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PREFACE

The wealth of material on the general subject of vacuum tubes and
thermionics which was originally published during the years 1935-1948
has required more than one volume for its presentation even though a
very stringent selection process has been followed by the editors.
Accordingly, two volumes are being published at this time.

This book, ELECTRON TUBES, Volume I, is the ninth volume in
the RCA Technical Book Series and the first devoted exclusively to
tubes. It covers the period 1935-1941; the companion book, ELEC-
TRON TUBES, Volume II, carries the series through 1948.

Papers are presented in four sections: general; transmitting; re-
ceiving; and special. As additional sources of reference, the appendices
contain a bibliography on vacuum tubes, thermionics, and related sub-
jects and a reference list of Application Notes. The bibliography has
been included to insure that applicable material on tubes is available
in this volume—at least in reference form. Papers concerning tubes
which relate to specific applications or fields such as television, fac-
simile, UHF, or frequency modulation, are listed in the bibliography;
they are covered, however, in other volumes of the Technical Book

Series.
* ¥* *

RCA Review gratefully acknowledges the courtesy of the Institute
of Radio Engineers (Proc. I.R.E.), the American Institute of Electrical
Engineers (Elec. Eng.), the American Institute of Physics (Phys. Rev.
and Physics), the Society of Motion Picture Engineers (Jour.Soc.
Mot.Pic.Eng.) and ‘the McGraw-Hill Publishing Company (Elec-
tronics) in granting to RCA Review permission to republish material
by RCA authors which has appeared in their publications. The appre-
ciation of RCA Review is also extended to all authors whose papers

. 3
appear herein.
L * *

Since the days of the earliest discoveries of Fleming and De Forest,
electron tubes have been one of the foundations upon which the entire



structure of modern radio, electronics and television has been built.
Progress in tube design and technique has often controlled the rate
of advance in various applications in the communications, entertain-
ment and industrial fields.

ELECTRON TUBES, Volume I, is, therefore, being published for
scientists, engincers and others whose work involves the design of
tubes or their application with the sincere hope that the material here
assembled may serve as a useful background text and basic reference
source to help speed new iube developments and thus advance the
science and art of radio-electronics.

The Manager, RCA Review

RCA Laboratories,
Princeton, New Jersey
March 4, 1949
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THIN FILM FIELD EMISSION*t
By

Louis MALTER

RCA Manufacturing Company, luc,
Camden, N, J.

Summary — Aluminum, oxidized clectrolytically, and subsequently
treated with caesium and oxygen posscsses new and interesting properties
when subjected to electron bombardment in the presence of an adjacent
collector electrode whose potential is held positive with respest to the
aluminum. True secondary electron emission from the treated surface
results in the c¢stablishment of a positive charge on the surface and a
polarization of the oxide film. This positive charge acting through the thin
oxide film produces a high gradient, resulting in the emission of electrons
through the surface. The emission increases with collector voltage and
beam currents, obeying power laws, but exhibits saturation tendencies. The
removel of the primary beam does not result in the immediate cessation of
the field emission, but rather in a slow decay which i8 due to the fact that
the surface charge takes an apprcciable time to leak away. Similar time
lags are noticed when the beam 13 first applied, particularly if the collector
voltage has been reversed while the beam impinges on the surface. 'The
surfaces are also light sensitive, in that light causes a decrease in the field
emisgion and a speeding up of decay. Attempts were made to demonstrate
this effect for other surfaces, but, with a few ewxceptions, the results were
negative.

INTRODUCTION

lished recently! under the title “Anamalous Secondary Electron
Emission.” Considerable criticism of this name for the phe-
nomenon involved has arisen as not being descriptive of its apparent
nature and, consequently, the above title suggested by Dt. J. A. Becker
has been adopted.
In a search for a surface possessing a high secondary emission ratio,
a considerable number of composite surfaces of various types were
investigated. In the case of aluminum oxide treated with caesium and
oxygen in a manner to be described below, it was found that a primary
electron beam impinging upon the surface caused a current flow to a
positive collector which, in certain cases, was several thousand times
as great as the primary current. The phenomenon differed from that
in the case of normal secondary emission in that the collector current

THIS paper constitutes a more extended report of a letter pub-

* Decimal Classification: R138.
% Reprinted from Phys. Rev., July 1, 1986,
t Malter, Phys. Rev., 49, 478 (1936)
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2 ELECTRON TUBES, Volume 1

was dependent upon the collector potential and primary current density.
1t exhibited very marked time lag characteristics and was also affected
by light.

EXPERIMENTAL PROCEDURE
A. Tuve and circuit

A diagram of the tube employed, together with the accompanying
eircuit is shown in Fig. 1.

The cathode was of the barium oxide-strontium oxide type. The
electron gun parts were made of tantalum. The electrodes on the walls
of the tube were platinum formed by the reduction of Hanovia plati-
nizing solution. The regions around the “side contacts” were coated
with silver formed by the reduction of Hanovia silver paste.

The platinam film consisted of two portions, the first serving as
ihe so-called “second anode” of the electron gun. The second portion
served to collect the electrons emitted from the target. If a single

2% Anooe CorrEcron
‘ = A
" l::_u::, = b 4 ?/,///%
A g — T/ 2

Crip/  \FirsT AnodE

@_ 1000 YouTS

Hearer ”

Fig. 1-—Schematic diagram of apparatus.

film is used as both second anode and collector, a change in collector
voltage (V) causes a much greater change in beam spot size than if
two separate films are employed as shown. This precaution was neces-
sary in view of the dependence of the collector current upon beam
spot size.

The caesium was produced by exploding compressed pellets of
powdered caesium chromate and zirconium in a side tube.

Two pairs of deflecting coils (not shown in Fig. 1), mounted just
beyond the first anode (at right angles to each other), served to posi-
tion the beam on the target.

B. Formation of the oxide film

The aluminum oxide was formed by making the aluminum the
anode in a bath wherein the cathode was a platinum foil. Various
composition baths were tried. Satisfactory results were obtained with
a standard solution of borax and boric aeid.
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It has been shown? that for times of formation in excess of a few
minutes the thickness of the oxide film formed is practically inde-
pendent of the time and the bath employed. The thickness is given by
the relation

D =117.0V,

where D is the oxide thickness in A and V is the applied potential in
volts. However, the resistance of the film does depend upon these
factors. No real study of the effect of the nature of the bath upon the
film properties appears to have been made.

If at any time during the oxidation process, the applied voltage is
gradually reduced, it is found that plots of the logarithm of the applied
voltage against the logarithm of the current through the film yield
curves of the form shown in Fig, 2. It is seen that below a certain
voltage the curve is linear. Giintherschulze and Belz’ have shown that
over this linear region the current is purely electronic, whereas above
this point ions move through the oxide lattice and contribute to an
increase in its thickness. The portion of the current lying below the
extended linear portion of the curve is electronic, whereas that above
is ionie.

The prepared aluminum foil was mounted on a nickel plate for
support and its edges were painted with willemite in order to permit
the position of the beam to be seen by the fluorescence excited. Equally
spaced circles were scratched lightly on the willemite in order that it
be possible to determine the size of the spot. For intense beams (in
excess of 3 to 4 microamperes) a faint blue fluorescence appeared on
the oxide surface, permitting of a direct determination of the position
and diameter of the electron beam.

The tube was pumped and baked at 475°C until the pressure
dropped below 10--* mm of Hg. After cooling, the parts of the electron
gun were outgassed by means of high frequency and the oxide cathode
activated so as to be thermionically emissive.

Caesium was now introduced into the tube and the tube then
baked at 200°C for ten minutes. After cooling, oxygen was admitted
into the tube to a pressure of 1 mm of Hg and pumped out after a few
seconds. This treatment was sufficient to bring about the appearance
of the thin film field emission, or enhance it in cases where it was
present prior to any treatment.

2 Giintherschulze and Betz, Zeits. f. Elektrochemie 37, 8-9 (1931).
3 Giintherschulze and Betz, Zeits. f. Physik 92, 367 (1934).
4 Dushman, Rev. Mod. Phys. 2, 381 (1980).
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2.0 It was found impos-

sible to secure completely
w0 reproducible results. In
an effort to determine the
possible reason for this,
all chemicals used were
recrystallized and the
o2 water redistilled, and, in

addition, the purest ob-
oy tainable aluminum was
secured from the Rhein-
ische Blattmetall A.G.5

4
P

SN

0.5

~
MILLIAMPERES

2 005
/ However, their material
/ was no better in this re-
< o2 Spect than the available
/ commercial “electrolytic

Lo6,V | |os condenser” aluminum.
(K] o /8 .7 /8 /9 20
Fig. 2—Current voltage characteristic of
aluminum oxide film after formation in
saturated borax and boric acid bath for
one hour.

EXPERIMENTAL RESULTS

Except where noted the measurement given were obtained from a
tube having aluminum with an oxide thickness of 2000A. While the
exact results obtained differ from those in other foils with the same
oxide thickness, the essential conclusions and laws are the same, the
actual magnitudes only being affected.

A. Variation of eollector voltage (V,)

If the beam current (I,), second anode voltage (Ep,) and spot size
are held constant, the variation of the collector voltage (V,) causes a
rapid variation in the collector current (Z,).

The results for different values of I, for the cases wherein (Ep, =
500 volts, Ep, = 48 volts) and (Ep, = 250 volts, Ep, = 26 volts) have
been plotted in logarithmic coordinates in Figs. 8 and 4. These com-
binations of Ep; and Ep, yield the same spot size.

In general, it is seen that:

I,=B(V)m™, 1

% Rheinische Blattmetall A. G. Grevenbroich (Niederrhein),
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At this point, it 32

should be made clear £p, ': 500 Vours /%/
that the results apply Ep, = 98 vours . / V. /
to only one region of 24 — e

the target. The values H

of I, obtained from d,’

different regions of _0‘"6
+
©

i

this surface vary con-

i
"7

NN

. = IS,
siderably. However, / ,/;/ g ";:' :.,::
if one restricts oneself e 7 ® Ti= 257ua
to a particular region // g 2_ : é’;’;‘;:
and is careful not to 0 © Tic 0/83uc
alter the surface in A/ ® Zi= 0.08%ua
the manner to be de- r- e 79 78 7 zo
scribed below, the re- log, ¥

gults are reproducible. In these measurements as well as in those that
follow (except where noted) all the data were obtained at the spot
on the surface which yielded largest collector currents.

B. Variation of beam current

A series of readings were taken, everything being held conatant
except I,. The results for Ep, = 500 volts, Ep, = 48 volts, and different
values of V, are plotted in Fig. 5. All of these curves are “repeats.”
It is found that if I, is increased in steps, and corresponding values of
I, obtained, a curve is obtained which does not repeat itself at low
values of I,. However, after the first run, all succeeding curves do
r'epeat themselves. These stabilized I,, I, points, which are plotted in

30 Fig. 5, and the curves
/ obtained, are the “re-
29 //// peats” referred to
20 y s above.
o < / ] /' To illustrate the
R oYy /m ;‘ — 2 nature of this devia-
S ‘o (e /M ’/ tion fo;' the linitizag
+ ° T run at low values o
0 o.5>/4/? IFO':” Z4 Ep=250VoiTs I three successive
y/ Ep, = 26 Vours runs are plotted in
0 / Fig. 6. The circles
-0 A are the first run, the

Fig. 8 (above) and Fig. 4 (below)—Varla-  crosses and triangles
:1;2111 %f cogieﬂctot c;:rre;:t witl; cggecbor poten- the second and third,
oF iferat valus of betm Ot yeqpectively. It s
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seen that after the
first run, the succeed-
ing runs lie along the
same line. The nature
of the polarization
and time lag effects
which give rise vo the
deviations in the first
run will receive more
detailed consideration
below.

Returning to a
consideration of Fig.
5, it is seen that ex-
cept for low values of
V, and [,, the curves

3.2
I
Vﬁ?OleV/
24 A /
9 v :
""I V,=70Wﬁ-y /
E/.s / Ve S0 g
" . ) / V.= 20 Vaurs
© / ) -
Ep =500 Vor
08 )///// / Ep. = 98 Wous
el
28 X 76 79 %2
8 + Leo, I,

Fig. b—Variation of collector current with
beam current for different values of collector
voltage. Spot size held constant,

are all straight lines of the same slope. These results can be repre-

sented by:

I.= P,

(2)

logyo P as a function of V., is plotted in Fig. 7. If V, < 70 volts,

P = 0.145 X 100-023¥¢,

By substituting (8) in (2), there resulis:

1, = 0.145 X 100-287¢(],)0.11,

o

s

al

7

€+ [o6,, 1
=
K-

4

Ep; = 500 VoTs
Ep, = 98 Vours

= 67
o o Firsr RN
Q& Seconp Run
// X Twrp Run
vy 5. 78 77 ¥2
8 + LOGlQI‘

Fig. 6—Demonstration of variation between

first and succeedi

8 varied.

runs wherein beam current

(3)

(4)

This relation holds
for all values of I, and
I, except for those be-
yond the linear re-
gions of the curves of
Figs. 5 and 6.
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" l
A /
Q1 /
06|
4
A . /
° .9
s A
302 /
o //
-02 4
R
Ve
"0 %630 90 S 606 70 80 ¥

Fig. 7—Plot of intercepts of collector current
—beam current characteristics as a function

of collector voltage.

C. Variation of spot
size

In order to see
whether Eqs. (1) and
(4) could be expressed
in terms of current
density, a series of
runs were taken at
different spot sizes,
the spot sizes being
determined by deflect-
ing the spot onto the
willemite. Because of
a slight misalignment
of the first anode, the
spot was oval instead
of circular. This
made the determina-
tion of the spot size
quite inaccurate, but
it was felt that an

approximation of the current density law could certainly be obtained.

In Fig. 8, the values of I,/A and I,/A for various values of I, are
plotted on logarithmic scale, where A is the spot size. When consider-
ation is taken of the large error in the determination of A, it seems
that the best representation of the results is a straight line drawn
among the widely scattered points. We have thus:

log 108 1,/A = 1.92 -+ 0.78 log 108 I, /A.

The fact that the
slope is practically the
same as that for Eq.
(4) indicates that the
linear relationship ex-
pressed in Eq. (b) is
a reasonable repre-
sentation.

(5)

2.4

Ep, * 500 vours
Ve = %5 Vorrs

oL, »/00ua
a Xy 27 ma
» Ty = 055 ua

L~

6 +log, %=

s

pd

64106, F*

BY-X L]

LX)

T 7 207 7

Fig, 8—Variation of collector current divided
by spot size with beam current density.
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The agreement between Eqs. (4) and (5) is very good and conse-
quently Eq. (4) may be generalized into the form:

A(I"/A) =0-145(10)0()28V4A0.71 (Ib/A)O.'H (6)

and since Eq. (4) was derived at Ep, = 500 volts, Ep, = 48 volts, for
which values A = 0.72 cm?2; we can insert this value of 4 in Eq. (6)
and obtain:

J,==0.160(10)0.028v¢] 0.71, N
where Jg=1Ig/A and J,=1,/A.

Eq. (7) is the law representing the collector current as a function
of beam current, spot size, and collector voltage for the oxide thick-
ness employed and over the surface region investigated. In general,
the law is of the form:

J, == aefvc] g, (8)

where «, 8, and y are functions of the oxide thickness and formation
conditions. This law does not apply if V, and I, are above or below
certain values. Possible reasons for this will be discussed below.

D. Decay characteristics

If I, is suddenly reduced to zero by increasing the negative voltage
on the grid of the electron gun, it is found that I, does not immediately
vanish but decreases rapidly at first, and then more slowly, and finally
approaches & zero value asymptotically.

Samples of the decay characteristics for the same surface for
which the preceding gain studies were made are shown in Fig. 9.
Decay characteristics are extremely erratic in that small motions of
the spot position cause large changes in the rate of decay. However,
in general it is true that the greater the gain, the slower the absolute
decay but the more rapid the relative decay. To show the extreme
variability of the decay characteristics another curve is shown in
Fig. 10. This is the decay characteristic for an entirely different sur-
face, formed at the same voltage as the one previously described. The
gains from this surface were slightly higher than from the one
studied. Unfortunately, before further measurements could be made,
this surface was destroyed by overheating with high frequency. The
decay time for this surface was of an entirely different order of
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\
d CurvE %
CuRYE
S Cuttve
X 2
AP \ Corve® Vs 22.5 Vours

Ep, =500 Vorrs

CurvE@ V. =22.5 vars

T =770
Te, =235 pa
Teo= 751
Teo = 31 ud
Te, = 6544

Ly

"\
Huk\ \\\\{

L}

Ly Oa
oas}
<3
\
002 \VI = 2725]
N
oo
© 120 180

Fig. 9—Typical decay characteristic after re-

moval of primary beam.

magnitude, being
measured in minutes
rather than seconds,
Current to the collec-
tor could be detected
after 24 hours.

It has been found
that if log [—log(I,/
I4)/T] is plotted
against log I, a
straight line is ob-
tained. (T is the de-
cay time). The case
corresponding to Fig.
10 is shown in Fig.
11, The small num-
bers adjacent to the
points represent the

corresponding decay time in minutes. This linearity indicates that
the neutralization of the surface charge is due primarily to the field

emission itself.

If at any time during the decay the lead to the collector is opened
momentarily, it is found on closing the circuit that I, has dropped to

practically zero. If
V., is reduced at any
time during the decay,
the rate of decrease
of I, is not affected
unless V, is reduced
below some definite
value, this value being
lower the longer the
decay period that has
elapsed.

A more detailed
consideration of the
significance of decay
characteristics will be
given after the theory
of the effect.

3 9 S 6
Ep. = 500 Vours
Ep. = 75 VoiTs

= 135 Vours

= 0.05 ua

%Jﬁ:l sA
.‘\‘\\
—

Aow

R AAJASA

T, m/ua

O

[

— 80 100 20
NUTES

Fig. 10—Example of very slow decay.

)
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E. “Building-up” characteristics

If, at any time, I, is first cut off by an increase in the grid bias,
and then after I, has dropped to a negligible value, I, is suddenly
restored to its original value, I, returns to its final value very rapidly.
If, instead of biasing off I,, V, is reduced to zero and then restored
to its original value, I, also returns to its original value very rapidly.

If, however, instead of reducing V, to zero with I, unchanged, V,
is actually reversed in direction so that the collector is negative with
respect to the target, upon restoring V. to its original positive value,
the building-up takes on new and interesting forms. Some of these
results are shown in Fig. 12 for cases wherein V,=22.5 volts and
45 volts. It is seen

pon
that the lower the
values of I, and V,, 99 -
the slower the build- o
ing up. A curious ’
feature is the fact CH T
that I, remains con- N ‘k
stant for a consider- qh /
able time before be- -05|% 158
ginning its rise, ‘—?' Z‘/
particularly for low 3
values of I, and V.. -/0
If, instead of re- / ?
versing V., a negative de
voltage (V) different e 63
from V, is applied to 5 .
the collector and then _ L “_6 +L°f°"' Ie . 2o
the collector voltage g, 11 mMustration of linear relation obeyed by
is restored to its orig- persistent emission,

inal V. value, the building-up curves are altered. In Fig, 13 are plotted
the building-up characteristics for V=0, —-22.5, —45 and — 67.5
volts, for the case where V, = 67.5 volts. As V is made smaller in
absolute value, the building-up becomes more rapid. An interpreta-
tion of the various building-up curves will be given below.

F. Scintillations and alteration of characteristics

If V, and I, are increased beyond certain points, scintillations are
observed on the aluminum oxide surface, their number and frequency
increasing as V, and I, are raised. These scintillations alter the sur-
face characteristics and, consequently, in the preceding experimental
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work, care was taken
to keep them at a

Ep. = S00 Vorvs
Ep, = 98 Vours

. . s,
minimum. Their com- /fﬁ: Vours ffe 1 25 Vours
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Under these conditions, the sur-
face was covered with a uni-
formly dense distribution of
pin-points of scintillation.
After one-half hour these scin-
tillations had completely dis-
appeared, but so had the thin
film emission.

G. Light effects

It was noted that the shin-
ing of light upon the surface
always causes a marked de-
crease in I,. In addition, light
causes & marked increase in the
rate of decay after I, is cut off.
The effects upon gain and decay
were most marked for tubes
with the longest decay. In cer-
tain cases a decrease in I, of
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200 microamperes was observed when a flashlight was shone upon the
surface. The same light impinging upon a caesiated silver oxide surface
resulted in a current yield of only 10 microamperes. Thus when used
in this way the device is many times more “photosensitive” than
the best surface heretofore known.

DiscussioN oF EXPERIMENTAL RESULTS AND PROPOSED DESCRIPTION
OF THE PHENOMENON

In the case of normal secondary electron emission, the primary
electron reacts with the conduction electrons of the substance being
bombarded in the presence of the force fields of the atoms or ions
constituting the latter, resulting, in certain cases, in the transfer of
sufficient backward momentum to conduction electrons to permit of
their escape through the surface. The theory for the case of the
uniform metallic lattice has been treated by Frohlich.S

Thin film field emission appears to be due to an entirely different
mechanism. The phenomenon appears to be closely related to one
described by Giintherschulze” wherein extremely fine particles of
aluminum oxide (among other substances) sprinkled on a semicon-
ductor which serves as the cathode in a gas discharge, emit a copious
stream of electrons with velocities corresponding to the cathode-anode
difference of potential. In this case, according to Giintherschulze,
positive ions lodge on the sides of the oxide particles away from the
semiconductor and build up a positive charge thereon. If the gradient
across any of the particles becomes sufficiently great, electrons will be
extracted from the underlying semiconductor. The effect disappears
after several hours, apparently due to the mechanical rupture of the
oxide particles by the high fields and high current densities present,
with a consequent destruction of their insulating structure.

In the case of the thin film field emission the primary electrons
impinging upon the treated aluminum oxide surface cause the release
of true (i.e, normal) secondary electrons therefrom, these being
attracted to the collector electrode. If the secondary emission ratio is
greater than unity, more electrons will leave the surface than impinge
upon it. Because of the high resistance of the oxide film, a positive
charge is built up on the surface, this charge ultimately causing the
extraction of electrons from the aluminum and aluminum oxide because
of the intense gradients established. Thus in this case the emitted true

¢ Fréhlich, Ann. d. Physik 18, 229 (1982).
7 Glintherschulze, Zeits. f. Physik 86, 778 (1988).
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secondary electrons take the place of the arriving positive ions in
Gilintherschulze’s experiment.

Concomitant with the building up of the surface charge, the oxide
becomes polarized, the polarization as well as the surface charge per-
sisting after the removal of the primary beam. Evidence for the
persistent polarization of aluminum oxide has been found by Gilinther-
schulze and Betz.® In addition, space charges are established within
the oxide, the sign of the charge depending upon the sign of the
collector.

This picture enables the various manifestations of the phenomenon
to be explained in a very convincing manner. These will be considered
in turn.

1.

The reason for the special treatment required with caesium and
oxygen is made clear. This treatment serves to form a thin, noncon-
ducting film on the surface of the aluminum oxide whose true secondary
emission ratio is considerably greater than unity, resulting in the
rapid building up of the positive charge on the surface when bom-
barded with primary electrons. It is believed that the layer of caesium
oxide is monomolecular. This belief is founded upon the following
evidence:

(1) The amount of caesium beyond a certain minimum amount
does not appear to affect the magnitude of the phenomenon.

(2) No change can be detected in the appearance of the oxide
surface. In the case of silver oxide, on the other hand, the reduction
of the oxide to appreciable depths by means of caesium is shown by
the decided change in appearance.

(3) The heat of formation of aluminum oxide is 8o high that it
cannot be reduced by metallic caesium. It is quite likely, however,
that the heat of adsorption of caesium on aluminum oxide exceeds the
heat of formation of the oxide.

The mere formation of the caesium layer on the surface, while it
enhances the true secondary emission, does not by itself result in the
appearance of the anomalous effect. This is due to the fact that the
pure caesium film on the surfaces is conducting and thus prevents
the positive charge from being established.

2.
The relation beWeen collector current, beam current and collector
voltage is expressed by Eqs. (1) and (4). It is of interest to note

# Gintherschulze and Bets, Zeits. £. Physik 73, 580 (1982).
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that Eq. (1) is of the same form as the relation between voltage and
current for the composition material “Thyrite.”® For this material the
current is given by:

I=Bym™, 9)

where B and m are constants which depend upon the proportions and
nature of the constituents. Thyrite is composed of particles of carbo-
rundum coated with silica imbedded in a highly resistive matrix.
Giintherschulze has ascribed the non-ohmic characteristic to the estab-
lishment of high gradients across the particles with a resultant ‘“cold
emission” through the particles. This view is borne out by the fact
that the “cold emission” through the oxide films in this experiment,
i.e., the thin film field emission, obeys a law of the same type.

The identity in form of the Thyrite law, Eq. (9), and the thin
film field emission law, Eq. (1), indicates that in the case of this
effect, the potential of the front surface of the aluminum oxide surface
with respect to the underlying aluminum (denoted by (V,)) is pro-
portional to V,, i.e,

V,g < Vc‘

The time lags which are a feature of this effect are immediately
explained by this picture. If the beam is turned on or increased, it
takes an appreciable length of time for the region being bombarded
to come to equilibrium under the opposing actions of the charging due
to the true secondary emission and discharging due to leakage through
the film, as well as for the polarization of the oxide and internal space
charge to assume equilibrium values.

The time lag of the space charge is apparently very much greater
than that of the surface charge. This belief is borne out by the experi-
ments in which V, was reversed with the beam on. On restoring V, to
its original direction, the surface charge undoubtedly reassumes its
original positive value in a time no greater than the building up re-
quired when V, is not reversed, but merely reduced to zero. Yet, the
reversal of V, greatly increases the building-up time. This increase
can be due only to the fact that the field effective in extracting the
electrons is weakened by the presence of negative space charge pro-
duced while the collector potential was reversed.

The persistence of the surface charge when the beam is cut off
is demonstrated by the slow decay of I, Only a small portion of the

® McEachron, U. 8. Patent #1,822,742.



THIN FILM FIELD EMISSION 156

field emission serves to neutralize the surface charge. This is also
borne out by the virtual disappearance of collector current after a
momentary opening of the collector eircuit.

4.

The scintillations which appear for intense beams and high collector
voltages are due to a violent breakdown of the oxide film. It was
thought at first that this rupture would occur only if the surface target
potential exceeded the formation voltage of the film. However, it was
soon found that scintillations occurred when the collector voltage was
less than the formation voltage. It was then believed that scintillations
should not occur if the target surface potential were less than the
critical potential V, in the formation curve. (See Fig. 3.) It would
appear that if the surface potential exceeded V, there would be a
tendency for ions to move through the film. However, since there is
no electrolytic bath to supply the loss of ions at the outer surface, a
rupture would occur. However, it was found that scintillations occurred
when the collector voltage was considerably less than V,. Apparently
the breakdown is due to there being weak spots in the oxide film.
When the sample is in the bath, any tendency to breakdown is over-
come by the oxidizing action of the bath. This cannot, of course, occur
in the vacuum tube. It is probable that invisible breakdowns occur
down to very small values of V,. Recently, Zauscher!® has established
a relation between film thickness and breakdown voltage for a film in
air. For small thicknesses (< 4000A), the relationship is given by:

Breakdown Voltage = 8 X 105d,

where d, the film thickness, is measured in cm.

Thus for the 2000A film studied above, the breakdown voltage is
16 volts, whereas V, is 78 volts and the formation voltage 116 volts.

The deviations from the laws as expressed in Eqs. (1) and (4) at
high values of V, may be due to Vs exceeding some definite value which
may be the critical value of Zauscher’s relation.

The fact that the deviation from linearity at the upper ends of
Fig. 8 occur for approximately the same value of I, and appear to be
independent of V, indicates that Vs is a function of I,/A only.

5.
The sensitiveness of the treated surface to light appears to be
explainable only by the ad hoc hypothesis that the aluminum oxide is

10 Zguscher, Ann. d. Physik 28, 597 (1985).
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photo-conductive. Light falling upon the oxide causes a decrease in
its effective resistance. When the electron beam and light are simul-
taneously impinging upon the surface, the surface equilibrium potential
wiil take on a smaller value than with the light absent. The light also
causes an increase in decay rates by permitting the surface charge to
leak away more rapidly through the lessened effective resistance of
the oxide film.

THIN FiLMm FieLp EMISSION FROM OTHER SURFACES

Giintherschulze and Fricke!! obtained field emission from a number
of substances in a gas discharge where the positive surface charge was
produced by positive ions. A set-up similar to theirs was employed in
which finely powdered material was rubbed onto an aquadag surface.
The tube was treated with caesium and oxygen in the same manner
as for aluminum oxide surfaces. The materials were then bombarded
by an electron beam with an adjacent collector highly positive with
respect to the aquadag. Field emission would be demonstrated by the
presence of scintillations. The following materials were tried in this
way: Ta,05; MgO, CaCOj Al.Oz, Zn,Si0,, willemite, BeCO; SiO,,
ZrO,, and ThO,, all of these materials having yielded positive results
in the experiments of Giintherschulze and Fricke. Scintillations were
observed in the cases of Al,0, SiO,, MgO, and willemite. The non-
occurrence of scintillations for the other materials does not indicate
that field emission did not occur, but simply that the gradients estab-
lished were not sufficient to cause breakdown. The coverage of the
materials used was too small to enable the demonstration of any field
effects as regards the collector current.

In addition, a number of other oxides were tried in tubes, but the
results were generally negative. However, E. R. Piore, of the Elec-
tronic Research Laboratory of the RCA Manufacturing Company,
obtained a pronounced field effect from Be oxidized in a glow discharge,
then caesiated, and finally heated to dull redness inside the tube by
means of high frequency induction. He has also observed the phe-
nomenon with hot activated barium and strontium oxide cathodes.

The reason for the appearance of the phenomenon only in the case
of a few out of a host of oxides tried can be accounted for on the basis
of the possible chemical interactions between caesium and oxides. If
an oxide is capable of reduction by the caesium, then the introduction
of caesium into the tube will cause the destruction of the resistive

11 Glintherschulze and Fricke, Zeits. f. Physik 86, 821 (1983).
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properties of the oxide film. This will, of course, prevent the appear-
ance of the field effect. In Table I, column one shows the oxide studied,
column two its method of preparation, column three the heat of for-
mation of the oxide per unit afom of oxygen, and column four the
results achieved in an attempt to obtain field emission.

Table I.- Field emission from various oxides.

1 2 3 4
HEeAT oF For- REsuLTSs
MATION PER FOR ANOM-
UNIT OXYGEN ALOUS
OXIDE MODE OF PREPARATION Arom (Cal.) EFFECT
Al,O, Electrolytically in borax plus boric 126,700 Positive
acid bath
BeO Glow discharge in oxygen ? “
Ca0 “ “ “ “ 151 ,?900 N eggtive

ChO Electrolytically in . IN H.SO.

Ag.0 Glow discharge in oxygen 7,000 «

Cu() [ “ £ [ 37,000 &
and heating in air

NiO Glow discharge in oxygen 57,900 “
and heating in air

Ta.0s  Electrolytically in . IN H.SO, 60,300 “

WO2 & 1] 1 65,700 6

Zr0O “ “ “ 86,800 “

Since the heat of formation of Cs,0 is 82,700 calories, only the
oxides of Al, Ca, Mg, Si, and Zr in the above list should show the
field effect. The result is believed to be negative in the case of Ca
because of the low resistance of the oxide.

An attempt to evaporate SiO, from a carbon cup subjected to in-
tense electron bombardment, as described by O’Brien,!? failed because
of the reduction of the SiO, by the carbon, with the consequent profuse
evolution of CO resulting in a gas discharge. No further attempt was
made to evaporate quartz. However, the previously described experi-
ment with the quartz powder indicates that it should yield field emission.

The Zr yielded a negative result, although from the figures cited
a positive result should have appeared. However, in heating the tube
to 200°C to promote the distribution of the caesium, apparently the
heat of formation of the zirconium oxide dropped below that of the
caesium oxide. This is evidenced by the decided change in color of
the zirconium oxide during caesiation.

This change in the appearance of the oxide upon caesiation oc-
curred whenever field emission failed to occur. The aluminum oxide,

12 O’Brien, Rev. Sci. Inst. 5, 126 (1984).
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on the other hand, shows no change in appearance under the same
conditions. This is evidence in favor of the belief that the caesium
on the aluminum oxide is in the form of a monatomic layer,
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EFFECTS OF SPACE CHARGE IN THE GRID-ANODE
REGION OF VACUUM TUBES*{

By

BERNARD SALZBERG AND A. V., HAEFF

RCA Manufacturing Company, Inc., RCA Radiotron Division,
Harrison, New Jersey

Summary—The effects of space charge wn the region between grid and
anode of a vacuum tube, for the case where the planes of the grid and plate
are parallel, are determined from the results of a sumple analysis. The mam
effects of the space charge are (a) to introduce depurtures from the linear
potential distribution of the electrostatic case; (b) to set an upper limit,
under certain conditions, for the anode current; (c¢) to introduce mstabilities
and hysteresis phenomena in the behavior of the tube; and (d) to increase
the electron transgit time in this region.

Four modes of potential distribution which may exist in this region are
treated: (1) Neither potential minimum nor virtual cathode exist; (2)
potential minimum exists; (3) space-charge-limited virtual cathode cxists;
and (4) temperature-limited virtual cathode exists (negatiwe anode poten-
twals). For each of the various states of operation, expressions are derived
for the distribution of potential and electric intensity throughout the region;
the time of flight of electrons from grid to anode, and from grid to the plane
of zero potential; and the location end magnitude of the minvnum potential.
An expression is also derived for the dependence of the anode current on the
space current, grid-anode distance, grid voltage, and anode voltage. Curves
are plotted from these expressions, and it i8 shown how the behavior of a
large variety of practical tubes can be predicted and explained with their
atd. The assumptions which underlie the theory are stated, and the effects
of the neglected phenomena ure discussed qualitatively.

Anode-current vs. anode-voltage and anode-current vs. space-current
rurves representing observations made on a specially constructed tetrode are
presented by way of experimental verification of the theoretical results.

For purpoges of i'lustration, application is made of these results to
elucidate the theory of the type of power-amplifier tube which employs ¢
mintmum potential, formed in front of the anode as a result of the space
charge of the electrons, to minimize the passage of secondary eclectrons from
anode to grid. In addition, it is shown how the decrease of anode current
with increasing space current, which occurs when a space-charge-limited
virtual cathode 18 formed in the grid-anode reqion, may be utilized to pro-
vide negative tramsconductance amplifiers and oscillators.

I. INTRODUCTION

HE effects of space charge in the region between grid and

ll anode are of fundamental importance in any complete theory
of vacuum-tube behavior. This is particularly true for the type

of tube in which the anode is preceded by a grid electrode operated at
a positive potential, Among such tubes, we may mention the Bark-
hausen-Kurz triode oscillator, in which the grid is operated at a high
positive potential and the anode is either negative or only slightly
positive; the common tetrode r-f and a-f amplifiers, in which the screen

* Decimal Classifieation: R188.1.
4 Reprinted from RCA Review, Janusary, 1988,
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grid is operated at a relatively high positive potential, and the anode
potential is caused to vary from a high positive potential to a smaller
positive potential, which may be less than the screen-grid potential;
and more recent types of power-amplifier tubes, such as the RCA 6L,
in which a minimum potential which occurs in the space between
screen grid and anode at relatively low anode potentials is employed
to minimize the passage of secondary electrons (liberated at the
anode) to the screen grid.l-3.34

In this paper we wish to investigate theoretically, somewhat more
completely than has been done hitherto, the properties of the grid-
anode region.* The theory is also applicable, with suitable modifica-
tions, to the region between two grids, a problem which has also
received some attention.’ To this end, we postulate an idealized situa-
tion in which electrons pass through the interstices of a plane-accel-
erator grid, the effective potential of which is V,, towards a parallel-
plane anode separated a distance a from the grid and operated at a
potential V,. We assume that all of the electrons have been emitted
from the cathode with zero velocity, and that they pass through the
grid with a uniform velocity corresponding to the potential V,. In
general, we cannot assume that all of these electrons will pass on to
the anode, for the potential distribution in the grid-anode region may
be such that some, or even all of the electrons, will be turned back
towards the grid at some intermediate point in this region. These
returning electrons may be expected to execute excursions about the
grid, a portion being absorbed on each passage through the grid.s- .59
In view of the uncertainty of the exact fractional absorption of the
electrons by the grid on each complete passage, and to simplify mat-
ters, we shall assume that only two groups of electrons contribute
to the space current: one group consists of the electrons which
initially pass through the grid towards the anode, corresponding to
a current /,; and the second group consists of the electrons which may
be turned back at an intermediate point in the grid-anode region,
corresponding to a current I,-I,. Generally speaking, we are interested
in the dependence of the anode current upon V,, V,, a, and I,; the
time of flight of the electrons; the distribution of potential and electric
intensity throughout the region between the grid and anode; and the
location and magnitude of the minimum potential - which may oceur
in this region. ‘

As stated above, the problem is only an approximation to the actual

1 2.3 4 otc. Numbers refer to bibliography.

* While we were preparing the results of our investigation for publi-
cation, our attention was called to four recent papers dealing with this
subject. (Bibliography 18, 14, 15 and 16).
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case. The complete treatment of the problem would require taking
into account such things as the Maxwellian velocity distribution of
emitted electrons; the tangential velocities of the electrons due to
grid-wire deflections; the distribution of velocities of the electrons
which pass through the grid, due to the variation of the potential in
the plane of the grid; the presence of secondary electrons liberated
at the anode and accelerator grid; multiple passages of electrons
about the grid, etc. However, the solution of the problem set forth
will ordinarily suffice for a first-order answer, since the effects of
these neglected factors can frequently be inferred, at least, from the
physics of the situation.
II. THEORY

The equation which must be solved to determine the properties we

seek is:

a*v
——=4mp (p negative) (1)
together with
Yo mv:=eV (2)
and
I=pv (3)

In this problem we do not concern ourselves with the effects of
variations of the potential with time. Consequently we may assume
that both forward-moving and returning electrons always have the
same velocity at any one point, and thus that the total space charge
in the grid-anode region depends only upon the absolute values of
the corresponding forward and return currents. For these reasons,
we may define the quantities used in (1), (2) and (8) as

V = potential at any distance,

x = distance from grid

p = charge density at x

e = electron charge
m = mass of electron

v = absolute value of velocity at z

I = sum of the absolute values of the current densities at «

Further on we shall have occasion to introduce the following additional
symbols:
E = electric intensity at x

m %
H =167 ( —_ ) 1,, where I, is the current density corre-
2¢ sponding to the forward-moving elec-
trons
r == transit time for an electron passing from grid to anode
7’ == transit time for an electron passing from grid to point
of zero potential
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Fig. 1—Potential
distribution be-
tween grid and
anode typical of
the case when
neither potential
minimum nor vir-
tual cathode ex-
ist. All of the
electrons which
pass through the
grid are collected
at the anode.
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Fig. 2—Potential
distribution illus-
trating the condi-
tions which exist
when a potential
minimum is
formed in the
grid-anode re-
gion. All of the
electrons which
pass through the
grid are collected
at the anode.
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Fig. 3—This po-
tential distribu-
tion represents
the case when a
space-charge-lim-
ited virtual cath-
ode exists. Only
part of the elec-
trons which pass
through the grid
are collected at
the anode; the
others are re-
turned towards
the grid at the
virtual cathode.

The boundary conditions for the various states
given in Figures 1, 2, 3, and 4, which depict typical potential dis-
tributions for these states of operation.

By combining (1), (2) and (8), and performing the first integra-
tion of (1) from any point z,, to another point z, we get for the electric

intensity at z,

E == [E;*— HV,% + HV%4]%

Fig. 4—This po-
tential distribu-
tion illustrates
the case when a
temperature-lim-
ited virtual cath-
ode exists. All of
the electrons
which pass
through the grid
are subsequently
returned towards
the grid at the
virtual cathode.

of operation are

4)
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A second integration gives

3H?
— (=) =% (B — HV% + HVRI% - [HV% - 2(B;' - HV,%)] —

E, [8HV,% — 2E,%] (6)
The time of flight of an electron from z; to = is

f T dx < m \* z  dx
— Ty = — — . — 6
= [0S — . Ve ®

From (1), (2) and (3)

1 dE
V—% = . —_—
m \% dz
4 ( ——--) I
2e
so that (6) becomes
1 z dE
T—T=— —_—dzx = -(E~Ey) 49
4n ] z dz 4n7

These general equations will now be applied to the various special
states of operation.

1—Neither Potential Minimum Nor Virtual Cathode Exist.—This
mode of operation is depicted in Figure 1. The situation is inter-
mediate between the case when no electrons are present in the grid-
anode region, for which condition the potential distribution is linear,
and the case when enough electrons are present in this region so that
the electric intensity is zero at the grid or anode. In this mode, all
of the electrons which pass through the grid are collected at the
anode.

Usually, I,, ¢, V,, and V, are specified, and it is required to deter-
mine the distribution of the electric intensity and potential through-
out the region and the time of flight of an electron from grid to anode.
To start with, we must find E,. This can be done by substituting the
conditions that V=V, when z=a, and E=FE, and V=V, when
x=0in (5). Thus,

8H?%a
4

=% [Ef—H (Vh— V4) 1% (HV % —2(E,) — HV,%)] —
E, [S8HV % —2E ] (8)

This equation allows the determination of E, in terms of I,, a, V,,
and V,. To put the equation into somewhat more convenient form for
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plotting, divide both sides by H3/*V ¢, We get an expression involving
the dimensionless parameters, P, and Q,:

Va % % Va %
reafor-ne () J[(5) +orer]

Vﬂ Vﬂ

—Q, [8 —2Q,%] (82)

v
A curve of P, vs. —2 for various values of @, may now be obtained
4

very simply from (8a). This is shown in Figure 5.
For any given get of the four variables, @, can be located in Figure

v,
5. For values of == greater than unity, @, will range for this case,
Vﬂ

v
from zero to positive values; for values of 2 which lie between unity
g
and zero, @, will range from zero to negative values.

The potential distribution can now be determined by means of (5)
by substituting the condition that £, =E, and V; =V, when 2, =0.
Doing this, and rearranging, there results

pee[armie () T[(5;) om0 ]

-Q,[3-Q,] )

This will be recognized as being similar to (8a) except that P
replaces P,, and V replaces V,. Therefore, the same data can be utilized

v
to atudy the variation of — with P, (to which the distance from the
9

grid, z, is proportional) for various values of Q,. Figure 5 thus repre-
sents, also, generalized potential distribution curves.

The electric intensity at any point may be determined by means of
(4) by substituting the condition that E, =FE, when V; =V, This
gives, after some rearrangement,

v % %
amafaris (1)
V'
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With the aid of (8a) and (9), (10) can be used to study the varia-
tion of @ (which is proportional to the electric intensity at any

1%
point, z) as a function of P, for various values of -‘71-
g
The time of flight, r, of an electron passing from grid to anode
is, from (7)

7= (E,—E)) (7a)
ar 1,
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Fig. b—Generalized potential distribution in the grid-anode region. This
plot may be used to determine the particular mode in which the tube is
operating, the anode current, and the electric intensity and potential dis-
tribution within the grid-anode region. Here,

amp. \ %
I% (—-—) - a (cm)

cm?
P, =654

V% (volts) %

Equation (7a) can be put into more convenient form for plotting
by making use of (4). After some rearrangement this gives

To Va % %
T=Pa {*_— [Qv’_1+ ( V, > ] -Q } (11)

m \* 8a
In (11) 7,= -E- * represents the time of transit of an
€ ¢
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electron in a space-charge-limited diode, the electrodes of which coin-
cide with the grid and anode, and for which the electric intensity at the
cathode is zero and the anode voltage is V,. The ratio I is plotted in
To
Figure 6, the necessary data for the curves being obtained from Fig-
ure 5.
It is of interest to note that when I, = 0, the limiting case for
which the potential distribution is linear, (11) becomes

m \* 2a 1
(M) jmo= | — : :
2e 1V,

v, %
( > +1 (11a)
Vﬂ
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Fig. 6—Dependence of transit time upon anode voltage for various values
of parameter P.. 7 is the transit time for electrons which travel from the
grid to the anode. 7’ is the electron transit time from grid to virtual cathode.

(sec) 8a (¢cm) he el

7, (sec) = is the electron transit time in a -
5.95.107 V% (volts) % space

charge-limited diode.

The other limiting cases for the potential distributions under consid--

eration here occur when E, = 0, representing a potential minimum at

the grid, or when E|, =0, representing a potential minimum at the

anode. In the first case

o ( m )* 3a
Dpgmo={ — SC— 11b
B0\ 2e V% + 2V % (11b)
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while in the second case

m \*% 30
(I o~ -  —————e (11e)
a 2¢ V, % + 2V, %

2—Potential Minimum Exists.—This mode of operation is shown
in Figure 2. The situation existing here is intermediate between the
case when enough space current flows through the grid so that the
electric intensity is zero at the grid or anode, and the case when the
conditions are such that the electric intensity and the potential are
just zero at either electrode or in the intervening region. In this
mode, also, all of the electrons which pass through the grid are col-
lected by the anode.

Here again, I, ¢, V, and V, are usually specified, and it is required
to find the distribution of the electric intensity and potential through-
out the region, the time of flight of an electron from grid to anode,
and the value and location of the minimum potential.

We start by substituting the condition that V=V, and E=E,
when v+ —0, and V ~V, and v —a in (5). This leads to an expres-

sion identical with (8a); the variation with _Vi of P, for various
0
values of @, is shown in Figure 5. For this mode @, ranges between

14
0 and — 1 for all values of _V: as shown in Figure 5. It is important
)

vV
to note that for one value of — there can be two values of Q,, cor-
Vﬂ
responding to one value of P,. We shall discuss this peculiarity fur-
ther on.
In the same way, the expression for the potential distribution can

vV

be shown to be formally identical to (9), and the variation of — with
[

P for various values of @, can also be studied from Figure 5. For

this mode of operation, — passes through a minimum, representing

g
the potential minimum.

The expression for the electric intensity is derivable, again, from
(4); this is identical with (10). Now E is negative to the left of the
potential minimum, zero at the potential minimum, and positive to the
right of the potential minimum.
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The time of flight, r, of an electron from grid to anode is again

T
is also plotted in Figure 6. It is of

To

given by (11), and the ratio

interest to note that for the limiting condition, when V,=0, (11)
gives

m % 3a 1
re=| . .
2¢ V4 Ve \* V. \*
. 11— — + (11d)
Vﬂ Vﬂ
The ratio of (11a) to (11d) gives us an estimate of the increase

of the transit time for two important limiting cases which may be
encountered. This is

(D yemo 2 1
Drvemo 2 (12)

(Do 3 ( v, >“ ( v, )*
— + —
v, v,

Thus when V,= v, the transit time for the case when a zero-
potential minimum is just formed is three times larger than the transit
time for very low values of anode current.

It is of considerable intercst, in any consideration of this particu-
lar mode of operation, to determine the value and location of the
minimum potential. This may be done indirectly by making use of

12
Figure 5. Alternately, an implicit expression for the value of — may
¢
be derived from (4) and (5). This is

el T L) B2 -
)T [ (5T -

The variation of — with -‘—,- for several values of P, is shown in
4 I

Figure 7.
In the same way, by making use of (4) and (5), the location of
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14
the minimum potential can be expressed in terms of = and P, i.e.,

S ONEO)

%
) ] (14)

The dependence of — on —, for various values of P, is shown in
a V,
Figure 8.

Figures 7-11 are of the greatest importance in delineating the prop-
erties of the grid-anode region. We shall make extensive use of these
curves in our discussion.
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Fig. 7—Variation of the magnitude of the potential minimum with anode
potential for several values of the parameter P..

