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This review is a reprint of a presentation Lee DeForest made at the October 26, 1906 Newefimty of the American Institute of
Electrical Engineers. DeForest had done some experimentation with radio signal de¢ectiossed in partially evacuated glass
tubes, which he called "Audions" -- this account covers some of the early, largely unslicoedisfurations. It wasn't until later in
the year that he made an important change to his three-element design, placing a "control" elebicideewalled a "grid",
between the "plate” and "filament" electrodes. It is the "grid Audion" that would be actually fr be usable as a detector.

DeForest's review of his work included numerous impressive charts, plus an extesiunt of what appears to be every
phenomenon ever observed in working with this and related devices. What it didn't include wasxptdeation of how the
Audions were supposed to work. While proclaiming that it was clearly based on completely niplegrideForest admitted he
really couldn't fully state what these new principles were, and buried deep within the egpgaxrsand charts is the admission that
"I have arrived as yet at no completely satisfactory tHeasyto how the device worked.

As American DeForest's Scientific Director, DeForest was supposed to be degelomn-infringing radio system -- however the
courts would not agree that he had succeeded, which led to patent-infringement entanglements. JFfemtingsand the Marconi
Company would later successfully claim that the grid Audion infringed on Fleming's eadiete¢ment tube -- in this article De
Forest tried to parry this claim by including a few hints that maybe Fleming's invention tuatlyaanticipated by work done and
phenomena described Byster and Geitein 1882. (In 1943, the United States Supreme Court would overturn Fleming's two-
element patent on technical grounds).

Scientific American Supplement No. 1686vember 30, 1907, pages 348-350:

THE A UDI O N.-.

A NEW RECEIVER FOR WIRELESS TELEGRAPHY.
BY LEE DE FOREST.

THE story of the development of a device of a distinctively new order, from its first incepfitsrpractical reality, adds a human
interest to its description which is perhaps too often lacking among scientific reloot®@90 when | was beginning experiments on
the electrolytic responder, it was my good fortune to have to work upon it at night in my own room, abarteate a solitary gas
burner with Welsbach mantle. My source of Hertzian waves was the discharge of iadustibn coil placed in an opposite corner
and set into operation by a key closed by pulling a string.

One night | noticed to my surprise a decided diminution in the light from the incandescentwhanteer the coil was sparking.
The constant recurrence of this effect induced me to investigate. By proper adjustthenbfdéw of gas and air to the burner, an
almost complete extinction of its light was obtained during the sparking of the coil. Anoth&naatjt even allowed an increase of
the light above normal. For several days | was elated over the tremendously sensitit@getitiealnovel type of Hertzian-wave
responder thus accidentally discovered. But alas for the over-sanguine spirits of the yodiygiored/hen | thrust my induction
coil into a closet and closed the wooden door, thus shutting off the sound of its vibrator and spark, mycgasédhb fluctuate.

I found I had merely discovered an extremely responsive form of the sensitive gas flarhat arminch of jingling keys or a
smart clapping of the hands were almost as efficient generators of thesarHe@gxzes as was my induction coil. To hopes
unrealized this was indeed the "light that failed."

But the few days of illusion had set me thinking. Here in the flame around this incandesttntwas matter in a most mobile,
tenuous state, extremely sensitive to sound and heat vibrations, infinitely more detinasdey arrangement of solid or liquid
particles. Why should it not then in some phase or fashion respond to the Hertzian vibrations also?

Unable to dislodge this conviction from my mind, | began later to search for the genuine
response to electric vibrations in the gas flame. | found the conductivity of the incandescent
mantle surprisingly small, however, for any voltages which would be practical in assirele
receiver.

By soaking the mantle in a potassium or sodium solution and drying, | was finally able to
pass a small current from a dozen dry cells through the flame surrounding it, using two
platinum electrodes with a telephone receiver in circuit, and get a faint respdmse to t
genuine Hertzian wave. The discovery that the effect predicted was actuallyt pvase
intensely gratifying.

Experiments followed with the Bunsen burner and other forms of flame. In the coal-gas
flame the exterior luminous portion is positively electrified, the interior nedative
render these flames sufficiently conducting, salts of the alkali metals neydticed. Of
these the caesium, potassium, and sodium salts are the most conducting, and in the order
Fia. 2. named. These salts were either injected into the flames, as solution, or pygiatabla

little platinum cup held in the luminous part of the flame and made the cathode of the

telephone circuit.
A platinum wire or disk held about 2 millimeters above this cup acted as anode. The antenrth aodresction, or the two
terminals of the oscillating receiving circuit, were connected to these platieatrodes. An electromotive force of 6 to 18 volts,
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supplied by a battery of dry cells, was sufficient to give a current of several mp#liamthrough the colored flame.
This early form of audion, the flame receiver, was remarkably sensitive to weakdtjgbrfcy oscillations. The sound heard in
the telephone was an exact reproduction of that of the transmitter spark, in pitchorvafiaitensity, etc.
It was observed that the increase of current with electromotive forge l

did not follow Ohm's law; a saturation value of the current was o —

observed. Wilson has found that the maximum current which a salt g =5
vapor in a flame can carry is equal to the current which if passed /
through an aqueous solution of that salt would electrolyze the same /
quantity of the salt as was imparted during the same unit of time to the /
heated gas. rd

Beyond this saturation value the current will not rise until the R I ——— |
electromotive force is great enough to enable the field itself to ioniz:lﬁ, — ,L, TR R R R T
gas: that is, until the velocity imparted to the negative ions by the field Fra. 1
is sufficient to enable them to separate the gas molecules with which e
they collide into positive and negative ions.

The conduction through flames under the conditions | am describing is due chiefly to the negativeeiatsdgeand these are
chiefly in the vicinity of the metallic cathode. It is necessary that the alkali eapoes in contact with the glowing metal. The
increase of conductivity of a flame by the addition of a salt may amount to several hundred, @arccis due not to the presence of
the metallic atoms in the flame itself, but to the increase in ionization produceddaltthethe electrodes, notably the cathode.

