermocouple voltmeter has
a resistance of 1000 ohms, for a 1-volt range. If now we use this volt-
meter to measure the voltage across the ordinary radio frequency tuning
condenser, the potential difference will be about half as much when the
voltmeter is connected as it was before the voltmeter was connected.
Thus the value of voltage indicated by the meter is only one-half as
much as it should be!

From considerations of this kind it appears that the resistance of a
proper voltmeter for the radio laboratory should be of the order of
1,000,000 ohms. But such a meter, with a I-volt scale, would draw
only 1 microwatt, and such an infinitesimal power is quite evidently
insufficient to actuate a meter movement.

However by using a triode, suitably connected, it is possible to make
this amount of power control the power output of a B battery, and thus
give readable deflections on an ordinary continuous current meter.
"This is the principle of the triode voltmeter.

There are several types available, but they all operate on the idea
of impressing the voltage to be measured between the grid and cathode
of a triode, and measuring the effect of this voltage on the plate circuit
of the triode.

Unless the grid is allowed to become positive with respect to the
cleetron-emitting cathode, the a.c. resistance between grid and cathode
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is of the order of 1,000,000 ohms. As the capacity between grid and
cathode is about 5 micro-microfarads, its reactance at one megacycle
cycle is about 30,000 ohms, hence the impedance of the input circuit
is about 30,000 ohms with a characteristic angle of about 88°. Such a
voltmeter will, therefore, draw but little power from the radio circuit
being me: Nlro(] It will have an appreciable effeet on the tuning of a
sharply resonant eircuit, but this effect can be compensated by a suit-
able readjustment of the cireuit itself.

It may occur to the student that a erystal contact (such as zineite-
chalcopyrite) in series with a sensi- —

tive portable galvanometer might be
used as a voltmeter. In Iig. 110 is
shown the relation between rectified l
current and impressed alternating | %’-’Ej.inm
voltage for a sensitive crystal con-
tact. If such a contact could be | —
kept in permanent adjustment the I S PV I .
arrangement  would be reasonably | | gl— I 1 1 7‘ |
good as a sensitive voltmeter, but | | go]— ) 74
any excess voltage, or slight jar, N T ] ,
completely spoils the point and so | 2o Lr‘j.fm?‘il’ea
requires that another point be found | .E_iaso ' i
and calibrated. g_m |

The copper-copper oxide rectifier Ey L ‘, |
offers possibilities, but as arranged 9 iy AN 4
in a voltmeter its action is not in- w0l - |
dependent of frequency. 1t is found (2L | ! - - ——
to have an error as great as 10 per ,{,-4—"'/._10 i .. | i
cent for frequencies of only 10 ke. L I I T ||

. . Scale of Volts for D.C, Test

Its alternating current resistance Effective values for A.C. Test
is about 2000 ohms per volt, but Fig. 110.

its impedance at high frequencies
drops to a very small fraction of this amount beeause of the capacity
by-pass existing in the meter circuit.

Thus we return to the triode as the most suitable deviee for the volt-
meter.  In Fig. 111 are shown the changes which oceur in the average
value of the plate current in an ordinary amplifying triode, as an alter-
nating voltage is impressed between grid and eathode.  (In the same
figure is shown the corresponding effect obtained from a sensitive
rectifying crystal contact.)

When the alternating voltage is applied directly between grid and
cathode the average value of the plate current increases as the impressed
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voltage increases. If a grid condenser and leak are used the average
ralue of plate current decreases as the impressed voltage is increased;
this decrease is about three times as great as the increase, for a given
voltage. It would thus appear that the triode with grid condenser and
leak would make the most sensitive voltmeter, and this is so; but this
scheme results in a frequency error which does not occur when using no
grid condenser; the one type is therefore about as valuable as the other,
its advantages compensate for its disadvantages.
By inspection of Fig. 111 it will be evident that unless some special
arrangement is used it is difficult to read accurately voltages less than
about 1 volt. A triode
r_— e —<‘ such as used in getting the
1 ecurves of Fig. 111 draws a

1 |1 normal plate current of
| | J.Curvce A-Galena crysta)

o B-2011A 'triode_ about 1 milliampere. If,
e now 0.5 volt (alternating)
I C-2C1-A'triode .. .
c with grid eondenser] 1S impressed between grid
. -y —
, Co=10""R=10 and cathode the current

-
<

will increasec 10 micro-
amperes. Thus the plate
ammeter would indicate an
increase of only 1.0 per
cent—a scarcely perceptible
change!

An obvious improve-
ment requires that the
normal current (the 1 milli-
ampere) be shunted around
the meter in some way, so

8

Rectified current in 10 'amp.
(2]
<

10

g8 9 10

1 2 3 .4 5 6 1 . .
Signal volts (effective) that this meter reads only
Fig. 111. the change in plate current.

Such a scheme is shown in
Fig. 112. The normal plate current of the tube, caused by battery B,
is just compensated (in the ammeter) by another current in the opposite
direction through the ammeter produced by battery C through the resist-
ance /¢ and the ammeter in series.

Suppose the ammeter A has a resistance of 10 ohms and that bat-
tery B is sufficient to cause a plate current of 1 milliampere. If now R
has 990 ohms resistance and battery C has 1 volt e.m.f., a current of 1
milliampere will flow through /2 and A in series and will neutralize the
1 milliampere of plate current in A. In other words, the 1 milliampere
of plate current will flow through R instead of through A.
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If now the plate current increases, this increase will divide between
It and A in the inverse ratio of their resistances.  This means that prac-
tically all of the increase in plate current will flow through A. Thus A
may be of sufficient range to measure the increase in plate current only
and thus make possible much greater aceuraey than would be obtained
without this compensating circuit.

If the voltage of battery C cannot be accurately adjusted to bring
about complete compensation of the normal plate current, the resistance
R ean be made adjustable to a small extent, or R may be connected to
the slider of a potentiometer connceted to battery €. Of course, any
considerable change in the value of 2 would result ih some change in the
calibration of the meter.

With such a compensating scheme as that being discussed it is evi-
dent that any change in filament current, plate voltage, ete., will very

G F P .
g Input s

'i ! P ¥
) ._%:A battery
b T

Fig. 112, G, 113.

seriously affect the zero adjustment. An arrangement which acts
to stabilize the zero setting to some extent in shown in IMig. 113. The
input posts of the voltmeter are connected together by resistance R, a
grid leak of about 5 megohms. This prevents a ““ free " grid even if
the circuit being measured has a condenser between the two points
connected to the voltmeter.  The resistance R} serves to give a proper
bias to the grid.  The £2,1 drop should be equal to the peak value of the
largest voltage to be measured.

The plate voltage is obtained by the drop through R.. The drop
through /25 gives the compensating voltage; the R3f drop sends a cur-
rent through /5 and .1 which is equal to the normal plate current of the
triode, to make ammeter A read zero.  The resistance of R5 should be
many times the resistance of the ammeter A.

The variable resistance Iy should be sufficient, in connection with
Ry, Rz, R, and the filament resistance to limit the current from battery
4 to the normal filament current of the triode. This scheme uses only
one battery; if the voltage of this battery falls both plate voltage and
bias voltage decrease proportionally, tending to hold the zero setting of
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ammeter A constant.  After the proper values of Iy, R2, R, and Rs
have been selected, the zero setting of ammeter A is always obtained by
varying Ry only. Its calibration is the same for all frequencies up to
some megacycles; it is adjusted ready for use by merely changing 12
to make A read zero.

In another arrangement of triode voltmeter the compensation for
zero adjustment is obtained by the sliding contaet of a potentiometer
P connected across the .1 battery, as in Fig. 114, A condenser €
serves to by-pass the high-frequency fluctuations of plate current around
the ammeter A and the B battery.

In what looks like another type of triode voltmeter a Wheatstone
bridge circuit is set up with the plate resistance of the triode as one arm

A
Input /
terminals b3
R
LS5y

A)

‘ o Il' ,
C ol
P
il' Battery © >
'Ar— Re
16, 114, 16, 115,

of the bridge, as shown in Fig. 115. One battery serves to give plate
voltage, filament current, and grid bins. The ammeter A is brought to
its proper zero reading by variation of R only; all other resistances are
left fixed after the circuit is once properly set up. A triode of low fila-
ment current is used, and one 22} volt B battery serves for plate, grid,
and filament power. This type of meter is said to maintain its ealibra-
tion for 1000 hours and to have a frequency error of only 3 per cent up to
300 ke. That is, if calibrated on a 60-cycle line its readings may be rea-
sonably well relied upon, for frequencies nearly as high as the broadeast
frequencies.

If a triode voltmeter is to maintain its high input resistance the grid
must never swing positive; this means that the impressed voltage must
never exceed the amount of grid bias.  For convenienee, low plate
voltages are used, with triode voltmeters, and hence rather small bias
voltages may be used, otherwise there would be no plate current.  These
small biasing voltages mean that only low values of alternating voltage
can be measured; the ordinary one has a full seale reading of about
3 volts.
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To extend the range a voltage divider of high resistance or a series
connection of condensers may be used, the triode voltmeter being con-
nected across one of them.  In Fig. 116 « shows a potentiometer for a
multiplier of 10. The impedance of the triode voltmeter must be high
compared to 10 ohms if this arrangement is to give aceurate results.
In Fig. 116b two condensers are connected in series to the voltage being
measured. By having the condenser C» with about 9 times the capacity
of condenser 1 a multiplier of 10 is obtained here also.  The reactance
of C2 must be small compared to the impedance of the triode voltmeter.

Of course it must be realized that the impedanee of the circuit mak-
ing up the potential divider must be high compared to the impedance
of the circuit to which it is attached, otherwise the potential difference

o j e
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Terminals

n 27]
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Fig. 116. Fra. 117,

which is to be measured will be appreciably altered by the connection
of it to the circuit.

A simple analysis shows that the triode voltmmeter which uses no con-
denser in series with the grid should have the same calibration at a
megaeyele as it has at 100 cycles (or any other frequency); the impe-
dance of the external plate cireuit should of course be independent of
frequeney if this is to he true,

Any circuit arrangement which uses a series grid condenser, and
grid leak, can he expeeted to have a calibration varying with the fre-
queney.  The triode ean respond only to that voltage which is impressed
on its grid, and only a fraction of the voltage impressed on the voltmeter
terminals appears at the grid.  This iden is brought out in Fig. 117;
a grid leak of 1 megohm is used with a condenser of 100 micro-micro-
farads. Forsimplicity's sake we neglect the capacity and leakage between
the grid and filument of the tube itself.

At one megaeyele the reactance of the grid condenser is about
1700 ohms, o that practically all of the voltage impressed on the ter-
minals will appear across the megohm, that is, between the grid and
filament of the triode. However, if the frequeney of the voltage being
measured is 60 cyeles the reactance of the grid condenser is about 25
megohms so that only about 4 per cent of the voltage impressed on the
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terminals appears across the grid-filament circuit of the triode. Its
indieations therefore will be only a small fraction of what it should be.

As the rectified current of the plate circuit varies with the square
of the alternating voltage impressed on the grid, the calibration curve
of the triode voltmeter must be of the parabolic type, having a greatly
condensed ealibration on the lower part of the seale.

The form of calibration can be somewhat altered if a resistance is
inserted in the external plate circuit; this scheme of course makes the
voltmeter less sensitive in addition to altering the form of its calibra-
tion curve.

With an ordinary triode and suitable variable resistanees and amme-
ters make up a triode voltmeter and calibrate it on low frequency,
intermediate frequencey, and high frequeney. Do this with no condenser
in serics with the grid, as well as with a suitable grid condenser and
leak. For measuring the voltage impressed on the triode voltmeter use
a high-resistanee thermocouple, which has been ealibrated as a volt-
meter. This ean, of course, be done on continuous current, as a properly
constructed thermocouple has a negligible frequeney error (at least for
frequencies as high as 108 cyeles).

Try the effeet of using different capacity condensers for the grid
condenser of the voltmeter.

Try the effect, or both sensitivity and form of calibration curve, of
inserting in the plate circuit of the triode a resistanee about equal to
the resistance of the plate circuit of the triode. This should be inserted
directly in series with the plate, as at X in Fig. 114,

After this work with the triode eonnceted as a voltmeter, calibrate
on both high and low frequency (say 1000 ke. and 1 ke.) one or two of
the commereial thermionie voltmeters in the laboratory.

To show the action of the modern “power”” detector find the relation
between plate current and input voltage when the triode has a 150 volt
plate battery, grid condenser, grid leak of about 5 megohms, in series
with enough biasing battery to give a plate current of about .001
ampere, with no signal voltage impressed. In this run the input
voltage is to be increased (in about ten steps) to about 20 volts. The
plate current (as read on the plate circuit ¢.c. ammeter) should increase
linearly with the signal voltage.
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Object.—Study of the triode arranged as a detector, both with
and without a grid condenser. Comparison of triode with crystal
or other form of detector.

Analysis.—A detector is a device which will give a unidirectional
current when acted upon by an alternating voltage. The amount of
unidirectional current must correspond to the amplitude of the alternat-
ing voltage, so that if a high-frequency voltage of varying amplitude is
impressed on the detector there results a unidirectional current the
amplitude of which corresponds to the amplitude of the alternating
voltage. The sensitivity of a detector depends upon the amount of
rectified current it yields for a given amplitude of alternating voltage.

The amount of rectified current the deviee yields should be propor-
tional to the amplitude of the impressed voltage, but the ordinary
detector gives a rectified current which varies approximately with the
square of the impressed voltage, when this is small,

as was brought out by the result of Iixp. 22. This

makes it a very ineffective device when the voltage is ;Z B c
low, just the case where the efficiency of the detector

should be a maximum. This is a defect common Tc. 118,

to practically all forms of detectors.

In addition to being sensitive a detector should be rugged, and not
easily disturbed from its proper adjustment. The ecrystal detector is
almost as sensitive as the triode, but of course the crystal contact is
easily disturbed, or its reetifying property spoiled by a strong signal
burning it out, so that from the standpoint of reliability the triode is
far superior to the crystal. However, the battery power required for
its operation makes the triode more costly to maintain, so that for
small, cheap receiving sets the crystal detector is still used.

The detector is generally connected in shunt with the variable con-
denser of the tuning circuit, the detector being direetly in series with
the telephone receiver in the case of the erystal. This brings about
another requirement of the detector, as can be seen by analysis of Fig,
118. The phone is generally shunted with a by-pass condenser C, the
reactance of which is very small for the high-frequeney current in the
tuned circuit. Thus, in so far as the high-frequency currents are con-
cerned, the shunt path consists only of the a.c. resistance of the detector,

179
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The a.c. resistance of the rectifier must therefore be high, or else the
selectivity of the tuned circuit will be spoiled. The effect of the shunt
resistance is most casily determined by changing it to an equiva-
lent series resistance by the relation Reeries = X*/Hshunt, in which X is the
reactance of cither the coil or eondenser in the tuned circuit. A com-
mon value of such reactance at broadeast frequencies is about 800
ohms; if therefore the a.c. resistance of the rectifier is 10,000 ohms its
equivalent series resistance is 64 ohms. Now if the power factor of the
coil is 2 per cent (an ordinary value) its resistance is 16 ohms. It fol-
lows thercfore that the effect of shunting the rectifier circuit around
the tuning condenser is to increase the equivalent resistance of the tun-
ing circuit from 16 to 80 ohms, that is, increase the width of its reso-
nanee curve five times!

It is thus quite apparent that the effect of the detector circuit is to
very materially decrease the selectivity, and that unless the a.c. resist-
ance of the detector is of the order of 100,000 ohms the selectivity of
the circuit is reduced to a small fraction of the value it has without the
detector connected.