Before proceeding to the next case, let us consider what happens
when, with V,, ¥, and a fixed, the current density I, is increased from
zero until the potential minimum which is formed in the grid-anode
region descends to the value zéro. Figure 9, plotted from (13), shows

12 14
the variation of — with P.? for various values of —. The rate of
g v
change of the minimum potential with respect to space current is
given by the slope of these curves. Differentiating P, in (18) with

v, \* v, \*
respect to{ —— , considering — fixed, and equating the
V' Vﬂ
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derivative to zero tells us that (P,) . occurs when
Ve

Vr‘ V9

v, vV, \* 7P
T e
VD

Substituting (15) in (13), we find that the maximum current
(density) which can be passed is

1 2e \”
Tdppxy =—. | — (V% V %)3 (13a)
9ra’ m

The value of the potential minimum for this maximum current is given
by (15). Equation (15) is plotted as a dotted line in Figure 7. Figure

I,
11 is a plot of( —-) . Pvs, P.? and shows the anode current increasing
o
directly with the space current until the maximum value, given by
(13a), is reached. At this point the potential minimum descends
abruptly to zero, and a new state of operation sets in.

8—Space-Charge-Limited Virtual Cathode Exists~—This state of
operation is shown in Figure 3. The situation existing here is such
that at some plane in the region between the two electrodes, or possibly
in the plane at either electrode, the electric intensity and the potential
are zero. Such a point may be called a space-charge-limited virtual
cathode, since it turns out that it behaves in many respects like a space-
charge-limited thermionic cathode. It is pertinent to call attention to
the difference between the virtual cathode of the present case and the
potential minimum of the preceding case. In general, the potential
minimum merely calls for a zero of electric intensity, but not of poten-
tial, since all of the electrons which flow through the grid are collected
at the anode. However, when there is a point of zero potential in the
region between the two electrodes, some of the electrons passing
towards the anode may be turned back towards the grid at this point.

As a digression, we may study briefly the limiting case, when the
anode current is exactly equal to the space current. We have, on putting

Ve
— =0 in (13),
VF

1 2¢ \*
Ij=—- ( —~ NUAT A ADE (13b)
9ra® m
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This is smaller than the current predicted by (13a), the ratio of (138a)

to (13b) being
v, \ *
1+ —
Vﬂ
V. \* ?
1+ :’
Vﬂ
the maximum value of this ratio occurring when —2=1. The ratio
. g

is equal to unity when = 0 or . The difference between (13a) and
g

(138b) is the basis of the hysteresis phenomena characteristic of the
curves shown in Figures 5-11, and will be discussed further on.

We return now to the general case, for which some of the electrons
are turned back towards the grid, and assume for simplicity that such
electrons never again re-enter the grid-anode region.* The anode cur-
rent is then, in view of (1), (2), (8), and the requisite boundary con-

ditions, given by
1 2 \% V32
I,=—-{ — . (16)

m (a-¢c)?

The total space charge in the region between the grid and the virtual
cathode depends upon both the forward-moving and returning electrons,
and since these electrons have the same velocity at any one point, we

may write
1 2¢ \¥ V2
2], —Iy=— | — . an
O m ¢?
m\ % SH%q
If we divide (17) by I,, and put H = 1¢~» (-—-—) - I,and P, =
2e 4V X
a8 bafore, we get, on rearranging,
c 1l
o 1, \* (18)
P,lo—
I,
. ¢ 1
It is of interest to note that when I, =0, (18) becomes — == .
a 24 P,

* The ensuing treatment can easily be generalized to include the mul-
tiple-passage case. See, for example, 7, 9 of Bibliography.
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That is, when V, = 0, the virtual cathode (if one exists) is at a distance

a
c=
2% P,
In order to use (18) to plot the location of the virtual cathode as
a function of I,, @, V, and V,, we must first derive an expression for

em from the grid.

1 v

=2 as a function of = and P,. This can be done by dividing (17) by
1, v,

(16) and making use of (18). There results

% % " 1
&) - _’:) (pe ——
Vﬂ ]o ( IG>% (19)
e

14 I,.
Equation (19) is used (a) to plot P, vs. V—‘- for various values of —a".

v I,
1, Ve
as shown in Figure 5; (b) to plot — vs. V— for various values of P,, as
o [

I
shown in Figure 10;* and (c) to plot <T¢> + P2 va. P,2 for various

0

values of —-:, as shown in Figure 11. In addition, by making use in
I

]
(18) of the data furnished by Figure 10, we are enabled to plot — vs.
a
Ve
-17— for various values of P,, as shown in Figure 8.
o
The potential distribution within the grid-anode region correspond-

. v ez \**
ing to any particular value of ¢ is -V— = <-__ ) to the left of ¢, and
g ¢

v z-c \'?
—= —— to the right of ¢. The corresponding electric intensities

V. a-c
4 vV
are £ = — — —, and K = + — ——, respectively.
-z 3 a-c

* Curves similar to those given in Figure 10 have been given by Tonks’;
his curves however, are restricted to the virtual-cathode case and do not
portrn{ the important hysteresis-effects characteristic of the minimum-
potential case.
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The time of flight of an electron which travels from the grid to the
virtual cathode is simply

m \% 8¢ c
'r’==< > . =— . T, (20)

2¢ Vq’/‘_a

The time of flight of an electron which travels from grid to anode is

(’m)% [30 3(a-c)]
T = —_— . + e
2e VE V%

vV, \* ¢ v, \* 7
=1, . < g) +-——'[1—< ,> (21)
Va a Va -
Y
'l i@ i
" ) Paz0
Paz0 g J2! 5
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Fig. 8—Position of the potential minimum and virtual cathode as a function
of the anode potential for various values of the parameter P..

The time of flight for each class of electrons can be plotted with the aid
of (18), as shown in Figure 6.

4—Temperature-Limited Virtual Cathode Exists (Negative Anode
Potentials).—This state of operation is illustrated in Figure 4. The
situation now is such that the electric intensity is negative throughout
the region between the two electrodes, and at some intermediate plane
the potential is zero. The electrons which move through the interstices
of the grid towards the plane of zero potential are gradually deceler-
ated, and finally turned back at this plane toward the grid. Since the
electric intensity at this plane is always finite, the potential distribution
between ¢ and o resembles that of a temperature-limited diode. It turns
out, moreover, that the properties of the plane of zero potential are in
many respects identical to that of the temperature-limited cathode.
Accordingly, we shall designate this plane as a “temperature-limited
virfual cathode”, by analogy with the “space-charge-limited virtual
cathode”,
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Here I, a, V,, and V, are specified and it is required to determine
the distribution of the electric intensity and potential throughout this
region, the pusition of the virtual cathode, and the time of flight of an
clectron from the grid to the virtual cathode. We shall not attempt a
rigorous treatment, but instead we shall base our analysis on the same
assumptions as we have made for the preceding cases.

Since the anode is negative, no electrons will be collected. (This is
a consequence of our assumptions regarding the initial velocities of the
electrons emerging from the grid plane: in actuality there is always a
very small anode current as a result of a distribution of initial veloci-
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Fig. 9—Variatlion of the magnitude of the potential minimum with P.2 (to

which the space current is proportional) for several valucs of —
L4

ties.) Furthermore, since the electric intensity must be continuous,
and since there is no charge in the region ¢ < 2 < qa, the electric inten-
sity, K., at the virtual cathode (and also to the right of this plane) will

Ve
be equal to — -
a-c
We now make use of (4) and (5), subject to the appropriate bound-
ary conditions. In (4) we put B, =FE, E=E,, V;=0, V= V, and
I =2], There results
E,=—[E}+2HV %% (22)
In (6) weput x=c, 2y =0, By, =E,, V; =V, and V = 0 getting, with
the aid of (22)

3H?¢c
—— =% [E}+ (B — HV %), (B, + 2HV %) %] (23)
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Dividing through by 2H%-. V,' and making use of our abbreviated

symbolism, we get
_ Qi+ (QF—1).(Q2+2)%

P ==z (23a)
Now, B
[
3H':c Ve 3 V, a ¢
PQu=—r- == ({=2). =P,.0,—
4V, (e-c) H=TV, % 4 v, c a
1 — ——
a
“F Ly 2z = y
N
0.8 {Z_ //
| Il | /
i/ 22 /
o-6 Paz2 P‘=Zf2-
c\'g : l 7 A4
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Tig. 10~—Dependence of anode current upon anode potential for various
values of the parameter P..

so that
( Va )
¢ P, 3 v,
a P, 4 P,Q,
and
3 1 V,
Pp=P,+ —+ —| o (242)
4 Q, v,

We may now plot P, as a function of Q, by means of (23a). The

1 4
corresponding value of P, for any given value of -‘-’l may then be
.
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[

found from (24a). This gives us sufficient information to plot — as a
a

Ve
function of — for various values of P,: such curves are included in

g
Figure 8. We are also enabled to plot, from this information, P, vs.

Ve
Vv

g
used again as a generalized potential distribution plot.

for various values of Q,: this is shown in Figure 5, which may be

The electric intensity at any point is given by

)74 % %
=..[Q,2+2<7> -2:, (25)
g

The time of transit of electrons from grid to virtual cathode is,
from (7) and (25),

TO

7= - [Q, + (@, —2)%] (26)
T Ve *
The ratio — vs. for various values of P, is shown in Figure 6. The
To ¥
limiting case, I, = o, of (26) is

2 1

3 < vV, >
11— — (26a)
Vﬂ

I11. DiscussioN OF THEORETICAL RESULTS

We now proceed to interpret the results of the foregoing analysis.
In the interests of clarity we shall lead up to the general discussion of
Figures 5-11 by providing a preliminary verbal description of the re-
sults of varying first the space current and then the anode voltage for
several representative cases of interest.

A—Preliminary Discussion of Several Particular Situations—

14
1. Effects of Varying I,, when —— = 1.
9

To begin with, let us suppose that the effective grid voltage, V,,
the anode voltage, V,, and the grid-anode distance, a, are fixed, and
that it is required to determine the effects of increasing the space
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current, I,. This situation corresponds, for example, to the case of a
tetrode, the screen-grid voltage and the anode voltage of which are
fixed, and the control-grid voltage of which is varied. To fix ideas, we

14
choose = 1: a similar interpretation will hold for any other ratio.
g
When the control-grid bias is adjusted to cut off the cathode cur-
rent, the potential distribution is linear, as shown by (a) of Figure 12,
Decreasing the bias causes electrons to flow into the grid-anode region,
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Fig. 11—Variation of the anode current with space current for several

a
values of —
9

and the potential is depressed, as shown by (b). A potential minimum
is formed mid-way between the grid and anode. As the space current
is increased, the potential minimum gradually descends until it reaches
a value equal to 0.25 times the grid voltage, as shown in Figure 9.
Up to this point the anode current increases directly with the space
current, as shown in Figure 11. All of the electrons coming through
the grid are collected at the anode. If, now, any additional electrons
are permitted to pass into the grid-anode region, the potential minimum
drops abruptly to zero, mid-way between the grid and anode. This is
shown in Figure 9, the rate of change of the minimum potential with
space current being infinite at this point. Since the minimum is now
zero, some of the electrons are returned towards the grid, thus decreas-
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ing the space charge between the potential minimum and the anode,
and increasing the space charge between the grid and the potential
minimum, This causes an alteration of the potential distribution, the
minimum (now a virtual cathode) shifting abruptly towards the grid
until it reaches a distance from the grid equal to 0.265 times the grid-
anode distance, shown by (d) of Figure 12. Thereafter, as the space
current is increased, the anode current decreases gradually, in accord-
ance with Figure 11, and the virtual cathode retreats toward the grid.
The effect of increasing the space current on the time of flight of an
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Fig. 12—Potential distribution Fig. 13—Variation of electron transit time with
for several values of space’ V.
s space current. =1,
current. — =1,

’
¢

electron from grid to anode, and from grid to virtual cathode, is shown
in Figure 13.

It will be observed that the transit time is initially one-third that
of a space-charge-limited diode, the electrodes of which coincide with
the grid and anode and for which the anode voltage is V,=V,. With
inereasing space current the transit time rises slowly until a current
corresponding to P,2 =8 is reached. At this point a virtual cathode is
formed, and the transit time rises abruptly from r = 0.500r, to r=r,.
It remaing constant thereafter at this value with further increase of
space current. The transit time for the electrons which return toward
the grid when a virtual cathode is formed is initially 7' = 0.2667,,
and decreases glowly with increasing space current, since the virtual
cathode retreats toward the grid. The time of flight of electrons from
grid to virtual cathode and back to grid is twice +
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If the space current is now gradually decreased, the anode current
will be found to increase, as shown in Figure 11. The operation now,
however, does not take place entirely along the original curve. This
is due to the fact that, originally, operation began with a potential
minimum; now it takes place with a virtual cathode. When the space
current reaches a value equal to one-half of the current at the transition
value, where the potential minimum had previously shifted abruptly
into a virtual cathode, the anode current becomes equal to the space
current. The virtual cathode is now saturated. At this point the virtual
cathode is mid-way between the grid and the anode, as shown by (e)
of Figure 12. The slightest further reduction of space current causes
the virtual cathode to shift abruptly into a potential minimum, the
value of which is 0.75 times the grid voltage, as shown by (f) of
Figure 12. Any further reduction of space current is accompanied
by a proportionate decrease of anode current, the potential minimum
gradually approaching (a) of Figure 12, The effect of decreasing the
space current on the time of flight of an electron from grid to anode,
and from grid to virtual cathode, is also shown in Figure 13.

The time of flight for electrons moving from grid to anode remains
constant until the virtual cathode disappears; this occurs when the
space current is decreased to a value corresponding to P,22=4. At
this point the transit time drops abruptly to a value r = 0.3667,. With
further decrease of space current the transit time decreases slowly
until the limiting value r = 0.333r, is reached for P,> — 0. The
time of flight for the electrons which return from the virtual cathode
increases slowly with decreasing space current, because the virtual
cathode moves out slowly towards the anode. When P,? = 4, the virtual
cathode disappears and the transit time for the electrons which have
been returning for space currents slightly greater than this value, is
' = 0.500r,.

14
2. Effects of Varying I,, when —2 —0.20.

g

In the foregoing we have described in detail what occurs when the
space current between the grid and anode is first increased, and then
decreased. But this description was for the particular case when the
grid and the anode voltages were equal. Similar phenomena, however,

V
occur for any other ratio of ——a, with only slight differences. For
g

Vv
example, suppose — = 0.20. Beginning with I,=0, the potential
g
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distribution is linear. As I, is increased, the behavior of the grid-anode
region is initially characteristic of the first mode of operation, ie.,
neither potential minimum nor virtual cathode exist. Further increass
of I, finally causes a potential minimum to occur at the anode, the
value of this potential minimum being equal to the anode potential. The
corresponding value of P, is given by equation (13) as P, =1.41, the

V,%* amp.

equivalent space-current density being I, = 4.62 X 10—¢ X - :
e cm
Reference to Figure 11 tells us that the anode current will increase di-
rectly with space current until the space-current density reaches a value
V,** amp.

I,=17.00X% 10—% corresponding to a value of P,*= 3.00.

r
2

a® com
This is the maximum anode-current density which can be passed: at
this point the potential minimum, which has decreased to a value
0.0956 times the grid voltage, drops abruptly to zero and becomes a
virtual cathode. The potential minimum, which had initially been
formed at the anode, gradually recedes toward the grid until it reaches
a distance equal to 0.776 times the grid-anode distance, given by equa-
tion (14). At this point it becomes a virtual cathode, and enables some
of the electrons to return toward the grid. The resulting re-distribu-
tion of space charge causes the virtual cathode to shift abruptly until
it reaches a distance equal to 0.418 times the grid-anode distance,
given by equation (18). Any further increase of I, results in a de-
creased anode current, as shown in Figure 11, the virtual cathode
retreating still further toward the grid. If the space current is then
decreased, the anode current will increase, as shown in Figure 11,
and the virtual cathode will move back toward the anode. This
behavior will continue until the space-current density reaches a value

V22 amp.
J,=8.38 X107 X — — corresponding to a value of P,?=1.45.

a* cm
At this point the virtual cathode is at a distance equal to 0.719 times
the grid-anode distance, as given by equation (18). The slightest
further reduction of space current permits enough electrons to pass
abruptly through the virtual-cathode barrier toward the anode so that
the space-charge distribution is radically altered, the virtual cathode
disappears, and the anode current rises abruptly to the full value of
space current, (An interesting observation about this example is that’
at this unstable point the virtual cathode does not become a potential
minimum, but disappears.) From this point on, any further reduction
of space current results in a proportionate reduction of anode current,
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as shown in Figure 11, and the potential distribution becomes more
and more linear.

3. Effects of Varying V,, when P, = 1.0.

Let us now suppose that the grid-anode distance, a, the effective
grid voltage, V,, and the space-current density, I, are fixed, and that it
is required to determine the effects of varying the anode voltage, V,.
This situation corresponds, for example, to the case of a tetrode, the
screen-grid voltage and the control-grid voltage of which are fixed,
and the anode voltage of which is varied.

To begin with, we assume that the control-grid voltage is set at a
value which provides a space-current density corresponding to a value
of P, =1.0. When the anode voltage is negative, the anode current is
zero, and all of the electrons are returned toward the grid at the
temperature-limited virtual cathode. The potential distribution for
1%

—‘-,—a- = — 0.2 is shown by (a) of Figure 14. The position of the virtual

g

cathode is given by Figure 8 as ¢ = 0.645 a. When V, =0, then I, =0,
and ¢ = 0.707 a, as shown by (b) of Figure 14, As V, is made more
positive, the anode current rises as shown in Figure 10 and the space-
charge-limited virtual cathode moves toward the anode. (If there had
been no movement of the virtual cathode, the anode current would
rise as V,¥2) This continues until V,=0.068 V, while the anode
current density rises to I, =0.413 I, and the virtual cathode moves
to ¢=0.798 a, as shown by (¢) of Figure 14. The slightest further
increase of anode voltage results in an abrupt saturation of anode
current, the rate of change of anode current with anode voltage being
infinite at this point, as shown by Figure 10. The virtual cathode
disappears at this point, and the potential distribution is of the form
shown by (¢’) of Figure 14, characteristic of the mode for which
neither potential minimum nor virtual cathode exist. Further increase
of anode voltage leaves the anode current, which is now equal to the
space current, unaffected. However, when V, reaches 0.76 V,, a poten-
tial minimum appears at the anode, as shown by (d) of Figure 14.
With increasing anode voltage this minimum recedes toward the grid,
approaches V, in value, and finally disappears, as shown in Figures 7
and 8.

If the anode voltage is now decreased, the anode current remains
at saturation value until V, =0, as shown in Figure 10. The potential
minimum re-appears at the grid when V,=1.28 V,, moves toward
the anode as V, is decreased, and reaches the anode when V, = 0.75 V,,
as before At this point the minimum disappears. When V,=0, the
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potential distribution is abruptly altered, and a virtual cathode is
formed at a distance ¢ = 0.707 a, as shown by (f), (f') of Figure 14.

The time of flight of an electron moving from grid to anode, and
from grid to virtual cathode, is shown for increasing and decreasing
anode voltages in Figure 6.

4. Effects of Varying V,, when P, = V2, P,= 2 V2.

Similar interpretations hold for any other value of the parameter
P, As a matter of interest, the various forms of the potential
distribution for the particular cases P,=\/2 and P,=2 V2 are
shown in Figures 15 and 16. For the first of these, as the anode
voltage is increased from a negative value, the potential distribution

i
omp Py ANQDE Ghio {7 ANODE

A}

-t

Fig. 14—Potential distribution for Fig. 15—Potential distribution for
various values of anode voltage. various values of anode voltage.
P.=1 P.=V2

passes from the state described by Case 4, which is characterized by
a temperature-limited virtual cathode, (a), to that described by Case
3—the space-charge-limited virtual cathode case, (D), (¢); thence
abruptly to that described by Case 2, for which a potential minimum
is formed, (c¢’), (d); and then finally to that described by Case 1,
for which neither potential minimum nor virtual cathode exist. The
behavior for decreasing anode voltage is successively illustrated by
(d), (¢, (e), (f), (9), (g7, (a) of Figure 15. The abrupt decrease
in anode current again occurs at a lower value of V, than that required
for the abrupt rise, as shown in Figure 10,

B—General Discussion of Curves—The four distinct modes of
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potential distribution which are treated in the foregoing analysis rep-
resent a somewhat arbitrary and simplified division of the potential
distributions which may occur in the grid-anode region. This simpli-
fication is made possible by the original assumptions that the electrons
have all been initially emitted from the cathode with zero velocity
and that no velocity distribution has been introduced during the passage
of the electrons through the structure. In the rigorous treatment of
this problem the separate analyses of the four modes of potential dis-
tribution would merge into a single gencral analysis. However, such
a treatment would be considerably more involved, and the main results
at least can probably be anticipated by combining the various results
found here for the individual states of operation on common graphs.
This has been done in Figures 5-11.

GRID ANQDE

Vg

Pa=2{2

o

Fig. 17—Anode-characteristic oscil-
logram of special pentode showing
Fig. 16—Potential distribution for  the hysteresis and instability phe-
various values of anode voltage. nomena similar to curve marked
P.=2Vy2 P, =2V 2 in Figure 10.

\%
Figure 5 is a plot of P, vs. ——1, for various values of Q,. If I, V,,
Vﬂ
V, and a are given, this plot enables one to determine the electric
al %

V%

intensity at the grid, since P, is proportional to and Q, is pro-

Eﬂ
portional to ~———. As was pointed out in the analysis, these curves

L%V,
also represent a generalized potential distribution plet if P, is replaced
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xl% V. 14
. and — is replaced by —. For

" v, P
the temperature-limited virtual cathode case (negative anode poten-
tials) the scale of ordinates represents V2 P, instead of P,. This results
from the fact that all the electrons which pass through the grid toward
the anode are turned back toward the grid at the virtual cathode,
and the space charge corresponds to a space current of 2 I, instead of

by P, which is proportional to

I,. The parameter @, is replaced by in the space-charge-limited

v
virtual cathode case because this quantity is of greater practical sig-
nificance. However, if the electric intensity at the grid is required
for this case, it can be found very quickly from the relation

I, \"
Qyz_" 2 — 10

It will be observed that there occurs a curious overlapping of the
various possible states of operation in different regions of the plot.

14 1
For example, for Oé-{,-f- =1 and ——= P, = /2, there may be a
9 2

virtual cathode, a potential minimum, or neither potential minimum

v
nor virtual cathode. Again, for —=0 and P, = \/2, theremay be a
I
virtual cathode or a potential minimum. To put it in another way,
the potential at any point in the region, for certain values of I, V,,
V, and a, is multi-valued. This is a typical hysteresis phenomenon,
and in order to determine which of the values of potential is the cor-
rect one it is necessary to know, as in all cases of hysteresis, the
previous history of the region. This point will be discussed in further
detail in connection with the other figures.

\ %4 14
Figure 9 is a plot of — vs. P2, for various values of —. The

g [
curves shown in this plot indicate how the minimum potential varies
with space current, since P,? is proportional to I,. The section of the
plot which lies to the left of the lightly-dashed line connecting the

VO Vc
pomts { — =1, P2=0) and | — =0, P22=1} delineates the
g ¢
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operating region in which neither potential minimum nor virtual
cathode occur. The lightly-dashed line which starts at the point

14
(——f-=0, P,,’:l) and passes through the point<&=0.25, P,,"’=8>
v, v,

is a parametric line which indicates the points at which the
rate of change of the potential minimum with (increasing)
space current is infinite. If the grid and anode potentials of a
given tube are fixed and the space current is increased from
zero, the potential minimum shifts abruptly at these points into a
virtual cathode. The lightly-dashed line which starts at the point

( v, > v,
— =0, P2=1)] and becomes asymptotic to ~—=1 for very
g g

large values of P,? is a parametric line which indicates the points at
which the virtual cathode shifts abruptly, with decreasing space cur-
rent, into a potential minimum. The heavily-dashed continuations of
the individual curves represent mathematical solutions of egquation
(13) which are probably unrealizable, at least in the steady-state or
low-frequency operation of the tube,

These curves exhibit the instabilities and hysteresis phenomena
which are characteristic of the grid-anode region, and again illustrate
the necessity for a knowledge of the previous history of the operation
of the tube in order to predict its future behavior.

I
" Figure 11 is a plot of ( -—I:- > . P2 vs. P;? for various values of

]

—-—?—. These curves illustrate the variation of the anode current with

g
space current for several particular values of the ratio of anode poten-
tial to grid potential. It will be observed that if the space current is
increased from zero, the anode current bears a linear relation to the
space current until a maximum value, given by equation (13a), is
reached. At this point a virtual cathode is formed and the anode cur-
rent is abruptly reduced. Thereafter, the anode current decreases con-
tinuously with increasing space current. If the space current is now
decreased, the anode current will increase until the virtual cathode
disappears. At this point the anode current becomes exactly equal
to the space current, the phenomenon being an abrupt one for values

14 17
of —_— 1. For -—_‘;a—n\- 1 this discontinucvus phenomenon does not oceur.
¥ 4 )
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Further decrease of space current causes the anode current to decrease
linearly with space current. The portions of these curves in which
the anode current decreases with increasing space current are inti-
mately associated with the presence of a virtual cathode, and can be
utilized to provide a negative-transconductance amplifier or oscillator.
This matter will be elaborated upon in section I) of this discussion.

The dotted appendages of the individual curves in this graph rep-
resent mathematical solutions of equation (19) which are probably
unrealizable in the steady-state or low-frequency operation of the tube.
The terminations of these dotted sections upon the linear portion of
unit slope, common to all of the curves, are given by equation (13b).
On occasion these values have been assumed, incorrectly, as giving
the maximum anode-current density which can be obtained.”

14
* for various values of P,. The

Ve
Figure 7 is a plot of — vs.
g VF
curves shown in this plot illustrate the variation of the minimum
potential with anode potential for several values of space current.

v, V.
The dotted line connecting the points =0, =0 and

g V.V

V. V.,
( ‘= 1, —=1 ) passes through the points on the individual
v, v,

curves at which a potential minimum is suddenly formed when the
anode potential is increasing. The dotted line which becomes asymp-

1%

totic to the value — =1 passes through the points on the individual
g

curves at which the virtual cathode is abruptly transformed into a

potential minimum when the anode potential is increasing. The third

» » Vc Va
dotted line, which starts at the point { — =0, =0 and
14

t4 V.P
Ve Va
passes through the point —V—=0.26, —=1 ], i8 a parametric
14 g

line which indicates the points on the individual curves at which the
potential minimum shifts abruptly, with decreasing anode potential,
into a virtual cathode.
The curve which represents the case P, =0 degenerates into a
Ve Ve

point located at < ——=1, —==1 |}, since this is the only value
Vﬂ VD
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\%4
of the ratio —~ for which the electric intensity can be zero in the

g
absence of space current. The curves which represent the case P, =1

consist of two discontinuous sections, the first being a portion of the
axis of abscissas (this corresponding to the virtual cathode), and the
second being the curved portion which begins on the first dotted line,
which represents the potential minimum. For this case, when the
anode potential is increased from negative values, a virtual cathode
is first formed which presently disappears abruptly, and then for some
greater value of anode potential, a potential minimum is formed. For

—, neither potential minimum nor virtual cathode
V2

values of P, =

vV
is formed with increasing anode voltage until —2 =0.888, Then a

g
potential minimum is formed.

c 14
Figure 8 is a plot of — vs. —I}: for various values of P,. These
a v
curves show the position of the virtual cathode and potential minimum
for several values of space current plotted against different anode
potentials. The sections of the various curves which lie to the left
of the axis of ordinates reveal the location of the temperature-limited
viitual cathode. The sections of the same curves which lie to the
right of the axis of ordinates indicate the location of the space-charge-
limited virtual cathode and potential minimum. The dashed-line por-
tions of the curves for P,.—~1 and /2 are mathematical solutions of
equation (18) which are probably unrealizable in the ordinary opera-
tion of the tube. Figures 7 and 8 together give the location and mag-
nitude of the potential minimum under various operating conditions.
This information is of considerable value to a proper understanding
of the operation of the tube,
1, Ve
vs.
0 V,
curves show the variation of the anode current with anode potential
for several particular values of space current. It will be observed
that as the anode potential is increased from zero, the anode current
increases from zero relatively slowly at first and then more rapidly.
This rapidity of increase of anode current is more pronounced for the
smaller values of space current. The initial variation of anode current

Figure 10 is a plot of for various values of P,. These

with anode potential is approximately a -2- -power law, such as obtains
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in the case of an idealized diode. As the anode potential increases,
however, the returning current (corresponding to the electrons which
return toward the grid from the virtual cathode) decreases because
the anode current increases. This results in a movement of the
virtual cathode toward the anode, and thus causes a further increase
in the anode current. The net result is similar to that which would
exist if the cathode of the idealized diode moved toward the anode
with increasing anode potential, i.e., the current would increase more

3
rapidly than predicted by the —Z—--power law. It will be observed fur-

ther that for the curves which represent the cases P,=1 and V2,
the anode current saturates abruptly with increasing anode potential.
This action indicates an instability in the plate characteristic for
relatively low values of space current. For values of P, greater than
2, the saturation of anode current occurs at a finite rate, i.e., the
saturation is a stable phenomenon. If the anode potential is decreased
toward zero, after the saturated condition has been attained, the
anode current does not vary with anode poteatial entirely as before.
For example, in the case P, =2 V2, the anode current saturates with
V.
increasing anode potential at the value —I—’i=2.24. With decreasing
g
anode potential, the anode current remains saturated until the value
14
-I;: = 1.0 is reached, and thereafter follows the same law of variation
g
as occurred for increasing anode potential. This “overhang” of anode
current illustrates the hysteresis phenomena which occurs in the plate
characteristic.

The dashed-line portions of the curves for P, =1 and V2, which
indicate a negative-resistance anode characteristic, represent mathe-
matical solutions of equation (19) which are probably unrealizable
in the steady-state or low-frequency operation of the tube. The exist-
ence of such solutions has been used, unjustifiably, to form the basis
of a negative-resistance explanation of Barkhausen-Kurz oscillations.’
Such oscillations can be explained more satisfactorily by an analysis
which takes into account, at the start, the effect of the transit time of
the electrons.

Before leaving the discussion of Figure 10, it should be pointed
out that curves representing values of P, less than 1 have been omitted
from this plot, since the analysis indicates the physically unrealizable
phenomenon of & saturation current “overhang” into the negative
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V
region of -———a-. The value P, =—:_represents the limiting case for
v, Ve

which, with inereasing anode voltage, the anode current rises gradually,

For values of P,=<-——, the anode current saturates abruptly at
V2

Ve

—=0,

Ve
T 7’ Va

Figure 6 is a plot of — and — vs. — for various values of

To To vV,

P,. These curves'show the variation with anode potential of the
transit time, 7, for the electrons which travel from the plane of the
grid to the anode, and of the transit time, ¢/, for the electrons which
travel from the plane of the grid to the virtual cathode. The curves
illustrate the magnitude of the effect on the transit time of the elec-
trons which can occur in the presence of space charge.

IV. EXPERIMENTAL VERIFICATION

To obtain experimental verification, at least of a qualitative nature,
of the main features of the theoretical results, a special pentode was
constructed. The tube consisted of an indirectly-heated cathode having
an area of 6.3 sq cm; a control grid, the potential of which was
varied to alter the space current between the screen grid and anode;
and a screen grid spaced 1.5 ecm from a suppressor grid located in
front of, and very close to an anode having an area of 9 sq cm, The
suppressor grid was connected to the anode to prevent any secondary
electrons, which might have been emitted from the anode, from seri-
ously disturbing the space-charge conditions in the region between
screen grid and anode. The electrodes were made slightly concave to
minimize spreading of the electron stream, and large enough in area
to minimize edge effects.

Oscillograms of the anode and transfer characteristics of this tube
were taken on a special cathode-ray curve tracer built by Mr. O. H.
Schade, of this laboratory.* The characteristics were determined in
this way because the heavy currents would have damaged the tube
if the tube performance had been observed by the usual point-by-point
method.

Figure 17 is an oscillogram record of the variation of anode current
with anode voltage, the control-grid voltage being 150 volts and the

* This device was described by Mr. Schade hefore the Rochester Con.
vention of the LR.E. on November 20, 1935,
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sereen-grid voltage being 120 volts. It will be observed that the anode
current increases uniformly, as the anode voltage is increased from
zero, until the point marked “¢” where saturation is reached, and there-
after changes very slowly with further increase of anode voltage.
When the anode voltage is decreased, the anode current remains vir-
tually constant until the point “d” is reached, at which point the anode
voltage is considerably less than at the point “¢”. With further de-
crease of anode voltage, the anode current drops discontinuously and
then decreases uniformly on the same curve as obtained with increas-
ing anode voltage. This behavior is qualitatively similar to the theo-
retical curve marked P, =2 V2 of Figure 10.

Fig. 18—Anode-characteristic oscil- Fig. 19 — Transfer-characteristic

logram of special pentode showing oscillogram of special pentode

. l ere . showing the hysteresis and insta-
the hysteresis and instabilities sim- bilities characteristic of the curve
ilar to curve marked P, =V 2 in

. Vl
Figure 10. marked —— = 0.4 of Figure 11.

?

Figure 18 is a similar oscillogram record, the control grid now
being at 200 volts and the screen grid at 250 volts. This characteristic
shows an abrupt increase of the anode current at the point “b” when
the anode voltage is increasing, and an abrupt decrease of the anode
current at the point “¢” when the anode voltage is decreasing. This
behavior is qualitatively similar to the theoretical curve marked
P,=~/Z of Figure 10. The faint irregular traces which are present
at the abrupt changes of anode current are probably mainly due to
the unavoidable reactance of the tube connecting leads,

Figure 19 is an oscillogram record of the variation of anode cur-
rent with control-grid voltage, to which the space current is propor-
tional. The screen grid was maintained at 300 volts and the anode at
120 volts, This record is in qualitative agreement with the curve
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a

= 0.4 of Figure 11. It will be observed that the anode current

for
q

inereases uniformly, excepl at the point “f”, with increasing space
current until a virtual cathode is almost formed at the value corre-
sponding to the point “a’. Further increase of space current causes
the formation of a virtual cathode between screen grid and anode,
with an attendant sudden decrease of anode current, as indicated by
the point “b”. Still further increase of space current is accompanied
by a uniform decrease of anode current. (The negative slope of the
I, vs. V, characteristic in this region represents a negative transcon-
ductance and can be utilized to form the basis of a novel type of
amplifier and oscillator.) If the space current is now decreased, the
anode current increases until the point ‘“d” is reached, at which point
an abrupt increase of anode current takes place. The point “d” corre-
sponds to a lower value of space current than the point “a”, in accord-
ance with theoretical expectations, and marks the sudden disappearance
of the virtual cathode and the formation of a potential minimum.
Further decrease of space current is accompanied by a decrease of
anode current, the same path now being followed as for increasing
space current.

The curious kink in the early portion of the curve, indicated by
the point “f”, may be accounted for as follows: Since the control grid
was operated at positive potentials in order to obtain sufficient space
current for the experiment, it is to be expected that the possibility
of primary and secondary emission from this grid is great. At rela-
tively low values of control-grid voltage, corresponding to relatively
low values of space current, these electrons contribute to the anode
current. As the control-grid voltage is increased, the space current
increases sufficiently so that the value of the potential minimum which
has been formed in the region between screen grid and anode becomes
less than that of the control grid. As a result the electrons emitted
from the control grid are confronted by a potential barrier which
they are unable to penetrate and consequently they execute excursions
about the screen grid until captured. The slope of the I, vs. V,; curve
is greater for values of V, corresponding to the range between zero
and the point “f” than for the range above “f”’. This is accounted for
by the explanation given above, because for values of V; less than
those corresponding to “f” the electrons which are emitted from the
control grid contribute to the anode current. Beyond this point these
electrons do not contribute to the anode current, but instead because
of their multiple excursions ahout the screen grid, they increase the
value of space current and actually cause the anode current to increase
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at a lower rate with control-grid voltage than before. Approximate
calculations which have been made support this explanation, but their
reproduction at this point would be out of place.

V. ILLUSTRATIVE APPLICATIONS

The theoretical results which have been presented in the foregoing
treatment are applicable to a wide variety of vacuum-tube problems.
For purposes of illustration, we will now discuss two such problems,
both of considerable practical interest.

1—The Type 6.6 Beam Power Tube.—This tube is a quasi-pentode
power amplifier which employs a minimum potential, deliberately
formed in front of the anode by utilizing the space charge of the
electrons, to minimize the passage of secondary electrons from anode
to screen grid. The existence, under certain conditions, of a potential
minimum or virtual cathode in the region between screen grid and
anode has been known for some time,* " * and the applicability of the
phenomenon to the minimization of the (undesired) passage of
secondary electrons from the anode to the grid has also been recog-
nized for some time.' " ¢7 Recently, however, the subject has received
considerable attention,®3 111 and it appears to us that a number
of misconceptions which have arisen concerning the theory of opera-
tion of such a tube can be cleared up by means of the foregoing theory
with certain modifications, of a quantitative nature, introduced by the
factors which we explicitly neglected at the start.

The objectives which were sought in the development of this tube
were improvements over a-f power output tubes then available with
regard to power output, efficiency, power sensitivity, and distortion.
These objectives could best be attained by a high-transconductance
tube having an anode characteristic as close as possible to that of an
ideal pentode.t Although the usual pentode anode characteristic ex-
hibits no trace of the secondary-emission phenomena typical of the
conventional tetrode, it is invariably marked by a relatively slow initial
rise of anode current with anode voltage and by a rather gradual
saturation of the anode current. These undesirable features can be
charged mainly to the presence of the suppressor grid, and therefore
it was decided to dispense with this grid and replace it, at least as
far as its effect on preventing the flow of secondary electrons from the
anode to the screen grid was concerned, by a potential minimum. The
ultimate result of this development was the 6L6, the anode character-
istic of which is reproduced in Figure 20.

In general, the main features of the curves shown in this figure
agree qualitatively with those of the idealized curves shown in Figure
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10. For example, the curves corresponding to the largest values of
space current, i.e., highest values of control-grid voltage, tend to
saturate at higher values of anode voltage and also exhibit the abrupt
type of saturation predicted by the theory for values of P, less than 2.
The smooth type of -saturation shown in Figure 10 for larger values
of P,, which was verified experimentally in Figure 17, is also evident
in Figure 20. However, there are several discrepancies between the
theoretical results for the idealized parallel-plane tube and the curves
of Figure 20. One of these lies in the fact that none of the curves
saturate immediately, whereas the theory indicates that for P, less

1
V2

smallest positive anode potential. This lack of agreement can be
attributed in small part to the Maxwellian distribution of velocities
of electron emission, and in much greater part to the angular deflec-
tion of the electrons which occurs because of the wire grid structure.?
This effect is most pronounced at the very lowest values of space
current: at the higher space currents, where a virtual cathode is
formed, this effect is entirely overshadowed by the behavior predicted
by the theory. Another discrepancy is to be observed in the curve
for E ; = — 80 volts, which exhibits negative anode conductance for
anode voltages between 25 and 75 volts. This can doubtless be explained
by the existence of a potential minimum, the value of which is too
high to provide a suitable retarding field for the proper suppression
of secondary electrons which are emitted from the anode. A further
discrepancy. is to be observed in the fact that all of the curves have
4 finite slope in the saturation region. This is probably due in main
part, to the penetration of the anode field through the screen grid,
and perhaps also to the slight contribution to the anode current of
primary and secondary electrons from the screen grid. A more serious
discrepancy, from an academic point of view, is the relatively narrow
area of the hysteresis loops which are to be observed in the curves
for E,; = +10 volts and E,, =+ 15 volts. This may be due to the
edge effects introduced by the zero potential “beam-forming” plates.

It may be well to point out here that the behavior of the initial
portions of all of the theoretical curves of Figure 10 and also the
corresponding portions of the experimental curves of Figures 17, 18,
and 20, is at variance with that deduced by J. H. O. Harries,® shown
in his Figure 9 as curve G A D E. Harries invokes the electron-
velocity spread at the grid to explain the actual curvature of the rising
portion of the anode characteristic, but it appears from the theoretical
results that the curvature can be present even in the absence of a

than the anode current should rise to saturation value for the
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well-defined distribution of velocities of the electrons which pass
through the grid. Nor is the suggestion of S. Rodda" that the work
of Below and Schulze indicates that this curvature is due primarily
to the angular deflection of electrons in the neighborhood of the screen
grid valid, except (as we have mentioned above) for very low values of
space currert, As Harries pointed out,'! this is because Below explicitly
neglected the possibility of the formation of a virtual cathode.® The
suggestion of Bell’® that the “detailed mechanism” of the anode char-
acteristic of tubes, ostensibly utilizing a potential minimum to mini-
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Fig. 20—Anode characteristic of RCA-6L6.

mize the passage of secondary electrons from the anode to the screen
grid, may be due largely to the inherently steep initial rise of the
tetrode plus the somewhat reduced secondary emission of electrons
from the anode is interesting, but hardly satisfying as a complete
theory. Finally, in passing, we wish to call attention to the possibili-
ties of obtaining misleading results when using long glass tubes such
as that of the “sliding-anode” tube employed by Harries.23 This has
been pointed out by I. Langmuir®, in a discussion of Lilienfeld’s work.

2—Negative-Transconductance Amplifiers and Oscillators.—To illus-
trate the application of the negative-transconductance features of Fig-
ure 11, in which the anode current decreases with increasing space
current’, a special pentode capable of operation with negative control
voltage was constructed. The relative spacings of the electrodes were
K-Gy: Gy-Gy: Gy-Gy: Gyg-A=0.6: 0.6: 1.0: 8. The first grid was
used as & negative-control electrode, the second grid as a positive-
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accelerator electrode, the third grid as a positive electrode for con-
trolling the velocity of the electrons entering the Gs-A region where a
virtual cathode was formed, and the anode was used as the output
electrode. The tube could be used as an amplifier and as an ogcillator
having several unique properties.

For an oscillator application, a typical circuit is shown in Figure
21, The control grid is coupled to the plate circuit by means of a large
blocking condenser, C,q;, the negative bias being supplied to the grid
through a high resistance B,. The grid excitation is adjusted by sliding

1

=

tVey Ve ‘3 Ve

Fig, 21-—Schematic circuit of negative-transconductance oscillator.

the tap along the plate inductance. In this circuit the grid voltage is
essentially in phase with the anode voltage, so that the tube oscillates
only when the transconductance is negative. The condition for oscilla-
tion requires that the negative transconductance be greater than the
sum of the internal anode conductance and the external circuit con-
ductance, which includes the anode circuit proper and the reflected con-
ductance of the grid resistor, Typical operating conditions were! g, =
— 2500 umhos, g, = 500 pmhos, g. =200 umhos, V,=210 volts, I, =
55 ma, V3 = 200 volts, I; = 25 ma, V, = 200 volts, [, =25 ma, V; = —12
volts, I, = —0.2 milliamperes, A = 30 meters, V,, = 15 volts.

In order to obtain a larger plate swing without destroying the vir-
tual cathode, and also to obtain a larger effective negative conductance
by reducing the anode conductance, an additional screen grid may be
blaced in front of the anode. In this way the space-charge conditions
in the G4-G, region can be adjusted independently of the output circuit
impedance by control of the potential of the screen grids G; and G, A
tube of this type with relative electrode apacings of 9.6:0.6:1.0:8.0:2.0
showed an anode conductance of only 40 umhos in the negative-trans-
conductance region.
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VI. CoNCLUSIONS

The effects of space charge in the region between grid and anode
are of fundamental importance in determining the behavior of vacuum
tubes, particularly when the anode is preceded by a grid operated at a
positive potential. The effects of space charge between the grid and
anode of a parallel-plane vacuum tube have been determined in this
study from the results of a simple analysis. The assumptions which
underlie this analysis necessarily introduce modifications of the theory,
but as the experimental verification indicates, these do not invalidate
the main results, and their effects can be taken into account in a qualita-
tive way.

The principal effects of the space charge in the grid-anode region
are: (a) to introduce departures from the linear potential-distribution
characteristic of the electrostatic case; (b) to set an upper limit to
the current which can be collected at the anode, the limiting current
density being

(V,% + V, %)
(s) pax, = 2.33 X 10— X ————————@amp per em?
o
where V, and V, are the effective grid and anode voltages, respectively,
and ¢ is the distance between grid and anode; (c) to introduce insta-
bilities and hysteresis phenomena in the behavior of the tube; and (d)
to increase the electron-transit time in this region.

For the four modes of potential distribution which have been
treated, expressions have been derived for the distribution of potential
and electric intensity throughout the grid-anode region; the time of
flight of electrons from grid to anode, and (when a zero-potential plane
is formed) also from grid to this plane of zero potential; and the loca-
tion and magnitude of the minimum potential. A formula has also
been derived for the dependence of the anode current on the space cur-
rent, grid-anode distance, grid voltage and anode voltage. These ex-
pressions have been plotted, using dimensionless parameters, in Figures
5-11.

The experimental verification of these theoretical results indicate
that the theory can be employed in a qualitative way at least, to predict
and explain the behavior of a large variety of vacuum tubes. This has
been done for the 616 “beam power” tube, and for amplifier and oscil-
lator tubes which make use of the decrease of anode current with in-
creasing space current which the theory predicts.
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FLUCTUATIONS IN SPACE-CHARGE-LIMITED
CURRENTS AT MODERATELY HIGH
FREQUENCIES *}

By

B. J. THoMPsON, D. O. NoRTH AND W. A. HARRIS

RCA Manufactunng Compuny, Inc,
Harrtson, New Jersey

PART I — GENERAL SURVEY
By B. J. Thompson

Summary—This paper is presented in five parts of which this is the
first, serving as an introduction to the others which present detailed analyscs
of fluctuations in space-charge-limited currents in diodes and negative-grid
triodes, in multi-collector tubes, and wm tubes with appreciable collision
ionization, and of the fluctuations in vacuum-tube amplifiers under operating
conditions. The purpose of this part is to present the theoretical and his-
torical backgrounds for the other parts.

Previous work led to a recognition of the fact that fl ictuations in gpace-
charge-limited currents are less than in temperature-limited currents. At-
tempts were made to explain the actual magnitude of such residual fluctua-
tions in terms of thermal agitations in the internal resistance of the tube at
cathode temperature. Agreement between such explanation and experi-
mental results was not observed, the observed mean-square value of fluctua-
tions being only about six-tenths of the predicted value.

It i3 clear that the thermodynamic reasoning on which the thermal
agitations argument is based cannot properly be applied to o case such as a
vacuum tube in which the drift velocities of the electroms greatly exceed
the thermal velocities. A microscopic examinalion of the mechanism of
space-charge reduction of shot effect is required, therefore.

The wumber of emitted electrons having wvelocities greater than any
fized value fluctuates at random. If the retarding potential (virtual cathode)
established mear the cathode by the space charge were fixed in magnitude,
the current passing to the anode would show Ructuations identical with
those observed in temperature-limited currents of the same value. Since
this is not the case, it is apparent that the rctarding potential fluctuates
with fluctuations in emission in such a way as fo oppose the changes in
anode current.

The method of analysis is to determine the effect on the potential mini-
mum of a small pulse of electrons of each velocity group from zero to infinite
velocity, and from this effect the change in anode current. The average
rate of emission of electrons of each velocity group is known for a given
cathode temperature. The mean-square fluctuations in number emitted is
proportional to the average number. From this and from the effect of elec-
trons of different velocities on the anode current, the total current fluctua-
tiong may be determined by integration.

* Decimal Classification: R138.1.
T Reprinted from RCA Review, January 1940 et seq.
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It has been observed that fluctuations in positive-grid tubes exceed
those in triodes. This difference must be due to fluctuations in divigion
of cwnrrent between positive grid and anode. Such fAuctuations in division
can be accounted for by the fact that, for each pulae of caxcega emission con-
fined 1o a small area of the cathode, there must he a compensating reduc-
tion of anode current extending over a considerable a)ea. The initial excess
pulse will flow chicfly 1o the grid or to the anode, while the compéensating
pulse will divide between the two.,

Fluctuations m anode currvent cansed by collision ionization have been
obscrved, but are of little importance under practical conditions. Ballan-
tine’s analysis is incomplete beccnse of difficulties arising from the study
ot the effect of a single ton, It is more convenient to treat the ion flow as
a continuous stream as is done in the case of electron currents.

The application of the methods of approach outlined in this part will
be given in the later parts of this paper.