The velocity of the negative ions in flame at atmospheric pressure increasgswibittie temperature. Thus at 2,000 deg. C.
their velocity is approximately forty times that at 1,000 deg. C. At 1,000 deg. C. the ratio of veloatatif’e ions to positive ions
is calculated as 26 / 7. At 2,000 deg. C. this negative ion velocity is about 1000 cm./sec. for a patdiaidlafrone volt per
centimeter.

Now suppose the average velocity of a negative corpuscle to be proportional to the eleetribiovelocity, for a potential drop
of 10 volts between the electrodes as | use them, is of the order required to travestartbe detween the incandescent body and
the platinum anode during the time of one-half the wave period of the electrical iosslztdinarily used in wireless telegraphy.

I shall return later to the bearing which this fact has upon a suggested explanation etttud t&fé Hertzian oscillations upon
the gas receiver.

On account of the ionization of the gas near the incandescent metal, and the greateof/éieaitegative over the positive ion,
it is to be expected that even if no external electromotive force be applied to thedelgcand one of these be relatively cold, a
current will pass along a wire connecting the two electrodes, whose direction iselgdedim the hotter to the cooler body in the
flame. In other words, the colder body will be the anode, positively charged.

Now, if the Hertzian oscillations traverse the hot gas, the momentary potentiels tinepressed upon the moving ions will
conceivably interfere with their motions, or with the rates of recombination bethe@ositive and negative ions, and thus effect
the current flowing through the wire. A telephone connected between the electrodessnidatatbanges of a surprising amount in
the momentary potential difference, or flux, across the electrodes are effedtedniyht frequency oscillations, even when no
external battery is applied.

When a battery of from six to twenty dry cells is connected across the two electrogesijtthe terminal to the cooler electrode,
the potential current curve for the conductivity of the gas it at first approximatebighsoblique line, the current through the
flame increasing with the electromotive force.

Soon, however, this proportionality of current and voltage ceases, and a stage of saturatibedsaieere there is no
appreciable increase of current with increase of voltage. But when the poteraiandiéf is raised sufficiently to ionize the gas, a
stage is reached where the current increase is far more rapid than that of thal pidference. This last potential gradient depends
upon the pressure of the gas; it is directly proportional to the pressure. This is given by Thoafert 88,000 volts per
centimeter for atmospheric pressure; but with incandescent gases in an incésstdtvene millimeter pressure a gradient of 40
volts per centimeter is sometimes sufficient to produce this critical. stage

In the case of the flame, the distances between the electrodes figure venytlitlamount of flowing, the potential drop, or the
sensitiveness to Hertzian oscillations, because most of the ionization at logesdliies place at the electrodes.

The size and shape of the electrodes are of small moment. | prefer a trough anode tectortgri®y 2 millimeters wide,
holding the potassium salt, as cathode, and a small platinum wire parallel theretalahtbhE) millimeters above it as anode.

The trough electrode should preferably be at the upper tip of the oxidizing flame at its juitttithe weducing flame. When this
is made negative the current is saturated with a comparatively small potdfarehde. The gas burner itself may be used as one
electrode. The flame must be steady and kept rich in salt. The current of up-rushing dleesearumbling noise in the telephone,
which may interfere with the detection of faint signals. This rumbling sound incresisésavgreat applied potentials.

The temperature, especially of the electrodes, is an important factor. At réltelseagive off positive corpuscles; at white heat
both positive and negative appear, the latter predominating. The electrode containingstimukhbilways be incandescent, so that
the excess of negative ions given off and streaming toward the other electrode vaiéncather than diminish the current due to
the flame itself. The extreme sensitiveness of the flame when ionized to lthiarmtons is illuminated by the fact that a distinct
response is heard in the telephone receiver when the mere tip of a cold pin is suddenly intntaltleedame. The sudden
introduction of a cold body into the active part of the flame always reduces the responsé.i3tesgplaced in, or on, one of the
electrodes rather than held in the flame in an independent receptacle, or injectes gae. t

The applied electromotive force is a determining factor in the sensitivenessrettiver. The response seems greatest where the
potential current curve is passing from the oblique to the horizontal portion, where théosatadae is about to be reached. Under

I 1 these conditions the sensitiveness of the flame audion is of the same order as that of the
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electrolytic receiver using a glass-jacketed electrode. The flame is nosensgive when

e the flux is greatest. There is a close relation between the degree of heat artit#he cri
impressed voltage.
w Considerable difficulty was found in getting an absolutely steady flame, even when
- - F protected by a chimney as the slightest air current will deflect the sensitii@gostn

the electrodes, altering the sensitiveness of response.

I next sought the phenomenon in the hot conducting gases of the electric arc. If a wire
be connected to the positive carbon of the arc and led through a telephone to a third
electrode, platinum or carbon which is inserted into the border of the arc, a considerable
current passes through the telephone. If these two electrodes are now connected to the
terminals of the receiving oscillating circuit, the conduction of the leak curresgsaitre
gas to the third electrode is sensibly affected by the arriving Hertzian osoilaifi
sufficiently intense. A local battery can also be inserted series with thaadelke, but the

| I |1 I | }—'t—— voltage drop across the arc is usually too great to require this.
A Even when the arc is fed from a storage battery and cored carbons used, the hissing and
F1G, 8. frying noises in the telephone (probably due to the oxidation of the terminal by the air) are
generally too troublesome to allow a clear reading of weak signals with this form of
audion.

The principles involved in its operation are much the same as for the flame audion. And althoutghdbéonization produced
by the heat of the arc renders it extremely sensitive to slight local variatigmsatieal requirements make it less available as a
wireless receiver.

Inasmuch as the gases ionize more readily at lower heats and are in their mostelmaite, and sensitive conditions in
vacuum, it seemed to me certain, after experiments with the flame, that theaxtgteand ionized gases around an incandescent
filament would undergo very considerable changes when subjected to Hertzian oscillations.

