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ABSTRACT

The shot effect in space charge limited currents from tungsten and thoriated
tungsten has been investigated. The effective fluctuation level is recognized, in

general, as the combination of a depression due to pure space charge, and an elevation
due to the liberation of electrons by positive ions. The magnitude of the elevation
may be such as to carry the fluctuation level far above that for the same current under
temperature limitation, or it may simply alter the form of the depression curve. The
abnormal fluctuations observed have been analyzed, and their cause traced to inherent
mixed emission from the metal surface. The effect of age and heat treatment has been
studied for specimens of tungsten. A double grid tube has been used for obtaining a
space stream consisting solely of electrons, and the conditions determined under which

this stream is governed by the laws of pure chance applying in the simple shot effect
theory. With this arrangement space charge measurements of fluctuations can be
made over a considerable range with the same degree of precision attainable with
temperature limited currents. Considerations involving statistical correlation be-
tween instantaneous values of the anode current provide a possible theoretical basis
for the space charge depression of shot effect. This treatment yields an expression for
the ratio of the mean square value of the fluctuation voltage under given space charge
conditions to that under strict temperature limitation of the current:

/U = f(zo/&)t,

i0 is the space current, i, the saturation current, or total emission associated with a
particular emitter temperature, and their ratio characterizes the space charge situa-
tion. It has been shown that in the absence of abnormal effects, the depression of the
mean square fluctuation voltage which results is independent of the frequency, ~/2~,
at which it is measured. This conclusion provides information regarding the spread of
the correlation function defined in the theoretical section. A relation showing the fluc-

tuation depression proportional to the square of the current depression under space
charge is indicated.

)1.
HE study of spontaneous current fluctuations which occur in a circuit
containing a thermionic element has given rise to new problems of con-

siderable interest concerning the nature of the emission, and the passage
through space of the charged particles. Treated theoretically erst by Schot-
tky' and later by Furth, ' Ornstein and Burger, ' and Fry' these manifestations
of the atomic nature of electricity have come to be grouped under the general
designation of the "shot-effect".

' Schottky, Ann. d. Physik 50, 541 (1918).
~ Fiirth, Phys. Zeits. 23, 354 (1922).
' Ornstein and Burger, Ann. d. Physik 70, 622 (1923).
4 Fry, Jour. Frank. Inst. 199, Feb, (1925).
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A technique of experimental investigation first successfully carried out by
Hull and Williams involves the use of a frequency selective screen grid va-
cuum tube amplifier of four or five stages. The thermionic current is caused to
How through an external tuned circuit of high impedance, and the Huctua-
tions in potential across this unit are impressed upon the grid of the first am-
plifier tube. With a modification of the formula derived by Schottky for the
mean square value of the fluctuation in potential, adapted to the particular
circuit in use, Hull and Williams succeeded in determining the charge of the
electron within a probable error of less than 1 percent.

Extension of this work and improvement of the technique has been re-
ported in several recent papers. Particular mention should be made of the in-
troduction of the aperiodic shot circuit, the measurement of the charge car-
ried by the K+ thermion, ~ and the studies in abnormal shot effect which have
been carried out during the past year. ' '

It has been the practice to refer to those effects as abnormal where the con-
ditions underlying the theory are not fulfilled, and where, as a result, the
value of the electronic charge computed in the customary way departs from
the accepted value.

The results of Johnson"'at low frequencies have been interpreted by him,
and further analyzed by Schottky" on the basis of an independent effect due
to secular changes in the emission characteristics of the cathode.

Following are enumerated in brief form the essential postulates which
must be fulfilled by the thermionic discharge under the normal shot effect
theory. Experiment should provide

(1) Emission consisting entirely of similarly charged carriers (electrons
or ions as the case may be).

(2) Complete evacuation of the space surrounding the emitter.
(3) Random distribution of emission over the surface of the emitter.
(4) Random distribution of emission in time. (The number of electrons

escaping from any section of the emitter in a small element of time should be
independent of the number escaping from other sections and during adjacent
time intervals. Only under these conditions do the simple probability rela-
tions apply to the emission. )

(3) Full reproduction at the collector of the random distribution of the
emission. This involves the absence of interaction between carriers during
their passage, and is realized only when the thermionic current is strictly
"temperature limited".

(6) Freedom from sources of luctuation in the circuit other than those
due to the discreteness of charge of the particles.

' Hull and Williams, Phys. Rev. 25, 147 (1925).
' Williams and Vincent, Phys. Rev. 28, 1250 (1926).
7 Williams and Huxford, Phys. Rev. 33, 773 (1929).
8 Donal, Phys. Rev. 36, 1, 172 (1930).
' Kozanowski and Williams, Phys. Rev. 36, 1,314 (1930).
'0 J. B. Johnson, Phys. Rev. 26, 71 (1925)."W. Schottky, Phys. Rev. 28) 74 (1926).
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The complete realization of the situation outlined by these postulates is,
of course, impossible. By the use of well-evacuated tubes, low current den-
sities, and high fields, the assumptions may be met to a degree of approxima-
tion within the limits of the experimental error. This was accomplished in the
original work on the electronic and ionic charge.

It was early observed that when either the current density was large or
the potential difference small, the mean square voltage fluctuations V' fell
below the value indicated for the normal shot eRect.

The presence of even a small amount of gas in the tube was found to be
responsible for abnormal effects of enormous and rather uncertain magni-
tude. With some types of emitters, particularly those employing a coating of
barium and strontium oxides, elevations rather than depressions of the value
of V, were also observed when space charge limitation obtained. This eRect
was traced to the liberation of electrons from space charge by positive ions.
By the device of mounting an electron emitter and a positive ion emitter in
the same tube, the source of these abnormal fluctuations was definitely estab-
lished by Kozanowski and Williams. "

It has been the aim of this research to investigate the eRects of electron
space charge on the fluctuations in a circuit carrying a thermionic current
from tungsten and thoriated tungsten emitters.

