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PREFACE
ELECTRON TUBES, Volume II, is the tenth volume in the RCA
Terhniral Book Scriei; and the second on the general subject of vacuum
tubes, thermionics and related subjects. ThiR volume contains material
written by RCA authorH and originally published during the years
1!)42-1948; the companion book, ELECTRON TUBES, Volume I, covers
the period 1935-1941.
The papt'l'H in this volume arc presented in four sections: general;
transmitting; receiving; and special. The appendices include an electron tube bibliogra])hy for the years 1942-1948 and, as an additional
source of reference, a liHt of Application Notes. The bibliography
lists all papers concerning tubeH even though they relate to specific
applications and are c·overed in other volumes of the Technical Book
Series on television, fal'Himilc, UHF, and frequency modulation. This
has been done to in~urc that all applicable material on tubes would be
available in this Yolume-at lca!it in reference form.

*

*

*

RCA Review i:ratefully acknowledges the courteHy of the Institute
of Radio Engineers ( Prnc. I.R.E'.), the American Institute of Physics
(Jow·. Appl. Phys., Jour. Opt.. Soc. AmP-r., and Phys. Rev.), the Franklin lm1titute (Jour. Frank. hist.), the Society of Motion Picture Engineers (Jour. Soc. Mot. Pir. B11g.), and Radio Magazines, Inc. (Audio
Bng.) in granting to RCA Review permission to republish material by
RCA authors which has appeared in their publications. The appreciation of RCA Review is also extended to all authors whose papers appear
herein.

*

*

*

As outstanding as were electron tube developments from their
invention until the start of the recent war, the progress in tube design
and application technique during and i.ince the war has been even
more remarkable, particularly in power and miniature tubes. Still
-vii-

newer work has already produced components which lend promise of.
replacing electron tubes for certain uses, but for the great majority
of applications, electron tubes will continue to serve as the framework
around which radio-electronic progress will be fashioned.
ELECTRON TUBES, Volume II, like its predecessor is being
pttblished, therefore, in the sincere hope that it will serve as a useful
reference text and source of basic information to advance radio and
electronics in all of its many facets.
The Ma.i1<1ger, RCA Review
RCA Laboratories,
Princeton, New Jersey
March 19, 1949
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ANALYSIS OF RECTIFIER OPERATION*t

BY
0. H. SCHADE
Tuhe D~partrnent, RCA Victor Division,
Harrison, N. J.

Summary-An analysis of rectifier operation in principal circuits is
made. The introduction of linear equivalent diode resistance values permits
a simpli/i<'d anrl accurate treatment of circuits containing high-vacuum
diodes a.nd series resistance. The evaluation of these equivalent resistance
,,alues and a discussion of emission characteristics of ozide-coated cathodes
precede the circuit analysis.
Generalized curve families for three p1·incipal condenser-input circuits
m·e given to permit the rapid solution of 1·ectifier problems in practical
circuits without inaccuracies due to idealizing assumptions.
The data preRcnted in this paper have been derived on the basis of a
sinusoidal voltage source. It is a.pprmmt that the graphic analysis may
be applied to circuits with nonsirmsoidal voltage sources or intermittent
pulse waves.
It is also permissible to consider only the wave section during conduction time and alter the remaining wave form at will. Complicated wave
shapes may thus be replaced in many cases by a substanUally sinusoidal
voltage of higher frequency and intermittent occurrence as indicated by
shape and d11.ration of the highest voltage peak.
The applications of these principles have often e:,;plained large discrepancies from expected results as being caused by series or diode resistance and excessive peak-current demands.
Practical experience o·i•m· many years has proved the cor,·ectness and
accuracy of the generalized chamcferistics of condenser-input cfrcuits.

R

INTRODUCTION

ECTIFIER circuiti::, especially of the condenser-input type, are
exten11ivl'ly trned in radio and television circuits to produce
unidirectional current and voltages. The design of power supplies, grid-current bias circuits, peak voltmeters, detectors and many
other circuits in practical equipment is often based on the assumption
that rectifier- and power-source resistance are zero, this assumption
resulting in serious errors. The rectifier element or diode, furthermore has certain peak-current and power ratings which should not be
exceeded. These values vary considerably with the series resistance
of the circuit.
General operating characteristics of practical rectifier circuits have
been evaluated and used by the writer for design purposes and informa-

t Reprinted

from Proc. I.R.E., July, 1943.
• Decimal Classification: R887 X R856.3.
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tion since early 1934, but circumstances have delayed publication.
Several papers 1-• have appeared in the meantime treating one or
another part of the subject on the assumption of zero series resistance.
Practical circuits have resistance and may even require insertion of
additional resistance to protect the diode and input condenser against
destructive currents. The equivnlent diode resistance and the emis:-dnn
from oxide-coated cathodes are, therefore, discussed preceding the
general circuit analysis. This analysis is illustrated on graphic constructions establishing a direct link with oscillograph observations nn
practical circuib11. A detailed mathematical discussion requires murh
8pace and is dispensed ,vith in favor of graphic solutions, supplemented
by generalized operating characteristics.

I.

PRINCIPLES OF RECTIFICATION

General
Rictificaiton is a proeess of synchronized switehing-. Tlw hasie
rectifier circuit consists of one synchronized 1-lwitch in seri<:'s "·ith a
single-phase source of single frequency and a rPsistanee load. '!'he
switch connection between load terminah; and source is elo,;ed when
source and load terminal,; have the same polarity, and is open d11ring
the time of opposite polarity. The load cunent eonsisb; of half-wave
pulses. This simple circuit is unsuitable for moRt practical purposes,
because it does not furnish a smooth load current.
The current may be smoothed by two methods: 1 a) hy incrPasing
the number of phases, and (h) by inserting reactive elements into the
circuit. The phase number is limited to two for radio reeeivern. The
circuit analysis which follows later on will treat single- and doublephase rectifier circuits with reactive circuit elements.
Switching in reactive circuits gives rise to "trnn,;ienb;." Curr<>nt
and voltage cannot, therefore, be computed according to steady-i-tate
methods.
The diode functions as a self-timing electronic switch. It doses
the circuit when the plate becomes positive with respect to the cathode
1 M. B. Stout, "Analysis of rectifier filter circuits," Elec, Eng. Trans.
A.I.E.E. (Elec. Eng., September, 1936), vol. 54, pp. 977-984; September

1935.

'

1

N. H. Roberts, "The diode as half-wave, full-wave and voltage-

doubling rectifier," Wireless Eng., vol. 13, pp. 351-362; July, 1936; and
pp. 423-470; August, 1936.
~ J. C. Frommer, "The determination of operating- data and allowable
ratings of vacuum-tube rectifiers," Proc. I.R.E., vol. 29, pp. 481-485; September, Hl41.
4 D. L. Waidelich, "The full-wave voltage-doubling rectifier circuit,"
Proc. I. R. E., vol. 29, pp. 554-568; October, 1941.
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and opens the circuit at the instant when the plate current becomes zero.
The diode has an internal resistance which is a function of current.
When analyzing rectifier circuits, it is convenient to treat the internal
resistance of the diode rectifier as an element, separated from the
''switch action" of the diode. Fig. 1 illustrates the three circuit elements so obtained and their respective voltage-current characteristics
(Rec Section II). The diode characteristic is the sum of these charm·teristics. The resistance r,1 is effective only when the switch is
closed, i.e., during the conduction period of the diode. The effective
diode resistance must, therefore, be measured or evaluated within
i:onduction-time limib1. Consider a 1-1witch in 11erie1-1 with a fixed resistance and any number of other circuit element1-1 connected to a battery
of fixed voltage. The direct current and root-mean-Rquarc current
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Fig. 1-Characterislici,; and equivalent circuit for high-vacuum diodes.

Fig. 2 - Graphic evaluation of
equivalent diode resistance values.

which flow in this circuit will depend on the time intervals durin~
which the switch ii,; clm;;ed and open: the resistance value is not obtainable from these currmt values and the battery voltage. The correct
value is obtained only when the current and voltage drop in the resi11tance are measured during the time angle cf, (Fig. 2) when the
switch is closed.
The method of analysis of rectifier circuits to be discussed in thit,;
paper is based on the principle that the nonlinear effective resistance
of the diode may be replaced analytically by an equivalent fixed resistance which will give a diode current equal to that obtained with
the actual nonlinear diode resistance. The correct value to be used
for the equivalent fixed resistance depends upon whether we are
analyzing for peak diode current, average diode current, or root-meansquare diode current.
At the outset of an analysis amplitude and wave shape of the diode
current are not known and the diode resistance must, therefore, be
determined by successive approximations.

4
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wCRL(C IN fARAOS,AL, IN OHMS)

Fig. 3-Relation of applied alternating peak voltage to direct output voltage
in half-wave, condenser-input circuits.

The complexity of repeated calculations, especially on condenserinput circuits, requires that the operating characteristics of the circuit
be plotted generally as functions of the circuit constants including
series resistance in the diode circuit as a parameter.
Data for these plots (such as FigH. 3 to 7) arc to l,c obtained by
general analysis of circuits with linear resistances.

ANALYSIS OF RECTIFIER OPERATION

5

The solution of a practical condenser-input-circuit problem requires
the use of three different equivalent linear circuits and diode resistance
values.
The resistance values are obtainable from the peak current alone
because wave shape can be eliminated as a factor by means of a
general relation given by (6). The practical analysis of condenser
input circuits thus simplified, is carried out as follows:

IO

wC.RL lC IN rArtAOS,AL IN OHMS)

...

,

Fig. 4-Relation of applied alternating peak voltage to direct output voltage

in full-wave, condenser-input circuits.

The average diode current is estimated roughly and the diode peak
current is assumed to be four times the average value. The diode
characteristic ( Fig. 8) furnishes an initial peak-resistance value and
(6) furnishes the other diode resistance values (11ce R, values in Fig.
9). Direct output voltage and average current are now obtained with
the equivalent average value R, from the respective plot (Figs. 3 to 5)
as a first approximation. Another chiu·t ( Fig. 6) furnishes the peak-

6
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Fig. 6-Relation of applied alternating peak voltage to direct output voltage
in condenser-input, voltage-doubling circuits.

to-average-diode-current ratio with the peak value k, and thus the
peak current and diode peak resistance in close approximation.
A second approximation gives usually good agreement between
initial and obtained resistance values, which are then used to obtain
other operating data.
A theoretical treatment of the method just described will be
omitted in favor of an analysis of operating characteristics of the
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rectifier tube itself. The user of tubes may welcome information on
the subject of peak emission which is of vital· importance in the rating
and trouble-free operation of any tube with an oxide-coated cathode.
II.

ANODE AND CATHODE CHARAC'rF.RISTICS OF RECTU-'IER TUBES

Anode Characteristics
l. Definiti<ms of Resistance Values
The instantaneous 1·esistance (rd) of a diode is the ratio of the
instantaneous plate voltage ed to the instantaneous plate current iP

.....
)if
t ,.

.••
,!t(~

; i

Fig. r>--Relation of peak, average, and root-menn-flquare diode current in
condenser-input circuits.

at any point on the characteristic measured from the operating point
( ::1ee Fig. 1). It is expressed by

e,.

"•=--.
~

(1)

The operating point (0) of a diode is a fixed point on the characteristic, marked by beginning and end of the conduction time. It is,
therefore, the cutoff point l,1, = 0 and E,1, = 0, as shown in Fig. 1.
The operating point is independent of the wave form and of the conduction time q, (see Fig. 2).
0
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The peak resistance 5 ( fJ) is a specific value of the instantaneous
resistance and is defined as

etJ

fd

= - (see Fig. 2).

(2)

if)
Peak voltage
ating point O.

ed

and peak current

iv

Fig. 7-Root-mean-square ripple voltage

are measured from the oper-

or conden;ser-input circuits.

7'he equivalent average resistance (r") is defined on the basis of
circuit performance as a resistance value determining the magnitude
of the average current in the circuit. The value i\1 is, therefore, the
ratio of the average voltage drop er1(¢l in the diode during conduction
time to the average current iP(</>J during conduction. time, or
-

i,t(d,)

rr1:c-=--.
i,,(,f>)
5

For system of symbols, see Appendix.

(3)
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The curved diode characteristic is thus replaced by an equivalent
linear characteristic having the slope r,, and intersecting the average
point A, as shown in Fig. 2. The co-ordinates iJd(rPJ and i 11 !r/.ll of the
average point depend on the Ahape of voltage and current within the
time angle cf>. The analysis of rectifier circuits shows that the shape
of the current pulse in actual circuits varies considerably between
different circuit types.
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DIODE VOLTS 14

-= Eo • Ip

.I<'ig. 8--Average anode cha1·acteristics of some TICA rectifier tubes.

The equivalent root-mean-squa1·e resistance ( irdl) is defined as
the resistance in which the power loss P.,, is equal to the plate dissipation of the diode when the same value of root-mean-square current
lldl flows in the resistance as in the diode circuit. It is expressed by

pd

I rd I=---.
I

Ia

12
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HALF-WAVE CIRCUIT

f"ULL-WAVE CIRCUIT

\
CONTACT
I
POTENTIAL'- 1

h,1
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...-..
1.,

?

:
I

APPLIED PEAK

~Eol-~~

VOLTAGE-DOUBLING CIRCUIT

I

.......

f-ed~
DIODE: PEAK VOLTAGE

,,...
~ =.asr,i= .93slrdl = ~

VOLTAGE:

I

Rs= EXTERNAL RESISTANCE

Ip

~ = R5 + ;:";;:

Rs= Rs+

rc1.

(Rsl =Rs+

lrd(

~ " PEAK DIODE RESISTANCE

rd• EQUIVALENT AV£. DIODE RESISTANCE
lrdl"EQUIVALtNT RM s DIODE RESISTANCE

*use i½,Rs,OR IRsl AS REQUIRED

Fig. !I-Equivalent circuits arnl resistance values for conclenscr-input
rectifier circuits.

z.

Measurement of J,,'quivalent Diode Rcsi.~tances

The equivalent resistance values of diodes can he measured by
direct substitution under actual operating conditiom,. The circuit
arrangement is shown in Fig. 10. Because the diode under test must
be replaced as a whole by an adjustable resistance of known value, a
second switch (a mercury-vapor diode identified in the figure as the
ideal diode) with negligible resistance must be inserted in order to
preserve the switch-action in the circuit.
When a measurement is being made, the resistor R 11 is varied until
the particular voltage or current under observation remains unchanged
for both positions of the switch S. We observe ( 1) that it is impossible
to find one single value of Ra which will duplicate conditions of the
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aetual tube circuit, i.e., give the same values of peak, average, and
root-mean-square current in the circuit; (2) that the ratio of these
three "equivalent" resistance values of the diode varies for different
combinatiorn, of circuit elements; and ( a) that the resistance values
are functions of the current amplitude and wave shape.
3. Wave Forms a11d 1','quira./ent Resistance Rat,io.~ for Pmctical Circuit,
Calculations
The form of the current pulse in practical re!'tilier circuits is determined by the power factor of the load l'ircuit and the phase number.
Praetical circuib, may be diYi<led into two main groups: (a) circuits
with choke-input filt"r; and (b) circuits with l'llndenser-input filter.

The diode current pulse in
choke-input circuits has a rectangular form on which is superimpm;ed
one cycle of the lowest ripple frequency. In mo,;t practical circuits,
this fluctuation is small as com~ ~r
pared with the average amplitude
of the wave and may be neglected
when determining the equivalent
LOAD
diode resistances. It is apparent
Fig. 10 - Circuit for m!'asuring
then that the equivalent diode re- equivalent diode rC>sistanee values.
sifltance values are all equal and
independent of the type of diode charaderi:-tics for :-qLtare-wave form~.
Hence, for choke-input circuits, we have

(5)
The diode current pulse in coudenser-input circ11ils is the summation of a sine-wave section and a current having an exponential del'ay.
It varies from a triangular form for cf, < 20 degrees to a full half
cycle (cf,= 180 degrees) as the othPr extreme. In Table I are given
the ratios of voltages, currents, and resistance values during conduction time for two principal types of rectifier characteristics: the 3/2power-law characteristic of high-vacuum diodes, and the idealized
rectangular characteristic of hot-cathode, mercury-vapor diodes. In
this table, the designation JiPJ c,/>J represents the root-mean-square value
of the current during the conduction time.

It follows that the relation
Pd= 0.88 r,1 = 0.93 J rd

I

(6)
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Tobie I

3/2-Power
Rectifier
Characteristic

Conduction
Wave
Time
Angle Shape

Rectangular
Characteristic

------------<----·---Ir.ii- -e.,.,
r" Ir.ii
--~------6•<•>
- - -r,t- · -

fJ

r,,

e,i

r"

f"

Condenser-Input Circuits
01'grees
-: 20
!JO and
180
1:30

-A-

0.500

o.r,11

0.59:l

1.185

1.120

1.0

2.00

J\.-f\;
, V

0.637

0.707

0.715

1.120

1.057

1.0

1.57 1.272

J\..
; I

0.725

0.780

0.787

1.085

1.030

1.0

1.38 1.190

u;oo

Choke-Input Circuits
180

I 1.0 I 1.0 I 1.0 I 1.0 I 1.0 I I
1.0

1.0

11.0

is representative for the group of condenser-input circuits containing
high-vacuum diodes, and holds within ± 5 per cent over the entire
range of variation in wave shape. The actual error in circuit calculations is smaller as the diode resiiaitance is only part of the total series
resistance in the circuit.
CATHODE CHARACTERISTICS

Prak-E111i,qsion and Salurntion of Oxide-Coaled Cathode~

The normal operating range of diodes (including iniaitantaneous
peak values) is below the saturation potential because the plate dissipation rises rapidly to dangerous values if this potential is exceeded.
Saturation is definitely recognized in diodes with tungsten or thoriatedtungsten cathodes as it doeR not depend on the time of measurement,
provided the plate dis11ipation is not. excessive. The characteristics of
such diodes are single-valued even in the saturated range, i.e., the
range in which the same value of current is obtained at a given voltage
whether the voltage has been increased or decreased to the particular
value.
Diodes with oxide-coated cathodes may have double-valued characteristics because of the coating characteristic. The cathode coating
has resistance and capncitance, both of which are a function of temperature, current, and the degree of "activation."
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A highly emitting monatomic layer of barium on oxygen is formed
on the surface of the coating, which, when heated, supplies the electron
cloud forming the space charge above the coating surface (see Fig. 11).
The emission from this surface may have values as high as 100 amperes
per square centimeter. The flow of such enormous currents is, however, dependent on the internal-coating impedance, and is possible only
under certain conditions. Special apparatus is required to permit
observation of high current values which, to prevent harm to the tube,
can be maintained only over very l!hort time intervals determined by
the thermal capacity of the plate and coating. For example, an in11tantaneous power of 15 kilowatts must be dissipated in the closespaced diode type 83-v at a current of 25 amperes from its cathode
surface of only 1 square centimeter.
Equipment for such observations was buiJt in June, 1937, by the
author after data obtained in 1935 on a low-powered curve tracer 0
indicated the need for equipment having a power source of very low
intt>rnal impedance for measurements on even relatively small diodes.