Elster and Geitel, [Elster and Geitel, Wied. Ann., xvi, 1882] beginning in 1882 a systematigatieesof the ionization
produced by incandescent metals, frequently employed an exhausted glass vessel containiageanpiasinium plate, stretched
close to which passes a fine metallic filament brought to incandescence by an @lecnt.

Ordinarily at atmospheric pressures and red heats a positive charge was produced ugendhehplarder of a few volts. This
potential increases until the wire is at a yellow heat. As the wire gets hetfgotential decreases, until at a bright white heat the
potential of the plate is very slight. Diminishing air pressure has but slight effecthgpplate potential until very high exhaustions
are reached, when this potential begins to diminish and may even change sign, and as the exhausti®@mprooeach a very large
negative value. This pressure where the plate charge changes sign depends upon the tevheedtlarment, being higher at
higher temperatures.

Long-continued heating and expulsion of gas from the incandescent metal play a consideraltleepalgdtrical phenomena.
Long-continued incandescence favors the negative electrification of the plate. Terepresoxygen aids in the carrying off of a
negative charge, thus producing negative electrification around the wire; hence the amtide of metal on filaments tends to
increase the discharge of negative electricity. But oxygen also hastens the disortegrthe filament.

Gases which are dissociated by heat conduct on quite a different scale from thase like a
hydrogen, or nitrogen. Examples of such are the vapors of iodine, bromine, chlorine,
potassium, etc. These furnish a much larger supply of ions than the others. This dissociation
occurs chiefly where the gas is in contact with the glowing electrodes. Of the, rmathlsn

A)

/\(__\_ and potassium have the highest conductivity under the above conditions, for the emission of
1 1+ negatively electrified corpuscles from sodium atoms occurs even at low temgserahd |

i r""J“. .

Y = mercury vapor does not seem greater than that of air.

43 T With hydrogen, the plate becomes negatively electrified even at atmospheric pagssure;

when the filament is carbon instead of platinum the electrification on the plataisa
negative. This means that the gas will discharge the plate it positively @dcttift is, a
positive current will pass from the plate to the filament in the gas.
_|’ l | | The electrification produced in the neighborhood of an incandescent wire is a complicated
+ - effect; it depends on the temperature and nature of the filament, and on the nature and
pressure of the gas. It furthermore depends upon the electric and magnetic forces toewhich t
vessel is subjected; and | have found that the shape and area of the plate or plates, the

J 8 E have used carbon filaments coated with a potassium compound. The conductivity of cold
i
1
!
i

-
"\___-_“.

R condition of its surface and edges, as well as its distance from the filamentyarapatant
E factors.
Fia. 5. If the metal plate be connected by an outside wire to the positive terminal of the hot

filament, a leak-current from the plate to the filament through the gas will be sstkigter
and Geitel first found, passing mainly to that portion of the filament near its negative
- terminal. If the resistance of the lamp filament and the lamp's voltage be high, a very
ﬂi l|| considerable leak current may thus be set up.
G

L

A battery of from three to eighteen dry cells is connected between the positive end of the
filament and the platinum plaw, the latter being connected to the positive pole. The
saturation current increases rapidly with the heating current through the filamentit, aldd

T increases the velocity of the negative ions, as does also an increase in the applied
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electromotive force between plate and filament.

The rate of discharge of negative electricity from glowing carbon greatly exceefierthat
platinum, while that from tantalum and other of the newer filaments, given the saing heat
current, surpasses the rate of discharge from carbon.

Thomson states the equation connecting the saturation current with the temperature as
(1 = AG%e P19 whered is the absolute temperatufeandb are constants.

At 2,000 deg. C. this rate of emission from a platinum wire in high vacuo amounts to 0.1
Fra. 4 ampere per square centimeter of hot surface. For carbon this current can equal severa
amperes per square centimeter surface. In the audion the flux current ordinarilyframges

to 5 milliamperes.

The metal dust, or even vapor, from the incandescent filament may play a part in the phenomenra cbutnatiing one.
Thomson has shown that the value 6 for the carriers of electricity in the type of exhausted vessel described isthasds
value for the carriers of the negative electricity in the cathode rays, or in thergesohaegative electricity from metals illuminated
by ultra-violet light. In fact, in many ways the behavior of the audion, notwithstanding the exttemebtentials used, is very
similar to that of a cathode-ray tube; and in one or two small pea lamps where the anode dislsevto the bend of the filament |
have actually obtained, at only 22 volts, a blue-white beam of light playing between the filathedeand the anode. Upon the
approach of a powerful magnet this beam could be concentrated and deflected. A greatimtineasurrent through the telephone
marked the formation of this beam, and a violent hissing or squealing sound began when the magnetagas@ppr

The corpuscles at the filament are attracted by the metal of the filament, acdfe imto the surrounding space they must be
given sufficient kinetic energy to carry them through the surface layer where thaiattifor the carriers is appreciable. Thus, as
the temperature of the filament increases, a larger number of the camiescape from the wire. But the saturation values of the
flux current do not depend upon the velocity of the ions, but only upon the number of ions produced in unit time atehaf thefac
hot metal.

The source of ionization is confined to the gas immediately surrounding the filament. Tltg vétbe ion at any instant is
dependent on its distance from the filament, because the temperature is not unif@em biédwent and plate. The ratio of the
velocities of negative to positive ions varies greatly with the temperature: tiyusréhgiven as 1,000 to 62 at 2,000 deg.

This fact explains why the positive conductivity of the gas in the vessel is almosy dirtirethe cold to the hot electrode in the
gas, and not in the reverse direction; and why this unidirectional quality is more marked fotdnigheratures of the cathode, the
anode being kept cold.

In the form of audion illustrated in Fig. 4, | employ two platinum wings parallel to the planebafwieel filament and about 2
millimeters on either side of it. These wings are soon coated with an iridescerit ftepothe metal filament, especially at the
portions opposite to the negative half of the filament. They become quite hot at this shacedtsta not sufficiently hot to take
part in the ionization of the gas.