In part, the observed decrease in fluctuation level with increasing space
charge density finds its explanation in the cutting oR of a certain fraction of
the electron stream. Electrons whose velocities of emission are insufficient to
carry them against the reversed field to the potential minimum of the space
charge region will eventually be returned to the cathode. These, of course con-
tribute nothing either to the average value of the anode current or to the fluc-
tuations in the external circuit.

However, it appeared that the reduction in fluctuation level was more
rapid than the change in current ratio would warrant. A theory proposed by
Uhlenbeck sought to explain this behavior on the basis of statistical correla-
tion between instantaneous values of the anode current. One consequence of
this hypothesis is the prediction of a change of the space charge depression as
the frequency of the amplifying system is changed.

Experiments made during the summer of 1930 by the writers and Kozan-
owski seemed to provide some evidence of a trend with frequency. The range
between 54,000 and 190,000 pps was covered in these tests. Commercial
tubes having thoriated tungsten filaments of the inverted "V" type were
used, the grid and plate being connected together so as to form a two-ele-
ment tube. From the inconsistencies and wide variations in results however,
it became evident at the start that it would be necessary to find ways of ana-
lyzing these variations, and elimination of the errors which they introduce.
Discrepancies as wide as five to ten percent were observed under experimental
conditions which were reproducible certainly within two percent.

Commerical tubes with tungsten filaments were next investigated, and

"Kog;anowski and Williams, Phys, Rev. 36, 1314 (1930),
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irregularities of the same general character observed. It appeared that the net
depression might be the resultant of opposing influences, at least one of which
was not consistent from one test to another. From previous work it was
thought that the tendency to elevation of the Huctuation level might be
traceable to the action of positive ions in electron space charge. Since the
effects persisted at potentials below the lowest possible ionizing potentials,
and since they were observed in notably "hard" commercial tubes, an impure
emission was suspected as the underlying cause. A program of experiments
was then undertaken with three main objects in view:

(1) To demonstrate the presence of positive ions in the emission and to
show that the observed irregularity was produced by their action on the field
in space charge.

(2) To devise a means of obtaining pure electronic emission governed by
the laws of probability.

(3) If the second object could be realized, to study the effect of pure elec-
tron space charge on the normal shot effect with especial reference, as indi-
cated in the theory, to the frequency dependence of the depression ratio and
its connection with the total emission or saturation current.

APPARATUS AND EXPERIMENTAL PROCEDURE

It is necessary here to make brief reference to the experimental arrange-
ment used in this work and the type of measurements undertaken. A five
stage, screen-grid amplifier with tuned impedance coupling formed the es-
sential unit. The amplifier with all auxiliary circuits is mounted in a double
mesh screened cage within which the experimenter works. An oscillator for
calibration and impedance measurement is located in a separate smaller cage
several meters distant.

The amplifier response is detected by a 1000 ohm thermojunction coupled
with a few turns of wire to the coil in the plate circuit of the last stage. The
associated galvanometer reading is proportional to the square of the junction
current, and therefore to the square of the output voltage. For a standard
input, the current from the oscillator is passed through an inductance poten-
tiometer of accurately concentric cylinders. The potential drop may be com-
puted from the length used, and provides high frequency voltages of the re-
quired order of magnitude. The current in this circuit is read by a Western
Electric type 20-D vacuum thermocouple and galvanometer. Strict propor-
tionality between this reading for various currents and that of the output
galvanometer indicates a linear characteristic for the amplifier. If this is
maintained and checked at intervals, the absence of appreciable regeneration
is assured.

When measurements involve absolute determinations, as of the electronic
charge, the amplifier must be calibrated and the area under its resonance
curve accurately determined. It is of course essential that this factor remain
unchanged during the course of a series of readings.
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The fluctuation circuit is enclosed in a copper box shield. The plate po-
tential is supplied by a bank of dry cells in convenient 45 volt blocks with
continuous variation provided by a potentiometer arrangement. The space
current, indicated by a Weston four range microammeter, is passed through
a wire resistor, R of about 30,000 ohms. The emitter is heated by a storage
battery of 2—12 volts. The cathode, the high potential side of the anode
circuit, and the shield are all maintained at ground potential for high fre-
quency currents by the use of suitably located by-pass condensers, each of
1 mf capacitance.

The observed magnitude connected with the fluctuations is the deflection
of the output galvanometer, Go. This is a measure of the mean square output
voltage, E,', and E' is directly proportional to the mean square input volt-
age, V . It was shown by Williams and Vincent that for the aperiodic shot
circuit

g2 = 2+02/hz@2

where A o is the voltage amplification at the resonant frequency, A is the area
under the relative response curve of the amplifier, e the electronic charge, io

the mean emission current, and Z the parallel impedance of the input cir-
cuit, measured at the natural frequency of the amplifier.

If the fluctuation current be expressed in a Fourier series, we find for the
mean square value of the 4th component of the input voltage,

Vk' = —,Cg'ZI, ' ——2sZA, 'ezp
2' k

(see appendix, note 1, Eq. (9))
Since in Eq. (1), the factors A and A o are constant

E' Gp
P& ~qzo~ —~—

Z2 Z2

The "depression ratio" is then given by

(v. ), (G,),-z,—

(v. ), (G,), z,

where the subscript s refers to a particular space charge limited current, and
t to the temperature limited current at the same temperature of the emitter.