A—INTRODUCTION

EW technical problems have been the subject of so much dis-
Fcussion over such a long period without general agreement as

that of the random fluctuations in plate current of a space-
charge-limited vacuum tube. Until recently this lack of agreement
embraced experimental fact as well as theory. In this situation, it was
natural that the theories should be nearly as numerous and as dis-
similar as the authors thereof. Now, however, it appears that there
is something approaching general agreement on the observed facts.
The time seems ripe, therefore, for agreement on theory. It is the
hope of the present writer and his collaborators to present in this
series nf papers a reasonably complete theoretical analysis of fluctua-
tions in vacuum-tube amplifiers under operating conditions, and experi-
mental confirmation thereof.

The work on which these papers are based extends over a period
of more than ten years. While we have found ourselves in disagree-
ment with many of the papers which have appeared on this subject,
we have delayed presenting our work in published form until repeated
experimental verification and continued analytical refinement, together
with the acceptance of our conclusions by others, have convinced us of
the soundness of our results. In the course of preparation of these
papers, we have received further assurance from the publication by
distinguished German workers of results closely similar in part to
ours.

The extensive literature on the subject of current fluctuations is, to
soms extent, an indication of its importance. Vacuum-tube amplifiers
enable us to perceive extremely minute electrical impulses, the minute-
ness being limited only by the magnitude of the inevitable extraneous
background of “noise’”. This application of amplifiers is of major
importance and “noise” is the only serious technical limitation at
present.
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The desired signal which is introduced into an amplifier is not, in
itself, free from noise. The amplifier, however, introduces additional
noise which often is greatly in excess of the inherent noise of the sig-
nal. It is recognized that both the circuits and the vacuum tubes of
the amplifier contribute to the amplifier noise. In many circumstances,
circuit noise predominates; in other cases—notably of late, television
amplifiers—tube noise is the limiting factor.

The extraneous background noise produced by a vacuum tube may
be divided into three general classifications:

1. Disturbances caused by wall charges, vibration of electrodes,
faulty contacts, etc. These are largely confined to the lower frequencies
and may be reduced without theoretical limit by more careful tube
design and construction.

2. Flicker effect, caused by random changes in surface conditions
of the emitter. This disturbance is confined chiefly to frequencies
below 500 cycles per second, and may be reduced by choice and t{reat-
ment of the emitter.

3. Fluctuations in space-charge-limited currents associated with
the random emission of electrons. These disturbances are distributed
uniformly over the whole frequency spectrum from zero to frequencies
such that the electron transit time is comparable with the period.
They are of a fundamental nature.

Because the first two effects are largely confined to the lowest
frequencies and because they may be controlled by well-known means,
this part and subsequent parts of the paper will deal solely with the
third class of fluctuations.

In an attempt to present our work in the form most convenient to
possible readers, whose interests may vary from the purely theoretical
to the intensely practical, we shall divide the material into several
parts, of which this is Part 1. These parts will, in effect, be inde-
pendent papers which may be read separately, though, of course, each
part will use without repetition of proof the pertinent conclusions of
other parts. These parts are as follows:

Part 1. General Survey, by B. J. Thompson.
Part II. Fluctuations in Diodes and Triodes, by D. O. North.

Part 1II. Fluctuations in Multi-Collector Tubes, by D. O.
North.

Part IV. Fluctuations Caused by Collision Jonization, by B. J.
Thompson and D. O. North.

Part V. Fluctuations in Vacuum-Tube Amplifiers, by W. A,
Harris.
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The titles of Parts II, III, and IV list the major sources of noise
which will be treated separately.

It is the purpose of this general survey to present the historical
and theoretical backgrounds for the individual analyses. Those who
are concerned solely with the application of the results will be inter-
ested chiefly in Part V, since the rest of this part and Parts II, III,
and IV describe how the results are obtained.

B—FLUCTUATIONS IN SPACE-CHARGE-LIMITED DIODES AND TRIODES
1. HISTORICAL SURVEY

Historically, the first publication concerning current fluctuations
was the classic paper by Schottky! in 1918 in which he predicted that
there would be fluctuations in the plate current of a temperature-
limited diode, the mean-square value of which is proportional to the
plate current, the electron charge, and the frequency interval over
which the measurement is made. Subsequently this, prediction was
verified experimentally.

In 1928, Nyquist? and Johnson3 published their important papers
showing that there are fluctuations in voltage across the terminals
of an open-circuited resistor, the mean-square value of which is pro-
portional to the resistance, the absolute temperature, and the frequency
interval over which the measurement is made.

It was recognized that these two types of fluctuations set a mini-
mum limit to the magnitude of signal which may be perceived by
means of a vacuum-tube amplifier. As early as 1925, however, it was
recognized that the shot-effect formula of Schottky does not apply
directly ta space-charge-limited currents, the careful measurements
of Hull and Williams* having shown a reduction to as low as 16 per
cent of the root-mean-square temperature-limited shot effect. The
question then arose as to the lowest magnitude of fluctuations to be
expected under operating conditions.

One view, attractive in its simplicity, was that in the presence of
“complete space charge” the fluctuations would be zero, The fact that
they were not found to be zero was taken to be an indication of the
lack of complete space charge.

The first attempt at a complete analysis of the problem was that
of Llewellyn® in 1980. The fluctuations were divided into two com-
ponent parts: that resulting from the lack of complete space charge
(measured by the rate of change of plate current with emission cur-
rent) and appearing as a fraction of the temperature-limited shot
effect, and that produced by thermal agitations in the plate resistance
of the tube, demonstrated by thermodynamic considerations to be
effectively at the cathode temperature,
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This analysis was widely accepted, but came to be recognized as
suffering from the grave defect that the predicted values of shot effect
or of thermal agitations taken alone often considerably exceeded the
total measured fluctuations. The published measurements of Pearson®
and of F. C. Williams” and unpublished work of others established
this fact clearly and led to an attempt to obtain agreement between
theory and measurement by dropping the shot-effect component and
making the quite reasonable substitution of cathode resistance for
plate resistance in computing the thermal agitations of a triode.! This
still left an excess of “theoretical” over measured fluctuations.

F. C. Williams’ appears to have been the first to point out in a
published paper the fallacy of viewing the anode current fluctuations
as thermal agitations in the internal anode resistance. It seems clear
that thermodynamic reasoning cannot be applied to a situation where
the drift velocities of thz electrons are greatly in excess of their
thermal velocities.

In November; 1936, Dr. North and I presenied at the Rochester
Fall Meeting of the I. R. E. a brief summary of our theoretical and
experimental work which will form a considerabie part of the present
contribution.® As relates to diodes and triodes, it was shown by a
microscopic study of the actual mechanism of reduction of shot effect
by space charge that the magnitude of mean-square current fluctua-
tions should be approximately six-tenths of the thermal agitations in
a resistor equal in magnitude to the cathode resistance at the cathode
temperature. This result was stated to be in agreement with experi-
mental observations.

At about the same time Schottky published the first!* of a pro-
jected series of papers;!! this constituted the first published attempt
to analyze the actual mechanism of space-charge reduction of shot
effect. Unfortunately, the different effects of different velocity class:s
of electrons were ignored, leading to an erroneous result.

A subsequent paper by Schottky and Spenke'’ has corrected the
errors and omissions of the earlier papers. So far as relates to fluctua-
tions in space-charge-limited diodes and triodes, these writers are now
in substantial agreement with the results presented by us in 1936 and
now published in detail.

Rothe and Engbert’s have published a large number of measure-
ments on a variely of tubes which establish more firmly the experi-
mental facts.

2. NATURE OF THE PROBLEM

The analysis of fluctuations in temperature-limited currents (to
b.e called true shot effect) is based on the assumptions that the emis-
sion of any one electron is an independent event determined solely by
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chance and uninfluenced by the emission of other electrons at that or
any other time, and that all emitted electrons instantaneously pass
to the anode. Under such conditions, it is shown that the number of
electrons emitted in successive equal time intervals varies according
to the laws of probability and that this variation in number constitutes
a spectrum of alternating-current components having constant ampli-
tude independent of frequency. A tuned circuit through which the
anode current flows will develop a voltage the mean-square value of
which is proportional to the plate current, the square qf the resonant
impedance, and the band width over which the circuit responds. To
give a numerical example, a circuit of 50,000 chms impedance having
an effective band pass of 10,000 cycles per second through which a
temperature-limited current of one milliampere flows will develop a
voltage of 89 microvolts across its terminals, independent of the
resonant frequency. This prediction has been aceuratelv verified.

The assumption of complete randomness of electron emission
applies equally well to the space-charge-limited case, of course. It is
obvious that the second assumption of instantaneous passage of all
electrons to the anode is not justified, however. The mechanism of
space-charge limitation of anode current is such that part of the
emitted elecirons are turned back to the cathode. As the total emission
is arbitrarily increased—by increasing cathode temperature, for
example—a larger fraction of the electrons is turned back. This resul‘s
from the mutiual repulsion between electrons, the presence of one
clectron tending to turn back following electrons. It is to be expectied,
then, that when an instantaneous excess of electrons over the average
number happens to be emitted, a greater fraction of the total number
of electrons will be returned to the cathode. It follows that the anode
current fluctuations will be reduced by the action of the space charge
to a value less than the true shot effect. We shall call this value the
reduced shot effect.

It seems clear that it will be necessary to examine minutely the
mechanism of space-charge limitation of anode current in order to
determine the effect of space charge on shot effect.

Before proceeding with a discussion of the problem, it may be well
to pause here and clear up several points which have tended to becloud
the technical issues in the past, both by leading to experimental error
and by confusing theoretical discussion.

It has been erroneously stated that, since shot effect is produced
by the arrival of individual discrete electrons at the anode, nothing
may be expected to reduce its magnitude for a given current. Shot
¢ffect is not a matter of the discreteness of the electron, directly. A
current of 1.0 milliampere corresponds to a flow of nearly 10! elec-
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trons per second. If they were to arrive at the anode at a uniform
rate, there would be no frequency component below 10" cycles per
second.

It has been erroneously stated that shot-effect currents are the
same in the presence of space charge as with temperature limitation
of emission and that the reduction in shot-effect voltage results only
from the shunting effect of the lower anode resistance in the case of
space-charge limitation.

On the other hand, experimental results have frequently been pub-
lished in which the varying shunting effect of the anode resistance
was ignored.
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Shot effeet is essentially the varying rate of flow of electrons
between cathode and anode brought about by the random rate of emis-
sion of electrons. The study or discussion of current flow in a vacuum
tube is expedited by assuming no external impedance in any electrode
circuit. We shall, therefore, make this assumption, unless otherwise
stated. The fluctuation voltage in the anode circuit for any fluctuation
current may be obtained in the same manner as for varying currents
of other origin: by multiplying the alternating component of current
by the effective anode impedance, including the internal anode resis-
tance in parallel with the external circuit. The internal anode
resistance has no unique influence on shot effect. Of course, measure-
ments of shot effect require an impedance in the circuit. The experi-
mental results presented in these papers represent either the current
which would flow in the electrode circuit without impedance, or the

voltage developed across a stated impedance, including the internal
electrode resistance.
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3. GENERAL THEORETICAL CONSIDERATIONS

In a temperature-limited diode, there is an accelerating field at
the cathode and all emitted electrons pass over to the anode. According
to the well-known formula for true shot effect, the mean-square fluctua-
tion current i produced by an anode current I is i = 2el Af where ¢
is the electron charge and Af is the frequency band over which the
measurement is made. If the total temperature-limited current I is
divided in any arbitrary fized manner, the mean-square fluctuation
current of any part of the current is in proportion to that part, thus
corresponding to true shot effect. This is stated axiomatically, and
will be called jche principle of fixed division. It applies to divided
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cathodes, divided anodes, selected velocity groups, or any other fixed
division.

Let us consider the velocity distribution of the emitted electrons,
shown in Figure 1. This is really a plot of the current which would
flow to a negative electrode closely surrounding the cathode, the
potential of the electrode being E, and the current flowing to it, I.
As the electrode is made more negative, fewer electrons have sufficient
velocity of emission to reach the electrode against the retarding field.
If the potential be set at —E:, a current I, will flow to the electrode,
electrons having lower velocity being turned back. Since we are
fixing the division of the total current by the retarding potential
—E,, there will be true shot-effect fluctuations in current I,.

The potential distribution in the space between cathode and anode
in a paraliel-plane diode with space-charge-limited current is repre-
sented in Figure 2. Near the cathode there is a potential minimum of
magnitude E,, (negative) at a distance z,, from the cathode. Between
this potential minimum and the cathode, all electrons having an initial
velocity of emission E, normal to the cathode less than E,, (expressed
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2E ¢ %
in electron velts, the actual velocity being given by v =
m

where v is the velocity, e is the electron charge, and m is the mass
of the electron) are turned back to the cathode. All electrons with
greater initial velocity pass to the anode. The values of z,, E,, and
plate cucrent 7,, may be determined for given cathode temperature,
electron emussion, electrode spacing, and anode potential from well-
known analyses.'t

From our discussion of the fluctuations in current flowing to a
retarding electrode, we must conclude that, if E,, remains constant, the
ARuctuations in plate current of the space-charge-limited diode must be

Fo—»

Fig.3

equal to the true shot-effect value. The study of the effect of space
charge on shot effect 1s then the study of the behavior of the potential
minimum with fluctuations in emission.

Qualitative considerations show that E,, does not remain fixed,
however. Its value is determined at any instant by the instantaneous
space-charge distribution between cathode and anode. When the
number of electrons having velocities of emission in exceas of the
mean value of E,, is momentarily in excess of the average, the number
of electrons passing across the cathode-anode space increases and, as
a result of their space-charge effect, £,, becomes more negative, thus
turning back a certain number of electrons which would otherwise
have passed to the anode. When the number of high-velocity electrons
is less than the average, E,, becomes less negative than the mean value
and some of the lower-velocity electrons are permitted to pass over to
the anode.

To determine the magnitude of the reduced shot effect it ia neces-
sary to analyze the quantitative relations between instantaneous
velocity distribution and instantaneous value of potential minimum.
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Let us consider again the velocity distribution of emitted elecirons.
Figure 3 shows the current corresponding to the average number of
electrons in each velocity group (E, + AE), where velocity of emigsion
E, is expressed in volts as before. The total area under the curve (on
to infinity) is equal to the total average emission from the cathode.
The area under the curve to the right of £, (the potential minimum)
is equal to the average anode current. The area to the left of E,,
represents the current turned back to the cathode by the potential
minimum. This curve represents average conditions, only. From our
previously stated principle of fixed division, we know that the current
corresponding to each velocity group of electrons fluctuates at random.
If the velocity increment 1s made small enough, all electrons in a given
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velogity group have the same space-charge effect on the potential
distribution and, hence, on the potential ¥£,. Knowing as we do the
fluctuations in number of electrons in each group and being able to
calculate the effect of each group on the potential E,, we are in a
position ta determine the over-all net fluctuations.

To simplify the physical viewpoint in this analysis, let us consider
a vacuum tube in cross-section, Figure 4. We may say that, since the
fluctuations in current are amall compared to the average current, the
fluctyations in E,, are small compared to the average value of E,. We
may then apply the principle of superposition. Let us say that the
emission is constant outside of the differential strip dy. Within dy
it fluctuates at random. E,, is, of course, constant except for infinitesi-
mal changes produced by fluetuations in emission within dy. An excess
number of electrons of any velocity group emitted within dy will pass
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to the anode if their initial velocity E, is greater than E, or will be
returned to the cathode if it is less than E,. Whichever course they
take, their effect on E, (an infinitesimal effect) may be calculated.
Suppose a group of electrons having a velocity greater than E,, be
emitted. These electrons pass on to the anode and, on their way, add
to the space charge and depress the potential //,, over a considerable
area. This lowering of E,, turns back some of the lower velocity elec-
trons in the region adjacent to dy, so that, in effect, there is a com-
pensating current flowing in the opposite direction which reduces the
effect of the original group of electrons.

If the velocity of this group of electrons is less than E,, none of
the electrons reach the anode hut F,, is depressed by the additional
space charge, with the result that therve is a reduction in anode cur-
rent.

For each velocity group of clectrons in dy which reaches the anode
there is, then, a compeusating current in the opposite direction the
magnitude of which depends on the velocity of the electrons. The net
current pulse due to this group of electrons is the difference between
the current flow corresponding to the electrons and the compensating
current.

For each velocity group of electrons which fails to reach the anode,
there is a negative pulse of anode current, the magnitude of which
depends on the velocity of the electrons.

By integrating in the proper way the effect of each velocity group
of electrons in dy on the resulting anode current we may find the net
fluctuations produced by the random emission of all the current in dy.
Integrating over the entire cathode area will then give us the total
fluctuations in current.

Simple considerations show that it is really unnecessary to inte-
grate over the whole cathode surface, however. The effect of a given
velocity group of electrons emitted in one place is the same as that of a
similar group distributed over the entire cathode surface, so long as
the group is infinitesimal in size. We may, then, for analytical pur-
poses equally well consider the velocity groups distributed over the
entire cathode surface. The actual mathematical process to be fol-
lowed will then be the dividing of the total cathode emission into an
infinite number of velocity groups, the multiplying of the mean-square
fluctuation current corresponding to each velocity group by a factor
indicating the relative effect of electrons of each velocity on the anode
current, and the integrating of the product for the entire range of
velocities. The result is the total mean-square fluctuation in anode
current.
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In the above discussion it is implicitly assumed that a fluctuation
involving a given velocity group of electrons persists long enough for
a new equilibrium to be established. This simplifies the analysis, but
renders it inapplicable to frequencies such that the transit time of an
electron is comparable with the period-—frequencies of several hundred
megacycles per second in usual tubes.

The application of the diode analysis to triodes is obvious. We see
that the addition of a negative grid between cathode and anode has
little effect on the fluctuation current for a given anode current, but
chiefly serves to alter the internal anode resistance of the tube.

It has been customary to view reduced shot effect and thermal
agitation as identical, or at least closely related. The above discussion
had laid the background for an analysis without mention of thermal
agitations nor has any mechanism for establishing thermal equilibrium
between the electron stream and the cathode been found or assumed.
Does this mean that the thermal-agitations viewpoint is considered
false?

The answer is yes to the extent that that viewpoint is used as a
means of predicting the reduced shot effect without detailed micro-
scopic analysis. Reduced shot effect is essentially shot effect in the
presence of space charge and should be approached from the shot-
effect and space-charge viewpoints. The thermal-agitations viewpoint
is useful only in the inlerpretation and application of the results.

Pact I continues the above analysis and presents an experimental
verification of the results.

C—FLUCTUATIONS IN PoOsSITIVE-GRID TUBES.
1. HISTORICAL INTRODUCTION.

Comparatively little attention has been accorded to the question
of current fluctuations in screen-grid tubes, it being generally im-
plicitly assumed that, where the cathode current divides between two
electrodes such as the screen and the anode, the fluctuations would
divide in the same manner. (Here I ignore the question of thermal
agitations in the plate resistance, for so far as I know this concept
has never been seriously applied to screen-grid tubes.) It was fairly
generally recognized, however, that triodes were *“quieter” than
tetrodes and pentodes, though a very great deal of confusion was
introduced by a general failure to take into proper consideration the
greater shunting effect of the lower plate resistance of triodes.

About 1938, Mr. Stuart Ballantine very courteously told me of his
experimental results which showed greater fluctuations in the anode
current of screen-grid tetrodes than in that of triodes. He was able
to account for this by the fluctuations in emission of secondary elec-
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trons from the screen grid. Measurements which I undertook as a
result of this with suppressor-grid pentodes seemed to show that this
explanation, while undoubtedly based on an existing phenomenon, was
incomplete, since no important difference in fluctuations appeared to
exist between tetrodes and pentodes although it was known that the
suppressor grid effectively prevented secondary emission.

In 1935, Messrs. S. W. Seeley and W. S. Barden called to the atten-
tion of Dr. North and me their ingenious measurements'’ with sup-
pressor-grid pentodes in which a resistance in the cathode circuit
(see Figure 5) should ‘“‘degenerate” practically all cathode-current
fluctuations, and, therefore, should eliminate the component of anode-
current fluctuations resulting therefrom. Nevertheless, they observed
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large fluctuations in the anode current. These could not be accounted
for by thermal agitations in the cathode resistor. The conclusion was,
therefore, that there was a fluctuation in divisioh of current between
screen and ahode. That this was so they verified by direct meas-
urement.

On the explanatioh of the Seeley and Barden effect is based the
analysis presented in Part III by North. This analysis was made
immediately after the discussion with Messrs, Seeley and Barden. It
was presented in brief at the Rochester Fall Meeting of 1. R. E. in
November, 1936.¢

In December 1937, Rothe and Engbert!® published a qualitative
theory which explaing the fluctuations in division of current between
screen and anode as resulting from the chance determination of the
destination of the electrons which either strike close to edges of the
screen wired or pass on to the dnude after nartowly missing the wire,
The méasurements which they report ate in agreement with those
reported by us.
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2. THFORETICAL CONSIDERATIONS

The explanation of the fluctuation in division of the current be-
tween screen and anode which was offered (and later developed in
detail by Dr. North) is as follows:

Consider a vacuum tube as shown in cross section in Figure 6.
Suppose that an excess number of electrons of high velocity is emitted
over some short period of time at point (a). These electrons will pass
through the region of potential minimum and will pass on to the posi-
tive screen-grid wire directly before them (the negative control grid
is omitted for simplicity). On their way, they increase the space
charge of the space through which they pass to greater than the
normal value. This increase in space charge depresses the potential
of the potential minimum, thus bringing about a reduction in current
below the normal value in the area surrounding the closely confined
initial impulse in the manner discussed under (C). This reduction in
current is in effect a compensating current flowing in the opposite
direction to the initial impulse. The difference betwecen the two cur-
rents is the net fluctuation which would exist in a diode.

In the case of the positive-grid tube, however, the initial impulse
just considered went entirely to the screen grid. The compensating
current, being distributed over a considerable area, divides between
screen and anode almost as the average current divides. If the screen-
grid current is a small fraction of the anode current, the screen-current
fluctuations will be almost uncompensated and it would, therefore, be
expected that the magnitude of these fluctuations would be given by
the formula for true shot effect. If the net cathode-current fluctuations
are small, the plate-current fluctuations must be approximately the
same as the screen fluctuations.

Of course, this explanation ignores the effect of the cathode resistor
in the Seeley and Barden experiment. The degenerative fluctuation
voltage fed back to the grid through the action of this resistor merely
makes more certain that the compensating current is distributed over
a large cathode area,

Rothe and Engbert!® have assumed that the arrival of a certain
class of electrons at the screen is entirely fortuitous. That is, electrons
emitted directly under the edge of the screen wire have the same
chance of reaching the screen wire as of reachitig the anode. This
leads to the conclusion that some fraction of the current in the sereen
should fluctuate at random.

This last analysis should lead to correct results for extremely
minute grid wires, such that the motions of electrons in directions
parallel to the cathode as the result of random velocities of emlssion
would be large compared to the grid wire diameter. It uppears, how-
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ever, that it would be difficult to apply quantitatively in the practical
case. The analysis presented by Nourth should give quantitatively cor-
rect results in the case of infinitesimal as well as of finite collectors.

In the event that an intermediate collector of current intercepts
a large continuous area, the conclusions arrived at by North would be
invalid. This is because the fluctuation in distribution of current could
occur only at the boundaries of the large area.

D—FLUCTUATIONS CAUSED BY COLLISION IONIZATION

No vacuum tube is perfectly evacuated. The residual gas molecules
will occasionally be struck by an electron on its way from cathode to
anode. If the velocity of the electron is sufficient, the molecule may
lose an electron, thus becoming a positive ion. The effect of the positive
ion is well known to be that of increasing the electron current which
may flow across the space. Inasmuch as the formation of positive ions
is a random event, the current produced by them must fluctuate at
random, and thus be a source of noise.

The existence of such an effect has long been reccgnized. Ballan-
tine!® in 1933 analyzed the effect of a single ion and from that arrived
at the nature of the qualitative relationship between ion current and
plate-current fluctuations. He found experimentally that this relation-
ship was correct. It was not possible, however, to determine analyt-
ically the magnitude of fluctuations to be expected.

In Part IV of this paper, I present an analysis which was carried
out in 1933. This treats the flow of positive ions toward the cathode
as the movement of a positively charged continuous stream through
the negatively charged electron stream, in the same manner as is con-
ventionally done in treatments of electron-space-charge effects, This
is a great simplification as compared with Ballantine’s analysis of the
effects of a single ion. It is justified because it may readily be shown
that the average distance between ions is extremely small as compared
with electrode spacings, even under conditions most unfavorable to
the assumption.

E—OTHER SOURCES OF FLUCTUATIONS

We have already considered the fluctuations caused by random
emission of electrons from the cathode, by inconstant division of cur-
rent between positive electrodes, and by varying production of positive
ions. There are other sources of fluctuations.

It is well known that positive ions may be emitted from a hot
cathode or may be formed at its surface and that these ions cause
fluctuations in cathode current.!” Experimentally, we have detected
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the effects of such ions only in special cases. Under normal conditions
this source of fluctuations need not be considered.

Flicker effect, wall charges, microphonics, etc., have been mentioned
and dismissed from our present consideration.

Secondary emission from the screen grid plays a small part in
determining the fluctuations in current of screen-grid tetrodes. The
prevailing use of suppressor-grid pentodes makes it unnecessary to
concern ourselves with this.

Grid current produced by gas ionization will develop a fluctuation
voltage in an impedance in the grid circuit according to the shot-effect
formula. With usual values of grid current this fluctuation voltage
may be ignored, though it may readily be taken account of if necessary.

The analyses which have been made do not apply at the highest
frequencies. Further, at ultra-high frequencies there are other sources
of noise. These matters we hope to discuss in another paper.

F—CoNCLUSION

This introductory part of our paper has, by its nature, been devoid
of results. The succeeding parts, of which the next is Part II, Fluctua-
tions in Diodes and Triodes, by D. O. North, will continue the analyses
by more rigorous methods and will present the results.
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PART II--DIODES AND NEGATIVE-GRID TRIODES
By DwiGHT O. NORTH

Summary—A quantitative theory of shot effect in the parallel-plane
diode i8 formulated for any degree of space charge, and for frequencies
such that transit-time effects are of no concern. Beginnmg with the steady-
state deacription of a diode showing a Maxwell-Boltzmann distribution of
emission velocities, the theory is founded upon a determination of the new
steady state which results from the injection of a small additional em’ssion
compriged of electromns of a specified velocity.

The fluctuations in a diode current 1 are expressed by
T=T". 2el4f.

For a temperature-limited diode it has long been known that I*=1. Far
o diode with anode potential sufficiently negative (retarding field), T* =1
also. For the usual space-charged-limited case, i.e., any instance in which
there .8 a virtual cathode, T is less than unity, but in this paper T* iz
computed by numerical integration for only those instances in which the
anode current i8 a small fraction of the emission.

In this last case the shot-effect formula is also written, phenomeno-
logically, to correspond with Nyquist’s well-known expression for thermal
agitation in a vassive network of conductance g, thus:

T—=8. 4kTgAf.

Here T is absolute cathode temperature and g is diode conductance. The

2
dimensionless factor 9 is found to be virtually a consiant ( 9 m-—é—)

for the whole range of normal anode potentials with asymptotic value,

TaT
-s(17)
4

in the limit of high anode potential. That {8, the mean-square noise gem-
erated by emission fluctuations is roughly numerically equal to two-thirds
of the noise of thermal agitation generated by o resistance of magnitude
equal to the a-c resistamce of the diode and possessing a temperature equal
to the cathade temperature.

The theory is extended to cover shot effect in the anade circuit of a
triode with negative grid. Unless the amplification factor u is very low,
the same formulus apply, emcept that g 18 now interpreted as the con-
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ductance of the “‘equivalent diode”. Following recent practice, the anode-
circuit shot effect is exressed in terms of an ohmic resistance R.rr at room
temperature To in the grid circuit, the thermal agitation of which produces
an equal fluctuation in the anode circuit, thus:

6 T 1
R'If —_ ’
g To gwm
. gm .
where g is the transconductance aund o =—. For modern tubes, ¢ lies
g

between 0.5 and unity.

The diode in thermal equilibrtum (diode of any geometry, all at one
temperature, mo source of energy) is analyzed to show that the fluctuations
can be quantitatively reckoned as either shot effect or thermal agitation
with the same numerical results. It is argued that here only can these
distinct concepts be merged into one.

Diode measurements show noise consistently higher than the theoretical
predictions, the factor of disagreement amounting to an order of magnitude
at high currents. This ie qualitatively accounted for in a satisfactory man-
ner in terms of a small amount of elastic reflection of electrons at the anode,
an kyopthesis supported by published experimental work

Negative-grid triodes are usually mot subject to such complications;
this 18 evidenced by good agreement between the triode formulas and
measurements of a variety of modern tubes, including mot only the usual
quasi-cylindrical structures, but even one flat structure with a V-typc
filament. The theory is, therefore, believed to be extensively valuable as
a guide to low-noise amplifier design.

THEORY

INTRODUCTION AND REVIEW OF STEADY STATE

N PART I it was shown that an adequate analysis of space-charge-
I[ reduced shot effect must recognize that the reduction associated

with fluctuations in emission of electrons having a specified emis-
sion velocity is, inter alia, a function of that velocity. This investiga-
tion will, therefore, be confined initially to ascertaining the net fluc-
tuations in current which occur as a consequence of true shot fluctusg-
tions in the emission of electrons of a specified velocity. The total
reduced shot effect, measurable in a suitably connected circuit, will
then be established by summing over the whole gamut of initial
velocities.

It can be seen immediately that the character of the results will
be determined largely by the Maxwell-Boltzmann (M-B) laws of dis-
tribution. At the same time it becomes apparent that the theory will
have to be founded upon a steady-state description which embodies
these laws. As often happens, the processes of analysis are impeded
least by confining ourselves to a parallel-plane model, for the deaired
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description of the steady state is well known.1»34 Whether or not the
results obtained can be applied to other types of structure is a question
relegated to subsequent experimental studies. The treatment and
notation of Fry and of Langmuir will be employed here inasmuch as
these references are likely to be most accessible. To conserve space
and to avoid unreasonable repetition of these published works, it will
be assumed henceforth that the reader is acquainted with the general
nature of these papers, particularly the work of Fry.

The steady-state potential within a space-charge-limited parallel-
plane diode, the cathode of which produces an unlimited supply of elec-
trons with zero emission velocity, is represented by the well-known

expression, _
m \/3
E={ 9x - -1 2473, 1)
/‘ 2e

in which E is the potential at a distance x from the cathode, I is the
cathode current per unit area, m is the mass of an electron, and e its
charge (throughout, this symbol implies a positive quantity). The
potential of such a hypothetical case is illustrated by curve A of Fig-
ure 1.

In actuality there is a finite emission current I, per unit area
possessing a M-B distribution deseribed by the usual exponential law.
If we let v, be the normal component of an electron’s initial velocity,
and if we define two useful equivalent potentials, thus:

1 kT
—mvi=eV, — =V, @)
2 e
one aspect of the M-B distribution can be written
Ve
I, Ve
dl,=—-¢ dV,. (8)
Ve

In (2), k is Boltzmann’s constant (=1.87 X 10— ergs/°K), and T 1s
the absolute cathode temperature. Equation (3) defines the portion

P. 8. Epstein, “Theory of Space-Charge Effects,” Verh. d. Deut. Phyas.
Geaell Vol. 21,p 85, (1919).

2. C. Fry, “The Thermionic Current Between Parallel Plane Elec-
trodes: Velocities of Emission Distributed According to Maxwell's Law,”
Phys. Rev Vol. 17, p. 441, (1921).

Lan muir, “The Effect of Space Charge and Initial Velocities on
the Potentla Distribution and Thermionic Current Between Parallel Piane
Electrodes,” Phys. Rw Vol. 21, p. 419, (1923).

{1, Langmuir and K. T. Compton “Electrical Discharges in Gases,”
Rev. Mod., Phys., Vol. 8, p. 191, (1931).
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dl,, of the total emission eurrent 7,, composed of electrons whose initial
normal velocities, expressed in terms of the equivalent potential V,,
lie within the narrow limits ¥V, and V, 4+ dV,. The actual potential
function, therefore, has the appearance of curve B, the potential
minimum £,, adjacent to the cathode serving as a gate which permits
electrons of higher velocity to proceed to the plate. These constitute
the cathode (or anode) current I. The rest of I,, consisting of electrons

1
whose emission velocities are such that —m v, < |e E, |, is returned
2

CATHODE ANODE

E 8

o]
1 R
Em

-t Xm

Fig. 1—Potential functions in a space-charged-limited diode.

to the cathode without having crossed the potential minimum or
“virtual” cathode.

The potential function in this case is best described by replacing
E and = by quantities n and § respectively, having the following
definitions

E— Em
§=— (4)
V.
n 3/4
f=4 (_—-) mAA 1 VA (5 — ). (4b)
2T

It should be noted that the origin of coordinates is thereby shifted to
the potential minimum. In the a-space, to the left of the virtual
cathode, ¢ is negative; in the B-space, to the right of the virtual
cathode, £ is positive; while n is positive in both spaces. The steady-
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state potential distribution then appears, in Fry’s notation, as the
solution of the cryptic differential equation,

dy ¢
—~—=¢ (3), (8)
dé

¢ (n) being shorthand for either of two expressions,

a0
a-SPACE B -SPACE B /
30 | A /,
A
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Fig. 2—Solutions of the differential equation: (—df—) = ¢(n).

™

2
(g =e"—1x <“\/‘_’ /2 — enerf 1]‘/-’>. 6)

The upper sign is used for the a-space, the lower sign for the B-space,
and the error function is defined:

2 v
erfy—=- —___:/ e~ dx (D
v Jo

The solution of this equation has already been effected by mechan-
ical means, with the assistance of series approximations. It is plotted
in Figure 2 which, in terms of 5 and £, embodies all plots of E against
z, such as curve B, Figure 1. The solution is tabulated in Table I,
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taken intact from Langmuir’s paper.! In Table II there are listed the
values of ¢, for values of n <10, and of ¢z for values of 5 < 100.
These were calculated directly from (6) with the help of tables of
the error function, except for values of ¢z for n > 1 which were com-
puted from the asymptotic series. The series expansions are very
valuable in checking the tables, and, in addition, give much informa-
tion as to the behavior of the functions.

TasLE [

n "fa éﬁ 7 —§a gﬁ n “‘ga gﬁ
0.00 0.0000 0.0000 3.0 2.2338 4.4750 20 2.5538 14.8260
0.05 0.4281 0.4657 3.2 2.2650 4.6524 25 25539 17.1931
0.10 0.5941 0.6693 3.4 22930 4.8261 30 19.4253
0.15 0.7167 0.8296 3.6 23183 4.9963 35 21.5522
0.20 0.8170 0.9674 3.8 2.3410 5.1634 40 23.5930
0.25 0.9028 1.0909 4.0 23615 5.3274 45 25.5643
0.30 0.9785 1.2042 4.5 24044 5.7259 50 27.4740
035 1.0464 1.3098 5.0 24376 6.1098 60 31.141
0.40 1.1081 1.4092 5.0 2.4634 6.4811 70 34.642
0.45 1.1648 1.5035 6.0 24834 6.8416 80 38.007
0.50 1.2173 1.5936 6.5 24990 71924 90 41.258
0.6 1.3120 1.7636 7.0 25112 7.£345 100 44.412
0.7 1.3956 1.9224 7.5 25206 7.8690 150 59.086
0.8 14704 20725 8.0 2.5280 8.1963 200 72.479
0.9 1.6380 2.2154 9.0 2.6382 8.8323 300 96.877
1.0 1.56996 2.3522 10 2.5444  9.4465 400 119,185
1.1 1.6561 2.4839 11 2.5481 10.0417 500 140.068
1.2 1.7081 2.6110 12 2.5504 10.6204 600 159.885
14 1.8009 2.8539 13 2.5518 111845 700 178.861
1.6 1.8813 3.0842 14 2.5526 11.7355 800 197.146
1.8 1.9515 3.3040 15 2.5631 12.2747 900 214.850
2.0 2.0134 3.5151 16 2.5534 12.8032 1000 2.5539 232.054
2.2 2.0681 3.7187 18 2.6637 13.8313
2.4 2.1168 3.9158
2.6 2.1602 4.1071
2.8 2.1990 4.2934

] :

When n << 1,

( ) [ : - * 2 1/2 2 4 ‘
bt = [ n+—n+—nt+--- [FTZT —gt Pt~
g 2 8 NG 3 15
When 5 >> 1,
2 1 1 3 15
Ha(g) ~ 21— —g/2—1 —— \:1-———+———-——-——+———]
\/7‘. \/1r ,,’1[2 2.'7 4’7_' 8‘”3

- 3)

2 1 1 3 15
$s(n) ~——n"’[1 +———————+——————~—-—+--—]—1
P 27 49 8yp* 16yt

t Langmuir, loe, cit.
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TABLE 11

] o () ds(n) 7) ¢5(n)
0.00 0.0000 0.0000 10 2.75
0.01 0.0109 0.0093 15 3.51
0.02 0.0224 0 0180 20 4.17
0.03 0.0345 0.0265 25 4.75
0.04 0.0469 00347 30 5.29
0.05 0.0599 0.0427 35 5.77
0.06 0.0731 0.0505 40 6.23
0.07 0.0867 0.0583 45 6.65
0.08 0.1009 0.0657 50 7.06
0.09 0.1153 0.0731 60 7.81
0.1 0.1300 0.0804 70 8.51
0.2 0.2944 0.1484 80 9.15
0.3 0.4897 02101 90 9.77
0.4 0.7164 0.2672 100 10.32
0.5 0.9764 0.3210
0.6 1.2722 0.3720
0.7 1.6068 0.4208
0.8 1.9836 0.4674
0.9 2.4067 05125
1. 2.8806 0.5560
2. 11.846 0.932
3. 36.94 1.23
4. 105.68 1.50
5. 293.1 1.77
6. 802.8 1.99
7. 2,190 2.20
8. 5,960 2.39
9. 16,200 2.57

i
|
I
|
1

|
|

It will be convenient to use Subscripts 1 and 2 to denote values of
quantities such as £ or n at the cathode and anode, respectively. This
brief de'scription of the steady state is then completed by observing
that

I/, =, (9)

When I, I, and T are specified, the operating voltage (E,— E,) can
be found! by first evaluating 5, from (9). The value of £ is then
located in Table I. Knowledge of the distance (x, — z,) between elec-
trodes permits £, to be derived from (4b). The value of %, is then
located in Table I, and the desired (E, — E,) from (4a). The process
of finding I, when the operating potential is specified, follows the same
tactics; various values of I are assumed and the corresponding poten-
tials determined; the I which corresponds to the specified (Es—E,)
is then located by interpolation or read from a current-voltage plot.

1 Langmuir and Compton, loc. cit.
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ANALYSIS OF SHOT FLUCTUATIONS

Upon this steady-state foundation the succeeding analysis of fluc-
tuations will be constructed. Inasmuch as all of the work entails
numerical integration, one very important simplifying assumption
will be made. It will be supposed that

1/1,~ 0. (10)

In effect, this means that £, will always be assigned the asymptotic
value, —2.554, which is suggested by Figure 2 and tabulated in Table 1.
Although this may at first appear to be a most severe limitation, it
is not, in fact. For example, reference to Table I shows that §, is only
16% below its asymptotic value when 7, = 3.0, which is to say, in view
of (9), when I/I,=¢"%<=1/20. One may expect to run across dis-
agreement between theory and measurement on this account in case
thoriated or pure-tungsten emitters are used. But, ordinarily, oxide-
coated cathodes produce enough emission to place I/I, far below the
figure cited, so that, in such applications, the assignment of discrep-
ancies to this limitation of theory will not be just. Nevertheless one
should not lose sight of the assumption, for it is tantamount to what
might be termed ‘complete space-charge limitation”, and the final
expressions to be evolved are valid only in this domain. If, for instance,
the noise is measured while the cathode temperature (emission) is
slowly dropped, one should expect the measured shot effect to depart
eventually from the theoretical value given in this paper, and to move
to higher levels through an uncharted region, finally arriving at a
magnitude prescribed by Schottky’s original formula for true tem-
perature-limited shot effect simultaneously with the disappearance of
the last vestige of a virtual cathode. The trangition region is left
unanalyzed in this paper, not because it is not understood, but simply
because it requires much crank turning, yet promises little of nractical
interest.

The only further limitation of note is the confinement of discussion
to frequencies low compared with the reciprocal of the electron transit
time. Although there is every need for an understandihg of shot
fluctuations at ultra-high frequencies, it comes not on the wings of
the morning, but only through a comprehension of the phenomena at
frequencies unmolested by transit angles. This particular limitation
simplifies the treatment tremendously. For, as pointed out in Part I,
we shall consequently be concerned with fluctuations of a duration
great enough that the analysis need only search for the description
of the new equilibrium state into which the diode settles when, in
addition to its original emission I,, one admits a small steady incre-
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ment ¢,(v,) possessing a specified normal emission velocity v,. Despite
the fact that fluctuations in emission really do occur at random over
the surface of the cathode, so that, to be exact, every emerging electron
should be regarded as a “noise” electron, we shall nevertheless suppose
i, to be spread uniformly over the cathode area, even as {1, itself. That
no precision is sacrificed through use of this artifice was proven in
Part I, where the question was discussed in detail.

Hereafter, for brevity, we shall suppose the cathode potential to
be zero (£,=0). As before, we shall replace v, by an equivalent
potential V, defined in the manner of (2),

1
—mol=eV, (11)

Let us further define a dimensionless quantity,
Vet E,
A=t (12)
Ve

it being understood that E,, is negative. This quantity can be used in
place of v, to designate the emission velocity of electrons comprising
i,. If v, be chosen so that i, crosses the potential minimum to strike
the anode (V,> —E,,), A is positive. For smaller choice of v, such
that the electrons proceed only part way to the potential minimum,
stop, and return to the cathode, A is negative; in fact, — 4, <A <0,
the lcwer limit corresponding to v, ==0. In the %, £ diagram, Figure 2,
the turning point for these electrons will, of course, be a function of A
and will be that point for which 5 = — A,

We are now prepared to construct a—for the moment—purely
formal expression for the space-charge-reduced shot current fluctua-
tions in the anode circuit. For every i,(A) we shall find the new
equilibrium current I (identified with a fixed emission I,, and there-
fore not including #,(A) itself) which flows in the presence of 7,(A).
This permits a determination of the net increase in anode current
over the steady-state I which flows in the absence of i,(A). Both I
and I are to be evaluated under the assumption that the electrode
spacing and operating voltage are held fixed.* The ratio of this net
increase in anode current to the quantity ¢,(A) will, for small 7,, be a
function of A and not i,. It will be denoted by y(1) and is of value

* In Part I it was shown that the basic quantity to be determined is
the fluctuation current. The voltage it produces across a connected circuit
is only a simple problem in algebra involving both the external circuit and
the internal impedance of the tube. Fluctuations of the latter, although
certainly present, being initiated by ﬂuqtuations in space charge, represent
3. neglig‘iib e contribution to the fluctuation voltage and will not be further

iscussed.
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in that it represents the linear reduction factor by which a change in
emission is converted into a change in plate current. Now confining
our attention to the emission current dI, composed of electrons whose
normal emission velocities lie between A and X + dA, we find from (3),
(9), and (12) that its magnitude is

dl, =1 ¢ dA (13)

This differential-sized emission current exhibits true shot fluctuations,
expressible by the following well-known formula for the mean-square
fluctuation current i% 1n a band width Af-

d(iy, = 2etdl) Af. (14)
or, in terms of (13)

d (), = 2eIAf (e dA). (15)
But every variation in emission is, as we have said, linearly reduced at
the anode by the factor y(A) The resulting fluctuations in anode
current to be associated with electrons of this velocity class are,

therefore,
d (%) =2eIAf [y* (M) e~ dA]. (16)

Since the fluctuations in emission of one velocity class are presumably
independent of fluctuations in all other classes, the total fluctuation
current in the anode circuit is the integral of (16) over A:

7 = 2el Af / Y2(A) e da. an

m

The quantity 2elAf is recognized as the true shot effect to be
expected from a temperature-limited current I. The mean-square
fluctuations in the present space-charge-limited current I are, there-
fore, reduced below the true shot effect by the factor,

M =f Y (A) e~ dA. (18)
~=1

This is the gquantity of principal interest. The evaluation of the
integral will be treated in two sections, thus:

[*=T, + Iy’

o @ (19)
F= / YA e dA,  Tg =f y2(A)erdA.
—-m o
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The subscripts « and 8 are appropriately used to signify the reduction
tactors associated with the two main groups of electrons, those whose
emission velocities are insufficient to take them across the virtual
cathode and out of the a-space, and those whose velocities permit them
to enter the B-space and thus proceed to the anode. It should be
observed that there is an intrinsic distinction to be made here, namely,
fluctuations i, (A > 0) contribute directly to the anode current, whereas
fluctuations 7, (A < 0) do not.

More precisely,

I—1
y(A) = y — 11 < A K0, a-group,
1, (A)
20
I—-1
y(A) =1+ , 0 € A < oo, B-group.
7, (A)

Inasmuch as the great majority of a-group electrons are returned
before coming very near to the potential minimum, we should expect
to find T, << I'g® This will be borne out in the succeeding analysis.
Furthermore, for either group, one should expect Lim (};(/\) = - »,
since an electron which comes permanently to rest* in the virtual
cathode produces a permanent decrease in plate current. And yet, for
the @-group, Lim y (A) = 1, since the influence of an electron in transit
A= w0

must be a monotonic decreasing function of its transit time. It follows
that there must be a certain A >0 such that y(A) ==0. One should
reasonably expect this A to correspond to a velocity at the virtual
cathode roughly equal to the mean velocity of the M-B current I at
the same point. In other words, one should predict y(A) =0, for
A ~ /4. This also will be verified.

EVALUATION OF TI'g?

When, in addition to the M-B emission /,, a current i,(A > 0) is
produced at the cathode, the anode current f which is derived from I,
can be represented as the solution of

d .
<¢Z) [\f‘—‘n+ \/_]+¢(n) 1)

* The nature of the potential function in the vicinity of the virtual
cathode, (8), permits this view, for it shows that an electron just able to
reach the potential minimum requires an infinite transit time,
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or
dp\? 4,
(———> =—F (g A)+¢ () (22)
d¢ !
where
2
F(n,)\)z-—:[\/n-}-)x—\/x:l. (28)
VT

This expression is valid in both the a- and fB-spaces, with the under-
standing that the appropriate form of ¢ () be employed in each case,
c¢f. (6). The construction of (21) will not be entered into; the reader
will find it simple enough if he avails himself of the methods employed
by Fry in developing the basic equation (5). That (21) is correct can
be inferred from the following usefyl identity:

f F(gA) e dA = ¢p(n). (24)
o

This means, naturally, that if, instead of confining i, to a specified
velocity A, we distribute its velocities so that at the virtual cathode 7,
has the same velocity distribution as 7, (21) reduces to the same form
as (5) in the B-space, which not only is absolutely necessary, but
should be sufficiently convincing that (21) is properly constructed.

Now, since we always assume 1, << I, and I, we shall continually
neglect all but the lowest power of i,/I aor ¢,/f. The differential equa-
tion can, therefore, be written

1 is F("),A) dﬂ
=%+ | ——— » (25)
271 ¢(p S (n)i/:

where the proper sign is to be used for each space.

For the B-space:—

A A
Integrate (25), 0 < £ <&, 0 <9< 9.

’IA d 1 ﬂ\ F(qy,0)

4 ix * i

?2 .____..f . — - —dy. (26)
ARSI ARSI ‘

Solution of the unperturbed problem, (5), gives
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2 d""
tp= [ ———. (26a)
o ¢ﬂ (7’)1/2

A A
The differences (p — %) and (£ — £) evaluated at end points are also
to be looked upon as first-order infinitesimals The difference between
(26) and (26a) is, therefore.