When connected in the oscillation circuit as shown, properly attuned to the receivirapelgogtic impulse from the antenna,
the audion under proper adjustment of heating current and bRtperiential is extremely sensitive, giving response In the receiving
telephone several times as loud as any other form of wireless receiver wheredubjétoe same impulses. It is, however, less
sensitive to atmospheric or static disturbances, which are strongly damped or aperiodic

| find the device extremely closely tuned with the syntonizer, for its operation seentefebeent upon the sum total of the
energy received from the complete wave train rather than upon the maximum first iofghksérain. In other words, while
instantaneous as far as our senses or instruments can perceive, its actiaientiuffiuggish to be determined by the additive
effect of the entire received electro-radiant energy through a short time interval

When the filament is first lighted, an appreciable interval, about one-quarter seapads &efore the full sensitiveness is
established. Before the flux reaches a steady state there is a period during whichbireofiions is steadily increasing. As a result
of the colliding of the initial ions with the gas molecules the number of ions and the cuprdhyt irecrease, until an equilibrium is
finally attained.

The audion, to a greater extent than any other responder, is self-tuned. | mean that by reglietitiogheuirrent, the potential
between wing and filament, or the distance between these, the audion can be made to arjreakeekiveer seto certain
received impulses. And the determining factor here is not merely the frequency otthieatlescillation; the spark frequency, or
factors determining the total amount of energy received during a very brief unit of timmejidett® an extent the amount of its
response. Thus with 12 volts across it, it may give a loud response to a trasnaitigwith 10 volts "bring in" another transmitter
B to the almost complete exclusiongfalthoughA andB are of equal power and of approximately the same wave-length, but
differing considerably in spark frequency. Similar discrimination can be produced by adjtsththe heat of the filament, which
also governs the amount of flux through the gas. This flux is generally reduced when the audion is plstcedgmeagnetic field,
especially when the lines of force pass through the gas parallel to the plane of the wiglgsaagles to the electric field. By this
means also a tuning can be effected.

Again, it is not necessary to connect the anode to a terminal of the oscillating
circuit. One terminal may be attached to a metal sheath or ring surrounding the
glass vessel, thus forming a condenser with the filament or the conducting gas
within the tube. In this case the adjustment of the syntonizer is generally different
from that required for the same oscillation frequency, when the interior wing is
directly connected in the oscillation circuit. In this condenser arrangement also the
sound heard in the telephone changes its quality to an extraordinary degree, being
of a dull muffled nature rather than sharp and staccato. Signals of this quality are
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sometimes much more readily distinguished from the "static" disturbances which so
frequently render wireless signals difficult to read. The operator has thus a ready
means of changing the quality of the received signals to suit the conditions. This
latter type or audion is the one | have found most serviceable in practice.

The audion may even be placed in the space between two plates of an air
condenser in the oscillating circuit. A flat-walled type of tube is preferred for thi
arrangement. Again, the electrical oscillation may be led through a coil of wire i
wound around the outside of the tube (Fig. 6), and not through the audion at all, or E R
through a flat coil brought up close to the tube, with its axis perpendicular to the
filament. In this arrangement it is chiefly the electromagnetic component of the
passing oscillation which affects the motion of the ions within the vessel. The ioeadilg influenced by a magnetic field.

By shifting the syntonizer connections from the wings to this helix, | have been able to cut outetpsigleals from a
transmitting station so near as to baffle all attempts with the ordinary turfesdaeaind to bring in other relatively faint signals.

The audion has the further advantage of entire absence of adjustment in the redéiVegiites no evidence of fatigue under
any conditions of use. Furthermore, it requires no protection from the violent impulses ah#imaitter at its own station, whereas
the sensitiveness of the electrolytic receiver is completely destroyed by one sanhimpulse, unless its small electrode is
protected by a shunting switch.

I have arrived as yet at no completely satisfactory theory as to the exact means blenthiigh-frequency oscillations affect so
markedly the behavior of an ionized gas. Fleming points out that when the cold plate of th€é&itstdube is connected to the
positive end of the filament, and the two put in a high frequency oscillation circuit, only theegobalf of the oscillation can pass
from the plate to the filament across the gas. He uses this principle to rectifgrth@n oscillations, and applies the unidirectional
currents of the oscillations themselves to operate a sensitive galvanometectecutirent instrument, for quantitative
measurements over short distances.

When an independent external source of electromotive force is applied, in the manner Idrdbbexdése action becomes quite
different. It then operates aday to the Hertzian energy instead of merely rectifying this energy so that it can be ustiy tire
give the sense signal.

The audion, therefore, is tremendously more sensitive and available in practiessvifesensitive direct-current instrument in
the B circuit shows steady deflection varying not a whit, by increase or decrease, duringplierredestrong "wireless" signals.

An electrolytic receiver or "polariphone” under similar conditions would cause adgngation in the deflection of a milliammeter,
although the signals in the telephone with the electrolytic are not so loud as with the audion.

I have connected two audions in series in opposition in the oscillating circuit each sétbeitate beating circuit, and still heard
the signals in the telephone connected to the second audion equally well, whether the wingsirbnedimnected to the wing or to
the filament of the second.

When one of the tubes is unlighted or if lightedBitsrcuit is open, no high-frequency impulses pass through it unless the wing
and filament are very close together. When cold it acts merely as a condenser whtsesma@mne the wings and filament and whose
capacity is extremely small.

Fia. 6.

(To be continued.)

Scientific American Supplement No. 16b&cember 7, 1907, page 354-356:

THE A UDI O N-I.

A NEW RECEIVER FOR WIRELESS TELEGRAPHY.
BY LEE DE FOREST.

Concluded from Supplement No. 1665, page 350.

I HAVE laid considerable stress upon the potential gradient or "variation" layers whicheatishe surface of the electrodes when
the external applied electromotive force is considerable, for the reason thakisteince serves to play a very important réle in the
response of the audion to minute high frequency oscillations.

If the velocity of negative ions is very large compared to that of the positive ions, the puegemting the distribution of
electrical intensity between the two electrodes is represented by the follovaich,isvtypical.