In practice the deflections of the galvanometer are not constant, but show
a continual variation covering usually less than 5 percent of the scale. Read-
ings may be determined either by watching the path of the scale in the tele-
scope for perhaps 30 seconds and making a mental average, or by arithmeti-
cally averaging a large number of independent readings taken at random. The
former method has a considerable advantage in the amount of time required,
and was used in most of the work. The difference between the values of the
deflection arrived at by the two methods is insignificant. The estimated maxi-
mum error for either is about 1 percent.
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The impedance of the shot circuit is measured in essentially the following
way. Current from the oscillator tuned to the peak frequency of the amplifier
is passed through a standard variable condenser, and measured by means of
a W. E. vacuum thermocouple. The drop across this unit is impressed upon
the shot circuit, and the impedance calculated from the resulting current. The
thermocouples used in these measurements are calibrated on the alternating
current bridge described by Williams and Huxford. "

For temperature limited currents the maximum error estimated for this
last determination is —', of 1 percent. In space charge measurements there
seems no reason to question the validity of the method unless the impressed
alternating electromotive force used in the impedance measurement becomes
comparable to the potential difference between the electrodes of the tubes.

ABNORMAL FLUC TUA TIONS IN SPACE CHARGE LIMITED CURREN TS

The fulfillment of the requirements mentioned in the first section for the
study of fluctuations in space charge limited currents has been accomplished
only through the introduction of additional means of control of that current.
It was at first thought that the solution to the problem lay in simplification.
In the preliminary work with commercial tubes of the 201-A type the grid
and plate were connected together, forming essentially a two-element tube.
The shape of these elements was recognized as unfavorable and the resulting
effect on the field uncertain. It was expected however that any particular
space charge condition, whatever its nature, could be reproduced by the suit-
able re-setting of the filament current, space current and plate potential.

As a matter of interest, and for the sake of continuity, mention is made here
of the first attempts in the direction of simplification. A two-electrode tube
was constructed with concentric cylindrical elements of the following dimen-
sions:

Filament
Plate

Tungsten
Nickel

Diameter

0.1 mm
16 mm

Length

24 mm
29 mm

The tube was sealed onto an evacuating system and the pressure reduced to
10 ~ mm of mercury. The unit was then baked with an electric furnace for two
hours at about 350'C. The metal parts were outgassed by heating to a bright
red heat with a high frequency induction furnace. During the process the fila-
ment was heated continuously, and in the final stage of the treatment a cur-
rent twenty percent greater than any planned for subsequent operation was
used. Two magnesium "getters" were mounted at right angles to each other
so that one could be flashed after the outgassing had been completed, while
the tube was still on the pump, and the other after it had been sealed off. The
abnormal effects observed —namely, elevation of the fluctuation level in space
charge rather than the depression indicated by the theory —were attributed

' Williams and Etuxford, Phys. Rev. 33, 773 (1929).
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at first to the evaporation of the sputtered film of magnesium on the filament,
which resulted from flashing the getters.

The obvious means of avoiding this difficulty was to eliminate the use of a
getter entirely. When this was done the desired pressures could be maintained
only by continuous operation of a mercury pump. Tubes of identical construc-
tion with the one described above were sealed to a pumping system which was
connected by a large tube to an outlet within the shield box of the shot cir-
cuit. A coil type liquid air trap prevented the diffusion of mercury vapor from
the pump or the McLeod gauge used to indicate the pressure. Outgassing and
baking were carried out as before and pressure readings less than 10 ' mm of
mercury were maintained during the periods of observation.

It became apparent at once that even with the possibility of gaseous ioni-
zation and evaporation of sputtered films eliminated, abnormal space charge
effects remained. The character of the abnormality was such as to indicate
strongly an emission of mixed nature, and further study was made in verifi-
cation and enlargement of this view. Similar effects have been observed by
Kozanowski in the emission from oxide-coated cathodes, and here the dis-
turbance was definitely traced to the simultaneous emission of positive ions
and electrons. The influence of an ion upon the field in its vicinity is connected
with its mobility. A simple calculation based on the kinetic theory yields the
result that this effect for a positive ion of mass M is on the order of 140 (cV)'~'
times the effect of an electron. As a consequence, it can be shown that fluc-
tuations of many times the normal level are to be expected as a result of the
release from space charge by a single ion, of many electrons.

In reports by L. P. Smith" and H. B. Wahlin' the emission of positive
ions by hot metals has been presented. Mass-spectrograph measurements with
tungsten and molybdenum show that as the temperature is raised, first, ions
of atomic mass corresponding to the alkaline earth metals are given off. Later,
ions of greater atomic mass, and finally, ions of the metal itself, are evolved.
It is dificult to explain the appearance of ions other than those of the metal
specimen under observation unless those substances are present as impurities.
Wahlin reports the persistence of the specific ion in a large group of metals
while the emission of other ions is of a more transient character.

The tungsten obtained for the emitters in the present work was specified
as chemically pure by the manufacturers. This apparently indicates only that
precautions are taken during its manufacture to avoid contamination. Wire
from two different sources was tried with no marked difference apparent in
behavior.

A set of curves showing the effect of age and heat treatment of the tube is
given in Fig. 1. A constant space current of 500 microamperes was main-
tained by raising the filament temperature as the plate voltage was reduced.
Above thirty volts the curves are all seen to converge toward the common
level for temperature limited currents. In the early stages of the tube history

"Smith, Phys. Rev. , 33, 381 (1930)."Wahlin, Phys. Rev. 3'7, 467 (A) and 473 (A) (1931).
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no depression below this level is indicated. This simply means that the eleva-
tion due to release of electrons by positive ions is greater than the depression
which might occur in the absence of such disturbing influence.

During the interval indicated between C and D the filament was operated
at 1.2 amperes with a negative potential of 200 volts applied to the plate. After
this treatment an actual depression was observed for the first time. It will be
noted however that as the filament current was increased (to maintain con-
stant space current) the trend of the curve turns upward. This is aiso ap-
parent in the later curves. In general as the temperature approached that at
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Fig. 1. Fluctuations in space charge limited currents from tungsten. Space current main-
tained constant by raising filament temperature. Curves A —F represent successive stages in
aging and heat treatment of specimen. All approach normal shot effect level when current be-
comes temperature limited. A—First heating of filament. 8—After first outgassing. C—After
repeated outgassing, pressure 10 ' mm —20 hrs. D—Filament aged 30 minutes, Bp=200v,
If ——1.2 amp. B—Filament aged 3 hours. F—Filament aged 9 hours.

which the aging process was carried on the depression gave way to an eleva-
tion. Curve F represents somewhat of a limiting situation, and subsequent
data clustered around the level indicated at this stage after nine hours aging.

