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1. DEFINITION

The dynatroin belongs to the kenotron family of high vacuum,
hot cathode devices-which the Research Laboratory has de-
veloped. Two members of this family, the kenotron rectifier
and the pliotron, have already been described in this journal
The fundamental characteristic of kenotrons is that their oper-
ation does not depend in any way upon the presence of gas.

In construction, the dynatron resembles the kenotron recti-
fier and the pliotron. In principle and operation, however, the
three are fundamentally different. Each utilizes a single im-
portant principle of vacuum conduction. The kenotron rectifier
utilizes the uni-directional property of the current between a
hot and cold electrode in vacuum. The pliotron utilizes the
space charge property of this current, which allows the current
to be controlled by the electrostatic effect of a grid. The dyna-
tron utilizes the secondary emission of electrons by a plate
upon which the primary electrons fall. It is, as its name indi-
cates, a generator of electric power, and feeds energy into any
circuit to which it is connected. It is like a series generator,
in that its voltage is proportional to the current thru it, but it
is entirely free from the hysteresis and lag that are inherent in
generators and in all devices which depend upon gaseous ioniza-
tion.

2. CONSTRUCTION
The dynatron consists essentially of an evacuated tube

containing a filament, a perforated anode and a third electrode,
called the plate. The essential construction is shown in Figure
1. The plate must be situated near the anode, in such a
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position that some of the electrons, set in motion by tl)e anode
voltage, will fall upon it. A battery is provided for main-
tainling the filament at irncandescence and for maintaining the
anode at a constant positive voltage of 100 volts or more, with
respect to the filament. This voltage is not varied during
operation, and the anode plays no part in the operatioin of
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FIGURE 1

the tube except to set in motion a streanm of primuarv electroins,
and to carry away the secondary electrons fronm the plate; that
is, to supply the power.

Figure 2 shows the construction of one of the practical
types of dynatron that have been developed. The plate has
been bent into the form of a cylinder (Figure 2, a) in order to
utilize more fully the electron emission from the filamiient, andl
the anode has been provided with a large number of holes, in-
stead of one. This is accomplished by using a perforated
cylinder (Figure 2, b), or spiral of stout wire (Figure 2, c), or
a network of fine tungsten wires (Figure 2, d). The filament
is a spiral of tungsten wire (Figure 2,e). The filaimient may-
be further provided with a heavy insulated wire along its axis
(Figure 2, f), or surrounded by an insulated spiral grid (Figurie
2, g), making a "four member" tube, which is called a plio-
dynatron. The characteristics of the pliodynatron are dliscussed
in Section 8.

3. CHARACTERISTICS NEGATIVE RESISTANCE
Electrons from the filament F (Figure 1) are set in Imotion

by the electric field between F and the anode A. Some of
them go thru the holes in the anode and fall upon the plate P.
If P is at a low potential with respect to the filament, these elec-
trotis will enter the plate and form a current of negative elec-
tricity in the external circuit. If the potential of P is raised,
the velocitv with which the electrons strike it will increase
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and when this velocity becomes great enough they will, by
their impact, cause the emission of secondary electrons from
the plate. These secondary electrons will be attracted to
the more positive anode A. The net current of electrons,

FIGuRE 2-DYNATRON

received by the plate, is the difference between the number
of primary electrons that strike and enter it and the number
of secondary electrons which leave it. The number of pri-
mary electrons depends on the temperature of the filament and
is practically independent of the voltage of the plate. The
number of secondary electrons, however, increases rapidly with
the voltage difference between plate and filament, and may
become very much larger than the number of primary electrons;
that is, each primary electron may produce several secondary
electroDs, as many as twenty in some cases.

The result is the characteristic voltage current relation shown
in Figure 3. The abscissas represent voltages of the plate with
respect to the negative end of the filament. The ordinates
represent current in the plate circuit, reckoned positive for
electrons passing from filament to plate, i. e., in the direction
that is equivalent to positive electricity flowing from high po-
tential to low across the vacuum. It is seen that. for low volt-
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ages, the current is very small, since only those electrons which
come from the most negative end of the filament are able to
reach the plate. As the voltage is increased, the current in-
creases rapidly, and at about 25 volts, the plate is receiving the
full primary current from the whole filament. For all higher
voltages, this primary current remains essentially constant.

FIGUtRE 2, a

/: : 0

T1
FIGURE 2,b FIGURE 2, c FIGURE 2, d

When the voltage is raised above 25 volts, however, the
second factor becomes important. The primary electrons
strike the plate with sufficient energy to cause the emission of
secondary electrons, and this emission increases rapidly with
the voltage, hence the net current to plate decreases rapidly.
At 100 volts the number of secondary electrons leaving the
plate is equal to the number of primary electrons entering it,
so that the net current received by the plate is zero. As the
voltage further increases, the number of secondary electrons
becomes greater than the number of primary electrons, and the
plate suffers a net loss of electrons; that is, the current is in the
opposite direction to the impressed voltage. When the voltage
is still further increased, a point is reached at which the anode
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is no longer sufficiently positive to carry away all the secondary
electrons from the plate, and the current to the plate again
becomes zero, and then rapidly rises to a value corresponding
to the number of primary electrons.

