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Physics. — “On the use of the audion in wireless ielegraphy”. By
D. Coster. (Communicated by Prof. H. A. LormnTz). :

(Communicated in the meeting ot March 29 1919).

In the recent successes in wireless telegraphy the three-electrode-
relais or audion has played the most important part. The audion
consists of a vacuum ftube, in which are fused three electrodes: a
hot wire-kathode £, a usuvally flat anode » and a third auxiliary
electrode /%, placed between the other two and consisting of a few
parallel and mutnally connected metal wires, which 1s therefore
called the grid. The properties of the andien are determined by the
andion-characteristics, which give the relation of the currents 2, and
iy on the one side and the potentials ¢ and » on the other. (See
fig. 1). The current 2; is usually very small compared to ¢, and it
may be neglected in many cases. A simple scheme for the determi-
nation of the characteristics is given by fig. 1, where for the’ sake
of simplicity the measuring instruments are not indicated. Fig. 2
gives 17, as a function of ¢, for different values of ». The different
characteristics may be deduced from one another by parallel trans-
lation. Fig. 3 gives %, as a function of v, while ¢ is a constant.
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These characteristics ave similar to those of fig. 2, as a rule however
A they are steeper. Figs. 2 and
3 give the essential features
of the audion-characteristics;
the different forms of audions
show mniore or less important
deviations.

Though the character of the
gas and the degree of its
rarefaction are very important
i the determination of the
individual properties of the

. . W(A audion, they are problably
-8 8 4 2 o R not of essential signification.

Fig. 3. At any rate LaxeMUR') has
succeeded 1 constructing a normally functioning three-electrode-
relais, which he calls pliotron, from which every trace of gas seems
to have been removed. In the following discussion we may therefore
assume that the electric conduction in the audion is exclusively
performed by the thermoions.

For the number N of electrons, which in the unit of time enter
the vacuum from the hot wire, RicHarpsoN found the well-known
formula: N

b
N=aTie T, . . . . . ... ()

here 1’ is the absolute temperature of the hot wire, a and & are
constants, 4 is a quantity which differs but little from unity. The
emerging electrons may be caught on an anode opposite the kathode;
N is then determined by a current-measurement. When 7’is constant,
the carrent increases at first with increasing potential-difference. It
is only the maximum current, “the saturation current”, which in
its dependence on the temperature follows Ricmarpson’s formula. -
To explain this initial increase of the current with the impressed
voltage LaNeyuir*) gave his theory of the space-charge. The elec-
tions in the field between the kathode and the anode diminish the
potential-gradient in the neighbourhood of the kathode. When this

Y) LANGMUIR: General Electr. Rev. (1915) p. 327.
See also Huwp: Jahrb, f. Drahtl. Tel. (1916) 10 p. 521,

% Phys. Rev. (1913) p. 467. o

‘
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gradient is zero part of the emerged elecirons may fall back_on
the kathode. This theory led Lanemuir to the formula!):

3
i=CVE . . . . . .. .. ®

Here i is the current as long as it remains below the saturation
current, F is the hmpressed voltage, C is a constant which depends
on the form and the distance of the electrodes. In the neighbour-
hood of saturation, i approaches a constant value.

This relation between the thermoionic current and the impressed
voltage will be found in the characteristics of fig. 2 and 3. A com-
plication is here caused by the presence of the third electrode, the
grid, about which we may make the following observations. As a
role the audion is used with tensions of such vaines that we
should have a saturation-current, if no grid were used. It is the
function of the grid to retard more or less the electrons emitted
by the kathode. The potential of the grid is therefore always
chosen lower than the potential which we should have at that
place, if the grid were removed. -Usually the grid-potential is not
much different from the average kathode-potential, in many cases
1t is even a little lower. Of the electrons, which reach the plane
which we can draw through the grid, by far the greater part will
escape between the grid-wires to the anode and but few will strike
the grid. The usually small surface of the wires also confributes to
this effect. Thus the grid current i, (see fig. 1) is in normal working
conditions small as compared to the anode-current z,. The latter not
only depends on the anode-potential ¢, but also on the grid-potential
v. We cannot go far wrong in taking as “driving force” of i, the
mean potential in the plane of the grid. Denoting by ¢ this mean
potential, ¢ is, as long as the anode-current has not yet reached
its maximum, a linear function of ¢ and »

. p=aet+pgv. . . . . . . . . (3
At first therefore we get for the anode-current the following
relation:

3
h=Ceet+p)¥. . . . . . .. @
An analogous empirical formula is given by Lanemuir!) for his
pliotron. .
In wireless telegraphy the audion is used as rectifier and as

1) An analogous formula had been given before by CHiLp for the transport of
* pos. ions. See Phys. Rev. (1911) p. 492.
1) See Hunn: Jahrbuch f. Dr, Tel. (1916) 10 p. 521.
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amplifier. Following the characteristics of fig. 3 we can easily check
these functions. When the instantaneous condition of the audion is
given by the point B on one of the characteristics, we see that
small fluctuations of the grid-potential involve relatively large altera-
tions of the anode-current. Owing o the linearity of the characteri-
stics in the neighbourhoéd of B, these current-flucfuations are
proportional to the variations of the grid-potential. Here it is of
great importance, that the grid itself receives but little current “it
reacts upon tensions”; very small energies are therefore sufficient to
cause the alterations of the grid-potential. At the points 4 and C
the audion acts at the same time as recfifier: to equal potential-
vaviations in positive and negative sense correspond different current-
variations.
Of late years it has been found that the audion can perform yet
a third function. By a suitable arrangement we can form an
unstable system, which gives rise to alternating currents of definite
frequency, as in the so-called musical arc. Furthermore it has been
found that the unstable connections increase to a high degree the
amplifying action, so-called “back-coupling”. For a good insight into
the use of the audion in wireless telegraphy it is of importance to
understand its generative action. ‘
: o The question of the instability
o ‘L€ of electrodynamical systems mecha-

w 4 t\\vl L npically at rest has been studied

E B2 ¢ R among others by Simon and his
l T J J_C’ pupils '). These investigators have suc-
ceeded in establishing some general

Fig. 4. rules which are easily obfained by

the aid of a simnple diagram (see fig. 4).

L is a constant electromotive force, W is a resistance which is
so large, that compared with it the variable resistance of the arc B
is negligible, L is a selfinduction, whose resistance is R, C is a
capacity. Owing to the assumption with regard to W, the curvent
¢, may be considered as a constant. We assume that the arc-tension
is only a function of the arc-current i, 4 ¢, which is linear for
small values of ¢ For this problem we therefore arrive at linear
differential equations, whose general solution consists in a “continuous-
current-solution” and an ‘“alternating-current-solution”, which may
be considered independently of each other. Thus the tension ¢ may

) Phys. Zeitschr, (1902) LT p. 282.
. » (1903) IV p. 866 and p. 737.
See also Jahrb. f. Dr. Tel. (1918) 1 p. 18.

~
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be represented by a constani tension ¢, augmented by an alternating
tension ¢,; for the current the division into ¢, and i has already
been made.

For the oscillation-cirenil, consisting of arc, selfinduction and
capacity we have:

ndt
¢+ Ri, +Ldt+f N )]
giving by differentiation:
? Ld’il 7 Oe — " B
e dt’+(+6) + 0o 8

Hence it follows that continual altematmg currents can only
exist, if:

O¢

i,

It is thus necessary that an increase in the current involves a
decrease of tension and inversely, in other words: the condition for
the generation of alternating currents is a falling arc-characteristic.
For the alternating current the arc behaves as a ‘“negative resistance”
hence the quantity —e¢ may be considered as the electromotive
force for the alternating current.

Applying this to the audion, we see from the characteristics of
fig. 2, that for a constant gridpotential, it has a rising characteristic,
henee it is siable. Only by coupling the grid to the oscillation-
circuit it is possible to make the system unstable.

The anode current ¢') is a function of the anode-potential ¢ and
the grid-potential v;

=—R. . . . ...

i=flv) . . . . . . . . . (8
If here also we assume a linear relation between cnrrent and
tensions, the general solution of the differential equations for this
system consists of the sumn of a ““continuous-current-solution” ¢,, ¢,, v,
and an “alternating-current-solution’ ¢, ¢,, v,. Here again the quantity
—¢, is to be considered as the electromotive force for the alter-
nating current. -
From (8) it follows that :

. ) of of
7,1.__ ‘a—eel + -a—vvl . . . . . . . N (9)
of
oo 1 v . .
Putt1ng 3% =7 and 57 = /., this becomes:
de

1) Eor the sake of convenience we henceforth leave out the index a.
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—e,==dvy,—ri. . . . . . . . (10)

From (10) we see in connection with the above discussion that,
if we are at the proper point of the characteristic (e.g. B in fig. 3)
and the grid is subjected to potential-fluctuations v,, we may consider
the audion as an alterriating current-generator with an electromotive
force Av, and an internal resistance ». The potential-fluctuations of
the grid may be caused by an external eleciromotive force. But they
may also be produced by coupling the grid in a proper manner {o
the anode-circuit, by which an oscillation when once arising, main-
tains itself. Both methods find manifold application in wireless
telegraphy. The second method will be especially discussed here. In
doing so we shall make use of the method of “complex resistances”,
which is customary in allernating-carrent-theory ; the following
remarks on this method may be useful.