In case the triode is used as detector the grid-filament resistance is
connected across the tuned circuit; this resistance is practically never
as low as 10,000 ohms (a quite common value for a crystal) but is gener-
ally in excess of 100,000 ohms. It will thus be found that the selectivity
of a circuit using a triode detector is always better than one using a
crystal.

As was found in Exp. 22, the rectifying quality of a triode is con-
siderably better when a grid condenser and leak are used in the input
circuit, than when the a.c. signal is applied directly between grid and
filament, and such is nearly always the arrangement of the triode when
used as a detector.  The grid leak generally is returned to the positive
filament terminal, if there is such; even though the input resistance is
somewhat reduced by thus making the grid slightly positive, the ree-
tifying quality is so much better (than with a negative grid) that the
bad effect of the lowered resistance is more than compensated.

The triode used as detector has usually employed a plate voltage of
45 volts or less, and the amplitude of signal which could be impressed
on the input circuit was only a few volts. If a greater signal was
impressed a disagreeable distortion of the quality of the signal in the
telephones  resulted. The tendency in modern broadeast receiver
design, however, is to use a much higher voltage on the plate (up to
150 volts) and, with proper values of grid condenser and leak, to
“ detect ” signals as high as 20 volts or more.

In this experiment a damped wave signal is to be generated by a
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buzzer wave generator, and this signal is to be picked up by a loosely
coupled tuned cireuit, across which either the triode or erystal rec-
tifier can be used as detector. As the entire wiring arrangement is
to be the same except the detector, the relative gignal strengths
heard in the telephone receiver serve to indicate the relative efficiencies
of the detectors. Further, the sharpness of tuning of the receiving cir-
cuit when using first one and then the other detector serves to show the
relative damping effects produced by the two.

This is the first experiment of the course in which the student is
asked to use his ears as a quantitative measurer of sound, and he will
soon be convinced how poorly the ear is adapted to this task. As a
qualitative meter of sound the ear is most remarkable, giving a reliable
response for sound power as low as about 10712 watt, but when it is
required that the experimenter use his ear to compare the relative loud-
ness of two sounds the ecar is almost useless until after much practice.
Listening to first one signal and then to another, one experimenter will
judge that one is twice as loud as the other, while another listener will
say that the one is perhaps a hundred times as loud as the other. If
the strength of a signal is changed from a certain value to one five times
as strong, a person unskilled in sound measurement may guess that it
has been increased perhaps 10 per cent!

Although the ear is so poor in judging how loud one sound is, com-
pared to another, it is comparatively easy to judge when two sounds
have the same intensity. By arranging the phones to be connected
alternately to one circuit and then to the other, arrangements being at
hand for adjusting the strength of one of them, equality of signal
strength can be obtained by ear within about 10 per cent.

I'or adjusting the strength of a signal by a definite amount, a type
of telephone shunt styled an “ audibility meter ” has been much used.
It consists of a double resistance unit, with two

. Input
moving contacts operated by the same lever; the O—
scheme is indicated conventionally in Fig. 119. A 5
The two resistances A and B are connected to- VWAW ANV
gether by the bar joining the sliding contacts € 9 o
and D. This bar also constitutes one of the
terminals for connecting the telephones.  With FIe hOne:
the contacts at the extreme left the signal on the Fre. 119.

phones is & maximum, and as they move to the
right the phones are connected across a decreasing part of resistance
B; at the same time more of resistance .1 is connected in the input
circuit.

By properly proportioning the relative resistance in the successive
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resistance steps to that of the phones, it is possible for the device to
show a constant resistance across the input terminals, for all positions
of the variable contacts. The successive resistance steps are calibrated
in terms of audibility; the contacts are moved until the phones give a
just audible signal, and the setting gives the “ audibility ” the signal
would have if the phones were unshunted.

Iiven when using this convenient device, the measurement of the
audibility of a signal is a most inaccurate determination, because as
the test proceeds and the ear becomes accustomed to the weak signals,
the audibility of a given strength of signal, as determined by the meter
setting, will incrcase many times. This change in the sensitivity of the
ear is of no importance, however, when two signals are being compared
for relative audibility, as the change in the ear affects both alike.

A B i
T T

A - Audibility meter

Triode

~N

l_

IF1G. 120.

With the apparatus set up about as in Fig. 120, and loose coupling
between the two tuned circuits, the phone is switched back and forth
from triode to crystal, and the latter is adjusted to give a point having
as good rectification and as small a damping effect as can easily be found.
During this adjustment the triode serves merely as a standard in com-
paring the various points tried on the erystal, until a good one is found.

Then, being careful not to spoil the crystal adjustment, the various
conncctions of the triode are compared to the crystal as standard, the
audibility being adjusted to give the same convenient signal strength for
both detectors. The ratio of the two audibilities gives a measure of
the relative efficiencies of the crystal and triode as detectors, and the
width of the setting of the variable tuning condenser over which the
signal can be heard gives a qualitative measure of their damping effects.

The wiring of both circuits, sending and receiving, must be compact
and orderly, and so arranged that no appreciable signal is induced in the
receiving circuit except where intended, between the two coils A and B.
The wiring of the triode deteetor is necessarily more extensive than that
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of the crystal, and so unless eare is exercised there will be extra voltages
induced in the triode circuit. These extra voltages may assist, or may
oppose, the voltage induced in the coil of the tuned receiving cireuit,
thus making the comparison of results meaningless. The triode wiring
should be neatly earried out, compaetly arranged, and as distant from
the wave generator as the compact wiring arrangement permits.

To test how much of this undesired induction is taking place, the
two coils A and B can be placed with their axes at right angles in such
relative positions that their coupling is essentially zero—the remaining
signal must be due to the extrancous voltages. The wiring should be
arranged so that this residual signal is small compared to that picked up
by the coupling of the two coils, as these are normally arranged for
carrying out the test.

When the circuits have been satisfactorily arranged, compare the
triode to the crystal, for various plate voltages and grid bias, with no
grid condenser and leak. Then using various-size condensers and grid
leaks, and plate voltages, with leak connceted to negative, as well as
positive filament terminal, make sufficient comparison with the crystal
to bring out the merits of the various adjustments.

If time permits, see whether the pitch of the received signal has
any significance in this test; this change in pitch can be obtained by
changing the tension on the buzzer armature. With a high-pitched
signal it should be found that the optimum grid condenser has a smaller
capacity than for a low-pitched signal, this on the assumption that grid
leak and other conditions are not varied.

As an extra feature of this test arrange the telephones for potenti-
ometer excitation from a constant voltage source of some kind, as in
Fig. 121. As the resistance across which the
phones are connected is increased, the current -
through the phones increases proportionately, audio oscillator
and as the power supplied to the phones varies
with the square of the current through them, g, 121.
and the efficiency of the phones is practically
independent of current, the sound output of the phones should vary as
the square of the resistance across which the phones are connected.
While one student varies the setting of the potentiometer the other is
to try to estimate the relative signal strengths and then compare his
estimate with the known ratio as obtained from the potentiometer
sctting.
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Object.—To measure the amplification factor and plate resistance
of a triode and their dependence upon tube construction, plate voltage,
filament current, and grid bias. Mutual conductance. Available
voltage amplification.

Analysis.—The great utility of the triode depends primarily upon
the fact that the flow of electrons from cathode to plate can be easily
controlled by the potential of the grid, and that the control of the cur-
rent in the plate circuit can be brought about with a practically negligible
power expenditure in the grid circuit.

The plate current can thus be controlled by varying cither the plate
voltage (as was shown in Exp. 19) or grid voltage. If the plate current
is increased an amount AJ, by an increase in plate voltage equal to
AE, (grid potential remaining constant) and is then brought back to its
original value by a decrease in grid potential equal to AE, it will be
appreciated that, in so far as plate current is concerned, a change in
grid potential of AE, has the same cffeet as a change in plate potential
of AF, As triodes are ordinarily constructed, AF, is much greater
than AE,.

The relative effectiveness of grid and plate potentials, in controlling
the plate current, is indicated in radio literature by the symbol u. It
is defined by the relation

p=AF,/AE,(I,constant) . . . . . . (53)

For the tubes available on the market the factor g varies from about
3 to 50. The finer the mesh of the grid and the closer it is to the plate,
the greater is the value of w. It is difficult to derive an exaet formula
for u from the geometrieal constants of the triode unless this is assumed
of some simple geometrical form.  On the assumption that eathode,
grid, and plate are all infinite plane surfaces, it has been shown that

G3))

1
w = 2ran/log,
2mrn
in which a = distance between grid and plate, in eentimeters
n = number of grid wires per centimeter

r = radius of grid wires
184




EXPERIMENT 24 185

Even though the form of the electrodes of actual triodes is far from
that assumed in deriving this formula, the values of u obtained experi-
mentally and from the formula do agree within about 10 per cent.

The resistance of the plate circuit of the triode, that is, the resistance
between plate and cathode, is of a peculiar kind and serves well to bring
to the student’s attention the fundamental nature of all electrical
resistance. If we define resistance from the fundamental concept,
R = Heat/I2, the question at once arises, where is the heat generated
as the eleetrons flow from eathode to plate?

Starting from the cathode surface with a relatively low velocity, the
clectrons accelerate in the inter-electrode space until they have velocity
measured in thousands of miles per second when they reach the surface
of the plate. In this inter-electrode space no heat (heterogencous molee-
ular motion) is generated as there are no molecules present to par-
ticipate in the electrons activity. (Of course if sufficient gas is present
to interfere with the flow of clectrons this statement is not true, but
on the other hand, such a triode is not a true vacuum tube.) The space
between cathode and plate thus has no resistance.

When the electrons collide with the plate, however, they must come
to rest, and here they give up their kinetie energy to the molecules of
the plate; the plate beeomes hot as a result of this action, and it is this
amount of heat which, divided by the square of the plate current, gives
the resistance of the eathode-plate eircuit. This evidently is the nature
of all resistanee. The eleetrons, progressing through the material of
an ordinary wire conductor, collide with its molecules and give up their
kinetic energy to the molecules; the energy thus gained by the mole-
cules appears as heat in the conductor.

The amount of heat generated at the surface of the plate is equal to
the plate current multiplied by the voltage between plate and eathode.
This product really gives the potential energy (per second) lost by the
eleetrons as they “ fall ”” from the cathode to the plate, but in an action
of this kind the potential energy lost is equal to the kinetic energy
gained. Thus the kinetic energy given up to the plate by the rapidly
moving clectrons being suddenly brought to rest is equal to the poten-
tial energy they gained in falling from cathode to plate, or £,I,. The
resistance then is equal to E,/I,. The value of resistance so calculated
is the eontinuous current resistance, designated by 2,,. In the average
tube, it varies inversely with the voltage on the plate.

In general, the plate current of a triode is a fluctuating one; this
fluctuating current is to be considered as an alternating current super-
imposed on a constant continuous current. Experimentally the fluctu-
ating unidirectional plate current is actually split up into these two
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components, as in Fig. 122. Here the alternating current I,. flows
through the condenser by-pass around the choke coil, which carries the
constant current I..

The resistance of the plate circuit (plate to cathode) of the triode
for the alternating current is defined as

R,=AE,/AI, . . . . . . . . (55)

As the plate current is not directly proportional to the plate voltage
this resistance is not the same as R,,; it is
about one-half as much for the ordinary
triode.

In determining the two resistances, thus
far discussed, it has been assumed that the
grid potential has been held at some fixed
potential, generally taken as zero. Zero
potential is taken as that of the cathode,

Fia. 122, for heater type tubes, as the potential of

the negative end of the filament in a c.c.

filament tube, and as the potential of the mid-point of the filament
in the case of a filament heated by alternating current.

If the circuit of the triode has been so arranged that the external
plate and grid circuits are coupled together, it may well be that when
the plate voltage varies, thus varying the plate current, the grid poten-
tial is simultancously varied by induced voltage of some sort. Then the
change in plate current will be due to both AE, and AE,, and it will
quite evidently be different than if AE, were acting alone.

If then we write R’, = AE,/Al,, remembering that Al, is being con-
trolled by AE, as well as AE,, it may well be that AE, counteracts the
effect of AL, so that Al, is equal to zero. It then follows that R’, is
infinity! Or it may be that the effect of AE, is to actually diminish I,
even though AE, is positive. In such a case A, is negative when ALK,
is positive, so that R’, is negative! This negative value of R’, is the
fundamental requirement for a triode to generate alternating currents,
which is one of its major roles.

In this experiment 2, is easily caleulated from the readings of prop-
erly connected c.c meters, and R, is measured by one of the balances
obtained during the test. The measurement of ', is left for a subse-
quent experiment.

In Fig. 123 the potentiometer P serves to adjust the grid bias to any
desired value; the plate voltage is varied by using more or less of the
B battery. Two resistance boxes R; and R are connected in series for
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excitation from the hummer, or other small a.c. generator. Grid, fila-
ment, and plate are connected to these resistance boxes as shown.

By this connection seheme it is evident that the alternating voltage
impressed on the clectrodes is opposite in phase; when the plate is going
positive, with respeet to the filament, the grid is going aegative.  With
R, fixed at a small value, say 5 ohms, R2 is varied until no note is heard
in the phones; this means, of course, that no fluctuation is taking place
in the plate current.  And if no fluctuation is taking place in the plate
current the AE, and AE, impressed by the hummer must be just neu-
tralizing onc another.  But AE, is given by IRz and AL, by IRy, so that
we must have

w=Re/Ry . . . . . . . . (36)

In deriving this relation it is assumed that all the current, I, deliv-
ered by the hummer goes through Ry and Re. This is practically
always the case, as these will generally have values of less than 100

B 7o\
O

Hummer or
audio oscillator

Fie. 123.

ohms, whereas the parallel paths (plate to filament and grid to filament)
through the triode have many thousands of ohms.

The value of AE, used in this test must be kept low if a good balance
is to be obtained; the value of u varies slightly for different values of
grid voltage, so that if AE, is made too large no value of /22 can be found,
which produces complete silence. For ordinary triodes AE, should be
less than 1 volt.

With the set up of Fig. 123, determine if, and how, p varies as grid
bias, plate voltage, and filament current are changed. Get sufficient
points in each run to draw accurate curves showing the variation.

As ordinarily used in its role as amplifier, an impedance of some kind
is inserted in the external plate circuit of the triode; the fluctuating
plate current set up by variations in grid potential set up varying volt-
age across this impedance, and this varying voltage is greater than the
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voltage impressed on the grid.  The ratio of this drop across the external
impedance, to the input voltage impressed on the grid, gives the voltage
amplifieation available for impressing on a succeeding triode or other
device; it is called the voltage amplification of the triode.

The circuit arrangement which is convenient for measuring this
voltage amplification is also suited for measuring the a.c. resistance of
the plate circuit (internal) of the triode, so we will discuss the first.
In Fig. 124 the essential parts of the test cireuit are shown; filament
battery, grid bias, ete., are omitted.  The hummer impresses a voltage
“s between the filament and grid, and
we know that, in so far as effect on
plate current is concerned, this is equiv-
alent to introducing a voltage equal to
wls, directly in the plate circuit.

If in the ecircuit. of Fig. 124 the
phones give no signal, then all the alter-
nating current flowing through the plate
cireuit of the triode is confined to the
path made up of R and R, in series.