~'ig. ll-Rep1·esentation of cathode
coating.

Fig. 12-Peak emission test ch-cuit.

1. Mea.su-rement of Dfode Characteri.<1tics and Peak b'rnission

The circuit principle is shown in Fig. 12. The secondary voltage
of a 2-kilovolt-ampere transformer T,,. is adjustable from zero to
2 kilovolts by means of an autotransformer TA. Transformer and line
reactances are eliminated for i;hort-time surge currents by a large condenser load (C = 20 to 80 micro farads). The large reactive current is
"tuned out" by a choke L of considerable size. The voltage is applied
through a large mercury diode and a synchi:onous contact arrangement
m to the tube under test in series with a resistance box R. and a condenser input load C1, and R 1,. This load permits adjustment of the
peak-to-average current ratio. Variation of RL changes the average
current. Variation of CL and phasing of the synchronous contact m
with respect to the 60-cycle line voltage permit regulation, within wide
limits, of the rate of change and duration of the current pulses.
The dynamic voltage-current characteristic of the tube under test
a Demonstrated, Rochester Fall Meeting, Rochester, N. Y., November
18, 1935.
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is observed on a cuthode-ray oscillograph connected in the conventional
manner. Calibration deflections are inserted (not shown) by other
synchronous contacts to provide accurate and simultaneously visible
substitution co-ordinates which may be moved to any point in the
characteristic.
The motor-driven synch1·onous contactor clm1cs the circuit at a
desired instant of the line-voltage cycle. The circuit may then be
maintained closed for approximately 30 cycles to allow decay of the
starting transient (see Fig. 13). It is then opened for approximately

"'..,..,a:
Q.
~

<
I

TIME-

r;er

i
s
1a m R

2e ~

L~

eMAX.: 495 VOLTS

R

L

w: 377
8 : 17,9"

is MAX.= .922 AMPERE
Rs

C =16 JJf'
RL=25000HMS
Rs: 500 OHMS

2

Fig. 13-Starting conditions in a full-wave, condenser-input circuit with
large serim1 resistance.

70 cycles to allow time for the discharge of condenser C 1,. This cycle
repeats continuously. The· diode DB In series with the tube under test
protects it against damage in case it breaks down or arcs, because the
diode talces up the inverse voltage if a given small reversed current
determined by R 1 is exceeded. This condition is indicated by a small
glow tube in shunt with DB.
!. Coating Characteristics

A theory of electron movement and conditions in oxide coatings
hwi been formulated after careful analysis of saturation characteristics
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observed on the curve tracer. As saturated coatings produce closed
reactive loops in the characteristic, it is found necessary to assume the
existence of a capacitance in the diode itself. Because of its large value
(see Fig. 14(c)), this capacitance requires a dielectric thickness approaching crystal spacing and, hence, must be located inside the coating. It is beyond the scope of this paper to report the many investigations which led to this particular conception.
The oxide coating is an insulator at room temperature. At increased temperntures, it becomes conductive (normal operating temperatures arc between 1000 and 1100 degrees Kelvin). Electronic
t:onduction may be thought of as
;
··~
·······
· ....
.l
occurring by relay movement of
electrons under the influence of
'
ta,
-\1~~:-i::o; ·--1 iTo ',[(., lelectrostatic potentials in the coat~
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ing, which is a layer containing insulating oxide crystals (shaded
areas in Fig. 11) interpo:,;ed with
metal atoms and ions (circles).
(bl
These have been produced during
the activation and aging processes
by high ctahode temperature and
electrolysis. The required potential
gradients can be prnduced by rather
•oo
small potentials because of the mi- -i.T 400
nute distances in the structure; the "!' 200
::,o
potential drop throughout the coating, therefore, is low under normal
conditions.
Fig. 14-Doublc-valued charactcrof actual and artificial dio<les
The conduction is high, when i~tics
ia:howing coating saturation.
a sufficient number of relay paths
not broken by oxides have been formed and when electron movement
is facilitated by the loosening of the atomic structure which takes
place at increased temperatures.
A•C VOL U.GI
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O
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The coating is not necessarily a homogeneous conductor as it may
consist of many sections operating in parallel but having different conductance values with individual temperature parameters. At increased
plate potentials, poorly conducting sections tend to saturate, the section potential becoming mo1·e positive towards the surface. Negativegrid action of neighboring sections with higher conductivity may tend
to limit emission from the surface over the poor section but the
increased positive gradient towards the saturating section causes it to
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draw electrons from the surrounding coating towards its surface.
Further increase in current demand may then saturate the better conducting paths and may even fuse them, thus forcing current through
poorer sections. Forced electron flow results in local power dissipation
and temperature increases and may cause ionization and electrolysis
accompanied by liberation of gas (oxygen) and formation of barium
metal; i.e., it causes an accelerated activation process.
These conditions in the diode coating, therefore, should furnish a
voltage-current characteristic of purely ohmic character as long as
activation-gas liberation is substantially absent. Characteristics of
I
40
I
r.,,~o
this type are single valued. Single- .,.
valued characteri.'ltics i n d i c a t e, u~ 30
"'u2
::,.
however, unsaturated ohmic coating J
:! 20
:I
conductance and limiting surface .J.J
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Fig. 16-Characteristics and equivalent circuit for hot-cathode, mercury-vapor diodes.

emission when moderate-current densities arc involved as will be apparent from the following discussion. As cathode and coating temperatures are relatively slowly varying parameters, characteristics
such as shown in Fig. 15 are observed on the cathode-ray curve tracer.
The characteristic of diodes containing larger amounts of gas exhibits
a discontinuity or "gas loop" (compare Fig. 16 (b)) which is recognized by the fact that corresponding current values after ionization
require less diode potential than before "breakdown." The characteristic, hence, is steeper than normal.
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9. Transient Emission
Let us now consider the action of insulating oxides in the coating.
They block many possible electron paths to sections of the surface layer
which, therefore, cannot emit steady electron currents. However, electrons can be moved to the oxide surfaces and a displacement current
can flow in these coating sections allowing transient-emission currents
to be drawn from the corresponding surface sections.
The displacement current in the coating and the corresponding
transient surface emission represent a certain fraction of the total
diode current, which may permit a total emission current of short
duration much in excess of the possible steady-state conduction current. The "transient-emission" current depends on the effective capacitance value of the blocking oxides, their series and shunt conductance
in the coating, the emission and area of corresponding surface element.s

rp

PLATE
-VACUUM

f<

C

rp

-suRF'ACT

PLA'TE
-VACUUM
-suRF'ACE

}="NO

)=T,NO

BASE

METAL
K

K

J<'ig. 17 - Circuit network repre- l<'ig. 18-Same as Fig. 17 with resenting the coating impedance in sistances replaced by sp<>eial diodes.
high-vacuum diodes.
to the plate as well as on the external plate-circuit impedance, and the
wave form of the applied plate voltage.
I<~or the purpose of analysis, therefore, we may draw representative
networks such as shown in Figs. 17 or 18 and show the temperaturecontrolled coating conductances r, as a network of "close-spaced diodes"
which may conduct in two directions, each one having a single-valued
characteristic which may be unsaturated or saturated depending on
the assumed conditions in the coating; the conductance values of these
"diodes" depend on the number of parallel or series paths they
represent.
The diode contains, therefore, in its coating, a type of condenserinput load circuit·, which is analyzed later on in this paper; its action
explains double-valued voltage-current characteristics obtainable from
the diode alone.
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Consider a high plate voltage suddenly applied by means of a switch
to a diode as in the circuit of Fig. 19. If the coating is not limiting,
the current obtained is that at a point P on the corresponding diode
characteristic. Hence, the current wave form in the circuit is as shown
in Fig. 19 (a). If the surface emission is assumed to be unchanged,
but the l'oating conductance is limited, due to an insufficient number of
"coating diodes" and too many nonconducting oxide groups, the wave
form of Fig. 19 (b) is obtained. At the instant when the switch is
closed the current value i is demanded by B-',1 from the surface layer;
the conduction current in the coating is limited to the value /,. by
saturation of the "coating diodes." Because of the oxide capacitance,
a displacement current can flow and charge up the oxides, but their
charge may be limittJd by hypothetical series t!iodes.
The coating resistance is extremely low 7 below saturation, but becomes infinite when the conduction current is saturated; the charging
current must then flow in the plate circuit (external) of the diode.
The total plate current is, therefot·e,
the sum of the conduction current
/,. and a "transient-emission" current. The "coating transient" de1
Co\..~
cays to zern the same as normal
ti-am,ients at a rate depending on
Fig. 19--Circuit for observation of
the actual shunt-conductance value
peak emission transients.
and the total series resistance in
the circuit (Fig. 19 (b)). The decay can be changed by adding (•xternal
resistance in the plate circuit. When the surface emission is good, i.e.,
as long as the total vacuum-space plate current is space-charge-limited,
the current will rise initially to the value (point P) determined by the
applied potential, but will then decay to the saturation value determined by the coating conductance.
The condition of oxide-coated cathodes can, therefore, not be judged
alone by their capability of furnishing high peak currents, but the
time of current flow and the current wave form must also be carefully
considered, because the diode characteristic may not be single-valued.
Fig. 14 shows characteristics which are not 1:1ingle-valued. It should
be noted that the characteristic loops are formed in the opposite sense
as gas loops. Their extent depends on the time interval involved and
the current value exceeding the unsaturated conductance current. An
artificially produced characteristic of this type is ·also shown in Fig.
14 (c). The loop size can be varied by adjusting the cathode temperature
of the shunting diode. Both diodes had single-valued characteristics.

r~----t-•-n:·f'
e····
Ld!• l_.'7.1
Tl~[-

Id)

(I))

7 Its magnitude depends on the number of series diodes and, hence on
the barium eonten'; and thickness of the coating.
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Current Overload and Sputter

The degree of activation is not stable during the life of the cathode.
Coating conductance and surface emission change. Factors affecting
the change ani the coating 1mh.stances, the evaporation rate of barium
which dependR on the base material, and the operating conditions to
which the cathode is subjected. This life hiRtory of the cathode is the
basis on which current ratings are eRtablisherl. Rectifier tubes especially are subject to severe operating conditions. If a diode is operated
with too high a current in a rectifier circuit and its surface emission
is decreased to the saturation value, then the tube-voltage drop will
increase rapidly and cause excessive plate dissipation and destruction
of the tube. Should the coating conrluctance in this diode decrease to
a value which limits the demanded current, power is dissipated in the
now-saturated coating with the result that the coating-voltage drop
and coating temperature are raised. The votage and temperature rise
in the coating may cause reactivation but also may become cumulative
and melt the coating material. We may consider that good conducting
paths are fused or that a dielectric breakdown of oxide capacitance
occurs; in any event vapor or gas discharges result from saturated
coatings. In most cases breakdown occurs during one of the following
inverse voltage cycles as observed on the curve tracer. A saturation
loop is first formed as shown in Fig. 14 and a certain time must be
allowed for diffusion of the gas into the vacuum space. Fusion of coating material may also occur during the conduction pel"iod. These breakdowns are known as "sputter," and in usual circuits destroy the cathode.
A second type of sputter is caused by the intense electrostatic field
to which projecting "high spoti,;" on the plate or cathode are subjected.
The resulting current concentration causes these spots to vaporize with
the result than an arc may be started. Hundreds of scintillating small
spots can be observed at first at very high applied surge potential!'!,
but may be cleared after a relatively short time.
Transient peak currents of 25 amperes per square centimeter have
been observed from well-activated oxide-coated cathodes. 'l'he stablt>
peak emission over an extended period is usually less than une-thil'u
of this value.

5. Hot-Cathode Me1·cury-Va.por Diode.,
The breakdown voltage E, of mercury vapor for cumulative ionization is a function of the gas pressure and temperature. It is approximately 10 volts in the RCA-83 and similar tubes. A small electron
current begins to flow at E P = 0 (see Fig. 16), and causes ionization
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of the mercury vapor. This action decreases the variational diode resistance rt> to a very low value. The ionization becomes cumulative at
a certain current value (1·P = O at 40 milliamperes in Fig. 16 (a)), and
causes a discontinuity in the characteristic. Hence, it is not singlevalued within a certain voltage range. Beyond this range (see Fig.
16 (b)), the slope (rp) of the characteristic becomes again positive
until saturation of the emitter is reached.
For circuit analysis, the mercury-vapor diode may be replaced by
a bucking battery having the voltage E'. and a fixed resistance as shown
in Fig. 16 (c) ; or the diode characteristic may be replaced by an ideal
rectangular characteristic and its equivalent resistance values and the
series resistance r "" as shown.
The first representation is adequate for mrn,t practical calculations.
The value r ds is in the order of 4 ohms for small rectifier tubes. The
low series resistance and the small constant-voltage drop b\ are distinct
advantages for choke-input filters, as they cause very good regulation;
the low resistance, however, will give rise to enormously high starting
transients in condenser-input circuits, in case all other series resistances are also small. The destruction of the coating in mercuryvapor diodes is caused by concentration of current to small sections of
the coating surface and not by heat dhu,:;ipation in the coating. Mercury-vapor diodes as well as high-perveance (close-spaced), highvacuum diodes having oxide cathodes should, therefore, be protected
against transient-current overloads when they are started in lowresistance circuits to prevent destruction of the cathode l'.Oating.
6. Protecti'Ve Resistance Values
Very high instantaneous peak currents may occur in noninductive
condenser-input circuits when the circuit is opened long enough to discharge the condenser, but reclosed before the cathode temperature of
the diode has decreased substantially. The maximum peak current
lmax occurs when closing the circuit at peak line voltage. At the instant of switching, C is a short circuit and the current fmax is limited
only by the series resistance (including diode) of the circuit,

~.

emax

fwax=--.
For a given maximum diode current 1dmax and the corresponding diode
peak voltage ~amuu the minimum effective series resistance R. in the
circuit must hence be
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e'max-edmax

Ra=----This limiting resistance must. be inserted in series with low-impedance
sources (power line in transformerless sets). Commercial power transformers for radio receivers have often sufficient resistance besides
some leakage reactance to limit starting currents to safe values.

III.

CIRCUIT ANALYSIS

Genr.ral

The rectifier diode is a switch operated in synchronism with the
applied alternating-current frequency. Switching in reactive circuits
causes transients. The total current in the circuit may be regarded
as the sum of all steady-state currents and transient currents within
the time between two switching operations. Steady-Rtate voltages (e,)
and currents (i.) in the particular circuit before and after switching
are determined without difficulty. It is very helpful to draw them
approximately to scale and with proper phase relation.
The switching time of the diode is then located on the graph. Currents change at switching time t 0 from i 1 to i 2 i 8 c2 i + it and voltages
from e 1 to e~ = e, 1~ 1 -1- e 1• The transients i 1 or e 1 are zero, when the
current change does not occur in an inductive circuit or when a voltage
change is not required on a capacitance at the time of switching. A
sudden change ::..i 1, or 11c, demanded at t 0 causes transients. They
initially cancel the change t:,.i 1, or Ile, because an inductance offers
infinite impedance to an instantaneous change in total current and a
capacitance offers zero impedance to an instantaneous voltage change.
The initial transient values are, therefore,

=

it<o> in L

=-

lli 1,

and

The transients decay exponentially from their initial value.
According to the decay time of the transients, fundamental rectifier
circuits may be classified into two principal groups: (1) circuits with
repeating transients in which the energy stored in reactive elements
decreases to zero between conduction periods of the diode; and (2)
circuits with chain transients in which (a) the magnetic energy
stored in the inductance of the circuit remains above zero value, and
(b) the electric energy stored in the capacitance of the circuit remains
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above zero value. The much used "choke-input" and "condenser-input"
circuits fall under the second group.
We shall analyze the operation in important circuits, i.e., the full•
wave choke-input circuit and condenser-input circuits.

1. The Full-Wave Choke-Input Circuit
a) Operation of circuits with L and R, in the common branch circuit
Circuit and operation are shown in Fig. 20. The analysis is made
by considering first one of the diodes short-circuited to obtain the phase
CIRCUIT
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Fig. 20-Starting and operating conditions of an aperiodic full-wav<', chokeinput rectifier circuit.

i;,

relation of the alternating voltage e, and the steady-state current
as shown. If we assume that the diode D 1 closes the circuit J at the
time e = 0, a transient i 1 with the initial value i 1 co, =- i.co> will flow
in the circuit. The total current i is the sum of the currents i.i + i,.
It starts, therefore, at zero and rises as shown until the second switching operation occurs at the commutation time t =.,, when the second
diode D 2 receives a positive plate voltage. The total current i in circuit II after t =.,, is again the sum of currents i.2 + i, (i,2 has reversed polarity with respect to i,1 and is not shown in Fig. 20) but
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the initial value it(Ol of the second transient is increased by the value
i('.rrl now flowing in the common circuit inductance L.
The current i,<o> increases, therefore, at every new switching time
until the decay of the tram1ient i,<n>• during the time t 7T, is numerically equal to the steady-state current rise 2is<Ol• For the final operating current at the nth commutation time (see right side of Fig. 20)

=

(i(,,,rJ· ·is(O))

i(n,r)

= i•(O) -

(1-£~ll•/2/<'1,) =---2i,(OI

(2ix(OI '1-

C R•/2FT,).