We suppose an arbitrary electric system, cousisting of self-induc-
tions, capacities and resistances, in which somewhere an electromo-
tive force KEcospt is applied. The currents which arise in the
system, satisfy a set of linear differential equations’) of the form :

diy, L, dt 0
2 dij iy / (1

=Bt Ly + ) 6 T N Beospt

where the summation is to be extended over all the currents
occurring in any closed circait which can be described in the
system. The solution of (11) consists of the general solution of a
set of homogeneons linear equations, which are obtained from (l1)
by putting & cos pt=0, and a particular solution. The first part of
the solution gives the (damped) free vibrations of the system; the
second part the forced vibration. To discover the particular solution
use can be made of the complex notation by putting £esrt for
Ecospt, where j=)/—1; and by trying for i; a solution of the
form Ajeirt; A, is complex and gives not only the amplitude but
also the phase-shift of i.

Instead of (11) we thus obtain a set of linear algebraic equations
of the form:

L3 R/,—-}—j(pL;.———l—)(Ah=<;. ... (12)

r Ch

Equations (12) are analogous to KircHHOFF's equations for a direct-
current-system, only in the present case complex resistances occur

1

1
of the form Z, = R; 4 (pL;, — 5 ) Therefore the same rules may
A

1) At the same time they satisfy algebraic equations of the form 3% = 0.
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be applied as in direct-current-problems. For instance {wo parallel
YA

Z1 ‘Jl' Z-z'
If theve are also mutual inductions M, in the system, the left-hand
part of (12) is to be completed Ly terms of the form jp, M, 4,. In
that case the method of complex resistances 1s still applicable though
the analogy with diveet-current-problems now does not hold entirely.

We shall now apply the method to the audion. By a system of
self-inductions, capacities and resistances the anode is connected with
the kathode; the grid is coupled with this circuit either by a direct
contact, or by means of one or more mutual inductions. Further
there are (wo batteries in the system, which provide for the mean
lensions ¢ and v being such thal we are operating at the proper
point of the characieristics (e.g. B in fig. 3). For alternating currents
the batteries behave as ordinary resistances. Since we are only
concerned with the alternaiing curreuts and tensious we shall hence-
forth for the sake of convenience omit the indices to these quantities.
(See e.g. (10)). .

Hence we obtain for the audion a same set of equations as (11),
Ecospt now baving the value 2v, whele v is the alternating par
of the grid-potential. These can again be reduced to a set of equations
(12). The grid-potential, however, in its turn is a function of the
currents in the anode-circuit. Hence (12) is to be completed by one
equation of the form:

resistances z, and z, may be replaced by one single resistance

E=132B 4 . . . . . . . . (13

where the B,’s i general are complex quantities.

If for a given connection we can find a set of A’s which satisfy
(12) and (13) for a real value of p, this connection has a generative
action. Many of such connections have been published in alinost
confusing abundance. A summary is for instance given by ARrM-
sTronG ') and by Eccres?). -

From the above we may deduce the following general rules for
the generative audion-connections:

A. If a connection is found, which gives alternating currents of
a definite frequency, we can deduce from it others, which give
currents of the same frequency by replacing the “alternating resis-
tances” by others which are equivalent for this frequency. In this

1) See Jahrb. f. Dr. Tel (1918) 12, p. 241.
%) Electrician July 1916, p. 578, Aug. 1916, p. 595.
See also: Yearbook of Wireless Tel. (1917) p. 674.
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manner two parallel alternating vesistances 2, and Z;, may DLe

Z
eplaced b ingl e of 'the value ———2-,
replac y & single on e valu 7z

2

5. We can also find other connections by replacing all the alter-
nating resistances by their conjugate complex values. Indeed in this
case there is a set of A’s conjugate complex to the former 4’s which
also satisfy (12) and (13) for a real value of p. In the case that
there are no mutual inductions in the circuit, this can be obtained
by replacing every self-indnction I, by a capacity €', and inversely,
such that L, €'y = L'y () = p*. If mutual inductions also oecur this
simple substitution is no longer applicable'). Besides in this case
the mutual induction must change its sign. This may be arrived at
by changing the terminals on the primary or the secondary side.