L 2 Now let us suppose that 2 is adjusted
—O) cqual to 2; and that 12 has been varied
Hummer until there is no sound in the telephones.
e 124, This balance requires that the alternat-

ing voltages across 22 and R are equal.
Now the alternating eurrent in the plate cireuit must be given by
I, = uli,/(R + I,) The drop across the resistance & must be equal to
R
R+ R,
the same as that across [2, that is, equal to £,.  So for the condition of
balance we have

IR or uk, If now Iz is equal to 12, the drop across B> must be

E, = ulk, R/(I, + k)
or
Ro=@w—-DE . . . . ... (7

This simple relation is obtained on the assumption that Ry, = R,
but, of course, a similar derivation can be used for any relation between
Ry and Rz that permits a balance to be obtained. A brief considera-
tion shows that the ratio R./R, must be less than g if a balance is to
be obtained.

With the circuit arrangement of Fig. 124 properly completed to
read filament current, plate current, and plate voltage, and arrangements
made for impressing and reading a variable grid bias, with Re adjusted
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equal to Ry, vary R until the phones are silent. The plate circuit
resistance is then given by eq. (57)

Find how this plate resistance varies with plate voltage, grid bias,
and filament current.  For each setting read the voltage and continuous
current in the plate cireuit, so that /2,, can be calculated for each setting.

In all these tests the voltage E, must be kept low (only a fraction of
one volt) if a sharp balance is to be obtained. The alternating current
in the plate cireuit will be by no means sinusoidal if a large grid voltage
is used; the IR drop will thus not be sinusoidal. But the drop across
R» against which IR is to be balanced is practically sinusoidal, hence a
perfect balance cannot be obtained. Upper harmonic voltages will be
left unbalanced no matter what value of R is used to obtain a balance.

The voltage amplification of the triode, for various values of external
plate circuit resistance, can readily be obtained with the arrangement
of Fig. 124. Various values of I are used, and for each R is varied
until a balance is obtained. Then the voltage amplification of the
triode and its cireuit is given by the ratio Rs/R\1, as brief consideration
will show. The continuous value of the plate eurrent is to be main-
tained constant by varying the voltage Es.

Measure this voltage amplification for about ten values of R, in
suitable steps from about one-quarter the value of I, to a value about
three times as large as I?).

In a way this test is somewhat misleading, even though the values
of voltage amplification obtained are correct. It will be found that,
to maintain the plate current, as read on a ec.c. meter, constant as R
is varied, comparatively small changes in the plate circuit battery are
required. This is because the resistance R is shunted by the path made
up of R and the phones in series, and with high values of I most of
the plate current (the continuous current component) flows through
this low-resistance path.

When the triode is actually used as a resistance coupled amplifier,
no such shunt path exists, and the plate circuit voltage must be increased
proportionally as I is inereased.  If this is not done the increase in R
results in a decrease in plate current, and a subsequent increase in I,
Hence the antipicated gain in voltage amplification will not be obtained.

The amplification in this arrangement is given by

(58)

and of course if R, incrcases when [ is increased, the gains in o will
be unexpectedly small,
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The term * mutual conductance ”’ has obtained a firm footing in
radio literature in spite of the fact that it is not a well-selected term.
It is generally indicated by the symbol ¢,,, and is defined as that factor
by which the alternating voltage impressed on the grid must be mul-
tiplied to give the alternating current set up in the plate circuit.

If I, = magnitude of alternating current in plate circuit
E, = alternating voltage impressed on grid
u = amplification factor of triode
R, = alternating current resistance of plate circuit
then

I,=G,E, . . . . . . . . . (59
but

I, = pE,/R,
so that

G =w/R,. . . . . . . . . . (60

The factor (7, is generally given in “ microamperes per volt 7 and varies
in the commercial triodes from a few hundred to a few thousand.

Calculate the mutual conductance for the various tests carried out
in this experiment.

Plot curves for the three tests outlined in this experiment, showing
how the factor investigated varies with the other factors involved.

If time and apparatus permit, the variation of the voltage ampli-
fication, «, with a variable inductive reactance in the plate circuit can
be investigated.

The bridge scheme of Fig. 124 can be used when the external plate
circuit contains resistance only; a reactance in the plate circuit would
not permit a balance to be obtained, as the drop across I?» would not
be in phase with that across the plate cireuit impedance.  If, however,
a vacuum tube voltmeter of suitable voltage range is available the
voltage amplification can be measured directly, without a bridge. The
input voltage can be measured with a thermocouple, calibrated as a
voltmeter, and the amplificd voltage across the plate circuit reactance
can be measured by the thermionic (vacuum tube) voltmeter. A con-
denser (with a high insulation resistance) should be used in series with
this voltmeter so that the voltage drop due to the continuous current
component of the plate current is not registered, in addition to the desired
alternating voltage.
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Object.—Measurement of the capacity and resistance of the input
circuit of a triode, under various conditions of plate circuit impedance.
Analysis.—The input capacity of a triode is directly in parallel with
the tuning condenser of the input circuit if the ordinary radio fre-
quency amplifier, so that its measurement and variation with circuit
adjustments is of considerable importance. Furthermore, whereas
the input circuit of the triode ordinarily has a positive resistance of
many thousand ohms, it may have an entirely different value under
certain circuit conditions; it may in fact be negative. As indicated in
Fig. 125, the capacity of the input circuit is
made up of that between the grid and fila-
ment, in parallel with that between grid and
plate. Thus the charging current I must be
large enough to charge both condensers.
Now the voltage impressed on the con-
denser C,; is evidently E,, the input voltage,
so the charging current required for Cy is
wCyE,. Now the changing grid potential Fia. 125.
makes the plate potential rise and fall,
owing to the fluctuations of plate current flowing through the plate
circuit impedance R. When the impedance is zero the plate potential
does not fluctuate at all, so that in so far as charging current is concerned,
the plate acts the same as though it were part of the filament, and hence
the charging current required for this part of the circuit is wCypE,.
Now as the impedance of the plate circuit is increased the plate goes
up and down in potential, with respect to the filament, by an amount
equal to the potentialdrop in the impedance R. In the last experiment we
showed that the voltage developed across R was equal to wRR/ (R + Ry,),
which we called . Now the plate potential fluctuates in phase oppo-
sition to that of the grid, that is, when the grid potential is increasing
with respect to the filament, the plate potential is decreasing. This
follows from a simple analysis of the cireuit relations as shown below.
When the grid potential increases, the plate current increases, thus
increasing the RI drop in the resistance R. But the plate potential is
equal to the voltage of the B battery, minus the drop in resistance R,
191
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hence it follows that the plate potential is falling when the grid potential
is rising.

From this it follows that if the voltage between plate and filament
is equal to aE, it must be equal to (a« 4 1)E, between the plate and grid.
Thus the condenser C,, must be charged to a voltage (« + 1)E, when
the voltage E, is impressed on the input circuit of the triode. The
total charging current which must, therefore, be supplied from the input
circuit is equal to wCyE, + wCy(a + 1)E,, so that the apparent capac-
ity of the input circuit is given by

C=Cs+(+1)Ch . . . . . . (61)
Hence any factor which affects the voltage amplification of the triode
circuit, at the same time affects the eapacity of the input circuit of the
triode.

If then we measure the input capacity of the triode, as a function
of the resistance in the plate circuit,
we should find this capacity to in-
crease about as indicated in Fig. 126;
the input capacity approaches the value
(Cor + (1 4+ 1)C,,) as an asymptote.
As the resistance R is increased, the
loss in C,, condenser circuit is in-
creased, hence the conductance of the
input circuit may be expected to in-

Resistance in load crease as I is increased. The loss in

Fra. 126. the resistance, due to the charging cur-

rent flowing through it, is compara-

tively small, compared to the loss inside the tube itself, hence we should

not expect a very rapid increase in conductance as R is increased, and
such is found experimentally to be the fact.

If an inductive reactance of low power factor is used in the plate cir-
cuit, in place of the resistance R, an cven more rapid rise in the value of
the input capacity takes place. This follows from the fact that « is
greater if a given number of ohms reactance is used in the plate circuit
than if the same number of ohms of resistance is used. For resistance
we have

Input capacity

R
T — 62
T ER YR, (62)
and for a reactance in the plate circuit we have
X
a, = — Y (5%

®— —
VR + N3
When B = X it is evident that e, is greater than a.
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With the induectively reactive plate circuit another interesting fact
is discovered. As the value of X is increased the conductance of the
input circuit decreases, instead of increasing; as it didfor the increasing R.
Furthermore, the input conductance may actually become negative for a
certain range in values of the reactance X, showing that instead of
increasing the damping of the cireuit to which it is attached, the input
cireuit of the triode actually decreases its damping, making the circuit
more seleetive than it is without the triode connected. The conductance
curve which may be obtained from this part of the test looks about as
shown in Fig. 127. The amount of negative conductance which can
be obtained depends upon the power factor of the reactance, and the
amount of capacity between the grid and plate of the triode. For a
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given circuit arrangement it increases with the frequency at which the
measurement is made.

To measure the input capacity and eonductance of a triode several
methods are available. The method to be used in this test employs a
capacity bridge of the differential type, as was used in Exp. 11, for
measuring the specific inductive capacity and phase angles of dielectrics.
The standard condenser is to be balanced against a paraffin-paper
condenser (or similar kind) of about 1000 uuf capacity. Of course, a
resistance will be required in series with the standard condenser to
balance the bridge because the power factor of the standard condenser
is much lower than that of the paper condenser. The triode is wired as
shown in Fig. 128, the small switch S being placed close to the grid.  The
battery C serves to make the grid as negative as desired.  The impedance
in the plate circuit should be variable, or adjustable in about ten steps,
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to give values from about one-quarter the resistance of the plate circuit
of the triode to a value about three times as large as the plate resistance.

After all the conditions of the triode circuit have been properly
adjusted with switch S closed, this is opened and the bridge is carefully
balanced. (If the free grid results in a dangerous plate current, another
switch ean be put in the plate circuit, and this can be opened before
switch S is opened.) Then switch S is closed and the standard con-
denser is decreased to again obtain an accurate balance. Of course, it
will generally be necessary to readjust £3 to get a good balance.

The capacity of the input ecircuit is obtained directly from the
required change in setting of the standard condenser, and the resistance
(or conductanee) of the input circuit ean be calculated from the change
in condenser setting and change in R3, as was analyzed in Lixp. 11.

Carry out measurements using both resistance and inductive reac-
tance in the plate circuit, obtaining about ten points for each curve.
Using the special bridge of Exp. 12 measure the various capacities of
the triode used.

From the known value of R, (obtained from the readings of the
c.c. meters in the plate circuit and the relations between R, and R,
obtained in Exp. 24) and known value of impedance used in the external
plate circuit, calculate the capacity of the input circuit from eq. (61)
to check with the measured values.
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Object.—Study of the triode as a power converter, using separate
excitation on the grid cireuit. The effect of various adjustments on
the amount of a.c. power obtained and the efficiency of conversion.

Analysis.—As has been noted in some of the previous experiments,
if an alternating voltage E, is impressed between the grid and cathode
the effect in the plate circuit is the same as though a voltage of uF; had
been introduced in this circuit. The amount of alternating current set
up in the plate circuit is given by the expression

—WEJR+ R . . . . . . . (69

where I? is the external resistance and R, is the internal resistance (a.c.)
of the plate circuit. This current will develop power equal to I?R in
the external circuit and it can easily be shown that this power is a maxi-
mum when R = R,. This, it will be recalled, is a general law for elee-
tric gencrators; they deliver maximum power to their load when the
internal and external resistances are equal. In testing this relationship
with an ordinary generator the generated voltage must be lowered to a
small fraction of its rated value or the machine will be burned out.

In trying out tests of this kind on triode converters the student is
confronted with a new condition—the more power the triode delivers
to its load the less is the heat generated

in the triode itself. This is just the S
contrary effect to that which exists o__§
when working with ordinary gen-

erators. o——

The B battery, or the c.c. generator
which takes its place, delivers a certain @ @
amount of power to the triode and its
associated circuit; part of this power ICl
appears as heat on the plate of the Fig. 129.

triode and the rest is delivered as

alternating eurrent power to the load cireuit. In Ilig. 129 the machine

G delivers an amount of power Eplp. 1f there is no alternating voltage

on the grid circuit (that is, no excitation) the current in the plate
195
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circuit will be uniform, and with the exception of the small amount of
RI in the choke coil L, all the power of machine @ will appear as
heat on the plate of the triode.

If now an alternating voltage I, is impressed on the input circuit,
the plate current must fluctuate; it is best to keep the fluctuations out
of the generator () so this is shunted by condenser Cy. No fluctuations
can flow through choke coil L, so only the steady component of I, (that
is, I'+) flows here, and the rest of the plate current flows through the cir-
cuit C2 — R, as the alternating current, /.

If the value of I, remains eonstant when F, is impressed (it is pos-
sible so to adjust conditions of plate voltage and grid bias that this is
true) the power delivered by ¢/ is the same. But with L, impressed, an
alternating current power equal to [2R is generated in the load eireuit
of the triode, hence the heat gen-
crated at the plates must diminish
by this amount. The plates ac-
tually cool down when the triode
starts to deliver power to its load
cireuit.

Let us suppose the character-
istic I, — E, curve of the triode is
given by Fig. 130; the lower part
of the curve and upper part are

symmetrically located with respeet

- GErfd volgge + to the grid bias /., and this is the

Fre. 130. proper bias touse.  Here the plate

current 7, is half of its maximum

possible value, the total emission 7,. [For comparatively small flue-

tuations in grid voltage the relation hetween E, and 1, is linear, so that

the fluctuation in plate current (that is, the alternating current of the
plate circuit) is of the same form as the grid voltage .

If, however, the grid excitation exceeds the value K., (Fig. 130),
the plate current fluctuation becomes distorted and the a.c. output of
the triode has harmonices, generally undesired.  This is ordinarily the
condition which limits the possible output of any triode.

With a resistive load eircuit the plate voltage is a minimum at that
time in the eycle when the plate current is a maximum, and this occurs
when the grid has its maximum positive value (or minimum negative

‘alue).  This consideration leads to a simple proposition regarding the
proper bias for the grid, and proper grid exeitation.

The grid bias should be sufficient to bring the plate current to the
middle point of its characteristic curve. This current, multiplied by the

Plate current
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plate voltage, should not give a power greatly in excess of the safe power
rating of the plate.

The grid excitation should be sufficient to make the grid swing
somewhat positive; just how much depends upon the type of triode.
Referring to Fig. 130, it is seen that the relation between grid voltage
and plate current is linear in the operating range; the same relation
holds between plate voltage and plate current. To give a plate current
twice the value of I,, would then require a voltage 2E»,. But at the
time when this high value of plate current is desired the plate voltage is
so low as to be negligible, so the grid voltage must be sufficient to cause
this plate current to flow, and as the grid is u times as effective as the
plate, the required peak value of grid excitation (£, in I'ig. 130) must be

2k
equal to Z2% Henee the value of required grid excitation in effective

7
values is \/EED/#.

This value of grid excitation will cause the plate current to fluctuate
over the curved portions of Fig. 130, so there will be appreciable har-
monics in the alternating current output.

In setting up the circuit of Fig. 129 certain precautions are to be
observed. The filament current should be kept well within its rating,
and the power used on the plate must be kept within proper limits.
The reactance of the choke coil L should be at least ten times as
great as the resistance of the plate circuit R,. The resistance R
should be adjustable in about ten steps from a maximum of about
three times R, to about one-quarter R, The reactance of C, should
be small compared to the smallest value of R to be used in the
test.

It will generally be necessary to use an iron core eoil for the choke L.
In this case care must be exer-
cised that the normal plate cur- %
rent I,, is not sufficient to satu-
rate the core. Generally the
high-voltage winding of a small E
lighting transformer will be suit- o—_—|||l|}+—
able. Itsreactance (at its rated E,
frequency) can be approximated
by assuming the exciting current,
to be 10 per cent of its rated
current and considering the no- Fig. 131.
load impedance to be all react-
ance. Thus a 1.5 KVA 2200 volt winding would have an exciting
current of about 0.07 ampere, so its reactance is about 30,000 ohms.
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This core would saturate with a continuous current about twice the
maximum value of exciting current, or about 0.2 ampere.