From the form of the curves of Fig. 1, it was recognized that changes in
the emission characteristics of the filament were in large measure responsible
for the elevation of the fluctuation level observed at low voltages. It should
be pointed out that the excessive positive ion emission indicated in these
tests results from the abnormally high temperatures necessary to maintain
constant current under heavy space charge limitation. Indeed, it is probable
that in this range, appreciable currents can be secured largely by virtue of
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neutralization of space charge by positive ions. Emission of this character,
while of interest in connection with the present work would rarely be met in
the normal operation of tungsten emitters. The possibility was considered
that high temperatures alone might bring about changes in the emitting sur-
face which could be the sole cause of the large Huctuations.

As a test of this question the transition between temperature limitation
and space charge was carried out another way —with constant emitter temper-
ature. The space current in this case varies with the applied voltage as shown in

curve A, Fig. 2. On this account alone the fluctuation level as shown by the
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Figs. 2 and 3. Abnormal fluctuations observed in space charge region when filament
temperature is held constant. The persistence of a peak is evidence of mixed emission at normal

operating temperatures. Curves A and 8, Fig. 3, correspond roughly to curves C and D, Fig. 1.

output galvanometer would be expected to decrease proportionately as EI
is decreased. Previous experience under space charge conditions indicated a
still more rapid decrease of U'. Interest in this case centers on the peak which
appeared to break the regular fall of the Go curve when plotted against EI.
Since no change was made in the filament temperature we are forced to the
conclusion that this is due to some cause inherent in the emission. In Fig. 3
two curves are shown which correspond in a rough way to curves C and D in
the "constant current" group. A definite decrease in the height of the peak is
coordinated with a period of aging the filament with a large negative potential
on the plate. It is significant that the position of the maximum is not changed
by this treatment and is therefore a function only of the space charge sitna-
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tion in the tube and not of the emission characteristics. * The magnitude of
the peak on the other hand is associated, as was expected, with the rate of
emission of positive ions. From this, correlated with evidence presented in the
preceding sections, we feel that the only contribution of an increase in emitter
temperature is the increase in specific emission, both of electrons and Positive
i ons.

Emission from thoriated tungsten

For comparison with the results on tungsten, curves obtained with emis-
sion from thoriated tungsten are reproduced here. Fig. 4 is drawn to show the
fall in the fluctuation level for a constant space current as 8 is decreased from
a value providing temperature limitation. The two curves represent actual
data taken on the same tube at different times. The difference in the shape of
the elbow is characteristic of emission from thoriated tungsten.
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Fig. 4. Shot effect in emission from thoriated tungsten. Ordinates represent fractions of the
normal fluctuation level. The spread between the two curves, taken under identical conditions
is attributed to variation in the emission of positive ions. Constant space current jo ——500'.a.

There seems little doubt that the elevation of the fluctuation level due to
positive ions in space charge is responsible for this irregularity in form.
abnormal fluctuation is simply superposed on the level resulting from the
normal depression. The number of ions released at the temperature covered
in these experiments is apparently insufficient to cause a resultant elevation.
Further, the quantity varies with the time and previous treatment of the
filament. This results in the region of uncertainty mentioned in connection
with the preliminary work. It appears from the curves that this is greatest
for a space current of 500 microamperes in the region of 20 volts on the plate.
Below this, the curves seem to show greater uniformity. It must be borne in

~ The filament current was actually held constant during runs of this type. The change in

resistance due to the cooling eEect of evaporation of electrons was less than one part in one
thousand.
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mind, however, that, due to the steepness of the slope and the low plate
potentials used, experimental accuracy is considerably reduced.

Grid control of space charge

The effect of a space charge grid on fluctuations was next investigated.
Tubes of cylindrical symmetry were built, with tungsten emitters, and pro-
vided, at first with grids 3 mm in diameter, and about 3 mm spacing between
turns. Plates were of nickel, 16 mm in diameter.

Let us suppose, in line with the indication of previous results, that the
emission consists mainly of electrons with a small quantity of positive ions. If
we further assume that both types of emission occur with a chaotic distribu-
tion in time, we should expect, when potentials are adjusted to obtain con-
tinuous fluctuations. This was accomplished by applying a positive potential
of 10—15 volts to the grid and 200 volts to the plate.

The establishment of space charge at any point in the tube resulted in a
departure from this value. As an analysis of the fields in the tube will show,
this may be due to an internal or external space charge referred to the grid. It
is the latter, in which we are primarily interested, but it is essential to know
the effect of internal space charge and the interaction with positive ions on
the fluctuation levels. The use of a large positive potential on the grid would
certainly result in the elimination of the inner space charge. The field would
also be a retarding one for positive ions and would eventually cause the re-
turn of many of them to the cathode. Electrons, however, would suffer ac-
celeration in the same field and their average velocity of appearance in the
outer space would be much greater than the range of the original emssion
velocities.

It is convenient to consider the region of the grid as a virtual emitter and
to visualize the external space charge as produced by "emission" from the grid.
It is at once apparent that for a given potential difference and current a larger
emission velocity will result in a decreased space charge density. This follows
from the relation i = pv where i is held constant.

An experimental difficulty is encountered here in the extremely low volt-
ages between grid and plate necessary to produce appreciable space charge
density. This is concerned mainly with the accuracy of the measurements-
in particular, the impedance determination, and is discussed in another sec-
tion.

On the other hand, a low grid potential introduces space charge conditions
in the inner space provided its field acts independently of that due to the
plate potential. It was found necessary to cut the grid turn separation to
about 0.4 mm to accomplish this shielding.