It is evident from Figure 3 that over the range A to C, that
is, between 50 and 150 volts in the case here represented, the
current in the dynatron decreases almost linearly with increase

FIGURE 2, e FIGURE 2, f FIGURE 2, g

of voltage, and obeys the equation i =E+i, where io and r

are constants, f being negative. Since the constant io does not
affect the variable part of the current in any of the applications
for which the dynatron has been used, it is convenient to char-
acterize the dynatron by the constant f, which will be called
its negative resistance. The justification for this name is that
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the behavior of the dynatron in any circuit containing resist-
ance, capacity, inductance and electromotive force can be accur-
ately calculated by treating the dynatron as a linear conductor
with negative resistance r. Examples of such calculations are
given below.

The ternm io in the above equation disappears if the dynatroin
is connected in series with a battery, of voltage equal to that at
which the dynatron current is zero (point B, Figure 3). The

Ecombination is a true negative resistance, for which i = Es For

exanmple, if the dyDatron of Figure 1 be put, with its batteries, in a
box, and two wires be brought out thru the box as terminals,

.0 A0 / 0 ot
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FIGUiRE 3

one from the plate P and one from a point V0 of the battery
corresponding to the point B of Figure 3, this "negative re-
sistance box" would behave in all respects like a conductor
with negative resistance, over the range of voltage, positive
and negative, represented by BCo and BA0 in Figure 3.

The magnitude of the negative resistance, which is the slope
of the current voltage curve, Figure 3, and the range of voltage
Ao-CoC over which it can be used, depends upon the anode
voltage, the temperature of the filanment, and, to s'ome extent,
on the shape and material of the electrodes. The effect of
varying anode voltage alone is showni for two different types
of tube in Figures 4 and 5, and the effect of varying filament
temperature in Figure 6. It is seen that the effect of varying
anode voltage is, in general, to shorten or lengthen the range
of the negative resistance part of the curve, without changing
the value of the negative resistance. A slight shift in the voltage
VO at which the curves cross the axis is, for one tuibe, to the right
with increasing voltage, and for the other, to the left. It is
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therefore to be anticipated that with proper construction, this
shift could be made accurately zero, and the operation of the
tube be independent of the value of anode voltage over a wide
range. Varying the filament temperature, on the other hand,
changes the negative resistance only, without affecting the range
or the value of VO. This affords a simple means of adjusting
the negative resistance to any desired value, buit at the same
time imposes a condition upon the uniform operation of the
tube, namely, that the temperature of the filament be kept
constant.

It will be noticed that the negative slope of the curves in
Figure 4 is less straight than those of Figuire 5. This is a dis-
advantage where exact balancing of positive and negative re-
sistance is desired, but for some of the purposes of radio work
to be described later, it is an advantage. The degree of curv-
ature depends upon the construction of the tube, and may be
made anvthing that is desired.

4. DYNATRON IN CIRCUIT CONTAINING POSIT1B E RESISTANCE
A. SERIES CONNECTION. CIRCUIT WITH ZERO RESISTANCE

If the dynatron is connected in series with a circuit contain-
ing positive resistance, the total resistance of the circuit is the

FIGURE 4
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algebraic suml of the positive and negative resistances, and nmav
be made as small as desired by making the positive and negative
resistances nearly equal. Such a circulit has verv interesting
properties. For, while the total resistance of the circuit is very
small, that of its parts, individually, is not. Hence a small
change in the e.m.f. applied to the whole circuit will cause a
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comparatively large change in current and therefore in the iR
drop across each part separately; i. e., the circuit acts a.s a
voltage amplifier.

The conlections are shown in Figure 7. An ohmic resistance
R is connected in series with a dynatroeaof negative resistance r,
the battery teriinal of the dynatron being connected at the
point VO, corresponding to the voltage at which the dynatron
curreD?t is zero.9 (B, Figure 3.) If an e.m.f. E be irmpressed
across the combination, causing a current I to flow and a voltage
drop el in the ohmic resistance and e2 in the dynatron, then

2The amplification of voltage chanwges remains the same if the batterv
terminal of the dynatron is at some other point than that corresponding to
the pointB in Figure 3, provided it be in the& range A-C (Figure 3) over
which the dvnatron curve is straight. In that case the equations are

el=IR
e2= I i-Io f, where IO is a constant

hence E=I (F+R)-I0r
de, R

-, that isdER+r'

voltage changes are amplified in the ratioR
12



e= JR
e2=Ir
E=I (f+R),Hence

and ~e1 Rand E f+R
is the ratio of voltage across the ohmic resistance to total voltage,
that is, the voltage amplification. This can evidently be made
as large as desired by making r and R nearly equal, since r is
negative.

/oltaqe ofPlate

FIGURE 6

These relations may be clearly seen in the graphical repre-
sentation of Figure 8, where the three cuirves marked el, e2 and
E represent the current-voltage relation in the ohmic resistance,
the dynatron, and the total circuit respectively.