A ] n'i
N2 — 7 14, © Faua

= — — dn (27)
¢pln)t? 2 1 J, Pg(n)32

>

Pen
@

For the a-space:—
A similar treatment shows
/\ -
A m = 7 1 1, m FpA)

H—b=— +—— ——dy (28)
¢a("71)1/2 2 1Jo $a (1) 172

We shall set up the difference between (27) and (28) First, however,
we define

1
= ;(52 —~ &)+ dglne) 2+ o (y) 12 (29)

Then observe that, for small variations, and with the aforementioned
stipulation that the operating potential is invariant, there follows from
the definitions. (4a) and (4b) *

A A Em_Em 1 -1
N—pm=n—-p=———=log - =——r

(30)

A A 1 1—1
(52—51)"‘@2—51):(52“‘51) 7—1 —(&——E] 1 l

When (29) and (30) are used in taking the difference of (27) and
(28), rearrangement of terms shows

I " F(’I],A) " F("Iv/\-)
————dy + —dn |.
o ()82 o ¢ﬂ(n)a/z
The negative sign confirms the view that every transit of an electron

of this group effects a momentary drop in the M-B space current. With
regard to (20), we have finally:
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F(n,k) ™ F(n,A)
y(A) 1——-——— dny + —_—dy |. (31)
AZo q’xn('q)’/' o g (7)3/°
From this point evaluation of y(A) proceeds, perforce, numerically.
And there is now introduced, for simplicity, the previously discussed

assumption that the emission I, is copious enough to warrant postulat-
ing

1/1,=0,

which reduces in (31) to the equivalent statements,

N ==, £, =— 2,554, ¢o(n)=1o0,
so that
1
D = —(& + 2.554) + ¢g(n) 2, (32)
2

a function of 7. alone. Likewise y(A) itself reduces to a function of
no and A alone,

The numerical work was carried out with the help of a computing
machine and Tables T and II, together with auxiliary tables con-
structed from these, e.g., ¢,(n)%/? and ¢z(5)%2% The details are for
the most part uninteresting and will be described only in brief. After
a value of A was chosen, y(A) was found from (81) for a series of
values of 7., 5 < 7, €100, by trapezoidal integration. This computa-
tion was repeated for a large number of selected A's, 0.05 < A < 5.
Both of the integrands in (31) become infinite at the origin; hence,
in the range 0 < 75 < 0.01, these integrals were evaluated directly,
using the series expansions (8). The outcome is a numerical repre-
sentation of y as a function of two parameters, n, and A, in the
domain:

The representation cannot be carried to A = 0, for y exhibits a logarith-
mic discontinuity at this point. It could have been carried to zero for
7o, but there is little point in it for when 5, =0, the virtual cathode
has moved over to the anode and there is no “gate” action—hence no
reduction in shot effect—so that we know a priori that I =Tg'=

More will be said of this situation later. The range of 7, was hmited
to values thought to be of practical interest. For example, V, is about
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0.1 volt for oxide-type cathodes, whereas the operating potential is
typified by 3 volts, in which event %, is approximately 30.

This stage of the calculations, being intermediate, merits only
momentary attention to the nature of the function y. In Figure 3,
curve B shows y(A) when 5,=30. The unbroken line contains the
calculated values; the dashed line shows the logical extrapolation in
both directions. As predicted, the point for which y = 0 lies near =/4.
Plots of y for other choices of 7, show precisely the same qualitative
character and need not be exhibited. It is now patent from Figure 3

]

05 ASYMPTOTICALLY |
10 1 _ -
0.4 ,/
B8 "
0.3
YQn)
o2

) =
‘Mo=230
-0.2 T2

—~0.3

=0.4

LOGARITHMICALLY
| TOo7= |

Fig. 3—Shot-effect reduction factor vy as a function of A (velocity) for
A—the a—group of electrons which fail to reach the virtual cathode. B—the
-group of electrons which traverse the virtual cathode.

that the reduction factor varies so widely with the emission velocity
of the electrons that it is absolutely necessar& to investigate each
velocity class separately. The point is emphasized by the offensive
behavior of fluctuations associated with electrons barely able to cross
the virtual cathode () slightly > 0), these fluctuations proving to be
80 over-compensated (y < —1, y* > 1) that their net fluctuations are
in excess of the true or temperature-limited shot effect.

This portion of the analysis is completed with a numerical integra-
tion of (19), giving T4? as a function of 7. For example, the value
of T's? when n, = 80 was found by squaring the ordinates of curve B,
Figure 8, multiplying by e and making a trapezoidal integration over
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the range 0.05 < A < 5, for which numerical values of y(A) had been
computed. The additional contributions, 0 <A <0.06 and 5 < )\ < o,
were calculated by direct integration from series approximations. The
former can be handled in no other way because of the logarithmic
discontinuity at the origin; the latter is a relatively insignificant con-
tribution since £~} vanishes rapidly. The result is tabulated in Table
IIT and plotted in Figure 4. The heavy line contains the calculated
values, while the light line shows the logical extrapolation. The dashed

24
4 ] N S
l.—TO 1 AS n,—0

22 — g —1 = bt - -

20

18
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.04E 4 \\ M- ‘! -
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[ 2 a0 80 L) 5T &0 1 [

"2

Fig. 4—Shot-effect reduction factors for the case, 1/1, << 1.

line shows the asymptotic form approached for large 5, This is found
from (81) through consideration of the largest »,-terms only, and
use of the asymptotic form of ¢4(») as given in (8). In brief, for
large 7,, the first indicated integral in (31) vanishes in comparison
with the second, and 2D can be replaced by £,. The second integral
has already been shown to possess a logarithmic discontinuity for
A==0. This can be overlooked, however, for the integral is otherwise
an increasing function of 75, so that, for any finite A, choice of a
sufficiently large », permits that portion of the integral which depends
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on 7, to overshadow the portion which depends on logh. Assuming
finally that A “< %,, ohe finds

3 1
y~— <\/x» \/;;). (33)
A>0 \/r,: 2
N2> ®

It is quite apparent that this form bears only a very slight resemblance
to the curve of Figure 3 and approaches incorrect limits for both large
and small A. The difference in appearance means only that z,=30
is too small to permit the use of (33). Of the incorrect lower limit
enough has just been said to justify the omission from (33) of tne
additive term which contains the proper logarithmic discontinuity.
That the upper limit is incorrect is only natural in view of the assump-
tion A << n,. In spite of this, relation (33) may be used to find the
asymptotic form of Tys® because of the rapid attenuation furnished
by «~* The result of putting (33) into (19) is

9 T
gt ~-~{1-—— (34)
N> 0 7y 4

EVALUATION oF T,2

This study parallels the other so closely that its description can
be made brief. Since the current ¢, consists, in this case, of electrons
which have normal emission velocities insufficient to carry them over
the virtual cathode (— 75, <X < 0), and since those electrons of a
specified velocity A turn about at the point 4= — A, it will be under-
standable that, in contrast with (21), there are now three distinct
differential equations, the simultaneous solution of which determines
the M-B anode current f derived from the M-B I, when an additional
i,(A < 0) is produced at the cathode.

dn \? A )
For the B-space: — )} =¢p(n), 0 <y <y
d¢
dy 2
For the a-space: ;6— =¢a(n), 0K <~ + (36)
d g, A
— ] =G () + ¢a(n), A<y
dé 1 J
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4
Vo +A, (86)

where G(nA)=

T

As before, the construction of these equations will not be described:
it is simple, but lengthy. The stamp of credibility is affixed by noting

0 2
[ G(n,,\)f—xd»_——zl: = nl/%—en erfn‘/”] =¢a(n)— Ps(n),

T

n
(87)

which the reader can interpret, like (24), to mean that under the
proper conditions (M-B distribution of 7,) the set (35) reverts to the
form (5).

Repeating the process of taking the infinitesimal difference between
the solution of (85) for 7.and the unperturbed solution of (5) for I,
we arrive by familiar stages at the statement,

1 n G (p,A)
yA)=—— —dy. (38)
7<0 2D J_, ba(n)3/2

Again it is convenient to suppose the emission I, very copious, so that
D takes the form (32) and the upper limit of the integral above is
made infinite. The integral then becomes a function of A alone, and
one numerical integration, therefore, suffices to permit representation
of y for all values of 5,, since %, influences the function only throhgh
the definition of D.

These integrations were performed for chosen values of A in the
range 0.01 < — A < 3, observing the same precautions at discontinui-
ties and methods similar to those outlined earlier. A sample plot for
12 =80 is shown in Figure 3, curve A.

Finally T's? is determined from a numerical integration of (19)
with the result:

0.729

To?= (89)
D2

This function has a marked maximum at 7, ~ 0.8, when I',® ~~ 0.0518,
but vanishes rapidly, of course, as 5, approaches zero. The values of
T,* versus u, are also listed in Table III and plotted in Figure 4.
The expectation that I',? << I'g* is confirmed. For a practical instance,
say np = 80, T\3/I®*=0.11; for larger 7,, the ratio diminishes slowly.
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COMPOSITION AND INTERPRETATION

The measuring device cannot discriminate between T'.? and I'g%
The important quantity, their sum I, is shown in Table III. And in
Figure b, I" is plotted against 5,. This curve, in effect, describes the
ratio of r-m-s current fluctuations appearing in the anode current of
a space-charge-limited parallel-plane diode to the fluctuations in an
equal temperature-limited current. Once more, the heavy line contains
the calculated values, while the light line shows a reasonable extra-
polation. The asymptotic curve for large 9, is again included for com-
parison. The trend with both temperature and applied potential should
be self-explanatory.

Rough agreement with experience is already noticeable, for most
reports of noise measurements on modern amplifying tubes indicate
an r-m-s reduction of 1/3 to 1/5. But Figure 5 is an inconvenient
basis for comparison because the parameter 7, is difficult to ascertain.
It requires knowledge of the depth of the potential minimum, which,
in turn, requires a determination of the ratio 7/I.. A plot of I" against
(92 — my) is hardly an improvement because of serious errors that
may arise when the applied voltage is not corrected for contact
potential. A much more useful universal parameter is found as fol-
lows. Starting with

E,
N2— M= V.
§g— & < V2
I,
M =log}~,

oI
and defining the diode conductance by g = 5

(i.e., the reciprocal
2

of the a-c diode resistance), one can demonstrate that, under the
assumption of invariance of I, and T when [ is altered by varying E,,

= D¢g(ng)t/2. (40)
9V,

The quantity on the left will become our new parameter, replacing 7,
and being defined by (40) which is principally a function of 5, only,
and becomes entirely independent of #, if it is again supposed that
1/1,- 0. This assumption was made in plotting I/g V, against 7, in
Figure 5.
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Fig. 5—Shot-effect reduction factors for the case, I/1, << 1.

From the two curves of Figure 5, the plot of T in Figure 6 was
made. This curve is entirely suitable for experimental checks of the
analysis since current, conductance and cathode temperature are acces-
sible parameters. Too, the reader has no doubt foreseen that represern-
tation of I' in this way permits a test of the theory against non-planar
structures.

The analysis might logically terminate at this point were it not
for widespread curiosity over the connection (if any) between this
type of shot effect and the current fluctuations of thermal origin
(Brownian movement) known to exist in any short-circuited ohmic
resistance. According to Nyquist’s formula,! the thermal current
fluctuations in an ohmic resistance whose conductance is g, and whose
temperature is T are represented by

= 4kTgAf.

(k = Boltzmann's constant, f = band width)
Let us then suppose that our space-charge-limited diode exhibits
pseudo-thermal fluctuations (that they cannot be considered truly

thermal has been emphasized in Part I). We, therefore, describe the
space~charge-reduced current fluctuations by the empirical formula,

1H Nyquist, “Thermal_Agitation of Electric Charge in Conductors,”
Phys. Rev., Vol. 32, p. 110, July, (1928).
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Fig. 6-—~Shot-effect reduction factors for the case, I/I, << 1.
TABLE III
1
N2 & ‘ﬁﬁ('flz)"s D r,f rﬁe I T gVe [
o o 0 = 0 1 1 1
5 6110 133 5.08 0.0282 0.1663 0.1945 0.441 6.76 0.667
10 9.447 1.66 6.60 0.0167 0.1043 0.1210 0.348 10.96 0.663
15 12275 1.87 17.95 0.0115 0.0775 0.0890 0.298 14.9 0.663
20 14.826 2.04 9.18 0.0086 0.0621 0.0707 0.266 18.7 0.661
25 17.193 2.18 10.83 0.0068 0.0619 0.0687 0.242 22.6 0.660
30 19.425 2.30 11.43 0.0056 0.0448 0.0504 0.224 26.3 0.663
35 21.565 2,40 12.47 0.0047 0.0394 0.0441 0.210 29.9 0.659
40 23.59 2.50 13.47 0.0040 0.0352 0.0392 0.198 33.7 0.661
45 25.66 2.68 14.45 0.0035 0.0319 0.0354 0.188 373 0.660
50 27.47 2.66 15.39 0.0031 0.0291 0.0322 0.179 40.9 0.6568
60 31.14 2.79 17.21 0.00256 0.0248 0.0278 0.165 48.0 0.655
70 84.64 2.92 18.94 0.0020 0.0217 0.0237 0.154 55.3 0.656
80 38.01 3.02 20.61 0.0017 0.0192 0.0209 0.146 62.2 0.650
90 41.26 3.13 22.23 0.00156 0.0173 0.0188 0.137 69.6 0.654
100 44.41 8.21 23.80 0.0013 0.0167 0.0170 0.130 76.4 0.649

I/1, =+ 0 so that & == —2.56, 7. =+ o

e

Rt

RN
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and our problem is to discover the relationship between # and %, or
I/g V, Since we have formerly written

=TI . 2elAf, (42)

identification of (41) with (42) shows that

1 1
0=—T1? =--T2D¢g(n.) /2. (43)
2 gV, 2

The right-hand side is a combination of known functions of 5, and
serves to define 4. Values of 4, calculated in this manner, are listed in
Table III and plotted in Figures 5 and 6 against 7, and I/g V,,
respectively., The asymptotic value is also shown (dashed line); its
magnitude is found from (84) together with

2
=D¢g(n)1/2 ~—1ng, (40a)
9V, 3
(nz —> )
s0 that
w
6~3 <1 —_ ——) = 0.6438 . (44)
(9 =» ) 4

In this place it should be recorded that the asymptotic solution was
first developed by W. A. Harris of these laboratories. Working along
similar lines and independently, he arrived at the above expression in
March, 1936, prior to the completion of the author’s analysis. Indeed,
the simplicity of his result, together with its substantial accord with
contemporary experimental work,! added incentive to the more detailed
study just described.

The value of ¢ for vanishing 7, (incipient retarding field condi-
tion) is also found easily from the following limit values:

,

I
——=Deg(n)'/?=1
e
n:‘i-!’nw Ta'=0, I*=Tg'=1, so that (45)
1
L 2

1G. L. Pearson, “Shot Effect and Thermal Agitation in an Electron
Current Limited by Space Charge,” Phyeics, Vol. 8, p. 8, January, (1985).



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 97

It is interesting to note how rapidly 6 rises and how closely it cor-
responds to the asymptotic value (44) throughout the whole practical
working range. (Slight fluctuations in the tabulated values are to be
attributed wholly to small errors arising in the numerical work.) Be-
cause of this fortunate property, equation (41) recommends itself as
the formula for space-charge-reduced shot noise most useful in engi-
neering application; and for most purposes sufficient accuracy will be
obtained by assuming 6(7,) to be simply a constant equal to the
asymptotic value, namely, 0.644. Although, whenever one is principally
interested in the noise reduction attributable to space charge, it will
be convenient to revert to (43):

Vﬂ g Ve
~1.29 — (43a)

Inasmuch as I increases more rapidly than g as (say) voltage is raised,
it is apparent that although I’ becomes smaller it decreases more
slowly than the true shot effect increases so that the net result is a
steadily increasing noise proportional to the diode conductance. It may
be said then that the mean-square noise generated by emission fluctua-
tions in a space-charge-limited diode is roughly numerically equal to
two-thirds of the noise of thermal agitation generated by a resistance
of magnitude equal to the a-c resistance of the diode and possessing
a temperature equal to the cathode temperature!. Yet the two phe-
nomena must not be confused in concept. For, thermal agitation is
known to be a form of Brownian movement, and finds its origin in the
equipartition of energy among the various mechanical and electrical
degrees of freedom of a substance in thermal (i.e., kinetic or statis-
tical) equilibrium. The diode, on the other hand, while clearly in a
stationary state, cannot be regarded as a system in a condition of
thermal equilibrium so long as there is a battery providing plate
voltage and energy. The mechanics of the two phenomena are, there-
fore, distinct; the formulas alone exhibit a resemblance. The only
instance in which complete identification can be made is that in which
the plate voltage is zero and the whole diode (anode as well as cathode)
is brought to a common temperature. This interesting situation will
be discussed briefly in a later section.

It is of interest to perfect the picture of shot noise by considering
the case of a retarding field. The mean-square noise at the threshold

1In our oral report of this week (Rochester Convention, November,
1936), we quoted “six-tenths” instead of the present “two-thirds,” (ef.
Electronics, Vol. 9, No. 11, p. 81, November, 1936). The alteration follows
discovery of a numerical error which required that all values of I',* be
raised by the factor 16/8.
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of a retarding field condition has already been shown, (45), to be
precisely half the thermal-agitations value. One can easily demonstrate
that equations (45) are all valid throughout the retarding-field region.
There is no virtual cathode, hence no space-charge reduction; and
since I/g V,=1, it is numerically immaterial whether one regards
the noise as true shot effect expressed by

12 = 2el Af,
or half-thermal fluctuations expressed by
- 1
= — ., 4kTgAf.
2

CATHODE ANODE

Fig. 7—Schematic survey of shot effect in a parallel-plane diode,
all modes of operation.

This identification was first remarked in print by F. C. Williams,’
who also showed good experimental agreement with the theory, and
pointed out the nature of the modifications necessary when the formu-
las are to be adapted to cylindrical structures. These modifications
are of no great consequence unless the ratio of anode to cathode
diameter is much larger than customary in conventional equipotential-
cathode structures.?

We are now in a position to diagram the shot effect for virtually
all modes of operation of a diode which approximates a parallel-plane
structure. The applicable formulas will be either or both of (41) and
{42). In Figure 7 four operating regions, (a)—(d), are schematically
demarcated by three curves of space potential. Curve I represents

——

. l“Fluctuation Noise in Vacuum Tubes Which Are Not Temperature-
Limited,” Journ. I.E.E., Vol. 78, No. 471, p. 326, March (1986).
2 Cf. footnote, p. 468.
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that potential distribution for which the virtual cathode coincides with
°F
the cathode (g-:O at cathode> ; curve I shows qualitatively a
z
mode of operation such that I/I,=1/56 (say); curve III gives the
potential distribution for which the virtual cathode coincides with
oF

the anode <—— =0 at anode) , which is the condition of incipient re-
o

tarding field. Region (a) : there is no virtual cathode, and the diode
is, therefore, temperature-limited so that the classical shot-effect
formula obtains, i.e., T=1. No significance can be attached to (41)
for, except for field currents or other anomalous behavior, g =0.
Region (b): no tabulation has been made for this region where 1/1,
is not sufficiently small that the present analysis can be used with
negligible error. Close study is so lengthy and provides so little addi-
tional engineering information that mention will be made here of only
a few rough estimates of error incurred if the tabulated values of
I and ¢ are employed. The value I/I, =1/5 is of course an arbitrary
choice for the boundary curve II. If 5, =10 (anode potential approx-
imately 1 volt, for a cathode temperature of 1000°K), the tabulated
value of I is low by approximately 1 per cent and 6 is low by approx-
imately 1% per cent, when I/1,=1/5. Larger values of 5, (higher
anode potentials or lower cathode temperatures) reduce the error.
For I/1, = 1/3 and the same 1,, the errors in I'> and ¢ are approximately
4 and 6 per cent, respectively. And for I/I,=1/2 the errors are only
about 10 and 15 per cent, respectively. It is clear, then, that I'"* departs
appreciably from the tabulated values only when the tube is nearly
temperature-limited and then climbs rapidly to unity as I approaches
I,1 Region (c): this is the region of practical operation of virtually
all biased diodes giving high emission. The virtual cathode effects a
reduction in emission fluctuations, and the tabulated values of I'? and ¢
should show negligible error. Region (d): with the appearance of a
monotonic retarding field, the virtual cathode and, therefore, the reduc-
tion of shot effect simultaneously vanish. Throughout this region
I?=1, § =1/2, and when used in their respective formulas, they pro-
duce identical numerical results,

1Spenke has carried out the complete numerical integration for two
examples and shows for them the sharp rise of T to unity deseribed here;
E. Spenke, “The Space-Charge-Reduction of Shot Effect,” Wisa. Versf.
aus den Siemens-Werken, Vol. 16, No. 2, p. 19, July, (1937). In a more
recent study, Rack has shown graphically the influence of the ratio 1/1, for
the complete range, 0.06 < 1/7, <1; A. J. Rack, “Effect of Space Charge
and Trangit Time on the Shot Noise in Diodes,” B.S.7.J., Vol. 17, No. 4,
p. 592, October, (1938).
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THE DIODE IN THERMAL EQUILIBRIUM

It was mentioned above that one could expect the shot effect in a
diode to be completely identified with the thermal agitations of its
resistance only when the diode is unenergized and the whole of it put
at one temperature. Let us demonstrate this identity by showing that
the formula for shot effect proves to be, in this instance, identical with
Nyquist’s expression for the thermal agitation. Consider an electrode
(1) surrounded by an electrode (2), the material of which each is
constructed being unimportant. The electrodes are short-circuited and
the diode is maintained ai temperature T. Both surfaces emit, but
at rates which are not necessarily equal, since, for example, the work
functions are not prescribed. Yet the current I, that portion of the
emission from the first electrode which is absorbed by the second,
must be equal to I, (similarly defined) on the average. This statement
will be recognized as a direct outcome of the second law of thermo-
dynamics. The average current through the short-circuiting link is
therefore zero, but fluctuations are present nevertheless. If these
fluctuations are traced back to variations in emission, they are prop-
erly labeled “shot effect”; yet, if they are simply accept' d as a manifes-
tation of Brownian motion, they are just as properly termed ‘“thermal
agitation”,.

Adhering for the moment to the latter point of view, we find that
Nyquist’s formula provides a valid measure of the fluctuations. For,
we need only observe that we have here a two-terminal, unenergized
circuit element at a uniform temperature. Its short-circuit fluctuations
are, therefore,

2 =4kTgAf, (46)

Y

where g is the real part of the diode admittance at the frequency in
question. Confining ourselves, as usual, to frequencies at which transit-
time effects are negligible, we may say that ¢ is simply the low-fre-
quency conductance. It is not difficult to obtain an expression for g.
Suppose that a voltage E is included in the circuit, making the outer
electrode more positive. In case the situation is not complicated by
individual collisions,! it can readily be shown by kinetic theory that

B
I1/]g=£'-i;—, (47)

e

1This assumption is reasonable, except for exceedingly high space-
charge densities, not likely to be encountered in practice. Cf. I. Langmuir
and K. T. Compton, “Electrical Discharges in Gases,” Rev. Mod. Physics,
Vol. 8, No. 2, p. 220, (1981).
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regardless of the geometrical configuration, coefficients of reflection,
contact potential, etc. Consider now variations of I, and I, against E
with T fixed:

oI, oI, ©°FE

L o, v,

The conductance is, therefore,

eI, —1y) 1
9= ——— = , (48)
oF v,

0

Il &
ol

1, 1

where I is the equilibrium current emitted by either electrode and
absorbed by the other. And this expression is valid whether or not
there exists a virtual cathode in the equilibrium state. Consequently,
the thermal fluctuations can be written

2 =dleAf (49

Turning now to the kinematic viewpoint, we note that the emission
current from either electrode exhibits true shot effect, so that the
mean-square current fluctuations in the short-circuiting link are simply
the sum of the separate shot effects associated with the currents I, and
15, To calculate this sum, we must first determine the space-charge-
reduction factor I' for each current. Suppose that the equilibrium
state is perturbed by the injection of an additional small steady emis-
sion i, from the first electrode. The emission velocities of the electrons
comprising ¢, will be permitted any values whatever. The question is:
In what way is the original equilibrium affected? Now except for
individual encounters, which we suppose highly improbable, the elec-
trons in 1, disturb the equilibrium only in so far as they introduce a
potential field superimposed upon that which existed initially. The
diode, therefore, settles into a new equilibrium state such that the
space-charge density is everywhere slightly altered, yet, except for
the injected electrons i,, at every point in space the M-B distributi_on
still obtains. The originally equal equilibrium currents I, and I, are
now somewhat reduced, but still equal. It follows that whatever frac-
tion of 4, is absorbed on the second electrode is accompanied by no net
increment in the equilibrium current, and this is true whether or not
there exists a virtual cathode in the equilibrium state. There is conse-
quently no space-charge reduction of noise, I' =1, and

#=2e(I, + I,) Af = 4elAf. (50)
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In the equilibrium case, then, the two viewpoints are only alternative
aspects of the same phenomenon. The identification is logical and
complete. Where space-charge densities are low enough to make indi-
vidual collisions unimportant, all of the dynamical processes which
maintain the electrons in thermodynamical equilibrium occur within
the electrode material. The space between electrodes is only a passage-
way through which electrons travel without incident.

With this in mind, we can now understand thermodynamically that
the shot effect of a normal diode operating in the retarding-field con-
dition should have turned out to be precisely half-thermal. Consider
a diode in thermal equilibrium, and, if there is a virtual cathode, let
the emission from the electrode of higher work function become
smaller by raising the work function until the virtual cathode has
disappeared. If the diode is parallel-plane, this emission is now tem-
perature-limited, i.e., it contributes nothing! to the conductance g given
by (48). On the other hand, it is still responsible for half the shot
effect as represented by (50), because I, =1, is still valid, nothing
having been done yet to destroy thermal equilibrium. But now we
remove the temperature-limited current altogether, say, by lowering
the emitter to room temperature. The noise is halved, the conductance
is unaltered, and the half-thermal fluctuations of a parallcl-plane diode
operating in retarding-field condition are provided with thermody-
namical significance.

NEGATIVE-GRID TRIODES

The foregoing study is, of course, but a preliminary to the problem
of chief interest, namely, noise in amplifying tubes. To see how the
theory of diodes can be adapted to a triode, imagine the conversion of
a parallel-plane diode by adding grid wires one at a time. When only
two or three grid wires are in place, and biased negatively, the space
potential is badly disrupted. Moreover, electrons on the plate side of
the grid wires still contribute materially to the potential in the vicinity
of the virtual cathode. Noise analysis at this stage would be painfully
difficult. Hence, there is little to be said about very low-u tubes, except,

1Tt should be noted that this statement is partly hypothesis. If the
coefficient of reflection is a function of velocity, the conductance of any
unilateral current flow will be affected, whether the field be accelerating
or retarding. The nature, even the existence of such a function, is stiil
moot (cf. Compton and Langmuir, Rev. Mod. Phys., Vol. 2, No. 2, p. 171,
1930; also W. B. Nottingham, Phys. Rev., Vol. 49, p. 83, 1988). Overlooking
this difficulty as well as the possibility of field emission, the reader should
observe that the statement is still not applicable to all geometrical con-
figurations. As long as there are any electrons which, from an energy
standpoint alone, would fall on the collector, but which fail to do so because
of momentum considerations, the conductance is finite for a temperature-
limited current, and is not easily formulated for any mode of operation. It
12 ontthis account that the present analysis is restricted to parallel-plane
structures.
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perhaps, to set limits for the noise. When, with the addition of more
grid wires, the control grid stands complete, with a u of say, 5 or more,
the space potential can generally be considered very regular again,
except in the immediate neighborhood of the grid wires. A first
approximation to the shot current fluctuations, exact in the limit of an
infinite pu, would then amount to neglecting the grid-plate region alto-
gether, and applying the diode analysis directly to the grid-cathode
space. The anode potential of the diode, K5, would have to be inter-
preted now as the “effective’” potential of the grid plane, F,, i.e., that
potential which, when applied to a solid sheet in the grid-plane, would
draw the same cathode current. In addition, g would now be viewed
as the conductance of this equivalent diode. This procedure recognizes
the contribution which electrons in the grid-plate space make to the
steady-state space potential on the other side of the grid, but does not
take account of their contribution to I'2. For this reason, theoretical
values of shot effect so determined should be a little too high. The
error, however, should be practically unimportant where high-u tubes
are concerned. For, in the first place, an electron’s contribution to
noise reduction must vary inversely as its velocity and its distance
from the virtual cathode. Second, the grid mesh is a good electric
shield.

1
Ea=a(Ecl +—‘Eb>
HFo

1 4 1 -1
a={1+-— 1+—y(+h)——h2(6+4h + h?)
"o 3

z, grid-anode spacing

y=-—= . . r (51)
z, cathode-grid spacing

7,  grid-anode transit time

7. cathode-grid transit time

h3
o= b 1——)
Yy

= “cold”, i.e., electrostatic amplification factor

To put this procedure into effect, one must relate E, and g to the
grid and anode voltages. It will be assumed throughout that the grid
has negative bias so that the plate alone collects electrons. The best
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formulation of E, to date is (51), derived by Llewellyn,! which takes
into account the influence of space charge upon space potential, but
assumes zero emission velocities.
The grid-plate transconductance (for negligible transit angles) is,
therefore,
g, = ag, (52)
and since it 18 easily measured, whereas g cannot be measured at all,
g, will be used in place of ¢ in the expressions for shot effect. Thus

_ 8
(41) becomes *=— . 4kTg,ANf, (41a)
ag
0 gﬂl V( 1‘29 gl)l Vl
and (43a) becomes =2 —-— — - ~ — . (43b)
T 1 o 1

Under ordinary circumstances o will decrease somewhat with an
increase in current, because k increases. This behavior may be marked
for low-u tubes, but becomes less pronounced as p is increased, since
Limoe=1
o) - 00
It will not in general be correct, therefore, to assume that o is strictly
a constant; for conventional tubes, it will usually lie between 0.5 and 1.
Inasmuch as & is usually less than 0.5, rough estimates of o for
parallel-plane structures may be made by supposing h =0, whence?

1 4 r‘
o~{1+-—— 14—y . (bl1a)
m 3 J

No rigorous formula analogous to (51) has yet been developed for
eylindrical structures. The analogue of (51a), however, has long been

known ;2
1 2 s
Oey1. ~ {1 +—1 14 —log— } (51b)
“ 3 T,

This expression is limited to structures in which the ratio of grid to
cathode radius is larger than about 10. For smaller ratios the formula
for plane structures will suffice.

The current fluctuations in the plate circuit (without load) are now
seen to be principally a function of conditions between cathode and
grid. And in contrast with the diode fluctuations, it is no longer pos-

1 F. R. Llewellyn, “Operatlon of Ultra-High-Frequency Vacuum Tubes,”
B.STJ., Vol 14, p. 659, October, (1935).

Tellegen, “The Value of Cathode Current in a Triode,”
leawc, Vol 3, p. 801, (1926).



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 105

sible to find a simple empirical relation between triode shot effect and
thermal agitation in an ohmic resistance of magnitude equal to the
anode resistance. Following (41a), attention is more properly focused
upon the transconductance.

The shot voltage e, appearing across a load Z in the output circuit
of a negative-grid triode whose plate resistance is r,, is from (41a),

A
r,+2

Inasmuch as the principal sources of local noise in amplifiers are
thermal agitation in the input circuit and shot effect in the first tube,
it has often been remarked that, instead of (53), a more useful formula
for shot effect is found by referring the plate-current fluctuations back
to the input circuit. This effective input fluctuation voltage is then
that voltage which, applied between cathode and«rid, produces in the
output fluctuations equal in magnitude to those actually generated by
shot effect. The effective input shot effect can then be compared
directly with the thermal agitation of the input circuit. In fact, instead
of expressing the shot effect as a voltage, we may symbolize it by a
resistance R, i.e., that resistance which, at ambient temperature,
exhibits a thermal agitation voltage equal to the effective input shot
voltage of the tube. This we do as follows. Since the transconductance,
g., represents the ratio of output current (without load) to input
voltage, we have from (41a),

0 2
el=—.4kTg, 0f.

o

(63)

€ = — = — ,——, Af. (54)
. g m2 C On
Nyquist’s expression for thermal agitation voltage across a resistance
R, at room temperature T, is

el =4kT, R,yAf. (55)
Equating the two voltages, we obtain
6 T 1
Re” = . o — (56)
o Ta m

A brief numerical estimate will serve to indicate the order of mag-
nitude of R,,. Using figures typical of coated-cathode receiving tubes,
let us choose T =1000°K, T,=3800°K, § =2/8, ¢ =8/4. Then,

Raf[ 3/ Gm
With transconductances of 1000, 1500, and 10,000 micromhos, respec-
tively, such a tube would exhibit shot effect equivalent to the fluctua-
tions arising from thermal agitation in resistances connected between
grid and cathode of magnitude 3000, 2000, and 8300 ohms, respectively.
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(The close approximation of these estimates to measured values of R,
already published at once attests the validity of the theory and implies
its successful adaptation to cylindrical structures.) So long as the
input impedance actually employed presents a real component R
(Z=R + jX) two or three times greatler than R, the limit of useful
amplification is set by thermal agitation; this is generally the state of
affairs in the case of sharply tuned circuits and high-gain tubes, e.g.,
in broadcast receivers properly designed. When the reverse is true,
and R, > R, the shot-effect problem becomes acute and anything
which can be done to restore the original inequality, R, << R, with-
out slighting performance requirements will increase the intelligibility
of small signals. A case in point is the television receiver; in brief,
the requirement of a pass-band width of several megacycles necessi-
tates a low tuned-input impedance comparable in magnitude to the
R, of conventional tybes, so that shot effect may be a serious concern.

A more detailed study of this and other noise problems is postponed
(Part V) until we have completed our analysis with a description of
shot-effect phenomena peculiar to multi-collector tubes, i.e., those in
which the cathode-current stream is collected at two »r more electrodes
(Part III). For the present it will be sufficient simply to note the
obvious recommendations of (56). As stated previously, 8 is prac-
tically a constant and little can be done to reduce it. Similarly o is
practically a constant and generally offers, at most, a maximum of 50
per cent improvement. Furthermore, T is at present confined to rather
limited regions in the vicinity of 1000°K for coated cathodes and
1900°K for thoriated tungsten. Other things being equal, coated
cathodes are, therefore, to be preferred. It is, of course, possible to
lower the temperature below the recommended value and still maintain
performance, but in general a drop of 200° or so brings the tube so
near the temperature-limited condition that the formulas given are
vitiated, and the signal-to-noise ratio decreases sharply (see Figure
11). Fortunately, there always seem to be ways to improve transcon-
ductance; although the mean-square output noise is proportional to g,,,
the equivalept input noise varies as 1/g,,, 'so that it is profitable to
use as high a transconductance as possible. This notion is hardly novel,
for it has long been recognized that increase in gain, per se, would
improve the input signal-to-noise ratio. The derived proportionality
of mean-square output noise to g,, serves to render this expected
improvement not inexistent, but simply smaller than conceived in
dreams. Other things being equal, then, a change in structure which
doubles g,, should cut the mean-square input noise of a triode in half
—not a magnificent improvement, but the only thoroughly practical
method available.
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EXPERIMENT
APPARATUS AND METIHODS

LL measurements were made at a frequency of about one mega-
A cycle. This is low enough to avoid transit-time complications
and high enough to escape the “flicker effect” which contami-

nates shot-effect studies at audio frequencies. In design and construc-
tion of the special four-stage tuned amplifier,! extraordinary care
was given to shielding, so as to minimize errors attributable to regen-
eration. The outfit was housed in a tight copper box, the false bottom
of which contained thoroughly filtered supply leads; the upper portion
was partitioned so that each tuned circuit was isolated. The partitions
were constructed so that the tubes, themselves surrounded by shields,
projected obliquely through the walls. Feedback was thus reduced to
coupling between grid and plate elements in the type 57 pentodes. And
even this source of regencration was minimized by coupling each
output to its tuned circuit through a large inductance which presented
to the plate a capacitive reactance, varying but little with frequency.
Each compartment was made accessible by a tight-fitting sliding cover.
In this way voltage gains of over 108 were obtained without appreciable
regeneration, and controlled by grid-bias adjustment of a type 58
pentode in the third stage. A fifth stage was alternatively employed as
a vacuum-tube detector for preliminary work such as alignment, or as
an additional stage of amplification feeding a thermocouple for accurate
work, In the latter instance, a power tube was used to drive the couple
to avoid cutting off the peaks. For detection the thermocouple was

LThe am})liﬁer and most of its associated equipment were constructed by
L. I Potter of these laboratories. Its continuously reliable performance must
be credited entirely to his careful workmanship. )
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preferred in order to avoid any question as to whether the detector was
really “square-law”. A frequency-calibrated signal generator with
calibrated attenuator provided measured signal accurate to 0.1 micro-
volt for alignment and calibration of the amplifier. It also provided, in
one procedure, a comparison signal for noise measurement. Finally,
the whole outfit was operated in a doubly screened room equipped with
filters for all power lines.

The tube under observation was housed, together with its tuned
coupling circuit (Z), in the first compartment of the amplifier box. All
components of this unit were mounted on a removable false bottom, so
that changes in tube, circuit, or connections could be made rapidly and
conveniently. A small hole in the lid of this and each amplifier com-
partment permitted insertion of a condenser-tuning rod to allow adjust-
ments in tuning without upsetting the shielding. The pass-band of the
amplifier was about 10 kilocycles, and the “@Q” of the coupling imped-
ance Z was lowered by adding shunt resistance until it could be assumed

TO
T0
SIGNAL ‘
GENERATOR N AMPLIFIER

2 @
ATTENUATOR /A z

Fig. 8-——Schematic shot-effect test circuit using signal generator.

that the over-all frequency-response curve was defined by the amplifier
alone. This procedure simplified computation tremendously, since the
pass-band could always be considered fixed, independent of whatever
variations in the coupling circuit might occur in the course of meas-
urement. The impedance Z was measured in situ by the familiar dyna-
tron method, and fixed throughout the work at 45.5 X10° ohms.

The early measurements were conducted in a manner explained
schematically by Figure 8, which depicts only the essential radio-
frequency connections. The signal-generator frequency was centered
on the amplifier pass-band. Then, with the switch in positon 2, and
the tube operating, the amplifier gain was set at a point which gave
a suitable reading on the output ammeter. This reading was a measure
of the sum of tube noise and thermal agitation in Z. Then the switch
was thrown to position 1, and that signal (V) found which brought
the ammeter reading back to its original value. (Inasmuch as the
output impedance of the attenuator was negligible, it was immaterial
whether or not the tube remained on.) The signal voltage was then
a direct measure of the noise voltages integrated over the pass-band
(&f) of the amplifier. A measure of the noise per unit band width
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therefore required a determination of Af, and this was accomplished
in the usual way by running through a response curve. Thus, if V
is the input voltage at frequency f which produces a fixed output meter
reading, then

af

Af = V"mln. .

V'_’
Making a correction for thermal agitation in Z, one would finally
evaluate I'?, for example, from

v: /1 1 akT,
— -t - ) - —
zZ 7, Z

I‘exp.2 = 57
2el

In this expression r, is the output resistance of the tube under test, in
parallel with the circuit impedance Z, and I is the current, the fluc-
tuations in which are under study. The second term in the numerator

TO
AMPLIFIER

Fig. 9—Schematic shot-effect test circuit using comparator diode.

is the correction for thermal agitation in Z, and is almost always nearly
negligible. No correction for background noise in the amplifier proper
is in order since it affects both meter readings equally.

Straightforward variations in the circuit of Figure 8 permitted
measurements of nhoise in not only the plate circuit, but grid and
cathode circuits also. Yet for the latter, and for work with diodes, the
method was not wholly satisfactory, for when the output resistance of
the tube was small, the equivalent signal voltage V diminished in con-
sequence, until inaccuracies in reading V led to adoption of a different
procedure.

The second method replaced the signal generator by a temperature-
limited diode, whose fluctuations could be calculated directly (I'=1)
from a measure of its anode current. One example of its use is shown
in Figure 9 which, again, emphasizes only the radio-frequency con-
nections. With input shorted, the amplifier had its gain adjusted at a
point which gave an output reading R;, a measure of the background
produced by the amplifier proper. With the tube under test operating
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as desired, and with the comparator diode in the circuit but not
operating (cold), a second reading R, was a measure of the sum of the
shot effect under study plus amplifier noise. From a calibration curve
of the output circuit, there was rapidly located a reading R; which
would represent double the mean-square input to the amplifier. The
filament of the comparator diode was then brought to that temperature
at which the temperature-limited diode current . supplied additional
noise sufficient to establish the reading R,.

Just as in the first method, a correction for thermal agitation in
Z will enter a determination of I" from these data. And yet the work-
ing formula will be very simple because, first, all current fluctuations
involved can legitimately be assumed to have a uniform frequency dis-
tribution; second, the input impedance remains unaltered when the
comparator diode is in operation, the conductance of a temperature-
limited diode being effectively nil. It turns out, then, that

4kT,
Moy 200 + ——- = 2el,,
Z
or, for the impedance used,
‘ I, — 114
Iunp = » (58)
I

where I, and I are expressed in microamperes,

The correction for thermal agitation is generally negligible. In
comparison with the first method, this scheme has the disadvantage
of necessitating a careful calibration of the output circuit, but this
is not difficult and is permanent—until the thermocouple leaves in a
puff. It has a distinct advantage in requiring no determination of the
amplifier pass-band, a measurement which is always subject to correc-
tion as a result of aging, or other uncontrollable causes,

A third method, not employed in these studies, is worth mentioning
inasmuch as it has proved very rapid and reliable whenever a measure
of R, (see p. 471) was the chief objective. It is found directly by
inserting resistance in the input of the tube until the mean-square
input noise is doubled. Again taking into account a small correction
for thermal agitation, it should be clear that this resistance is pre-
cisely Ry The method is probably unequalled as a swift, accurate
scheme for rating tubes for signal-to-noise ratio. Its adaptation to
studies of diodes has obvious drawbacks. For this reason, and because
the present work is mostly concerned with testing theory, the other
methods were preferred ss more direct.
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The comparator diode was essentially a copy of miniature diodes
previously designed in this laboratory for short-wave work.! A nickel
anode 6 millimeters long, and having a diameter of 15 mils, sur-
rounded a 3-mil tungsten filament. With about 80 volts on the anode,
currents of 2 or 8 milliamperes were unquestionably temperaturc-
limited. For most measurements on radio-frequency receiving tubes,
this proved to be ample current.

Although T,,, can be compared with Iy, it is somewhat simpler
to find 6,,, and compare this with 0,,,, , which has been shown to be
essentially a constant. At least it does not exhibit the wide variation
that Iy, Sshows with change in operating conditions. The value of
B0y, can be computed from, e.g., (58) and (43a) or (43b).

To make either test of theory, it is necessary to determine cathode
temperature. Now this is one of the most awkward tasks if high
accuracy is demanded. But if, as in the present studies, one is satis-
fied with experimental errors of 4 or 5 per cent, estimates of tempera-
ture accurate to well within these limits can be procured, at least for
the more conventional structures which have a not-too-uncven tem-
perature distribution. Filament temperalures were, therefore, com-
puted from information found in “The Characteristics of Tungsten
Filaments as Funclions of Temperature”.? A Leeds and Northrup
optical pyrometer was used for early estimates of the temperature of
sleeve-type cathodes. This was soon discarded; it was virtually impos-
sible in many instances to get a direct line of sight. The temperature
was subsequently computed from a measurement of heater power by
means of the equation for temperature radiation. Extensive studies
by E. G. Widell of these laboratories had shown that the fourth-power
law was essentially valid for this type of cathode, and had permitted
determination of emissivities. The working formula, developed from
his studies and applicable to the present investigation, is

T w e
— = 588-— | ,
1000 dl

where W is heater power in watts, d is diameter in mils, and  is length
in millimeters. This formula accurately applies only to the center
“brightness” temperature of a type BC6 cathode coated with a par-
ticular spray: Error due to cooling at the ends (50° to 100°) is largely
offset by the fact that “brightness” temperature runs about 30° to 40°
below true temperature, The formula is naturally somewhat altered

1L, 8. Nergaard, “Electrical Measurcments at Wave Lengths Less
Than Two Meters”, Proc. 1.R.E., Vol. 24, p. 1207, September, (1936).

*H. A. Jones and I. Langmuiy, Gen. Elec. Rev., June-August, 1927,
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by changes in length, diameter, percentage of uncoated area at ends,
type of base material, thickness and type of spray, and proximity of
other bodies. For all sleeve-type cathodes discussed in the present
paper such changes are minor, and the formula is beliecved to give
their true average temperature with an error of less than 3 per cent.

Although the noise analysis is based upon a parallel-plane model,
tests were conducted on cylindrical structures alone. Simplicity of con-
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Fig. 10—Reduction of shot effect in cathode current of RCA-57 operated as
a triode. The cathode current ranges from %% to 4 milliamperes.

struction, minimum end effects, and ease of temperature determination
all suggested the choice. Then, too, since commercial tubes are in the
main cylindrical, it was hoped that the theory might be shown adequate
for engineering purposes. Of course, many cylindrical tubes would be
expected to behave essentially according to parallel-plane theory. The
question becomes acute only in certain instances, e.g., filamentary
cathodes, or especially large diameter ratios.

RESULTS

From a large group of observations on many commercial tube types,
the following examples are chosen as typical. And although diodes
would naturally be expected to receive first discussion, regular ampli-
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fying tubes will be given precedence, for reasons which will shortly be
self-evident.

A precise test of theory against performance of amplifiers demands
a determination of o. It is unfortunate that there is no apparent way
to measure this quantity directly; one is consequently forced to make
estimates of o from expressions such as (51), and tests of theory lose
rigor thereby. However, it has been mentioned that ¢ will ordinarily
lie between narrow limits, and estimates made for tubes of even very
irregular design can be presumed accurate to well within 15 per cent.
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Fig. 11—Reduction of shot effect in cathode current of RCA-57 operated as
a triode, for I = 2.6 ma and various cathode temperatures.

If, with this tolerance, there is seen to be good agreement with theory,
there is much to recommend it, in view of the order-of-magnitude dis-
crepancies typical of the past.

Tables IV and V and Figures 10, 11, and 12 all refer to the same
tube, a regular RCA-57. This is a radio-frequency pentode amplifier
which, for these measurements of cathode-current fluctuations, was
operated in triode fashion, the screen, suppressor and plate being tied
together as shown in Figure 10. Although the first two grids are ellip-
tical, it is possible to make a good estimate of ¢ from (51). And because
the p is high (approximately 20 as a triode) and the transit-time
ratio small, the estimated value (¢ ~ 0.83) is not much below the ideal
value of unity, and is virtually constant over the range of measure-

ment.
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TABLE IV
RCA-57 (Serial No. F-10)
I,=1. OO ampere Ve 0. 085’3 volts
E, = 2.4 volts E. = —2.5 volts
T= 990°K Eog— En,:En
* +
E, I g 1. Lineor 0(1 n
volts ua wumhos ua 17guVe Tenp ._0 70 6=0.83 o=1, 00 o= 0 83
75 500 640 108 9.14 0.46 0.45 0.415 0.38 0.81
85 1000 950 150 128 0.36 0.39 0.36 0.33 0.66
95 1500 1140 150 15.4 0.32 0.35 0.325 0.30 0.64
103 2000 1290 165 18.1 0.29 0.33 0.30 0.27 0.62
108 2500 1460 175 20,0 0.26 0.31 0.2856 0.26 0.58
115 3000 1530 185 22.9 0.25 0.29 0.2656 0.24 0.58
121 3500 1630 200 25.1 0.24 0.28 0.25 0.23 0.59
127 4000 1720 205 27.2 0.23 0.26 0.24 0.22 0.58
+ As triode
o I
1 0exp = -- - I'eyy - ——, from (43b).
2 2N
TABLE V
RCA-57 (Serial No 7-10)
I = 2500 p.
E. = — 2.5 volts
Eeop=—=FE.= Eb
T Ey, gn* I. IguVe T, ———T4, ——— b,
°K volts mmhos pa 0=0.70 0_0 83 0=1.00 c==0.83
7801 250 75 2500 430 1.0 1 1 1 k3
810 128 1050 880 34.1 0.59 i ¥
890 114 1400 165 23.3 0.26 0.29 0.26 0.24 0.63
975 108 1460 176 20.4 0.26 0.31 0.28 0.255 0.59
1070 103 1600 2056 18.1 0.29 0.326 0.30 0.27 0.62
1130 99 1530 230 16.8 0.30 0.34 0.31 0.28 0.64
1200 95 1540 250 15.7 0.32 0.35 0.325 0.295 0.65
1270 91 1590 3800 14.4 0.36 0.365 0.835 0.306 0.72

* As triode.

t Lowest T which, for E, = 250, gave I = 2500 .. The tube was, there-
fore, essentially temperature-limited, as indicated by the low gm.