In general a triode feeds its power into a tuned load cireuit, so this
arrangement is also to be investigated in this test. The arrangement
is shown in Fig. 131, where the iron core choke has been replaced by the
air core inductance L, and the large eapacity condenser C: has been
replaced by one sufficient to give resonance (with L) for the frequency
of the exciting voltage, E,. A variable non-inductive resistance R
serves to adjust the resistance of the load cireuit.

As the proper selection of values for this eircuit is somewhat more
difficult than for the foregoing one, typical values will be approximately
calculated. We will suppose a 250-watt tube, rated to take 2000 volts
on the plate, and normal plate current 0.12 ampere with zero grid bias.
The plate resistance 2, = 2000/(2 X .12) = 8000 ohms. The excitation
voltage on the grid is to be 2500 cycles and the u of the tube is 40.

The proper maximum grid excitation voltage (maximum value) is
4000/40 = 100, or an effective grid excitation of 70 volts. The grid
will of course draw some current with this amount of excitation.

We will suppose that a low-resistance coil of L = 0.05 henry is to
be used. The reactance of this coil at 2500 cycles is 750 ohms. A
reasonable power factor for this coil would be 0.03, so its resistance, at
2500 cycles, would be about 20 ohms.

A condenser of about 0.1xf will give resonance, and as the voltage
across it will have a peak value of nearly 2000 volts, the condenser
should be of mica, or similar strong dielectric. At resonance 2 coil of
0.05 henry and 20 ohms resistance in parallel with a condenser of 0.1yf
and negligible loss will show a resistance of about 24,000 ohms.

The variable resistance I? should have a maximum value of about
200 ohms so that the resistance of the parallel circuit can be reduced
below that of the triode, namely, 8000 ohms.  With 180 ohms added in
the eircuit, making a total resistance of 200 ohms, the resistance of the
parallel circuit is 2500 ohms. Thus by varying the rheostat the reso-
nant load circuit can be made to have any resistance between 24,000 and
2500 ohms, both higher and lower than the plate circuit resistance of
the triode.

The ammeter for measuring the alternating current in the tuned
circuit can well be of the hot wire type, and its proper range calculated
by assuming that about 100 watts of power will be delivered to the tuned
circuit when its resistance is equal to that of the triode. This will
require a resistance in the tuned circuit of about 100 ohms, hence the
current in the tuned circuit will be about 1 ampere.

An error will occur in the reading of the ammeter by which the
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alternating current output of the tube is read, no matter in which arm
of the parallel circuit it is placed. This ammeter should read the
effective value of the fundamental component of the current, that is,
the effective value of the current which has the same frequency as the
voltage impressed on the grid.

Now the tube always gives some harmonic currents, as well as the
fundamental, and the magnitude of these higher frequency currents
increases rapidly with the output. These harmonic currents flow through
the condenser arm of the load circuit, and so act to increase the reading
of the ammeter if it is placed in this branch, as shown in Fig. 131. As
the amount of these upper harmonic currents is not kmown it is impos-
sible properly to correct the ammeter reading so as to get the magnitude
of the fundamental frequency current.

If the output ammeter is placed in the inductance branch of the
parallel circuit the accuracy of its reading will not be affected by the
upper harmonic output of the triode, because the high reactance of
the coil will practically exclude them. However, in this branch of
the parallel circuit, the steady component of the plate current flows,
in addition to the alternating current of fundamental frequency, so the
ammeter here will read too high by an amount depending upon the ratio
of this continuous current to the alternating current.

This error can, however, be calculated, because the continuous cur-
rent ammeter I, (Fig. 131) does measure the average plate circuit cur-
rent. Hence the desired value of fundamental alternating eurrent can
be obtained from the reading of the two meters. Suppose the hot wire
ammeter, when placed in series with coil L of Iig. 131, reads 0.65
ampere and the ammeter I, shows the average plate current to be 0.2
ampere. The fundamental alternating current is then V' 0.65% — 0.2% =
0.616 ampere.

Although the circuit assumed above was analyzed for a frequency of
2500 cycles it is of course possible to run the test at higher or lower
frequencies, as the laboratory apparatus permits. At the lower fre-
quencies difficulty may be encountered in matching the resistance
of the load circuit to the tube resistance, however. Thus suppose the
test is to be run at 100 cycles. A good coil of 0.6 henry is available,
having a resistance of only 12 ohms. (This is about as good a coil as
can be built with 75 lb. of copper cable.) About 5 microfarads of
capacity will be required to give resonance, and the circuit will show a
resistance (at resonant frequency) of only about 10,000 ohms, only
slightly greater than the triode resistance of 8000 ohms. Thus if the
test is to be run at the lower frequencies a triode of lower plate circuit
resistance is advisable, so that the load may offer a resistance two or
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three times that of the tube itself. Of course the lower values of load
circuit resistance are easily obtained by putting a non-inductive rheo-
stat in the tuned cireuit; the more resistance the rheostat has, the less
is the resistance of the parallel cireuit, as shown in Iixp. 7.

If the test is to be run at 100 cyeles, with the coil and condenser
mentioned above, the plate circuit of the triode should have a resistance
of about 2500 ohms. This will generally mean a tube of lower g than the
one assumed before.  But a lower p means that a higher exciting volt-
age must be used, so that the 100-cycle source must probably be con-
nected to the grid through a step-up transformer.

As the source of exeitation, whether generator or vacuum tube
oscillator, is sure to have some upper harmonies in its wave form, it is
well to arrange the exciting circuit to eliminate them as much as pos-
sible. A suitable arrangement of exciting circuit, if gencrator is used,

-
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is shown in Fig. 132. The input circuit of the triode is excited from a
sine wave machine, so no precautions are necessary to climinate upper
harmonics. The field of the alternator is excited from potentiometer A,
and a second potentiometer B serves to get the requisite bias. Trans-
former T raises the alternator voltage to the several hundred which a
power tube with low ux will probably require. Voltmeter V, reads the
grid bias, and voltmeter V2 reads the exeiting voltage.

In case a vacuum tube oscillator is used for excitation, the arrange-
ment of Fig. 133 is applicable. The resistance R has a maximum
value somewhat greater then the value which gives the maximum out-
put of the oscillator. The choke coil L has a reactance about equal
to the maximum value of B. The voltmeter V. for reading the excita-
tion voltage will have to be a sensitive thermocouple meter, of high
resistance, otherwise it may take more power than the oscillator can
give. If the resistance R is a decade resistance box (which it may well
be) a thermocouple ammeter may be used to read the current through
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it, and so the exciting voltage calculated from this current and the
known value of 1.

The value of R (and consequently the output resistance of the
oscillator) should be as low as possible, because the grid draws some
current under certain conditions of the test, and this grid current,
flowing through resistanee R, may affect the wave form of the voltage
impressed on the grid. The c.c. ammeter A, in the grid cireuit, will
read a few milliamperes when the conditions are adjusted for maximum
output of the triode, perhaps 5 mils for a 5-watt tube, and perhaps
25 mils for a 250-watt tube. This reading is the average grid cur-
rent; the maximum may be ten times the average. This maximum
grid current, flowing through the resistance I, must give an K[ drop
small compared to the value of the exciting voltage, or the exciting
voltage will be flat-topped on the positive alternation, i.e., during that
part of the eyele when the grid is drawing current.

The ammeter A will read zero for all adjustments which give a
reading of Ve less than 1/4/2 the reading of 17, (Figs. 132 and 133),
beeause it is only when the grid swings positive that it draws an appre-
ciable current.

With a resistive load (Fig. 131) make sufficient tests to find out
how the output of the triode varies with filunent current, grid excita-
tion, grid bias, plate voltage, and load resistance.  Make one run in
which grid excitation and grid bias are simultancously varied to keep
Vo just 0.7 of 17 (of Figs. 132 and 133), filament current, plate, voltage,
and load resistance being held fixed at normal values.

Make one run with the tuned load ecircuit, keeping filament current,
plate voltage, grid bias, and grid excitation at normal values, no resist-
ance added in tuned cireuit, varying frequency both above and below
resonant value. Holding frequeney at resonant value, and other
factors at normal, vary the resistance in the tuned circuit in about ten
steps, to give load cireuit resistances both greater and less than the
triode plate resistance.

Measure the resistance of coil, condenser, and hat wire ammeter
in series by connecting them to the source of exeitation and measuring
volts and amperes when resonant frequency voltage is impressed.

This resistance is to be added to the known values of resistance in
the rheostat, to give the actual tuned eircuit resistance.

Plot proper curves to show the various relationskips investigated
in these tests,
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Object.—Study of a triode arranged for producing alternating
current by self-excitation. Kffect of various circuit adjustments on
possibility of setting up oscillations and on amount of power the triode
delivers.

Analysis.—The results obtained in the foregoing experiment show
that if the grid-filament circuit of a triode is properly excited, and if
the external plate circuit is resistive and of about the same resistance as
the internal plate circuit resistance, an amount of alternating current
power can be delivered to the load circuit equal in amount to possibly
50 per cent of the continuous current power supplied to the plate circuit
by the B battery, or its substitute. The figure of 50 per cent is rather
optimistie, from 25 to 40 per cent being more usual.

To get this amount of power the grid must be sufficiently excited,

and the fact that the load circuit must be

' “R“' Qb resistive really specifies that the fluctuations

Cé(_\www in plate potential (i.e., the alternating

e A, G voltage on the plate) must be about 180°

T_C L% —F out of phase with the voltage on the grid.

= P It does not require very much power to

gé—/_j— excite the grid, so the idea of exciting the
L9

grid from the load circuit of the triode,

F16. 134 instead of using a separate source of exci-

tation, is more or less self-suggestive. And

experiment shows the applicability of the idea; summarized briefly it
may be stated as follows.

If a low-resistance circuit made up of coil and condenser (or coils
and condensers) 1s connected to a triode in such away that when alter-
nating current flows in the circuit the plate and grid fluctuate in vollage
with respect to the filament, sufficiently, and opposite in phase, the
apparatus will set up self-sustained oscillations in the L-C circuit, as
long as the filament and plate circuits are supplied with the requisite
power.

This idea is the fundamental basis of all self-excited oscillatory cir-
cuits, so it will be analyzed more in detail. In Fig. 134 there is shown
a circuit made up of coil L, having resistance R, in series with the con-
202
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denser C, of negligible series resistanee.  This cireuit, if it oscillates at

1
2+V LC
The power used in the circuit will be /2R, where 7 is the effective magni-
tude of the alternating current.

All batteries have been omitted for simplicity; the filament has
been attached to the mid-point of the coil, and the grid and plate have
been attached to sliding contacts, one on either side of the filament.
From this connection scheme it is evident that if alternating current
flows in the coil the points b and ¢ will fluetuate in potential with respect
to point a by an amount depending upon the amount of current in the
circuit, and upon the amount of inductance included between a — b
and a — ¢, respectively.  Furthermore, the point, b will go up with
respect to point a, when point ¢ is going down with respeet to a.  This
means that the variations in potential of the grid and plate, with respect
to the filament, will be opposite in phase.

We will now assume actual constants for the cireuit, to caleulate
whether or not the triode can sustain oscillations.  We will assume that
the rating of the tube is 5 watts output, and that input to the plate cir-
cuit, from the B battery, is 15 watts. A 5-watt output therefore assumes
a 33} per cent efficieney, a reasonable figure.

The coil has 300 microhenrys inductance and the condenser has
500 micro-microfarads capacity. The natural frequency of the circuit
is then 410 kilocyeles. The reactance of the coil is 775 ohms. A reason-
able power factor for the coil is 2 per cent, so we assume its resistance
is 14 ohms. (This is of course the high-frequency resistance; the c.c.
resistance would not be more than 1 or 2 ohms.)

We assume that the plate voltage is 300 volts and the g of the tube
is .

From previous analysis we know the plate voltage must fluctuate
from nearly zero to nearly 600 volts, and that the fluetuations of the
grid potential must be at least 2 X 222 = 120 volts. So the effective
plate voltage (a.c.) must be 300/4/2 = 210 volts, and the effective
voltage on the grid must be 120/4/2 = 84 volts.

Now if 5 watts are supplied to the oscillating circuit, and this has
15 ohms resisiance, the current must be 4/5, 15 = 0.58 ampere.

The reactance from the mid-point on the coil L (ITg. 134) to cither
end is about 387 ohms. The reactance drop is then 387 X .58 = 225
volts. Therefore the contact ¢ (Fig. 134) should be moved practically to
the bottom of the coil, and the contact b, to give grid excitation, would
be moved up on the coil somewhat more than one-third of the way

all, will oscillate at the frequency fixed by the relation f =
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toward the top. This position would give the required 84 volts for grid
excitation.

If now the resistance of the oscillatory circuit is increased to 60
ohms, by adding 45 ohms in series with the coil, the current would
decrease to 4/5 60 or 0.29 ampere.  The drop over one-half of the coil
would now be only 387 X 0.29 or 113 volts. Ilence even if the plate
tap is moved down to the bottom of the coil it could not make the plate
voltage fluctuate more than 1134/2 = 158 volts, whereas it must fluctu-
ate about 300 volts if the triode is to deliver 5 watts to the oscillating
circuit.

Hence the circuit, with 60 ohms resistance, could not oscillate with
the conditions assumed. Iowever, if the triode would operate safely
with more plate volts, or less grid bias, so that it could deliver say 10
walts to the oscillating circuit, the outfit might oscillate even with the
60-ohm resistance.  One way of helping the triode to oscillate would be
to move the conncetion a up from the center, thus making more than
half the coil available for furnishing plate voltage. The grid needs less
excitation than the plate, so point a might well be moved to a point
about one-third from the top of the coil.

Another eircuit is shown in clementary form in Fig. 135. Iere the
tuning condenser is shown as the two condensers Cy and C. in series.
When oscillations occur the plate is excited by the voltage drop across
C2, and the grid is excited by the drop across €.  As the reactance of
these two condensers, and the frequeney and magnitude of the oscilla-
tion, can easily be caleulated, the possibility of this circuit oscillating can
be checked exactly as was done for the split coil cireuit of Iig. 134. The
L-R-C—C circuit of Fig. 135 could not possibly work without other
circuit arrangements added (in addition to batteries, ete.), beeause the
filament is isolated from the plate, so that there could be no eleetron
flow from filament to plate, and without this of course the triode could
not function. Furthermore, even if the plate circuit, for the continuous
current, was completed by the battery and choke coil shown in Fig. 135,
the arrangement would still be inoperative because the grid would be at
the same positive potential as the plate; an extra grid condenser and
grid leak to filament would be required to make the circuit operable.

The student will soon learn that apparently minor changes in cir-
cuit arrangement make the difference between sueeess and failure in
making triodes oscillate.  One such point is illustrated in Fig. 136.

A generator and choke coil are usced to furnish plate voltage; the
filament circuit is grounded, generally intentionally, but even when not
intentionally the filament batteries or filament power supply practically
ground it, in so far as high-frequency oscillations are concerned.
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Now with the plate generator (7 and choke I connected as shown,
the generator would have to go up and down in potential, at the high
frequency, as much as the plate of the triode. But the generator frame
is generally grounded more or less, and the eapacity between armature
wires and armature core is sufficient to practically ground the armature

_§/\I_

Fra. 135. IF1a. 136.

windings so far as radio frequency currents are concerned. IHence the
plate of the triode is really connected to ground (for high frequency)
through the insulation of the armature windings, and probably no oscil-
lations will oceur. If they do occur it is quite likely that the armature
winding insulation will soon break down because of the excessive diclec-
tric loss eaused by the high-
frequency currents.