With constant batteries, an amplification ratio of 1000-fold
13



can easily be maintained. For example, if R represents a high
resistance galvanometer of 2,000 ohms or more, an e.m.f. of
0.01 volt impressed at the terminals of the combination will
cause an e.m.f. of 10 volts across the galvanometer, with cor-
responding amplification of galvanometer current.

Further examples and applications of this principle to radio
work are given in a later section.

FIGURRE 7

B. PARALLEL CONNECTION
If the dynatron is connected in parallel with a circuit con-

taining positive resistance, the total conductivity of the circuit'
which is the sum of the positive and negative conductivities of

Z'

FIGURE 8

its parts, can be made very small. The circuit then acts as a
current amplifier. The connections are shown in Figure 9.
The total current I is the sum of the current ii thru the positive
resistance and i2 thru the dynatron.
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Hence

by making r and R

I=il+i2=EQ ±+)
(r R)

which may be made very large

nearly equal.

FIGURE 9

These relations are shown graphically in Figure 10, where
the curves marked ii, i2 and I represent the current-voltage
relation in the positive resistance, the dynatron, and the total
circuit respectively.

The current I to be amplified may be that thru a photo-
electric cell, a kenotron, or any other non-inductive device the
current of which is independent of voltage.

I

P.

FIGURE 10

5. DYNATRON IN CIRCUIT CONTAINING RESISTANCE, INDUCTANCE,
AND CAPACITY

If the dynatron be left open-circuited, as in Figure 1, it is
unstable. This was to be expected as a necessary accompani-
ment of "negative resistance," and can easily be seen from the
current-voltage relation in Figure 3. For when the voltage is
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greater than that corresponding to the point B, the plate is
losing electrons, and hence becoming more positive; and the
more positive it becomes, the more rapidly it loses electrons,
until the point C is reached. Above C it continues to lose
electrons, but more slowly, until it reaches the potential D at
which it is in equilibrium. In like manner if the initial potential
of the plate is less than B, it will continue to receive electrons
until its potential has fallen to 0. At B the plate is in equilib-
rium, but the equilibrium is unstable, and if slightly dlisturbed,
it will go to 0 or D.

The same instability occurs if the circuit of Figure 1, in-
stead of being left open, is closed thru too high a resistance, so
that the rate at which the plate receives electrons is greater
than the rate at which these electrons can flow away thru the
resistance. In this case the equilibrium voltages will not be D
and 0, but some voltage in the range D C0, and 0 A, respectively.
This behavior may be strikinglv shown by connecting a volt-
meter between filament ard plate, and opening the circuit.
In this case the stable positions are 0 and a point just below D,
and if the plate is originally at B, it will jump to either one or
the other of these positions, depending on chance.

If the circuit contains inductance and capacitv, as well as
resistance, a similar actioni takes place. The plate charges up
thru the vacuunm, at a rate depending on the capacity and
negative resistance, and discharges thru the circuit at a rate
depending on the inductance and positive resistance. If the
inductance is too high, the plate will receive electrons muore
rapidly than they can flow away thru the inductance, and will
charge up to some point beyond A or C at which the rate of
charge and discharge are instantaneously equal. The inertia of
the inductance will then carry it backward towaird B, and if the
resistance is not too great it will pass thru B and oscillate con-
tinuously. Whether the circuit will oscillate continuously, Or'
come to rest at B, or come to rest at some other voltage betweein
0 and D, depends on the relations between inductance, positive
and negative resistance, and capacity. These relations can best
be given by-matheimiatical analysis, as follows

Let the dyniatron, with negative resistance r, be connected
in series with a circuit containing inductance, L, resistance R,
and capacity C, as shown in Figure 11. Then, calling the in-
stantaneous e.m.f. across either part of the circuit E, we have:

For inductive part of circuit I= E- L dII
16 Rdt
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For condenser

For dynatron

I +i -C d E
dEdt

= +Eo
r

which gives, eliminating E and i,

d2 IR1dl \id +R 1dI+1I+ R I+=todt2 \L fC) dt LC r LCr

the solution of which is

I= Rt° +As 2Q(L+C),tI
R+r

if

(Qs (
C 2L 2rC)t)

\2 4rcJ LC

(1)

and

f (R+I )+/(R ) 1

where+Az L+ : 2L 20C cA,,C LC] ac n

if (~~~LrC) L C
where i, A, B, are constants.

FIGURE 1 1

The case of most interest is the oscillatory solution, given by
equation 1. This differs from the equation of a simple oscillatory

circuit in that the damping factor is decreased from R to

2RL-2 1 where r represents the positive numerical value of
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r, and the period is increased by increasing the damping correc-

tion from ()t2to +2 It is identical in form

with the equation of a circuit containing a leaky condenser, the
positive leakage resistance of the condenser being replaced by
the negative resistance r of the dynatron.

Two oscillatory cases are to be distinguished according as
the damping factor is positive or negative. In the first case the
circuit is stable, but its damping may be made as small as de-
sired, so that an impressed oscillation will persist for a very
long time. In the second case, the circuit will oscillate con-
tinuously, with an amplitude that would become infinite if the
negative resistance held over an infinite range, and which is
therefore limited by the length of the straight portion of the
negative resistance curve.