1 Not within the scope of the present analysis, since 1/1, ia not suffici-
ently small. Following figures are evaiuated under assumption that the
analysis does apply, i.e, I/], << 1,
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With fixed control-grid bias and constant cathode temperature, the
currents shown in column 2 of Table IV were procured by adjusting
anode voltage, column 1. The iransconductance was measured, column
3, and the noise measurement is represented by the comparator-diode
current in column 4. Column 6 was computed from (58), and column
5 from the data shown. If now a value is assigned to o, and it is
multiplied by values in the fifth column, Ty, can be read directly
from Figure 6, since

ol I

gn¥V. 9V,

The next three columns were constructed in this manner and, together
with T',,, are plotted in Figure 10. The curves for ¢ —1.00 (ideal)
and o=0.70 are included to indicate the spread occasioned by varia-
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Fig. 12—Reduction of shot effect in cathode current of RCA-57 operated a:
a triode, for I = 2.5 ma, T' = 990" K, and various control-grid biases.

tions in o, or the possible discrepancies arising from inaccuracies in
making its estimate.

Since I, for this cathode temperature is well over 150 milliamperes,
the current I could have been carried higher but was kept low on prin-
ciple to avoid any doubt as to the observance of the stipulation,
I/I, << 1, The temperature, 990°K, is normal for this tube. Many
similar runs of this kind at neighboring temperatures showed equally
good agreement with theory.

In order to illustrate the course of I when T is varied, and also
to show the transition from temperature-limited to fully space-charge-
limited currents, the data of Table V and Figure 11 are presented as
a typical example selected from many similar groups of data. The
circuit was unchanged. But in this instance, with a fixed I (maintained
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by adjustment of E,), the cathode temperature was varied, column 1.
For the lowest temperature, the tube was virtually temperature lim-
ited.! For the two lowest temperatures no comparison with the theory
of this paper is permissible, in view of the high value of I/I,. The
remaining data agree very well with theory, even exhibiting the pre-
dicted upward trend of T with increasing T. It is evident that, for this
current, the tube should be operated with a cathode temperature of
about 950°K, but that there is only a minor departure from the opti-
mum 1" if 7T is permitted to deviate 100° to either side. The undesira-
bility of too low a cathode temperature is impressively patent in the
sharp rise to unity which characterizes the extreme left portion of
this and all other I'-curves of similar construction.

The plot is carried to only 1300°K for the simple reason that at
higher temperatures measured noise exceeds the theorectical prediction
by steadily increasing amounts. In itself this is hardly an excuse for
discarding the phenomenon as non-pertinent, particularly after it is
remarked that the behavior is characteristic of all cathodes operated at
temperatures several hundred degrecs above normal; this is irue of
tungsten, thoriated-tungsten, and coated cathodes alike It has often
been conjectured that the anomaly can be ascribed to emission of posi-
tive ions which, while pursuing a leisurely and long-lived course
through the virtual cathode, control the destiny of multitudes of elec-
trons. Evidence supports the view: (a) large-scale impulses appear
simultaneously in the output meter; (b) the noise still approaches that
predicted for true shot effect when the tube is made temperature-
limited, i.e., when there is no virtual cathode upon which ions may
react; (c) the change in excess noise with variation of temperature,
and with time at a fixed temperature, is, in a qualitative manner,
precisely that which would be expected on this hypothesis. Since the
ion currents involved are much too small to detect by ordinary means,
and since a quantitative analysis of the interaction of such ions with
space-charge is much too laborious to promise immediately useful
results, the theory remains in a semi-speculative state. The supporting
evidence nevertheless appears to the author to justify exclusion of such
data from tests of the theory of this paper. In Figure 11 it may be
that part of the rise in T,,, with increasing temperature can, even
here, be aseribed to this source.

1 The fact that g. is not precisely zero does not contradict this assertion.
A phenomenon of this nature, probably akin to Schottky effect is character-
istic of coated cathodes. In contrast with the behavior of metallic emitters,
coated cathodes exhibit no decisive saturation voltage, but only a gradual
change in slope of the I vs. V curve. Measurements of I., which would per-
fect the picture presented by Tables IV and V, are for this reason doubtful
and deliberately omitted.
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Table V deserves final comment. The reader may already have
wondered why, with I fixed, E, continues to decrease, g,, to increase,
even after I, >> 1. This behavior is best seen in terms of the equiva-
lent diode which, stripped fo essentials only, consists of the space
between the virtual cathode and the control grid. Roughly speaking,
then,

T (B, —E, )32 d,,~?

173 -3/
G D'Pdy,
0.6 I T T T
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Fig. 183-—Collected shot-effect data for a representative group
of tubes with sleeve-type cathodes.

With constant I, an increase in T and I, makes E,, more negative and
decreases d,,, (space between control grid and virtual cathode). The
latter change accounts for an increase in transconductance. In the
first expression both changes tend to increase I, and this necessitates
a reduction in E,, which, in turn, accounts for the decrease in E,.! In
order that the reader may have a correct appreciation of the magnitude
and position of the virtual cathode, he may imagine a parallel-plane
analogue to the equivalent diode of a type 57 under normal operating

1 Unpublished work of H. R. Nelson of these laboratories suggests that
the drop in potential may also be traced, in part, to thermo-electric emf’s
between cathode base metal and coating.
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conditions, Assuming [=38 milliamperes per square centimeter,
I/1,=1000", d = 0.05 centimeters, and T = 1000°K, the effective anode
potential will be about 0.6 volt (E, = 0.6), and the virtual cathode will
be approximately 0.6 volt deep (F,, = — 0.6) and will be found at about
15 the distance from cathode to grid.

Figure 12 is included to demonstrate that, for fixed I, measured
shot effect is independent of negative grid bias. This is in agreement
with theory, for the quantity I/g V, which determines Ty, depends,
not upon ¥,; and E, in themselves, but upon V, which, if the current
is to be held constant, must be invariant against alteration in electrode
potentials. The course of E, and of g, is also shown. A small drop in
the latter with increasing negative grid bias is normal, arising simply
from non-uniformity of ;, i.e., effects due to grid support rods and
grid ellipticity.

The agreement with theory which this tube exhibits is duplicated
by tests on other tubes of the same general design. Figure 13 permits
comparison of theory with approximately 100 observations of cathode-
current fluctuations in four tubes. The 6C6 differs significantly from
the 57 only in its heater resistaice; the 89, on the otuer hand, is a
low-;. power-amplifier pentode operated at well below its rated current,
and is included to demonstrate the applicability of theory to tubes
having a p as low as even 5. Its grids are also elliptical, but a reason-
ably accurate estimate indicates that o is about 0.6. This figure is
lower than the 0.83 estimate given for the type 57 simply because the
4 is much lower. The series of seven observations on F-9 showing the
largest discrepancy on the left-hand side of the figure were all taken
with T = 1280°K which is 70 higher than any other temperature for
the data of this figure, and roughly 300° higher than the rated tem-
perature for this tube. The discrepancy is, therefore, ascribed to
incipient positive-ion emission. Although o was assumed constant in
constructing the plot, it should be remembered again that this is not
exactly true. The common tendency of all points on the left-hand side
to surmount their theoretical positions is possibly due to a lowering
of o for small currents as a result of the non-uniformities in x men-
tioned above.

No such general accord with theory can be found in observations
on these tubes operated as diodes. (In “‘diode” operation, all electrodes

! That this is a reasonable choice of I,, and representative of conven-
tional oxide-coated cathodes, is supported by actual measurement; cf. B. J.
Thompson, “High Efficiencies of Emission from Oxide-Coated Fllaments”
Phys. Rev., 36, p. 1415; October, (1930). Although these measurements give
too high a value of zero-field enission, on account of Schottky effect and
s}\:rface inhomogeneities, they are probably high by a factor no greater
than
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but the cathode were tied together; in other respects the circuit was
unaltered.) Although the shot effect is still reduced by space-charge,
it always exceeds the predicted amount. For very small currents, at
the threshold of region (d) in Figure 7, the predicted shot effect is
closely approached; with increasing current the mean-square noise
exceeds the theoretical value by a steadily increasing factor, Figure
14 is representative of the relative behavior of “diode” as compared
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8—AS DIODES
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Fig. 14—Comparison of “diode” and ‘“triode” shot effect in
two regular tubes with coated cathodes.

with “triode” shot effect in amplifying tubes. Considering first the
curves for F-10 (the same RCA-57 discussed above), note that the
“triode” noise shows a 6., which agrees closely with the theo-
retical value of approximately 2. The “diode” noise, on the other
hand, shows a 4., which steadily increases with current. It should
be remarked that, although the same o= 0.83 was assumed for
plotting, the “diode” v should properly have been chosen very slightly
smaller on account of an increase in “h”, (51); but this correction,
while in the right disection, would by no means account for even a
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significant fraction of the excess noise. The second pair of curves
belongs to a triode with a coated V-filament (RCA-30). The same
extraordinarily high noise for large (but not abnormally high) cur-
rents is evident in the “diode” case, For both tubes the factor of
disagreement is, at 4 milliamperes, not trivial, but rather an order
of magnitude. The curve for “triode” noise of the RCA-30 is, inci-
dentally, of interest in its own right, for it indicates that the parallel-
plane formula applies to a structure even so remotely related as this
one which, despite a flat grid and plate, has a cathode similar in no
respect to the plane surface employed for analysis.
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Although one might conjecture that the anomalous ‘‘diode” noise
is somehow obscurely connected with the presence of grids, such a
notion is disqualified by measurements on actual diodes. Essentially
the same results were observed in every instance. In an attempt to
duplicate the theoretical model as closely as could be achieved with a
cylindrical structure, two diodes were built as designed in Figure 15.
A cylindrical coated cathode of 50 mils diameter was fitted. at each end
with short guard sleeves of thin nickel tubing, leaving a central exposed
length of 15 millimeters. Both anodes were nickel of 100 mils diameter;
one was hydrogen-fired at about 1100°C, the other carbonized. Both
tubes gave ample emission at T = 990°K, and their current-voltage
curves were so nearly alike that the plots’ of gand I/g V. in Figure 15
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refer to either. The general course of these curves agrees very well
with predictions based upon the steady-state equations for parallel-
plane structures discussed above. No plot of voltage is shown since
accurate absolute measurements were difficult in view of the small
voltages required. The maximum voltage (I =4 milliamperes) was
estimated to be about 3.2 volts, corrected for contact potential. Calcu-
lation shows that currents below about 50 microamperes were collected
in a retarding field. The curves for I/g V. and 6., approach the
theoretical limits 1 and 1/2 quite closely at the lowest current meas-
ured, 25 microamperes. There was, therefore, every reason to expect
the shot effect to follow theory for larger currents. And yet 0, is
seen to rise steadily with current for both diodes just as it did for
amplifying tubes in diode connections.

This strange behavior can, in the writer’s opinion, be interpreted
wholly in terms of a small amount of elastic reflection at collecting
surfaces. Electrons returned to the vicinity of the virtual cathode as
a result of either scattering or reflection will, of course, alter its
potential and tend to decrease the steady-state flow of emission current
across the barrier in a fashion strictly analogous to the process by
wnich temperature-limited shot fluctuations are compensated and
reduced by space-charge. The reflection hypothesis is chiefly concerned
with those electrons which are elastically reflected or nearly so; an
electron which loses more than a fraction of a volt on collision can not
return suffciently close to the virtual cathode to do damage at all
comparable to the havoc promoted by those which actually pass through
the virtual cathode a second time. It is impossible to handle this
problem swith quantitative rigor, bu'c a crude notion of magnitude may
be had. Consider a upit increase in the emission of electrons in a
particular velocity class. Without space-charge compensation there
would follow a unit increase in anode current. Our analysis has shown,
however, that in the presence of a virtual cathode, there flows a com-
pensating current —(1 ~y). The net increase in anode current is
then [1—(1—y)]=1y. But suppose, to exaggerate a little, that all
of the original electrons are reflected back to the cathode to start out
again and finally be captured on the second attempt. The net increase
in anode current will be, in this event, something like

[1-1=-9-A=9—(1—y)]=—2+3y.

If y for this velocity class is, say 0.25, the net increase in anode current
turns out to be — 1.25 instead of + 0.25. On a mean-square basis, the
reflection of electrons has resulted in over-compensation to such an
extent that the noise has been increased twenty-five fold. Now a brief
calculation along these lines shows that if so little as 10 per cent of the
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total anode current is reflected as described, the total mean-square shot
effect is increased by a factor of 3 ¢r more in a diode comparable to
those of Figure 15 and carrying three or four milliamperes current.
It is logical that the factor should increase with 7, for the quantity
I’ deereases (see Figure 5), so that, supposing the coetlicient of veflec-
tion to vary but little with an increase in anode potential, in the light
of the example just discussed, the trend is obvious.

The precise amount by which noise will be increased by electron
reflection depends upon too many factors to permit accurate prediction.
Structure, nature of the electric field, electrode potentials, character
of the reflecting surfaces, all are involved in a complex manner. Yet
the chief features of the experimental difference between *“‘diode” and
“4riode” noise are thus simply interpreted. For in the first place, a
negative grid leaves smaller opportunity for anode-reflected electrons
to return to the virtual cathode. But, more important, above a certain
low critical potential a fairly high percentage of elastically reflected
primaries drops to practically nothing., It is difficult to find much
experimental evidence in point amongst the quantities of literature
concerned with secondary emission, most of which is devoted to
inelastic encounters and to emission of true secondaries, characterized
by very low energies. But in one of Farnsworth’s papers! the precise
experimental information desired may be found. Of several conclu-
sions which he draws from his measurements of the energy distribu-
tion of secondaries from Cv, Fe, Ni, and Ag the second is of present
concern: “For primary voltages below a certain limiting value, which
varies with the metal, most of the secondary electrons have energies
approximately equal to the primary energy”. Measurements of sec-
ondary energies for these four metals are much alike, and of the four
Ni appears to reflect least. The tuble given here is constructed from
his data for Ni and shows for each primary voltage V the per cent
of the primary stream which appears in the secondary stream as
electrons possessing within one-half volt of the primary energy.
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It must be remembered that these data apply only to a specific surface
put through a specific heat treatment, and cannot be considered

1H. E. Farnsworth, “Energy Distribution of Secondary Electrons from
Copper, Iron, Nickel, and Silver”, Phys. Rev., Vol. 31, p. 405, March, (1928).
In Con{;)ton and Langmuir’'s “Electrical Discharges in Gases”, Rev. Mod.
Phys,, Vol. 2, p. 171, April, (1980) will be found a brief factual background,
but elastic and inelastic reflections are not clearly distinguished.
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strictly represeniative of other samples. But the order of magnitude
supports the hypothesis under discussion.

One might naturally expect to ascribe the difference hetween 4,
for the two tubes of Figure 15 to a reduction in elastic reflection as
a result of carbonization. Subsequent experiments supported the
notion. To separate out the possible alteration of reflection coefficient
as a result of deposition of cathode material during activation, two
diodes were constructed with dimensions similar to those of Figure 15,
except that these had sliduble nickel anodes. One anode was wholly
carbonized; of the other, one-half was carbonized and the remainder
‘was left *“clean”. The first showed substantially the same noise for
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Fig. 16—Effect of electron reflection and scattering upon space-charge-
reduced shot effect in a triode: constant cathode current.

either position of the anode, indicating that deposition of cathode
material upon a carbonized anode during normal activation alters the
reflection coefficient (of the kind in question) a negligible amount,.
The other, activated with the carbonized section exposed to the cathode,
showed a slightly higher noise when the “clean” section was used.
Even here, just as in Figure 15, the carbonized anodes showed noise
far in excess of theoretical estimates; it is concluded that slow speed
(2- or 3-volt) electrons are reflected elastically almost as profusely
from a carbonized surface as from a clean one.
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Further support for the hypothesis of noise augmented by reflected
electrons is found in Figure 16. By operating a triode with grid posi-
tive and anode negative, one obtains an artificial electron reflection.
All electrons that miss the grid on first passage are returned, and many
of these may miss a second time and conilinue back to the cathode.
The figure shows in panorama the enlire course of shot effect in a
constant cathode current for anode voltages running from high positive
to high negative values. The construction of the RCA-56 differs little
from that of the RCA-57 except that a carbonized anode repluces the
57’s screen grid, and a smaller p (13.8) brings o down from an esti-
mated 0.83 to 0.78. The circuit sketch shows how grid and anode could:
be given individual bias voltages and yet operated as a unitary elec-
trode for radio frequencies so that, even though the cathode current
was at times divided between the two, fluctuations in cathode current
(I) were measured under all circumstances. Bias voltages were meus-
ured at the electrodes, were not corrected for contact potential, and
for small values are therefore not precise. The trend of E, vs. K, is
normal; in particular the kink accompanying the approach of E, to
zero from the positive side is familiar and has long been correctly
attributed to a sudden lowering of space potential due to the abrupt
return of much of the anode-directed current to the vicinity of the
virtual cathode. The noise, which for normal biases remains very
constant and approximates the theoretical value, rises sharply to a
peak at precisely the point at which it would be expected to do so.
This maximum is considerably higher than the ‘diode” noise, at
E,=FE. =24 volts. The ultimate decline as more and more electrons
are trapped at the grid on first passage, and the finally levelling off
need little comment.

Finally, some observations on diodes with thoriated-tungsten
cathodes should be mentioned. A 4-mil filament was used with a nickel
anode of 100 mils diameter, either carbonized or not. At temperatures
providing emission sufficient to remove suspicion from the ratio I/1,,
the behavior was much the same as that exhibited in Figure 15, includ-
ing a decrease in noise with carbonization. Further, 6., for these
was, for the higher currents, always a little less than shown in Figure
15; with I=3.5 milliamperes, 6., = 1.95 and 1.15 for these diodes,
uncarbonized and carbonized, while 6,,, =2.19 and 1.31 for their
coated-cathode brothers. A reflected electron finds the virtual cathode
less easily when the cathode has a diameter of 4 mils instead of 50 mils.

However unsatisfying it may be that the theory should agree but
poorly with measurements on the simplest structures patterned closely
after the model upon which the analysis was based, we conclude that
there is generally excellent agreement between theory and observations
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of cathode-current shot effect in tubes operated with negative control
grids. The formulas developed serve well as accurate engineering
guides to construction of low-noise tubes for class A operation. And
where experiment has shown the theory to be inapplicable, the hypothe-
sis of elastic reflection appears adequate to account for discrepancies.
The nature of cathode-current fluctuations, for small transit angles, is
now thought to be well understood. The complexities which are added
to the situation when the cathode current is divided and the noise
measured in one portion only, for example in the plate current of a
pentode, form the subject of the succeeding pages.
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PART III—MULTI-COLLECTORS
BY DWIGHT O. NORTH

Summary—The fluctuations in cathode current (l.) due to true shot
effect in cathode emission are

W=T2 (I, - 2¢Af).

I' is a factor, evaluated in Part II, equal to unity when t,he current is
temperature-limited, but ordinarily only about 0.2 unde: mormal space-
charge-limited conditions.

Theory here presented shows that fluctuations in the current (I.) to
the n'™ collector of a device possessing several collectors for the cathode
current are, in general, improperly represented by the expression,

but correotly by the following formula:

v—— Ifl
i"2=l: 1_.;. (1—I‘2)] (In - 2¢Af).

In connection with suppressor-grid pentodes, for which it is generally true
that T* << I.2/Is, the formula for shot effect in either screen or plate lead
(with input grounded) is

— I 2 I 1

T e iy e —— - 2eAf.
The noise in the plate lead is, then, usually higher than that in the cathode
lead, and this fact accounts in large measure for prevalent observations
that pentodes are usually inferior to triodes from purely a noise standpoint,

Experimental work is described, supporting the theory.

Combination of this theory with that of Part 1I yields a practical work-
ing formula for the apparent imput shot effect of a conventional pentode
amplifier with coated cathode and negative control grid. Expressed in terms
of an ohmic resistance (R.;;) at room temperature (8300°K), the thermal
agitation of which i8 equal to the apparent input shot effect, the formula is

I 1000
R.: (pentode) =| 14 870— . —E'—] « Ruye (triode)
Im
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22 T(K) I 1
where R, (triode) —— - c—
(4 1000 I. g

T is cathode tompature in °K, gn is pentode transconductance in micromhos,
I.3 i8 the scrcen current in microamperes, and o is the ratio of total trans-
conductance to conductance of the “equivalent diode.”

THEORY

charge-limited device which possesses more than one collector
- have been outlined in Part I. If a pentode, for example, is
space-charge-limited, the shot effect in the anode lead is often much
in excess of an estimate based upon a simple division of cathode cur-
rent fluctuations similar to the division of the cathode current itself.
In tetrodes such a behavior might ab initio be ascribed, at least in part,
to additional noise associated with secondary-emission current circu-
lating among the collecting electrodes. The analysis and experiment
presented below are confined to arrangements in which secondary
emision plays no role. In fact we ghall be concerned with only an
extension of the concepts and formulas of Parts I and II.

Any electron in transit alters the poteniial of the virtual eathode
as explained earlier. This slight depression of the potential minimum
is by no means localized but extends over a region the linear dimen-
sions of which are, loosely speaking, comparable to the distance
between cathode and anode of the “effective diode”. It is beyond the
purposes of this paper to examine the precise geometrical scope of the
potential variation at the virtual cathode, but it should be evident that
the concomitant variation in the steady-state cathode current I pos-
sesses a comparable geometrical spread. In this way it comes about
that, at times, the compensatory flow of current which accompanies
and tends to reduce an initial fluctuation in emission (yielding the
T of Part II) does not all arrive at the same collecting electrode to
which the initial fluctuation may be consigned, but is divided among
the several collectors. Consequently, the fluctuation in the electrode
named is not fully reduced, while in the other electrodes there flows
simultaneously a “compensating” current for which there is no ante-
cedent. The mean-square fluctuations in each electrode are, therefore,
in excess of an estimate based upon a simple apportioning of the
cathode current fluctuations. At any instant the sum of the linear
fluctuations in all collector currents is still, naturally, equal to the
fluctuation in cathode current. But the sum of the mean-square cur-
rent fluctuations in the former is greater than in the latter.

"4 J YHE phenomena peculiar to shot-effect fluctuations in a space-
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Let us consider in detail two extreme examples of cathode-current
division. The behavior of these will gset natural limits encompassing
the performance of all others. In Figure la the collectors are to be
considered so close to the cathode (in comparison with their linear
dimensions) that there is virtually no region of the cathode from which
current is delivered to both collectors. Except in the immediate vicinity
of the boundary common to the collectors this will be strictly true.
Hence, by extending the cathode and collectors laterally /the ideal can
be approached as closely as desired. These collectors now operate
independently and their performance will be altered in no way what-
soever if the cathode be split also and the two diode systems sep-

AT”ODE

2
Ne
4% el
/ COLLEC @ ECTOR "
e LL!
| R N co
cTo

(a) (b)

Fig. 1—Extreme examples of a multi-collector.

arated. Employing the notation of Part 1I, we may therefore write
the shot effect in each collector as follows:

=T? « 2el,Af=086, - 4kTg,Af }

b ) 1)
1.2 =Ty? - 2el,Af =06, - 4kTg.Af.

In short, there is nothing novel here; each collector current shows a
shot effect prescribed by the analysis of Part II, and the sum of the
mean-square fluctuations in the two anode currents, measured sep-
arately, is equal to the mean-square fluctuation in the anode current
of the device when the two collectors are tied together.

Proceeding to the opposite extreme, we find in Figure 1b a scheme
in which all the litle discs (2) constitute one collector, the other con-
sisting of the remanent sheet. If now the number of discs is thought
to become exceedingly large while, at the same time, the area of each
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is proportionately diminished so that the currents I; and I, are unal-
tered, another ideal situation is approached. It has the following
significant properties:

1. The current to either collector is composed of electrons which,
at the virtual cathode, exhibit a precise Maxwell-Boltzmann distribu-
tion of velocities.

2. The depression of virtual-cathode potential which accompanies
the passage of any electron (from whatever point on the cathode it
emerges) gives rise to a “compensating” current which is always
divided between the collectors in proportion to their steady-state cur-
rents I, and I,.

The scheme can be generalized to N collectors, and this we shall
analyze. The cathode current will be

I=31,. ()

M2

Assuming that all electrodes are grounded with respect to noise fre-
quencies, let us determine the net current fluctuations in the nt* col-
lector. It is composed of three parts: A, fluctuations associated with
true shot effect in those B-electrons' which are collected at the 5/*
electrode; B, fluctuations associated with true shot =ffect in those
B-electrons which are collected at all other electrodes; C, fluctuations
associated with true shot effect in the a-electrons!.

A. Were it not for compensating action at the virtual cathode,
the shot effect in I, would be true shot effect originating wholly in
random fluctuations in the emission of those B-electrons which reach
I,, namely,

Ti=1, 2eAf. (4)

In the presence of a virtual cathode, it was shown in Part II that for
each emission velocity v, there is a compensating action such that
each fluctuation which contributes to (4) is linearly reduced by a factor
yp (itself a function of v,) However, in contrast with the simple
diode, it cannot now be said that an initial fluctuation of unit ampli-
tude (1) gives rise to a “compensating” current in the n'* electrode
of amplitude— (1 —yg). For the compensating flow is divided in
proportion to the steady-state current distribution. Rather, each

1See Part II, pp. 444 and 451. The a-electrons are those emitted
with velocity insufficient to carry them over the virtual cathode. The
remainder, the B-electrons, constitute the normal cathode current which
is divided and collected at the N electrodes.
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initial fluctuation which contributes to (4) is here linearly reduced by

1,
the factor l:l ——(1 - '}'ﬁ)]. The net fluctuations in I,, due to true
I

shot fluctuations in J,, and averaged over the appropriate range of
emission velocities,* are, therefore,

I" In z
-1?: [1-—2*—'(1—75)4—(—-) (1-——2}75'{—‘)/?)]1“-2(’Af. (4a)
I I

B. A similar treatment starts with initial true shot fluctuations
in the current to all colleclors but the 2%, namely,

U—1,) - 2eAf. (5)

Again, for each fluctuation which contributes to (5), ther:e is a com-
pensating flow which, for unit amplitude of the initiil fluctuation,

n
produces a current in the n'* electrode of amount ——-(1—yg).

Averaged over the same range of emission velocities, the contribution
from this source to fluctuations in the n'* electrode is

In 2
ﬁ:[(-;—) (1——2}7}4—7_52)](1—1,,) - 2enf. (6a)

C. The initial true shot effect in the a-electron current is

(18_1)' ZeA,f) (6)

where I, is the total emission, so that (I,— 1) is simply that portion
of the emission current which fails to cross the virtual cathode. And
once more, for each fluctuation which contributes to (6) there is a
disturbance of the virtual cathode potential and a consequent flow of
current to the collectors, each collector receiving its share in proportion
to the steady-state current it carries, Averaged over the appropriate
range of emission velocities, the contribution from this source to
fluctuations in the »' electrode is

* The averaging process will not be elaborated here. It is explained
in detail in Part II, p. 450, from which it will be recognized that the

Y5 of (4a) is simply T/, and that the 7: of (6m) is similarly T2
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I, \ 2
= [(-) Yt ]I- 2enf. (6a)
1

Provided there is no secondary emission, nor elastic reflection of
the sort described in Part 11, the total shot effect in the n!* collector
is the sum of these three contributions, (4a), (5a), (6a). Remember-
ing that

= I‘"'.z + I‘B'J ,

we find for the total fluctuation:

1,
7:2‘—'. [1—--—1' (1__1"2)] I, - 2enf. M

The fluctuation in the cathode current is

=12 - 2eAf. (8)

Part IT was devoted to 4 determination of 12, At this point one needs
only to recall that it runs from unity in the absence of a virtual
cathode to the neighborhood of 1/20 for normal space-charge-limited
operation of modern medium-gain receiving tubes.

The sum of the separately measured shot effects in all N collectors
is

N _ 1-1) ~
Z 1,2 = | I"[ 4 ————— Zln([ 1,) |2enf,
1

substantiating the remark above that the sum of the mean-square
current fluctuations in the collector leads is greater than that in the
cathode lead—unless either I'=1 (no virtual cathode, no compen-
sating action), or one collector takes the entire cathode current (no
problem).

Inspection of (7) leads to the following observations:

1. No fluctuation is greater than the true shot effect for the
current considered.

2. The smaller fraction of the total current an electrode collects
the more nearly the noise in that current approaches true shot effect.

3. For vanishingly small T, the mean-square fluctuation in the
current collected at any electrode is equal to the product of the true
shot effect for said current and the fraction of the cathode current
not collected at said electrode.
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4. The ratio of actual noise to true shot effect in a divided portion
of the cathode current exceeds the corresponding ratio for the total
cathode current.

5. The noise in a divided portion I, of the cathode current exceeds
the noise in the total cathode current provided

In conventional tubes this is usually true for all collectors.

6. With constant I', the noise in a given collector current I, is a
maximum (against variations in I,) when

I, 1
I 201—-T%)

In other words, provided I? < 1/2, the noise in no collector lead should
exceed

b

1 - 2eAf.
4(1—T?%)

APPLICATION TO PENTODES

The econventional suppressor-grid pentode is expressly designed to
inhibit exchange of secondaries between screen grid and plate. Its
performance can, therefore, be expected to lie within the extremes just
discussed, provided there is no appreciable secondary emission from
insulating surfaces, e.g., the envelope. The suppressor grid will be
supposed to collect no current. It will also be supposed that the con-
trol grid is given a negative bias; from the viewpoint of this section
a positive control grid would, of course, be regarded as just another
collector, but it will generally introduce further complexities because
of possible secondary emission to other electrodes, and, more important
yet, the likelihood of elastic reflection resulting in an indeterminate
increase in I' of the sort described at length in Part II.

Tubes designed with no intent to align grids so as to produce
electron beams, or, more specifically, to reduce the screen-grid current,
would be expected a priori to perform very nearly like the idealized
scheme of Figure 1b. For, scattering of electrons under the influence
of the control-grid field, together with the lack of alignment, are suffi-
cient reasons for supposing that the two important properties (p. 247)
of the idealized structure are closely approximated. Even some tubes
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of beam-forming design can be placed in the same category, but, in
general, each device of this class should be accorded an individual
examination.

Since subsequent experiments support these conjectures, it will be
useful to cast (7) into pentode nomenclature. With the cathode cur-
rent divided as follows,

I,=I,+1, 9

and with all electrodes grounded with respect to noise frequencies, the
shot effect in the cathode, the screen-grid, and the plate leads,! respec-
tively, is

TT=T2(, - 260f)
r21=2 + Ib
= (I, - 2enf) (10)
1, r
T2y + Iop
P=—— (I, - 2eAf) .
1, )

It should be noted carefully that these formulas will serve directly to
predict the noise voltage appearing across an impedance in any lead,
but only provided no noise voltages appear on other electrodes. For
example, if the screen is grounded for radio frequencies, the noise
voltage appearing across an impedance Z in the plate lead is simply

7,2
ro+Z

2
S — 0 2
e’ _.1,’

(11)

where r, is the plate resistance of the tube. If, however, there is
impedance in both screen and plate circuits, the screen-plate transcon-
ductance (and, to a lesser extent the plate-screen transconductance),
together with the fact that the current fluctuations in screen and
plate are partly in phase, partly random, necessitates a return to
fundamentals and construction of entirely new expressions to take the
place of (10) and (11). These are not difficult to obtain but lie beyond
the aim of this paper which refers specifically to normal pentode
amplifiers only. To these the expressions above are usually applicable,

1Different methods of attack have led to the same formula, e.g., W,
Schottky, “On the Theory of Electron Noise in Multiple-Grid Tubes,” Ann.
d. Physik, Vol. 82, p. 195, May, (1988). C. J. Bakker, “Current Distribution
Fluctuations in Multi-Electrode Radio Valves,” Physica, Vol. 5, No, T,
p. 581, July, (1938).
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7
Now it will ordinarily be found that I® <<—.£. The formulas
I,

(1¢) then approach the following limiting forms:
GE=T(I, - 2eAf)

L., (10a)

m:ﬁ: - 2eAf.
1,

If it is also true that I, << I,, the noise in bolh screen and plate
circuits is approximately equal to the true shot effect for a current
equal to the screen current I, The noise in the plate circuit may then
exceed that in the cathode lead by an order of magnitude. This
undesirable behavior is illustrated by the measurements below, and
is in accord with the prevalent impression that conventional pentodes
are usually inferior to triodes from purely a noise standpoint.

The most valuable figure of merit is the effective input noise,
namely, that voltage applied between grid and cathode which produces
output current fluctuations equal in magnitude to those actually gen-
erated by shot effect. The effective input noise is expressed by

where g,, is used here to denote control grid-to-plate transconductance.
The symbol g, will be used to denote total (or cathode) transcondue-
tance. In brief,
oI, oI,
In =

= ’ gt = 1
°oF oK,

and, since it is normally true, we shall assume

I,
gt=—0m-
]

Using (10), we then have

1 T, . 2enf
’é}:[1+ < :\ : ) (1)
T!Ib g:z
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The term without brackets will be recognized as the equivalent input
noise of the tube operated as a triode (both screen and plate working
into the same radio-frequency circuit). The term within brackets is,
therefore, the factor by which the effective input noise is increased
wher the tube is employed as a pentode.

For engineering purposes a more valuable formula expresses the
input noise simply as the effective resistance E,,, which, at room tem-
perature T,, exhibits a thermal-agitation voltage equal to the effective
input shot voltage of the tube. This development parallels that of
p. 471, Part I1, to which reference may be made for details. We also
need (43b) of Part II, namely,

6 9.V,
MmM=2—
e I,

(12)

In this expression 6 is a pure number, practically equal to 2/8 over
the whole range of space-charge-limited operation, provided the ratio
of cathode current to emission is small; ¢ is the ratio of total trans-
conductance g, to the conductance g of the “equivalent diode”, and is

k
given more explicit definition in (51) of Part Il: V,=-—, where
e

T is cathode temperature, k& is Boltzmann’s constant, e is electron
charge, Assuming that 6 =2/8 and T,=3800°K, we find

I, 1000
. T . R," (triode)

R, (pentode) = I:l + 8.7¢
Om

where I, is in microamperes, ¢,, in micromhos, and T in °K, L 19

and where

R,y (triode)=— + — - — = e —,

For tubes with oxide-coated cathodes, it has been shown in Part II
that 9 =2/3 for praética] purposes, so that (13) may be considered
valid. However, whenever there is any question as to the validity of
(12), (11) should be used in place of (18), and I? should be found
experimentally from a measurement of noise in the cathode lead.

As an example of the magnitude of pentode shot noise as predicted
by (18), consider a typical radio-frequency pentode for which
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T =1000°K

4 .
I = —5— I, = 2 milliamperes

9 = 1200 micromhos
o=0.83
Then R,y (triode)= 1770 ohms
R, (pentode)=4.0 R, (triode)= 7100 ohms.

In concluding the theory it is worth observing that, although (10)
and (11) are developed with the understanding that 0 <I'< 1, and
that I' is simply a manifestation of fluctuations in virtual-cathode
potential elicited by and tending to compensate true shot fluctuations
in electron emission, they are equally valid in at least two further
instances in which I may be greater than unity. Whenever positive
ions are evaporaled from the cathode (discussed in Part II) or when-
ever they are formed within the tube by collisions betwecn electrons
and molecules of residual gas (the subject of Part IV), if the ion
currents are small enough their sole contribution to the current fluc-
tuations in the plate circuit is due simply to the fact that the ions
alter the potential of the virtual cathode, so that fluctuations in ion
current bring about fluctuations in cathode current.! The mechanics
of this process is strictly parallel to that discussed at length in Part II.
Fluctuations observed in the cathode lead may even here be expressed
empirically in the usual fashion:

=T, - 2eAf.
But now the former analytical expression,
=T+ rpe ,

must be extended to include, phenomenologically, the noise produced
by positive ions, so that we have

T2=Tg?+ Ig? + Tpop? (14)

Exceedingly small ion currents can make I' > 1. Nevertheless, when

} Assuming, as before, that the control grid is grounded with respect
to noise frequencies. If not, gas current to the grid introduces additional
noise, cf. Part IV,
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T is defined as stated, the noise in screen and plate leads is still prop-
erly described by (10). An observed example of such a situation will
be presented in the following section.

EXPERIMENT

All measurements were conducted at a frequency of about one
megacycle. The apparatus and techniques are fully detailed under this
heading in Part II, and the signal substitution method described therein
was employed throughout.

Since the chief purpose of this work was a direct test of multi-
collector theory as enunciated in (10), there was no attempt to make
use of the theoretical value of T, In brief the procedure was as fol-
lows. A two-collector tube was operated at any chosen point on its
characteristic. The fluctuations in cathode current were measured to
permit an experimental determination of I. At the same operating
point the fluctuations in plate and screen current were successively
measured. These two values were then compared with their corre-
sponding theoretical estimates, using the experimental T' in the calcu-
lation.

The control grid was biased to a negative potential In every
instance, and the suppressor, if any, was connected directly to the
cathode. Measurement always showed no significant current to either
of these elcctrodes. When plate-current fluctuations were being meas-
ured, all electrodes but the plate were grounded for noise frequencies
with blocking condensers, and a known impedance was placed in the
plate lead; the voltage fluctuations appearing across this impedance
were amplified and measured. A similar procedure yielded screen-
current fluctuations. Cathode-current fluctuations were obtained in
this way also whenever screen and plate were operated at the same
potential so that they could be tied together. Otherwise, known im-
pedances with conductive branches were inserted in both screen and
plate leads, and the screen and plate were tied together (as regards
noise frequencies) with a blocking condenser. Screen and plate, there-
fore, operated as a unitary electrode at one megacycle, and the voltage
fluctuations at the plate were a direct measure of fluctuations in
cathode current. (A schematic circuit of this type, used for the same
purpose, is given in Part II, Figure 16.)

Voltage fluctuations are plotted here, but these can be interpreted
immediately in terms of current fluctuations because all voltages refer
to a common impedance (45.56 X 10%® ohms) and band width (9.50 kilo-
cycles)—these being the magnitudes of circuit impedance used, and
smplifier pass-band, respectively, Thus the fundamental quantity,
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'
the mean-square current fluctuations per unit band width ( —-f— )
A

corresponding to any rms noise voltage \/é_2 (uv) shown in Figures
2-4 can be obtained  from

# [ ppa? et -
— = =509 & ().
Af ke znf

The three sets of data exhibited were selected from measurements
on several types of tube, and may be considered truly representative
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Fig. 2—Comparison between theory and observation of fluctuations in screen
and plate leads of a typical radio-frequency pentode. Constant
plate current, maintained by adjusting E. and E..

of the extent to which (10) may be employed in predicting noise
behavior of similar tubes. In each figure the course of noise is traced
while, with constant plate current and fixed control-grid bias, the
heater temperature is altered so that the tube moves from an easen-
tially temperature-limited condition to one in which the emission is
considerably higher than the cathode current. I' (measured), there-
fore, runs from unity rapidly to a minimum and then rises again with
increasing temperature, in general accord with the theoretical repre-
sentations .of Part II. I' is not plotted but may be evaluated in any
instance by taking the ratio of cathode noise to the true shot noise
level for the cathode current, plotted in each figure. This procedure
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implies that the cathode current was constant for each plot, which is
not strictly true, but the variations are small enough that they cause
no material error in this connection.

Figure 2 exhibits the behavior of an RCA-57, a typical radio-
frequency pentode with coated cathode and a screen current equal to
about one-fifth of the cathode current. The plate and screen were
operated at the same potential which was varied from 150 to 100 volts
in order to keep I, constant as T was increased. I, ran simultaneously
from 540 to 530 microamperes. The theory is seen to agree very well
with the data. For minimum cathode current fluctuations,
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Fig. 3—Comparison between theory and observation of fluctuations in screen
and plate leads of a special beam-type tetrode with aligned grids.
Constant plate current maintained by adjusting Ees.

I
T® = 0077 22 =021,
I,
Icz
g0 that R —
I,

and the limit (10a) is approached, both screen and plate noise approxi-
mating the true shot effect for a current equal to the screen current.
Due simply to the presence of & screen grid, the rms plate noise in this
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tube has roughly twice the magnitude which would be observed if the
screen grid were absent.

The data shown were duplicated in tests wherein the plate was
held at 250 volts and the screen-grid potential assigned whatever lower
value (100 — 200 volts) would set I, = 2000 microamperes.

The tube concerned in Figure 3 was a special developmental tetrode
made by Mr. Otto Schade of these laboratories during studies culmi-
nating in the RCA-6L6, a beam power tube.! The exceptionally low
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Fig. 4—Comparison between theory and observation of fluctuations in screen
and plate leads of a special pentode with tungsten filament, illustrating
region for which I' > 1 as a result of positive-ion emission. Constant
plate current, maintained by adjusting E...

screen current, 1.5 per cent of the cathode current, is obtained through
alignment of control-grid wires with those of the screen grid. Actually
the screen-grid current was about 100 microamperes in the tempera-
ture-limited condition, and dropped to a nearly constant value of 30
microamperes for all other points. The increase in screen-grid noise
above the true shot noise level may be due in part to exchange of
secondaries between screen and plate. The course of plate noise is

10. H. Schade, “Beam Power Tubes,” Proc. I.R.E., Vol. 26, No. 2, p. 187,
February, (19388).



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 141

shown for only that portion of the total range in which the emission
is far in excess of cathode current, i.e., the noise is independent of
emission.! At the time plate noise was measured, the emission was
increasing slowly with constant heater current; hence, measurements
for nearly temperature-limited currents could not be expected to agree
well with theoretical estimates based upon subsequent measurements
of noise in the cathode current. In any event, only the region of ‘‘com-
plete” space-charge limitation is practically important. And here the
agreement between theory and observation is again good. In this
region the screen potential is less than 50 volts, so that, in view of
the extremely small screen current, noise originating in secondary
emission cannot be serious.

The plate noise is practically equal to the cathode noise, simply
because the screen current is negligible. At a casual inspection these
data might be considered a none-too-convincing confirmation of (10),
inasmuch as the plate noise would naturally approach that of the
cathode if the screen current were to vanish. The proper focal point,
however, is the screen noise, which agrees well with (10) but is, on
the other hand, more than twice the magnitude predicted by (1).

Finally, Figure 4 is presented to demonstrate the extension of (10)
to instances in which positive-ion production raises the noise level.
The 4-mil tungsten filament of this pentode was formed from wire of
ordinary commercial purity. Furthermore, there was never any detec-
table ion :urrent, and yet at around 2600°K enough ions evaporatea
from the filament to raise ' above unity. The behavior is typical of
all cathodes but is especially marked in tungsten filaments merely
because the operating temperature is high. The first ions evaporated
(about 2500°K) are probably surface contaminations, largely potas-
sium. Subsequently (about 8000°K) tungsten ions, themselves, pre-
dominate. Reasonably enough, the ion emission alwdys falls off slowly
with age at a fixed temperature, and is also greatly diminished by
flashing at a higher temperature, even though the temperature incre-
ment be as little as 10° to 50°, This performance is reflected in
fluctuation measurements. Consequently, the three plots of noise in
Figure 4 do not represent precisely the same cathode conditions for
the same temperature. The cathode noise, measured last, yields a
value of I' smaller than that prevailing in prior measurements; and
this accounts for a portion of the small discrepancy between observed
and calculated noise. The important point, however is the good
agreement in the range for which I’ > 1.

On the whole there appears to be thorough experimental support
for the hypothesis that shot effect in conventional multi-collectors

1 See Part II.
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adheres closely to the performance, summarized in (10), of the ideal-
ized structure depicted in Figure 1t. In conjunction with the evi-
dence of Part II, and subject to the following summarized group of
conditions:

a) I/I,<< 1
b) No positive ion emission

¢) No secondary emission

d) No elastic reflection of electrons into the virtual cathode

e) Current collected at plate and screen only. The expressions (11)
and (13) can be relied upon to give an accurate estimate of the effec-
tive input shot noise of modern amplifying tubes, and thus serve a
useful purpose in analysis and design.
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PART IV —FLUCTUATIONS CAUSED BY
COLLISION IONIZATION

By
B. J. THOMPSON AND D. O. NORTH

Summary—An expression is derived for the number of clectrons
relcased from the virtual cathode by each positive ion formed by collision.
The plate-current fluctuations originating in the random formation of such
ons are then formulated for a simplified, parallel-plane model approxi-
mating conventional sleeve-cathode structures. The formula does not require
a knowledge of gas pressure, and thus is especially useful in connection
with sealed-off tubes. Calculations from the theory, under the assumption
that the chief constituent of residual gas is carbon monoxide, compare
favorably with a series of measurements. It is concluded that the “gas”
component of mnoise may generally be ignored when grid gas-current is
less than a few hundredths of a microampere.

INTRODUCTION

are converted into positive ions by collision with electrons in those

regions where the potential exceeds the ionization potential.
Throughout its lifetime each ion affects the virtual cathode, if one
exists, in such a way that the electron current is increased. Inasmuch
as the formation of ions is a matter of chance, the increase in electron
current caused by the ions must fluctuate at random. Thus, the plate
current exhibits a “gas” component of noise in addition to the normal
shot fluctuations investigated in Parts II and III. The results of an
analytical and experimental study of this ionization noise are presented
in this part.

1t should be noted at the outset thail no significant ionization noise
is found in modern high-vacuum receiving tubes. The subject of this
part of the series is, therefore, not of such serious import as it was so
little as ten years ago. This is a direct tribute to present-day exhaust
technique, particularly the use of effective new getters. Today’s new

]IN EVIERY vacuum tube there are free gas molecules some of which
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tube with an estimated gas pressure of perhaps 10— micron has a grid
current of less than 10—% ampere, a value so small that it may be due
as much to photoelectric emission as to the collection of positive ions.
Under the circumstances, the objective of this investigation has been
primarily to establish a sound quantitative understanding of the
phenomena involved, a result of greater theoretical than practical
interest.

In 1933 Ballantine! studied this same problem. Because he did not
attempt to determine the number of electrons released from the virtual
cathode by an ion during its lifetime, his analysis led to conclusions
which can be quantitatively applied only to tubes in which both the gas
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Fig. 1-——-Space potential in a model triode.

pressure and the increment in plate current caused by ionization are
known. His qualitative predictions were well demonstrated in a series
of careful observations of the noise produced by controlled amounts of
mercury vapor, argon, and gas evolved from the tube structure.

The analysis below, begun in 1938, determines the number of elec-
trons released per ion and leads to an end-formula which relates the
noise to the grid gas-current, tube geometry, and electrode potentials,
but, unlike Ballantine’s, does not require a knowledge of the increment
in plate current. Instead, this increment is also obtained as a function
of the above parameters. One of the chief merits of this work is that
it bears directly upon the performance of sealed-off tubes in which
the gas pressure is not directly observed.

! S. Ballantine, “Fluctuation Noise due to Collision Ionization in Elec-
}:xioréxsc) Amplifier Tubes”, Physics, Vol. 4, No. 9, pp. 294-306; September



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 145

THE ANALYTICAL MODEL

For simplicity only the parallel-plane case is considered, and, unless
otherwise specified, this will be a triode with negative grid bias. The
space distribution of the gas is considered uniform in the regions where
ionization occurs. It is assumed that each ion is formed with zero
velocity, moves in a straight line under the acceleration of the electric
field, and is collected (or neutralized) at first encounter with an elec-
trode. Since carbon monoxide is known Lo be the chief component of
residual gas in tubes with coated cathodes and since it has been found
to have a representative probability of ionization, we shall confine our
analysis to this gas. It is then proper® to ignore collision products
other than the singly charged ion, CO+; we can also ignore multiple
collisions altogether.

The ionization potential of CO is about 14 volts®3, With reference
to Figurc 1, the effective poteniial E; of the grid surface in conven-
tional tubes is well below this figure. It will, therefore, be supposed
that no ion is formed in the cathode-grid space and that the division
of ion current between grid and cathode can be approximated in terms
of the fraction « of open grid surface.

To avoid discussing transit-time effects, the analysis is limited to
conditions in which the transit time of an ion is short in comparison
with the period of the measuring circuit. Our conclusions will, there-
fore, be arplicable only to frequencies less than about ten megacyeles
in conventional receiving tubes. However, the threshold effect of
increasing transit angles is known to be a reduction of plate-current
noise, so that we are, for small transit angles, calculating an upper
limit.