However, if the posi-
tions of the choke coil L
and generator (¢ are inter-
changed, placing the gene-
rator next to the grounded
filament, the circuit will
probably oscillate without
any trouble. However, in
all eircuits of this kind it is

I'te. 137. well to put a by-pass con-

denser aeross the genera-

tor G, to keep even small high-frequency currents out of the armature

windings. Even if a dry cell battery is used for plate supply, a by-pass

condenser around the battery will generally inerease the power output
to a small extent.

In Fig. 137 is shown the complete wiring diagram for such an oscil-
lating circuit as has been frequently used for portable radio telephone
sets. For a 5-watt tube the proper values, for a frequency of about
1000 k., are as follows:
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The generator (7 is 25-watt capacity and 300 volts. It is shunted by
a l-microfarad capacity, C.. Radio frequency choke coil Lj is variable
from zero to about 1000 microhenrys. Ammeter A, is of 100 milliam-
pere capacity. Condenser Cy is an insulating condenser of about 0.1uf
to keep the 300-volts supply away from coil L. This coil L, has two
variable or adjustable contacts M and /{. Its total inductance is about
100 microhenrys. The resistance R, coil L, and condenser C, represent
a typical small antenna, R being 10 ohms, I being 15uh, and C about
200upf. Ammeter A, of the hot wire or thermocouple type, has a
range of one ampere.  Condenser (3 is variable, or adjustable in steps,
from 50uuf to 1000uuf. Coil La is a small (physically) radio frequency
choke coil, of reactance large compared to the reactance of Cy when set
at its smallest value. Cj is a grid condenser for which various sizes can
be substituted. The ammeter As is of about 10 milliampere range.

The oscillating circuit is made up of that part of coil L; between K
and /f, coil L, and condensers C and Cj in series. The frequency of the
alternating current can be quite closely caleulated from the values of
these quantities.

The plate circuit of the triode supplies the alternating current power
to the oscillating circuit across points M and N, and for the frequency
generated the power factor of the osecillating circuit between points M
and N is unity, as we know it should be to get much power from the
tube. The amount of resistance which the oscillatory ecircuit shows
across points M-N may be varied by moving the contact M. If the
actual resistance of the oscillatory cireuit is, say, 15 ohms, the apparent
resistance ieross points /=N may be as much as 10,000 ohms. By slid-
ing contact .M downward on the coil L; this apparent resistance may be
diminished to practically zero. This circuit was analyzed in FExp. 7.

If the triode is to gencrate power the plate must be able to go up
and down in potential with respect to the filament; this is the function
of choke coil Lz. It will be found that even if all the other conditions
are right, no oscillations will oceur until a certain minimum value of Ly
is used. As this value is exceeded the amount of power supplied to the
oscillatory circuit increases slowly, provided the resistance of L3 is
negligible compared to the plate circuit of the triode.

It will be found that this circuit will generally oscillate at once if C
and C3 are made equal and M and I7 are put close together. The grid
bias should of course be the rated value for the triode.

Study the operation of this oscillatory circuit varying one factor at
a time; the dummy antenna is to be kept fixed as this would not be
changeable, of course, if the triode was furnishing power to an actual
antenna.
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It will be noticed that changing C3 affects primarily the grid excita-
tion, and secondarily the frequency of the alternating current; sec-
ondarily because it will be found that for best power output the capacity
of eondenser €y is considerably greater than that of condenser C so that
C has more effect on frequency than Ci.

Shifting the contact II changes the frequency proportionately; in
fact, this is the frequency adjustment for the set. Shifting contact 1/
changes the apparent resistance of the oscillating circuit, as it appears
to the plate circuit of the tube. For best output the position of contact
M must be changed for every condition that affects the resistance or
frequency of the tuned circuit, or the resistance, R,, of the triode. For
best conditions the resistance of the oscillating circuit, as it appears
between the points Al and N, should be equal to R,.

Changing the value of C will have negligible effect until it becomes
very small; if it is changed from one microfarad to one millimicrofarad
practically no effect is produced on the oscillatory circuit, but if it is
made only a few micro-microfarads the excitation supplied to the grid
becomes so small that the triode cannot oseillate.

If the choke coil Lz is made too small the circuit eannot oscillate, as
here also the grid will get insufficient excitation.

After the circuit has been investigated, substitute a grid leak for
the grid choke coil Lz and the biasing battery. In trying various values
of grid leak, precautions must be observed, with an oxide-coated cathode
tube especially, when high values of resistance are used. It may be
that, with high values of leak resistance, the grid swings positive when
oscillations start, and this will result in such a large increase in plate
current as to ruin the tube. This eondition can occur either when there
is gas in the tube (the oxide-coated filament tube generally has more
gas than the tube with tungsten filament), or when sufficient secondary
emission from the grid occurs.

With this arrangement try the effect on wave length, power, plate
current, ete., of varying the capacity of the grid condenser, and the
resistance of the leak.

Caution.—When the grid leak is removed from ils clip, to change for
another, the grid is ‘“‘free” and may swing positive and ruin the tube.
Hence it is best to open the plate circuit when the leak is being changed.

In all the tests called for above, the various quantities, plate current,
grid current, oscillating circuit current, wave length, etc., should be
read for each adjustment. Qualitative conclusions can then be drawn
regarding the best adjustment of the circuit.
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Object.—Measurement of resistance and reactance of a tuned cir-
cuit, as this is affected by the regenerative action of a triode. Study
of the action as the mutual induction between input and output cir-
cuits is varied. Effect of varying the impressed frequency.

Analysis.—In such a circuit as that shown in Fig. 138 the resistance,
and possibly the reactance, may be expected to vary as the coupling be-
tween Ly and Lg is changed, for reasons which can be deduced without
any exact mathematical analysis. Suppose the circuit is opened at some
such point as A, so that the resistance and reactance of the Lo—C cir-
cuit can be measured in & Wheatstone bridge. When the measuring

Shaft of
driving motor

I'16. 139.

current flows through the Lo coil, it will induce a voltage in L;, thus
affecting the grid potential. But we know that the current flowing in
the plate circuit of a triode is controlled by the grid potential, so that a
different current will flow through the L.-C circuit than would flow if
the coupling between L; and L» were not present. But if the current
flow, for a given impressed voltage, is changed, we interpret this as a
change in resistance or reactance (or both) of the circuit in which the
current is flowing.

Of course, we know perfectly well that the true conduector resistance
of the circuit does not in any way change as the coupling of L; and L2
is altered; for a given current flowing through it, there is just as much
heat developed in coil L2 whatever the coupling between L; and Le
may be. However, when impedance is determined by bridge measure-
ment, or by the ratio of voltage to current, the measured value will be
found greatly dependent upon the grid-plate circuit coupling, and these

208
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measured values of R and L, hypothetical as they may seem, have real
significance <o far as current flow in the circuit is concerned.

A somewhat analogous case may be set up in a continuous current
circuit, as shown in Fig. 139. A series generator is connected in series
with the resistance I which is to be measured.  The external charae-
teristic eurve of the series generator is nearly a straight line, as shown in
Fig. 140.  With 5 amperes flowing through it, the voltage across iis
terminals is 50 volts, and with 10 amperes flowing it is 100 volts.  After
this its voltage inereases somewhat more slowly, owing to saturation of
its magnetie cireuit.

Now suppose that the actual resistance of /2 is 20 chms.  When 50
volts is impressed across the terminals A-B of Fig. 139, how much
current will flow? Evidently the series generator will help to foree
current through the eircuit so that more than 2% amperes will flow. By
a cut-and-try method we can soon find the answer to be 5 amperes.
Such a current will require 100 volts to
foree it through the 20-ohm resistance, but
of this 100 volts 50 will come from the gene- o__ ____ ‘Z__
rator to add to the 50 impressed on terminals
A-B. The resistance of the circuit would
then be found to be 50 volts/5 amperes = 10
ohms. To check this answer we will in-
crease the voltage impressed across terminals
A-Bto 100 volts. The current that will now
flow is found to be 10 amperes. This cur- B
rent requires 200 volts to foree it through the Current
20-ohm resistance; 100 volts is supplied Fie. 140.
by the voltage across A-B, and the other
100 volts is furnished by the series generator.  The resistance is
now found to be 100 volts/10 amperes = 10 ohms, the same as before.
And so it would be found for any other value of impressed voltage if the
current which flowed in the circuit was less than 10 amperes.

Now, as we know that the resistance of R is 20 ohms, but when it is
measured in series with the generator it always measures 10 ohms, we
reach the unavoidable conclusion that the generator is equivalent
(so far as current flow is concerned) fto minus 10 ohms.  That is the gen-
erator may be considered merely as 10 ohms of negative resistance.

Continuing this analysis, suppose the actual resistance of R is
decreased to 11 ohms, and 5 volts are impressed on terminals A-B.  The
current that flows now will be 5 amperes.  Of the 55 volts required to
force the 5 amperes through 11-ohm resistanee, 50 is supplied by the
series generator and 5 by the outside source. The resistance of the
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g
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circuit is now found to be, using Ohm’s law, 5 volts/5 amperes = 1
ohm,

If now the value of I is diminished to 9 ohms it will be found that
about 12 amperes of current flow, even when the impressed voltage is
zero! If the saturation of the iron of the magnetie circuit of the genera-
tor did not act to limit the voltage it can generate, the current would
rise to tremendous values, being limited only by the increased resistance
of the wires caused by temperature rise.

Thus, a circuit which has a negative resistance is an unstable one;
current starts to flow as soon as the ecireuit is closed, and this eurrent
increases in magnitude until the circuit is destroyed, unless some satura-
tion or other limiting cffect acts as a stabilizer.

At this point in the analysis it is to be notieced that a circuit can
show negative resistance only if it contains a source of electrical power,
which generates a voltage in phase with the current flowing in the circuil.
And if the negative resistance is to be eonstant in magnitude, the voltage
generated by the source must be proportional to the current flowing
in the cireuit.

Now the circuit of Fig. 138 does offer the possibility of negative
resistance, beeause current flow in the tuned plate eircuit may actually
generate in the circuit a voltage in phase with itself, through the com-
bined action of the mutual induction between Ly and L., and the grid
control of plate current.

A careful analysis of this circuit by means of differential equation
relationships,* shows that the resistance of the L.—C circuit, as measured
by a bridge, should be given by

1 wM

R=R+r+—=-
e e SO7H, ol i,

(65)
in which
R; = resistance of Lo
r = cquivalent series resistance of €
w = 27 times the impressed frequency
R, = a.c. resistance of plate circuit of triode
u = amplification factor of triode
M = mutual induction between Ly and Lo

It will be noticed, from Fig. 138, that the resistance R, is shunted
directly across C, in so far as alternating current considerations are con-

1
cerned, so that the term =L is really the resistance in series with C
w p

which is equivalent to the resistance I, in shunt with C. Hence, the

* See ““ Principles of Radio Communication.” 2nd ed., p. 571 et seq.
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first three terms of eq. (65) are all familiar to us; they represent the
total positive resistance in the La-C cireuit.

Now the value of M may be cither positive or negative, in triode
circuit analysis, according to the relative polarity of connections of
Ly and Lz, That is, if with the coils in a certain position we regard M as
positive, then by merely reversing the connections of cither one, the
salue of 3 must be considered as negative beeause the same increment
of plate current will give voltage of opposite polarity on the grid; this
will have an opposite effect on the plate current itself.  In the differen-
tial equation analysis from which eq. (65) was derived, it was assumed

di
that ¢, = =W T{", which says that if a positive increment in plate cur-
(

rent gives a positive grid voltage M is to be considered as negative, and,
of course, vice versa,

If then the coils Ly and L2 of Fig. 138 are so connceted as to give
a negative M then it is possible for the value of R’ to actually become
negative. In either ease, R’ should vary linearly with A/, either inereas-
ing or decreasing directly as M is altered. The two possibilities are
shown in Fig. 141; with positive 3, R’ increased from the value

1

Ri+r+ == and with negative 47 it decreases, and actually becomes
w(C Iy

. uM
negative when M has absolute values great enough 1o make —— greater
14

1
than R, + r + ——.

S
W R,

With the ordinary condenser r decereases with frequency increase
q y ’

and of course Tl'ln’— decreases with frequeney increase, so that if
w p
another series of measurements of I are carried out at a higher fre-
quencey, curves similar to the dashed lines of Fig. 141 might be obtained.
In making this test it is convenient to use such a frequeney that the
reactance of the L.-C cireuit is zero; a bridge with resistance arms only
is then required. As the change in position of two coils requisite to
obtain the different values of J/ may possibly change slightly the
reactance of coil L, it is advisable to put a continuously variable con-
denser in parallel with C and use this condenser to keep the reactance
of the L2—C circuit equal to zero, as the test progresses. It is advisable
when beginning this test to set this variable condenser at its mid-point
and adjust the impressed frequency to give resonance with A7 = 0.
Then as the test progresses the capacity may be either increased or
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decreased as required to give resonance, the impressed frequency being
held constant.

A convenient set-up of apparatus is shown in Fig. 142. A frequency
of about 1 kilocycle, a condenser of 1 microfarad, an inductance L.
of about 25 millihenrys, are convenient values to use in this test. As
the resistances will be low, a slide wire makes convenient ratio arms
and permits rapid settings. The value of i will be about 10 ohms for
a unity ratio bridge when there is no coupling between L, and L.

As the coupling is increased, the value of the term -

may go up to
14
20 ohms or more, using coils permitting tight coupling, and ordinary

triodes having a u of 5 and R, about 5000.
If it is desired to use a frequency other than that which gives reso-
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nance, the third arm of the bridge must contain a variable condenser
or variable inductance, according as the frequency is lower or higher
than the resonance value.

Make measurements of &’ of the Ly~C circuit maintaining the reso-
nant condition by varying the condenser in parallel with €, keeping
the impressed frequency constant. Get measurements for about ten
values of M.

Measure resistance and reactance of the Lo—C circuit after ¢ has
been inereased to 10 microfarads, keeping impressed frequency same
as before.

With € = 1 microfarad and a value of M almost large enough to
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give zero resistance at the resonant frequency, measure resistance and
reactance of the L.—C circuit for frequencies both §

above and below resonance. Get about ten measure- R’l_
ments in a frequeney range from 5 per cent above
to 5 per cent below resonance. =

Another circuit which is much used in radio ap- =
paratus is shown in Fig. 143; in this case the tuned

circuit is connected to the grid instead of the plate, Lec v
as was the case for the circuit previously analyzed. 7] _',M
For this case the mathematical analysis shows the LLe Lt
resistance of the tuned circuit to be Fic. 143.
R, . uM
B = Rutr 4+ — (0 + —) L. (60)
lf[»- + wL]- ¢ (‘

in which the symbols have the same meaning as before.  Although this
expression looks entirely different. from that of eq. (65) for the pre-
vious case, it can be shown to have almost the same form.

In the average cireuit R, is much greater than wLy, so that for

R,/(R,* + wL.>) we may write, without much error, 1/R,.