The criterion that the circuit shall generate oscillations is
that

R+
1
<0 or, if r denote the posi-

tive nunmerical value of r,

r<LRr<C (3)

In order to test this relation, the inductance L in Figure 11
was made an air-core coil, and a secondary coil in series with a
telephone was coupled loosely with it, in order to detect when
the circuit was oscillating. With a definite value of negative
resistance (determined by a separate experiment from the slope
of the current-voltage curve) different capacities were intro-
duced, and the maximum value of positive resistance was de-
termined with which the circuit would still oscillate. The
results are given in Table 1.
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TABLE 1

R r L C Rr LIC
Ohms Ohms Henries Farads

75 3,000 0.689 2.90 X 10-6 225 X 103 237X 103
85 3,000 0.689 2.56 X 10-6 255X 103 269X 103
96 3,000 0.689 2.26 X 10-6 288X 103 304X103
108 3,000 0.689 2.05 X 10-6 324 X 103 334 X 103
126 3,000 0.689 1.75 X 10-6 379 X 103 392X 103
158 3,000 0.689 1.41 X10-6 475 X 103 487X 103
204 3,000 0.689 1.12 X 10-6 614 X 103 615X 103
253 3,000 0.689 0.930X10-6 760X103 725X103
78 6,520 0.689 1.27 X10-6 510X103 543X103
90 6,520 0.689 1.14 X 10-6 587 X 103 602X 103
116 6,520 0.689 0.90 X10-6 757 X 103 767X 103
162 6,520 0.689 0.636 X 10-6 1,060 X 103 1,080X 103
354 6,520 0.689 0.294 X10--6 2,310 X 103 2,340 X 103
674 6,520 0.689 0.150 X10-6 4,400X 103 4,600X 103

According to theory, the maximum value of Rr should be

very near to, but always less than L It is seen that this rela-

tion is satisfied within the limits of experimental error. The

values of Rr are all about 3 per cent. less than Lk which is the
C

limit set by the sensitiveness of the telephone with the permis-
sible coupling.

The frequency of oscillation is given by the equation

12~'L (1?/R 1 2
2 -,r VLC t2L rcJ

in which the bracketed term under theradical is, for nmost practical
circuits, negligible. The range of possible frequencies which can
be generated is determined by the above equation, together
with the relation (3) between resistance, inductance, and ca-
pacity. The limit of radio frequency is set by the minimum
value of capacity, positive resistance, and negative resistance,
and can be calculated if the distributed capacity and inductance
of the coils and connecting wires are known. An ordinary
dynatron short-circuited by a couple of turns of heavy wire will
give a frequency of about 20,000,000 cycles per second,. and it
is possible to go continuously from this to a frequency of less
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than 1 cycle per second by simply changing inductance and
capacity.

The wave-form depends on the ratio of inductance to capacity
and resistance. According to theory we should expect a perfect

sine wave when L is very nearly equal to Rr (since in this case
C

the circuit fulfills the condition of simple harmonic motion),

with increasing distortion as the ratio of L to Rr increases. As
C

this is a question of considerable importance, a series of oscillo-

grams was taken with different ratios of L to R r. They are
C

shown in Figure 12. The circuit is that of Figure 11, except
that a secondary circuit is coupled inductively with the primary
in order to show the form of the wave in a coupled circuit. In
each photograph the upper curve gives the current in the coupled
circuit, the middle curve the current in the primary circuit, and
the lower curve a 40 cycle timing wave. Air inductance and
paraffin condensers were used.

Films A to D show the effect of increasing the ratio ' 2 keep-C

ingR and r constant. As L increases the primary wave changes
C

from a pure sine wave (film A) to a very slightly distorted
wave (film B) and finally to a very badly distorted wave (film
D). For comparison with curve D, film E was taken under
the same conditions and the same frequency, but with a proper

Lratio of . It is a good sine wave. It is to be noted that the
C

oscillation in the coupled circuit is a fair sine wave, even when
the primary is badly distorted.

6. DYNATRON IN INDUCTIVE CIRCUIT WITH IMPRESSED PER-
IODIC ELECTROMOTIVE FORCE

If a periodic e.m.f., represented by e0 cos(t be impressed
upon the circuit of Figure 11, the forced oscillations which it
impresses upon the circuit may attain a much greater value
than in a circuit containing no dynatron. This can best be
seen from mathematical analysis. The equations of the circuit
are:
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FIGURE 12-Effect of Capacity on WA-ave Form in Oscillating Dynatron
The middle curve in each film is the current thru the (lynatron, the upper
curve the current in the coupled circuit, the lower curve a 40-cycle wave

for comparison

dII R+L =E-e0cos o(4d t
E

i- E+ior

I+i=-C
dE
Cd

whence
(PE (-R+1I d R

-= o

dt2 L C ) dt LC (] E+L C ) =I eCosOIt
and
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Eio(R+ 2L CO (2LC 2 C }
r

eO cos (lt)t-d )+ \/17L: 2)+ (C~) (4)
(1+ R _L C c()2) + f)2 (R C'+t) 4

if I > R

if~~~~LC (2L 2Cr)
or

o(R±L)÷R4.2 R _2io (R+L) [ (t +2Cr) t +/(-2-L-2-C-'r)LC]t
E=- +A:,+

R
1+-

rB [B 2LI2Cr 2 Ci LCl

+ eO cos ( t-d)