When ions of both signs are present in the gas and when the electric field is so strong tfahmpsisitive ions are driven
from the anode and the negative ions from the cathode (the filament), we will have aroégatiess in front of the anode and of
anions surrounding the cathode.

It is seen that the variation in potential lies chiefly in the thin layers of gas irofrthm two electrodes. It is convenient to speak
of these regions as the "variation" layers. As Thomson points out, in passing from the ifsdautsitle of the layer of ionized gas
we have to pass across a layer of electricity. This will produce a discontinuityeletiiécal intensity equal tardimes the surface
density of the electrification.

There may thus be a great difference between the electric intensity insidesttenththat just outside. The potential drop across
the layer is proportional to the square of the current; the falls of potential at theepasit negative electrodes are proportional to
the squares of velocities of the positive and negative ions; and the velocity of the ions isguatorthe electric force acting upon
them.
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These variation layers at the electrodes of the audion make still more strilsingjlasity with the cathode-ray tube. In the
cathode tube a sudden drop in potential called the "anode fall of potential” occurs quite ttlesnbde; and in the layer called the
Crookes dark space, or cathode dark space, there is a still greater fall in negatitial pBte: the voltages here are enormously
higher than those in the audion. As the gas pressure in the cathode tube diminishes, the darkhiagathode drop layer,
becomes broaddh = o + B y that is, the width of the dark space is proportional to the mean free path of the molecules, beyond a
certain distanca in front of the cathode. Schuster found that the thickness of the cathode drop layer inciglathed/igh the
current passing through the gas; but Wehnelt found just the reverse. Both may be correct nhsilifésref some particular value
of the current for which the width of this space is a minimum. This is interesting irofide fact that there is a certain current flux
across the gas of the audion for which the response of the Hertzian oscillations isimastimpposing this response is maximum
when the width of the variation layer around the filament is minimum.

Within the cathode layer there exist only negative ions, these being shot off from the catjiutdeutBide of this, in the region
called the "cathode glow," ionization of the gas from collisions with these negative @ns,@nd the width of the cathode dark
space is about the range of the "mean free path" of the ions.

If a similar state of affairs exists around the filament of the audion, and ifehis free path of the cations coincides with the
excursion of the corpuscles during one half the oscillation period of the impressedrHeébizgon, we might expect under these
conditions a maximum effect of response to oscillation of the particular wave+igq@r a similar effect might be expected if the
excursion in question is that of an ion from the cathode across the gas up to the layer surrounding. the anode

The extent to which the sensitiveness of the audion is governed by a very slight change in the treatingréanrthe potential
drop across it, seems to lend plausibility to such an explanation. And it has been shown that imgdiatues at atmospheric
pressure, a negative ion acting under a potential gradient of 10 volts per millimeter weelldpproximately 1 millimeter, or a
commonly found distance between the electrodes in the audion, in 1/ 1,030,000 part of a second, whieinvaiie-oftthe order
of one-half of the wave period of some of the longer oscillations used in wirelessghiedrar reduced gas pressures the natural
excursion of the ion would be more rapidly accomplished, but its velocity can be governed withimitédeyliregulating the
applied electromotive force. When we send more current through the filament weeéritre@otential difference between filament
and anode as well as increase the heat. Both changes act to increase the ionic velocity

In Humstedt's experiments where a cathode-ray tube was exposed to high-frequentigresdiie width of the cathode drop
layer, or dark space, diminished as the frequency of the oscillations increasedegsfight be some connection between the
period and the time involved in the immigration across. And many facts observed in connectibe aittion otherwise difficult
to explain tempt one to suppose that here the degree of response is connected with the tela¢ionheeproduct of velocity of the
ions by the distance between the electrodes and the period or half-period of the ledsciliafons received.

When the anode consists of two parallel plates instead of a cylinder there will kienrsmaf positive electric density along
their vertical edges. The more intense parts of the electric field will invedvlatger number of ions, and on the anode these will
generally be located at the vertical edges of the parallel plates, provided thesetaoefar from the filament.

With this type of anode a peculiar and sudden inflection point in the current-flux diagram, aitigecherent is gradually
increased or decreased, is noticed. The flux goes on increasing, then suddenly drops back takéstahe same time a click is
heard in the telephone in tBecircuit. Then as the heating current is still further increaseB thec is again increased. These same
cusp points in the curve are obtained if #hercuit be kept constant and tBevoltage is increased instead. Similarly, a click is heard
when the flux current is being reduced from a higher value, only the location of the cusp on the cuneasingecurrent is not
coincident with but lags behind that observed wWRés being increased. This second cusp point shows a sudnleasein the flux
current, when the critical point is reached, to a value previously passed through. Natusdbrpimess of these cusp points can be
smoothed out or quite obliterated by putting impedance iB thiecuit in series with the telephone.

The diagram (Fig. 9) shows the relative magnitude of these sudden alterations in thedhbobtained with a certain sample
audion, and also the decided hysteresis effect, showing how theBctuaént lags behind the increasing or decreasing electric
field which produces it. This hysteresis effect is very like that obtained when theutaolgtructure of iron is altered under a
changing magnetic field. Doubtless it is here due to a reluctance of the ions to accontineadpéths and velocities to the
impelling electric forces; and the area included between the two curves repthsembrk lost in accomplishing this conformation.

These hysteresis curves are always obtained even though the anode is in the form of a cfjéittdeedrcylinder without the
vertical edges; but theeactivecusp points in the curves are never obtained save with two plane anodes connected together.

Zeleny [Zeleny, Physical Review, vol. xii, 1901] has found a similar very curious hystéiegisnethe currents obtained from
the ions from a platinum wire when heated and exposed to ultra-violet light. When the rsetablireg these currents were greater
than those for the same temperature when the metal was being heated. In this iogsthéedte produces some change in its
surface, possibly in the amount of gas condensed thereon or absorbed by it, from which it recoMemslyery s

AsB voltage is increasing arflcurrent is increased and decreased, | find that the points at which the cusps occur ogathe incr
and decreasA-B curves coincide more and more nearly, and at the same time these cusps becomeckesyiateht. The
hysteresis effect is less pronounced aBtheltage is increased. As shown in the curves for a Biffjex the twoA-B curves for
increasing and decreasiAgcurrent coincide almost exactly uriiiflux is reduced to a certain amount. They may again cross each
other at a lower point @ flux, again diverge, and then coincide once more near their origin. These curves were alittaken w
audions of the double-wing type, which feature may account for some of the very peculiar ibcaaibserved.