Since the gr~d and filament are connected together with only the small
fixed potential difference between them, fluctuations between these two are
logically assumed to be negligible. Both are held at earth potential for high
frequency currents. We have to deal then only with grid or filament, which-
ever we choose. On this view the filament serves only as a source of electrons—the effective emission coming from the region of the grid.
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It might appear that the existence of space charge in the inner space
would not be of any signi6cance in a measurement of these Huctuations. The
design of a tube in which the external field was effectively screened from this
space made possible a test of this question.

ith the plate potential at 200 volts so that temperature limited condi-
tions existed between plate and grid, the grid potential was carried in small
steps over the range in which inner space charge was established. The varia-
tion of the P with B, is shown in Fig. 5. The explanation of the eight-fold
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Fig. S. Inhuence of positive ions in inner space charge in three element tube. Fluctuation
level shown as a function of grid voltage, measured with respect to the negative terminal of the
filament. The bend occurs at a value of E~ about equal to the filament drop in potential. E&
=200 volts.

increase observed between 8,= 6 volts and B,= 1.5 volts lies in the release of
groups of electrons from the inner space charge by positive ions emitted from
the filament. Moving toward the grid, some of these electrons are collected
and some pass through into the grid-plate space. The "emission" from the
virtual cathode therefore departs from a purely random character and the
effect is observed in an elevation of the fluctuation level. ~

The conclusion seems inevitable that when space charge conditions exist
at any stage in the passage of a thermionic current, the action of positive ions
will produce abnormal Huctuation effects.

* Grid and plate potentials in Fig. 5 are given with respect to the negative terminal of the
filament. The bend in the fluctuation curve occurs when the value of the grid potential becomes
equal to the drop along the filament due to the heating current.
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In view of the extreme difficulty experienced in obtaining pure electron
emission of reasonable intensity, this amounts to a requirement for the study
of pure space charge eA'ects that the space charge musk not occur in the imme-
diate neighborhood of the emitter

PURE SPACE CHARGE EFFECTS

Field conditions in the double grid tube

These steps led to the introduction of a second grid, g2 of Fig. 6, the func-
tion of which was two-fold:

i. To provide a retarding field for electrons after their passage through
the inner grid space.

2. To shield the internal sections of the tube from the action of the ex-
ternal field.

The inner grid was held at a sufficiently high potential Ii~ to assure the
continuously positive field indicated in region A, Fig. 6. This serves the
double purpose, first, of preventing the escape of positive ions into the sur-

Fig. 6.

2

rounding space, and second, of maintaining within the region a temperature
limited current whose fluctuations have been shown to be unaffected by posi-
tive ions. Electrons of zero initial velocity would arrive at g& with a velocity
of B~ volts. Some of course strike the grid and contribute to a measurable cur-
rent which we shall call I&. Others pass through the rather coarse mesh into
the region 8 where a retarding field is maintained. The potential of g2 is held

only slightly positive with respect to the filament. As a result, the average
emission velocity into region C is but slightly higher than the original emis-
sion velocity. Here again a portion of the electron stream is cut off constitut-
ing a current I2.

Let us now examine the nature of the remaining emission. If g2 be con-
sidered as a virtual emitter, we have a pure electronic space current in which
space charge limitation may easily be set up by a suitable choice of the po-
tentials Z„and B2. It was anticipated that the accumulation of space charge
in region B would cause a somewhat lower fluctuation level in this current
than that obtained under temperature limitation in the simple two electrode



tube. Since the region in question, however, is free of positive ions, the only
effect of this internal space charge will be an independent and constant de-
pression. This is entirely different from the elevation produced by positive
ions in an inner space charge which is of an irregular and uncontrollable mag-
nitude.

Insofar, then, as our interest centers only on the inHuence of conditions
in the outer space, an emission of the character described would appear to
meet all the requirements. Gratifying results were immediately obtained in
the increased accuracy of individual measurements. It became possible for
the first time to repeat space charge measurements many times with an actua1
maximum spread in values of the depression ratio of about 2 percent.

The question as to whether the pure emission from the region of g& pos-
sesses the random character of true thermionic emission may be settled by
measuring the mean square "shot" voltage with a high positive potential
applied to the anode. A comparison of the values of V' to those obtained with
a two electrode tube under strict temperature limitation will immediately de-
tect a departure from the ideal situation. For this comparison, tubes were
chosen on which actual measurements of the electronic charge have been
made. A value of V' consistent with Eq. (1) and therefore a pure random
emission fulfilling the postulates of the theory is assured. Tedious repetition
of the complete calibration of the amplifier such as is necessary in the deter-
mination of e were thus avoided since the same values of Ao and A entered
into each of the compared magnitudes.

Experiments were carried out to determine the optimum conditions for
the production of space charge between the outer grid and the anode. A value
of space current was chosen which produced suf6ciently high electron den-
sity, and which could be maintained without danger to the filament. Grid po-
tentials were then adjusted until the stream passing into region C exhibited
Huctuations indentical with a temperature limited current from a metallic
emitting surface.

The theoretical considerations outlined in the appendix Note A, lead to
an expression for the Huctuation depression ratio:

./i = f('./')'-"'"'
where U,' is the mean square voltage Huctuation under space charge con-
ditions characterized by emission current io, space current i, and V& the
m.s. voltage Huctuation for a temperature limited current i. co is 2z times the
natural frequency of the amplifier curcuits, and o;, a function defining the
width of correlation.

Two questions are thus presented which invite investigation

(l.) How great is the influence of the exponential term involving the fre-
quency.

(2) In what manner does the depression of fluctuation level depend on the
ratio of the collected current to the total emission current.