On the ground of the above general rules we may draw the
following conclusions with regard to the generative connections:

There are two types -of connections:

I. Those with direct coupling. Here the grid 1s immediately con-
nected to a point of the oscillation-cireuit.

II. Those with indirect coupling. Here the grid is coupled by
means of one or more mutual inductions with the anode-circuit.

1. Direct coupling.

The general type of these connections, to which they can all be
reduced according to rule A4, is given by fig. 5. 2z, = 2', 4+ ¢" and
z,7) are alternating-current-resistances; » and 2 have the same signi-
fication as in (10).

The relations (12) and (13) change into:

2,2, . .
, = .. (14
(7 + 2 - zz) ’ /v ( )
n .. zl” zﬂ ]
= — —_ — e e (5
v Yy zl—}—z,t (19)
By combination of (14) and (15) we get:
2, 2 2"z ‘
e 22 L I S ¢ ()
Fig. 5. # ot 2, 2+ 3

1) (Note lo the English translation). Prof. Euas has kindly pointed out to me,
that in this case a wholly symmetrical substitution is obtained by changing the
mutual induction into a ‘‘mutual capacity” (two condensers telescoped into each
other).

%) In the fig. denoted by gothic letters.

6
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By substituting 2, = «, - jy, etc., where j == }/— 1 and putting
the real and the imaginary parts of (16) separately equal to zero,
- we obtain:

T, { 'Ivl' + (1 + )‘) wll'} + 7 ("vl + ‘7”2) — ¥ { y1’ —l_ (1 + )) y1"}: 0 (17)

vafe + L +Na"{+r@+y)+alyy +0+ 9y =0 (18 -

The 1’s and possibly also the 2’s contain the frequency p. By
eliminating p» from (17) and (18), we obtain a relation for the con-
stants of the circuit: -

W BRL,C,..)=0. . . . . . . (19
which must be satlisfied, in order that permanent alternating curvents
may exist. Besides either of the equations (1L7) and (18) can be employed
for the determination of the frequency. (19) gives a necessary condi-
tion; 1t is also sufjicient, it (17) or (18) contains one real root.

If p has a real value, x,, ¥, etc. are essentially positive as having
the character of ohmic resistances; » and A are positive audion-
constants; v, v, ... are either positive (of {he nature of a self-induc-
tion) or negative (capacity). From (17) and (18) it is obvious, that
connection I can only be made in two essentially different manners.
From (17) it may be concluded, that y, and %', 4 (1 4 2) y";, must
have the same sign, from (18) it follows. that y, =, 4 ¢, and v,
must be of a different sign.

First manner :
y, and y", positive; y," negative, whereas ,
7t —n'<A+yy" .o 0L . (20)
*"This connection in its simplest form is given by ftig. 6. Now (20)
assumes the form:

-

P+ L) < =5 <@+ Dol
hence it follows that
L, <L,
Instead of (17)\ and (18) we obtain:

L
BB, (L+ )+ @AR)r+Z =+ )P L L, =0

1

1 1
P LR 4 Dtr | p @+ L) — — +R,j 4L =0
pC, pC,

whence by elimination of p the rather complicated condition for
oscillation can be deduced.

-10 -
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Fig 6. Fig. 7.
Second manner.
This can be obtained from the former by the substitution B, y,
and 7', are here negative and y," positive, whereas
—@" )<y <-4y
Fig. 7 gives the simplest form. The relations (17) and (L8) here
give respectively :

144
P = + e .. (21
L C 4R, C,C, .
171 1 R
P == F—] . . .., (22
y L(Cl+cz+r02) @)

Connections, which belong to the type of fig. 7, are frequently
applied. They have been dealt with theoretically by Varvauri?).
Connectious of the type of fig. 6 also occasionally find an application *).

II. Indirect coupling.

The simplest case to deal with is that, where -the grid-circuit is
currentless. The reduced type of this connection is given by fig. 8. Here

T

’M‘“}’ é)& ..... N sl 64

Fig. 8. Fig. 9,

Iy See Jahrb. f. Dr. Tel. (1918) 12 p. 381.

%) See e.g. Armstrone lc., fig 13. The capacity, which we have called C; in
fig. 6, is absent here. The anode and the grid, however, which are sealed in at
the same end of the audion, have sufficient capacity with respect to each other.