(7)

A broken line iR shown connecting all commutation-current valueR.
This line represents closely the
average current l in the common
circuit branch. The final average
current 1 in the load resistance R.
is given by (7), when the transient
decay it(nl during the time 7T ( Fig,
20) can be regarded as linear (low
steady-state power factor of circuit). The average plate current
per diode is IP= 0.51, since each
diode conducts alternately, and
passes a current pull-le Rhown by
the shaded area in Fig-. 20. With Fig. 21-0scillograms taken with
circuit of Fig. 20.
the numerical values of the circuit
Fig. 20 substituted in ( 7) we obtain
i 1.,,, 1

.::..:.

I= 0.298 ampere.

The oscillogram in Fig. 21 wm1 taken on circuit Fig. 20.
b) The full-wave choke input circuit with capacitance-shunted resistance load
For large capacitance values the by-passed load resistance RL of
practical circuits is equivalent to a battery having a voltage :En= lRL,
where 1 is the average load current or battery-charging current. The
circuit operation (see Fig. 22) is described by obtaining 1 as a function of £n, The final commutation current i<nir> which is closely the
average current 1 is given by
(7b)
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and similar to (7) except for an increase of the transient term due
to the battery current 10 EBIR••
Equation (7b) is valid only over a range of load or battery voltage
(£B) in which switching time and conduction period of the diodes
are constant (cf,= 1r). This range is shown by the solid part of curve
F in Fig. 22 and ends at a particular current and voltage of the circuit characteristic marked the "critical point."
The critical point is the operating condition at which the instantaneous current i in the common branch circuit has zero value at
one instant. An analysis shows that in the range E 8 = Bmax to IJ 0 En'
each diode circuit operates independently as a half-wave rectifier circuit (battery-charger operation, curve H in Fig. 22). Current commutation begins at E 9 '; the diode circuits begin to interact, but the
conduction angle is still cf, < 1r.

=

=

BEGINNING or CURRENT
COMMUTATION -

CRITICAL POINT
BEGINNING or
CHAIN CURRENTS-

1£

roTAL VOLTAGE

-----

F"
'-t'._...,.....21 OF" HALF"-WAVE
'OPERATION
RANGE WITHOUT
'-,
COMMUTATION
"-

20

0

40
10
AVERAGE CURRENT

w= 377
Rs= 110 OHMS
L : 14 ':> H[NRIES

-----315V

\

200

i! =49!', SIN o,t

=Ea+ IX Rs

eo

f - MA.

9 = ee.,•

f"ULL WAVE
(CHAIN-CURRENT
F"ORMULA)

100

Fig. 22-0perating characteristic of a full-wave, choke-input 1·cctifier circuit with battery load Ea or resistance load R,. Enli shunted by a large
capacitance.

=

=

=

The conduction angle increases from cf, 0 at E 11 em.,. to cf, = 1r
at the critical point E 1,'' which marks the beginning of chain current
operation.
The critical operating condition is obtained by solving for i = O
with cf, 1r or by equating the direct current to the negative peak
value of the total alternating current in L. The critical point is hence
specified by a certain current or by a certain ratio K of direct-current
resistance to alternating-current impedance in the circuit. With reference to the equivalent circuit treated in the following section, a relation to the fundamental alternating-current component of the rectified
current (see (10)), i.e., to the impedance Z< 2 F>• at double line frequency is more useful. We set, therefore,

=
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(R. +RL)

K

(8)

Z12Fi

and determine significant values of K for particular circuit impedance
conditions.
If we neglect harmonics higher than 2P, which contribute little
to the peak value because of phase ~hift and increasing attenuation
in L, the peak ripple current ( equation ( 10) ) becomes

and setting it equal to the average current
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Fig. S':3-Graphic solution for the
critical load condition with negligible series resistance.

CRITICAL LOAD-CONDITION or CIRCUIT
AS SHOWN ABOVE WITH THE roLLOWING
VALUES:
495 SIN 377\
Rs =3770 OHMS
L = IOHENRIES,wL = 3770 OHMS

e:

S=45"

F'ig. 24-Same as Fig. 23 but with
large series resistance.

we obtain K = 1.5 for the ratio as shown in (8).
The exact solution for the critical current can be obtained from
a graphic analysis by simple reasoning for the case R 8 = 0. The general solution will only be indicated. It is obtained by drawing the
complementary curve (1- i 1 ) of the total transient beginning at the
time e = O (see Figs. 23 and 24) and shifting it upward until it
touches the current i 8 , thus solving for i = 0 at the point of contact.
Note that i 1n..-J is the same at t 0 and 7T in both cases shown.
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=

For R, 0, the transient section becomes a straight line having
the slope 2/11' and running parallel to the peak-to-peak connecting line
of i,. The sine-wave slope 2 .1-rr = -- cos x gives the point of contact
at X
50.4 degrees ( Fig. 23), and the peak ripple current is obtained
from

=

•

--

tm1n-t,mnx

• r:::
( s1no0.4
0

50.4 )

90

-0.2lh,mn
-

'

-

eUUlX

= 0.211 - -----.
wL

Equating this value to the average current given by ( 10), we obtain
the value K
1/0.211 = 1.51 for circuits with R. = 0. The graphic
analysis of circuits with larger resistance (see Fig. 24) furnishes K
values sufficiently close to 1.5 to justify the use of this constant for
all practical purposes. For practical circuits with 2roL » l 12roC we
may further write Z,wi =" 2,u/, and obtain the critical inductancc 8

=

Lu~ (R. = R,.) /2,.,K

=

(9)

(R. 1- R,,) /6-rrP.

=

c) Equivalent circuit for the chain cut-rent operating range ( c/> -rr or
(R, + R1,) < l.5Z< 2 ~·>)
Inspection of (7b) shows that average and commutation current
are directly proportional to the :mm of the battery current lu and a
term having a constant current value "IK" for a given circuit aud
constant line voltage. Equation (7b) can be changed into the form

l= UxR.)/(R,,-1-R,),
indicating that the secondary circuit may be replaced by an equivalent
cit-cuit without switches and energized by a voltage which contains
a constant direct-current component 'E IKR •. The equivalent voltage
in the circuit is the commutated sine wave resulting from the sequence
of positive half cycles + e1 and + e2 in the range cJ, -rr. The equivalent
circuit is shown in Fig. 25 (a). The single generator may be replaced
by a battery and a series of sine-wave generators (Fig. 25(b)) having
amplitudes and frequencies as given by the following equation of the

=

=

The relation Lo= Rr./1000 was given on an empirical basis for
by F. S. Dellenbaugh, Jr., and R. S. Quinby, "The important first
choke in high-voltage rectifier circuits," QST, vol. 16; pp. 14-19; February,
8

"'= 377
1932.
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commutated sine wave:

<•=~!~(l- 2cos2F

2 cos 4F

2 cos 6F _ .. ·) .

3.5

1-3

1r

(IO)

5.7

All current components in the circuit may now be computed separately
by 11teady-state methods; the direct-current component is the total
average voltage E in the circuit.
8ome useful relations of voltage componenb; are : Line voltage inll 111·t>ll in one half of the secondary winding (root-mean-square)

I iJ I= 1.H,

•,,"-~~·1·-1.
·~
;_ 0)
,·(-;:) JJ'·:;
- r.

Total average voltage

J

p- {
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IE I

i

,.,

0.637emox

Voltage of frequen<·y 2P
mean-square)
_
I[<]

l2F =

{0.424

IE I

-;

21
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Fig. 25-Components of equivalrnt and practical full-wave, chokeinput circuits.

Voltage of frequency 4F (root-mean-square)
-

IE l.u,•=

{0.085

IE I

0.0945E

Total choke voltage (root-mean-square)

The current components in the common circuit branch are calculated
from the above voltages divided by the impedance of one branch circuit at the particular frequency. Because the current is commutated
every half cycle of the line frequency from one to the other branch
circuit, the average current in each diode circuit is one half of the total
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average current; and root-mean-square values of currents or current
components in each branch circuit are obtained by multiplying the
root-mean-square current values in the common circuit branch by
1/\/2. The peak current in each diode circuit has the same value as
in the common circuit branch.
Average load current
1=--R,+RL
Average plate current (per diode)

l,.= 0.51
Double-frequency current
branch

(12a)

(root-mean-square)

in common circuit

Total current (root-mean-square) in common circuit branch

Root-mean-square diode current or rout-mean-square current per tran:-1former winding

(12b)
Peak diode current

The total power dissipated in diode and load circuits of the practical
secondary circuit shown in Fig. 25 (c) is the sum of the power losses
in the circuit resistances. In equation form, it is
Total power = series-resistance loss

+ choke-core loss
+ direct-current power

in load.

The plate dissipation per diode is given by
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XI r 4 I•

(13)

With reference to (5), we have

Pa=0.5

64

I 11 L'}, X -

(14)

I

where e" is the diode voltage taken from the static diode characteristic
at the output-current value I.
d) Regulation
The regulation of choke-input circuits is determined by the total
series resistance FEH, since the voltage E in the circuit is constant in
the useful chain current range for an energizing alternating voltage
of constant value. Thus, the regulation curve has the slope R8 (see
Fig. 26), which includes the diode resistance. The regulation curve

C

2 ~c«2wL

0-C LOAD CURRENT -

I

\ CENTER-TAPPED
A·C VOLTAGE SOURCE

l<'ig. 26-Regulation characteristic of a full-wave, choke-circuit with highvacuum diode.

for a circuit with high-vacuum diodes is the sum of the 3/2-power-law
diode characteristic and the ohmic series resistance r 2 of one branch
circuit as shown in Fig. 26. The curve is correct for constant voltage e
and beyond the critical current value. In practical circuits, the voltage
source e has a certain equivalent resistance, which must be added to r 2•
The regulation curve Fig. 26 is invalid below the critical current value
and must be replaced by a curve following the laws discussed for
Fig. 22.
The equivalent internal resistance of the rectifier circuit as a
direct-current supply source is the slope of the regulation curve at
the current value under consideration. This value should be used for
steady-output conditions only, since the reactances in the load circuit
cause transients at the instant of sudden load changes.
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2. The Condenser-Input Circuit
In rectifier circuits with shunt-condenser-input loads, the condenser
is alternately charged and discharged. In the final state of operation,
charge and discharge are balanced. The graphic analysis of such
circuits is comparatively simple and readily followed. Formulas for the
calculation of specific circuit conditions arc easily derived from the
constructions.
a) Circuits without series resistance
The graphic analysis of a half-wave rcl'tifier rirrnit without series
resistance (R 8 ) ii; illustrated in Fig. 27. Stearly-Rtatc voltage e and

C:: 4 µf'
RL=l500 OHMS
R5:0
e:150 si~ 377t

Fig. 27---Graphic solution of operation for a
half-wave, condenserinput circuit without
series resistance.

current i, are constructed on the assumption that the diorle is shortcircuited. The steady-state condenser voltage e" coincides with iJ because Rs= 0.
The diode timing is as follows:
The diode opens the circuit at point O when the diode current
becomes zero.
Since the condenser-discharge circuit consists of C and RL> the
condenser voltage decays exponentially as shown. At point C it has
become equal to the energizing voltage e. The diode becomes conducting and closes the circuit. Because there is no potential difference
between the steady-stage voltages e and e0 , the condenser does not
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receive a transient charge. The current, therefore, rises instantly to
the steady-state value of the i. curve and follows it until zero at point 0.
The timing of the full-wave circuit in Fig. 28 is quite similar. The
time for the condenser discharge through R1, is reduced since e0 meets
the positive half cycle i\ and thus closes the circuit through D 2 • Point
C in Fig. 28 is located at a higher value of e than in Fig. 27. The
conduction angle cf, is corn;equently reduced although C, R1,, and <·)
have the same values in both circuits. The avernge current in the fullwave circuit iR, therefore, smaller than twice that of the half-wave
r-ircuit.

C = 4,µf'
RL: 1500 OHMS
Rs=O
e,=e2=•150 sin 377t

Fig. 28-Graphic solution
of operation for a fullwave, condenser-input circuit without series resistance.

Some of the relations obtainable directly from FigR. 27 and 28 are

i.

the conduction angle cf, = 180° -- 0 - {1.

(15)

The intersection of e with the decaying voltage e, furnishes for
half-wave operation (n = 1) and full-wave operation (n = 2)
ii.

and

sin f1 =sin®

f-(8+,6)/wC

n;,.

for

n =1 }

for

n= 2

(16)

where 1r, 0, and /1 in the exponents are in radius. This equation may
be solved graphically or by trial and error, varying /3.
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The average current during conduction time is

It is the area under a sine-wave section divided by its base. Hence, the
average plate current is as shown in (iv).
iv.

v.

"' ,.

lp=i 1,t; 1 - = - (1-coscp).
2,r
2,r

(17)

Average current 1 and voltage E in the load resistor are
l=IP
1=21p

for
for

n =- 1}
n= 2 ,

(18)

E=lR1,

vi. The diode peak current iP is, obviously

cp > 90°}
i,, =£.sin cp for cp < 90°
for

and

(19)

The performance of these circuits, hence, is determined by their
power factor wCRL and the phase number n. It will be evident from
the following that the series resistance R. of practical circuits appears
as an additional parameter which cannot be neglected.
b) Circuits with series resistance
In circuits with series resistance, the steady-state condenser voltage Be does not coincide with the supply voltage e, as illustrated in
Figs. 29 and 80. Phase displacement and magnitudes of current and
voltage under steady-state conditions are required for analysis of the
circuit and are computed in the conventional manner. The parallel
circuit C 11 RL is converted into an equivalent series circuit to determine the angles 0 and 0' by which i 8 is leading e0 and e, respectively.
The steady-state condenser voltage e0 in the parallel circuit equals the
voltage across the equivalent circuit as shown by the vector diagram
in Fig. 30.
The diode opens the circuit at the instant i,1, 0. For circuit constants as in Fig. 80, the diode current i,1, subst8.J1tially equals i 8 at the ·
time of circuit interruption because the transient component ii' of
the current, as shown later, has decayed to a negligible value. Point 0

=
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is thus easily located. In circuits with large series resistance, however,
i 4 0 does not coincide with i, 0 due to slow decay of the transient
i/. In both cases the condenser voltage eccoJ equals the voltage licoi
at the time 0, because ia 0 and consequently there is no potential
difference on R8 and transients do not occur at 0. The condenser
voltage decays exponentially on RL from its initial value at 0, as discussed for circuits with R 8 = 0, and meets the supply voltage e again
at point C. At this instant (t 0 ), the diode closes the circuit. Current
and voltage, however, do not rise to thf'ir steady-state values as in

=

=

=

200

100

C

Rs= 220 OHMS
RL =1500 OHMS

C

= 4µ1'

B
E?MA> : 150V.
w = 311

A

A

l

-200

Fig. 29 (above)-Graphic solution
of operation for a half-wave, condenser-input circuit with series
resistance.

4 01500
_µf' B
OHMS

PARALLEL
LOAD CIRCUIT!

Fig. 30 (right)-Equivalent series
circuit for the analysi~ of halfwavc, condensPr-input circuits with

R,

4.775µf"

J

B

246
OHMS

[QUIV. SERIES
CIRCUIT AT

w: 377

w'c

(S[Rl[S)

>O.

Rs

!

RdSERIES)

circuits with R,q = 0, because the steady-state voltage e,,coJ differs from
the line voltage e(ol by the amount D.ec = i,c 01 R8• A transient voltage
of initial value et<o, -cc - - li,(o)Rs) occurs on C. It drives transient currents it' and ii'' determined by Ohm's law 'through the resistances R,.
and RL respectively. (See Fig. 30).
The transients e1 and i/ prevent voltage and current from following the steady-state wave forms, as
l20)
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and

e,. = e,. + C'1

= e, + R,i.lo)f -1/(R,i!R,,lC

(21)

between the time t 0 and the opening time at 0.
For small values Rs and C, the transient decay is rapid as shown
in Fig. 29 and point O is readily determined. The os<:illogram Fig. 31
was taken on the circuit Fig. 30 and checks the gi-aphic construction.
The solution of operating conditions in circuits with large time
constants requires additional steps, a::; r,. and i,1 do not reach :1temlystak values before 'i, =: 0. The diode open:1 the circuit earlier at an
angle {3', which increaHe8 from cyrle to cycle as shown for a full-waw
cirl'uit in Fig-. rn. The condc11i;Pr
vol_tage e0 rises in succe:1sive conduction periods until its numerfral
del'ay over R1, equal:,; the numerical
rise during cf>. Thi::; final condition
is shown in Fig. 32 ( b). The
graphic solution fm· the final operating condition is illu:1tratl'd in Fig.
32 ( a) and is macle as follows:
Steady-state c111Tent i., and voltage i, are drawn with proper phase
relation. A closing time t 0 is a::;!-.Umed near the estimated average
output voltage, condition A in Fig.
32(a) assume!! i.,toi = 0.7A and
i\oi --' 258 volts at t 0 • The current
Fig. :U-Osdllograms tak~n with
transient i,' is subtracted graphiccircuit of Fig. ao.
ally from i,. Only two poinb1 f I and
f ~ are necessary near the intersection; t 1 gives a decay of 57.4 per cent
and then t 2 gives a decay of 50 per cent from i., 01 • The intersection
with the i,1 curve gives a solution for iP equal to O and determines
line 0, which give!! € 1 = 308 volts which is also the volatge e0 • Thi::;
voltage decays now over RL until it intersects the following half cycle
e2 for closing time C2 at point A = 283 volts which is the second closing
time. As this voltage is higher than the initially assumed voltage
(e'coi
258 volts), the final condition is not yet reached. A second
trial marked B was made with an initial voltage i,coJ 333 volts and
furnished e'c 2 > 319 volts at C2 • The correct condition eco> e< 2 > is
obtained from the auxiliary graph in Fig. 32 (a) in which the voltage
pairs A and B are connected by a straight line, which intersects the
45-degree lines e10 ,C 1 = i 10 ,C2 at the point X, and provides the soluL" ,'.'