Then eq.(66) becomes

wM uM
R =Ri+r+ e Ry + 2 . .
st el Pt ek, (67)

The third term is now seen to be the resistance which the plate circuit

of the triode (the L; circuit) intraduces into the tuned grid circuit, as

was demonstrated in Exp. 4. TFor the conditions generally existing

o Ll

in triode eircuits it may be written ——, as stated above, so that we
p

have

o uM

+

"= R .
B =Rutr+—- 40,

(68)

The measured values of B’ will now be of somewhat different form
from those obtained for the previous circuit, because of the form of the
third term. In the previous case it was independent of M, whereas in
this one it increases with the second power of M. Hence the two pos-
sible forms of R’ will be as shown in Fig. 144. It will be noticed that
if M is increased too much, the value of R’ after having passed through
a series of negative values again becomes positive because of the increas-

—2

A
ing effect of the term ol .
R,
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- N WM’
R’ will evidently return to the positive region slightly before =

P
M

becomes equal to g R This occurs when the absolute value of AM
(4

becomes equal to —i% Supposing that we use the same values of

w

&, I2,, w, and C as before, we find that this value of M is practically impos-
sible to obtain, so that actually the values of £’ obtained experimentally
have about the same form as those obtained in the former tests. If,
however, the capacity is increased to about 10 microfarads (this will
require a variable inductance in the third arm of the bridge to obtain a
balance), then the form of R’ obtained experimentally will have about

Y2

J
the form shown in Fig., 144. The term wl,[ will be equal to the term
ip
M
g 7 for a value of M which is reached with L, = L, = 0.025 henry
14

coupled about 50 per cent.

Make a series of measurements of the effective resistance of the
Lo-C circuit of Iig. 143,
keeping the eireuit tuned, as
was done in the first part of
this test, by a small vari-
able condenser in parallel
with C, the impressed fre-
quency being held constant.

T Make measurementsforabout
N Valueof M ten values of M. Then with
\\\/ the same impressed frequency
measure the resistance and
Sy reactance of the L.—C circuit
S G when C has been increased

~ to 10 microfarads.
Fio. 144, = If time permits, with a
value of M alinost large
enough to give zero resistance at the resonant frequency (with € =1
microfarad), measure values of resistanee and reactance of the L.-C
circuit for frequencies both above and below the resonant frequency in

the same range as for the first part of the test.

Positive

Resistance

Negative
’
/
/
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Object.—Measurement of coil resistance at radio frequencies.
Various sizes of wire. Effeet of using a tapped portion of a large coil.

Analysis.—To make an accurate determination of the resistance of
a coil or condenser at radio frequency is a task requiring considerable
skill and experience; results can be obtained which are repeatedly
duplicated (with the same set-up), thus giving the student confidence
in his results, yet when the apparatus is slightly rearranged entirely
different results will be obtained.

Resistance measurements cannot be made by wattmeter and
ammeter, as is generally done at power frequencies; no wattmeters
for very small power, at radio frequencies, have been developed.  Spe-
cially construeted bridges have been used for frequencies of several
hundred kilocycles, but apparently the bridge is not reliable for fre-
quencies measured in megacyecles.

The method which is practically always used is based on the simple
idea that in a resonant circuit the current is equal to the voltage divided
by the circuit resistance, which is, of course, unknown. Instead of
measuring the voltage impressed on the circuit (generally difficult to
do as the circuit is arranged) this is held constant while a known non-
inductive resistance is put in series with the circuit being measured.
<nough of this known resistance is inscrted to reduce the current to
one-half; evidently then the amount of resistance added is equal to
the resistance of the circuit itself.

Simple as this scheme seems, considerable difficulty is encountered
in carrying it out. The circuit must be maintained in resonance within
a small fraction of 1 per cent, the voltage impressed on the circuit must
be exactly the same when the ammeter readings are taken, the same
current must be flowing throughout the whole circuit, and the resist-
ance of the circuit itself must be independent of the amplitude of
current flowing in it. These points will now be taken up separately.

Let us suppose that a coil of 200 microhenrys is being measured, at
one megacycle. Its resistance will be about 10 ohms at this radio
frequency, whereas it would be only about 1 or 2 ohms for continuous
current. At 3 megaeycles its resistance would be from 25 to 50 ohms,
as coils are ordinarily built. The reactance of the coil is about 1200
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ohms at one megacycle, and of course the condenser in series with the
coil to give resonance must also have 1200 ohms reactance.

Now suppose the frequency impressed on the circuit accidentally
increases only 1 of 1 per cent; what change will take place in the
magnitude of the current? The reactance of the coil will increase by
6 ohms and the reactance of the condenser will decreasc by 6 ohms,
thus giving a circuit reactance of 12 ohms. The impedance of the
circuit (which should be resistive only) now consists of 12 ohms reac-
tance and 10 ohms resistance, and is found to be over 15 ohms. Thus
the current in the circuit is decreased to 65 per cent of its proper value,
by a frequency change of only 4 of 1 per cent, and it is solely upon the
current readings that the resistance determinations are to be made.

Even if the frequency change is only one-tenth of 1 per cent, the
reactance introdueced is 2.4 ohms, thus changing the current reading in
the circuit by 3 per cent. With the ordinary wave meter it is impos-
sible to even read the frequency with this precision.

To avoid the very large error which the frequency variation may
introduce, the test circuit must be carefully retuned each time before
a current reading is taken.

A very slight rearrangement of the wires used for connecting the
parts of the circuit in series will change the inductance of the circuit
by 1 microhenry, and 1 microhenry, at 1 megacycle, has a reactance
of 6 ohms, more than 50 per cent of the resistance being measured!

The constancy of the voltage
induced in the test circuit must
be determined indirectly; it cannot
be directly measured. The ar-
rangement of apparatus is conven-
tionally shown in Fig. 145. The
power is always obtained from a triode oscillator, generally of the self-
excited type. A small coil B in series with the oscillating circuit of
the power triode serves to induce radio frequency voltage in small
coil D which is in series with the circuit being measured. The test
coil L is in series with the variable condenser C, thermocouple ammeter
A, and variable resistance .

Now it was shown in Exp. 5 that in such an arrangement as this a
very high resistance may be introduced into coil B by the presence of
the circuit L-C-R-D. Furthermore, the amount of the resistance
introduced in coil B3 varies inversely as the resistance of the test circuit.
But it was found in Exp. 27 that if the resistance of the oscillating cir-
cuit of a self-excited triode was varied, the current in the circuit also
varied. Hence as the resistance B (Fig. 145) is varied in making the

V- T
oscillator @ .

Fia. 145.
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resistance determination, the current in coil B will also vary, and if
the current varies the amount of voltage induced in coil D will corre-
spondingly vary.

Beeause of this eondition it is necessary to have some adjustment
in the power supply sct by which the current in coil B can be main-
tained constant, without varying the frequency of the eurrent. Later
in this analysis a scheme will be shown for accomplishirg this purpose.

The next point to be analyzed has to do with the constancy of
current throughout the test circuit.  Strange as it may seem, the
current in coil L (Fig. 145) may be appreciably less than that in ammeter
A, which presumably is measuring the current in the coil.  This dif-
ference is generally due to voltage set up in the test circuit by electro-
static ficlds, and eapaeities to ground
in the test cireuit.

Suppose the test circuit is set up
on a wooden table with iron frame-
work, as indicated in Iig. 146. Sup-
pose the coil B is going up and down
(with respeet to ground) in voltage,
owing to the action of its exciting
triode. Suppose an arrangement of
apparatus as partly shown in Fig. 146,
the thermocouple (or hot wire) ammeter
A being over the grounded iron frame Zzziz:
work of the table. The eleetrostatic Fia. 146.
induction from coil B into D (Iig. 145)
will send charging current through ammeter A and this current may
not go through any other part of the test circuit!

Sometimes this inequality of current throughout the test circuit
occurs even when there is no appreciable electrostatie induction between
coils B and D. This possibility also is indicated in Ifig. 146. The
ammeter A is close to ground (framework of the table) and the set of
plates b (of condenser C) may be close to the framework.  There may
then be capacity current from ammeter . to the framework and back
to plates b (or perhaps wire r) which do not go through the coil, L,
and so vitiate the accuracy of the test results, which are based on the
assumption that the same current flows all through the test circuit.

It is not difficult for the student to imagine other placements of
the apparatus in the test circuit which will result in non-uniformity
of current in the test circuit.

It is always best to use for condenser C one of the shielded type,
in which the rotating plates of the condenser are connected to the
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shield. Coil L should then be conneeted to the insulated set of con-
denser plates, and so placed on the test table that its capacity to ground
is as small as possible.

To insure the absence of any eleetrostatie inductive effects between
the power supply ecircuit and the test circuit, several expedients are
possible, and a simple test will show the adequacy of the precautions.
If coil B is actually a part of the oscillating cireuit of the triode, it
should be connected in the oscillating eireuit at a point as near ground
potential (in so far as alternating voltage is concerned) as possible.
Thus in Fig. 147, diagram «, coil B (which is always a small part of

the total inductance in the oscillat-
L ing circuit) is shown in the correct
B position in the oscillating circuit.

Here it is at ground potential, so

far as the radio frequency voltage

m B is concerned.  If coil BB is connected
pi— g o
as shown in diagram b, it will send
7 . .
a T b out eleetrie fields which may set up
16, 147, in the test ecircuit voltages much

greater than those induced celectro-
magnetically between coils B and D, upon which voltage the test cir-
cuit is assumed to depend for its current flow.

The whole scheme of resistanee determination depends upon the
assumption that, when the resistance introduced in R (I'ig. 145) is
sufficient to cut the current to 50 per cent of its original value (or some
other convenient fraction), the introduced resistance is cqual to (or
some definite fraction of) the resistance of the circuit without the added
resistance. But if the resistance of the test eircuit itself changes,
when the current is reduced to one-half its original value, the results
obtained are meaningless and worthless, unless the amount by which
the test circuit changes its resistance is known.

Now, of course, the temperature of the coil and condenser does
not appreciably change, with variation of current, beeause even with
maximum current the power loss in this test is so small that the whole
circuit remains essentially at room temperature.  Ilowever, the heater
of the thermocouple ammeter does change temperature very much,
when the current is halved, so it is neeessary to know how the resistance
of this heater varies with current. This phenomenon was investigated
in Exp. 14, and unless it should happen that the heater used in this
test is the same one as was measured in Iixp. 14, it will be necessary
to measure its current-resistance variation for this test.

This scheme of halving the current by adding resistance gives the
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resistance of the circuit, it will be noticed. It is then necessary to
know the resistance of condenser, coil D, connections, ete., before the
resistance of coil L can be determined. This determination is itself
subject to considerable error, so it is well to have it small compared to
the resistance of the coil being measured.  The thermocouple heater
should have a resistance reasonably small compared to that of the coil,
condenser C should be of low loss, and with a knowr proportionality
between series resistance and condenser setting, and the resistance of
coil D and its connection should be small.

The total resistance of this circuit may be approximated then by
measuring the resistance of it (with the condenser short-circuited) by
continuous current, when the heater resistance is being measured in
the bridge, as in lixp. 14, Of course, this determination is approximate
only, but as the principal part of this resistance is the heater (and
this has the same resistance for a.c. as for c.c.), and as the coil has a
resistance large compared to the resistance of the rest of the cireuit,
the final error in coil resistance is not very large.

The equivalent series resistance of condenser €' is obtained from
the manufacturer’s data, and law of resistancc-capacity variation, if
it has not been determined by other means.  The manufacturer gen-
erally gives the data for a 1000-cycle frequencey; its value for radio
frequency is found by assuming that the series resistance, for a given
setting, varies inversely with the frequency, and with (eapacity)?.

A condenser carefully designed and constructed of best material
has a so-called “ figure of merit "’ of about 6 X 10-'*. This figure of
merit is given by the product Rw(?, in which R is the equivalent series
resistance to represent the loss in the insulation blocks separating the
two sets of plates.

If the series resistance, for a frequency of 1000 cyeles, and capacity
of one milli-microfarad, is 10 ohms, the figure of merit is

271000 X 10 X (1079)% or 6.28 X 1071%,

This is about as low a figure as is obtainable with ordinary materials.
It connotes a reactance to resistance ratio for the condenser of about
1700.

If nothing is known about the resistance of this variable condenser C,
it will be necessary either to neglect it altogether, or else to measure it.
By making a ‘“ no-loss ”’ condenser* of two heavy aluminum plates,
one of them sct in a copper shield, and the other hung by silk threads,
outside of the electric ficld, the resistance of an unkrown condenser

* See article by the author, Proc. I.R.E., August, 1922,
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can be reasonably well determined. A series resonant cireuit like that
of Fig. 145 is arranged so that the no-loss condenser ean be substituted
for the other. It will be necessary to put a resistance box in series
with the no-loss condenser, to give the same current in the eireuit
when it is substituted for the unknown, and this amount of resistance
is the resistance of the unknown condenser,

As the resistance will be very small, great eare must be exercised
to eliminate errors due to mistuning, etc., when one condenser is sub-
stituted for the other, if a reliuble measurement is to be made.

To keep the errors in this experiment small it is well to have the
power-generating triode and its cireuits in a copper-lined box. The
coil D is placed inside the box, and
————— arranged  for conveniently changing
its coupling with coil B. An eleetro-
static shicld, grounded, should sur-
Coil D Coil B round coil B. This is conveniently

made of copper strips or wires ar-
Shield ranged as a cage around coil B, the
2 strips being parallel to each other and
connected  together along only one
edge, as indicated in Fig. 148.  This
scheme permits the changing magnetic field of coil B to reach
through and induce the desired voltage in coil D, but prevents any clee-
tric field from changing the potential of coil D with respeet to ground.

The rest of the test circuit (L, C, R, and A of Fig. 145) may well be
in another copper-lined box, with windows in the cover for observa-
tion and to permit changes in C and . The box should be large
enough that coil I, does not come close to the copper.  The coil should
be held up by suitable pegs of dry wood.

The power from coil 1) should be supplied to the test circuit through
a small DPDT switch arranged as a reversing switch.  If there is no
electrostatic induction getting into the test circuit from the power
circuit the reading of the ammeter A will be the same whichever way
the switch is thrown. If different readings are observed, suitable
changes in the arrangement of the ecireuits must be made until the
difference is eliminated.

Measure the resistance and inductance of two or three typical
radio coils, throughout the broadeast band of frequencies.

With three single-layer solenoids wound with the same size and
turns of wire, with different spacings between wires, get curves of
resistance vs. frequency, to find effect of wire spacing.

With a small two-layer solenoid (not bank wound) of about 200

Fra. 148,
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microhenrys inductance, get curves of resistance and inductance vs.
frequency. With this coil the resistance and inductance both increase
with frequency, especially as the natural period of the coil is approached.
With the single-layer solenoids the inductance will be found almost
independent of the frequeney.

Measure the resistance (for a suitable frequency range) of a portion
of a coil, say between taps including about one-fifth of the turns of a
single layer solenoid of one or two millihenrys inductance.
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Object.—To measure the resistance, inductance, and capacity of
an antenna at various frequencies, both above and below its natural
frequency.

Analysis.—The simplest type of antenna to conceive is of course the
simple vertical wire; practically, however, it is impossible to suspend
such a wire without having poles of some sort, which of course raise
the “ ground ” up around the antenna, and by the currents flowing
in them, change the measured characteristics to a great extent. So
we will consider first the long horizontal antenna which can be hung
up in the air without closely adjacent poles. It must of course have
a vertical portion, A-B in Fig. 149, called the “ down lead’; we shall

c at first neglect the down
BJ lead and consider only

the horizontal portion

B-C. For low-frequency

TR, antennas  this  portion

Fia. 149. may be 10 or 20 times

as long as the portion

A-B, but for short-wave antennas the part A-B is frequently the

major part of the antenna. If we imagine a 60-cycle alternator con-

nected between point A and the underlying ground, a very small

charging current will flow into the antenna. For an antenna of 0.001yf

capacity and an alternator of 100 volts at 60 cycles the current
will be about 40 microamperes.