As we have previously stated, ionization increases not only the
fluctuations, but also the average electron current. It will be supposed
that the ion-dependent increment in electron current is small, so that
the actual operating parameters of the tube, such as transconductance,
are satisfactorily approximated by their ion-free values.

The gas current to the grid will, of course, produce a shot voltage
across the input circuit. In comparison with the plate-current fluctua-
tions this source of noise can usually be ignored in radio-frequency
amplifiers. It must be reckoned with in high-input-impedance d-c

2 A. L. Vaughan, “Mass Spectrograph Analysis and Critical Potentials
for the Production of Ions by Electron Impact in Nitrogen and Carbon
Monoxide”, Phys. Rev., Vol. 38, pp. 1687-1695; November (1931).

3John T. Tate and P. T. Smith, “The Efficiencies of Ionization and Iom-
zatzon Potentials of Various Gases Under Electron Impact" Phys. Rev.
Vol. 39, pp. 270-277; January (1932).
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amplifiers, where it may become the dominant noise source.* But since
the calculation in the d-c case is straightforward, following the stand-
ard formula for temperature-limited shot effect, it will also be ignored
at this time. Our model tube will have its grid at ground potential for
currents at the operating frequency.

The space potential in the model is shown in Figure 1. Elecirons
are emitted with zero velocity. The familiar three-halves-power law is
used in the cathode-grid space and the field is approximately uniform
in the grid-anode space. Ience, for the symbols shown in Figure 1,
the space potential I is determined by

E a 4/3
={ — o<lr<d,
E, d,

ox d.,

1

Because E, is small in comparison with the ionization potential,
every ion which enters the cathode-grid space is assunied to miove
therein with a constant velocity equal to its terminal velocity at the
cathode.

If the amplification factor (;u) is large enough, the grid may be
regarded as a perfect shield (permeable membrane), inhibiting the
influence which each ion exerts upon the virtual cathode until the
moment when the ion has penetrated the grid surface, We have found,
however, that i’s of conventional tubes are not large enough to permit
this approximation, and thus the influence of both ions and electrons
in the grid-anode space has to be admitted. The extended analysis is
too lengthy to warrant presentation; hence the end-formulas alone will
be listed. The analysis detailed below refers merely 1o the simplified,
high-; tube, but the procedure followed to extend it will be outlined.

INCREMENT IN ELECTRON CURRENT

Let I = average cathode (or anode) electron current in the
absence of gas.

8l = increment in I as a consequence of ionization.
v, = electron velocity at the grid.

v, = terminal ion velocity at the cathode.

a = fraction of open grid surface.

* E.g., L..R. Hafstad, “The Application of the FP-54 Pliotron to Atomic
Disintegration-Studies”, Phys. Rev., Vol. 44, pp. 201-213; August (1933).



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 147

I; = total average ion current arriving at grid surface.
I,,-=total average ion current absorbed af the grid.

1, == total average ion current absorbed at the cathode,

Then we have =141,
and assume 1,71, ~ a.
Let m, = mass of an ion.
m, = mass of an clectron.
M == molecular weight of an ion (28 for CO).

N
m,
Then (————> = 1833 A (5.13 X 10! for CO).

mn,

Our first objective is to determine the ratio of the increment in
clectron current caused by the ions {o the ion current flowing to the
cathode from a point of ion formation (potential E) in the grid-anode
space. The calculation pivots around {wo principles. First, the net
surface charge on the cathode must be zero (no field) at every instant.
Sacond, the ion flow may be regarded as a movement of charge con-
tinuously distributed in space exactly as is customary for clectron-
current analyses.

Let us suppose that the cathode ion current /,, consists of ions of
just one common velocity (all formed at poinis having space potential
E). The charge it induces on the cathode is

i Itlc z 1 1,;Id‘
q, = — —_—l——}de == —-—
o v d, 2 9,

The charge induced on the cathode by the electrons comprising the
increment 87 in electron current elicited by the presence of ions is

Y £ hY afod, \¥P & 9 §ld,
Jo= _— l—— ) dr=-- —_ I —-— Jdr=— —w-,
' v d, », ), ¥ d, 4 9,

iIf the field at the cathode is zero,
qﬂ + ql = Ol

SI 2w, 2/[ w \Y?/ E, \? E, \1?
—_—=———=— — —_— =9.53 Ml —
I, 99 9 n, r K

Since Lthe ions are singly charged, the ratio likewise signifies the num-

and
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ber of electrons N(E) released from the virtual cathode by each ion
of this terminal velocity,

sl E, 1/2
N(FE) =~——~=9.53 M/ E- 2)

W

indicating approximately 10 electrons for each CO ion which reaches
the cathode.

Equation (2) shows the increment in electron current under the
assumption that all ions have the same velocity (formed at potential
), but it also shows the increment in electron current actually caused
by the ions in each velocity class (formed between potentials £ and
I + dF). Knowing the number of ions formed at each potential, we
may then determine the total increment in electron current. Let P(E)
be the average number of ions formed by each electron of energy F
for each centimeter of its path®. The total increment in electron cur-
rent as a consequence of ionization is, therefore,

r al )
ST = «l f N(E) P(E) dx = f N(E) P(E) dE. (3)
o oK o

ox

oFE
Here | —— ) is the uniform field in the grid-anode space, and the

ox
lower limit to the integration is set at zero merely for convenience.

There is, of course, no contribution to the integral from potentials
helow the ionization potential.

Similarly, the total ion current is

I B
L= / I(E) dE,

£
and the grid gas-current is

' A-a)1 (™
Iy=(1—a)[j=—"— P(E) dE. (4)

8

® Tate and Smith, Reference 3, have measured this quantity for a number
of gases. Their data for CO will be used.
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By combining (3) and (4), and using (2), we obtain

(o8
P(E)
dE
0 El/'z

a
81 =953 MV/? ——— E /2 I,.
l1—a =
P(E) dE

7O

Let us define 2 quantity
~E
P(E)dE

o

E)= - . 5)
Fo
P(E)
- - —dE
0 IS
We then find
81— 9.53 M1/2 - < 2 . (6)
1—n E,

E, is, In a sense, a “mean” potential at which ions are formed. Since
P(E) appears in both numerator and denominator of (5), K, is inde-
pendent of the gas density. The experimental values of P(E) published
by Tate and Smith are shown for CO in Figure 2. The data refer to
a gas densily corresponding to a pressure of one millimeter and a
temperature of zero Centigrade. E, was computed from these data and
is ploited as a function of E, in Figure 3.

THE FLUCTUATIONS

It is illuminating to express the plate current fluctuations in terms
of the temperature-limited diode current which exhibits equal fluctua-
tions. In a diode current J the fluctuations are expressed® by

T =2eJAf.

Since the ion current exhibits random fluctuations they can be
described in the same way.

We have observed that a given velocity class of ions produces an
increment in electron current proportional to the ion current within
the class and depending on the velocity of the ions [see Equation (2)1].

¢ See Part II, p. 450; April (1940).
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The ion current within each velocily class will fluctuate at random.
The increment in electron current cuused by each class will fluctuate
by a proportional amount. Therefore, we may represent that portion
of the platc-current fluctuations due to ion effects by a {emperature-
limited diode current J; as follows:

L — - -~

[ SO — —_—t .

PE)

o] 100 200 300 400 500
£ - vOoLTS

Fig. 2—Average number of CO + ions formed by cach eleciron of energy E
for cach centimeler of its path in carbon monoxide at one millimeter
pressule, zcro degrees Centigrade. Data from Tate and Smith.

B al r
./,:n'lf N{E) P(E)dr - ~f NyIE) Pl )dE. 7)
Ol >
[1] ( 7]

o

By combining (3) and (7) and defining a quantity,

1
f PR)ir
E
P(E)
—adr
o r




FLUCTUATIONS IN SPACE-CHARGE CURRENTS 151

[¢4 El
Jo=908M—o0 (1) 1,. (9)
1—a L,

F is, in another sense, a “mean” potential at which ions are formed.
It is also plotted in Figure 3 for CO.

Formally, this simplified analysis of high-p structures is now com-
plete, and can be tested by inserting a comparator diode across the

we find

bt ) t
_/P(r)dc /L(t)ar
2 8 1]
o= 0y T, ; fo =/ —f— - —— et e ]
[ JALCPE
o . b £
- — I —_ - —_— - -
O = —
(%
3
-
(8] — - — b
!
e
a BO—— ~~ — -
O
S
—— 4 ——— — ———
40— - ——
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ANODE POIENTIAL Ep ~VOLTS

lig. 3—Eflcetive potentials of ion formation in carbon monoxide, as a
function of anode potential.

plate cirewit and delermining J, experimentally. The quantities appear-
ing on the right hand side of (9) can all be determined to a fair
approximation. E, cannot be measured directly, but, in view of the
three-halves-power law, can be expressed in terms of current and trans-
conductance by

3 I
E,=—— (10)
2 Om

IIXTENSION OF ANALYSIS TO STRUCTURES WITH FINITE

The space-charge-free electrical equivalent of a three-electrode tube
structure is a combination of three capacitances which may, with equal
generality, be represented in either delta or star connection. The delta
concept is commonly employed in tube engineering because the capaci-
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tances so defined (Maxwell’s coefficients of induction) are easily meas-
ured and blend without struggle into networks attached to the tube.
But for all problems relating to the distribution of the images of a
charge moving through the structure, the star connection is far
superior’. In Figure 4 the central connection 4 is not accessible, but
plays an important role in that ils potential corresponds to the “equiva-
lent-diode potential”. When a tube approximates the ideal parallel-
plane structure, the capacitances (per unit area) are closely approxi-
mated by the following simple expressions:

1 1
C,=——, Cp=——ro, C,=uC, (1L)
4dnd; 4nd,

Adaptation of these expressions to simple structures without plane
symmetry is functionally obvious.

A charge ¢ in transit may now be regarded as moving, first, through
a space (C,) bounded by the cathode and a hypothetictl “permeable
membrane” at A, then through a similar grid-anode space (C,). Its
images (q) in the three electrodes can therefore be written with ease.
TFor the parallel-plane structure they are

q, { ([L+1) (dl-—:l?)-{-d-_,’ [ dl+d2_x )
¢ (o + 1)dy + da B (4 1)dy + ds
q!] ,ux dl d1+d2'—‘:r
—-——= - = |p——— (12)
e < (p+Vd +dy 7 {ody (4 Ddybds b
d;
9p z ,U-‘(Z'(x—dl)'}‘x
e (n+1)d; + d. - 2
( ! o t (n+Ddy+ds
oKae<d d<z<d,

With these formulas, the extension of the simple ionization analysis
is readily accomplished. To express the end-formulas concisely, we
need a few additional parameters which are defined as follows:

7 See, e.g., F. B. Llewellyn, * geration of Ultra-High-Frequency Vacuum
Tubes”, B.S.T.J., Vol. 14, p. 6569; October (1935).
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TFig. 4—Electrostatic representation of a triode.

. o grid-anode electron transit time
= —— == ———
71 cathode-grid electron transit time
m
o=
4 d, 1
1+p+——QA+h)——0n%(6 + 4h + h?)
3 d; 3
T transconductance®
g conductance of equivalent diode
»  (13)
ds
. . 14 p+2—
d
A=
4 d, 1
14+ p+——QA+h)——h* (6 +4h + 1?)
3 d; 3
4 d,
= 7
14+p+2—
dl /

We shall also use the following dimensionless functions, which are
plotted in Figure 5 for CO:

8 Cf. Part I1, p. 469,
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In these terms, the number of electrons released from the cathode
for each ion which originates at some point of potential E in the grid-
anode space, and cnds ifs carecr at the grid, is

E, \2 o8 E
N, (L)=9.53 M'/* c ARl — 3—~2 . (15)
b E. £,

But, if the fon gocs through to the cathode, the total number is

£\ r I
N, (E).=9.53 072 x| L pt — 3 -2 -1{. (e
K I, L.

Superseding (6), the incremeni in electron current becomes

Y 1/2
a I, . B
ST =953 MV | —— )1, A° 1+—G . (17)
1~ L, o

Superseding (9), the plate-current fluctuations are given by

L 172 2
«@ 1 B
J;==90.8 M — - < — > I,- X l:l + 2011 +——K] - as)

l—a I, @

Superseding (10), E| is now to be computed from

3 1
E'1=a'--—-—. (19)
2 Gp

In general, the extended formula indicates a several-fold increase
in J, over that derived in (9). The reason is that, although the elec-
trical shielding action of the grid may be great, the ions spend most
of their lives approaching the grid and but very little of their lives
(if any) in the cathode-grid region.

The extension of this analysis to multi-collector structures is
straightforward, following the pattern of Part III. But so little material
of additional value accrues that it does not invite elaboration.

The experimental work described below is a direct test of (18).
Yowever, in making an advance rough estimate of the fluctuations, the
rather large number of unsubstantiated premises and approximations
which enter into the calculations probably does not justify all of the
refinement. For such a purpose it is accurate enough to assume that
A, B, 0, G, H, and K all have the value unity, and that «=10.9. We
then have, for CO gas,
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Jy~1.4%10° L. (20)
InEls
Reference to Figure 3 suggests that. 70 volts is a representative figure
for £,. If, in addition, we suppose I to be about 5 milliamperes, and
7., about 2,000 microhmos,
Jp =~ 5X10%,,.

From the treatment of the gas-free space-charge-limited triode in
Part II, we know that the normal shot effect in such tubes can be
expressed in terms of a temperature-limited-diode current J,:

J, =T (21)
where?
1.29 g,.V,

c I

(22)

=

kT
and V,=——, T being cathode absolute temperature, & Boltzmann’s
e

constant. In typical tubes, I is about 0.05. For the representative
tube under consideration the ratio of mean square ion-elicited fluctua-
tions to the ion-free space-charge-reduced shot fluctuations is

Jl Iia

— e~ 10— =2X10"1,.

J, I
If the ion noise is to be kept below, say, twenty per cent of the normal
shot effect, the grid gas-current should not rise above one hundredth
microampere. So low a figure suggests a basic reason for the poor
experimental agreement amongst studies of space-charge-limited shot
effect before the advent of modern getters. Even today it represents
a severe manufacturing tolerance. It should be pointed out again that,
for a constant gas-current, ion noise decreases at higher frequencies.
The expectation that large jon-transit-angles will reduce the theoretical
value of J, has already been confirmed by a few rough comparative
measures of J, at one and ten megacycles.

Ion-free noise in multi-collector tubes runs higher than in triodes.
The mean-square plate fluctuations in receiving-type pentodes run two
to four times greater than the figure for triodes expressed by (21).
For pentodes, then, the threshold gas currents are proportionately
larger.

MEASUREMENT

The standard RCA-56 structure was used. This is a cylindrical

mount having a 0.050-inch cathode, a 0.255-inch anode, and an oval

¢ Part II, p. 470, Eg (43b).
16 See Part I, Pp. 44-260 "October (1940).
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grid with a minor diameter of 0.095 inch and a major diameter
(between side rods) of 0.170 inch. It was anticipated that this struc-
ture, representative of many in common use, would correspond closely
enough to that of the parallel plane model to permit comparisons, par-
ticularly since the bulk of the current is concentrated in a sector in
the vicinity of the minor grid diameter, and d; and d, can, therefore,
be estimated with confidence despite grid ellipticity. The structural
parameters, (13), were then assigned the following approximate values
on the basis of design data:

a=0.88, 8=10.81, 0 =0.72, A =1.16.

The last two, although functions of the transit-time ratio &, are vir-
tually constant over the range of operation, and were computed for
h=o.

Noise was measured with the equipment described in Part I{ at a
frequency of about one megacycle, over a band of about ten kilocycles.
Original plans called for use of a comparator diode, but it was found
difficult to maintain sufficiently high impedance in diodes carrying
saturated currents in the order of ten milliamperes. The current fluc-
tuations in such cases are believed to obey the standard formula for
true shot effect. But in the presence of the strong fields necessary to
produce saturation the emission becomes field-sensitive (Schottky
effect), so that accurate work demands recognition of the finite con-
tribution ot the diode to the total circuit impedance. We found it less
awkward, therefore, to use the signal substitution method, also described
in Part II.

Into some .of the tubes CO was introduced by heating calcium
oxalate in a side arm; Ce(C0OQ),~* CaO + CO 4 CO,. A liquid air
trap removed the CO,. After being flushed with about 2 centimeters of
gas, the tubes were sealed off at a pressure of about 5 microns. Gas
currents, read directly after sealing off, were always several micro-
amperes. All such tubes showed a tendency to ‘“clean up” during opera-
tion, but the rate was not sufficient to interfere with measurement.
Indeed, the effect could be reversed by overheating the cathode or the
plate a small amount, a welcome phenomenon for studies of perform-
ance versus gas density.

Into the other tubes studied no gas was introduced. But, after
sealing off, high-frequency heating was applied until the gas current
rose to the desired value. Gas so evolved was presumably representa-
tive of the residual gas in commercial tubes.

Exact interpretation of the data requires a measure of the normal
space-charge-limited fluctuations which exist in the absence of gas. To
this end both groups of tubes were provided with getters which, at the
end of the ionization studies, could be relied upon to clean up the gas.
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Measurement of the residua! fluctuations agreed well enough with the
theoretical expectation (21) on the two occasions in which this pro-
cedure was followed, so that, for the rest, the measurement was not
considered necessary.

In every respect the performance of the tubes with evolved gas
coincided with that of the tubes into which CO had been introduced.
This tends to confirm the findings of many gas analyses that CO is a
chief constituent of residual gas. There is, however, the possible alter-
native, that the constituents of the evolved gas had such an average
molecular weight and ionization probability! as to simulate CO. The
question was not pursued.
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IFig. 6—Measured values of ionization noise versus
ion current to the grid of a triode containing
carbon monoxide

Juggling the gas content, as described above, yielded the data of
Figure 6, demonstrating that ion-provoked noise is proportional to gas
current, as one would expect. In this instance, gas was released by
raising the cathode temperature in steps from an estimated 980°K to
1180°K, meanwhile holding anode potential at 260 volts, and maintain-
ing a constant cathode current of 8 milliamperes by means of minor
adjustments of the grid bias.

Figures 7 and 8 illustrate a representative set of observations of
the kind used to test the analysis, This tube contained evolved gas.
The anode potential was fixed at 250 volts. Cathode current was varied
from 0.5 to 9.0 milliamperes by running the grid bias up from —17 to

il E.g., Any mixture of CO, Ny, NO, and O;; cf. Tate and Smith, loc. cit.
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—10 volts. Grid current, transconductance, and noise were measured
simultaneously'*. The experimental values of J, were obtained after
the run by flashing a getter. Failure to obtain a closer fit to the theo-
retical curve for J, may be duc largely to incomplete gettering; the
residual gas current amounted to 0.009 microampere for the largest
cathode current. Plotted values of J; are measured noise corrected by
subtraction of the theoretical J,, From (17), the largest fractional
increment in ion-free cathode current was estimated to be 5 per cent,
corresponding to a 8/ of 420 microamperes for an I of 9.0 milliamperes.
It, therefore, appears justifiable to ignore the influence of the ions upon
transconductance, space potential, ete.
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Fig. 7—Transconductance and ecvolved-gas current
to the grid of a triode as a function of anode current.
Anode potential fixed at 250 volts.
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Measured mean-square noise always exceeded prediction in the
manner typified by Figure 8. The most reliable comparison of theory
and measurement is made for large J;, where the measuring sensitivity
was best, experimental error least likely, and the importance of the
correction J, negligible. For the lowest point, the ratio of observed to
calculated J, is 2.5; for the highest, 1.2. In consideration of the many
obvious analytical departures from reality, the fit along the upper,
most accurate part of the curve is considered a rather good agreement.

It should particularly be noticed that the expression for J; depends
greatly upon the ratio d,/d,. In actuality, the virtual cathode in close-

12 It is certain that the gas density was not constant, but increased with
current. Precise information on this goix_lt was not essential and was not
sought. However, by putting the analysis into reverse, one can estimate

from (4) that the gas pressure (O°C) rose from about 0.2 to about 0.7
micron.



160 ELECTRON TUBES, Volume I

spaced tubes may be so positioned that the proper d, differs signifi-
cantly from the cathode-grid spacing. A correction of this sort would
further improve the agreement. While provisions for this, as well as
for other refinements, could be arranged, they appear hardly justified
at present.
CONCLUSIONS

We have attempted to provide a sound quantitative understanding

of the basic fluctuation phenomena in conventional vacuum tubes con-
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triode of Figure 7 containing evolved gas, corrected

by subtraction of the residual fluctuations (J.) mea-

sured after flashing a getter. Curves calculated
from theory.

taining small amounts of gas. We conclude that it is proper, at least
tor coated-cathode types, to regard CO as a representative gas for this
purpose, and that it is possible hereby to predict the noise performance
of such tubes in terms of structural constants, normal electrical char-
acteristics, and the control-grid gas current. Both caleulation and
measurement suggest that the ionization component of noise may gen-
erally be ignored when the grid gas-current is less than a few hun-
dredths of a microampere. )
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PART V—FLUCTUATIONS IN VACUUM TUBE
AMPLIFIERS AND INPUT SYSTEMS
By
W. A. HaRRrIS

Summary—The determination of fluctuation-noise magnitudes in ampli-
fiers can be accomplished by comparing the amplifier circuits with equivalent
circuits including mnoise generators which simulate the fluctuat.on-noise
sources. Noise-equivalent resistance or noise-equivalent conductance values
based on thermal-agitation formulas may be used to represent the voltage-
squared or current-squared outputs of these generators. In' this PArT V
applications of the “noise generator” method of analysis to various systems
using vacuum-tube amplificrs are illustrated. Formulas, based on the
theoretical analyses of the preceding Parts, are given for noise-equivalent
resistance values applicable to space-charged-limited vacuum tubes. These
formulas are arranged for use with published tube data. A table of noise-
equivalent resistance values for a number of tube types is included. Formu-
las for the noise-equivalent conductance values applicable to phototubes
and television camera pick-up tubes are given.

It is shown that noise picked up by the antenna of a radio receiver
can be represented by a moisc-equivalent resistance proportional to (but
in general, not equal to) the antenna-radiation resistance.

The effect of feedback on signal-to-noise ratio is discussed. Even when
the feedback does mot affect the signal-to-noise ratio to a serious degree,
the possibility of the presence of feedback must be taken into account before
inferences are drawn from cxperimental data as to the relative impor-
tance of moise sources.

INTRODUCTION

definite, predictable fluctuation in the plate current of a space-

charge-limited vacuum tube; detailed theoretical studies are pre-
sented and formulas, verified by experimental work, are given to permit
the calculation of fluctuation magnitudes and the prediction of the
results of changes in tube parameters and operating conditions. The
present section is written with the object of illustrating the application
of the results and formulas of the preceding sections in the design of
vacuum-tube amplifier systems and in the prediction and explanation
of their performance.

The method of presentation followed will be based on the discussion
of examples and problems of types encountered in design work. In

JIN THE preceding Parts of this series it is shown that there is a
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most cases the fluctuation phenomena are of interest because they pro-
duce noise, so the term “noise” will usually be used instead of the
expression “fluctuation phenomena.” Formulas for tube noise, based
on those given in the preceding Parts, will be presented in simplified
forms with, at times, some sacrifice in accuracy. This does not detract
in any way from the importance of the more rigorous forms of the
equations. It is our knowledge of the soundness of the underlying
theory which gives us confidence in the approximate formulas, within
their limitations, and when discrepancies and doubts do arise we can
turn to the complete forms to find out whether the difficulties are due
to the approximations made or to some other cause. Reference to the
historical summary given in Part I should be sufficient to suggest the
result of the absence of detailed analytical studies in the past.

Tube noise is one of three major components of the fluctuation noise
in an amplifier system, the others being thermal-agitation noise in the
input circuit and noise entering the system with the input signal. The
grid of the first tube in an amplifier system is a convenient reference
point for comparing the effects of noise from these sources and for
comparing the resulting total noise level with the signal level at which
the system is designed to operate.

EQUIVALENT CIRCUITS AND NOISE GENERATORS

In the consideration of an amplifier system, we want to be able to
identify sources of fluctuation noise and to evaluate the contributions
from these sources without concerning ourselves each time with such
details as the mechanism by which the shot-effect fluctuations in the
emission of electrons from the cathode of a tube are related to fluctua-
tions in the plate current. One method of avoiding these details is to
treat an amplifier as if all the fluctuation noise comes from “noise
generators” connected at appropriate points in the circuit. These
“noise generators” may have the noise-producing properties of resistors
or of temperature-limited diodes. The equations describing these
properties are the shot-effect and thermal-agitation formulas discussed
in the preceding Parts.!

The mean-square fluctuation current 7 from a temperature-limited
diode, measured in a frequency band Af, is given by the equation:

T =2elnf
where e is the electronic charge, 1.59 X 101 coulomb, and I is the
diode current. Consequently,
iT=8.18 X 101 IAf

T 1Part II, pp. 460, 460-471, April (1940) RCA Review; Part III, pp.
245-2565, Oct. ( 1940) RCA Réview. See also Part I, p, 272 and references,
Jan, (1940) RCA Review.
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when I and ¢ are expressed in amperes and Af is expressed in cycles
per second. We can describe a constant-current noise generator pro-
ducing an output of 3.18 X 10—* current-squared units per kilocycle of
bandwidth by stating that ‘“the noise-equivalent diode current of the
generator is one milliampere”. We retain the current-squared unit
because the noise power output of a system including a noise generator
of this type is proportional 1o the mean-square current output of the
generator and noise power outputs are quantities which can be added
directly. Two noise generators connected in parallel, each having a
noise-equivalent-diode-current rating of one milliampere, would pro-
duce the same results as a single generator with a noise-equivalent-
diode-current rating of two milliamperes.
A short-circuited resistor produces a mean-square fluctuation cur-
rent i* in a frequency band Af in accordance with the equation:
2 =4kTgAf
where g is the conductance of the resistor, or the reciprocal of its
resistance; k is Boltzmann’s constant, 1.372 X 10—2 joule per degree;
and T is the temperature, degrees Kelvin. We can compare the mean-
square current output of one of our noise generators with that of a
short-circuited resistor at a given temperature; for a temperature of
290° K the mean-square current from a resistor with conductance g is
7 =159 X 10~2gAf
The temperature 250° K is near enough to “‘room temperature” for
practical purposes, so the relation between the “room-temperature”
noise-equivalent-conductance rating and the noise-equivalent-diode-
current rating of a constant-current noise generator can be written?
. 9eq =201,
The symbols g,, and I, will be-used for ‘ noise-equivalent conductance”
and “noise-equivalent diode-current”, respectively. The constant-
current noise generator referred to above (I, =1 milliampere) would
have a noise-equivalent conductance of 20 milliamperes per volt, or
20,000 micromhos.
The mean-square thermal-agitation voltage € across the terminals
of a resistor in a frequency band Af is
e =4kTRAf
or, for a temperature of 290° K
e? =1.59 X 10—*RAf

21t is of little consequence whether we say that the coefficient 20 is
obtained by using 290°K for room temperature, or that it is obtained by
rounding the ‘coefficient obtained for some other assumed temperature. The
coefficient is actually 5800/T, so “room temperatures” of 300°, 294°, and 290°
ive coefficients 19.8, 19.7, and 20.0, resgeehvely. The corresponding Fahren-
Eeit temperatures are-81°, 70°, and 63°.
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The choice of a “noise-equivalent resistance” value to represent the
output of a constant-voltage noise generator is made for the same
reasons as those given above. The symbol B, will be used for “noise-
equivalent resistance” in this Part’. A constant-voltage noise gen-
erator with a noise-equivalent resistance of 100,000 ohms produces a
fluctuation-noise output of 1.59 X 10— voltage-squared units per
kilocycle of bandwidth.

The application of the usual circuit theorems in connection with
the noise-equivalent diode current, conductance, or resistance values
assigned to our “noise generators” becomes evident when we remember
that these values correspond to current-squared and voltage-squared
outputs. Thus, a constant-voltage noise generator with a noise-
equivalent-resistance value R, at the grid of a tube produces the same
result as a constant-current noise generator at the plate with a noise-
equivalent conductance value g., when

g.q(plate) = g,,° R,,(grid)
The symbol g,, is the tube transconductance,.

Since the numerical value of the noise-equivalent diode current is
one-twentieth of the value of the noise-equivalent conductance, we
have

I (plate) = 20g,,* Ry (grid)
and by definitiont
I, (plate)=1T1"],
where I'? is the shot-effect reduction factor for the tube. I is the factor
determined from theoretical considerations in Parts II and III.

A constant-current noise generator g,, in parallel with an admit-

tance Y is equivalent to a constant-voltage noise generator
Geq

R, =

5

in series with an impedance 1/Y in any frequency band Af small
enough so that Y can be considered constant in that band; and con-
versely, a constant-voltage noise generator R,, in series with an imped-
ance Z is equivalent to a constant-current noise generator

R, ‘

Geq =
- 12]?
in parallel with an admittance 1/Z in any frequency band Af smali
enough so that Z can be considered constant in that band.

The diagrams of Figure 1 illustrate the use of “noise generators”.

3 The symbol Rere and the name “effective resistance” used in Parts II
and III in connection with tube noise are ambiguous when applied to circuit
noise. The effective resistance of a circuit may be an entirely different
quantity than the noise-equivalent resistance applicable to the circuit.

¢ Part II, Summary, p. 441; Apr. (1940) RCA Review.
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The first diagram (Figure 1l-a) represents an amplifier system con-
sisting of an input circuit, the first vacuum tube, an amplifier includ-
ing the output circuit of the first tube and additional stages, and an
output system which might include a loudspeaker or a television screen,
or alternatively a load circuit and a power-output meter. Noise in the
output system is due to the combined effect of fluctuation voltages
from tubes, input-circuit thermal agitation, and noise from external
sources; the major part of the tube noise is due to reduced shot-effect
fluctuations in the plate current of the first tube, as discusssed in Parts
IT and III. When the gain of the first stage is low, it may be necessary
to take into account the noise introduced by the interstage coupling
circuit and by the second tube.

Figure 1-b indicates the substitution of a noise-free tube and a
constant-current noise generator for the tube of Figure 1l-a. The
“generator” can have the characteristics of a temperature-limited
diode; then we can determine the noise-equivalent diode current, which
is the product of the plate current and the shot-effect reduction factor
I?, ag determined by such equations as (43-a), Part II, and assign this
current to the noise generator. The fluctuation-noise output from the
“diode” noise generator is similar in both frequency-distribution and
amplitude-distribution characteristics to the fluctuation-noise output
of the actual tube. Thus, we can obtain the same noise-power output
and-at the same time produce noise which “sounds” the same as the
noise from the original tube by this substitution. We describe the
generator by stating that it has the characteristics of a tfemperature-
limited diode which introduces the same current fluctuations into the
circuit as did the original tube. The use of a noise generator of this
type in our hypothetical equivalent circuit is directly comparable to
the use of a “comparator diode” for the measurement of tube noise.’

It-is also feasible to represent the plate-current fluctuations as if
they were derived from thermal-agitation in a resistor. Since we want
a “constant-current” (i.e. infinite-impedance) generator we cannot
draw a noise-producing resistor as part of the circuit, but we can
assign the appropriate noise-equivalent-conductance value to the noise
generator of Figure 1-b. If we must draw a resistor we can draw a
noise-free negative resistance of equal magnitude in parallel with it.

The third diagram (Figure 1-¢c) is a more useful representation
for many purposes, since it shows tube noise introduced by a noise
generator at the grid of the tube.! This noise generator can be rep-
resented as having the noise-equivalent-resistance value R,, and other
noise can be represented as coming from a second noise generator

§ Part II, pp. 108-110, Auf. (1940) RCA Review.
S Part II, p. 471, July (1940) RCA Review.
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having the noise-equivalent-resistance value R,; then it is correct to
say that the total noise from these two sources corresponds to the
noise-equivalent-resistance value (R, + R,). The ideal tube substituted
in this case should have infinite input impedance so the voltages sup-
plied by the noise generators will not be short-circuited or reduced.
The impedance of the real tube can be considered as part of the input
circuit.

The circuit of Figure 1-d may represent conditions in an actual
amplifier more accurately. The noise generators are assumed to pro-
duce noise distributed in accordance with the thermal-agitation law,
in a uniform manner at all frequencies, but the frequency distribution
of noise in various parts of the system is controlled by selectivity
factors. The filter shown between the two noise generators R, and R,
in Figure 1-d is assumed to have a selectivity characteristic corre-
gponding to that of the input circuit of Figure 1-a. If we assume that
R, and R, are approximately equal, that the amplifier passes a fre-
quency band of width 8 kc and the filter passes a band of width only
4 ke, the output noise will contain contributions from both generators
(i.e. tube and circuit) in the 4-kc band, but noise from R, only (tube)
in the range between the limits of the 4-kc band and those of the 8-ke
band. The noise would sound differently than the same total noise
power in either the 4-kc or the 8-ke band.

When the object of drawing or considering an equivalent circuit is
to facilitate the computation of noise-power output or signal-to-noise
ratio, the question of the exact frequency distribution of the noise may
be of little consequence. Then the circuit of Figure 1-e would be pre-
ferred to 1-d, since direct addition of the noise-equivalent-resistance
values for the noise generators is possible in Figure 1-e. R,” (Figure
1-e) is made enough greater than E, to compensate for the effect of
the filter; consequently, it does not represent the tube noise directly.
The noise generators in Figures 1-¢c, 1-d, and 1-e become identical when
the effect of the filter is negligible (“broad” input circuit, “sharp”
amplifier).

Noise from the second tube and the coupling circuit can be taken
into account by the addition of another “generator”, B, (Figure 1-f),
Since the noise-equivalent resistance represents the mean-square volt-
age produced by the noise generator, a factor equal to the square of
the stage gain is used to refer the noise-equivalent-resistance value
for a noise generator at the second grid, to the first grid. The method
indicated can be extended to any number of stages, but it is not likely
that tubes beyond the second will make an appreciable contribution
to the total noise, In Figure 1-f, B, and R, represent noise-equivalent-
resistance values for the first tube and the input circuit; R, can be
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described as representing the noise-equivalent-resistance value for the

additional (second tube and circuit) amplifier noise, referred to the

grid of the first tube. The total noise-equivalent resistancé (excluding

noise which might be introduced from external sources) is
R,=R,+R,+R,
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The noise generators introduced in Figures 1-b to 1-f have an
important property in common with the noise sources which they
replace, in that they produce noise distributed in a uniform manner
over a8 wide frequency band. However, there are some cases in which
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we prefer to consider constant-frequency generators equivalent to the
others in the sense that they cause the same output-meter deflection
as the original noise sources of the zmplifier. In such cases, we can
use the equivalent circuit shown in Figure 1-g, and assume the sub-
stitution of an amplifier with a rectangular band-pass characteristic
of bandwidth Af and a noise-equivalent voltage generator operating
at a frequency inside this passed band. The bandwidth Af must be
determined from the frequency characteristic of the amplifier in such
a manner as to satisfy the relation

V= VTR Af
or, Of=¢/4kTR,,

The quantity Af will be referred to as the effective bandwidth of the
amplifier.

In these equations \/ ¢® is the rms voltage of the new generator
and R,, is the total noise-equivalent resistance used in the previously
discussed method of representation. When room-temperature noise-
equivalent-resistance values are considered, the equations become

\/Z-_"Z-‘ 1.3 X 10-10 \/ BegAf 1)
. ' or, Af=0.6 X 10%¢/R,,

If we want to assume separate generators corresponding to the
separate noise sources, we must also assume that each operates at a
different frequency inside the passed band so that their contributions
to the power output will be added in the proper manner. Generally,
it is easier to determine the noise-equivalent-resistance values first,
add them, and obtain the noise-equivalent voltage from this result.

The effective bandwidth of an amplifier can be determined from a
curve of power output against frequency by dividing the area under
that curve by the ordinate corresponding to the chosen “noise-equiva-
lent-voltage” frequency. When a curve of output voltage against fre-
quency is available, the same result is obtained by using the squares
of the ordinates of that curve. An approximate value obtained by meas-
uring the frequency difference between the half-maximum ordinates
of the curve of power output against frequency or between the cor-
responding (0.707 maximum) ordinates on the curve of power output
against voltage can be used in many cases. An effective-bandwidth
determination is referred to in the description of the amplifier used
for measurements, Part I1.?

The effective bandwidth determined for fluctuation-noise computa-

? Part II, p. 108, July (1940) RCA Review.
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tions is generally considerably less than the bandwidth which repre-
sents the “frequency range” of an amplifier. This difference can be
illustrated by a comparison of two amplifiers, one “cutting off”” sharply
at, say, 3000 cycles and the second giving some attenuation at 3000
cyclés, but some response at 6000 cycles. The two amplifiers will not
sound alike, although they may produce the same noise-power outputs
when they are connected to similar input systems.

APPLICATION TO RADIO RECEIVERS

The generality of the method of anlysis discussed is illustrated
by considering its application to a radio receiver of the superhetero-
dyne type. In a receiver the output system passes a band of frequencies
from possibly 100 to 5000 cycles. To represent a superheterodyne
receiver the amplifier shown as a block in Figures 1-a to 1-g must
include a frequency-conversion stage for converting the signal to the
intermediate frequency and a detector for producing the audio-
frequency output. The detector makes noise analysis quite troublesome
when we try to predict the noise-power output in the absence of any
signal, but this is not an important condition. When a signal is being
received the “carrier” component of the signal establishes the receiver
gain because it determines the detector sensitivity, and the amount of
ave voltage developed. With a given carrier voltage, the audio-frequency
voltage output is proportional to the sideband amplitudes, and the
ratio between output and sideband amplitude is substantially constant
so long as the modulation does not exceed 100 per cent and the audio
system is not overloaded. The sidebands do not have to be those
preduced by modulation of the signal at its source. If we introduce
a second signal differing by an audio frequency from the carrier
we observe that the output is proportional to the amplitude of the
second signal when this amplitude is not too great. Moreover, when
the carrier is present we can introduce a second signal differing by an
audio frequency from the intermediate frequency, into the i-f amplifier
and obtain a similar result. The noise generators in Figures 1l-a to
1-g produce signals corresponding to the ‘“second signal” referred to,
so the receiver functions as a linear amplifier with respect to the noise
when a carrier is present.

The signal-to-noise ratio in a radio receiver depends on the rela-
tion between the sidebands of the received signal and the outputs of
the noise generators. Consequently, when we decide to turn from
consideration of noise-equivalent resistances to noise-equivalent volt-
ages (as in Figure 1-g) it is proper to refer to the noise-equivalent rms
voltage as the “equivalent-noige sideband input.” This expression is
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generally abbreviated to “ensi” when it is used in receiver-measure-
ment discussions. In a double-side-band system the effective band-
width to be used in making the conversion from noise-equivalent
resistance to noise-equivalent voltage (ensi) is twice the effective
audio-frequency bandwidth. The effective audio-frequency bandwidth
can be obtained from a curve of power output against modulation fre-
quency by dividing the area under the curve by the ordinate chosen
to correspond to the noise-generator frequency. In this case the actual
noise-generator frequency is the carrier frequency plus or minus the
chosen audio-frequency value.

Noise FORMULAS

Use of the method of analysis described in the preceding sections
depends on assignment of noise-equivalent-resistance and noise-equiva-
lent-conductance values to the *“noise generators’” shown in the dia-
grams. The following equations are recommended for this purpose:

For triode amplifiers

2.5
eg— 2)
Im
For pentode amplifiers
I, 256 207,
Ry=—"|—+ 3)
Li+Is \9n 9u
For triode mixers
4
R,= (€]
9e
2.59,,
or, R,= ) (4a)
g
For pentode mixers
I, 4 207,
ch = + (6)
Ib + Icz go go’
1 2,59, 20I,
or, Ry = ? ( o2 ) (5a)
IL+1,\ 82 g
For multigrid converters and mixers
L, — 1)
B,, =20 — (6)

I.9,
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The following approximate relations for triode and pentode mixers
are useful when the data reyuired for Equations (4) and (5) are not
available. The values “as amplifier” refer to conditions at the peak of
the assumed oscillator cycle.

g, (as converter)=lg, (asamplifier) D
I, (as converter)=1I, (as amplifier) (8)
1., (asconverier)= I, (asamplifier) 9)
R, (asconverter)=4R,, (as amplifier) (10)

Equation (10) applies to pentode ‘mixers only. For {riode mixers,
use Equations (7) and (4) to oblain R,

The noise from phototubes and television camera pick-up tubes
operating without internal (gas or sccondary-emission) current ampli-
fication can be represented by constant-current noise generators with
outputs corresponding to noise-equivalent conductances as follows:

Gog = 201 (11)

The equation for a similar device with an internal current-ampli-
fication factor N (lo a first approximation) is

Geq = 20NT (12)

Conversion from noise-equivalent resistance to noisc-equivalent rms
voltage is effceted by use of Equation (1):

V=13 X 10710 \/E 0] (1
Conversion from noise-equivalent conductance to noise-cquivalent
rms current is effected by use of the corresponding equation:

ViE =13 x 10-1 V9o OF (1-a)

The relation between noise-equivalent conduclance and noise-
equivalent diode current is
1,,=0.05g, (18)

Most of the symbols used in these equations have been defined or
have conventional significance. The definitions are:

R, noise-equivalent resistance
9.e Noise-equivalent conductance
I.,, noise-equivalent diode current
g, grid-plate transconductance

9m,» average transconductance (frequency converters and mixers)

g conversion transconductance (frequency converters and
mixers)
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I,, average plate current
I.., average screen-grid current
1,. average cathode current
\/:77, noise-equivalent rms voltage for bandwidth Af

\/ﬁ noise-equivalent rms current for bandwidth Af
Af, effective bandwidth
1, Equations (11), (12), average output current
N, Equations (11), (12), ratio of output current to photo-
emission current.

4

Equations (2) to (6) are derived from the equations for fluctuation
noise in triodes and pentodes given in Parts II and III and from
equations for fluctuation noise in converters and mixers given by E. W.
Herold.®* Equations (7) to (10) are approximations derivable from
certain idealized tube characteristics.

Equation (2) is derived from Equation (56) of Part II,
oT

Reyy=
oTo0m
In Part II it is demonstrated that the quantity 6 has a value of
approximately 24 (the asymptotic value is 0.644). The quantity o
will be near unity for triodes likely to be of interest in input-circuit
applications. Assignment of the value 8/9 to o, 1000° K to T (for an
oxide-coated cathode), and 300° K to T, gives Equation (2). The
coefficient 2.5 is reasonably accurate over most of the expected range
of variation for the significant quantities. Substitution of a tungsten
filament for the oxide-coated cathode would make the use of a different
coefficient necessary, but practically all tubes of current interest use
oxide-coated cathodes operating at temperatures near 1000° K.
Equation (8) is derived from Equation (18), Part III. In this
case the original equation was first written as the sum of two terms.
The coefficient 20 is the quotient ¢/2kT, which determines the relation
between noise-equivalent conductance and noise-equivalent diode cur-
rent.
" Equations (4), (4-a), (5), and (5-a) are developed from equations
given by Herold.®! Equations (4) and (5) apply for approximately
optimum oscillator voltage and (4-a) and (5-a) may be used for con-
ditions deviating considerably from optimum conditions. Herold’s
equations are given in terms of conditions at the peak of the assumed
oscillator cycle, but the ratios between average and peak values for

8E. W. Herold “Superheterodyne Converter System Considerations in
Television Receivers,” RCA Review, Vol. IV, pp. 824-837, Jan. (1940).
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currenis and transconductances given in the same paper enable us to
rewrite the equations in terms of the average quantities. As a final
step, the coefficients for Equations (4) to (5-a) were adjusted slightly
to make them consistent with those of Equalions (2) and (8).
Use of Equation (6) amounts to the substitution of the factor
I,— 1, I,— I;L'—/Ib
—— for the factors

1, o
for heptodes and hexodes, for outer-grid and inner-grid injection,
respectively. The substitution gives values for R,, which are higher
than Herold’s values by as much as 30 or 40 per cent under some con-
ditions, but use of Equation (6) has an advantage over an arbitrary
choice of F? in that it predicts “full shot-effect” for I, as the limiting
condition for high signal-grid biases.

There is a difference in meaning for a noise-equivalent resistance
value applicable to an amplifier and for a value applicable to a frequency
converter or to a mixer. In either instance the noise-equivalent-
resistance value can be considered as derived from a noise-equivalent-
conductance value representing the plate-current fluctuations, but in
the case of a converter or a mixer this derivation (division by conver-
sion transconductance squared) yields a noise-equivalent-resistance
value which is applicable only in a frequency band which centers at
the chosen signal frequency and which does not extend half way to
the intermediate frequency or half way to any adjacent image fre-
quency. An equivalent circuit of the type of Figure 1-e is implied with
a band-pass filter between the noise generator and the grid of the tube.

Use of Equations (11) and (12) amounts to the assumption that
photoelectric emission is subject to shot-effect fluctuations, an assump-
tion adequately justified by theory and experiment.® Equation (12)
neglects additional noise from the amplification mechanism.

and F? used in Herold’s equations

TUBE NOISE: TABULATED VALUES OF R,,

The data in the following table were obtained by using Equations
(1) to (9). The noise computations for each type were made by
using published data conditions (as noted) with the appropriate equa-
tions; the values for triode and pentode converters were obtained by
use of Equations (7) to (9) for currents and conversion-transconduc-
tance values and Equations (4) and (5) for noise-equivalent resis-
tance. In some instances it is possible to obtain higher transcon-
ductance values by changing operating conditions, but this does not

*V. K. Zworykin, G. A. Morton, and L. Malter, “The Secondary Emis-

sion Multiplier—A New Electronic Device” Proc. I. R. E., Vol. 28, No. 8, pp.
851-376, March (1936).



TUBE NOISE VALUES

Voltages Currenls Transcon- |[Noise-Equivalent Resistance Eml\s'u?v‘:l&eut
Type Application duct Input
gt [ [ i, | it [P [t | R | oigua T wgpes | oo

6SK7 Pentode Amplifier 250 | 100 -3 9.2 | 24 11.6 2,000 10,500 ] 9,400-11,5004 0.94
68J7 Pentode Amplifier 250 | 100 -3 3 0.8 3.8 1,650 5,800 5,800 0.70
6SG7 Pentode Amplifier 250 | 125 -1 118 | 44 16.2 4,700 3,300 0.563
6AC7/1852 | Pentode Amplifier 300 | 150 -2 10 25 1256 9,000 720 600-760 0.25
956 Pentode Amplifier 250 | 100 -3 55| L8 7.3 1,800 9,400 ' 0.90
1T4 Pentode Amplifier 90 45 0 2.0 | 0.65 2.65 750 20,000 1.3
6SAT7 Frequency Converter | 250 | 100 0 34| 8.0 11.9 450 (c)| 240,000 210,000 4.5
6K8 Frequency Converter | 250 | 100 -3 25 | 6.0 8.5(b) 350(c)| 290,000 4.9
1R5 Frequency Converter | 90 45 0 08| 1.8 2.75 250(c¢)| 170,000 3.8
6L7 Pentagrid Mixer 250 | 100 -3 241 71 9.5 375(c)| 255,000 210,000 4.6
6J5 Triode Amplifier 250 | — -8 9.0 | — —_— 2,600 960 1,250 0.28
955 Triode Amplifier 180 | —— -5 45 | — —_— 2,000 1,250 0.32
6AC7/1852 | Triode Amplifier 150 | 150 ~2 —_ — 12.5 11,200 220 200 0.14
6AC7/1852 | Pentode Mixer 300 | 150 ~1(a) 521 1.3 6.5 3.400(c), 2,750 3,000 0.48
68G7 Pentode Mixer 250 | 126 —1(a) 301 11 4.1 1,180(c)] 13,000 1.0
956 Pentode Mixer 250 | 100 -1(a) 23] 038 3.1 650(c)} 33,000 1.7
6J5 Triode Mixer 100 | — ~1(a) 21| — —_ 620(c) 6,500 0.714
G6AC7/1852 | Triode Mixer 160 | 150 ~1(a) —_— — 6.5 4,200(c) 950 0.28
955 Triode Mixer 150 | — ~1(a) 28| — —_— 660 (c) 6,100 0.72

{(a) At peak of oscillator eycle.