=
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tion for the final condition e(OJ -:-.: 306 volts. If desired this value can
be checked and corrected by exact calculation.
The final construction in Fig. 32 (b) was made with this value. The
shaded areas include the amplitude values i,1 and er during cf, which
are given by (20) and (21).
The average current during cf, is the area under the sine-wave section minus the area under the exponential curve i 1, both divided by
the base. This furnishes
Ir/1 •/• 1

1,, 11 ,:ix I (COS /J' -- COS ( <f, -+- {3') )

-

- ,,,CR' ( 1 1,0 500

C

,p, o;('II')

sin ( H

+ mL q>

(22)

"'
~

>

'

4000,

"'a:
IJ

w

Q,

0

~OH'-f--::-t--:~---t-:+~-J'-,~--'-<

'

340

-200

-,5

-JOO

':!:_300 1----,,,:

1J-

(o)

( bl

Fig. 32- -Graphic solution of final np{'rating <'onrlitions for eirrnit in Fig 13.

with R' = Rsl [R1, and cf,, f3 and /3' determined graphically from the
construction or by trial of values. The average plate current per diode
is again

and the direct load current in this full-wave circuit is i = 211'. In case
of large time constants, as in the example, the average condenser
voltage E0 is quite accurately obtained from
l23)
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and the load current by Ohm's law I= Eel R1,.
The root-mean-square values of ripple voltage and diode current
are needed for many calculations. They may be obtained for all cases
from
J

E

!(ripple)

=0.321 (e,.max-ec(mln))

(24)

and

360°
I lo I = 1.110 ✓ -.

(25)

ef,o

Equation (24) holds within 10 percent for \Vave shapes varying from
a sine-wave to a saw-tooth and (25) gives better than 5 per cent
accuracy for all wave shapes occurring in condenser-input circuits.
c) Generalized operation characteristic (steady-state operation)
It has been shown that the conduction angle is a function of the
circuit constants in condenser-input circuits. The section of the energizing voltage e utilized during conduction time has, therefore, no
fixed value as in choke-input circuits where cf,= 180 degrees and where
the voltage e during cf, is a half sine wave. It is, therefore, not possible
to derive a general equivalent circuit for condenser-input circuits
which contains a voltage source of fixed wave shape and magnitude. 9
Steady-state conditions as well as transients are controlled by the
circuit constants, which are contained in the product wCRL. The angle
cf, depends further on the relative magnitudes of R 1, and R.~ and is,
therefore, described in general if also the ratio R 13 / R1, is known. General curve families may thus be evaluated which show the dependent
variables £, i, and I in terms of ratio versus the independent variable
wCR1, for various parameter values R 8 / RL. The series resistance R,q
includes the equivalent diode resistance which is evaluated by means
of ( 6), because the current wave is periodic in the final operating state.
The reasoning leading to (6) is not applicable to a single transient,
as obtained for starting conditions of rectifier circuits.
Generalized characteristics have been evaluated for the three types
of circuits shown in Fig. 9. The characteristics in Figs. 3, 4, and 5
show the average voltage C across the load resistance R1, as a function
of wCR1, and Rs for half-wave, full-wave, and voltage-doubling circuits. They permit the solution of the reversed problem to determine
the magnitude of the applied voltage necessary to give a certain
9 The equivalent voltage may be expressed by a Fourier series for each
individual case as shown for the simplest case R,
0 by M. B. Stout in
footnote reference 1; the method, however, is hardly suitable for practical
circuit analysis,

=
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average voltage output for a given load. The series-resistance value 'R8
includes the equivalent average resistance ra of one diode and the
power-transformer resistances as reflected into one secondary winding.
As their complete calculation required too much time, the characteristics were plotted from accurately measured values. The measurements
were made on circuits of negligible inductive reactance. Seriesresistance values in these circuits were determined accurately by the
method shown in Fig. 10. Table II gives a number of calculated values
which show the accuracy of the curves to be approximately 5 per cent
or better.
Table II
Type of
CondenserInput
Circuit

Half-Wave
n=l

nwCRL

-0.5
1.
2.
2".26
4.
8.
16.
32.
G4.
2.
2.26
4.
4.

R.,

(J

------uRL

Full-Wave
11=2

2.
4.
4.52
8.
16.
32.
64.
4.
4.52
8.
30.2

~

- - -emnx

-~ -~-

- -- -

0
0
0
0
0
0
0
0
0

26.5
45.0
63.4
66.15
75.9
82.9
86.4
88.2
89.1

0.10
0.147
0.05
0.10

50.
G5.1
56.

-

-

1.

~

degrees degrees

0
0

0
0.05
0.0735
0.05
0.10

50.
56.
17.9

0
0

0
0

r.
--~-

-

11.1

r.

153.5
134.0
111.6
106.4
87.1
65.1
48.6
35.3
25.1

0.335
0.384
0.486
0.503
0.623
0.742
0.862
0.930
0.996

3.33
3.68
4.61
4.91
6.60
9.86
13.92
19.90
27.5'!

1.69
1.81
2.00
2.02
2.24
2.60
3.00
3.51
4.16

121.
123.
99.3
108.4

0.434
0.4£-8
0.632
0.537

4.48
4.42
5.28
5.14

1.9
1.88
2.1
2.0

142.5
121.0
92.6
86.8
67.0
49.0
35.6
25.4

0.644
0.678
0.740
0.744
0.816
0.885
0.945
0.999

3.47
4.17
6.0(i
6.55
9.30
13.74
19.70
2'7.1'!

104.
105.
90.
100.6

0.671
O.G36
0.710
0.646

5.43
5.35
6.20
5.39

--------

26.5
45.0
63.4
66.15
75.9
83.0
86.4
88.2

0

id
~-~

--~
1.75
1.90
2.17
2.24
2.55
3.00
3.50
4.15

2.05
2.04
2.20
2.08

In compiling the data for the current-ratio characteristics in
Fig. 6, it was found that the three rectifier-circuit types could be
11hown by a single family after a "charge factor" n was added to the
product of the circuit constants wCR 1, and to R 8 as shown in Table II.
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The factor n is unity for the half-wave circuit. For the full-wave circuit, n is 2 because the condenser C is charged twice during one cycle.
For the voltage-doubling circuit, n is ! because the two condensers
require together twice the char~e to deliver the same average current
at double voltage. The values in the table indicate that the factor n
is actually not a com1tant. The mean value of the current ratios does,
however, not depart more than 5 per cent from the true value, the
error being a maximum in the steep portion of the curves and decreasing to zero at both ends. The upper section of Fig. 6 shows the
ratio of root-mean-square current to average current per diode plate.
This family is of special interest in the design of power trnnsformer11
and for computation of diode plate dissipation.
Fig. 7 shows the root-mean-square value of the ripple voltagll
across RL in per cent of the average voltage.
The voltage-doubling circuit shown with the other two condenserinput circuits in Fig. 9 may be regarded in principle as a series
connection of two half-wave rectifier circuits. Each condenser is
charged separately during conduction time of one diode, but is dii;charged in series with the other condenser during the time of nonconduction of its associated diode. The analysis of operation is made
according to the method discussed but will not be treated. The average
anode characteristics of RCA rectifiers are shown in Fig. 8. Tht->
method of carrying out a practical analysis by use of these curve
families has been outlined in the first section of this paper.
APPENDIX

System of Symbols
The number of special symbols and multiple indexing have been
greatly reduced by introducing four special signs for use with any
symbol.
1) The symbols in general are of standard notation, lower case letters
i, r, indicate instantaneous, sectional, or variable values and
capital letters I and R indicate steady values.

2) Special values
a) Sinusoidal voltages or currents are indicated l,y a sine-wave
sign above the symbol e, i, E. Their maximum values are indicated by index, emax• Emu.•
b) Pea.k 11a.lues are indicated by circumflex; ic, i, '"' maximum
peak values are written imau etc.
c) A 11era.ge values are indicated by a horizontal bar; /g, T. 1!.
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d) Root-mean-square values are indicated by vertical bars
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\El,

111, IR,I,
3) An index in parenthesis specifies the time at which the symbol is
valid, i.e., its numerical value. Hence, i 8 <.,,.> is the steady-state alternating-current value at the time 1r and i 1<o> is the transient current
at the time 0. When used with an average or root-mean-square
value, the time index specifies the period over which average or
root-mean-square values are taken, such as I<tl>>• \iP\<it,i• A conduction time index ( <p) on rei-1istance values such as rd• R, is unneces8ary. (Ser dt'finition.)

SPACE-CURRENT FLOW IN VACUUM-TUBE
STRUCTURES*t
BY
B. J, THOMPSON
RCA I,11,boratorleM,
l'rincl'ton, N. J.

Summary-From well-known formulas for space-C1tl'l'ent ·in diodes and
for amplification factor in triodes, interelectrode capacitance, plate current,
and potential distribution in ti-iodes and multi-grid tubes are determined
through use of the concept of planes of equivalent potential. By the same
means, amplification factor in multigrid tubes is derived.
INTRODUCTION

V

ACUUM-TUBE design is a subject which has intrigued many
workers, largely, one may suspect, because it has presented
many possibilities for ingenious methods of analysis. The resulting knowledge of the design factors which determine the various
performance characteristics of tubes is quite complete and is expressed
in terms which can readily be applied to practical tube-design problems.
In spite of this state of the art, the general tendency is to make use
of the more "scientific" phases of tube design to aid qualitative understanding rather than to supply specific design information. In this
paper, the writer presents some of the concepts of vacuum-tube analysis
which he has found informative and useful.
First, space-current flow in diodes will be discussed. Then, methods
will be presented for reducing triodes and multigrid tubes to equivalent
diodes. Amplification factor, interelectrode capacitance (cold), and
electron transit time will be covered. The writer claims little originality and no novelty in this material. Some effort has been made to
give credit to the proper sources.
A.

DIODE THEORY

Ideal, Case

The simplest vacuum tube is the diode. The behavior of multielectrode tubes may be described most readily in terms of the behavior
of a diode. For these reasons our treatment will start with the diode.
In the ideal diode, electrons are emitted from the cathode in un• Decimal Classification: R131.

t Reprinted from Proc. I.R.E., September, 1943.
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limited numbers at zero velocity and a part of these are drawn over to
the anode under the influence of the positive field established by its
potential.
In Figure 1, K represents the infinite plane cathode at zero potential
and A the plane anode at a positive potential Eh spaced a distance dk 11
from the cathode. Let us suppose first that no electrons are emitted
from the cathode. The potential distribution will then be as represented by the line a, the gradient at all points being Eh/dkp• If now
the cathode begins to emit a limited supply of electrons, all of these
electrons will be drawn to the anode. The electrons move at a finite
velocity and, therefore, there is a certain number of them in the space
at all times. The field set up by the negative "space charge" of these
electrons acts to depress the potential in the space below that of the
first condition, increasing the field near the anode and decreasing it
near the cathode. This condition is shown by line b.
If the rate of emission of elecK
A.
trons is continually increased, all of
the emitted electrons will be drawn
to the anode and the gradient at
the cathode continually reduced unE
til the gradient reaches zero. Since
the electrons are assumed to be
emitted with zero velocity, they cai:i
-d
not move against a retarding field;
therefore, there will be no increase
F'ig. 1--Potentia\ distribution in a in anode current with further indiodf' with varying amounts of
crease in emission beyond this
space charge.
point. The condition of zero gradient at the cathode is reprc:-enh'd by th(' line c in Figure 1.
The mathematical analysis of thC' ideal parallel-plane case is quite
simple. It will be presented here as an example of this t.ype of analysis.
Poisson's equation in rectangular co-ordinates is

I

( 1)

Since there is no gradient in directions parallel to the cathode and
anode, the equation becomes simply

(2)
We may also write that
/::::/>II

l3)
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and

v

= (2eE/m.) 1 12

(4)

where p is the space-charge densitr, fJ the potential at any point a
distance x from the cathode, u the velocity of the electrons at x, I the
current per unit area, and e and 1n the charge and mass of the electron.
On combining the last three equations, we obtain

-

d 2E
-- -~ - 4rr

d.r2

I

(2eE/m.) 112

(5)

If we multiply both sides by dE/dx and integrate onrc, we ohtain

(6)

where 1"0 is the field at the cathode. If we let P 0 equal zero, a second
integration gives us

l7)

or
(~)
This is the well-known Langmuir-Child 1 equation for i-1pace-chargrlimited current flow per unit area between parallel-plane electrode:-.
It means that for each square eentimeter of cathode or anode area
2.33 microampers of current will flow with 1 volt difference in potential
and a distance of 1 centimeter between cathode and anode, and that
a current of 233 microamperes per square l'entimeter will flow if
the potential be raised to a little over 30 volts or the distance reduced
to 1 millimeter.
The foregoing analysis is for parallel-plane electrodes. The case
of concentric cylinders, of much practical interest, is very much less
simple to analyze and, therefore, only the result will be presented here.
Excellent analyses are available in the literature 2•
1

I. Langmuir and K. T. Compton, "Electrical discharges in gai;es--

Part II," Rev. Mad. Phys., Vol. 3, pp. 238-239; April, 1931.
2 See pp. 245-249 of footnote reference 1.
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The current in amperes per centimeter length of the concentric
cylinders is given by the well-known Langmuir equation
l

= 14.66 X 10

11

c E,/1/ 2 /r,,{3,?)

<9)

where r,, is the radius of the anode and {3 1,2 is a fum·tion depending on
the ratio of anode radiu11 to cathode radius. Tables and curves of f3
have been published 3• It will be noted that the current again depends
on the 3/2 power of the anode voltage; otherwise, the expressions at
fir1-1t glance do not appear very similar. Part of thhi difference is
due to the fact that one l!Xpression is for current per unit area, while
the other expression is for current per unit length.
It will be interesting to put the two expressionH in similar form.
Let us divide equation (9) by 27rl' 1,. Equation (9) then becomes
identical with equation (8) except for the presence of the term {3b 2
in the denominator and the fact that the distance rb is measured from
the axis of the cylindrical 11ystem. When the ratio of anode diameter
to cathode diameter becomes very large, ~b 2 approaches unity and,
of course, the distance between cathode and anode approaches rh
as a limit. At this limit, then equations (8) and (9) become identical,
and we observe the interesting fact that the anode current flow per
unit area is the imme in a cylindril·al system with fine-wire filament
as it would be in a parallel-plane system with the same distance between cathode and anode. This statement, of course, neglects the
effect of initial velocity of emission.
At the other limit where the cathode and anode diameters approach each other the system is obviously essentially a parallel-plane
one. The value of {3b 2 then changes rapidly and maintains such a
value that rb 2{3 1,2 is equal to dk/•
The fact that the two expressions give identical results at the t.wo
limits of ratio of anode-to-cathode diameter should not lead one to
suppose that the expressions are approximately identical for intermediate ratios. Where the anode diameter is from 4 to 20 times the
cathode diameter, the current calculated from (8) is in excess of that
indicated by (9) by very nearly 20 per cent. This is the maximum
error that would result from the use of expression (8) for cylindrical
structures.
The potential distribution between cathode and anode may be calculated most usefully from the expressions for current. From (8)
we may write
a See pp. 247-248 of footnote reference 1.
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or
In other words, the potential between parallel planes varies as the
four-thirds power of the distance from the cathode in the case of
space-charge-limited currents.
The potential distribution between concentric cylinders is less
simple. We may write from (9)

or
where /3 2 is taken for the ratio r/r,.. This cxpr('ssion is not analytical,
the values of /3 and /3 1, being obtained from curves or tables.
Effects of Velocities of Emission
Electrons are emitted from a heated surface with a random distribution of velocities in all directions. The velocities which concern
us in the pre8ent analysis are those normal to the surface of the
cathode. This velocity distribution may be expressed most simply as
follows: n/n 0 =cf:, :t.T where n is the number of electrons out of the
total number no which has a sufficient velocity to reach a plane electrode
parallel to the cathode at a negative potential of E, T is the temperature of the cathode, and k is Boltzmann's constant. Expressed in terms
of current this becomes I= l,i-E••;kT where J is the current reaching
the negative electrode and I. is the total emission current from the
cathode. To carry this out experimentally, it is ncces8ary that the
collector electrode be placed so close to the cathode that space-charge
effects do not cause a potential minimum in space.
We initially assumed that all electrons were emitted with zero
velocity and that, therefore, the field at the cathode would not be
negative. In the practical case where all e1ectrons have finite velocities
normal to the cathode, all of the emitted electrons must reach a positive anode parallel to the cathode unless at some point between
cathode and anode a negative potential exists.
Fig. 2 showi,i the potential distribution between parallel-plane
cathode and anode for successively higher values of emission. Line a
represents the case where there is no emission, and, therefore, no
space charge, with resulting constant potential gradient between
cathode and anode. Line b t1hows the case where there is sufficient
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emission to reduce the gradient at the cathode just to zero. This is
similar to the condition represented by c in Fig. 1 with the important
difference that now all electrons pass over to the anode because of their
finite velocities of emission.
Any further increase in cathode emission, however, will cause the
potential near the cathode to become slightly negative as shown in
line c. In this case all electrons having velocities less than Em are
turned back to the cathode, while those electrons having greater velocities of emission pass on to the anode. Further increases in cathode
emi11Sion cause the potential minimum to become more negative with
the result that a larger fraction of the emitted electrons return to the
cathode. For continued increase in cathode emission, however, there
will always be some slight increase in anode current.
The results obtained from the
simple analysis based on zero veEb
locity of emission are obviously not
applicable to this practical case if
E
precision is desired. Since a greater
maximum
potential difference (Eb
+
+ E,,,) is acting over a shorter effec-d
tive distance (d,.-P - d1,.,,.) and since
the average velocity of electrons is
higher because of their initial veFig. 2-Potential distribution in a
diode, showing the effect of initial locities and hence the sapce-charge
vdocity of ell•ctron l'lllil<sion.
effect of the electrons is less, it is
ob v i o u s that the space-chargelimited current flow for a given anode potential is greater in the actual
case than in the ideal.
Langmuir' has presented a complete analysis of the space-chargelimited current flow with initial velocities of emission. He has shown
that a good approximation may be made by the use of (8) with a
correction for the reduced effective distance and the increased effective
potential. His equation is as follows:

(10)

where T is the cathode temperature in degrees Kelvin. I b is in amperes per unit area. E.,. is negative in sense. The value of dkm in centimeters may be calculated from the approximate expression
4

See pp. 239-244 of footnote reference 1.
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dk,,..., 0.0156 (1/1000/b)l/ 2 (T/1000)814.