The potential of the antenna with respect to ground (which is con-
sidered as zero potential) will be everywhere the same, at a given
instant. The current of 40 microamperes oceurs only at the base of
the antenna; a little reflection shows that it decrcases lincarly as we
approach the open end of the antenna, evidently being zero at the
point C.

The capacity of the antenna, determined from the relation I = wCE,
will be equal to the capacity per unit length, multiplied by the length of
the antenna. This is the same capacity as would be determined by
charging the antenna from a battery of known voltage and discharging
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it through a ballistic galvanometer. It is also the szme capacity as
would be obtained by using the relation,
cye

D) )

energy stored in the electrie field around the anterna =

where 17 is the potential of the antenna with respect to ground.

The inductance of the antenna might be determined by grounding
the distant end, and, from the alternator voltage and current, ealeulating
the impedance.  Allowing for the resistance of the antenna the reac-
tance could be caleulated and from this the self-induction. The self-
induetion thus obtained would be equal to the self-induction of the
wire per unit length, multiplied by the length of the antenna.

In this test the current throughout the length of the antenna would
be the same, at any instant; this is then entirely different from the
condition existing when the distant end of the antenna is insulated from
earth. Here the current decreases lincarly as the distant end is
approached, so that quite evidently the energy stored in the magnetic
field around the antenna, for a given current at A (Fig. 149) is much
different than for the case when the distant end is grounded. If we
define the self-induction from the viewpoint that energy stored in the
magnetic field is given by LI2/2, where I is the current at A, then the
inductance determined from the open circuit test will be only one-third
as much as for the case when the distant end of the antenna is grounded.

Now as the frequency of the impressed voltage is increased, both
current and voltage change their distribution along the antenna. Of
course the current at the distant end of the antenna must always have
zero value whatever the frequency, but this is about the only con-
dition that stays fixed.

Up to a certain critical frequency (which gives quarter wave length
distribution, and which we further discuss below) the antenna acts
towards the impressed voltage as a condenser; it draws a leading cur-
rent from its power supply. With constant impressed voltage, and
increasing frequeney, the current inereases in magnitude slowly at
first and then much more rapidly, reaching 1 maximum value at a
definite frequency. If this frequency is exceeded the current rapidly
diminishes.

Now suitable measurements show that at the frequency showing
maximum current, the antenna no longer acts like a condenser, but
like a resistance of reasonably low value, from 5 to about 50 ohms.
The power factor of the antenna at this frequency is unity; the reac-
tance is zero. For this condition the distribution of voltage and cur-
rent in the antenna is as shown in Fig. 150; both current and voltage
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are distributed along the antenna in a nearly sinusoidal eurve. The
current, starting at the base of the antenna with a value of 7y dimin-
ishes on a sine curve to its zero value at the extreme end of the antenna,
The voltage of the antenna with respeet to ground starts at the value
E, (the generator voltage) at the base and rises on a sine curve to a
value of E, at the open end of the antenna.  This value /£, may be
from 10 to 50 times as large as k,, the voltage impressed on the antenna
by the power supply.

Now the velocity of travel of an cleetrie disturbance along a straight
wire is practically the veloeity of light, 1. The relation between
frequency and wave length of any wave motion is given by the general
formula 17 = fA, in which f is the frequeney and N is the wave length.
As V' = 3 X 10% meters per second it follows that

3 X 168
)\nu-t(-rs = —f— . . 0 . . . . (69)

The frequency of impressed voltage which gives the distribution
of Fig. 150 must then

———— T be such that its wave

lj ’:{_,——\’\’::\\\ / E, length is four times as

T [; T~ long as the antenna.

‘1-," c“ Thus if the down lead
| ‘\ £ in Fig. 150 is 10 meters
"«—I., y and the horizontal
b Z 7 2 Z 7% length is 30 meters,
16, 150. the wave length to set

up the condition in
Fig. 150 is 4 X (10 plus 30) = 160 meters.  And the frequency is

3X108/160=1,875,000 cycles = 1,875 kiloeycles (ke.) = 1.875 megacyecles.

If the antenna of Fig. 150 is suspended in a vertical position (say
by a balloon) and it is grounded through a low-resistance connection,
the resistance for the quarter wave length oscillation will be about 37
ohms; it will have this value no matter what the length of the antenna
muay be, if only the impressed frequency is such as to set up the quarter
wave length oscillation. This resistance is the radiation resistance of
the antenna; a well-grounded antenna, suspended vertically from a
balloon, will have but little other resistanee, at its quarter wave length
oscillation. We say “ suspended from a balloon ” because when hung
between steel towers (as is the case with the average antenna) the
radiation resistance may be only a small fraction of this value; cur-
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rents induced in the towers and other parts of the suspension structur
may reduce the radiation resistance of the antenna to a very small
fraction of its theoretical value.

Losses in heating the wires of the antenna itself, losses in insulators,
losses in the ground under the antenna, ete., all act to increase the
actual resistance of the antenna, especially for the lower frequencies.
In Fig. 151 is shown a conventional antenna resistance curve, showing
a resistance of about 35 ohms at the quarter wave length excitation,
X.; this diminishes to about 10 ohms at about half this frequency, and
for still lower frequeneies it rises on a nearly straight line.

The radiation resistance, varying inversely with the (wave length)?,
is shown by the dotted curve, falling rapidly for the longer wave lengths.
It is to be remembered that
the power radiated from the
antenna is equal to this re-
sistance  multiplied by the
square of the antenna current.
Whatever other resistance the

50—

o
=
1

antenna may have (in addition

Resistance
(23
o

|
|
|
|
to the radiation resistance) 20k {
represents loss of power only; : N
it is of no service in carrying 10 : \\\
. . . \\
on radio communieation, but I s e
0 . {
results in heating of the ground N
. . 0 Wave Length
and other wmaterial in and nave Leng
I1g. 1514,

around the antenna.

It is praetieally necessary to tune the antenna ecireuit to the fre-
quency of its power supply; otherwise pract ically no energy will flow
into the antenna from the power source. For frequencies of power
supply lower than the quarter wave length frequency. it is necessary
to insert an induetance between the antenna and ground, in order to
establish resonanee with the power supply. A coil so used is generally
called a loading coil.

If it is desired to supply the antenna with power of frequency
higher than the quarter wave length frequeney it is neeessary to con-
neet a condenser between the antenna and ground.  Such a condenser
is evidently ¢n series with the capacity of the antenna and so results in
a total capacity in the antenna circuit less than the antenna capacity.
Such a condenser, inserted in series with the antenna to tune it for
frequencies above its natural frequency, is called a *‘ shortening con-
denser,”” as it results in a shorter wave length radiation.

If the true inductance, Lo (for uniform current distribution) and
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true capacity, Co (for uniform potential distribution) are measured
by any means it will be found that they do not serve to caleulate the
natural frequency (quarter wave length) from the formula

1

27r VIA(JC(J'

It will be found that the frequency so ealeulated is too low; it must
be multiplied by <g> to give the quarter wave length frequency.

As both the L and C of the antenna, for quarter wave length oscil-
lation, are determined by a sinusoidal distribution of either current or
voltage, as Lo and Co are determined with uniform distribution of cur-
rent and voltage, it is reasonable to assume that both Lo and Cy have
been reduced in the same degree by the redistribution of current and
voltage. Thus for the quarter wave length oscillation L, = (2/7)Lo

2
and C, = — Co; using these values L, and C, in the resonance formula
™

1
J = —————, does give the natural frequency.

w\/L(,Ca

The above theory deals only with antennas of uniform structure,
but very few antennas are so constructed. Most antennas are of T
form, and the top part of the structure generally consists of several
wires in parallel, whereas the down lead is a single wire. The above
simple theory can be applied only approximately to this structure,
because the inductance and capacity per unit length vary at different
parts of the antenna. However, such an antenna is affected by load-
ing coils and shortening condensers in the same manner as the simple
antenna.

As mentioned in Exp. 17, it is customary to measure the capacity
of an antenna for the uniform potential distribution condition. This
is done by measuring the resonant frequency of the antenna when a
large loading coil has been added. From the measured frequency and
known inductance (antenna inductance neglected) the capacity of the
antenna is calculated. IFrom this value of eapacity and the measured
quarter wave length frequency the inductance of the antenna is cal-
culated. Correction to this calculated value of capacity can then be
made if desired, as shown in LIxp. 17.

In this experiment the antenna constants are to be determined
by comparison with a dummy antenna, the circuit being arranged
as in Fig. 152. A variable frequency power supply, exciting coil M,
induces a current in the antenna by the coupling between M and the
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loading coil L. The magnitude of the current is read by the thermo-
couple ammeter A.

For a given value of loading coil L, the frequency of the power supply
is varied until ammeter A indicates that resonance has been attained.
The double-throw switch S is then thrown so as to inelude the variable
low loss, calibrated condenser C, and resistance box I, in series with
the loading coil L and ammeter A. Condenser € is varied until reso-
nance is established with the power supply, and then the resistance R
is varied until ammeter A reads the same as it did in the antenna eir-
cuit. ~ After checking the resonance conditions, and equality of ammeter
readings, by means of S, the readings of ¢ and R may be taken as
the capacity and resistance of the
antenna.

This operation is repeated for a
whole series of loading coils, pref-
erably constructed for this purpose,
of low-resistance radio cable. The
lower the resistance of the loading
coils, the more accurately can the
antenna resistance be determined.
The resistance of the thermo-
couple heater should also be as low
as feasible.

In this determination the in-
ductance of the antenna itself has
been neglected. If it is desired, Fia. 152,
this can be allowed for by introduc-
ing into the dummy antenna cireuit, at N, a small coil of the same
inductance as the antenna. Its resistance must be known, by other
tests, throughout the frequency range to be used in this <est.

After making measurements with all values of loading coil ealled
for in this experiment, the measurements should be earried out for two
or three values of shortening condenser, substituted in place of the
loading coil L. These should preferably be small fixed condensers of
mica, so that their series resistance is small.  Suitable values of capac-
ity are same capacity as the antenna, twice as much, and five times as
much.

In this test the loading coil L cannot be completely removed. A
small coil must be left in circuit, to serve for coupling the antenna
circuit to the power supply.

If the high-frequency resistance of the various loading coils is known,
the resistance values of the antenna can be checked by the added

Antenna

% Power supply

M
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resistance method. No dummy antenna circuit is required, but the
resistance R is inserted directly in series with the antenna. After
establishing resonance with the power supply, the value of I being
zero, sufficient resistance is put in I to reduce the current to one-half
its value. The added resistance required to bring this about is just
equal to the resistance of the antenna circuit, so that if the resistances
of the loading coil and ammeter A are known, the resistance of the
antenna is at once determined. It is generally necessary to retune the
antenna circuit, by changing the impressed frequency a slight amount,
after the resistance K has been added. This is because the resistance
It itself has some inductance which may be sufficient to mistune the
antenna to an extent sufficient to affect the ammeter reading.

If the antenna is located an appreeiable fraction of a wave length
from other condueting structures the resistance-frequency curve will
probably be smooth, but if it is loeated on a steel framework building
or is near metal roofs, poles, ete., there will probably be found many
irregularities in the resistance curve. An antenna which shows a
resistunce curve rising rapidly with inereasing wave length generally
has a poor ground conneetion, or has much defective dieleetric in place
to be affected by the electric field of the antenna.  Cases have been
reported which indicate that a tree in the immediate neighborhood
may possibly double the resistance of an antenna, at the lower fre-
quencies.

Plot suitable curves to show how the antenna constants change with
wave length.  Show by dotted line the estimated radiation resistance
of the antenna.
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Object.—Study of the action of a triode in an oscillating receiver
circuit. Interpretation of noises heard in the telephone receiver.
Action of too much coupling, when using grid condenser and leak.
Heterodyne reception of continuous wave signals.

Analysis.—When a triode is used to generate alternating current
power in circuits requiring watts of power, such as those studied in
Exp. 27, c.c. meters are used in grid and plate eircuits, and hot wire
meters serve to measure the amount of high-frequency current flowing
in the oscillating circuit. In circuits of this type it is comparatively
easy to grasp quantitatively the interdependence of the various circuit
adjustments.

In a certain type of radio receiving set it is necessary to arrange the
circuit to generate alternating currents of adjustable frequency, and
the magnitude of the alternating current sct up is so small that no
ordinary meter would measure it, even if the receiving set. were equipped
with such a meter. Furthermore, no meters are furnished to measure
either plate or grid current; the only instrument available to tell the
operator what is happening in the circuit is the telephone receiver in
the plate circuit of the triode. This, of course, is not a quantitative
measuring device; in combination with the ear it is ouly a very rough
meter of the amount of energy supplied to it. (Sce the results obtained
in Exp. 23, p. 179, on ability of ear to judge intensity of sound.)

In this experiment the student is to set up one of these oscillating
circuits, having, however, a milliammeter in the plate cireuit in addition
to the telephone receiver; by observing the indications of the plate
current meter in eonjunction with the sounds heard in the phone, the
significance of the phone sounds is readily grasped.

The signals of a continuous wave transmitter, if put through a
crystal rectifier receiver, or a non-oscillating triode detector, would
be inaudible except for faint undecipherable clicks. To produce
ordinary musieal dashes and dots, it is necessary to have the incoming
signals coexist in the receiver circuit with another high-frequency cur-
rent of constant amplitude, the frequency of which differs from that of
the incoming signal by a few hundred or a thousand cyeles per second.
These two coexisting high-frequency currents of different frequencies
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will produce * beats,” that is, pulsations in amplitude of the actual
complex current existing in the circuit, and these pulsations in amplitude
will have a frequency equal to the difference of the signal frequency
and the locally generated frequency.

A varying amplitude, high-frequency current, passed through the
ordinary detector cireuit, produces a current in the phones of frequency
the same as the amplitude variations. This then is the frequency of
the note the listening operator hears. It is under his control because
he can adjust the frequency of the loeally generated oscillations.  The
circuit generally used employs a tuned cireuit in the grid of the triode,
coupled magnetically to a coil in the plate circuit, as shown in Fig.
153. The coil Ly which supplies plate circuit energy to the grid circuit
is generally called the “ tickler 7 coil; it is of comparatively few turns,
arranged for adjustable coupling with L. With the correct relative
polarities of coils Ls and L., as the coupling is increased it will be found
that oscillations are set up in the Lo~Cs cireuit when M exceeds a cer-
tain value, the value depending upon plate voltage, resistance of the
L2>—C> circuit, grid bias, amount of coupling between L» and Lj, value
of L, filament current, etc.

Let us first suppose there is no coupling between L and L), so
that the disturbing effect of the antenna is absent.

When the coupling of Ly to L. is increased past the eritical value,
oscillations begin, and we know that under ordinary conditions these
make the average value of the plate current increase; this effect was

investigated in Exp. 22, in

which arrangement the in-

s crease in plate current was

used as a measure of the

‘/P - amplitude of the alternating

e 5 voltage impressed on the
x WKEQO] | grid cireuit.

La@ Now when oscillations

are set up in such a circuit

FiG. 153. as that of Fig. 153, this in-

crease in average plate cur-

rent must flow through the telephone receivers, thus pulling down the

diafram, or letting it pull away from the pole pieces, according to the
direetion of current through its windings.

Such a motion of the diafram, if it takes place quickly enough, will
give a click, the sharpness and distinctness of the click depending upon
the rapidity with which the plate current changes. By having a milli-
ammeter in series with the phones, and listening carefully, a faint click
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will be heard as M is increased, and this click will be heard just as the
milliammeter in series with the phones shows the increase in plate
current.