The filament is always at some part nearer to one wing than the other: HeRdkixhis chiefly concentrated on this wing or
portion of wing, beam of cathode rays. We may suppose that Bs/tige is increased, as when more heating current is passed
through the filament, the flux is increased and spreads out over this wing until a new shegfafritms, starting off from the
filament from another part or in a new direction, suddenly leaves that and takes by peedesbader path to the opposite wing. We
would suppose that a new path thus taken would first be located on one of the vertical edges of ffeallieige the filament.

This sudden diminishing of the intensity or density of the original beam of ions may be accompaniectégse dethe velocity
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of propagation of the ions, and thus the resultant flux be actually less than before. The revatise @pkk occur when th& flux
is being decreased from a high value.

When the anode consists of one wing only, no such reverse cusp-points, or reversals of the flemtjriaeenbeen obtained.
With a single-plane anode, however, there is found a point at which the flux increasing assudtEnancrease in magnitude,
presenting an abrupt rise in the otherwise smooth flux voltage curve; and the reverse whearnhéux is being decreased.

These effects seem to relate to the increased values of the positive vayatisralong the vertical edges of the anode which
parallel the filament. The distribution of the charge upon the surface of plate may tigedieas analogous to that of a film of liquid
which coalesces and is heaped up along the edges, and from which, when the liquid is by any meansyjtiereasva sudden
recession: the liquid, on account of the surface tension, letting go or taking hold of the edge all at onc

It is significant that just at a cusp point the sensitiveness of the audion to thentestdlations attains a marked maximum.
Under the critical conditions then, obtaining the slightest change in the applied elestedorge is accompanied by relatively
great changes in thgflux.

In framing any theory of the action of electric oscillations in the audion a variety of coropleadictory phenomena are met
with, exceedingly puzzling to explain. An example is the fact that a continuous current érdteitiner in thé\ or theB circuit
shows absolutely no change of deflection either of increase or decreas® ishi@me and the audion in its most sensitive
condition. If only the positive halves of the oscillations pass from anode to filamenthbese iacrease the reading of a
milliammeter in theB circuit during the passage of a long series of wave-trains of sufficient intens@isedhe negative halves of
these oscillations might be expected to diminish to a greater degree the positiveonttaganode, and result in a diminution of the
B circuit. Or if both of these acted equally and oppositely no signal would be obtained at all, éteptherte diaphragm is utterly
incapable of following such rapid increase and decrease Bi¢herent, even if its impedance would allow these pulsations to pass
through the circuit. Neither would the ear detect such vibrations.

If on the other hand the integrated effect of a complete hertzian wave-traintiveréceincrease or decrease Bhflux, a long
succession of such effects, all of which must be of the same sign, ought to cause a changedtetheeftection, as when a long
Morse dash is sent out from the transmitting station. We have no reason to suppose that tnaénwineeresult of one spark,
would produce a momentary increase inBt&ux, indicated by a click in the telephone, and that the next succeeding wave-train
from the next spark would cause an oppdsitecasein B flux, and another similar click in the telephone. Such action would of
course explain why a loud sound in the telephone might not be accompanied by any change in the sluggisteadinggtsintilar
to the case with the magnetic detector.

The following explanation of the phenomena which seems to account for many of the peculiahisesaradox has been
suggested. It should be remembered that if the negative half of the electriciosaihat not pass through the gas from cold anode
to the filament the audion electrodes during that period will act merely as the tatui@sof a condenser. Even when close
together, their mutual capacity, when the gas is cold, is exceedingly small, and only a Ugppsithnee charge can be held bound
on the filament; or if there are sufficient free positive ions in the hot gap the coempéynpositive charge will be held just on the
outside of the "variation layer" at the anode.

The fall of potential across the variation layers at anode and cathode are proporti@atitmtes of the velocities of the positive
and negative ions; and the ionic velocities are proportional to the electric foliogsugain them. Supposing then that during the
positive half of the electric oscillations the velocity of the positive ions isaseckat the anode layer, during the other half period
the velocity of the negative ions is increased, due to the changes in the electrictiogecepmn them. Then regardless of the sign of
the change of the velocities the potential drop across the variation layers (whishwitirithe square of these changes) will be
increased during the entire passage of the oscillation train.

The layer will act during this interval like a condenser, the potential drop across sviiomentarily increased, which
momentary increase will disappear with the passage of the wave-train. It adltheugh the plates of a charged air condenser were
suddenly further separated and then brought suddenly back to their normal positions; or as thoughi¢hieckpeisié capacity of
the dielectric were decreased and then increased. This operation being repeatay &pagk at the transmitter a listener in the
telephone in th® circuit will hear a sound whose pitch is exactly that of the spark, while an ammétat éir¢uit will show no
variation in its deflection.

As the fall of potential across the variation layers is proportional to the squarecofrérg passing to that of the impelling
electric force, it is readily understood how, by regulating the heating current aBddltage, an optimum value of the electrode
drop may be obtained for which the effect from any given received impulses will be a maxitearho# by varying the distance
between the electrodes the sensitiveness of response may be regulated.

Thompson states that the current between two plates for a given difference of pagatahversely with the cube difference of
the distance between the plates, up to the saturation-current stage. But in theleaedibh where the cathode is an incandescent
filament, the law seems to be quite different. Thus for two anodes of equal area, one aelpfimr times as far from the
filament as the other, the two currents were as 21 to 8. The flux here varies more itledhly imverse distance.