<(1+ LCR 2)2±2 (RC± )2 (5)

if
I
< (R _ 1 )

LC< 2 c

where A, B, a, and 0 are constants, with the usual meanings.
In either case, provided R<r, the amplitude of the forced

oscillations is
eO

/(1+ -_L C (02) +(02 (R C+L)2
and can be made as large as desired (since tF is negative) by
making

and R (6)
R-=1-L C (1)2l
r C

The first condition is equivalent to zero damping. The sec-
ond shows that for maximum sensitiveness the frequency (O
must be equal to LC (1+ ) which is the natural fre-

quency of the system when its damping is zero.
It is to be noted that the sensitiveness of the system is the

same whether the damping term R+ - is positive or nega-
L C
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tive. If it is positive, the natural oscillations of the system
soon die out, leaving only the forced oscillation given by (4)
and (5). If it is negative, the system will generate oscillations of

its own of a frequency 2 \Ij1 - R-2 slightly differ-

ent from wo, in addition to the oscillations of frequency w given
by (5), and these two will produce heterodyne interference.
The application of this to radio receiving is discussed below.

7. THE EFFECT OF A MAGNETIC FIELD
A profound change in characteristics is produced by placing

the cylindrical type of dynatron shown in Figure 2 in a magnetic
field parallel to the axis of the cylinder. The electrons from
the filament, which in the absence of the magnetic field move
in nearly straight lines to the anode and pass freely thru its
holes (Figure 13 a), are constrained by the field to move in
spirals, and strike the anode more or less tangentially (Figure
13 b), so that a much larger proportion are stopped by it. The

0
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FIGURE 13 a FIGURE 13 b)

result is to diminish greatly the number of electrons reaching
the plate. Superimposed upon this effect is a restraining effect
of the field upon the secondary electrons which try to leave the
plate, resulting in a change from negative resistance to positive
resistance characteristic.

These effects are shown in Figure 14, where each curve rep-

FIGURE 14
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resents the voltage-current relation of the dynatron in a definite
field. It will be seen that as the field increases the curves be-
come lower and flatter, and soon lose their negative slope alto-
gether. It is thus possible, by varving the magnetic field, to
control the behavior of the dynatron. This method of control
is especially applicable to the radiophone, as will be explained
later.

8. THE PLIODYNATRON

An electrostatic field may be used instead of a magnetic
field to control the number of electrons reaching the plate. It
has been shoWnD (see Figure 6) that the effect of changing the
number of electrons leaving the filament, by varying its temper-
atuire, is to change the negative resistance without affecting the
other characteristics of the current voltage relation. If the
temperature of the filament could be easily and rapidly changed,
this would be an effective means of controlling the dynatron.
The same result may be accomplished, however, by the elec-
trostatic action of a grid close to the filament; that is, by the
application of the pliotron principle. A dynatron which thus
utilizes the pliotron principle is called a pliodynatron. Its con-
struction is the same as that of the simple dynatron with the
addition of a "control member," which may be a grid surround-
ing the filament (Figure 2, g) or a metal rod inside the (spiral)
filament (Figure 2, f).

Its relation to the pliotron can be most clearly seen in the
"plate type" of pliodynatron, a photograph of which is shown
in Figure 15. It is identical in construction with the plio-
tron except for the addition of the perforated anode.

The characteristics of the pliodynatron can be seen from
Figure 6, if for filament temperature we substitute grid poten-
tials. Tlle steepness of the curve increases, that is, the nega-
tive resistance decreases, with increasing grid potential. The
relation is capable of more exact statement: It is known that
in the pliotron, with constant anode voltage, the number of
electrons leaving the filament is proportional to grid potential
over a wide range, and this must be true in the pliodynatron,
where the anode vol.tage is always constant. It may be shown,
both theoretically and experimentally, that the negative resist-
ance is inversely proportional, over a wide range, to the total
number of electrons leaving the filament. The negative re-
sistance is therefore inversely proportional to grid potential.
The behavior of the pliodynatron in circuits containingL resist-
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ance, inductance and capacity is therefore given by equations

(1) to (6) if we replace R in these equations by-°, where R, is
v

a constart and lx the potential difference between grid and fila-
ment.

FIGURE l-General Electric Company Pliodynatron

The negative resistance of the pliodynatron makes it a power-
ful amplifier. An increase of grid potential, by increasing the
current thru the load in the plate circuit and hence the voltage
drop over the load, lowers the voltage of the plate. In the
pliotron this lowering of plate voltage tends to decrease the
plate current, and thus opposes the effect of the grid. In the
pliodynatron, however, a decrease in plate voltage means an
increase in current, which may be very large if positive and
negative resistance are nearly equal. This will be clear from
Figure 16, where the curves marked v1 and V2 represent the current
voltage relation for the grid voltages v, and V'2 respectively of a
pliodynatron and a pliotron. If we start with an initial current
of i,, corresponding to plate voltage El, and raise the grid voltage
from vl to 2'2, the current tends to rise to i2. On account of the
decrease in plate voltage, however, the pliotron current will
rise to some smaller value i', while the pliodynatron current will
rise to a much larger value i". The advantage to be gained in
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this way may be large, if the resistance in the circuit is high.
For example, the maximum aperiodic voltage amplification thus
far obtained with a pliotron is about 15-fold, while with a plio-
dynatron we have obtained 1000-fold.