(b) Hexode section only. Triode section takes its current from a separate part of the cathode.
{e) Conversion transconductance value.
d) For effective bandwith of 5000 cyclés.

LI
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result in any radical change in the noise-equivalent resistance values.
The noise-equivalent voltage input values were obtained by using
Equation (1) and are included to facilitate comparisons with experi-
mental data. It is generally preferable to use the noise-equivalent
resistance values for circuit computations.

Most of the measured values in the table are from data supplied by
E. W. Herold. The acorn types (955, 956) are seen to have about the
same noise-equivalent values as Types 6J5 and 6SK7 respectively, as
might be expected. Type 6AC7/1852 is in a class by itself with respect
to noise because of its very high transconductance.

PoSITIVE-ION NOISE

The fluctuation-noise component produced by collision ionization,
discussed in Part IV, is quite properly omitted from the equations for
noise-equivalent resistance. Residual gas in sufficient quantity to cause
an appreciable increase in the fluctuation noise is not desirable from
any point of view connected with normal tube operation. It is desir-
able, however, that we be able to determine the conditions under which
residual gas will cause an appreciable increase in the noise power out-
put of a system.

An estimate of the effect of residual gas can be obtained from the
equation,

I
R, (gas)= (zoR2 + A4, —“;) 1, (14)
Im
where . B = grid-circuit resonant impedance

I, = cathode current

I, = positive-ion current to grid

gm = transconductance

A; is a coefficient of the order of 40,000

The term 20R*[,, represents shot-effect voltage fluctuations produced
by the gas current in the grid cirecuit. It may be increased several
fold by induction effects connected with ion-transit time, even at fre-
quencies of a few megacycles. The second term is derived from Equa-
tion (20), Part IV.10

When A, is 40,000, the two terms are equal for
R:=2001,/9,%

By substituting typical values for I, and g, we find that the first term
is probably the greater when R exceeds 20,000 ohms,

W Part IV, p. 884, Jan. (1941) RCA Review.
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The noise-equivalent resistance value for thermal agitation in the
grid-circuit resonant impedance is numnerically equal to that impedance
at frequencies near resonance. The total noise-equivalent resistance
component depending on this impedance (neglecting transit-time effect)
is

R,,= R + 20R* , = R (1 + 20RI;,)

The fluctuation noise due to gas exceeds that due to thermal agita-
tion when the product Rl,, exceeds one-twentieth of a volt. When the
grid-circuit impedance is one-ienth megohm a positive-ion grid current
of one-half microampere doubles the mean-square fluctuation noise.

When the grid-circuit impedance is low, the second term of Equa-
tion (14) predominates and at the same time the tube noise is likely
to predominate over the circuit thermal-agitation noise. An equation
for fluctuation noise in a system using a pentode amplifier connected
to an input circuit with résonant impedance R can be written

Ib 2.5 Icz (Ib+I..’)Ilﬂ
— 20 Ay ————
Iy + 12

R,, =R+ 20R,, +

Im In’ I’

and the most important terms can be compared for any conditions
which may be of interest.

INPUT-CIRCUIT NOISE

The input circuit used with an amplifier can introduce noise because
of thermal agitation in the resistance of that circuit, and it can also
transfer the noise generated in or picked up by the microphone, photo-
tube, antenna, or any other input device to the grid of the first amplifier
tube. It is evident that the noise from either cause may be the con-
trolling factor in the choice of the first amplifier tube, since there is
little object in using a tube with an inherent noise level much lower
than that introduced by the input circuit. When the input-circuit noise
is predominantly that due to thermal agitation, the determination of
the noise level and the comparison with the amplifier noise are fairly
simple matters. The general method to be used in such cases has
already been indicated.

MICROPHONE AMPLIFIER

As a specific illustration we can consider the case of a microphone
amplifier (Figure 2). The microphone is assumed to be of a type
having a definite internal resistance; it may be one of the types using
a ribbon or a moving coil as the voltage-generating element. Noise
will be generated in this element in accordance with the thermal-
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agitation law. The input transformer shown in Figure 2 can have a
ratio high enough to make the noise from this source at the secondary
of the transformer considerably greater than the noise-equivalent input
voltage applicable to the first amplifier tube. This condition is realized
when the reflected resistance at the secondary terminals (microphone
resistance times voltage ratio squared) is considerably greater than
the noise-equivalent resistance of the first tube.

As an example, let the first tube be a Type 6SJ7 pentode operated
under resgistance-coupled amplifier conditions. Reference to a table
containing data for this method of operation!! shows that for a supply
voltage of 300 volts a plate-load resistor of 0.1 megohm followed by
a second-tube grid resistor of 0.5 megohm, and a screen resistor of
approximately 0.5 megohm give suitable operating conditions. The
voltage gain is approximately 100. The value of the transconductance
indicated by this gain and these specified load resistors is 1200

micromhos.
[ el

MiCROPHONE NINPUT TRANSFORMER
Fig. 2

The currents may be estimated by assuming that the plate-voltage
drop is aboul one-half the supply voltage and that the screen current
is about one-fourth of the plate current; resulting values are 1.5 mil-
liamperes and 0.87 milliampere, respectively. The noise-equivalent
resistance, determined by using Equation (8), is approximately 6000
ohms. The reflected impedance at the transformer secondary is likely
to be of the order of 100,000 ohms, so the tube fluctuation noise is not
important.

The noise-power level in the input circuit can be determined from
the thermal-agitation formula when the effective bandwidth is known
or assumed. The equation for the mean-square thermal-agitation
voltage across the terminals of a resistor is

=4kTRAS
and the average power €'/R, is, therefore,
P =4kTnf

For a temperature of 290° X, the equation becomes
P=16X10-®Af
;11;,1' RCA Recsiving Tubs Manual RC-14; resistance-coupled amplifiex
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The noise-power level in decibels, referred to a standard 10-milliwatt
level is
Noise (db) =10legAf— 178

When Af=10,000 cycles, the noise power output is 138 db below 10
milliwatts. .

The microphone signal output level is likely to be of the order of
—40 or —50 db. The fluctuation-noise level is, therefore, 70 or 80 db
below the signal. In some amplifiers a multigrid tube, Type 6L7 or
1612, is used because it offers the advantage of a second control grid
for volume-control use. The noise-equivalent resistance of such a type
as a resistance-coupled amplifier might be 100,000 ohms at maximum
gain and a megohm or more when the gain is reduced by application
of negative bias, but even these values permit satisfactory signal-to-
noise ratios. The choice of a first tube for an audio-frequency amplifier
quite evidently depends on factors other than fluctuation noise. Hum,
microphonics and mechanical or leakage noises are generally far more
important.

PHOTOTUBE INPUT CIRCUITS

A high-vacuum phototube produces noise in accordance with the
shot-effect law,

2 —= 2el Af
Consequently I,—=1
and Geq— 201 (11)

Here ¢ is the mean-square fluctuation current and I is the average
phototube current.

When the light input to the phototube is modulated in a sinusoidal
manner the relation between the mean-square signal current and the
average current is

E=TM/2= 3 °M2
The factor M is the modulation factor for the light input or the current
output.

The signal-to-noise power ratio (or current-squared ratio) is,
therefore,

F/Z=11M/enf
‘For values I =1 microampere, Af = 10,000, and M =1,
/it =1.6 %X 108, or 82 db.

The phototube noise can be considered as coming from a constant-
current generator with a noise-equivalent conductance value of twenty
times the average phototube current. Equivalent circuits for this sub-
stitution are shown in Figures 3-a and 3-b,
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When the phototube load resistance is one megohm, the fluctuation-
noise contributions from phototube and resistor are equal for a photo-
tube current of 0.05 microampere. At higher current levels the photo-
tube noise predominates, but the current of 0.05 microampere gives
noise 69 db below the signal level for a 10,000-cycle cffective band-
width and 100 per cent modulation.

Direct amplification of the current emitted by the photo cathode
can be accomplished by “gas amplification” or by secondary-emission
amplification. The effect of such amplification is to increase the signal
and the noise outputs in the same ratio, except for the addition of a
small amount of noise associated with the amplification mechanism.”
If we assume as a first approximation that the signal-to-noise ratio in

#Req OF TUBE

AMPLIFIER ]

a 9p R R

T

PHOTOTUBE N\ CONSTANT —~CURRENT Gq=201
NOISE GENERATORS ) \
0 Jp = R + -R—-2
R
s b ’R.q OF TUBE
W
: L1 A
i3 (&)
(b) Rb:(gu+gb)/gz
= ]
9:=14,+R,
Fig. 8

the phototube output is unchanged by this amplification we find that
the noise-equivalent conductance would be
gcq =20 IN (12)

N is the current-amplification ratio. When N =5, the phototube noise
becomes equal to the noise from a one-megohm load resistor for an
output current of only 0.01 microampere. This value corresponds to a
photo-emission current of only 0.002 microampere. If we were inter-
ested in a tube working at audio frequencies at such a low output level
we would still obtain a signal-to-noise ratio of 55 db for 100 per cent
modulation and a 10,000-cycle bandwidth from the tube itself. Sub-
traction of 3 db for the added resistor noise and 10 db as an allowance
for lower modulation levels leaves a 42-db signal-to-noise ratio as an
approximate theoretical value for the assumed conditions. Use of a
high-vacuum phototube without current amplification, with the same
load and the same light input, would result in a total noise reduction
of 8 db and a signal reduction of 14 db, so the result would be a 31-db
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ratio with the same allowances as in the other case. At these low oper-
ating levels the signal-to-noise improvement with current amplification
would be quite marked, but the assumed outputs are considerably below
those usually encountered in practice. The real value of gas amplifica-
tion in phototubes used for sound work comes from the fact that the
input signal to the amplifier becomes greater in comparison to the
hum, microphonics, or other disturbances which might be present. The
high assumed load resistor permits us to ignore normal tube fluctuation
noise in this case also. The one-megohm value is not inconsistent with
the assumed 10,000-cycle effective bandwidth if the input-circuit
capacitance, including that of the phototube, does not exceed 15 ppf.

TELEVISION CAMERA PIck-UP TUBE

The output signals from an Iconoscope or from other ielevision
camera pick-up tubes have certain characteristics in common with
those of phototube-output signals. The output current is proportional
to the light input; the signal which we wish to amplify appears as
modulation of this current; and fluctuation current is produced in the
pick-up tube in accordance with the shot-effect law. The major differ-
ence is in the effective band width, which is of the orde¢» of 5 mega-
cycles in the television case.

When the capacitance of the pick-up tube and the first amplifier
tube total 20 puf. a resistor of 1600 ohms could be used to obtain
approximately uniform response over a 5-megacycle band. It would be
practical to use an amplifier tube with less than 1600 ohms for its
noise-equivalent resistance, thus insuring that the amplifier tube does
not contribute seriously to the noise level. However, the thermal-
agitation noise of the resistor would exceed the pick-up tube noise
for all pick-up tube currents less than 30 microamperes, and would
seriously limit the sensitivity of the system.

This thermal-agitation noise can be greatly reduced by the substi-
tution of a resistor of considerably greater value. The signal voltage
developed in the input circuit then becomes greater at low frequencies
than at high frequencies, but this effect can be compensated for by
using an inductance as the plate load for the first amplifier tube. A
resistance in series with this induectance balances the effect of the
resistance in parallel with the input-circuit capacitance. This circuit
arrangement is indicated in Figure 4-a; additional refinements, such
as circuit elements to provide the right amount of damping at the plate-
circuit resonance frequency, are not considered.

Figure 4-b is an equivalent circuit showing the pick-up-tube noise
and the resistor noise introduced by constant-current noise generators
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with noise-equivalent conductance values of 20/ and 1/R, respectively.
The tube noise is shown as introduced by a constant-voltage noise
generator R,,.. The diagram gives a correct indication of the noise-
frequency distribution; noise current from g, and g, is amplified in
a uniform manner over the amplifier-frequency band since it enters
the system in the same manner as the signal, while noise from R,, is
amplified in the manner indicated by the plate load of the first tube.

The noise voltage produced by R, could also be produced by a
constant-current noise generator represented by a noise-equivalent

R -

T%‘EJ'ES'QN ?
AMER. S
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1C))
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(d ) FREQUENCY
Fig. 4

conductance varying in the proper manner with frequency. This “gen-
erator” is represented as g,(f) In Figure 4-c. The mean-square voltage
delivered by R,, in a small frequency band df is
d e’= 4kT R,, df
The square of the admittance of the input circuit is

1 2
|Y|==< = ) + ?C? = g* + wC?

The mean-square current in Y which would produce the mean-

square voltage d ef is
dF=d & |¥Y|*=4TR,, |Y]*df
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The mean-square current produced by a conductance g, is
d 2 =4kT g, df
Consequently, the required noise-eyuivalent conductance to produce

the same noise-equivalent mean-square voltage as that from R,, in a
specified narrow frequency band, is

9. =R,y (9 + 0%C?
We can symbolize this by the equation

Geqrs) =Req | Y |?

The total noise-equivalent conductance represented in Figure 4-c is

egtr) =Gat+ 9 =9c(s)

or, substituting values,
1 R,
gcq”) = 20 I + —_+— 4+ ch w’Cz
R R:

The noise power output per unit bandwidth for the system is pro-
portional to g,,.s; so it can be represented by the curve of Figure 4-d.
An average noise-equivalent conductance value can be obtained readily
from this equation. It is

_ 1 R, 1
Goq =201 +— + + — R, 0?pe, C?
R R? 3

The total noise-power output will be proportional to this value.
Let R = 50,000 ohms
C =20 ppf.
R,, = 720 ohms
fuao = B X 108 cycles per second
Then, when I is given in microamperes,
5:;: (207 + 20 + 0.29 + 96) X 10-°
= (207 + 116) X 10—% mho

The corresponding equation for the circuit using the 1600-ohm resistor
is

1 R,
Geq =201 + — 4 —
R R

= (20I+ 625 + 281) X 10~

= (201 + 906) X 10— mho



FLUCTUATIONS IN SPACE-CHARGE CURRENTS 183

At low current inputs an advantage of about 9 db in signal-to-noise
ratio is indicated for the circuit of Figure 4-a. The current input
required to produce noise equal to the fixed noise under the assumed
conditions in the circuit of Figure 4-a is 5.8 microamperes and the
rms fluctuation current in a 5-Mc band with this current flowing is
0.0043 microamperes; the rms fluctuation current with no signal input
(I =0) is 0.003 microampere. Since noise is evidently not at a pro-
hibitive level with the 5.8-microampere signal, operation at lower levels
may be assumed. At low-input levels the first amplifier tube is the
principal noise source.

The frequency-distribution curve for the circuit, shown in Figure
4-d, will quite evidently produce a different effect on the television
screen than would a uniform distribution. Fluctuation “noise” on a
television screen gives somewhat the appearance of a snow storm.
When the noise is concentrated in the high-frequency portion of the
band to the extent indicated in Figure 4-d the result is finer “flakes.
Tests have shown that greater noise power outputs can be tolerated
under this condition than under the condition of uniform frequency
distribution. Therefore, the effective improvement obtained from the
circuit of Figure 4-a (under the assumed conditions) over the circuit
using the 1600-ohm load resistor would be even greater than the 9-db
power-output-ratio improvement.

RECEIVER INPUT CIRCUITS

The noise from the input circuit of a radio receiver can be divided
into that produced by thermal agitation in the circuit itself and that
picked up by the antenna. The first part is readily determined. An
equivalent circuit such as the circuit of Figure 1-d* can be used to
represent the system, with a noise-equivalent resistance value equal
to the resonant impedance of the circuit assigned to the noise generator
R,. When the input circuit does not have much effect on the overall
selectivity of the receiver the ‘“filter” of Figure 1-d can be eliminated
and the noise-equivalent resistance for the amplifier can be added
directly to that for the circuit.

When the first circuit is selective enough to have an effect on the
overall selectivity, the noise-equivalent resistance for the amplifier
should be multiplied by the ratio of the effective bandwidth determined
for the amplifier only, to that for the complete system. The noise-
equivalent resistance value thus obtained corresponds to the value for
the noise generator R’, of Figure 1-e.* It can be added to the noise-
equivalent-resistance value for the input circuit as before and the

* See page 511, RCA Ruvizw, Aprii, 1941,
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noise-equivalent sideband input for the receiver can be determined by
using the total noise-equivalent resistance and the overall effective
bandwidth.

Ezample: Let the first tube be an r-f amplifier with a noise-equiv-
alent resistance of 10,000 ohms. Assume an effective bandwidth of
6000 cycles with the first circuit disconnected and 4000 cycles with-the
first circuit in use; an input circuit operating at 600 kilocycles with
a “Q” of 100 could produce this result. Let the resonant impedance
of the input circuit be 50,000 ohms. The resulting total noise-equivalent
resistance is 65,000 ohms. “Ensi” for this receiver, referred to the
grid of the first tube, would be 2.1 microvolts.

Of course, we could obtain the same result by using the effective
bandwidth and the noise-equivalent resistance of the amplifier as refer-
ence values and assigning a correspondingly reduced noise-equivalent
resistance to the circuit. The total noise-equivalent resistance would
then be 43,000 ohms and the effective bandwidth 6000 cycles; ‘“ensi”
would still be 2.1 microvolts.

An extension of the same idea can be applied in the analysis of a
receiver using an “untuned r-f” stage ahead of a frequency converter.
A circuit for such an arrangement is shown in Figure 5-a, and a repre-
sentation of a curve of power output against frequency for a constant-
current “sideband” signal introduced at point “A” is shown in Figure
5-b. This curve applies when the receiver is adjusted for a signal of
1000 kc; the assumed intermediate frequency is 455 kc and the cor-
responding oscillator frequency is 1455 ke. The dotted curve (Figure
5-b) represents the response of the interstage coupling circuit, and
the relations between the heights of the rectangles and the dotted curve
represent the relative gains (squared) of the converter itself at the
different frequencies indicated. The squares of the relative overall
gains determined for one such system were as follows:

2d-harmonic

I-f Signal Image Images
Frequency 455 1000 1910 2465 38656
(Relative gain)? 1.72 1.00 0.76 0.22 0.16

Small responses could be observed at higher frequencies but their
importance with respect to the total noise output was small,

Additional data for this system were:

Converter noise-equivalent resistance .......... 240,000 ohms
R-f gain ....... f e etererreranettenecanenne .. b
R-f tube noise-equivalent resistance ........... 10,800 ohms

Circuit resistance (1000 ke) .....cvvvvevseas.. 100,000 ochms
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Converter noise-equivalent resistance values are referred to the signal
frequency only; the value of 240,000 ohms referred to the r-f grid
(divide by 25) gives 9600 ohms.

The r-f tube produces noise at all the response frequencies, but
comparison is to be made with a circuit operating at only one of those
frequencies—1000 ke. Consequently the noise-equivalent-resistance
value to be added on account of the r-f tube is obtained by adding the
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(relative gain)? factors and multiplying their sum by the noise-equiv-
alent resistance for the r-f tube; the resultant product is 41,500 ohms.
The total noise-equivalent resistance for the system is consequently
151,000 ohms, A “broad” input circuit is assumed,

ANTENNA NOISE

An antenna can be regarded as a transformer coupling the input
circuits of a receiver to “space”. In this sense, the radiation resistance
of an antenna is the reflected resistance of “space” measured at the
antenna terminals, and the efficiency is the ratio of the radiation
resistance to the total resistance of the antenna. There will be a
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thermal-agitation voltage at the terminals of an antenna of the magni-
tude determined by the antenna temperature and the ohmic or dissipa-
tive resistance of the antenna, but noise associated with the “radiation
resistance” component does not originate in the antenna; it is properly
classified as ‘“received’” noise.

There is one situation in which this received noise can be calculated.
If we imagine an antenna in a large enclosure, with the boundaries and
the contents of the enclosure maintained at a constant temperature, we
know that the antenna must then be in thermal equilibrium with any
resistor connected across its terminals. This condition means that the
thermal-agitation law must apply to the radiation resistance of the
antenna as well as to the dissipative resistance.

When a resistor is connected to the antenna, part of the thermal-
agitation energy is radiated into the enclosure. Maintenance of thermal
equilibrium requires that an equal amount of energy be received by the
antenna; otherwise the resistor would be cooled by the loss of thermal
energy to the surrounding space. The thermal-agitation voltage asso-
ciated with the radiation resistance would be a measure of this received
energy. If the boundaries of the enclosure were cooled to a temperature
below that of the resistor, the resistor could actually lose he:t by radia-
tion, no thermodynamic principle would be violated and the thermal-
agitation voltage association with the radiation resistance would be
reduced. We could take this into account by using a noise-equivalent
resistance for the antenna equal to the sum of the dissipative resistance
and the proper fraction of the radiation resistance; or if the tempera-
ture of the enclosure was higher than that of the antenna and the
resistor, we could use a suitable multiple of the radiation resistance.

Unfortunately, since we cannot locate any boundaries for the space
enclosing a real antenna, this method of noise calculation cannot be
used. An experimental approach would require a determination of the
amount of noise picked up by antennas of known characteristics at
various frequencies. Perhaps analysis of the results of such an inves-
tigation would reveal a steady component of noise which could be
classified as thermal agitation. Our real interest, however, would be
in the determination of that minimum noise level which could be
expected to persist for time intervals long enough to permit the recep-
tion of useful signals. We need not be greatly concerned as to whether
or not the name ‘“thermal agitation” is properly applicable to that
minimum noise.

The “transformer” analogy indicates that the received noise power
will be proportional to the radiation resistance when other factors (such
as directivity) remain constant. If we assume that the relation between
radiation resistance and noise input is known for a particular system
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we can represent this component of noise by a noise-equivalent resist-
ance such as R, in the circuit of Figure 6-b; R, will be a multiple (or
fraction) of that component of the circuit resistance measured at the
grid, which is due to the antenna radiation resistance. This component
is indicated as R, in Figure 6-b. Its magnitude can be calculated by
transformer theory and the ratio of its magnitude to the total resist-
ance (R,/(Ry+ R,), Figure 6-b) dctermines the efficiency of the
system as a whole. The ratio of “R,” to the total R,, determines the
cfficiency of the system with respect to signal-to-noise ratio, for if R,
is much greater than (R, + R,) the signal-to-noise ratio in the receiver
approaches equality with the signal-to-noise ratio existing in “space.”
It is evident that this desirable condition can be realized most readily

& —

h

Fig. 6

if the ratio of the noise-equivalent-resistance value corresponding to
the radiation resistance, to the radiation-resistance value happens to
be large; but this is no more significant than a statement that a quiet
receiver is of no particular value in a noisy location. When it is found
that the ratio is small in a given situation, we are justified in doing
everything possible to improve the coupling between the antenna and
the grid of the first tube and to reduce circuit losses to a minimum.

In most home receivers operating at low frequencies the component
of circuit impedance derived from the radiation resistance is so small
that noise picked up by the antenna under quiet conditions is negligible
in comparison with the internally-generated fluctuation noise. At
higher frequencies, however, it is practical to build efficient antennas
of reasonable dimensions. Consequently the determination of minimum
values for the ratio of radiation resistance to noise-equivalent resist-
ance at the higher frequencies may become a matter of considerable
importance,
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FEEDBACK

A simple circuit involving feedback is shown in Figure 7. A signal
current ¢ is introduced from a high-impedance source. A voltage e, is
developed between the grid and the cathode of the tube. The plate
current 7, flowing through the ‘“tickler coil” induces a voltage in the
grid circuit. This induced voltage has the same effect as a second

current
M M

iy ==l =—gme,

introduced into the circuit in the same manner as the signal current,
and the value of ¢, is the resultant of the effect of these two currents
in the grid circuits. Represent the impedance of the grid circuit as

Z. Then,
M
e, = i+'—'gmea Z
L

iZ

M
1-— il ng
L

or e, =

gl
and i, =
M
1—— ng
L

A spurious current component originating in the plate circuit will be
represented by i/, and a spurious component originating in the input
circuit will be represented as ¢". Inclusion of these components gives
the total current into the grid circuit as

. .. M M
totay = 1 + &' + — 1, + —g,0,
L L

M M
consequently e, = Z | i + i’ + — ', | +—g,2e,
L L

M
i+ +—i, |2
L

M
1———ng

I

or 6,=
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and ib =Yy + i,h

M
_"gmz
G+ 9.2 L
=—+ 1+
M M
I- Mgmz 1‘—_"—ng
g L
(7' + Z’) gmz + i,h
M
1——g,Z
L

The numerator represents just the plate-current components which
would be observed in the absence of feedback, so it is evident that the
signal component and both spurious components are affected to the
same degree. The result should not be surprising; it is difficult to see
how feeding part of the output back into the input could affect the
relation between the desired signal and spurious signals introduced

[ETI ke

R
Fig. 7

with the desired signal or generated between the “input” and “output”
points.

It is conceded that situations of greater complexity, to which the
above statement does not apply, can be developed in vacuum-tube
amplifier circuits. However, the circuit of Figure 7 can be used to
illustrate some of the effects of feedback on signal-to-noise ratio and
particularly on the measurement of noise.

(1) When a second amplifier stage following the circuit of Figure
7 produces a significant amount of fluctuation noise, the amount of
feedback affects the signal-to-noise ratio by its effect on the first-stage
gain.

(2) The feedback in the circuit of Figure 7 changes the effective
bandwidth of the circuit and, consequently, it may change the effective
bandwidth of the whole system. The signal-to-noise ratio in the plate
circuit of the tube would be unchanged if the signal power were dis-
tributed uniformly over the frequency band passed by the system, or
if the frequency band passed by the following amplifier was so narrow
that Z could be replaced by R in the equations for Figure 7 for that
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band; otherwise, the total signal-to-noise ratio in the output of the
amplifier of Figure 7 would change with the amount of feedback.

(3) The frequency distribution of the output noise changes when
feedback changes the effective bandwidth by a significant amount.

In the measurement of noise it is common practice to make a meas-
urement of noise-power output with the input circuit of the first tube
effectively shorted (a ‘“carrier” signal is introduced when necessary)
and to compare the result of this measurement with the noise-power
output observed with the input circuit in use. With the circuit of
Figure 7 the feedback is eliminated when the input circuit is shorted.
Shorting the input circuit might result in a considerable change in the
noise-power-output component due to tube noise, especially when the
feedback is regenerative. It is evident, therefore, that the ratio of the
noise-power output measured with the input circuit shorted to that
measured with the input circuit operative does not always represent
the ratio of tube noise to total noise. When there is regenerative feed-
back into the input circuit there will be a decrease in noise-power
output when the input circuit is shorted, even though the circuit noise
is entirely negligible.

The principal limitation to the scope of this series is implied by the
title phrase “At Moderately High Frequencies.” There is a source of
current fluctuations associated with the component of tube-input con-
ductance produced by electron transit-time effects, a source which
becomes important when the input frequency is high enough to make
the transit-time input conductance relatively large.”? There are also
complications introduced at high frequencies by electron-transit angles,
which make it more difficult to take feedback into account in noise
determinations. The lower limit of frequencies at which these effects
become important depends on the high-frequency operating charac-
teristics of the first amplifier tube; the limit may range from about
30 to 200 megacycles. The theory and application methods presented
in this series are believed adequate to permit the complete determina-
tion of the more important manifestations of fluctuation phenomena
at lower frequencies.

12D. 0. North and W. R. Ferris, “Fluctuations Induced in Vacuum

Tube Grids at High Frequencies.” Proc. L.R.E., Vol. 29, pp. 49-50, Febru-
ary (1941).



ELECTRON BEAMS AND THEIR APPLICATIONS
IN LOW VOLTAGE DEVICES*t
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HARrRY C. THOMPSON
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Summary — A study has been made of the segregation into beams of the space
current in devices of the over-all size of commercial recciver tubes and at polentials
less than 300 volts. Electrode coalings of luminescent material were used to make the
beam traces apparent on any or all electrodes. Qualitative relationships between
beam formations and relative elecirode polentials are slated. Space currenis of a few
milliamperes have been concentrated into beams less than 0.010 inch wide in simple
structures. Special control grids assoctialed with conveniional cathodes have been found
to combine good space current conirol with effective beam formation. These effects
logether with control of beam width and direction can be oblained in a single device.

Simple structures are used to scgregate the electron discharge from a single cathode
into a few or many similar electron beams. Between such structures and the outermost
electrodes are placed perforated postlwe electrodes wilh their openings disposed to
receive and pass the electron beams. Such elecirodes are found to receive as liltle as
two per cent of the current compuled from their projected area. Such perforated
electrodes include conventional type grids.

The relationships between beam widths and elecirode potentials have been found
to be such that mutual volt-ampere relations can be radically different from those
hitherto utilized. Linear, saturalion lype, or special voli-ampere relations can be
obtained. Individual electrode voll-ampere relations can be allered by wlilizing the
aclion of the field of such an elecirode to change the width and direction of the beam
impinging upon that electrode independently of interelectrode coupling. A variely of
negative conductance devices have been made on this principle.

I. INTRODUCTION

¥ YHE high vacuum devices in which electron beams have been used
previously, such as the X-ray tube and the cathode-ray oscil-
— lograph, have employed, for the most part, small space currents,
single beams of circular cross section produced by essentially spherical
electrostatic or magnetic lens systems, and high electrode potentials.
Attempts to take advantage of the properties of beams for other pur-
poses have usually resulted in structures more or less like those em-
ployed in the above devices and evidently derived therefrom. Such
structures, as compared with receiving tubes and small powar tubes,
tend to be expensive to make, large in size, inefficient in their use of
cathode power, and inadequate in their ability to carry current.

4

* Decimal classification: R138.
1 Reprinted from Proc. I.R.E., October, 1936.
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The present investigation represents a different approach to the
subject, and was begun as the result of an observation made more than
ten years ago on a commercial form of triode whose anode had been
coated with luminescent material. With a certain ratio of potentials
on grid and anode there appeared on the latter narrow, sharp-edged
luminous lines opposite the openings between grid wires, indicating a
nearly complete segregation of space current into beams. The space
current so segregated was many milliamperes at anode voltages of two
or three hundred and the widths of the lJuminous bands could be con-
trolled by the electrode potentials.

These observations suggested that electrodes of various kinds, lo-
cated in the noncurrent carrying spaces between beams and used for
control purposes, might have a high input impedance even though
operated at positive potentials, and that screening electrodes similarly
placed might receive and waste very little space current. It was also
thought that the variation of beam width might make possible, by
redistribution of space current between various positive electrodes
suitably placed, transconductance and conductance characteristics
of kinds unobtainable in devices utilizing the space-charge phenomenon
alone.

Such expectations have been fulfilled in a variety of devices which
are characterized by compactness, relative simplicity, high current
carrying ability at low potentials, the use of rectangular section beams
produced by cylindrical lens systems, the use of several beams from a
common cathode, and structural forms adapted to assembly methods
more nearly like those for amplifier and small power tubes than those
for devices of the cathode-ray oscillograph type.

The devices here presented belong, with one exception, to a class of
devices in which the advantages of segregation of the discharge into
beams and of variation of beam width and focus are utilized. Two other
classes of devices dependent upon the deflection of the median planes
of rectangular section beams and upon the use of magnetic fields are
excluded from this discussion.

The work along these lines was begun a number of years ago, and
the elementary principles and potentialities of it were established.
Later it was learned that work of a somewhat similar kind was being
done in Germany by Knoll and Schloemilch.!?

! M. Knoll and J. Schloemileh, “Electron optical current distribution in
electron tubes with control electrodes,” Arch. fur Elektrotech., vol. 28, pp. 507-516;
August 18, (1934).

. .*M. Knoll, “Amplifying and transmitting valves considered as s problem
in electron optics,” Zeit. fur. Tech. Phys., vol. 51, no. 12, pp. 584-591, (1934).
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II. METHODS OF OBSERVATION

In structures for the study of beam phenomena appropriate elec-
trodes were coated with a thin and uniform layer of fine particles of a
luminescent material such as willemite. Such a layer becomes luminous
where and only where electrons of sufficient energy arrive at a sufficient
rate. If the space current is divided into beams, there appears on a
coated and bombarded electrode a luminous pattern corresponding to
the cross section of the beams at the surface of the electrode. Observa-
tions of that pattern can often be made with the potential of the bom-
barded electrode as low as twenty volts. In cases where it was not clear
from the luminous pattern of bcam traces just what had happened
to the cross section of the beam in transit to the target, a low pressure
of gas and the consequent glow made it possible to observe the beam
throughout most of its path. The pressure of the gas introduced for
this purpose was always insufficient to cause observable change in
the trace patterns and hence the obscrved beam paths were only
slightly different from those in high vacuum. It will be seen from the
data below that this method of study is of practical utility in the de-
sign of beam devices.

The first ten figures illustrate the beam-forming properties of simple
structures in association with conventional forms and sizes of cathodes
and certain elementary properties of the beams thus formed. The re-
maining figures show some typical devices for the utilization of such
beam properties.

III. OBSERVATIONS

Fig. 1 shows scale sections of a triode with parallel plane electrodes
and indicates the pobserved beam traces on the anode or No. 2 electrode
at 250 volts for four different grid or No. 1 electrode potentials. The
shapes of the equipotential surfaces in the grid openings are roughly
indicated. With the grid at seventy-six volts positive, approximately
geometrical shadows of the grid wires appear as indicated on the anode
with temperature-limited space current. The grid is here approximately
at its space potential, the calculated value of which is seventy-eight
volts. A similar trace pattern was observed with space-charge-limited
current with the grid at its correspondingly lower space potential. In
both cases the equipotential surfaces are parallel planes except in re-
gions very close to individual grid wires. In the same figure, the traces
for twenty-two and five-tenths volts positive and for zero volts on the
grid correspond, respectively, to focus of the electron beam on the
anode and between the anode and grid. These two cases are for space-
charge limitation of the current. The fourth section of the figure shows
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the result of placing the grid above its space potential at 172 volts
whereby the grid opening becomes a diverging lens and the traces of
adjacent beams overlap, as indicated, on the anode.

CATHODE
PARALLEL PLANC STRUCTURE

Fig. 1—Beam formation by grid openings.
No 2 volts =250

No. 1 volts Beam Focus
0 Before No. 2
22.5 On No. 2
22.5-76 Beyond No. 2
76 At infinity
172 Virtual

The actual appearance of the beam traces for these four cases is
shown in Fig. 2, which is a group of four photographs of the anode of
the triode of Fig. 1 for the above four conditions. The preceding two

A

Fig. 2—Beam traces on an anode.

figures are representative of the manner of beam formation not only
for the plane grid structure, but for a helical grid in a cylindrical struc-
ture at different but corresponding potentials. In the oylindrical case,
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the traces for focus often have a width one tenth or less of the distance
between traces and are very sharp edged.

Figs. 3 and 4 arc maps of the equipotential surfaces obtained by
means of a field-mapping apparatus on a 73-to-1 scale model of the
triode of Iligs. 1 and 2. The potentials are there shown as percentages
of the anode potential; thé grid potentials correspond in percentage to
the actual potentials of Figs. 1 and 2. The ficld maps for the grid po-
tentials of nine and zero per cent cannot, of course, correspond accu-
rately to those existing in the observations of beam traces above, be-

ELEcTRODE BEAM TRACE YUBE NPt
N12 <, vBE NP2

»

Mm  \\

ELecRODL

ELTETAODE ¢ urynop,

W)

~ Y /
S~

——— =

Fig 5—Beams by a longitudinal element gnid

cause, as stated, those two particular observations were made for
the space-charge-limited condition which is not simulated by the field-
mapping apparatus. The two maps indicate the kind of ficld in the
grid opening which constitutes a converging lens. The above figures
and data illustrate the fact that the space current can be segregated
into beams without the cutting off of emission from any part of the
cathode.

Fig. 5 shows a cylindrical anode, or No. 2 electrode, a coaxial cath-
ode, and two longitudinally placed wires constituting the beam-forming
or No 1 clectrode. With the latter at forty volts negative bias, two
narrow beams are formed. The anode trace of one of them is indicated.
The location of the intersections of the zero equipotential surface with
the cathode surface for that case indicates that a considerable part of
the cathode is cut off as regards emission, unlike the case of the first-
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mentioned device for similarly narrow beams. The map for zero bias
of No. 1 electrode shown 1n the upper half of the figure indicates no
cutoff of emission at the cathode.

In ¥ig 6, a typical instance of the manner m which the width of
the beam trace varies with anode potential 1s shown The unlabeled
electrode 15 the cathode m this and all following figures. For a positive
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Fig. 6—Beam width and anode potential

bias on the beam-forming electrode, an increase of anode potential
causes a decrease of beam width, while for a negative bias the reverse
is true. This 1llustrates a behavior which proves to be general except in
such structures and at such potentials that a crossover or focus of the
beam occurs before 1t reaches the anode. The constancy there shown of
the beam width for zero bias of No. 1 electrode is typical of closely
spaced structures for anode potentials above a certain value for each
particular structure. At anode potentials lower than that value the
traces are observed to increase in width in some cases, before they be-
come invisible. There are several causes tending to spread the beam at
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such low potentials, and it cannot be said at once which of thesc pre-
dominates.

Corresponding beam formations by longitudinal wires have been
obscrved for numbers of wires from one to eight, and for a wide range
of wire diameters and spacings from the cathode.

Fig. 7 shows a casc in which the two wires are much larger than the
cathode. It also shows the constancy of beam width when the ratio of
the potential on No. 2 to that on No. 1 is kept constant. This illustrates
another general behavior subject to qualification for low potentials as
above.

TUBE Ne21CO

~—=—305"1 D~

Fig. 7—Constant ratio of clectrode potentials.
No. 2 volts

No 1 volts
No. 1 volts No. 2 volts No. ! ma T (inches)
-20 60 08 0.02
-30 90 2.0 0 02
—40 120 3.3 0.02
—60 180 7.2 0.02
-80 240 12 1 0.02
-100 300 15.5 0.02

Fig. 8 shows an example of the way in which beam width and cur-
rent vary simultaneously with negative bias on a two-wire beam-form-
ing electrode. Fig. 9, derived from Fig. 8, shows the constancy of the
current-to-width ratio over a considerable range. It should not be con-
cluded from this that the current per unit width is constant throughout
the beam, Actually a “piling-up” of current at the sharp edges of a
wide beam is often observed. No generalization of current-to-width
ratio or of current distribution in beams can be made at present,

Such two-wire structures, while useful for beam formation alone,
have a very poor control over the space current. In Fig. 10, however,
a beam-forming structure No. 1 is shown which gives a transconduc-
tance more nearly of the conventional order and also a segregation into
a rather narrow beam. The coated area of the cathode is about seventy-
five per cent of that of an RCA-57 cathode of the same size, The struc-
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ture consists of a helical wire grid enclosed in a sheet-metal cylinder
with a slit as indicated. The wires of the grid are thus transverse with
respect to the longer dimension of the rectangular section beam formed
by the slit and, while they cause the beam trace to be divided up into
sections along that dimension, they do not seriously distort it in its
shorter dimension.

:j TUBE N7 116 IR I
11 T _—_—: ,_u.": ]
_’:E' _____ e
4 -+
o] 1] s
ERE A - L ,
ngw I
1T 1] 1L g
angil : ! mnunagely
1 je——305""1 D - ] /
11 s
177 |eLecTrRODE Ne2 voLTS = 298 7T - ’
Sm AT 2 MA, 2637 13 -
1] Sm AT SMA. =880 P
' | ]
1111003
A T
T ~t1 "
-
L T8
- N h &
<
S 3
* 33
i‘ Ep :; 7 f A 3
(Y] . ﬂ —
Yy
£ 1T AH A T .
nuuls T Lo
o | | HEN
LT T
TRHU LRI 1
oz I RERY. .
-:;‘4 _l R _“- —“
i at L
L - -t
-14 -12 <10 =8 = v L
ELECTRODE Nat VOLTS

Fig. 10—Beam formation and normal transconductance.

1V. DiscussioN oF OBSERVATIONS

From the above and many other observations, certain simple
principles can be formulated which are sufficiently general in their
applicability to constitute a valuable basis for the design of beam de-
vices of the kind presented here. With reference to small triode struc-
tures operated space-charge limited and to anode potentials above a
value which varies with the structure but which is usually of the order
of twenty volts, the observations support the following statements:

(l) A. nonemitting electrode operating at cathode potential and
constituting a part of the cathode or intervening between it and the
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anode determines, on the anode, trace patterns which are constant with
varying anode potential.

(2) If the ratio of the potential of the intervening electrode to that
of the anode is kept constant, the beam traces are also constant. This
generalization, of which the preceding is a special case, is consistent
with a corresponding mathematical generalization on electron paths
where initial electron velocities are zero, as expressed by Langmuir and
Compton.? The error caused by initial velocities has been too small to
be observed in the small structures used except, as mentioned above, at
low electrode potentials.

(3) If a thin electrode containing an opening is introduced between
cathode and anode in such a way as to conform to a previously existing
equipotentialsurface, the openingacts upon theelectron stream through
it as a converging or a diverging lens, according to whether the elec-
trode is below or above its space potential, respectively. The opening
has approximately no deviating effect upon the stream when the elec-
trode is at its space potential. In the latter case a grid is observed to
form on the anode a shadow pattern which is a geometrical projection
of itself. ‘

In many structures, the converging effect of an opening may be
such, at suitable potentials, as to give a focus or crossover of the elec-
tron stream either at or before the anode as in Fig. 1. In other struc-
tures such as that of Fig. 5, the divergence of the beam entering the
opening may be so great as to prevent the formation of such a focus at
potentials less negative than those at which there is complete cutoff
of the space current,

(4) In structures according to (3) and at such potentials that no
focus occurs, it can be said that an increase of anode potential decreases
the dimensions of the beam trace when the apertured electrode is posi-
tive and increases them when that electrode is negative. For the range
of potentials in which one crossover of the beam occurs the reverse
statement is true,

(5) For low positive, zero, or negative biases of the beam-forming
electrode there may be faint, sharp-edged beam traces on the anode
corresponding to a minor beam system which behaves somewhat dif-
ferently from the accompanying major beam system. This minor
system, often clearly distinguishable from any distortion fringing of
the major traces, has its origin in a virtual source formed by those
electrons which go directly toward a beam-forming element at which
they cannot arrive because of its zero or negative potential. Such

3 1. Lapgmuir and K. T. Compton “Electrical discharges in gases,” Part 11,
Eev. Mod. Phys., vol. 8, p. 252; April, (1931).
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rd
electrons are diverted at some region relatively close to the element and

thus form a weaker trace pattern which behaves differently from the
major traces. This minor pattern disappears abruptly at some low
positive potential on the beam-forming element, indicating that the
electrons in question are absorbed by thai clement. Some structures of
the type of Fig. 1 show this minor system clearly. The current in such
a minor system is usually a small percentage of that in the major sys-
tem, Suitably placed screen grids and other electrodes at positive po-
tentials may, for practical purposes, be sufficiently nearly “currentless”
without resort to suppression of the minor beam system. Where the
beam-forming electrode is an integral part of the cathode base struc-
ture, the minor beam system may be entirely absent. Such an arrange-
ment constitutes a means for avoiding these undesired beam forma-
tions.

(6) Another effect which can be misleading in the investigation of
beam behavior is the appearance on an anode of a general diffused
luminescence which ischaracterized by the absence of sharp boundaries.
The conclusion which has sometimes been drawn that this diffused
bombardment is evidence of inefficient beam formation is erroneous in
many cases. Such diffused glow is usually present and is caused by high
velocity secondary electrons originating at the major traces and re-
turning to the same electrode with sufficient velocity to cause lumines-
cence. The conclusive evidence in certain cases is that, when a beam of
cross section determined by the major trace on an anode is let through
a slightly larger opening in a similar anode and collected by a more
remote electrode at higher potential, there is no diffused luminescence
on the apertured first anode and its current is very small. Moreover, in
the development of devices having positively operated low-current
screen and control electrodes the suppression of secondary emission
from the anode by slotting or by coating it with soot from a flame re-
sults in a large reduction in the residual current to those elcctrodes
even when they are from twenty to forty volts below anode potential.
Other observations on specially made devices have confirmed the above
interpretation.

(7) Insulator surfaces close to the electron stream aet as additional
electrodes. Observations by means of beam traces show very clearly
the effects of adjacent mica, glass, or other insulators. The effects of
such surfaces are consistent with those of so-called “floating” conduc-
tors similarly placed. If an insulator surface has, under particular con-
ditions, the ability to emit secondaries in excess of the impinging pri-
maries then it can be made to assume either of two stable “floating”
potentials. One of these is close to cathode potential, the other is some
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positive potential usually less than that of the highest potential elec-
trode in the device. A transient rise of potential of the insulator can be
communicated to it inductively so as to shift it abruptly from its lower
to its higher stable value. A sudden change of beam-trace pattern re-
sults. It was by means of such observations that a certain erratic be-
havior of developmental forms of the RCA-58 and other tubes was
found to be associated with the polarization of the glass envelope at
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Fig. 11—Low screen current in a two-beam structure.

the higher of the two “floating” potentials. Reduction below the one-
to-one value of the secondary emissivity of the interior surface of the
glass by coating it with finely divided material such as carbon elimi-
pated the existence of the upper floating potential and the behavior
associated therewith,

V. Devices UriLizing ELEcTRON BEAMS

(1) Low-current positive potential electrodes.
In Fig. 11 is shown & two-beam device employing a beam-forming
and space-current controlling electrode No. 1 according to Fig. 10.
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The No. 2 electrode may be regarded as the equivalent of a screen grid.
For the data shown, the No. 3 electrode is combined with the No. 4
cylinder as an anode. The cathode is of the RCA-57 size, but with a
coated length seventy-five per cent of normal. With this in mind, it is
apparent that the transeonductance of 870 micromhos shown is only
moderately lower than normalwhile the space current is segregatedinto
two beams so that the No. 2, or screen, electrode at 150 volts receives
only 0.7 per cent of the space current of four milliamperes at & No. 1
bias of zero. This occurs although the projected area of No. 2 electrode

is seventy-four per cent.
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In the device of Fig. 12, an eight-wire No. 1 electrode has its ele-
ments in register with the eight wires of the No. 2 or screen electrode.
At the voltages shown the No. 2 electrode receives only 0.2 per cent
of the space current at five milliamperes although its projected ares is
9.7 per cent. A grid-plate transconductance of 1100 micromhos is ob-
served at five milliamperes.

The device of Fig. 13 has the wires of its No. 2 electrode 2.67 times
as large as those in the preceding device but is otherwise the same. One
curve shows the anode current as a function of the potential of the
No. 2 electrode over a positive range. Such an electrode is thus an
example of a low-current positively operated control electrode but its
transconductance is extremely poor. Considered as a screen electrode
at 150 volts, it receives 0.7 per cent of the anode current although its
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projected area is 25,9 per cent. The increase of current to electrode No.
2 above 150 volts is due almost entirely to secondary electrons from
the anode. The low current to No. 2 below 150 volts might be thought
to be due to loss of secondary electrons from it. That part of the char-
acteristic (not shown) shows very little indication of the flattening ob-
served where secondary emission is considerable. There is ample other
evidence that segregation and not secondary emission is the cause of
the low current to No. 2.

In the device of Fig. 14, a four-wire longitudinal No. 1 electrode has
its openings in register with the four slits of a cylindrical screen or No.
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Fig. 13—Low screen current in an eight-beam structure.

2 electrode with a projected area of fifty-nine per cent. The No. 3 and
No. 4 electrodes are used together as an anode for the data shown and
their peculiar form has no significance for this discussion. Current to
the No. 2 electrode at 100 volts positive is about one per cent of the
space current when the latter is ten milliamperes.