The potential difference required to produce saturation is proportional to the square sthtteedietween plates and to the
square root of the intensity of ionization. This latter depends on the temperature afntieafil

In the case of the parallel plates, only one of which is incandescent, or if both are heatkdviyellosv heat so that only ions of
one sign (positive) are present and carrying the current, then this current as Thomson: shows is
i =9R V2/32x d 3 whereR is the velocity of the ion under unit electric foreethe potential differenc&®) the distance between the
two plates. According to this formula the current varies inversely as the cube oftdmgseiBut this formula will hold only whéd®
is independent aX, which it will not be when the temperature through the space is not uniform. It holds also onlyefotsciinat
are small compared with their saturation values, for the saturation currents depepadmibie velocity of the ions but upon the
number of ions produced in unit time at the surface of the hot electrode. But in the case obtheviludimall potentials, the closer
the electrodes are together the more rapidly wilBlerrent increase as the potential drop is increased. The trajectories of the ion
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are shorter and they therefore undergo fewer collisions, reunions, and retardations wieetrtide® are close together. In an
audion where the anode is far from the filament the saturation current is not attéimtgeb & voltages used with the audion in
wireless telegraphy. We sometimes have instead its inverse counterpantagtosatoltage, so to speak. As shown in the curve, at
potentials from 10 to 18 volts a slight potential increment is accompanied by a very laggsénarflux. And within these limits the
sensitiveness of electric oscillations may be a maximum. The cusp points when gregemterally found near these points of
inflection in the flux-voltage curves.

In some cases a remarkable lag or "creeping effect” is observed at thisosastaige. As shown in the curve, the milliammeter
needle crept slowly up aft&was raised to 14 cells, from 18 to 26 divisions. The current flux required something like 15 seconds in
this instance to attain its full value. The filament in this case may have been undeogoénghsinge which caused it slowly to
discharge more and more corpuscles until that stage was reached where the rdconobimapositely charged ions in the gas
exactly equaled the output of negatively charged ones from the incandescent surface.e€3aifnistareeping is accompanied by a
loud frying sound in the telephone.

MAGNETIC EFFECTS.

Thomson shows that at low gas pressures
and high ionic velocities the ions, when
placed in a strong magnetic field, will travel
along the lines of strong magnetic force; but
when the product of velocity and field is
small the ion moves parallel to the electric
force. If both magnetic and electric forces
are uniform, the ions both positive and
negative will move in the same direction
1 and perpendicular to bothandH. When

l : the electric field is not uniform but radiates
I ' | ' h from a point, and the magnetic field is
l uniform, the ion will describe a spiral traced
| on a cone of revolution whose axis is
| parallel to the magnetic field.
! | If the directions oE andH coincide, the
path of the ion itself is a helix of gradually
| increasing pitch, with its axis parallel to the
‘ i lines of magnetic force. The radii of the
. d s spirals will be small compared to the length
Fia, 7, of the mean free path of the ions. This is
especially true for the negative ions, even
when the motion of the positive ions is but
'__J____ I R e e little affected by the magnetic field.

If the electric field is not uniform (and it
is not in the audion where the negative
charge is located on the small cylinder of the
filament instead of on a plane surface) the
’, paths of the ions will not be cycloids, but in
BOTTED Ling= MiCURMPERES WiTH DECREASE OF A= LT, any case the ions will be turned back by the

10 LINE~MILLIAMPERES WITH INCREASE OF " A" CT, magnetic field after traveling a certain
distanced, from their source. Thus they will
never get farther thashfrom their source.

When the lines of magnetic force are
perpendicular to the discharge in the
s cathode-ray tube, the magnetic field at all
04030 L7 0H BN L1 u:mt:u u:‘: ::;:’:.I:a":‘.:.: é.t!: c:m L0331 14 287 270 281 2 pressures retards the discharge and

' - J3 diminishes to a considerable degree the

Fia. 8. great drop in the electric force which occurs
in the negative glow.

In general it can be assumed that in a
” strong magnetic field the ions tend to follow
! the lines of magnetic force. The smaller the
| velocity of projection the more nearly does
the path of the ion coincide with a line of
magnetic force. In cathode-ray tubes the
boundary of the negative flow may coincide
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G | o [ | parallel to the plane of the anodes, a marked
£y R e | reduction in the flux is obtained, sometimes
amounting to 20 per cent. This effect is

i < |
greater when the south pole of the magnet is

|
WA || |
) / | nearest that leg of the filament which is
I attached to the negative terminal of battery
A. The negative charge on this leg is of
course greater than on the other, for the
] negative charge on the other is the resultant
y | | of the negative potential of batteByand the
f positive potential of batter&. And when
BOTE 00 GO QOW QLT Q00 O QM OMg O 03N OIS O8N . . .
SIL LN PERER the lines of magnetic force are so directed as
[T to tend to sweep some of the negative ions
off from the parts of the anode nearest to the
filament leg which carries the greater negative potential, the reduction of thertiss she gas will be the greatest possible. Hence
the magnetic polarity observed.

If the filament extend above the top of the anode, say for 0.5 centimeter, then a magnetiafieldgpthe filament legs may
tend to force certain lost ions into a downward trajectory so that they will strike upamotfeiastead of passing off above it. In
this case only is an increase in Bi#ux observed as a magnet is brought up to the audion.

In general the flux will be diminished by the magnetic field. When the magnetic lines gassp®ular to the plane of the wings
the negative ions which are traveling in the direction of the magnetic force, froreritlaonwing, will be accelerated, but those
originally traveling out from the filament in the opposite direction will be bent around ectEflfrom their direct paths; so the
resultant will be a decrease of the total current flux.

When the field is intense, a marked frying or hissing sound in the telephone is heard, esptctakytwo-wing anode, and
when the magnetic force is parallel to their plane and thus affecting mostly the ichsanehstreaming toward their vertical edges.
In the hissing are parts of the arc are in rapid motion in the unstable portion around the edgassdfitbéerminal. Possibly also
the presence of oxygen the gas enters into phenomena here as it does in those of the hissihg aragAstic field lengthens the
arc so here it lengthens the paths of the ionic discharge.