The value of E,,. is given by
More complete reimlts of Langmuir's analysis are too cumbersome
to be presented here. The use of tlO) should lead to errors not greatly
in excess of 2 per cent even under extreme conditions.
It is interesting to observe from Langmuir's calculation in a practical ca>1e where the cathode temperature is 1000 degrees Kelvin, the
emission den>1ity greatly in excess of the anode current, and the anode
cunent density 1 milliampere per square centimeter, that the distance
from cathode to virtual cathode is approximately 0.016 ct>ntimeter
(0.006 inch). Thus, in modern dose-spaced vacuum tubes the position
of the virtual cathode cannot be neglected.
The error involved in using (9) as compared with the exact solution for cylindrical structures is less than in the corresponding ease
of parallel planes. For a discussion of the effect of initial veloritie:-1
in this case, the reader is referred to Langmuir and Compton:..
The potential distribution between parallel planes, taking into
account initial velocities, may best be determined by the use of a plot
presented by Langmuir and Compton 6 •
TI. TRIODE THEORY

T·riode Mu F,rrmulas
The earliest analysis of the electric field existing between paralM
planes with a parallel-wire screen interposed is that of MaxwelF. In
this it is assumed that the spacings between the planes and the screen
are large compared with the spacings between wires and that the:w
in turn are large compared with the wire diameter. The reimlt expressed in vacuum-tube terminology is

11.=-

a log 0 (2 sin -rrr/a)

27Td,,.,

or

/L :::=--

( where 1Tr I a is small) .

a log, (a/21Tr)

a See pp. 252-255 of footnot.e reference 1.
e See Fig. 42, p. 243 of footnot.e reference 1.

'J. C. Maxwell, "Electricity and Magnetism," third edition, 1904, Vol.
1, section

~-oa.
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In these expressions, duv is the distance from the center of the grid
wires to the plate, a the spacing between grid wires (a= 1/n, where n
is the number of wires per unit length), and r is the radius of the grid
wires. It will be noted that the distance between grid and cathode
does not appear.
This formula is in serious error when the spacing between grid
wires is not large compared with the wire diameter, as is frequently
the case. Because of this, van der Rijl developed empirically the formula /t = Cdu11 1· n 2 + l, where C is equal to IGO for parallel planes.
An obvious defect of this expression is that /t can never be l£'ss than
unity.
The most generally usdul and aecurate formula for amplification
constant which has been published is that developed by Vogdes and
1<:lder\ This analysis ai;sumes that the spacing between grid wires
is small compared with the distances between the grid and the other
electrodes. The development is as follows.
Fig. 3 represents the geometry of the vacuum tube. By means of
a conformal transformation, this same geometry may be represented
in different co-ordinates. In such a transformation, equipotential surfaces and flux lines still cross at right angles and all laws of electricity
1:1till apply.
SuppoHe the geometry represented in the w plane in Fig. 3 be transformed to the z plane by the transformation z =--= e~ .... ,,._

= X + jy

Since

Z

and

II.'·:.:: ll

then

.I"

-j-

+ jy = c:!rrn11 X

jv

c1:!;n,1

= pcill.

This trn111,1formatinn is reprei,;ented in Fig. 4. The cathode is a point
at the origin. The grid wires become a single figure interst'cting the
x axis as e •-:!irnr and e:!ir••. The center of the grid wires is at .i: = 1.
The anode is a circle about the origin of radius equal to e:!1r nd•r.
The figure representing the grid wires is not a circle. If r is less
than a/21r, however, it can be shown readily that the figure is essentially circular and it will be assumed, therefore, that such is the case.
If the figure is a circle, its radius is
e2irnr _

e-2,rnr

- - - - - - = sinh 21rm·
2

s B. F. Vogdes and F. R. Elder, "Formulas for the amplification constant for three-element tubes," Ph1/ll. Rei,., Vol. 24, p. 683; December, 1924.

48

ELECTRON TUBES, Volume II

and its center is located at
e!!1uu·

x

·f- e -2wnr

= - - - - - - = cosh 271'm·.
2

In J.<~ig. 3, if the anode were removed to infinity and a potential
applied to the grid, the successive equipotential surfaces at greater
distances from the grid would become more and more nearly planes
until, at distances several times a, the surface could be regarded as
essentially a plane. Therefore, under the limitations of our assumptions concerning relative spacings, the anode plane may be considered
to be the equipotential surface due to the field of the grid alone. This
CATHODE

ANODE

GRID

Q
a'

__d_qL

6

+Ill

--6-'. +u.
0
"wnPLANE

Fig. 3--Cross section of a triode in
"z" PLANE
normal co-ordinates.
Fig. 4--C1·oss section of the triode of l•'ig.
3 transformed from the 111 plane to the
z

plane.

is equivalent to saying that a circle of radius c 2" n"'" - cosh 271'nr drawn
about the "center" of the grid wire in Fig. 4 does not diffe1· materially
from a circle of radius e2 ""'1" drawn about the origin. The justification
for this assumption may be checked by considering the rather extt·eme
case where ndu11 = 0: 50 and nr = 0.03. Then e 2""''•• equals 23.1 and
cosh 271'nr equals 1.02.
The convenient result of these assumptions is that a line charge
placed at the "center" of the circular grid wire, Fig. 4, produces
equipotential surfaces at the surface of the grid wires and at the anode,
since the charge on the cathode located at minus infinity must be zero.
Let us place a charge - Q at the "center" of the grid wire. The
potentials E,., E 0 and E,. of the cathode, grid, and anode become

Ek -= C + 2Q log cosh 271'nT
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= C + 2Q log sinh 21Tnr

Ea= C

+ 2Q 21Tndu11 •

If the cathode potential be taken as zero,
Eu= 2Q log sinh 21Tnr -- 2Q log cosh 21Tnr

-- 2Q log tanh 21rm·

and

Ea= 2Q 21Tnd,11, - 2(.) log coHh 21Tnr.

Under these circumstances, the amplification constant may be defined
as I'· =s - Ea IF}"
Jog cosh 21Tnr - 21Tnd011
whence

/l

.:.C:··-

Jog tanh 27T11r
The assumptions made in this derivation invalidate the expression for use with relatively very close spacings between electrodes.
The same type of analysis as that presented by Vogdes and Elder may
be made to give more rigorous results. Salzberg9 has carried out such
an analysis. It differs from that just presented chiefly in that an
additional line charge is placed on the x axis, Fig. 4, outside the anode
at such a position as to make the true anode cylinder an equipotential
irnrface. Therefore, the anode may be allowed to approach much more
closely to the grid. This leads to an expression accurate for cases where
the spacing between the anode and grid is small compared with the
wire spacing, though not when the wire spacing is small compared
with the wire diameter. Salzberg'!'! expression is
log cosh 2mir - 21Tnd011

/l

= -- -·--- ----

log tanh 21Tnl" - log

(1 -

e- 4 ""''"' X co:-1h 2 21Tnr)

There is no obviously useful definition of amplification factor in
the purely electrostatic case (no space charge) when the charge density
induced on the cathode is not uniform. It is possible by extension of
the analysis described above, however, to arrive at an expression for
the charge distribution on the cathode when the spacing between
cathode and grid is finite. Salzberg has carried out such an analysis 10 •
It departs from that of the cathode at infinity by considering the poten9 Bernard Salzberg, "Formulas for the amplification factor of triodes,"
Proc. 1.R.E., Vol. 30, pp. 134-138; Mareh, 1942.
10 Not published.
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tials in space produced by a line charge at the cathode in addition to
the others.
The amplification-factor formulas here given may be applied to
cylindrical tubes if ru log(r6 /1'11 ) is substituted for dur,• where r 11 and r.,
are the radii of the grid and anode, provided r/r11 is small.
Eq1tivale11t Potentials in Triodes

For most practical purposes in calculating the electric fields at
cathode, anode, and the space between, except very near the grid, a
potential may be assigned to the plane of the grid. In other words, it
is assumed that an equipotential plane may be substituted for the grid
without altering the electric fields. This would be tme only when the
grid wires are small and closely spaced in comparison with the spal·ings between grid and cathode and anode.
q

K

A

0

O~,,..-G
0
dqk

O

l

dqp

0-- -0

0
0

0
0

K

Fig. 5--Triode with equivalent
plane G at grid.