In the device of Fig. 15, a cylindrical cathode has ifs emitting area
confined to a helical band flush with the equal intervening nonemitting
area. The helical emitting band is in register with the openings of a
helical wire grid or No. 1 electrode. The helical nonemitting area of
the cathode is essentially a beam-forming electrode combined with the
cathode and has the effect of confining the beams from the emitting
ares to the spaces between grid wires. In addition to this nonemitting
portion of the cathode two uncoated wires are placed along the cathode



206 ELECTRON TURES, Volume I

in register with the two support wires of the grid in order {o shield them
from electron reception. Both No. 1 and No. 2 electrodes are sooted to
suppress secondary emission. Grid and anode currents are shown for a
positive range of grid potentials. At a grid potential equal to anode
potential, only 0.7 per cent of the space current is taken by the grid
although its projected arca is 10.7 per cent. It will be readily accepted
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that the grid at three hundred volts, or fifty volts above the anode
potential, does not lose an appreciable percentage of its current by
means of secondary emission. Nevertheless the grid there receives
only 1.4 per cent of the space current. This constitutes convincing
evidence that there is efficient segregation of the space current into
beams in the device. It is to be noted that the space current thus segre-
gated and utilized is considerable, being 180 milliamperes to an anode
one inch long and three quarters of an inch in diameter, at 250 volts,
with the grid at 300 volts. Structures with similar properties have been
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made in which the grid elements are all parallel to the cathode axis
and in register with corresponding nonemitting, strips on the cathode.
Such devices can be used as amplifiers of classes B and C with dimin-
ished input loss and distortion. In cases where secondary emission from
the anode can be effectively suppressed, a new range of operability is
made possible, that in which the positive peak voltage of the grid
oscillation is greatly in excess of the simultaneous anode potential.
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(2) Special mutual characteristics by means of varying beam width.

In the device of Fig. 16, the beam-forming and controlling electrode
No. 1 is of the two-wire longitudinal type. The electrode No. 2 has two
slits registering with the openings of No. 1. The anode consists of Nos.
3 and 4 in combination and their peculiar form may be disregarded
for the purposes of this figure. The graph shows that, for large negative
bias of No. 1, the two beams formed by it pass through the slits of No.
2 without contributing appreciable current to the latter. As the bias on
No. 1 is decreased, current begins to flow to No. 2 when the beams
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become too wide to pass through the slits, whereupon the increment of
space current with dgcreasing No. 1 bias is transferred entirely from
the anode combination to the No. 2 electrode as is clearly shown. This
result is consistent with the constancy of the ratio of current to beam
width shown in Fig. 9. Such a device is typical of a class of devices in
which variation of beam width is used to redistribute the space current
among positive electrodes in a manner which can be predetermined so
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Fig. 16—S8pecial mutual characteristic by varying beam width.

as to give those electrodes mutual and impedance characteristics of
various kinds desirable for special purposes. Such characteristics are,
in many cases, quite impossible to attain with devices depending on
space-charge properties alone. In the above device, for instance, the
current to Nos. 3 and 4 shows an upper limit equivalent in effect to
emission saturation but not subject to the impracticality of the latter
condition. It also illustrates the sharpening of the cutoff on the No. 2
characteristic which results from the rejection onto Nos. 3 and 4 of the
smaller values of space current while No. 1 is very negative. Devices
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similar in principle but with larger numbers of No. 1 elements have been
made and found to operate in similar fashion but with higher transcon-
ductance. The electrode No. 2 has been replaced by one consisting of
slats placed normally to the beam paths and occupying the positions
of the slits in the device shown. Thereby the functions of the No. 2
electrode and the anode are inveried. Suitable shaping of the bound-
aries of ‘the openings in the No. 2 clectrode in that case can be made
to alter the relation of anode current to No. 1 voltage, making it either
linear or some other predetermined form,

—
B 1] [Tuee nroe
N?Y <> - ANE2
\ Y
] 7'
N23 N
7 ! o
gé 308 L0~ NP
L NE{ VOLTS =-46
N22 VOLTS = 70
N2 4 YOLTS =~ 20
-4 ] dmbd [ R
L)
immms e m T 117 T
] -
[}
z, ~ -
g T T
g muppEEnfnN
Wq
g -_"lqﬂ» N
1 1 ] i
I |
€ 300

100 200
ELECTRODE Nt3 VYOLTS
Fig. 17—Negative impedance by change of focus.

() Special impedance characteristics—Negative tmpedance devices.

The device of Fig. 17 is identical with that of the preceding figure,
but is used differently as indicated. The volt-ampere characteristic of
electrode No. 3 is shown with the other potentials as there stated. No.
3 consists of two wires of 0.020-inch diameter placed parallel to the
cathode and in register with the slits of No. 2. For the potentials shown,
the field outside of No, 2 is decelerating and focusing in its effect upon
the beams emerging therefrom, A beam is focused before reaching a
No. 3 wire when the latter is at low positive potential and the electrons
passing through this focus return to No. 2 by orbital paths and form
thereon traces readily seen on each side of the slit. As No. 3 potential
rises, the focus.of a beam approaches and finally arrives on No. 3,
when its current becomes the maximum value shown by the graph.
The further rise of No, 3 potential gives the falling or negative imped-
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ance portion of the characteristic as shown. This decrease of current
to No. 3 is caused by the recession of the beam focus to a region between
Nos. 3 and 4 and the consequent return of most of the electrons to No.
2. Thus, the negative impedance of No. 3 may be said to be due to a
process of defocusing with respect to that electrode. A variety of de-
vices are operable upon this principle. It is noteworthy that the nega-
tive slope occurs while the potential of No. 3 is higher than that of any
other electrode in the device, thus entirely excluding the possibility
that secondary emission from No. 3 is responsible for its negative im-
pedance.
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Fig. 18—Negative impedance by change of electron trajectories.

In the device of Fig. 18, the two-beam electron “gun” projects its
beams tangentially with respect to the equipotential surfaces of a
roughly radial electric field existing between Nos. 3 and 5. The latter is
shown at a positive potential of twenty-two volts but has also been
used at zero and negative potentials. No. 4 may have any positive
potential in a wide range. As the potential of No. 3 is increased, the
electron trajectories increase in length as indicated by the successively
longer dotted lines shown on the drawing of the device. Eventually, the
beams miss No. 3 entirely and are received-on No. 4. During the transi-
tion of the beams from No. 3 to No. 4, the former has a negative im-
pedance as shown. As in the preceding device, such negative impedance
cannot be caused by secondary emission. This device was rendered
slightly gassy and the beam paths were clearly seen to behave as stated.
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Another negative impedance device, not shown, has been made in
which the property stated under Section IV, Subsection (4), is utilized.
The structure consists of, in order: a cathode, a beam-forming electrode
used at a positive potential, a registering slit electrode used at a higher
positive potential, and an anode or collector used at a still higher po-
tential. At some potential on the slit elecirode, each beam passesthrough
its corresponding slit and the current to the electrode is small. As the
potential of the slit electrode is decrcased, each beam becomes too wide
to pass through the corresponding slit; hence the current to the electrode
increases and a negative impedance results.

The last three devices are examples of a class of devices in which
the negative impedance of an electrode is due to its direct electrostatic
effect upon the electron paths in such a way as to divert current from
itself as its potential increases. No co-operating changes of potential
on other electrodes are necessary and the device is functionally equiva-
lent to a secondary-emission dynatron and has the advantage that the
constancy of its negative impedance is dependent on geometrical con-
stancy of the structure and not upon the sometimes unreliable second-
ary emissivity. Such devices have been made to oscillate at audio fre-
quencies and at fifty megacylces. The starting and stopping of oscilla-
tion are accompanied by visible changes in the trace patterns.

(4) Luminous trace voltmeters.

The width of a beam trace, or of the dark space between traces, is a
measure of the potential of the beam-forming electrode relative to the
potentials of other electrodes in the deviee. This property is illustrated
in Figs. 1 and 8. It has found application in tube voltmeters in which
the “pointer” is the edge of a luminous trace, and the scale is the sur-
face of the electrode carrying the trace. Such a device, the RCA 6ES5,
is now used commercially as a tuning indicator and for other purposes.
The convenient form of the structure in this case is largely due to
H. M. Wagner. The beam-forming electrode is here actuated by the
output of a triode amplifier included in the tube.

VI. ConNcLusiON

A new array of properties of electron discharge devices is introduced
by systematically utilizing beam formation., The combination of these
new properties with those already in use furnishes an augmented sup-
ply of means for the improvement of existing types of devices, and for
the creation of devices having entirely new properties to fulfill the new
requirements which inevitably arise.

Experience with such structures as represented here indicates that
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the utilization of beam formations is consistent with economy of cath-
ode power and with the attainment of conductances and transconduec-
tances of magnitudes within the useful range even at low voltages. The
difficulties of design of such structures are considerable in the present
stage of the art. The difficulties of construction are, in many cases, not
extraordinary.
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NEGATIVE RESISTANCE
AND DEVICES FOR OBTAINING IT*t

By
E. W. HERoOLD

RCA Manufacturing Co., Inc.,
Harnson, N. J,

Summary

By the use of a concept due to Crisson, negative resistance is shown to
be a phenomenon controlled by either current or voltage but not by both
together. Thus, two main classes are found differing in the shape of the
volt-ampere characteristic, in the conditions for stability, in the effect of
an added positive registance, and in the effect of an internal time lag.
Rcliability, good power conversion efficiency, and a low ratio of the un-
avoidable self-reactance to the megative resistance are mentioned as being
desirable characteristics of any negative resistance. A figure of merit for
the voltage controlled type is shown to be 1/wCs R., where C, 18 the un-
avoidable cffective shunt capacitance. In the current controlled case R./wL,
i8 shown to be a merit factor, L, being the effective series inductance. The
addition of external positive resistance lowcrs the figure of merit for the
combination.

A number of well-known devices are discussed after classifying them
in three gioups according to principle of operation. The simple group
includes such devices as the dynatron and are which produce megative
registance between two elements. The direct-coupled group comprises pri-
marily vacuum tubes having ncgative transconductance in which nega-
tive registance is produced by a direct connection between the controlling
and controlled clectrodes. The general properties of the megative trans-
conductance tube as a megative resistance are detailed, including the effect
of interelectrode capacitances. The third group, the reverse-phase-coupled
group, is included but not treated in detail. It comprises vacuum-tube
arrangements requiring a phase reversing means for coupling the con-
trolling to the controlled electrodes.

Applications of negatiwve resistance to the production of sinusoidal and
relaxation oscillations, to circuits having special properties, and to meas-
urement work, are mentioned with frequent reference to the bibliography.
In addition, the features of a tube having negative transconductance as an
amplifier are pointed out.

In conclusion a section is devoted to the characteristics of the type 57
tube which has negative transconductance between the third and the second
grid. As a voltage controlled megative resistance, this tube will produce
a negative resistance of 3500 ohms with a total cathode current of only
seven milliamperes. This performance is believed to be better than that of
most dynatrons.

(28 pages; 8 figures)

* Decimal Classification: R139.
+ Proe. 1. R. E., Qctober, 1936.
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ANODE MATERIALS FOR HIGH VACUUM TUBES*{
By

E. E. SPITZER

RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary

Continued development of the high vacuum tube has played an crtremely
important part in the development of radio communication. Since the power
output of a tube is proportional to the amount of heat that may be dissi-
pated safely from its anode, the anode is ane of the most vital parts of high
vacuum tubes especially those used for transmitling purposes. Several
materials have been found suitable for the anodes of tiansmutting tubes,
depending upon the requirements of specific applications and the type of
cooling adopted; these materials and their characteristics are discussed in
this paper.

(7 pages; 6 figuies)

* Decimal Classification: R331.
t Elec. Eng., November, 1935.

ANALYSIS OF THE EFFECTS OF SPACE CHARGE
ON GRID IMPEDANCE*}

By
D. O. NorTH

RCA Manufactutring Company. Inc.,
Harricon, N. J

Summary

Previous theory of trangit-time phenomena in high vacuum diodes 18
cxtended and augmented to provide an cxplanation of the high-frequency
behavior of high-u amplifiers with parallel plane electrodes. For mathe-
matical reasons the analysis is restricted to triodes with plate at alternating-
current ground and to tetrodes with screen grid at alternating-current
ground. Expressions for internal input loading and capuacity are derived,
showing the dependence upon frequency, voltages, and tube dimensions, and
it i8 shown how the theory in its present form can be made quantitatively
applicable to many commercial tubes of cylindrical design.

In agreement with both elementary theory and observation, the theory
shows that at the threshold of the effect the input loading wvaries as the
square of the frequency. For the RCA-57 there is calculated an internal
input resistance of 21 megohms at one megacycle, dropping to 2100 ohms

*Decimal Classification: R130.
+ Proe. 1. R, E., January, 1936.
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at 100 megacycles. These figures are in ewcellent agreement with actual
measurement, and illustrate the tremendous importance of transit times in
the design of tubes for ultra-high frequencies. It iz likely that internal
input power losses of this character, together with closely allied losses in
transconductance, are primarily responsible for high-frequency failure of
both amplificrs and oscillators.

“Hot” input capacity exceeds the “cold” value. The magnitude and
dependence upon tube parameters is given, the increase i8 primarily due
to space charge but also depends upon r:/7., the ratio of the clectron transit
time between control grid and plate to the transit time between cathode and
control grid. In agreement with observation, the theory indicates very slight
frequency dependence.

There i included a brief account of temperature-limited diodes, illus-
trating their possibilities as a source of high-frequency negative resistance.

(29 pages-; J figures; 1 uppendir)

INPUT RESISTANCE OF VACUUM TUBES AS
ULTRA-HIGH-FREQUENCY AMPLIFIERS*}

By
W. R. FERRIS

RCA Manufacturing Company, Inc,,
Harrtson, N. J

Summary

Vacuum tubes which when operated as voltage amplifiers at low fre-
quency require no measurable grid input power have been fouwd to take
very serious amounts of power at ultra-high frequencies. The grid input
conductance is shown to be very accurately represented for electrodes of
any shape by the expression

gy = Kgmf2r?

where g, is the input conductance, 8. the grid-plate transconductance, f the
frequency, and T the electron transit time. K is a parameter which is a
function of the geometry of the tube and the voltage distribution. A physical
picture of the effect, a simple theoretical derivation, and experimental proof
with conventional tubes are given.

The magnitude of g, is such that it is the principal limitation for
amplifiers at frequencies of the order of 100 megacycles, and it seriously
affects the amplification at frequencies as low as fifteen megacycles, The
input resistance of a typical commercial tube, the RCA-57, is approximately
20,000 ohms at thirty megacycles, Other commercial tubes, being of the

*Decimal Classification: R132.
4 Proc. 1. R. E., January, 1936.
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same general construction and size, have input resistance of the same order.
The use of very small tubes, such as the RCA-954, with correspondingly
short transit times is shown to be a practical means of increasing the
emplification obtainable with eenventionl circuits.

Input capacity variation with frequency is found to be negligible with
the RCA-57 even up to eighty megacycles and higher. However, the grid-
cathode capacity is a function of the applied voltage; the ratio of this capac-
ity under operating conditions to that with the tube cold having a value of
four thirds for its minimum. The change in input capacity trom cold to hot
i8 of the order of one micromicrofarad for RCA-57. No change in grid-screen
capacity is indicated.

The plate resistance of acreen-grid tubes is found to vary with fre-
quency but with the RCA-57 at eighty megacycles it is over twenty times
the grid resistance and thus constitutes a neghgible amount of the total loss
in the circuit.

(24 pages; 13 figures; 1 table)

EFFECT OF ELECTRON PRESSURE
ON PLASMA ELECTRON OSCILLATIONS*{

By

ERNEST G. LINDER

RCA Manufacturing Company, Inc.,
Camden, N. J.

Summary

A general equation for electron motion in a plasma is developed which
includes o term arising from electron gas pressure. The resulting expres-
gion is

O2%/2t2 4 (4mnet/m)E = (kT /m)\J %,

where £ ig electron displacement, n electron density, and T electron gas
temperature. From this it 18 found that the possible frequencies of free
vibration form a series given by f; = (kT/Nym 4- net/%m)}. The lower limit
corresponds to the Tonks-Langmuir value (ne3/mm)}, while the other fre-
quencies depend upon the possible standing waves which may exist. The
theory explains the observed variation of frequency with electron gas
temperature.
(2 pages; 1 figure)

* Decimal Clagsification: R214.1,
4 Physical Review, May 15, 1986.
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AN ANALYSIS OF ADMITTANCE NEUTRALIZATION
BY MEANS OF NEGATIVE TRANSCONDUCTANCE
TUBES*{

By
E. W. HErROLD

R(CA Radiotron Division, RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary

The reduction of capacitance by feedback from the anode of a negative
transconductance tube has frequently been considered an attractive method
for compensating for the drop in impedance at high frequencies of a circuit
congisting of R and C in parallel. Experimentally, however, the results of
previous investigators have never been exceptional. This paper preseiris a
theoretical analysis of the problem on the assumption that an ideal tube
is used for admittance meutralization only. The results indicate that ap-
proximately flat response of the circuit up to cutoff is obtained when

1

C"‘

C, N R,

,‘/—' 2 (1 + guRy) — (1 + gaR,)
B,

where C., 18 the feed-back capacitance, C, i8 the original shunt capacitance,
and R, ig the effective resistance (see Fig. 1(c)). An interdependence be-
tween cutoff frequency C,, R,, and the closeness to oscillation is found for
a given control-electrode-to-anode transconductance. The effective resistance
(and hence the gain of a preceding tube) in the ideal case can be raised
several fold over that of the conventional inductance compensated circuit
for the same cutoff and shunt capacitance; the greater the increase and
consequent improvement, the smaller the safety factor (defined as the
fractional increase in transconductance needed to produce oscillation). For
the inductance compensated case w.C;R, = 1, while for the tube compensated
cireuit, the relations is approximately

1
woC,R, =15 + —
S

where w, i8 the cutoff angular frequency and S the safety factor. However,
S and R; are not independent, being related by the approximation
S+1
S?
A minimum S of about 0.2 would seem reasonable: such a value gives an
improvement over inductance compensation of iz and one-half times for the
tdeal tube considered. With a practical tubes and circutt, the improvement
will probably be much less, posaibly one half.

Under tdeal conditions, the relations found for the single tube case,
apply also to the case of two, cascaded, conventional tubes with feedback
from the anode of the seccond tube to the grid of the first tube.

(16 pages; 6 figures)

* Decimal Classification: R189.
+ Proe. L.R.E., November, 1987.
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“BATALUM”, A BARIUM GETTER FOR
METAL TUBES*}

By

E. A. LEDERER AND D. H. WAMSLEY

RCA Manufacturing Company, [nc,
Harnison, N\ J

Summary

In the manufacture ot vacuum tubes, 1t is generally desirable to re-
move residual gascs by a chemical process known as gettering. Various
methods of gettering are reviewed. A mew getter, called “Batalum”, con-
sisting of a length of tantalum wire coated with a mirture of barium
carbonate and stromtium carbonate is described. In the manufacture of
metal tubes, “Batalum” gettering shows a maiked advantage over the
older methods.

(7 pages; 4 figures)

' Decimal Classification: R331.
1 RCA Review, July, 1937.

THE RATE OF EVAPORATION OF TANTALUM:*}
By

D. B. LANGMUIR AND L. MALTER

RCA Manufactuiing Company, Inc.,
Harrison, N. J,

Summary

The rate of evaporation of tantalum was determined by measuring the
change of resistance and the change of weight of uniform filaments. Tem-
peratures were held constant throughout each run by adjustments of voltage
V and current A so that VA% remained approximately unchanged. The rate
of evaporation can be expressed by log.M = 7.86 — 39,8310/T, where M is
the rate of evaporation in grams per em? per second and T is the tempera-
ture on the Kelvin scale.

(2 pages; 1 figure; 1 table)

+ Physical Review, April 15, 1939,
* Decimal Classification: R331.
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RECENT ADVANCES IN BARIUM
GETTER TECHNIQUE®*f

By

E. A. LEDERER

RCA Manufacturing Company, Ine,
Harrison, N. J.

Summary

Barium metal of high purity and without undesirable by-products can
be obtained by chemically reducing barium berylliate. Barium berylliate,
the barium salt of the hypothetical dibasic beryllic acid, has been discovered
only recently. It is stable in air, but can be easily reduced by tantalum or
similar reducing agents at about 1300°C with approximately 60 per cent
efficiency. The resulting barium metal is of silvery appearance and is very
active in the clean-up gas. The preparation of barium berylliate and
methods for testing it are briefly outlined. The design, manufacture, and
use of a simple, inexpensive, but highly efficient getter for the comtrolled
production of barium metal from barium berylliate are described.

(9 pages; 6 figures; 2 tables)

1 Decimal Classification: R331.
+ RCA Review, January, 1940.

SPACE-CHARGE LIMITATIONS ON THE FOCUS
OF ELECTRON BEAMS#*{

By

B. J. THOMPSON AND L. B. HEADRICK

RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary

A calculation has been made of the effect of spuce charge in the region
between the lens and the focal point on the focus of electron beams of
rectangular and circular cross section under conditions of zero velocity of
clectron enussion and with the lenscs free from spherical aberration.

The results show that for an electron beam of cireular c¢ross section
having a given curient and voltage, and included in a cone of a given initial
angle, there is a resultant minimum beam diameter at the focal point a
given digtance from the lens which cannot be reduced by changing the radial
force, or focusing component, of the lens. The value of the miinimum beam
diameter is nowhere zero and it increases more rapidly than the distance
between the lens and focal point. Thus, for the production of a television
picture with a given angle of deflection the definition should improve as the
screen approaches the lens.

* Decimal Classification: R583.
4 Proe. I. R. E,, July, 1940.



220 ELECTRON TUBES, Volume 1

For a beam of circular cross section the factors determining this mini-
mum spot size at a given distance from the lens are the initial beam radius
R., the beam velocity Vi, and the current I. The spot size may be reduced
only by increasing R., increasing Vi, or decreasing I.

For a rectangular beam with one dimension infinite, the minimum beam
thickness depends upon the perpendicular force or focusing component
supplied by the lens. The beam thickness may be zero up to a given distance
from the lens and beyond this distance the minimum beam thickness in-
creases with distance from the lens. To increase the distance from the lens
at which the beam thickness or in the beam velocity or a decrease in current
would be required.

The spreading of the electron beam between the final lens and the
luminescent screen, caused by space charge, is a small fraction of the spot
size obtained in direct-viewing kinescopes as used for television reception.
However, this is not necessarily true of the projection-type kinescope where
much higher values of beam current denmsity are generally employed. Be-
cause at such high values of beam-current density the position of the focal
point will change considerably with beam current or with picture-signal
modulation there may be a large change in spotl size at the screen.

(? pages; 10 figures)

SPACE-CHARGE EFFECTS IN ELECTRON BEAMS*}
By

ANDREW V. HAEFF

RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary

The effecis of space charge in long, magnetically focused electron beams
directed parallel to positively charged sheath electrodes are determined from
a gimple analysis. The main effects of space charge are: (a) to introduce
departure from the potential distribution of the electrostatic case; (b) to
gset an upper limit for the beam current; and (c) to introduce instabilities
and hysteresis phenomena in the behavior of the tube. It is shown that in
a long beam the longitudinal potential gradient is negligible throughout the
major portion of the beam length so that the upper limit for beam current
i8 independent of beam length and of potentials of end electrodes, but
depends only upon the relative transverse dimensions of the beam and of
the surrounding sheath electrode and upon the sheath-electrode potential.
The analysis gives expressions for maximum beam current, for space-
potential distribution and for the mintmum value of the focusing magnetic
field, in terms of the beam and sheath-electrode dimensions. and the sheath-
electrode potentinl.

The use of multicellular sheath electrodes to minimize the effects of
space charge is discussed. Thin “sheet” ‘beams and “thin-walled” tubular
beame are treated separately by a simplified “capacitance” method and
expressions for maximum current, space potential, and for wminimum-
focusing magnetic field are derived.

The effect of space-charge interaction between multiple beams inside
a common sheath electrode is considered and a method of control of current

* Deeimal Classiﬁcatlon R188.1,
% Proc. 1. R. E., September, 1939.
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in one beam by the current in the adjacent beam is analyzed and also illus-
trated by experimental data. The effect of modulation of sheath-electrode
voltage on the space potential for constant beam current, and the effect of
beam-current modulation on the space potential, are discussed.
Application of the theory to the cases of beam focused electrostatically
18 discussed. The experimentally found choracteristica of tubes utilizing
long magnetically focused electron beams are presented and compared to
those predicted by the theory and a satisfactory agreement is demonstrated.
(17 pages; 32 figures; 4 tables)

FLUCTUATIONS INDUCED IN VACUUM-TUBE GRIDS
AT HIGH FREQUENCIES*{

By

D. O. NorRTH AND W. R. FERRIS

RCA Manufacturing Company, Inc.,
Harrwon, N. J,

Summary

A theoretical formula for the noise induced in the imput circuit of
vacuum-tube amplifiers by fluctuations in the electron stream is compared
with measured values. The results are found to be in substantial agreement,

(2 pages)

* Decimal Classification: R132.
1 Proc. I. R. E., February, 1941.

A NEW SERIES OF INSULATORS
FOR ULTRA-HIGH-FREQUENCY TUBES*}

By

L. R. SHARDLOW

RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary

The electrical properties of power factor and dielectric constant, and
the physical properties of porosity and firing shrinkage have been deter-
mined on an alumina-tale-gilica series of ceramic bodies. The effect of body
compogition and firing temperature on the above properties is shown, and
some theoretical considerations of these are discussed. It is shown that
while small amounts of flux may be advantageous, large amounts are detri-
menial to the electrical properties. On the other hand large amounts of
flux may be beneficial in the production of the desirable physical properties.

(7 pages; 8 figures; 2 tables)

* Decimal Classification: R331,
+ RCA Review, April, 1941,



SIMPLIFIED METHODS FOR COMPUTING
PERFORMANCE OF TRANSMITTING TUBES*t

By

W. G. WAGENER

RCA Radiotron Division, RCA Manufacturing Co., Inc.,
Harrison, N. J.

Summary—Simplified methods are given for quickly com puting with rcasonable
accuracy the performance of transmiiting {ubes in the usual radio-frequency and
audio-frequency opplications. These applicalions cover the cases where the current
wave shapes within the tube are pulses of eurrent which flow for less than the full cycle.

The factors controlling the shape of these pulses are discussed and a simplified
analysis of the pulses is presented

The problenms of choosing the oplimum conditions for a {ransmitting tube are
discussed and the condilions for fully utilizing a {ube's capabilities in the different
classes of service are presented. These methods are illustrated thoroughly by calcula-
tions for a slandurd transmitting tube.

I. INTRODUCTION

existing installations, it is invaluable to have knowledge of the

capabilities of the individual component parts. The performance of
standard types of transmitting tubes as component parts in the usual
power amplifier scrvices can be computed with a very useful accuracy.
When the user has the ability to calculate a tube’s capabilities and
requirements, the design of the associated cireuit and equipment be-
comes definite and straightforward. At the same time, an appreci-
ation of what a transmitting tube should do and why, will aid greatly
in analyzing trouble or in eclarifying observed behavior in praetical
installations. Similarly, the attainment of modulation characteristics
of greater linearity will be greatly aided by a knowledge of the tube
requirements. Fortunately when performanee of transmitting tubes in
the usual modes of operation is to be caleulated, a number of simplify-
ing assumptions are rcasohable and justifiable. The accuracy of the
results will probably be well within the accuracy with which tube
circuit conditions are known and within the reasonable variations of
individual tubes from the average of a group.

If a complete and exact computation of any individual tube is
desired, an understanding of the simpler methods will indicate just
what more thorough mathematical or graphical solutions are needed.
These exact solutions may be made readily as an extension of the

]:[N designing equipment, or in studying the actual performance of

* Decimal classification: R258.
t Reprinted from Proe. I.R.E., January, 1937.
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simplified methods to be presented. However, for more practical pur-
poses the accuracy desired does not justify such exaet analysis.

Bceeause all radio-frequency power amplifiers operate in such a
manner that plate and grid currents flow for only a fraction of the
cycle, the wave forms are not those of simple dircet or siné wave
currents. It is this complicating factor that has discouraged the ap-
plication of the standard electrical circuit methods of analysis to trans-
mitting tubes. However, such pulses can be broken down easily into
their equivalent direct-current and alternating-current components.
All caleulations will then follow the familiar simple methods.

DRIVER g

Fig. 1—Schematic radio-frequency power amplifier circuit.

In order to understand the behavior of tubes operated in this
manner, it will be necessary to investigate the composition of these
pulses of current. In general the principal features that must be known
are:

The shape of the current pulse.

The peak value, or greatest instantaneous current.

The direct-current component,

The fundamental alternating-current component.

The higher harmonic component in cases of frequency multipli-
cation,

Al ol

II. Facrors CONTROLLING THE CURRENT PULsSE

In order to ascertain the shape of the current pulses, it will be
necessary o investigate the action of a typical power amplifier circuit
and to see how a vacuum tube will respond to the various voltages
acting within such a circuit. Fig. 1 represents a typical radio-fre-
quency power amplifier circuit and indicates the voltages acting on
the tube. For completeness a five-electrode tube is shown; for a tetrode
or triode analysis, the surplus electrodes are omitted. It is seen that
each electrode has a direct voltage applied to it. In addition, the in-
put and output circuits each have a parallel resonant circuit in series
with the supply voltages.
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Because the resonant circuits store oscillating energy and because
this energy is many times the energy extracted each cycle by the
loading, the voltages developed across the circuits will be practically
pure sine waves over the full cycle. Thus, the control grid and the
plate of the tube can be considered as having applied to them by the
outside circuit a combined direct voltage and fundamental sine wave
voltage.

D-C PLATE

SUPPLY
VOLTS 1
+
ABOVE i
Fit. Ep ' t
Ep R
[
l/ q E
V1 7 P N\ [__FiL. POT,
[+ + T ¥
\ec BIAS
VOLTS
TO
FiL. .
iy tb
L .
OL'C* i Lc
fo] /K 4

T O +ws,

TIME ~omremee—tpe

Fig. 2—Typical plate and grid voltages developed in a class C radio-frequency
power amplifier, and the resultant tube currents.

In the casec of two tubes operated as class B audio-frequency ampli-
fiers, the sine wave analysis is also permissible because the two tubes
are known to develop an almost pure fundamental sine wave in the
output transformer and to have this voltage applied to the plate of
each tube throughout a full audio cycle.

Fig. 2 shows the typical magnitude and phase of the instantaneous
plate and grid voltages thoughout a radio-frequency cycle. These
voltages acting on the tube cause the pulses of plate and grid eurrent
to flow with the shapes as indicated. It will be seen that the plate
voltage has a sine wave of peak value (E,) superimposed on the direct-
current component (E,). The resultant instantaneous voltage is es.
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Similarly, the instantaneous grid voltage (e.) is the resultant of a sine
wave with a peak value of E, superimposed on the negative direct-
current bias (E.). The plate current flows as a result of the combined
action of these two instantaneous grid and plate voltages (e. and ep).
As can be seen, the plate current generally flows for less than half a
cycle. The grid current flows for a shorter period of time than the
plate current.

Aside from the incidental clectrostatic capacitics of the clectrodes
which become part of the associated circuit, the vacuum tube is a
pure resistive device at all ordinary frequencies and has no reactive
impedances. This statement follows logically because the tube does
not store appreciable electrostatic or electromagnetic energy. Further,
the associated circuits are normally operated close to resonance so
that the developed fundamental alternating voltages are in phase with
the tube currents. Thus, the problem of the tube and the applied
circuits can be treated solely on the basis of pure resistances. At the
instant the grid voltage is at its most positive crest, the plate voltage
has dropped to its lowest value.

It will now be advisable to sec how such voltage combinations,
acting on the plate and grid of a tube along with any direct voltages
applied to the sereen or suppressor, if either is present, will control the
flow of plate current. The total space current (i,) from the cathode
emitter depends on the geometry of the tube and the combined effect
of the electrode voltages acting in the plane of the control grid as

follows:
Cey O

o 372
7'1 = G[(’c, +"”'+_+"—]
H2 M3 Hb

where,

e, is the control grid voltage.

ecy/u2 is the effect of the No. 2 grid (screen) voltage (e.,) at the
control grid as reduced by the amplification factor (us) of grid No. 1
with respect to grid No. 2.

ecy/us is the cffect of the No. 3 grid voltage (e,) at the control grid
as reduced by the amplification factor (us) of grid No. 1 with respect to
grid No. 3.

es/ms is the effect of the plate voltage (es) at the control grid as
reduced by the over-all amplification factor (us).

This equation assumes that the voltages are sufficiently positive
to form no virtual cathode between the control grid and plate. The
space current will flow only while the total effective voltage expressed
by the brackets is positive.



226 ELECTRON TUBES, Volume 1

In the casc of a tetrode or a pentode, the factors u; and u, are suffi-
siently large so that the effect of the suppressor voltage and the plate
voltage can usually be neglected. Thus, for a tetrode or pentode, the
space current is governed almost solely by ¢, + (e, /u2). This formula
does not cover the case where the suppressor voltage is sufficiently
low or negative to control the space current by forming a virtual
cathode in the vicinity of the suppressor.

Because the plate current is less than the cathode space current
by the current drawn to other grids and is also influenced in a small
way by space charges in front of the plate at low plate voltages and
by secondary clectrons from other grids, the current that reaches the
plate seldom follows a three-halves power law and can be represented
by
(h(c,, + (—r—’> for a multigrid tube

M2

%
or,
) , b\ .
7 = (|, + — for a triode
u
where z is an exponent fairly close to 1.0.

As was shown earlier, ¢., and ¢, are composite voltages and can

be represented by
e, = FE., + E, cos wl

e = E, — F, cos wt.
The negative sign indicates that the alternating-current plate com-
ponent is a voltage drop and hence is 180 degrees out of phase with the
applied alternating grid voltage. Thus, for a triode,

. T Ey — E,cos wt=
1, = (h| K., + F; cos wl + — .

m

The solution for a multigrid tube will not be carried further be-
cause it is always a simplification of the triode case. Thus, (E,—E,
cos wt)/u can be replaced by e.,/us and will usually have no alternating-
current component.

The above equation becomes

. ' E, Ep £
=G| E,+—+ 1 L,~— ) cos wl
M I
or,
ty=G (direct voltage component and alternating voltage com-

ponent)?,

If now the direct voltage component is negative, as it is in class
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C amplifiers, no current will flow until the alternating voltage com-
ponent becomes sufficiently positive to overcome the direct component.
This action is shown in Fig. 3 where the portion of the cycle during
which the resultant effective voltage is positive is indicated by the
shaded portion. At the instant the effective voltage rises above the
zero effective voltage level and becomes positive, the plate current
begins to flow as shown by the typical plate current pulse. The grid
current flows over a smaller portion of the cycle because the zero effec-
tive voltage level occurs at the plate current “cutoff” point where the

!

POSITIVE EFFECTIVE-
+
eFrecTIvE |e | _EP VOLTAGE PULSE
vours | 9T F
o Z ZERO EFFECTIVE VOLTAGE
| 6 »l=- 6 + gc}%_
I l EFFECTIVE
D-C VOLTAGE
EFFECTIVE| .y
voLTS /12 T T\ ™
| :
Lo
‘b l
OR
7L A
to
-6 0 8

Fig. 3—Resultant effcctive voltage acting at cathode of tube to cause
the flow of space current.

instantancous grid voltage 1s always still negative, The grid voltage
then rises into the positive region for a shorter duration of the cyele.

Because the alternating-current cycle is represented as a cosine
wave, the effective voltage is maximurm at wt = 0. As wl increases toward
/2, the zero effective voliage level is crossed at some angle 8 each
side of maximum,. At this point, the valuc of the cosinc wave is just
cqual to the negative direet-current component and hence

K, L,
(E’,———) cos f = — (Ec, + —-)
M K

L,
(52
# .

E‘
p
E, - =2

1)

or,

cos § =
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Thus, the analysis of the output from the standpoint of two tubes
is complete when the operating load line is a straight line drawn on
these composite curves. The analysis of the currents in a single tube
must be taken from the single tube curves with the voltages obtained
from the composite curves.

From the composite curves, it is casily scen that the required load
resistance valuc for each tube is

By - ehin By

7’bﬂllx - 0 1b

Hence, for this case,

1050

Pper tube =0.550 = 1910 ohms.

R

On the per tube basis again, and from Fig. 8, we find e, = 4115
volts, and 7,,,, =80 milliamperes. Then,

0= = (E) 40y =45+115=160 volts
€08 Ogria =45/160=0.272
Ogria =74 degrees.

From Fig. 5, t.,,./T.=4.8. Therefore,
I.=80/4.8=16.7 milliamperes.
We have, then,

average driving power per tube=0.9%0.0167 X 160
=24 watts
average driving pOWer iwo tubes = 4.8 watts.

In order to understand the grid circuit requirements, it is advisable
to plot a curve of instantaneous 7. values. This édurve for the 203-A
analysis is shown in Fig. 13. On this curve are also shown the values of
plate output, power input, and plate dissipation averaged over a full
audio cycle and plotted against peak signal amplitude. It is essential
to note that the maximum plate dissipation occurs at a signal less than
the maximum.

VIII. ConcLusioN

In conclusion it is seen that the performance of vacuum tubes in
power amplifier service can be computed in a straightforward manner.
The requirements for linear modulation have been indicated and the
application of these requirements demonstrate why in grid modulation
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Thus, for analysis of the plate current pulse and the plate cireuit
performance, it is quite reasonable to treat x as 1.0 for the peak, direct-
current, and alternating-current values. For r to be unity is the same
as ascribing to the tube the quality of linear performance. That this
is reasonable is also borne out by the well-recognized experience that
class B audio-frequency amplifiers and class B linear power ampli-
fiers can be made to operate with a small degree of distortion. In class
B work, the cutoff angle (6) is constant and linearity is due to the effec-
tive first power exponent in the equation relating plate current and
cffective voltage.

0= 75
P OC AVERAGE = UNITY
SQUARED SINE PULSE

SINE PULSE

TYPICAL TUBE PULSES

L4
1

FUNDAMENTAL SQUARED
SINE PULSE

............ FUNDAMENTAL TUBE
' AND SINE PULSE

RELATIVE VALUES

-]+

-

1z0°

0=-75* e=75"

Fig. 4—Typical plate current pulses having the same direct-current values,

Analyses of various pulse shapes as a function of the cutoff angle
and degree of linearity of the pulse have been made frequently. Per-
haps the most recent and most complete for the immediate purpose of
class B and C computations are those made by F. E. Terman and J.
H. Fern,! and by F. E. Terman and W, C. Roake.? The former gives
the harmonic components as a function of angle of flow and is valu-
able for computations of harmonic operation. A solution which is also

I F. E. Terman and J. H. Ferns, “The calculation of class C amplifier and
harmonic generator performance of screen-grid and similar tubes,” Proc, I.R.E ,
vol. 22, pﬁ. 359-373; March, (1934).

tF, E. Terman and W, C. Roake, “Calculation and design of class C
amplifiers,” Proc. I.R.E,, vol. 24, pp. 620-632; April, (1936).
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Fig. 5—Principal components of simple pulses.
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applicable to class AB work, or to waves with flat tops such as might
be obtained with limited emission, has been given by Yuziro Kusu-
nose.? For convenience, the curves of the ratio of peak value to direct-
current component, peak value to alternating-current component, and
the ratio of alternating-current to direct-current component for a cut-
off sine wave and a squared cutoff sine wave (xr=2.0) are given in Fig.
5 as a function of §. For completeness, the basic formulas for the
analysis of these two pulses with all harmonic components are given
in the Appendix.

In case the exact graphical or mathematical analysis of these pulses
is desired in an individual case, the results may be applied in the same
manner in these computations as the results of this simplified analysis.
The final results will then be quite accurate because the assumption
of the sinusoidal variation of input and output radio-frequency voltage
is very reasonable. The analysis of the actual current pulses that would
be picked off step by step as indicated in Fig. 8 could be made by a
graphical Fourier analysis. A simple way of doing this has been out-
lined by I. E. Mouromtseff and H. N. Kozanowski.t

IV. OpriMmuM TuBE OPERATING CONDITIONS

Now that a full knowledge of the important components of the
<current pulses expected in a transmitting tube is at hand, it is neces-
sary to determine how such pulses are developed in a tube in order to
utilize fully the capabilities of the tube. Because the power in the out-
put resonant circuit is proportional to both the alternating voltage
developed across the impedance of this circuit and the alternating-
current component of current flow into this impedance, an individual
tube’s capabilities will be most fully developed when these alternating-
current factors are at their maximum values. This brings up the ques-
tion of the inherent limitations of a vacuum tube which will determine
the maximum values of the alternating-current components.

The principal limitations are the maximum voltage that can be
applied, the peak value of the current that can be drawn continuously
from the emitter, and the maximum power losses that can be permitted
within the tube consistent with the full life expectancy of the tube.
These values are established by the manufacturers whose experience
is incorporated in the ratings given the tube. Thus, a solution thdt is
consistent with the tube requirements and the normal operation as

! Yusiro Kusunose, “Calculations on vacuum tubes and the design of
triodes,” Bulletin No. 937 of the Researches of the Electrotechnical Laboratory,
Tokyo, Japan, September, (1928).

¢ I, E. Mouromtseff and H. N. Kozanowski, “Analysis of the operation of
H\gggx)m tubes as class C amplifiers,” Proc. I.R.E., vol. 23, pp. 752-778; July,
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expected in the hands of qualified persons is given in the maximum
rated values of direct plate voltage, direct plate current, direct-current
plate power input, plate dissipation, direct- current grid bias, and direct
grid current, as listed under the various classes of operation.

It will now be interesting to see what happens in a triode operating
as a class C amplifier with a fixed amount of input power (with both
E, and I, constant), as the plate load impedance is varied. Variation
of the load impedance means that the developed alternating plate
voltage will vary and that the grid circuit conditions must be ad-
justed to keep the direct plate current constant. Fig. 6 shows how the
power output increases to a maximum and the grid driving current
rises very rapidly in the neighborhood of the maximum output region.

INPUT POWER HELD CONSTANT

Ep = CONSTANT
I, = CONSTANT

WATTS OuTPuUT

f GRID CURRENT/,

PLATE LOAD IMPEDANCE

Fig. 6—Power amplifier performance with constant power input.

Thus, an optimum operating impedance is indicated. This optimum
operating impedance is the value which develops the maximum output
with the lowest grid current and, hence, the lowest driving power.

It is possible to calculate the optimum load impedance from the
desired voltage value and current value required in the plate circuit.
As explained previously, the maximum or peak value of the current
pulse occurs at the instant the grid is at its maximum positive value
(+ecmax) a8nd the plate voltage is at its minimum value (ésntn). This
point of maximum current on the static tube curves defines the upper
limit of the operating curve which is traced across the static curves
during a full radio-frequency cycle. It is point (4) in Fig. 8. From the
location of this point in terms of Zsmax, €omaxs 20d €3, the full opera-
tion of the tube may be forecast.

In the triode, the optimum operating impedance indicated in Fig.
6 corresponds to the impedance necessary to place the maximum
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current point 8t €cmax = €4min. In this region if ey, is allowed to fall
below ecmax, No further increase in peak plate current occurs although
the grid current rises very rapidly. This is then the point at which the
top of the plate current pulse begins to develop depressions or valleys
due to the very low valuc of the instantaneous plate voltage compared
to the other voltages in the tube. In a tetrode or pentode, this point
may be found by an inspection of the static plate 7, vs. ey curves in
the region of low plate vollage and positive grid voltage, and where
3 further increase in positive grid voltage does not raise the plate cur-
rent but only results in an increase of grid current.

Thus, a tube is fully utilized when the largest downswing of plate
voltage is developed and when this downswing does not result in a
scrious dip in the crest value of the plate current pulse. The location
of this maximum current point may frequently be varied in individual
cascs in view of the facl that a small change in plate circuit efficiency
results in large changes of grid driving power since the peaks of grid
current drawn vary so rapidly at this balance point.

V. Cuoice or TuBE MaxiMuMm CURRENT POINT
AND PraTeE CIRCUIT ANALYSIS

It is the location of the maximum current point on the tube char-
acteristics which is the key to the complete solution of any operating
problem. This point ecan be found dircetly from the desired or actual
operating conditions.

In the fizst place the power input to the tube is usually known for
any application in terms of the plate voltage and plate current. De-
pending on the type of operation, the operating angle (8) will be known
approximately. I'rom 6 the ratio of the peak value of the current pulse
to the direct-current component is established and may be found from
Fig. 5. This factor times the plate current (1)) fixes the desired peak
plate current. This peak plate current (fsm.x) is then located on the
static curves, and its position fixes the maximum value of the in-
stantaneous grid voltage. The minimum value of the instantaneous
plate voltage will also be determined with the choice of this point,

As has been stated for the triode, the location of this point is most
favorably fixed in the region where the instantaneous values of grid
and plate voltage are about equal, The exact location depends on the
amount of grid current one wishes to draw. For the tetrode or pentode,
this point is set at the lowest possible value of plate voltage before the
individual curves on the 7, vs. e, characteristics begin to knee over
rapidly. Again, the exact point varies slightly with the amount of
erid current desired. In a tetrode or pentode, the point lies roughly ir
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the region in which the minimum value of plate voltage approaches
the screen voltage or the positive suppressor voltage, respectively.

From the location of this peak value of plate current on the tube
curves, the swing of the plate voltage (Z,) from the dircet plate volt-
age is known. The swing of the positive grid voltage above the filament
potential is fixed. IFrom the expression for the cosine of the cutoff angle,
the plate voltage components, and the grid swing above filament, it
is possible to calculate the required grid bias. Thus,

E
-~ (1«:c +_—~">
m

cos 0

but,
E, = cox + (— E).

By rearrangement,

1 E, I
I, =——[(—cmn,+——> cos f — — }.
1 —cosé u I

It is now possible to calculate the alternating grid voltage (¥,)
as the sum of the absolute values of ¢, and the negative grid bias.
From the cutoff angle 0, the ratio of alternating fundamental cur-
rent (I,) to the direct current (7,) is known. Hence, I, is determined.
The power output, the power input, and the cfficiency may now be
computed as follows:
P wput, P.0. =2 e 1/21,E
ower output, O == M
P V3 3 Y
Power input, Pl = I,E,
1/21,E,
LK,

Thus, the maximum current point is determined and the plate
circuit analysis is complete.

Plate circuit efficiency =

VI. Axavrysts or Grip Circulr

As may be scen by reference to Fig, 2, the rapid rise of grid current
produced as the plate voltage swings down in the region of the grid
voltage gives the pulse of grid current quite a peaked form. The form
of the pulse, as well as its total magnitude, varies rapidly. Such peaked
pulses have been found to be fairly close to a squared sine wave form
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(exponent cqual to 2.0). Sce Fig. 7, where two sample grid current
waves are drawn alongside a squared sine wave of the same peak value
and angle of flow. Although this squared sinc wave is only an approxi-
mation of the exact wave, it is reasonable in view of the rapid varia-
tion of the direct grid current with slight changes of adjustments.
Hence, the approximation is of real value in estimating the values of
direct grid current from the known peak values.

In the complete solution, the total alternating grid voltage swing
is known and the direct grid current can be calculated from the peak
value reached at the known maximum current point and the ratio of
peak to direct current for the angle of grid current flow. The power
representied by these values is quite close to the product, E, I., where

. SQUARED SINE PULSE
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Fig. 7—Typical grid current pulses having the same peak values.

E, is the crest amplitude of the alternating voltage in the grid cireuit,
and I, is the direct grid current. This relation has been demonstrated
recently by H, P. Thomas,® though he shows that probably 0.9 E, I, ix
a closer approximation. As was pointed out by F. E. Terman,$ this
result follows logically from the fact that practically the whole grid
current flows while the alternating grid voltage is near its peak ampli-
tude (E,).

VII. TyricaL TuBe PERFORMANCE CALCULATIONS

To show the complete calculations for a typical transmitting tube,
let us take a type 203-A triode. For class C operation, the angle 6 is
usually in the neighborhood of 60 to 80 degrecs as a practical balance
between plate circuit efficiency, grid driving power, and reasonable
peak emission requirements of the filament or cathode.

¢ H. P, Thomas, “Determination of grid driving power in radio-frequency
powsr Ig."!lfhﬂers’ ” Proc. [.R.E., vol. 21,,Pp. 1134-1141; August, (1933).

Terman, “Radio Engineering,” p. 234, McGraw-11ill Book Company,
Inc,, (1932).
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1, Calculation of Radio-frequency Power Amplificr

(a). Class C Telegraphy.

In this service, the type 203-A tube has the following maximum
ratings:

Dircet plate voltage; £, = 1250 volts

Direct plate current, I,=175 milliamperes

Direct-current plate power input, I, 7.=220 watts

Direct grid current, I, =60 milliamperes

Plate dissipation =100 watts
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