We will consider first the frequency effect.
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The response characteristic of the amplifier has the form of a symmetric
curve which falls off sharply on each side of the resonant frequency of the
tuned circuits. The breadth of the curve can be controlled by the use of shunt
resistors in these circuits. The area under the relative amplification curve is
the factor A in the experimental Eq. (1). Thus from the wide range of fre-
quencies represented in the I'ourier analysis of the current fluctuations, only
a narrow band is selected. Maximum amplification is afforded those compo-
nents whose frequencies lie very close to the resonant frequency of the ampli-
fier. By a choice of elements constituting the tuned impedance in the plate
circuit of each stage, this band may be selected from various parts of the spec-
trum.

I.O

0.9

0.7

75 IOO l25 l50
Pint| potantial, Ep (volta)

l75 200

Fig. 7. Frequency dependence of space charge depression constant space current. Depres-
sion ratio as a function of E„due to external space charge in double grid tube, E1, E2, and E~
measured from negative terminal of filament. A, 54,000 p.p, s. 8, 480,000 p.p s. i0=500 micro-

amps. E1=9 volts. E2 ——1.5 volts.

The potential E„actually applied to the anode of the "shot" tube is ob-
tained from the impressed battery voltage by subtraction of the voltage drop
across the series load. Starting with 200 volts or more E„ is decreased in steps,
and the space current held constant by a corresponding increase in the fila-

ment temperature. Space charge is thus increased with decreasing 8„. The
ratio of V' for a certain current and applied potential to V' for temperature
limitation of the same current is obtained from the ratio of Go/'Z' for the
two cases. (See Fig. 7.)

Each point on the curves is the average of at least twenty independent ob-
servations. These were part of a series of experiments on two different tubes
which extended over a period of about ten weeks, Within two percent the
average curves at 54,000 pps. and 480,000 pps. coincide throughout their
length. Ke therefore feel justified in believing that the frequency effect on

space charge depression is vanishingly small.
This conclusion furnishes an indication of the maximum breadth of the

correlation function. If over a range covering nearly a ten fold increase in the
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frequency, e I' ' does not depart appreciably from 1, co'/2eL'must remain
equal to zero. This can be true only if n is an extremely large quantity com-
pared with ~. By reference to the role played by n in the correlation equation
(Note A, Eqs. (4), (10))

j(t&)j(t2) = Q(t& —tz) = Q(w) = I'e ~'""'.

We note that an extremely rapid decline of the function, p is demanded. The
width of the correlation band is thus shown to be sma/l compared to the
shortest rtatural period of the arrtpli$er

Since the frequency term reduces to unity, presumably f(io/i) is a uni-
versal function representing the depression ratio of fluctuations in space
charge. Let us follow the progress of a virtual emitting surface by considering
its position in the tube to be that of the minimum potential between grid and
anode. Under temperature limitations it coincides with g2. As the space charge
builds up the region expands and moves outward across the interelectrode
space. A typical situation is represented by the lower potential curve in space
C, Fig. 6. It is obvious that electrons will be retarded on entering this space
and that those with initial velocities too low to reach the potential minimum
will be returned in the direction of the cathode. Some of these returned charges
strike the grid g2. This number can be determined by the observed change in
I2. The field in the neighborhood of g~ would lead one to expect a still greater
change in Ii and this is found when the collection current to this element is
measured.

For any state, the total emission from g2 is given closely by I+8 I&+AI2
There is, of course, the possibility that a few electrons will reach the filament
against the inner field. This number was thought to be negligible, and an in-
dependent check of the emission current by the application of a high potential
to the plate showed this to be the case. Thus a reading of the emission current
could be taken simultaneously with the determination of P'.

The requirement of a large applied potential in comparison to those used
in the impedance measurement prevents the determination of the mean
square voltage fluctuation level with accuracy for low plate potentials. Re-
strictions imposed in turn by the maximum safe filament temperature, and
the portions of the electron stream intercepted by the grids set an early limit
upon increase of the emission current. When these are considered together it
is found that the range of trustworthy and significant results is confined from
two directions.

The emission from the region of minimum potential was measured by a
direct current meter in the anode circuit, since all the electrons reaching this
position are accelerated toward the collector. There seems to be no reason to
believe that the probability relations governing the escape of electrons from
the "cathode grid" will be changed in any way by the external field conditions
in the tube. It was to be expected therefore that when the region lay near the
grid, the current fluctuations would be identical with those of the stream
passing through the grid. As space charge is increased in the outer space with
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decreasing plate potential, the current reaching the anode falls off, The
fluctuations, however, decrease more rapidly than the current. A comparison
of these two effects is given in Fig. 8 in which f and its argument are both
plotted against Z„.

The complete suppression of the shot effect fluctuations may be observed
qualitatively by the behavior of the output galvanometer which falls to zero
for very high space charge densities. The actual lower limit is fixed by the
magnitude of the fluctuations due to the thermal agitation of electricity in

1.0

09

0.4
75 l 00 l 25 I 30

Ple, te. potential, C.p {volts)
200

Fig. 8. Depression ratio of shot effect in space charge compared with ratio of anode current
to emission current from the region of second grid, Between 50 and 200 volts. i0=500 micro-
amps, E~ =22.4 volts. Eg ——1.5 volts.

the shot circuit. The mean square value of the voltage thus generated is of
the order of 0.01 of the normal shot effect for a current of one milliampere.
A correction can be made for this in the original galvanometer setting.

It may be of interest to record a rather striking empirical relation which
may be obtained from the data presented in Fig. 8. Between Z„=50 and 200
volts, it is true within experimental error that

It is hoped that theoretical justification for this relation will be provided in
the future.
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APPENDIX

CURRENT FLUCTUATIONS

A simple thermionic device may consist of two electrodes sealed into a glass tube which is
evacuated to such an extent that the residual gas plays no part in the discharge phenomena to
be observed. One of the electrodes may be heated to any desired temperature below its melting
point, and this is made the cathode in a circuit carrying the thermionic current,

Two fundamental sources of current fluctuation must be recognized in this circuit:

{1)The discreteness of the carriers of the current.
(2) The thermal agitation or "Brownian motion" of the electricity in the circuit.