c,,

~~~
C~G

A

Fig. 6-Star nC'twork of the capal"itances of the triode of Fig. 5.

The equivalent potential of the plane of the grid E 11 may be derived
in several ways. The most simple with which the writer is familiar i1:1
the following. The capacitance between anode and the equivalent plane
G at the grid, Fig. 5, is Cr,o ·-== 1/411'dur, and the capacitance from cathode to G, Cw= 1/411'dk11 while, by definition Cun·-= µ.CptJ•
In the star network of capacitances, J<'ig. 6,

E 0 C11a + EbCr,a + E,,.Cta
E,: == -- -- - - . - - ·---- - - C11 u + Ck(/+ C,,a
Let us make Ek equal to zero. Then,
11.Ec + Eb

E,1=------p. + 1 + d11,/dgk
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+ Eb/Jt

Ea=----------.

or

1 + 1/it + dgp/dgk/t

The physical basis for this analysis is that the anode can influence
the field at the cathode only by acting through the grid plane. By
definition, the grid has /t time the influence of the anode. It is obvious
that this reasoning implicitly assumes that amplification factor is
proportional to grid-anode spacing, for we might just as well have
called the cathode the anode. The quantity d9 P/d9 kit is simply the reciprocal of the amplification factor of the grid with respect to the
cathode.
We shall find it convenient to determine another equivalent-potential plam·. The equivalent potential of the grid plane depends on grid
and anode potentials and on gridA
eathode and grid-anode spacings.
Is t?ere an equivalent plane the
potential of which depends only on
grid and anode potentials and gridanode spacing?
In Fig. 7, Eu is the equivalent
E
potential of the grid. If the constant potential gradient between
grid and cathode extended past the
0
----d
grid, the potential E at any point
Fig. 7 - Determination of equivalent potential Eq of the Q plane. a distanl'e .1· from the grid would be

- - - - - · (l+x/d0 ").

+ 1/Jt + d11 p/d11 i/t
potential 1': ---= ~'ti at a
1

We wish to find a
distance x = d1"' from the grid
which is independent of dyk. At such a point the ratio

must be independent of d111r. Obviously this means that
:i:

dgp/ dgk/t

dgk

1 + 1/it
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or
The potential E 0 is given by
Ev+ Eb/µ.
E11=-----

Applications of this equivalent-potential plane will be given
l11terelect1·ode Capacitances in Triodes without Svace Clta1·ge

The direct capacitance between grid and anode, Cup• may be call'Ulated readily from the expression for Bu, the equivalent potential
of the plane of the grid.
The capacitance per unit area from anode to the equivalent plane
of the grid is Cpa = 1/4,rd11~.
Then

Similarly

By definition

The11e derivations are for the parallel-plane case. The case of cylindrical electrodes may be treated in a similar fm1hion.

Amplification Fact01· in ll-fultigrid Tube11
The analysis of multigrid tubes may be readily carried out by u11e
of the second expression for equivalent potential E,r
In Fig. 8, the Q plane is to be substituted for g 2 and A. It11 potential
is
E 0 2 + Eb//Lg:!p
Eq=----·--1 + 1/p.ll~P

and its distance from g 1 is d111 ,. = d111 ,,2 + d112, / (1

+ µ.112,). We now have
a triode and can calculate its /L, The simplest expression is µ. 111 q
(µ.' 111 u2 ld,M 2 ) d 111 q where µ.'111112 is the amplification factor of g 1 with
respect to a plane at U2 •

=
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Now

= P.11111 (1 + 1/P.112,)
= µ' d111 q/dglp:.! ( 1 + 1/
111112 (

/J-g2p).

On substituting the expression for d111 ,1 in this equation, one may reduce i~ to the following form by simple manipulation: p.111 u:i = p.'111112 +
p.'111 ,/p.112, where p.'u 1,, is the value µ. 111 , would have if g 2 were removed.
Of course 1111111 =--= /t 11111~µ. 112,, whence11 µ. 111 , = µ.' 11102µ. 112, + µ.' 111 ,. The
direct capacitance between g 1 and g 2 may also be determined readily,
since C111112 C111 q(dEqldE 02 ). Also, the capacitances between grids
and anode or cathode may be determined in the same manner.
By an obvious extension of the method, amplification factors and
capacitances may be determined in structures containing any number

=

of grids.
K
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Fig. 8-Detcrmination of amplification factor and inter-electrode
capacitance in multigrid structures
by use of the Q plane.

-•

d

Fig. 9-Apparent location h of the
cathode as seen from the grid.

J,;ffert.~ of Space Cha1·ge on Potential Distribntinn in Triodes
In the ca.qe where space charge between grid and anode may be
neglected (as is usually the case in receiving tubes with negative
control grids), a quite precise equivalent diode may be constrncted by
the use of the first expression for equivalent potential with a spacecharge correction. Fig. 9 shows the potential distribution in a triode
with space-charge-limited current. It is obvious that the field at the
grid is the same as would exist without space charge if the cathode
were at point h, determined by drawing a tangent to the potential
curve at the grid. If it be assumed that the potential between cathode
11 For an alternative derivation see S. Koizumi, "On the amplification
coni1tants of multi-electrode vacuum tubes," Jour. J.E.E. (Japan), pp. 505,

857; 1930.
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and grid varies as the four-thirds power of distance, du,. is three
fourths of d 0 1,:, Hence, we must modify the expression for Ea as
follows: 12
E,

+ Eh/µ,

,.J,fl....::. · - - - - - - - - - · - - -

1

+ 1//t +

(4/3) (dqpldqk/'-)

The analysis of the current-voltage relatiom1hip of a triode may be
made directly from the diode case by the use of this equivalent-diode
expression. If in the equivalent diode the space current lh = f(E 0 )
the cathode current (equal to the plate current with negative grid) is
Jrin•n directly. The tram1conductance g 111 is f'.ounrl by taking the rll'rivati\'e of f (E 0 ) with respect to B,.. The plate conductance l/1·P i,;
found hr taking the derivative13 of / (E 0 ) with re11pect to Eb.
Efrctr1111 Transit Time in Negative-Grid Triodes

The elel'tron tran11it time in any electrode structure may be calculated readily if the potential distribution is known. In general

The calculation of transit time in the absence of space charge is
obvious. In a parallel-plane diode with space-charge-limited current,
the transit time from cathode to anode may be calculated if it be
assumed that

whence

m
t =- (--

2e

)112 .d--•. a21a;: ••·p ·•
J,

Eb 112

~-

3rJ,,·

o

12 B. D. H. Tellegen, "The calculation of the emitted current in a triode,"
Physicn, Vol. 5e, pp. 801-316; 1926.
13 Note added April 6, 1943: Fremlin14 discusses several old expressions
for equivalent diode potential, none of which .is similar to that given above,
and then derives an expression for anode current of a triode starting from
the known condition of grid and anode at such potentials as to maintain the
space-potential distribution of a diode undisturbed to the anode (grid at
"space potential"). Unfortunately, no simple analysis of this sort is valid
when there is appreciable 11pace charge in the grid-anode space as is implicit
under Fremlin's assumptions. In the case of negligible grid-anode space
charge, Tellegen's expression seems satisfactory.
u J. H. Fremlin, "Calculations of triode constants," Elec. Communioations, July, 1039.
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=(~)1/2 ~
2e

Eb112

-::.-, 5.05 X 10~R (dkp/1'J,,li~)

where t is in seconds, d 1,p in centimeters, and /~\ in volts. In other
words, the electron take three times as Jong to pass from cathode to
anode as if it had traveled at the final velocity the entire distance, and
half again as long as if it had been uniformly accelerated.
The cylindrical analysis is not so simple but may be carried out as
presented by W. R. Ferris. 1:;
In the case of electron transits between grid anrl anode, the integration is carried out with the initial velocity of the electron corres11onding to the equivalent potential of the grid.
15 \V. R. J.'crrii;, "Input rPsistanl'c of vacuum tuhr)s a:s ult.ra-high-frl'qucncy amplifier~," Proc. 1.R.B., Vol. 21, pp. 82-108; January, 1936.
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811,,111,ary--Thc radial a 11d n.,·ia/ 11111/ i111111 of ,·l,,r/ r1111.~ i11 1hr bct,1.f rnn
urr dc.w'l'ibfd h11 111c,w11 nf a pllfc11ti11/ fnncfioll of forr-cs. 1',·1•1'io11.~l11 re,,11rlrd
c1111ditio11,q of cqui/ihi-ium, stability and dfl111J1i11,q of oscil/11fio1111 nrc 1lr-ri1lt'd
t'or tlw re{Jion of p11rnb11/ic 1•ariation of the pot,mtinl. R.dn1>1ion of the
oualysis to 11n11-J>ttral1olie reyions gives an acc,01111t of tl,e i11jcclinu. i11 eo111·c11tiomtl iw,fr11mc11/,q in better agreement with c.rperimcnt, pnrtir.11/arly in
n·r;urd to hi[Jher 1·oltages of injection. Space charge limila.lio1111 arc di,qcm,sccl with the help of the Laplacian of the pofelltial of forces. By 111can11
,,,. au additio1wl rCLdial electric field electrons C(lll be illtrod11cccl 1111 in the
nmg11(f1'011, without any asymmetl-y inherent in the c,m ve11tio11al l1f'tutron
,·irc11111fcrc11tial injector. The analysis of the co1ulitio1111 of equilibrium and
stability, y,·,mtly facilitated in this case by the notion of potential, shows
that 110 s11hiltcrntial i111pro1•e111ent in s1mcc charge li111itafin1111 rnn be e:i:pectcd
and tluit the required variations between the flu.,: li11ki11u the electron orl,its
,,,,d tJ,r. 111uf]11rtic and electric fields at the orbits ore cliffi,·11lt to ,·ealize on
,u·ro1111t of thei,· ,·ompl<'xity and nan·ow to/cronr<'.~. Tl,,; X-ray output of a
sulflll c.rpc1·i11tcntal do11ble yoke instrw11n1t n·us 111<',rnl(rerl by tt plwfotubc
multiplier vi<'wi11g an irrndiatcd fl11orcscc11t screen aurl g,wc c·,..itlc11cc of
m11lli1,lc yrriIr11 ,·/,•ctrr,11 ('fl/Jl11re.

PART I

T

INTRODUCTION

H B current widespread development of the betatron a:- a g-enerator of high energy electron>1 and gamma rays has ('l'eate<I
need for a comparatively detailed knowll'<lge of the el,wtron
dynamics of induction acceleration, both for the sake of engineering
design and for possible future modifications and improvements. New
points of view worked out for this purpose are applicable to other
electronic devices such as the magnetron, or various electron optical
lens systems of rotational symmetry. It is interesting to note that in
the betatron are the longest, longest lived, and most stahll', closed
electron orbits known outside of the atoms themselveR.
The idea of accelerating electrons by the solenoidal electric field of
magnetic induction has been considered by many investigators (1, 2, 3,
"' Decimal Classification: R138.
Reprinted from ,lour. Frank. Inst., April, May, 1947.
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6, 31).* In order for large energies to be gained in this manner, the
acceleration must take vlacc over very long electron paths, and while
the magnetic field produ<"inir the l'!ectric fidd may 11imultaneously be
used to bend the paths back on themselves, the elements of stability
of these paths is of primary importance to successful operation. The
bai.;ic principles concerning this stability were recognized by Steenht-ck < 17, !l2), who publii-hed a design embodying most of the essential
featm•ps of JH"esPnt apparatus. Ther.;e and other properties of the orbits,
1•spl•cially the mechanisms of eil'ctron inkction, wnc discussed by
Kerst and Serber ( 10), and the successful operation of a small betatron
was reported by Kerst in 1940 (8).
The betatron or induction accelerator eonsists in its essentials of
an alternating tUtTPnt magnet, generally with a laminated iron core 1
and an air gap, and within the .irap an evacuated chamber containin~
an electron iu,ieetor and a target. The injector, an electron gun, din•cts
a beam of electrons circumferentially at a phas\.! of the cycle of tht>
magnet when the magnetic field is weak but inci·easing. The electrons,
momentarily of moderate cnei·gies, are turned by the weak magnetic
field into an a11proximately circular path while an electric field ifl incluced along that path by the increasing flux of the magnet, a field
which in <,rdinary transformers is responsibk for the electromotive
force induct>d in the windings. Therefore, as the electrons revolve in
their orbits, they gain en<.'rgy according to the number of turns they
make. Meanwhile, thP magnetic fil'ld increases too, so that in spite of
the i11l·reasPd em•1·g:v of the partiele:1, they arc held dose to their
original path;;. Eviclently, since the em•rgy gain is determined by the
avt•rage field intc-nsity in;;ide the cireular path, while the field ju;;t at
tht• circle keeps the electrons thrre, some definite relation between the
two must exist. It turns out that a satisfactory relation is for the
awragl' fil'ld to he just twicr the o!'l1ital field. Finally when the electrons have gai1wd an energ-y eorresponding to a change of flux of
almost a qtrnrkr cyele, thi;; two-to-01w eo1111ition i:-1 artificiallr upset and
the orbit mm·es toward the targ-et.. This is bombarded U)" the t'lt>l'tron,a11d high l'JIPrg-y gmmna ray:- an' produeed. The g·amma ray;; !Pave the
c-hamber in the forward dirPction in a fairly ,wll defined beam, but while
;;ome high s1wed elPrtrnns 1-1ratterc1l by the targl•t are ca1iable of le:n-ing the ehamber, there i;; at prei;ent no p11hli1-1hed de1-1cription (!l~) of
a method for extracting the bulk of the electrons in a well defined beam.
• All such references will be founcl under heading "References" on
page 103.
1 Higher frl•queney air eot·e sy><t.1•111s may ha\'e dP><irahle l'lrnructcristic11
but huvl• not Yl•t bcl'n dt>v1•lop1•d sm·ces><fully (I, 22).
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It is intt>nded here to develop the equations of electron motion as
they arc applied to induction aceelt•ration, and with the aid of an artificial pokntial funl'tion to encompass the earlier work on the electron
trajectories and the conditions for stability, which constitute first order
calculations for the most part, considerations on wider departures from
equilibrium, particularly during injection, and the general influence of
space charge. The application of an auxiliary electric field of rotational
symmetry is discussed in detail without materially complicating UH'
1•quatiuns. Some PXJll'rimental work complt.•mlmting tht• theury is l'l'po1·tt>d.
EQll,\TIONS (W MOTION

The pertinent t-qnatiou for l'ledro11 motion in an p)pcf 1·omag1wt i,·
field is given by

Jid Imvl

--

-e1A+vx.i1,

(1)

wherein

mo

m=

../t _

e

v'/ct and mo= 1.76 X 10 11 coulombs per kilogram (2)

Here it is presumed at once that effeds peculiar to quantum mechanical calculations are of no sig11ifica11ec to the motion. ..\.l:;o, it is
assumed that the acceleration of the electron is suflicitmtly small that
associated force terms which appear in the gem•ral l!f!Uation of motion
are quite negligible. This assumption is substantiall;v COITl'et for all
but the highest attainable accelerations for \'ery high Ptwrg-y particles,
a ca:;;e which will be commented upon sPparately. Tlw eompo1wnt equations of motion from (1), expressed in the conventional coordinates
of the circular cylinder, are

:, [mr] - mr62 = - e[E,
:, [mr26]

+ r6B. -

iB,],

(3-r)

= - er[E, + iB. - ;B.],

(3-B)

+ tB, -

(3-z)

;, [mi]= - e[E.

,dB,].

The electric and magnetic field components exprm111ecl in these equation11
are of course related by the Maxwell electromagnetic field equations,
and even though the sources of the field, i.e., charges and currenb:1,
may be of arbitrnry distribution, two restrictive rq11ations must be
obeyed, namely:
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curl E

== 0 and div jj
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(4)

== 0.

In the ideal betatron, the electric field is assumed to be generated
solely by induction from the changing magnetic field, and it is without
sources such as charge or polarized materials. To the lines of the
magnetic field are ascribed the symmetries of an axis of revolution
and a plane of reflection. With the coordinate axis and the plane of
the origin coinciding with these two respectively, it is also assumed
that the angular component of the magnetic field, B 8, and the angular
variation of the axial component, oB~/oO, are everywhere zero. From
these hypotheses, it can he shown through equations ( 4) that of tht>
field components only three remain, B, which is a function of r, z,
and t, and H,. and Eu, which are related to B, by the equations

rB, = -

oB
i r --•
oz dr
r

and

0

rE,

i

= -

0

r

r

oB
-a/
dr.

(5)

In va,·u11m, the rernaining- Maxwell field e11uution re1111ires of Bz that

- -1
1

ir a
0

1 1
or + -c -1

2
r -B.
dr - -iJB.
2

dZ

2

i' aat
r-

0

B.

2

2

dr

= 0.

(6)

In the constn1etion of an actual accelerator, the symmetry of the
magnetic field is unavoidably imperfect and dielectrics and conductors
associated with the vacuum chamber disturb the induced electric fiP!d.
The error made in the forthcoming analysis by neglel'ting the small
forces arising from the angular dissymmetries which may be present,
depends upon whether the principal forces are in unstable equilibrium
and upon whether the Rmall effects are likely to be cumulative. Some
tentative judgment on these questions will become possible as a result
of the analysis of the ideal case.
With the assumption of complete symml't ry in the fields as stated,
equations (3) n•duce, with the aid of equations (5), to a comparatively
simpler set.

d
dt [mt]

= mr82

-d [ mz"] = dt

d [
]
dt mr'I

...A
w

== e [

erBB.,

(7-r)

Lrr-aB,, dr
az '

(7-z)

-

o

ir 81
O•

r

aB,, d

r

]
+ z. Jo('r aB,,
d$ dr + t B,,
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d (r

= e dtlo r B,4,r.

( 7-6)

Recalling the functional dependence of B.,, it is noted that

is the magnt:!tic flux passing through the circlt:! r, z. The intt:!gTation of
equation (7-8) calls for a constant, C, which describes some of the
initial circumstances upon injection of the electron into the fielt.l .

l .,

= -m•
ro'io
e

-

J:'rB.(r, zo, ta)dr,

(8)

o

wherein the superscript and subscripts O denote the initial values of
the quantities. Thus the integral of equation l 7-0) is

(9)
If this result is placed in e<Juations (7-r) and (7-.::), it is found that

d
.
dt [mr]

d
.
dt [mz]

=

_

=-

~ ~ [ .( 'rB ,4,r + C] z
2m iJr

(10-r)

r

e2 iJ [i'rB,4,r
2miJz
r

+

C]

2

(10-s)

Were it not for the variance of the mwis, 111, the form of equations
would be strongly suggestive of two-dimem~ional potential motion.
However, the mass, or the total energy of the particle, can change only
through motion along the one existing component of the electric field,
EH. Thus from equations (5) and (9), the ma.'ls-energy equivalence
gives for the total variation of mass:
(10)

d

- [mc
~

1]

2

... -

a [ L'rB.dr
+
0

erlE, - - .!__
2m~

r

C]

2

(11)

and the value of m is given directly by combining E>quation (9) with
the formula for the ma11s, (2),
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+Cr+

f.'

e' [
rB.dr
m,'<'
mtcz ... _____r________
;-2 + z2
1---

(12)

,z

the particle's kinetic 1.merg-y is thus:

e

J'

=

(m - mo)c 2

=

e

mo

-------r

r--;L·-- - +.
rB.dr

C

r

!'i2t-·;-_-;--2-+-z-.,-=]-+ 1
e

1 ·(13)

c'

In virtually all operahh• hl•tatrons, the number of "volts per turn"
is very small in comparison to the total energy of the electron, starting
at V 0 = .512 Mev rest energy, so that in the course of a few revolutions
the proportional change in m as it appears in equations (10) is very
small. The dependence of this rhange on the radial and axial trajectory as in equation (11) is an order of magnitude smaller still and
may be neglected altogether.
The differentiation on the left of equations (10) leads to the terms
rld111.. df) and i<d111,·dt) ha\'illg the chararter of viscous damping
tl'rm:-1, bemuse the i11crea;;i11g- ma;;s of the accPlerakd electron tends to
bring about a reduction in the radial aud axial wlocitil'S of its motion.
Again for conventional instruments having a small number of "volts
per turn," and this includes practically all low frequency magnets,
these terms are VC'ry small and for most purposes may be neglected.
During the early, low energy stages of the accPleration, where damping
effects are of particular interest, there are otlwr very much larger ones
to be discussed, which arise through the chang-ing of the magnetic field.
Although the initially larger terms tend to rnnish at relativistic speeds
and leave the mass variation terms as the only damping, the latter will
be ignored in most of this discussion.
Under the above provisions, equations (10) can be written exactly
as if deseribing two-dimensional 1mtential motion.

mor

= _ e !_{em~ [
iJr 2m 1

.£'rB,drr + C]z} =

-

t'

a

iJr

l'

"'

(14-r)
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= - e ~{emo [ L'rR,dr +
~

~~

r

C]2} = -

e.!!_ V_,,, ( 14-z)
~

wherein the symbol V JT, the ''potential of magnetic and inertial forces,"
is introduced for brevity. Also for convenience let the i1ymbol V Mo
replace (1n 2/mu"l) V.111• With this notation, an approximation to equation
l 1:n, useful for electrons whose tangential component of velocity is
the prineipal one, is

( t 5)
the limiting forms of which are, for low energiei1, V,uo, and for very
high energies, '-'2 V 0 l'Jrn•
If, in addition to the magnetic and induction fields, an electrostatic
potential field VE having the i1ame symmetries as the magnetic field is
applied to the region of the electron motion, and thus superposed on
the fields which have already been considered, the angular motion
equations (7-0) and (9) remain unaltered, while to the right sides of
equations (10) for the radial and axial motions are added the appropriate forces obtained from the gradient of 'V "' namely, e (o V FJ/ar)
and <' (c Vt: <lz). In this C'ase, however, the change in mas!'I does not
occur only through motion in the tangential or angular direction, so
that in order to aehieve the same Rimplieity as in equations ( 14), the
new eriuations mm1t be re.<1tricted to the non-relativistic region. For
mol-lt purposes, this is not a severe restriction, since electrostatic potentials large enoug-h to materiallr influence the motion of the highn speed
electrons are hard to apply. In conventional accelerator:.;, the additional