A better method of representing the characteristic behavior

z1-

I

FIGURE 16

of the pliodynatron is, instead of plotting the current to the
plate against plate voltage, to plot it against the total voltage
across plate and series resistance, as in curve E, Figure 8. A
series of such plots, for different grid potentials, is shown in
Figure 17. The voltage plotted is now constant, being that of

FIGUIRE 17

the battery, and for any giveni value E we obtaini the currents
corresponding to different grid potentials from the intersections
of the curves with a vertical line thru E. If E is taken just to
the left of the point where the curves cross the axis, the current
will increase at first slowly and then very rapidly with grid po-
tential, as shown in Figure 18. The amplification is, under
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these circumstances, both asymmetric and high, and the tube
should constitute a good radio receiver. This is discussed more
fully in Section 14 below.

Grid Potentla/
0 J 2 Vo/13

FIGURE 18

APPLICATIONS OF THE DYNATRON TO RADIO WORK

9. DYNATRON AS GENERATOR OF RADIO WAVES
It has been shown in section (5) that the dynatron always

oscillates providing R r <
L

' where R and r are the positive and

negative resistance, respectively, of the circuit, L the inductance
and C the capacity. The frequency of oscillation is approxi-

mately 2 VL C and may be given any value from 1 to 10,000,-
000 by changing inductance and capacity alone. It has also
been shown that for low frequencies the oscillations are very

nearly pure sine waves provided L is not too great compared

with Rr. Theory indicates that this should be true for all fre-
quencies, and a search for harmonics at radio frequencies has
verified the expectation.

The dynatron therefore satisfies all the requirements of a
radio generator, and has the advantage that its operation is
invariable and free from lag, and that the frequency may be
given any value by changing a single inductance or capacity.
Its oscillations may be controlled either by opening and closing
the main circuit, or bv changing any one of the four factors
L, C, R, and r in accordance with the condition of oscillation
given above. Its efficiency is low, probably less than 50 per
cent. under best conditions. This is not, however, a serious
limitation, except as regards the cost of power, since the tubes
are capable of running very hot without deterioration. The
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maximnum output at radio frequency of the tubes thus far con-
structed is about 100 watts, but no effort has been made to
develop a high power tube.

It is generally necessary to transform the radio elnergy by
means of a coupled circuit. In the discussion thus far the effect
of such a coupled circuit on the oscillation has been neglected.
The calculation for the case of inductively coupled circuits is
not easy, but it may be shown experimentally that conditions
similar to those derived above hold, even when the coupled
circuit absorbs nearly all of the energy.

10. PLIODYNATRON AS RADIO TELEPHONE
The simplest method of controlling the oscillations of the

dynatron is to vary the negative resistance, by means of a grid
around the filament, as in the pliodynatron. It has been shown
in Section (8) that the negative resistance of the pliodynatron
is inversely proportional to grid potential. Hence if the ratio
of inductance to capacity and resistance be initially just large
enough to produce oscillation (which is also the condition for
producilng pure sine waves), a slight decrease in grid potential
will stop the oscillations.

If the negative resistance part of the pliodynatron curve,
instead of being straight, is curved like that of Figure 4, the
oscillations will not fall abruptly from full value to zero when
the gridl potential is reduced beyond the critical value, but will
be gradually reduced in amplitude as the grid potential is de-
creased. This is exactly what is required for the radiophone
and it is easy to make pliodynatrons which have this character-
istic.

The connections are shown in Figure 19. The oscillating
circuit is the same as Figure 11, except that the dynatron
is replaced by a pliodynatron, and is coupled inductively to the
antenna. A microphone Mk, coupled thru the transformer T
to the grid circuit of the pliodynatron, serves to control the
amplitude of the oscillations. A battery of a few volts, between
grid and filament, keeps the grid always negative with respect
to filament.

It is found that, with a proper ratio of inductance to capacity,
the amplitude of the radio waves is very nearly proportional to
the grid potential, and hence to the instantaneois displacement
in the vocal wave. This was proved for constant grid potential
by means of a hot wire ammeter in the antenna circuit, and for
alternating grid potentials by impressing a sine wave on the
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transformer T, and observing the form of the rectified radio
waves in a coupled circuit containing a kenotron rectifier and
oscillograph.

Under these circumstances, it was found that speech trans-
mitted to the microphone M and received at a station a few
miles distant suffered very little more distortion than in the
ordinary wire telephone. With a small tube giving about 10

FIGURE 19

watts, it was possible to radiophone 16 miles (26 kimi.) with good
intensity and articulation. No attempt has been made to tele-
phone greater distances, or to develop high power pliodynatrons.
The maximum output of a single tube which it has been possible
to control thus far is about 60 watts.