In the case of a temperature limited thermionic current, thePrst type of fluctuation makes
itself predominantly felt. Let us consider the flow of such a current in the simple circuit shown
in Fig. 1. If the emission is a completely random effect, we may expect deviations from the long
time mean value governed by the laws of probability. These fluctuations will be reproduced
identically at the anode, with only the time of passage across the inter-electrode space interven-
ing between the occurence of a particular event in emission, and its reproduction at the collector

Fig. 1.

plate. As a result the potential of the plate will rise and fall chaotically about a certain mean
value. The manifestation of the fluctuations in the electron stream, then, will be the develop-
ment of small irregular alternating potential differences between separated points in the circuit.

It is clear in the normal shot effect that the fundamental fluctuating quantity is the number
of electrons concerned in the emission from the cathode, and hence the emission current. The
amplitudes of these particular fluctuations are of course independent of the frequency char-
acteristics of the shot circuit or measuring device. The resulting .potential fluctuations will

involve the total impedance of the shot circuit which may be made practically free of frequency
influence by the use of an aperiodic circuit.

Fluctuations of the second tyPe —those due to the thermal agitation of electric charges —are
always present in a conductor, whether carrying a current or not. Here the fundamental
deviations from the long time mean situation are in the nature of accidental electromotive forces
set up by random variations of charge density.

In section A we shall outline the theory of particle fluctuations in a thermionic current with

particular emphasis on the effect of space charge. Following this a short discussion of thermal
agitation is given, and the application to the present problem pointed out.

NOTE A. AMPLITUDE OF THE MEAN SQUARE DEVIATION

Let i(g) denote the instantaneous value of the thermionic current and S the long time mean

value. The magnitude of the deviation from the mean may be developed in a Fourier series:

where

i(t) —i =j (t) = P(Aq coscozt+ Bl, sincere)
k=s

2mk
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cv being the frequency in radians per second, and T the fundamental period of the series. The
coefficients of the kth term in the cosine and sine components of the general series are defined as
follows:

2 2
A ~ ——— j (t) cos cvI,tdt = — j ($) cos ur&$d$

7 p 7 p

2 2
j(t) sin co&tdt = — j($) sin ~1 (d$

T p T p

The following customary assumptions' are made regarding j(t):
(A). The mean deviation from the average current, taken at the time, t over a large number

of similar, but independent circuits in which the same average current flows, is zero. This is
denoted by

J(t) = o ~ (3)

(B).If the values of j(t) are considered at different instants, t& and t2, there will be correla-
tion between successive values only when ~ts —tq

~

is very small. This may be expressed by the
following equation:

j(t~)j(t2) = &(t~ —t2)

where the values of j(t) at t& and t2 are multiplied, and the average taken again over an en-

semble of circuits. @(t&—t2) is a symmetric function of the difference in time with a sharp maxi-
mum at t&

—t2 equal to zero. This will frequently be referred to as the correlation function. It is
well known from statistical mechanics that the ensemble of currents may be formed either by a

great number of independent circuits, or by dividing the curve, j(t), occurring in one circuit into
many sections of length T.

We are interested now in finding an expression for the mean square amplitude of the kth
Fourier component of the current. This may be written from the Eq. (2)

AI' = —, j(p)j(q) cos Mp$ cos pdygdg7I
0 p

where t and s are time variables of integration. Now cos Ms( cos ross =1/2 [cos &os($+e)+ cos

~s(5 v)] and by —assumption (2)j (()j(u) =p(p &) De—noti.ng &
—

& by w, and t+u bye, we have
dv dm=2dgdg from the functional determinant.

Introducing these as new variables, the expression for Aq'4 becomes

1 2T

Ay' =— /(w} [cos wsw + cos Gusv]l&dw.
7 p eo

The extension of the limits of the integration with respect to m is justified by the steep decline
of the function p(zv).

1 27 1 2T

AgP =—
2

@(7o) cos
2

@(zg) cos pdgvdvd'fv
T p p -oo

1 00 27'

cos cog,vdv @(m)dm + — dv @(~)«s pdJ~«'.
2 2T p eo T 0 00

Since pdr =27fk/T, the first integral is seen to vanish at both limits, and there remains simply

2
@(~)cos ~&~d~.

T -c
A corresponding treatment yields an identical expression for Bk'.

CORRELATION

In fulfilling the postulates of the normal shot effect theory, the probability of the departure
of an electron from the cathode is assumed to depend only on the thermal energy of the emitter,

' Uhlenbeck and Ornstein, Phys. Rev. 38, 823 (1930).
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and not at all upon the previous history of the region of the surface from which it leaves. It is
further assumed that the arrival of electrons at the plate partakes of the same chaotic distribu-
tion.

The situation is represented graphically in 2 Fig. 2. Under temperature limitation the
number, n&, emitted during a certain time element At; all arrive during a corresponding time
b,t later than b,t; by the time of passage across the intervening space.

C~thoge.

Anted. e

Fig. 2.

This statement has the effect of assigning an infinitesimally narrow width to the correla-
tion function @(w) as applied to the emission current. It follows that the integral J „"@(w)
cos ~swdw can be replaced by J „"g(w)dw since the value of w for the range in which the
integral &0 is very small and cos cozen =1.For temperature limited currents, therefore, we can
write Aq~—- ~ and an identical expression for gz' (6)t
where

0- = y(m)dm.

The application of the principles of probability to the escape of electrons from a metal
surface has given for the mean square deviation from the average current i

pat = (& —,-)~at = i&

where e is the charge of the electron, At is a time element, short by comparison with the natural
period of the measuring unit, and still long enough to allow the escape of many electrons. The
role played by this factor has been clearly illustrated by Huxford. '

This may be identified with the function @(m) by considering that the area under the cor-
relation curve may be approximated by a rectangle of height j& and width At. Thus

0. —j 'At = ze.