electric field is due primal"ily to the space charge of the electrons in
the chamber and is of importance only in th(' early 11tagPfl of arc·Pleration. ThP equations of motion corre11ponrling to equations ( 14) now
have the form:

a
a
m.r = - ea, [Vu - V,:], mcz = - e az [V.,, - v.].
THE

(16)

Two DIMENSIONAL MOTION

The approximate equivalence of the radial and axial electron motion
to two-dimensional classical motion in a potential field slowly changing
with time offers important advantages, both for the analytical and the
intuitive understanding of the processes involved. As has already been
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stated, the total electron path is very long, and while it is turned back
upon itself, the region in r and z which it may occupy, must of course
be within the vacuum chamber. To thus eonfine the electron, there
must be, in this region, a minimum in the potential surface V M• or
V M -- VE if the additional electric field is present, and the two-dimensional analog of the particle's kinetic energy must be insufficient to
carry it beyond the potential barrier surrounding thhi minimum which
eorresponds to a stable circular orbit. With the particle kept in this
Low!, the neeessary properties of the trajcetory are obtained. For
purposes of discussion, these properties may be subdivided according
tu whether they depend on the momentary existence and shape of the
bowl or whether they pertain to the effects of the change of this
shape with time.
The elementary conditions for the existence of an instantaneous
stable circular orbit, an "instantaneous equilibrium orbit" of radius
r 1, may be found directly by applying the conventional relations of
analytic geometry to the function [ V ll - V 15 ].

(a)

a [ v.\{ -Vz,.J
cJr

(b)

-- [V". iJr!

Vzr] > 0

(c)

-- [VIC,
a~,

cJ2

ViJ >

a~

-

,;.,

:I\)

aza cv." -

= 0

0

vEJ = o

c"P[V.11 - v\:]c"t[Vu - Vx] (C')

a,2

az~

l

a 2[V.11 - VK] } 2 > 0. {li)

a,az

On account of the symmetry which the l'lectric and magnetic fields
possess with respect to the plane of z = 0, the fourth condition is satisfied everywhere on this "e11uilibrium orbit plane." It then follows that
on this plane the last condition is satisfied if the second and third are,
so that only the discussions of the first three conditions, called the
radial equilibrium, the radial and the axial focusing, conditions, respectively, are not trivial. If V /iJ is taken to be absent, the radial
pqullibrium condition applied to V .11 gives the alternative relations
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(18)

r
i'rB,dr
B, -

r

+C

2

= 0.

The fil'!lt of these refers to a condition for the Pledron at rest, see
equation (9), and is of no interest here. The second alternative it-1 the
appropriate condition fur equilibrium in the radial direction. If it i,;
included in the formulas when the radial anc.l the axial ful'using conditions are applied to V,11 , tlw following two inequalitic,; al'\'! obtained,
respectively < 82) :

r iJB,
-->
B, ar

1,

(20)

(21)
wherein oBz/oz is zero for z =-.:c 0. Taking into account the quasi-static
nature of the magnetic fields with which one must Mal in practice,
the time derivative term in equation (G) may be neglected and the
result used for substitution in relation (21) whieh may be written with
the same functional expression as (20). Combining the two:

aB.] >0 ..

r
1> [ - - B,

ar

(22)

This means simply that the lines of the magnetic tid1l mm;t be com·t>x
outward and that the field intensity dimini,;hes with increasing radiut-1,
while the corresponding diminishing in centripetal magnetic force must
occur more slowly than the decrease in centrifugal force at constant
electron velocity. The quantity in brackets is a more gen<•ral form of
the "n" of Kerst and Serber who assumed that the magnetic field was
proportional to r-n. During the acceleration cycle the importance of
the constant C becomes less and less relative to the time increasing

J.;B,

dr. Equation (19) approaches the eondition,

(23)
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wherein the right side is obviously 1 the average value of B,, within the
circle. To have a stable ot·bit, condition (2:~), together with condition
(22), must be satisfied for some value of r. In conventional instruments, the magnetic field intensities at all points vary synchronously
throughout the greater portion of the acceleration cycle, and so this
value of r, called the principal equilibrium orbit, is a constant, 1·0 ,
Then, as may be noted by applying the present conditions to the
formula from (5), this position is also the minimum for b'0 or the
equivalent, volts per turn divided by radiu:-1. Kel'st and others have
used this fact fo1· measuring the po:-1ition of the equilibrium orbit.
Induction accelerators ai·e usually built so that condition (21) is
satisfied for all positio11s within the var11um chamber, and since the
,•quilibrium orbit plane ;: - 0 i:-1 one of symmetry, the axial sections of
the potential s11r faees V II ha VP substantially similar characteristics
whatever the other circumstancc•s may be. They are parabola-like in
shapr, symmrtrical and inrreasing outward monotonically on either
side of z c-_c 0, The rate of the inrrease dE>pl•ncls on how negative is
r oRz
- - - - , and the adjustment of this parameter determines whether
B,, or
the walls of the potential bowl, in the axial direction, are sufficient to
keep the electrons from the cmT<:HJ)umling material walls or other
obstructions of the varuum chamber. While the radial sections of the
potential surfacPs arc of no )!!'Pater intl'in:-ic importance than the axial
ones, the appearance of the eonstant e in the formula for V M makes
tlwir eharacteristits eritirnlly dept>ml<·nt on the initial conditions. For
rach value of C, the radial HPC'tionH an•, for the most part, of the same
g-eneral shape for different vah1t•s of ::. A l'epresentative set of such
radial sections of V.11 for dilfrrrnl vah1Ps of C for the plane z = 0, and
which thus in<"l111!Ps thP equilibrium orbit position. is g-iven in Fignr<' 2.
The im1tanta1wo11s mag-ndic field diRt rihution from which these curves
\\'l'rc eomputed i:-1 shown in Fig-urc 1, which intlmles an outline of the
pule pfrces generating this field.
A large variety of injection phenomena can he understood by consideration of the l'.11 radial section curves only, since usually the axial
sections may be taken for s.rranted. While the curves of Figure 2 are
entirely representative of all values of C, the particular ones drawn
were chosen with the position r - 18 in mind as the initial location of
the electrons. In such :m instanct>, theRe particular values of C correspond to tangential velocities of injection (neglecting relativity corrections) differing by a simple factor, one plus the coefficient of P 18 , from
the velocity of the "normal" ckcfrons, whose C value is zero and hence
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whose equilibrium orbit radius is unchanged during the acceleration.
With reference to the concept of two-dimensional conservative motion,
it is a matter of inspection of Figure 2, tu see that for electrons injected
at r = 18, even for those without radial and axial velocitie!!, only those
with tangential velocities corresponding to C values within the interval
- .020 P 18 to+ .125 P 1 ~, approximately, can be captured initially within
the potential bowls. For those with small radial velocitie!'I in addition,
the range is evidently more restricted and can be found immediately l,y

IN DUCT/ON ACCEl,BRA 1'ION

67

------------BETATRON
POTENTIAL OF FORCES
fOA A. 1VPICAt. MAGNETIC FIELD 01!i,TRIBUr!1.,"-I

THE

v,.,,--:.

I

F(lr.>

=~·8Ar.uf..1.{

el!.QIU..f;; 0 r
['rBfir/ t) d.r+

t" t, Z.•0

ANO

c)

1

S£.L(C'1[0

'.~' \..'£5 '.'lr TH[ CONSlANl

C

I

r----------

I
~

"'

,

0

' -~
l•oo
/00,
• i t,

I

..

L
C- ~, P,,

: IL/
:-

Ill

I:

""

G',/JOI

~

j

,

;

...

/

~

I

'

I

)

too,

'

I
I

iJ
' _J

I <(
o ,ooo! -

~

~•O'

•

w

•

f-

•

0

3

a.

.
~

n

z ~,o

,.
I.
ft
<)

. ..---------~ L- -

11.l

I ',i>i

-:--~.__.__..J ..--;-----PR0PoHT10NAL

R.-.01AL D1sTANCC

FMOM

All1S

Fig. 2-Thc radial protilc,s of the potential of magnetic and inertial forces.
recogmzmg the additional harrier necessary to contain the additional
"two-dimensional kinetic energy." While the potential minimum for
which VM is zero has been excluded from eonsidcration on the conventional betatron because the assol"iated acceleration is small, it reprc-
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sents the situation of zero tangential velocity obtained when electrons
are emitted directly into the chamber from a hot cathode located at
the zero position, such as r = 18 for C-= 1.0 P 18 • With the addition of
the electrostatic field VE from a concentric anode, this case describes
a static magnetron with a non-uniform magnetic field and is considered
in detail below.
If an electron in a conventional betatron is confined near to a stable
circular orbit in accordance with the existence of a minimum in the
appropriate surface l'.11, there are assodatcd with its motion three
fr{'quencies or periods which arc mot·{' or ll•s:; unique, depending on
whether the radial and axia_l osl'illations arP of small 01· large amplitude.
Jn the limit of very small su('h amplitudl's the 1wriods of rotation and
radial, and axial oscillation are, respcdiwly:

1·,

= 27r [ me B • 1-• '
e•
= 2r [ -B
m

T,

1

]-• [

l

e
]-• [
= 2r -B.
m

at,
r oB. ]-•
1 +-B. or
' at

r oB ]-• .
- ---•
B. or

r

at,

=
=

r;

(24)

r;

(25)

= r,

(26)

Provided the particle remains within the potential bowl for large amplitudes, only the formula for T, m•<•ds major correction: to lJc multiplied by a factor much greater than unity because the partir:le approaches the rounded crei-:ts of the s11rrounding potential barrier. In

r

oB,,

I

obeys condition (22), the periods T,
any event, since---B,, or r-c rl
and T,, are always greater than T 0•
Very small angular <lis:-.\'mmetrirs of magnetic and i11d1H·<'d dl'dri,·
field strengths may hti presn1t in an acl't>lcrator. If it is prPsumed that
the electron motions arc very nearly those of the ideally symmetrical
case, the potential notion may still be applied, and the small dissymmetries can be accounted for by small, additional radial and axial forces,
which recur with a period of T0• Since Tr and T,, are greater than T 9,
it follows that no direct resonance effect is likely to occur and that the
disturbances on the ideal motion are not likely to accumulate beyond
what are produced in the first few revolutions after injection. 'rhus,
if the electron is well contained in the potential bowl in the firr-1t place,
the motion will be in accordance with the formulas developed for symmetrical fields.
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SPACE CHARGg

Whet.her an electrostatic field is applil'tl fnm1 ell'drodPs or not, a
large space charg-C' will contribute to V,,: and should be bkt~n into aecount. Since the charge distribution is not kno\\'n and in general will
depend on the manner of injection, the stability conditions (17), which
still must be satisfied, are not capable of dired verification. They lead,
however, to a definite limitation on the sup11ortable Rpace charge dC'nsity, for by summing the first thn•e of conditions ( 17), [ ( 17a) being·
multiplied by 1/r], one finds that the Laplaeian of I V.u --· FN I mu.-;t
exceed ZPl'O. ~inn~
itsp)f must obey Poisson's P1Jlla1 ion, it follows
that:

V,,.

- -Eg < v-~
p

TT

y \'
.

emo{[ B
=
m2

_ .['rB,dr
,
,2

+ ri"

,rB,dr
~

+ C]

+

2

cl + [f.',~:•dr]:}
2

0

r

z

-

. (27)

The limiting charge density given by this relation may be fonnd in
charge distributions in complete axial and radial equilibrium, wherein
the repulsive forces between particles are just compensated by the
retaining forces of the applied fields. Consideration of an optimum of
such distributions will establish the up1wr limit of eharge supporable
in the betatron, whatever the injection meehanism. The magnetie
forces of the space charge c·unPnt are ar<sumed m•gligible at the time
of injection.
Supposing at first that all Pied rons prPsPnt have a C'ommnn vahw
for the integration comdant C, 1.hP surface of I r,11 - V,J l whieh originally possessed a minimum lwfore the electrons were insNted and spacP
diarge forces co11tribuh•1l to V,,:, now has the shape of a bowl whose
bottom is flat over the n•gion of the eharge distribution. Here the
charge density is given by the right side of relation (27) and as more
eharge is added, this value is not exceeded but the distribution extends
itself over a larger space. Eventually, with additional charge, the repulsive forces ean no longer be counterbalanced. This is shown in the
surrounding potential barrier, where, at least at one point on the edge
of the flat bottom, the barrie1· is pressed down, aR the surface curvature
changes from concave upward to concave downward. Then no further
charge can be supported for it spills out hy this route. With the usual
field shapes, this "lt>ak" will m·1·11 r in a radial direction in the z . 0
plane provided tht> vaeuum eh:unlu 1· walls and ol.hl'I' ohst r11dions havt>
0
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not interfered beforehand, because the potential surface goes to relatively greater height in the axial direction. It seems fairly certain that
in this case of equilibrium, there is supported the greate.qt possible
number of electrons with the chosen value of C. 'T'he configuration is
one of minimum total energy as compared to non-equilibrium distributions of the same amount of charge, and these distributions in
sufficient time must surely rearrange themselves so that some of the
particles will surmount the surrounding barrier by virtue of their extra
energy, even if, as is unlikely, the initial arrangements succeed in reducing the space charge repulsions relative to the retaining forces.
If groups of electrons of different values of the integration constant
Care present and in complete equilibrium (without orbital oscillations),
they cannot mingle in the same spatial region because these values
appear explicitly in the radial equilibrium condition (17a) which cannot be satisfied for the same space coordinates but different C's. It
follows from the continuous dependence of the equilibrium relations on
C that although one group may be space charge limited with its potential bowl depressed at some point, in general another group may be
found of slightly higher or lower C whose potential surface [V .11 - V ,.11
still has a minimum and can receive more charge. Assuming the injector is able to provide it, the additional space charge will cause some
of the previous group to be lost, but the equilibrium position of the
new group, as given by (17a) with the new value of C, is necessarily
well removed from the position of the "leak" in the old group. Then
on members of the old group at this position, the proportional repulsion,
or force per unit charge, of the new group is less by virtue of greater
distance than was that of the displaced charge, and there is a net gain
in the total charge supported. If the injection mechanism is able to
meet the demand, this displacement of groups may go on over a continuous range of C values until that group is reached which simultaneously depresses its potential barrier in two places of different radii,
both radially outward and inward for conventional instruments. Now
no further group of slightly different C can have a minimum in its
potential surface and the space charge limited condition of the last
named group, in equilibrium and standing alone, is the final configuration.
For the above reasons, it is thought that the optimum space charge
saturated condition of the betatron, which can be obtained at the time
of injection, consists of the support in radial and axial equilibrium of
the full complement of one group of electrons of a single value of C,
or in most cases of a single tangential velocity and time of injection.
Since the influence of the space charge field depends not only on the
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charge distribution but also on the electrostatic boundary conditions which must be satisfied, the exact computation of the value of the
integration constant C which applies to the select electron group is
difficult, if not impossible. l<~ortuuately, there is a wide latitude in the
choice of this C which will lead to substantially the same total for the
supported space charge, so that one may assume a value corresponding
in the case of a conventional betatron to the radial profile curve of V ;v
whose two maxima are of the same height, on the grounds that there
will be a rough symmetry about the minimum position. In Figure 2,
this value is about C = -- .008 P 18 • It should be emphasized, however,
that the injection mechanism may be quite unable to establish this
optimum electron group and it may be necessary to consider another
group of very different value of C, which can support much less charge.
To find the upper limit of the capturable charge itself, the space
charge density given by equation (27) with a proper choice of C, must
be integrated within the limits of the charge distribution. In estimating these limits, electrostatic boundary conditions must be taken into
account. If the induced space charge image fields are assumed to be
negligible, the radial curvature of the negative space charge field alone
will be negative throughout the distribution. Thus, by radial focusing
condition ( 17b), the charge distribution cannot extend beyond the
points of inflection of the radial profile curve of V M and probably not
quite as far. A fair guess of the limits can be made by taking the lower
inflection point for one limit and its horizontal projection to the other
side of the bowl of V JI for the other. In Figure 2, these limits are, for
C .008 P 1 ,., r 2 -·-= 16 and r 1 = 9, and for C =+.I P 18 , r 2 16.5 and
1·1 = 15.5. The relative axial to radial extents of the charge distribution is determined to a first approximation by the square root of the
inverse ratio of curvatures of VM· Evaluated at the instantaneonR
t-quilibrinm orbit r = 1·;, these values are

=

=

at r

= 1i

(28-1)
(28-r)

r

oB,,

The experimental adjustment of the parameter - - - - - to from - !
B. or
to -- ~ in accordance with condition (22) so as to have the electron
configuration roughly conform with the ~hape of the vacuum chamber
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leads in present instruments to an axial extent from ½to 1 times the
radial extent for ,,alues of r 1 close to the main equilibrium orbit, but
very much sma1Ier ratios for other elel't,ron groups. The radial-axial
distribution having an approximately elliptical boundary, one finds the
total charge, Q, supported in this toroidal ring is the product of the
volume and the average charge density of (27) which is roughly given
by its value at r;.

r =r.

(29)

For low energies of injection, the second quantity in braces is by
equation (15), the voltage of injection. The first braced quantity is
a geometrical factor which depends both on the field shape of the
betatron and the choice of C. From Figures 1 and 2, the value of this
factor for the optimum C of - .008 P 18 is approximately :} but for a
C of + .1 P 111 it is about 1/100. Excepting for the geometrical factor,
equation (29) is the same as that of Kerst (9).
The maximum supportable charge, and hence the maximum space
charge limited output of the betatron, is, other things being equal,
directly proportional to the injection voltage. It has been quite generally observed that the output increases with injection voltage, but
the total output has been of the order of tPn per cent, or les1-1, of that
computed by the old formula or what is practically the same thing,
formula (29) with the optimum geometrical factor. The injection
voltages currently in use i:;eem too high for electron scattering by r£lsidual gas to enter into this effect.
The implication of these experimental re.•mlb~ appears to be that
while the betatron may at injection approach a space charge limitccl
condition, the injected electron groups whi~h can be captured in stable
orbits are those of tangential velocities or C values departing considerably from the optimum.
MOTION IN THE POTENTIAL OF FORCES

The increase of the magnetic field with time brings about the acceleration of the elecfrons aud the change in magnitude and Kha])f' of
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the appropriate potential of force [ V M - V 8 ]. While the energy given
by equation (15) in combination with (19) increases at first with the
square of r Ba at the equilibrium orbit, and for relativistic velocities
directly with r Bz, the radial and axial oscillations about the orbit
are altered by the change in the potential surface. The existence of a
minimum determines the possibility of stable electron orbits, but during the acceleration period the limits and velocities of the oscillations
are changed. On this account, the electrons might alternatively strike
the walls of the vacuum chamber and injection apparatus or be focused
into a narrow beam.
The radial and axial motion l'011stif.t1tcs two-dimensional motion i11
a potential field changing with time, but most of the essential rharal'teristirs can be found in a corresponding one-dimensional motion.
This is particularly true in the conventional betatron because it can be
shown by a Taylor expansion of the potential V.1, near the main equilibrium orbit that the motions in the r and z directions are independent
up to fourth order terms. The potential surface changes but little in
the period of one oscillation of the particle. An approximation in the
analysis will be made based on the smallness of the change in energy
per oscillation as compared to the energy itself, namely, an adiabatic
approximation.
Consider at first the equation of a <"onst:mt mass point in a potential of forces ll', of the form n'(.,·, t) =-:: G(.r)J,'(t) where G(x) is a
non-negative function of spal'e only and F ( t) a slowly varying function of time only:

aw

i=

(30)

ax

Without ultimate lo:,;::i in g'('lll't"ality, it may be assumed for simplicity
that G (0) = 0. An energy integral can be obtained by integrating