1 1. MAGNETICALLY CONTROLLED DYNATRON AS RADIO
TELEPHONE

Instead of controlling the negative resistance by a grid, as
in the pliodynatron, we may use a magnetic field, as explained
in Section (7). It is seen from Figure 14 that the change both
in slope and amplitude of the negative resistance portion of
the curves is a continuous function of the magnetic field strength.
Hence if the magnetic field coil is connected in series with a
microphone, the amplitude of the radio oscillations may be
controlled by the voice, as in the pliodynatroin. The energy
needed to set up a magnetic field of the required strength is
small, and can easily be furnished by the microphone circuit,
but the impedance of the coil tends to choke out the higher
voice frequencies.
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12. DYNATRON AS AMPLIFIER AND DETECTOR
It has been shown in Section 6 that a small periodic electro-

motive force impressed upon a circuit coDtaining a dynatron
may be amplified in any desired ratio by properly adjusting the
capacity and inductance of the circuit; that is, the resonant
value of current or voltage in the dynatron circuit is infinite,
except as it is limited by the length and straightness of the
dynatron curve. The impressed oscillations may be radio
oscillations in an antenna coupled with the dynatron circuit,
and the amplified voltage or current be used to operate a de-
tector. It is important to notice that the energy consumed in
the detector does not decrease the amplification, since the
dynatron can be adjusted just to neutralize this loss, in addition
to the other losses in the oscillating circuit. The simplest ex-
amples are when the detector losses are of a pure resistance
nature, as, for example. when a high resistance galvanometer,
such as one of the Einthoven type, is inserted in the oscillating
circuit, or an audion with leaky grid, the leakage being pro-
portional to voltage, is connected across any part of the oscil-
lating circuit. In these cases, equation (4) of Section 6 applies
directly, the positive resistance R being the total resistance of
the circuit, including galvanometer and grid. In the cases
where the detector is inductively coupled to the oscillating
circuit, the impedance due to the coupling is equivalent to a
resistance, so that similar relations hold.

Since the amplitude of the "resonant current" in the.dyna-
tron circuit is limited by the length and straightness of the
negative resistance curve, it is evident that if we operate the
dynatron in a region very near one end of the curve, as at A
or C, Figure 3, the current will be asymmetric, and the dynatron
may itself be used as a detector. Suitable connections are
shown in Figure 20, where a telephone T with condenser C'
across its terminals is inserted directly in the dynatron circuit.
The distributed capacity between turns of the telephone offers
low resistance to radio frequencies, so that the conditions of
amplification discussed above still hold. But the high inductance
of the telephone will, according to condition (3) of Section 5,
cause the circuit to oscillate at audio frequency, unless its re-
sistance be very high, or a condenser C', of suitable capacity,
be connected across its terminals.

The circuit shown in Figure 20 has two advantages, in
addition to its high amplification, viz.:

1. The ratio of inductance to capacity may be adjusted
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so that the circuit oscillates with natural frequency very near
that of the radio waves, as explained in Section 6, thus produciDg
heterodyne beats.

2. The capacity C' and negative resistance r may be so
adjusted as to neutralize the resistance of the telephone for a
particular audio frequency, determined by the product of C'
and telephone inductance, and if this frequency be made the
same as the group frequency of the incoming radio waves, the
sensitiveness becomes very great.

T
FIGURE 20

These predictions have been verified separately by experi-
ment. In order to test the behavi6r of the complete circuit, it
was set up as in Figure 20, and its reception of signals from a
small spark set compared with that of a sensitive audion. For
very weak signals the audion was the more sensitive, indicating
small asymmetry in the dynatron oscillation. For medium
signals, however, the dynatron response was many times stronger,
and its intensity could be increased to almost any degree by
adjustment of the capacity C'.

It is interesting to note that the coupling in a circuit like
that of Figure 19 may be made very close without affecting the
selectivity, since the condition for selectivity, viz.: a small
damping factor, still holds. This is true both for the antenna
coupling and that of the auxiliary detecting circuit, when one
is used. The fact that sensitiveness and selectivity are indepen-
dent of both resistance and coupling coefficient makes it possible
to use a much more effective ratio of transformation than has
hitherto been practicable.

13. USE OF DYNATRON FOR NEUTRALIZING RESISTANCE IN
RADIO CIRCUITS

The negative resistance of the dynatron may be utilized to
supply the energy losses of whatever nature, in any circuit, and
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the circuit thereupon behaves, as regards selectivity, damping,
and sensitiveness to external stimuli, like a circuit having zero
resistance. The amount of energy fed into the circuit by the
dynatron is i2r, where r is the negative resistance and i the current
(steady value or r.m.s.) thru the dynatron. Examples of this
use of the dynatron in simple circuits containing resistance, in-
ductance and capacity have already been given in Sections 3
to 6. Two further examples will illustrate its use in circuits
where the resistance characteristic is more complex.

(a) Dynatron in Plate Circuit of Pliotron for Aperiodic
Amplification.