The inerease in M must be carried out with sufficient speed or else
the oscillations are set up so gradually that the plate eurrent increases
too slowly to produce an audible sound in the phones. It will be
noticed in this test that the click becomes softer and more indistinet
as the increase in J[ is brought about more slowly. It will be noticed
from the plate circuit ammeter that the sharpness of the click depends
entirely on the speed with which the plate current increases, that is,
upon the speed with which M is increased.

When M, being diminished, is decreased past the critical value, it
may be that another click is heard, if M is decreased rapidly enough.

It is possible to make the plate current deerease when oscillations
start, by underexciting the filament, that .
is, using less than normal filament current. /

If the characteristic I,-F, curve of the
triode has the form shown in Fig. 154, the
plate current will decrease when oscilla-
tions start. The upper, level, part of the
curve is due to lack of emission, caused by 1.
the filament current being too low. Lvi-
dently when the grid potential oscillates
about point A (Fig. 154), the decrease of
plate current when the grid goes negative — 0

is much greater than the increase when Grid potential

the grid goes positive. So the average Fia. 154,
plate current decreases.

However, if the filament current is increased to give sufficient
emission, the /,~E, curve follows the dotted line; the increase of plate
current, with alternating voltage on the grid, is greater than the decrease,
so the average plate current increases.

Frequently the arrangement of Fig. 153 is modified by the use of a
condenser, shunted by a leak resistance, in series with the grid. In
this case the plate current always deereases when an alternating vol-
tage is impressed on the grid, so that the starting of oscillations for this
circuit is always accompanied by a decrease in plate current. This
effect also was investigated in Fxp. 22.

As the average oscillating receiver circuit has no ammeter in the
plate circuit, the operator must tell by the sound in his phones whether
or not the circuit is in a state of oscillation. As already analyzed,
there is a slight click when oscillations start or stop, provided the effect

/
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is rapid enough. However, there is a much more reliable and simple
test to detect oscillations.

If the finger (preferably moistened) is touched to the grid, the
oscillations are practically always stopped, if there are any. The
slight coupling between plate and grid cireuits is not sufficient to supply
the loss due to high-frequency currents flowing in and out of the body,
and so the oscillations are stopped. With tighter coupling it may be
necessary to actually connect the grid to the filament, by means of
finger and thumb, to stop the oscillations. This is done by touching
the filament terminal with the thumb and the grid with the finger.
As contact with the grid is made a sharp click is heard, and an equally
sharp one is heard when the finger is removed. There is only one
condition under which this finger test does not always give reliable
indications and this is shown with the help of Fig. 155. The grid leak
may connecet around the condenser C, or it may connect from the grid
to the positive filament terminal; this is the
preferable connection for the average triode.

The grid is not now at the same potential
as the filament, even when there are no oscilla-
tions, so that when the thumb is in contact with
the filament and the finger is touched to the
grid, the potential of the grid changes and a cor-
responding change in plate current occurs. Thus
a click is heard in the phones, and the triode is
not oscillating.

If, however, the finger is touched at point B

I16. 155. (Fig. 155) instead of point A, the test for oscilla-

tions is a reliable one. DPoint B is evidently

at the same potential as the filament because it connects to the filament

through the negligible resistance of coil L. Hence, when there are no

oscillations present, making finger contact with point B gives no click

in the phones, but a very sharp click is heard if there are oscillations

present. This is because the oscillations are stopped when the finger

is touched to point B; stopping the oscillations changes the average
grid potential, and so the average plate current.

The finger test for oscillations is therefore reliable if the thumb
is touched solidly to the filament and the finger is touched solidly to
that end of coil L which is next to the grid. Presence of a click when
contact is made or broken means oscillations are present, and of course
vice versa.

The use of grid condenser and leak is advisable because of the
much greater sensitivity of the triode as a detector when a condenser
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is used. However, certain peculiar effects may be observed, with this
connection, which we will now analyze.

If the coupling between the tuned circuit and tickler coil is made
too tight, a shrill note may be heard in phones, with certain values of
condenser and leak resistance.  With other values a low musical note
may be heard, or even a series of clicks. The note, or frequeney of
clicks, is generally lowered if the tickler coupling is inecreased, and
generally raised if the eapacity of the condenser in the tuned eircuit
is increased.

By increasing the capacity of grid condenser, and increasing the
resistance of the leak, other conditions being left the same, the fre-
quency of the note, or of the elicks, may be lowered until the click
occurs perhaps at the rate of once a minute or slower. 'I'v obtain this
frequency the grid condenser must be a mierofarad or more, and the
leak resistance many megohms.  Also the triode itself must have a
high resistance between grid and eathode, that is, there must be very
little ionized gas in the tube.

The phenomenon mentioned above is caused by the triode gener-
ating oscillations (of about the natural frequency of the tuned eireuit)
in groups, and the frequeney of these groups is the note heard in the
phones.

With the tight coupling assumed when oscillations start in the
La~C> circuit (Fig. 155) they become so violent that a very large nega-
tive charge builds up on the grid. The resulting high negative poten-
tial on the grid completely shuts off the plate current, causing it to fall
to zero.  But this leaves the tuned grid cireuit with no power supply;
it must be remembered that the power to maintain the oscillations in
the grid circuit comes from the fluctuating plate current.

The oscillations in the grid circuit cease almost as soon as the plate
current is shut off, because of the deerement of the eireuit. Thus if
the decrement is 0.03, a reasonable value, the oscillations will die down
4.6 4+ (.03

0.03
ceyeles.  For a circuit having the right L» and Cs for tuning broadeast
frequency currents, this represents only about 0.0002 second. Thus
we may say the oscillations die out practieally as soor as the plate cur-
rent drops to zero.

Now the eharge on the grid condenser must practically all leak off
before the plate current can again increase to a value sufficient to start
oscillations. The time taken for the charge to leak off is determined
by the time constant of the circuit, it taking a time equal to CR seconds
for 63 per cent of the charge to leak off.

to 1 per cent of their original amplitude in cycles, or 154
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If the grid builds up to a negative potential of 50 volts, and not more
than 5 volts bias on the grid can be used without decreasing the plate
current to such an extent as to cause cessation of oscillations, then 90
per cent of the grid charge must leak off before oscillations again start.
This requires a time about 2 CR seconds. That is, if C = 1uf and
R = 1 megohm, two seconds must elapse before the oscillations again
start, after being stopped.

This effect ean be studied very casily by means of the plate circuit
ammeter.  Simultancously with a elick in the phones, this ammeter
reading drops {o zero; presently a gradual increase in the plate current
is scen (the charge is leaking off the grid condenser), and when it reaches
a certain critical value another click is heard in the phones and the
ammeter again drops to zero.

With the ordinary grid condenser of 250uuf and leak of 2 megohms
the time constant is only 0.0005 second. According to the analysis
given above, the plate current would rise and then fall to zero about
1000 times a second, thus giving 1000 clicks in the phones each second.
This would sound like a pure note of 1000 vibrations per second.

Now if the coupling is increased, other conditions being left the
same, the oscillations start more violently than they did before, the
grid is forced to even greater negative potentials when the oscillations
start, and thus, owing to the greater charge gained by the grid, more
time is required before the charge can leak off.  This results in a lower-
ing of the note heard in the phones,

If the value of eapacity in the La—C. circuit is increased, the inten-
sity of oscillations set up by a given coupling is diminished, so that the
charge built up on the grid condenser is not as great. This would
tend to give a higher frequency of clicks in the phones. However,
oscillations are not established as easily with a larger value of Cs
so the plate current must have a higher value before oscillations are
re-established. This effect tends to give a lower frequency of clicks
in the phones.

The first action generally has the predominant effect, because it
will be found that the note in the phones generally increases in fre-
quency as the capacity of the tuning condenser is increased.

The coupling between the tickler coil and tuned grid ecircuit must
be limited to a value only slightly above its eritical value (that is, the
value required to start oscillations), if this periodic starting and stopping
of oscillations is to be eliminated. This necessitates that the tickler
coupling be increased, as the tuning condenser is increased in capacity.
If sufficient coupling is used to properly establish oscillations with all
of the tuning condenser in circuit, it will generally be found that the
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circuit will squeal (start and stop oscillations) if the tuning condenser
is decreased to its minimum value, the coupling being left the same.
For best results, coupling must be diminished as tuniag condenser is
decreased.

We will now consider the effect of the antenna circuit; a careful
study of its action will show the applicability, to radio circuits, of the
results obtained in Exp. 5. It was shown there that a tuned circuit,
coupled to a coil, always increased the effective resistance of the coil,
and that it might cither increase or decrease the reactance of the coil
according as its condensive or inductive reactance predominated.

Suppose now the coupling between Lz and Ly (Fig. 153) has been
increased just enough to produce oscillations in the Lo-Ca circuit, as
shown by the finger test. If, now, with the antenna circuit coupled
to the L:—C: cireuit, the antenna circuit is tuned to the L»—C2 circuit,
it will be noticed that the oscillations in the L»—C» circuit are sup-
pressed. The finger test will show that there is a range of adjustment
of the tuning of the antenna circuit within which the triode does not
oscillate; this range increases as the coupling between the antenna
and L2—C2 circuit is increased. If the tuning of the antenna circuit is
changed with sufficient rapidity the phones will give a double click
as the tuning passes through the critieal range.

It will be found that oscillations in the L2-C: circuit can be restored,
even when the antenna is tuned to this circuit, by increasing the tickler
coupling to a sufficient extent. The tighter the antenna is coupled to
the Lo—C> circuit, the more must the tickler coupling be increased to
produce oscillations.

The amount of tickler coupling required to produce oscillations
depends upon the resistance of the Ly-Ca circuit; the greater the
resistance, the more must the coupling be increased. Now the coupled
antenna circuit greatly increases the effective resistance of the Lo—Cs
circuit, when the antenna circuit is tuned to the frequency of the cur-
rent in this latter circuit. It is because of this resistance, introduced
into the L>-C3 circuit by the tuned antenna, that the L.—Cs circuit
oscillations are suppressed, unless the coupling of the tickler coil is
increased sufficiently to overcome this effect. of the additional resistance.

This cessation of oscillations due to the resistance introduced into
the Lo—C2 circuit by another circuit, coupled and tuncd to it, is useful
in measuring the frequency of the oscillations. If the extra circuit is
a wave meter the cessation of oscillations is an indication that the
wave meter is tuned to the frequency of these oscillations; by suffi-
ciently diminishing the coupling between the L.—C» circuit and the
wave meter, the range of wave meter adjustment throughout which
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the oscillations are suppressed becomes narrower, so that a quite
accurate frequeney determianation of the oscillations can be made.
Some such scheme as this for measuring frequency is necessary in
oscillating receiving circuits; the amount of power generated in the
oscillating cireuit is not sufficient to operate the hot wire meter by which
the wave meter is ordinarily tuned, so that it is only by this indirect
indication, in the circuit being measured, that the wave meter is tuned
to it.

The effect of the antenna circuit on the reactance of the Lo-Cs
circuit can be nicely determined, in a qualitative manner, by listening
to the beat note between the oscillating receiver, and a continuous
wave transmitter. The latter can well be a small transmitting triode
circuit set up right in the laboratory, and left oscillating.

When the {uning of the receiving circuit (this being adjusted to
oscillate) is slowly changed, through a value which tunes it to the
transmitter, the following effect will be noticed. A shrill whistling
note, at the upper limit of audibility, is first noticed, and as the tuning
condenser of the receiver is changed this note comes gradually down
the whole audible seale, passes below audibility, appears again as a
low note, and then gradually ascends and disappears again through
the upper limit of audibility.

Let us suppose an ordinary SLC condenser is used and that it is
set at 50 (on a 0 to 100 seale) to generate a frequency of 1000 ke., and
that the laboratory transmitter is generating 1000 ke. An ordinary
phone is extremely incfficient at the upper limit of audibility, so we
may regard 10,000 vibrations a second as high as the telephone will
give.

If the tuning condenser of the receiver is set at 45 the frequency
generated will be about 1050 ke.; the beat note of 50 ke. will of course
be inaudible. When the condenser is set at 49 the frequency generated
is 1010 ke., so the beat note becomes audible. A variation from 49 to
50 on the tuning condenser changes the beat note from 10 ke. to zero,
so this slight change in setting of the tuning condenser, from 49 to 50,
is sufficient to send this heterodyne note through the whole audible
scale.

If now the condenser is changed from 50 to 51 the note, starting from
zero, goes up to a frequeney of 10,000 vibrations per second, and further
increase in capacity setting sends it through the upper limit of audibility.

Unless the circuit is properly grounded it may be that the note
changes by thousands of vibrations per second, as the hand is approached
to tune the circuit. This is due to the capacity of the body affecting
the frequency of the oscillations generated in the receiver.
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If the transmitter is close to the receiver a peculiar effect will be
noticed.  As the note heard in the phones approaches the lower limit
of audibility it disappears. Fxamination of the condenser setting may
show that the difference of transmitter and receiver frequencies should
be, say, 500, yet no note is heard. It is naturally supposed that the
recciver has stopped oscillating, for some cause or other, but the finger
tost shows that the circuit is oscillating. By observing this phenom-
enon with the transmitter at different distances from the reeeiver it
will be found that the receiver tends to synchronize itself with the trans-
mitter, and that the ability of the transmitter to pull the receiver into
synchronism with itself increases as the distance between them is
decreased. For a certain distance between transmitier and receiver
it will be found that a certain minimum frequeney beat note can be
heard. As the coupling between transmitter and receiver is inereased,
the pitch of this “lowest audible note ” increases, so that if they are
close together, for example, they may pull into synchronism when their
natural frequencies (each independent of the other) are possibly 1000
cycles apart. This means that the lowest beat note audible has a
pitch of 1000 vibrations per second.

Besides the normal heterodyne note which has a pitch equal to the
difference of the two frequencies, many other beat notes can be heard
for various adjustments of transmitter and receiver. The transmitter
necessarily generates a number of harmonic currents, in addition to
its fundamental, So if its normal frequency is 1000 ke., as assumed
above, it is also sending out 2000 ke., 3000 ke., ete.  We supposed
above that the receiver condenser, when set on 50, gave its circuit a
frequency of 1000 ke.  If then it is set on about 12 it will generate 2000
ke., and so a beat note will be heard between the receiver frequency and
the sccond harmonie of the transmitter.  With its condenser set on
about 4, the receiver circuit generates 3000 ke., so a beat note is heard
from the third harmonic of the transmitter.  In this way a great many
harmonies of the transmitter may be picked out.

It also may occur that the receiver cireuit is set to generate 500 ke.
and that it generates as well a second harmonic of 1000 ke. Then a
beat note may be heard between the fundamental of the transmitter
and the second harmonic of the receiver.

It will be found that the relation between condenser setting of the
receiver, and the frequency it generates, is not quite in accordance with
the law that frequency varies inversely as the square root of the capac-
ity. This is due to the fact that the cirecuit itself has eapacity between
its various parts in addition to the condenser capacity, and, of course,
as the condenser setting is changed the stray capacity is not altered.
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The effect of this stray capacity is especially noticeable when the con-
denser has comparatively low capacity, that is, at the lower divisions
of its scale.

When listening to the beat note phenomenon, the effect of the
antenna tuning on the reactance of the coil L of the receiver circuit
can casily be observed.

Suppose the transmitter is set to give a frequency of 998 ke. and
the receiver is set to give 1000 ke., with no coupling between it and
the antenna. The beat note heard has a piteh of 2000 vibrations.

Now we will suppose that the antenna is coupled to the coil of the
oscillating circuit, with too small an inductance for tuning it to the
frequency of the La—Ca» circuit. The capacity re