-11 -
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) ( it ) (23)
v={ 7" I — ]} 1 [ DS . .
Tt g,
: v —ip Mi=—jpM—2 i . ... (24)
Z, + 2,
From (23) and (24) it follows that _
ApMy,=r @, +a,)+ 0,0, —y, 9, - . . . (2D)
—_/'pM‘%:T(yl—l'y:)+'l"'1yn+""'a!/1 <. - (26)

These equations can only be satisfied in two manners, which by
substitution B can be deduced from each other:

First manner: y, pos., y, neg., M neg.

Second manner: y, neg.. y, pos., M pos.

They are given by fig. 9 and 10.

- ’ C
=, .

R N I T .
Lt -R'R, ——

I"

Fig. 10. Fig. 11.

The connection of fig. 9 is also frequently made use of. [t was
thoroungbly discussed by Varpauvri?). That of fig. 10 so far has
apparently not been used.

If the indirect coupling is applied and there is also a current in
the grid-circuit, the arbitrariness is so great, that it seems rather
difficult to establish any general rules, except the substitution-rules
4 eand B. Still for every special case the above calculation leads
direéily to the result and gives a better survey than the solution
of a set of simultaneous differential equations. A simple instance of
these connections is given by fig. 11; they occur very ofteu.

The same connections, which will make the audion generate,
are also exceedingly suitable for giving a good amplifying action.
Whether an audion acts as a generator, depends in the end on the
roots of an algebraic equation of the nt degree:

agp* +aprto o t+a=0 . . . . . (27

This equation has been obtained from a homogeneous Ilinear

differential equation of the n'" order:
dra dn—lg
@y "(ié,’l' 'l" & &'F_‘l_

derietla=0,. . . . . (28)

1) See le.

-12 -



1305

by trying a solution of the form & = Aert. Here the a’s are functions
of the alternating current-resistances; @ indicates a current or a tension.
If at least one root p = p, is a pure imaginary quantity, free nn-
damped vibrations can oceur. Where the audion is applied in a receiving
station for wireless telegraphy, the grid-potential is subjected to a
forced vibration on account of the coupling with the antenna. Instead
of (28) we now obtain an equation with a right-hand side of the

following form, in complex notation ):
N
a, E_f’—’- + @y &F

where ) is a pure imaginary quantity.
The particnlar solution, which gives the forced vibration is found
by putting 2= A'e*. To determine the amplitude [4’], we have:
fA’l=,E R 1)}

fay p'a + ... alal
If p’ is equal to an {imaginary) root p, of (27), we can make
the denominator of the right-hand side of (31) as small as we like,
by making the constant o' but little different from a, ete. in (27).
A limit is only given by the condition, that the natural vibrations
delermined by :

cene A dy=FEeat, . . (29)

dyph 4 .ooiadh=0 . . . . . . . (8]
have to be sufficiently damped; therefore it is necessary that the
roots of (32) have a sufficiently large real part. Hence by a coupling
as that of fig. 12 the object is attained of the system having but
little friction for the forced vibration.

The audion is exceedingly well
adapted to receive undamped waves.
According to the heterodyne-principle
local oscillations are then excited in
the receiving station, which give rise
to beats of audible frequency which
can be detected in the ordinary manner
by rectifier and telephone. The audion
is then tuned in such a way, that the
natural frequency differs but slightly
from that of the forced vibration. It is

Fig. 12. then obvious that the system for this
vibration has but little “friction”.

|1
||

1) We reserve the a's without accents for the special case, that these quantities
are chosen in such a manner that (27) has one root, which is a pure imaginary
quantity. .

-13 -
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In the foregoing considerations we have assumed that a linear
relation holds between carrent and tension. From the fig. 2 and 3,
however, it appears that this it only true for a limited part of the
characteristics. The current-amplitude cannot rise above a definite
value. It follows that actually we have not to ask for the pure
imaginary roots of (27), but for the roots with a positive real part.
By an investigation as given above we only get to know the points,
where the real part of the roots p changes its sign. It appears to
e that in most cases this will be sufficient to discover the different
coupling-possibilities.

In an American patent of Nov. 1917 (N° 102, 503) the use of
the andion as generator is described, where especially the quadraiic
terms in rhe current-tension relation seem to assume the most
important part. 1 1s rather difficult to draw conclusions from patent-
descriptions and as far as 1 know a discussion of such a coupling
has thus far not been published.

-14 -