The current thru the pliotron, for constant grid voltage,
increases with increasing voltage of the plate, that is, it has the
characteristic of a positive resistance, which limits its amplifying
power as explained in Section 8. This resistance characteristic
may be neutralized by connecting a dynatron in parallel with the
pliotron, as in Figure 21. Using a pliotron whose "positive

k'o/(a;e tob K ^

FIGURE 21

resistance" was 100,000 ohms, and a series resistance of 250,000
ohms in the circuit, we were able in this way to increase the d. c.
voltage amplification from 12-fold, for the pliotron alone, to
625-fold. A further advantage in this connection is that the
dynatron can be operated at such a voltage that its current is
just equal and opposite to that of the pliotron, so that the total
current thru the circuit is zero. This allows the use of a more
sensitive measuring instrument.

(b) Dynatron in Grid Circuit of Pliotron Detector.
The iDcrease in voltage of the grid of a pliotron detector is
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opposed by a leakage current which increases with voltage, as
iD a positive resistance, and also by the counter e. m. f. and
losses in its own and the coupled antenna circuit. These losses
may be neutralized by a dynatron in parallel with the grid, as
in Figure 22. With this arrangement the intensity of weak
signals from a spark set was increased from audibility to a roar.

4r0

FIGURE 22

The dynatron, instead of being connected directly to the grid
of the pliotron, may be in a separate circuit which is inductively
coupled to any part of the grid or antenna circuit.

14. PLIODYNATRON AS AMPLIFIER AND DETECTOR
It has been shown in Section 8 that a pliodynatron in series

with a suitable resistance is capable of producing an aperiodic
voltage amplification of 1000-fold. To maintain this amplifica-
tion requires constant batteries and continuous attention.
A value of 100-fold, is, however, very easy to maintain. By
connecting two pliodynatrons in series a total amplification of
10,000-fold has been obtained. With this amplification it should
be possible to receive radiograms on an aperiodic antenna.

This arrangement of pliodynatron and positive resistance
is equally applicable to a tuned antenna circuit. The connec-
tions are shown in Figure 23. The telephone itself furnishes
sufficient resistance, and a condenser C' connected across the
telephone is adjusted so that its capacity is just sufficient to
keep the circuit from oscillating, according to condition 3,
Section 5. With this connection, the amplification is asym-

33



metric, i. e., different for positive and negative variation in grid
potential, as shown in Figure 18. To increase the selectivity,
a circuit LC, tuned for radio frequency may be included in series
with the telephone, and either adjusted to the verge of oscilla-
tion, or allowed to generate oscillations for heterodyne work.
The telephone should, in case of radiogramns, be tuned for the

C/ ~ l/

FIGURE 23

group frequency of the signals. It may then be brought to the
verge of audio-oscillation by adjusting the negative resistance,
and the final adjustment for radio sensitiveness be made by
varying the ratio of L to C, keeping their product constant.

In the circuit of Figure 23 all the losses miay be compensated,
in the manner just described, except those in the grid cireuit and
antenna. Figure 24 shows a modification of the circuit of
Figure 23 in which the grid and antenna losses also are com-
pensated. The modification consists in connecting the grid, not
to the filament, but to a properly chosen point P on a resistance
R in series with the plate. The pliodynatron is then operated

FIGURE 24
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at such voltage that the current in the plate circuit is negative
(between B and C, Figure 3), that is, positive electricity, or its
equivalent, flows from filament to plate across the vacuum and
thence thru the battery and resistance R back to filament.
Raising the potential of the grid increases the current thru R, and
raises the potential of P, which tends still further to increase
the potential of the grid. By this mechanism, energy is fed
back from the plate circuit, which may be adjusted to fhrnish
any amount of energy desired, into the grid circuit, and by
properly adjusting P, the amount of energy thus appropriated
may be made just sufficient to neutralize the losses in grid and
antenna, without causing oscillation. The antenna coupling
should be close, and its resistance may be as large as desired.
A potentiometer is shown connected across a battery B the
voltage of which is equal to the normal drop in R, for keeping the
grid potential constant during adjustment.

SUMMARY: A new, hot cathode, three electrode vacuum tube, the dyna-
tron, is described. A constant, positive voltage is applied between the hot
cathode and the perforated rugged anode. A supplementary anode is placed
beyond the main anode, and is maintained at a lower positive potential than
the main anode.

Because of secondary electronic emission from the supplementary anode,
thru a certain range of applied voltages, the supplementary anode-to-filament
circuit acts as a true negative resistance. Consequently the dynatron can be
used as an oscillator at almost any desired audio or radio frequency or as a
voltage or current amplifier. The theory of oscillation therefor is given, and
experimentally verified.

The effect of magnetic fields on the value of the negative resistance is
studied. The effect of inserting a true grid (thus producing a pliodynatron)
is also considered. The latter device is not only an amplifier, but can readily
be used as a controlled oscillator for radio telephony. In this connection, ex-
periments are described.

The use of the dynatron as an amplifying detector and as a means for
neutralizing circuit resistance is explained, as well as the similar employment
of the pliodynatron. All receiver circuit losses can be compensated and selec-
tivity retained at close coupling.
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