The hissing is much more violent when the surfaces of the anode instead of being plane are puotlitie fubles whose
ragged and protruding edges offer a greatly increased opportunity for the ions to travel iyragdirthe combined forces of the
magnetism and of the electric charges heaped up at all such points and edges. In tiia padion, | could get a great range of
singing or squeaking sounds as the heating current was varied. Where the velocity of the iongmisiia tieeir deflection by the
magnetic field will be lessened.

If theB flux is too great to give maximum sensitiveness of response, bringing up a magnet to the audioreask ithe strength
of the wireless signals, because of the reduction dtiex. Or if this flux be already below the optimum then the presence of the
magnet may decrease the sensitiveness. This effect may be more pronounced for oregueweyfthan another, in which case the
audion can be attuned by regulating the magnetic field to which it is subjected.

Consider the case where the electric oscillations instead of being introduced @tditimethrough its interior anode are brought
up to a metal plate outside a vessel. Electric displacement currents insteaduaftion currents must then act upon the ions within
the vessel and on the charges upon the electrodes.

Now in the case of an electromagnetic wave, wHesiedE are perpendicular to each other and to the direction of propagation,
Thomson shows that if the producttdfx e is large € being the electric charge on a carrier) the average velocity of the ion parallel
to the direction of is zero, and the wave will carry the ion along with it. When, howélare is small (no external magnetic field)
the effect of the Hertzian wave will be to superimpose on the undisturbed motion of the iah\atsatory motion parallel to the
electric force of the wave and thus perpendicular to its direction of propagation.

A very convenient form of audion for investigating the relations which the distance, are#,thteelectrodes bear to its
response is had by using a pool of mercury for the anode. This is conveniently held in one or more pocketshelovalisrof the
glass vessel, and the filament so placed as to pass closer to some than to others.

Quite frequently | obtain with this arrangement two maxima of sensitiveness tonéraasmitter, the filament heating current
remaining unchanged; thus one maximumBar 12 volts and a second fBr= 18 volts. Again the sensitiveness is maximum when
the mercury surface is as near as possible to the filament. When a globule has rolléts potkét, exposing a new surface for the
anode, sometimes half a second elapsed before the sensitiveness is again restdoech dhimercury tube was especially
sensitive to the influence of a magnetic field.

The optimum or critical voltage 8becomes less after this audion has been heated a little time, as though the heatgd merc
vapor began to act to increase the conductivity of the gas. This critical voltage keepsgradube vaporization proceeds, and with
a sudden jar on the tube | can bring this down, one c8lladfa time accompanied by a loud click in the telephone at each reduction.
Sometimes a similar reduction of tBdlux amounting to as much as 25 per cent can be obtained with the double platinum wing
type of audion, by striking it smartly; or a sudden increase in the flux may be obtained.

The heating current when a large anode surface is used is less than that required tcheredoeedegree of sensitiveness with
a small pool of mercury as anode. In general the flux is quite proportional to the area of the Arodendttions remaining
unchanged. A mercury arc also may be substituted for the filament, but such an arranggrhmbis oisy in the telephone.

When the hertzian oscillations are passed through the filament instead of through thg geguitieeto be of great intensity to
give any response whatever. Any results from the added heating effect which they may caattiteufdament are quite
insignificant. The response when the audions are connected up in parallel, or seriegsisesisvthan for one alone.
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In a tube whose two-plane anodes are fitted on hinges and backed with small iron disks so distaticas from the filament
can be regulated by an external magnet, | find the response to a long wave-length greatest distanti@ is the greatest possible;
while to a wave-length of about one-half this, the response is decidedly better when theeviregsex to the filament. Of course
theB flux is greater in this latter case, other conditions being unchanged; but the seleciiyemties tube just described seems to
be due to the regulations of the distance between anode and cathode rather than to other factors.

The manner in which the audion should be located in the oscillating circuit, as well as maograttikerations, show
conclusively that it is a "potential-operated” rather than a "current-operatag'receiver. At the same time its advantageous
sluggishness of action, as explained above, renders it additive in its response to the enemyrefreave-train or even of a series
of wave-trains. Hence its excellent and marked selective qualities.

A large number of experiments have been carried out with a view to reducing the filarheethesary to give the inclosed type
of the audion the extreme sensitiveness which now characterizes it. This is moedattanormal brilliancy of the filament, or a
little below; never at excessive heats. Thus the life of an audion should be that of an owandeg of the same class of filament
and voltage.

Filaments have been coated with alkali metals or salts, or vapors of these introtlutiezltubes. Experiments along these lines
and with various dissociable gases are being pushed with gratifying promise of our soon being-hldeedree present marked
sensitiveness even at red heats; or of still further multiplying the sensitiveness

Radio-active compounds, applied for example between juxtaposed metal disks and heatel ghaliragement. At the low
voltages used no increase of conductivity by their means has been observed, although Swinton has foaduithaoated
cathode in a cathode-ray tube has a marked action in facilitating a luminous cathodigejsghan the cathode is heated to
redness. The mere presence of radium in the tube is insufficient to produce the effect.

Spontaneous ionization, that is the ionization independent of the electric field, as fpleetkeatnproduced by the X-rays, does
not increase the current flux. Only the ions produced by the electric field itself eltheedathode, and by the heat of the cathode,
are effective.

It is required that the audion be made with scrupulous care; a trace of impurity in treygasdace surprisingly large effects in
the potential across the variation layer. The presence of a mere trace of nmstwause great difference in the behavior of a tube.

In all this work a bewildering host of new and puzzling phenomena is continually encountered. Byetsleah and pretty,
fascinating in its ever new phases, gratifying in the efficiency with which it respotigs difficult demands of a new and intricate
art, the audion combines infinitely delicate matter and forces, at once offeringelishfér study to the physicist and delight to the
practical man.

* For its name, Audion, a title as beautiful as it is appropriate, | am indebted to nigressils. C. D. Babcock, who has been of
utmost service to me in the development of this device almost from its inception.
Copyright 1906, by the American Institute of Electrical Engineers, before which socgbapier was read.
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