The mean square amplitude of the kth component of current fluctuation,

4~7~a'+Be' = C~' =
T

Adaptation of this relation to the experimental problem, and a solution applicable to all types
of shot circuits have been carried out by Williams and Vincent. ' Remembering that coy,

——2mk/~,

the mean square voltage developed across the circuit load and impressed upon the amplifier
becomes

COfg
p'I 2 —~ Q '2' 2 = 2@I&ggo-

2vrk
(9)

It was to be expected that one of the effects of the interaction of electrons in space charge
would be the "spreading" of the correlation function as applied to their arrival at the anode.

Huxford, Dissertation, University of Michigan, (1928), p. 10.
' Williams and Vincent, Phys. Rev. 28, 1250 (1926).
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The contrast between the two types of current limitation may be depicted as shown in Fig. 2.
Under extreme space charge, the emission of n; electrons during b, tg may influence the arrival
of n; over a considerable range of time elements, beginning nearer At; than was the case, due to
long range forces.

Fig. 3.

More formally, if we assign finite width to the correlation function, its value must be ex-

pressed as a symmetric, rapidly decreasing function of the difference in time between two
events. This is the quantity which we have called m. An approximation which suggests itself
is an exponential of the form

y(~) p~—~2~2/2

where P and n are functions of the plate potential or of the space current.
Substituting this in the expression for A&~

2P
A& = 8 + ~ cps ~/mdiv

7

2P (2 )''

(&o)

for temperature limitation, we had, independent of frequency,

2$zp
A/, ' = —~

7

This condition is fulfilled in the space charge equation by making

P
n —+ ~ and —(2~)'/' = ei

wherei refers to the total emission or saturation current from the cathode.
It is apparent that P/cx is finite and is itself a function of the space current io, which for

$p =$ becomes czo/(2x)'/'. Representing in general

P—(2~)"' by p(io)

we may write

~~g /PR
2P g cg

T
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and reasoning as before,

07$
Vy' = -,'Z'Ck' = 2Z'P —e

2vrk

Then for the ratio of the mean square impressed potential fluctuation under given space charge
conditions to the same quantity under temperature limitation.

From dimensional considerations, we cannot escape the conclusion that the factor P(io)/ei must
be some function f of io/i which for io=i becomes unity. Making this substitution and denoting
the depression ratio by 8, we have

The ratio on the left is frequently referred to in this paper simply as the depression ratio.
Its value obviously approaches unity as strict temperature limitation is approached. For other
situations indicated by the subscript s, the ratio is seen to depend on two factors, one a func-
tion of the space current and the saturation current, and the other an exponential function of
the frequency.

This formal discussion of course cannot give the form of the functions u and P. For these a
more detailed consideration of the mechanism is necessary. If the effect of space charge were
only the spreading to which we referred, one can show that

p(zo) = ~io. (&4a)

The entire depression would then be caused simply by the fact that a certain fraction of the
emission current is cut off by the potential minimum. A surface through the potential minimum
would be considered as a virtual emitter with the same characteristics as the real cathode, but
emitting fewer electrons per second. In this case also a could be determined.

One feels, however, that the spreading effect cannot be the only cause of depression. When
there is space charge there will also appear fluctuations in potential due to density fluctuations
of the space charge, which again is a consequence of the temperature motion, Therefore we can
only expect (14a) to hold in the limit of very small depression.

NQTE B. THERMAL AGITATIQN

Under extreme space charge limitation, thermionic conduction is similar in many respecta
to metallic conduction. It has been pointed out that in this case only fluctuations due to the
thermal agitation of electricity would be expected. This is analogous to the Brownian motion
of particles in colloidal suspension. In an earlier section the current fluctuation was developed
in a Fourier Series. We must now apply a similar development to the accidental electromotive
force. Putting therefore:

we 6nd,

E(t) = P(Ps cosset + Qs sin co&t)
It=1

2pPI' = QI' =—
T

where

p' = E(tp)E(f&) cos ~&(~, —t,)d(&, —t2)

To 6nd p' wt;. must consider the differential equation of the current;

di
L —+ Ri = E(/),

dt
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The general integral is

t
i=ioe ' + —e ' E(t)e ' dt.

L 0

Squaring and taking the mean over an ensemble of currents

where

~ 2e—~~IL + (1 e-Bg jL)
2RL

p = E(t,)E(t,)d(t, —t,)

(20)

which in the limit as t—& ~ becomes

p
2 =

2RL

From the equipartition of energy theorem, we have, 1/2Li2=1/2aT where a is the Boltzmann
constant and T, the absolute temperature.

Then

p' = 2R~T.

Assuming very sharp correlation, we have p' =p so that

(22)

P~'+ QI' = V~'
4p' SR~T
r r (23)

p'I, 2 = SRxT-
2vrk

(24)

This expression is to be compared with Eqs. (9) and (13).
It is important still to remark that we could integrate (18) also by developing i in a Fourier

series in the same way as E(t), and we find then for the mean square amplitude of the kth com-
ponent,

~J2 + QI2 2p'
Sgg

2 R' + a)y2L2 rR'

Now, again summing over all components, we get

L'
1+ a)I,2—

R'

2S)

where

which gives

2p' " dx

2vrRL p 1 + x2

L 2mk L 2m.
cojg ) cojg = ~ ~ rR' r R dx

/
p

$2
2RL

(2O)

(2/)

Comparing this with (21) we see that p' is necessarily equal to p, or that even for tempera-
ture fluctuations the correlation @sist be very sharp. The result is that for thermal fluctuations
the spectrum of P~ must be uniform as in the case of the temperature limited thermionic cur-
rents. This argument now provides an u priori estimate of the influence of the correlation factor
in the depression ratio. When in the two limiting cases, though by quite different approaches,
we meet the necessity of a constant spectrum, it spasms doubtful that in the transition region we
would find the frequency dependency,