lmth sides of equation (30) multiplied by x:

t31)

=

=

=

where x x0 and x i: 0 at t t 0• The value of the integral in this
equation can be estimated by the law of the mean since G > 0.

aw dt = J,',,G dF
1 dF]
I,,'at
dt dt = [ F
dt ,, i'
,, W(x, t)dt,
where lo

< t, < t.

(32)
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By substituting lV from equation t31) into the last integral, (• aW dl

J,. at

can be written:

f•aW
J,.
at dt

== (1

+ e) [ F1 dF]
dt '•

J,'[
x
'• W(xo, to) +

02 -

2

±2 ]

dt, (33)

where

lel <

1 [

2

1 dFL(

F dt

)

H·'mu

l - lo

H'o

1

Xo2

+ -2 - t - lo

J,' x2-dt

(34)

,, 2

1 dF
The value of--- - (t -- f 0 ) is the proportional change of energy of
F dt
oscillations per period and is assumed very small in the adiabatic approximation. Therefore, the value of £ is also small since the ratio of
the maximum value of the potential in the interval to the difference
between the initial energy and the average kinetic energy is of the
order of unity. In the application of this idealized problem to the present day betatrons, £ is less than one per cent and will be neglected. By
substituting into equation (31) the value from equation ( 33) where
1 dF
- - - at t 1 is assumed equal to its value at t 0, again according to the
F dt
adiabatic approximation, the total energy of oscillation E of the mass
point becomes:

E

=

W

+ i'2 = W(xo, lo) + 11
2

+ Ftto) !~[ ( W(x

0,

+ x;=)

10)

(t - lo) -

J,,' ~di]
2

(35)

Let us assume an oscillatory motion such that at f. = t 0 , .i: ~ . O anrl
x a. and again :t 0 when t t 0 + T at which time x ~ a + Ila. The
increase of energy t:i.E during the period_ T is:

=

t,.E

=

=

1 dF[
= F(to)
dt W(x,, to) T

-

t••+" j l

J,, 2 dt
t,. w 1

=t,.W----W(xo, to) T

4E • t,.W- IE ..

]

J,

1,+f' j;2

'•

-dt
2 '
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~ W ( 1 _ Avera_ge kine~ic e~ergy in ~ne pe~i~d)
Maximum kmettc energy m period

(J 6)

where ~Wis the increase of Wat the point x = a and 8E is what may
be called the energy increment deficiency because it is the difference
between the most energy which the mass point would gain were it
immobilized at z = a and its actual gain of energy while oscillating in
the increasing potential trough.
The change of amplitude of oscillation, ~a, is evidently related to
the energy increment deficiency by the approximate relation:

IE

Aa

=--aw=,-=

Average kinetic energy 4 W
Maximum kinetic energy a

WI

ax z-•

ax

s-

(37)

showing that it is proportional to the rate of ehange of the potential,
the ration of the average to maximum kinetic energy and inversely proportional to the gradient of the potentinl at the turning point of zero
kinetic energy.
In the case of harmonic motion in a parabolic potential, the avnage
kinetic energy is half of the maximum and the gradient at the extrcmnm is twice the average gradient from the minimum to the extremum,
so that:

Aa

1

AW

-;;=-,w·

(38)

These considerations can be applil•d to the actual case of the electron in the V41 potential surface by writing:

W

=~
[V.v(r, t)
fflo

- V.v(r., l)].

(39)

Relation t38) can lhl'n be written, for lhe normal clrctruns, C - 0, a11:
Aa

a

= _ ¼AV.v = _½AB
V.v

B'

(40)

relations derived by Kerst and Serber ( 10). These relatiom1 are valid
even when the terms involving dm/dt which were omitted in deriving
equation (14) are taken into acrount. This relation (40) Rhows that
the amplitude of oscillation is proportional to B-t.
In the ca!le of the parabolic potential, the integrnted equation of
motion itself of the mass point can be obtained and a closer estimate
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can be made of the error due to the adiabatic approximation than was
possible in the general derivation. Equation (30) takes the form
x = - x l o2 W /ox 2 ) where a2 W /ox 2 is a function of time only, and can
be solved approximately by the substitution x it ev which leads to:

=

x

w)-1 cos ( J,.r·"~
faiw'
)
dt + a . ,

1
= A ( aoxi

(41)

where the amplitude of usdllation is seen to vary as found before and
2 /

thc instantaneous angular frequcm·y nf oscillation i:.; -1

Y

a2

w-

. - ..• A dif-

ox 2

ferential c11uation l'an now be written whirh is C'xm:tly satisfied hy
equatiun (41) whose form is ii I x
tiunal error

t1

a2 w
ox 2

( 1 -1- • 1

) .

0. The propor-

with respect to equation (30) can be computed:

w)-2[!4ota2( ~w)
_165 ( a2w)-1
(~ a2w)2]· 42
a.v:
o."1;
at a:~2 ·. < >

Ei = { a2

· ax2

2

2

2

_

For the case of non-relativistic speeds of the corresponding electron

e

motion, if v =-= - Be is the instantaneous Larmor frequency correspondm

ing to the field B 0 , this error is less than:

1
< -w2 B___'.'.!
_ _ _ (.1
2
2

t1

11

2

B

,

1- n

:z

+ .l.cos
"

2

wt)

'

(43)

assuming the mag-netit field to vary sinusoidally as R,. - Rm sin"''.
The error is most at injection time hut is cxtrPmcly Rmall, of the order
of 10- 10 to 10 -~ for practical in:-;trumenb;, :.;inC'c it dcrwnd:-; on the
square of the ratio of the magnet and electron Larmor frequencies as
mentioned by Keri;t and Serber ( 10).
In general, the potential function V.11 or [ V_,, - V,, I cannot bl?
represented as a product of separate space and time functions, particularly because C appears in VJr• The position of the minimum
changes with time but the oscillations of .the electrons will take place
around the instantaneous position in a reference system moving with
it, just as if the minimum pm1ition were stationary. This is because
the rate of acceleration of that position is negligible in all practical
cases. Since equation (19) implicitly expresses the radial position of
this minimum, ri, for the conventional betatron, it may be used to
give r, through differentiation.
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oB, d

r-- r

o

ri

aB.

,2
iJt
= -::-;,-----..;.;,,.

]·
rB.[ B.r aB.
ar + l

at r = r i•

(44)

Assuming the magnetic flux and field to increase synchronously, this
equation may Le approximated for very small values of the differenct>
,,., -- r. -- .c, and written for a small time i11cremPnt !!.t.

(45)
For non-relativistic energies, this is equivalent by equation (15) to a
relation obtained by Kerst and f;erber (10).

Ax;

=

(46)

Thus the instantaneous equilibrium orbit shifts asymptotically toward
the main equilibrium orbit so that the separation is at first inversely
proportional to the magnetic field. This shift is in contrast to the
damping of the amplitude of oscillation which is inversely proportional
to the square root of the magnetic field.
An important departure of the electron motion from what has
already been described may take place during the latter part of the
acceleration period from force terms which have hitherto been neglected in the equations of motion. Iwa1wnko and Pomeranchuk ( 19)
have pointed out that in consequence of the high centripetal acceleration of the electron in its orbit, the charged particle will radiate energy
at a rate which for large valtws of its own kinetic energy (of the order
of 100 l\llev) may be a considerable proportion of the rate of energy
gain from the induction field. The results of this will be first a change
in the position of the equilibrium orbit and ultimately a limit on the
attainable kinetic energy. This limitation can be offset, in principle,
by building high energy accelerators with relatively smaller centripetal
accelerations, that is, with smaller field strengths and larger orbital
radii, or with shorter acceleration periods, that is, higher frequency
(12). If the amount of energy radiated were known, the effects on the
electron path could be computed from present formulas with the aid of
equation (15) by introducing an artifitial time variation to the constant
C. However, it is at present not elear whether the radiation formulas
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for a single electron are immediately applicable to the case of the
multitude of circulating electrons in the betatron. References have
been made in the literature to a paper by J. S. Schwinger (39) which is
shortly to appear and which presumably will give a definitive treatment
of the radiation problem. See also ref. 28.
INJECTION IN A PURELY MAGNETIC BETATRON

The betatron has been discussed thus far under the assumption of
perfect symmetry of mechanical arrangement, and electrons were considered present with appropriate energies without regard to any actual
injection mechanism. In the conventional magnetic betatron t!lecti·uns
are injected circumferentially from a gun of finite dimensions, which is
necessarily located in the region of acceleration of the particles. The
gun presents, therefore, a possible obstruction to their manifeld revolutions. In fact, it is found experimentally that the output of the betatron is very much less than the upper limit imposed by space charge.
Upon injection, the electrons oscillate, as has been shown, around
instantaneous equilibrium orbits shifting radially in the plane z = 0,
with axial and radial amplitudes which are damped as the energy
increases. Since the extremum positions of oscillations recede in the
radial direction on account of both the change in amplitude and the
shift of equilibrium orbit, while axially only the change in amplitude is
effective, it is more favorable to locate the center of the gun at some
radial distance x 0 from the main equilibrium orbit, r 6 rather than away
from the plane z 0. An electron will return to the gun, or to a region
nearby where the electrostatic leakage field may cause it to strike the
gun, at some time T after emission. This time depends on the relation
between the period of revolution T 8 and the period of radial oscillation
T,, in connection with the angular and radial extents of the gun. For
an exactly tangential direction of injection, a particular electron will
succeed in missing the gun if the total recession of the path lh·, in the
times T of the first or any other subsequent passage very near the gun,
is greater than the distance d between the point of injection and the
edge of the region near the gun where collision can occur. If, at injection, the electron has a small radial velocity in addition, the situation
is less favorable but still depends on the magnitude of the recession.
This total recession Br is evidently the sum of the decrements (.:1r,+ aa)
occurring in time T, and is obtained from equations (37) and (45)
where .:1V, the energy gain in this time, is approximately the product
of the number of revolutiom1 N and the energy gain per revolution,
w "volts per turn."

=
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If the radial section of the potential trough is approximated by a

parabola, which is a consideration essentially the same as the first order
treatment of Kerst and Serber (10), the total recession 81· immediately
after injection is given by equations (38) and (46).

(47)
Since the sum of the initial instantaneous orbit position Xro and the
initial amplitude a 0 is the total initial distance :i: 0 from the main equilibrium orbit, the condition for avoiding the gun requires at least that

(48)
The value of N can be e:,;timated from the :,;inui;oidal nature of the
trajectory by considering the ratio T,/Te from equations (24) and
(25) in relation to the mechanical dimensions of the gun. For an
experimental arrangement used by the present authors, the value of N
varied from 2 to 6, depending on the injection constant C but always
within the approximation that the potential functions are merely first
order departures from the main equilibrium radius. In general practice it is found experimentally that much higher values of the product
V 1d than those of the above inequality ( 48) can be used. Indeed, the
output of the betatron apparently increases with the voltage of injection
V,. It may be expected, however, that the actual non-parabolic nature
of the potentials for some injection parameters will materially alter the
factors contributing to the recession 8r, these fartors being the damping of the amplitude of oscillation Ila, the equilibrium orbit shift llx;,
and the period T of consecutive passages very near the gun.
As has already been pointed out, the range of C values of electroni;
which can be captured in stable orbits depends first on the existence of
a minimum in the potential function and second, that the walls of the
bowl are everywhere as high as at the point of injection. In conventional practice, all electrons are injected at the same voltage throughout
an interval of time, so that the range of C values comes about through
differences in the time of injection, and hence in the value of the magnetic field integral appearing in C, equation (8).
For values of C toward the ends of this range of capturable electrons, the radial sections of the potential surfaces depart signijicantly
from the parabolic approximation. When the gun is located further
from the main equilibrium orbit than the extrema of the locus of extrema ( r 0 < 8.5 and r 0 > 17.5 for the example of Figure 2), there is a
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value C1 of C for which the potential V.11 has a maximum at the gun.
The rate of change of the amplitude of oscillations of electrons injected
at times just following that corresponding to C1 (when r0 > 17.5, or
just preceding when r 0 < 8.5), is very large since it is inversely proportional to the value of a VMl or at the injection point in accordance
with equation (37). Since this rate becomes very large for injection
times corresponding to C1, the gun clearance may be improved by a
large factor of the order of a hundred over that of the parabolic case,
provided of course that the gun is so located that the electrons are not
lost in their first swing across the equilibrium orbit on the side opposite
to the gun. l 7 < 1·0 < 8.5 or 17.5 < 1·0 < 22.5, in the example of Figure
2.) The rec-e.ssion will depend on the product of the rate of change of
amplitude by the time 7' of consel'.utive passages near the gun, and
therefore on the number N of revolutions between dangernusly close
approaches. The number N varies with C and passes through small
and large values depending on the ratio of T,/T 8 • Hence there is the
possibility of capturing electrons in several distinct groups corresponding to the large values of N. The capture of electrons through the large
damping of amplitude will occur in a range of C values close to C1
(smaller than C1 for an external gun, greater for an internal one),
which is a comparatively small part of the total range corresponding
to potentials with a minimum and in general the potential trough will
be shallower than the normal curve (C 0) with hence less space
charge capacity.
Consider the gun located at or near the limit at which the potential
can have a maximum, that is, at or near one of the extrema of the
locus of extrema of the potential function (r0 =--= 8.5 and r 0
17.5 in
Figure 2). At these points there will be a value C!! of C for which the
potential V M will have an inflection point. Near such a po!nt the rate
of shifting of the im;tantaneous equilibrium 01·bit, which is inversely

=

=

proportional to

oBz)
(1 + B,.-r-or

as shown by equation ( 44), becomes

very large. Since it approaches infinite values at the point itself, here
again the position of the electrons may recede in the time T, which is at
least equal to T 8, an amount 8r greater than d even if the amplitude
damping were not taken into account. The range of C values for which
the rate of equilibrium orbit shift is sufficient is only a small part of the
range for which equilibrium orbits exist. l!'urthermore, the potential
troughs are very shallow and it is probable that the number of electrons
captured in them approaches being space charge limited, even for small
injecting currents.
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Finally, consider the case of an injector located at a position such
that for some value Ca of C the initial potential curve has a maximum
whose value is equal to that at the injector position but which is located
on the opposite side of the potential minimum. It is apparent that for
C values approaching Ca, greater for an external gun and smaller for an
internal one, the period of oscillation Tr around the equilibrium orbit
tends to infinity since the radial velocity of the electron near the maximum of Vis very small. Consequently the time T becomes very large
and for a finite rate of shifting of the e11uilibrium orbit given by equa1ion ( ,t,t), the recession Sr of the electrons may be sufficient for clearing
the gun, provided the shift of the orbit is away and not toward the gun.
This occurs only for particular gun positions and C values (for example
1·0 -----= 8, C ,_, -- .004) which are small compared to the total range having minima in the potential.
These considerations show that for high injection voltages the
principal mechanism of capture is the damping of amplitude of oscillation when the potential function has a maximum near the gun. The
cases of rapid shift of the equilibrium orbit and of long periods of
radial oscillation may account for similar capture but are less probable
mechanisms.
To estimate the interval of time over which electrons can be captured, consider a S)'nchronously varying magnetic field, or one whieh
ran Ul' expressed as the produC"t of Sl!parate fnnctions of space and time:

B(r, z, t)
Th" po1Pn1 ial

r
V

= b(r, z) ·f(t).

(49)

ran thPn he written as:

= em~J2(
)
·"
2m-. t

[i

u

rbrdr +f(to)
f(t)

Dl2

-----"--'-'-r

'

(50)

where t 0 is the injection time and D-:= C//(t0 ). This relation shows
explicitly as has been implicitly as:,mmed so far, that the scale factor
of the potential surface after emission time increases in the ratio
P(t)//2(t 0 ) while the shape of the surface changes with respect to one
derivable from an unchanging magnetic field just as if the constant C
decreased in ratio /(t0 )//(t). The interval of time t 1 to t:! in whil'h
the C values correspond to potentials with a minimum h.1 therefore, for
the case ilh1Rtrated in Fiinire 2:

Pu
J(l1) = Pu
f(t2)

+ Cm.,.
+

Crnin

= 1.15,

(51)
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corresponding approximately to 15 per cent. of the phase angle of the
injection period characteristic of a sinusoidally varying magnetic field,
an angle proportional to the square root of the injection voltage. The
range of C values corresponding to initial functions having the special
properties necessary for capture is a small part of the total range of C
values characterizing a minimum of the potentials V M and can be estimated on the basis of the size and location of the gun and is unlikely
to exceed 10 per cent. in practical cases. The effective phase in which
electrons can be captured is therefore only a small percentage, about
1 pe1· cent., of the injection phase itself, and the correRponding effectiw
time of capture is quite short (about 10- 7 second for 4,000 volts injection voltage and other parameters used in the example of this paper).
In spite of this, it is found that in present day betatrons the current
emission capabilities of conventional guns are ample to provide a charge
Pqual to the limit given by space charge, equation (29).
The mechanism of gun clearing was accounted for by ignoring the
effects of space charge, while the upper limit of capturable charge was
estimated in a preceding section by ignoring the obstruction of the gun.
The actual effects are only partially described by these two limiting,
idealized cases. However, it is probable that even if the capturing
potential troughs were space charge limited, this fact would not alter
the existence of limiting requirements on values for the damping of the
amplitude of oscillation, the rate of equilibrium orbit shift or the period
T of consecutive passages near the gun, which are primarily responsible
for the gun clearing mechanism. It is even possible that space charge
has an enhancing effect in damping oscillations for if one supposes
formula (37) to be entended to such a case, the principal alteration
would be a reduction in avM/or, with a consequent considerable increase in aa. On the other hand, it is very likely that the particularities
required from the potential function to avoid the gun obstruction are
inconsistent with large capturable charges and are re.'!ponsible for the
low percentages of the upper space charge limit which are usuallr
observed in actual experiments.

PART II
BETATRON WITH AN ADDITIONAL ELECTRIC FIELD

The injection of electrons from a cylindrical cathode ·coaxial with
the magnetic field with the help of an additional radial electric field has
tempted many investigators. A priori, it seems that large space charge
could be captured by this means since electrons are injected in initially
intem1e fields, a condition which is known to yield large rotating charge11
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in magnetrons. In addition, the problems of an asymmetrically located
gun are eliminated. The following analysis shows the requirements in
the variations of the fields necessary to obtain e,1uilibrium and stability.
These turn out to be more complex and to have narrower tolerances
than in the case of a purely magnetic betatron. It is shown also that
no substantial gain in space charge can actually be realized.
The analysis is restricted to a toroidal region whoae radial aml
axial limits are small compared to the average radius and also, to nonrelativistic speeds. It is convenient to use a power expansion of the
total potential of forces V 1 =---= V MO - V .M around a position z = 0 and
r = r., or x = 0 when r --- r 0 is abbreviated by x, where r. is the asymptotic equilibrium orbit of the purely magnetic instrument with synchronous field variation defined by equation (23).
The expansion, limited to cu hie terms:

(52)
where the derivative:. are undl'rstood to be for x = z = 0, has no terms
with odd power:. of z l.Jec·ause of the assumed symmetry about the z = 0
plane. It is convenient also to l.Jreak up this expansion into separate
ones for VArn and -Vi; and to introduce for the former two new symbols,
fl, and B," defiiwd as follows:

B.

B,,

= B.(r., 0, t),

= ~[ f)J, rdr
'• J., , -o

-

fr•B, rdr
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(53)

+ !!!.2
rldo]
e

i''
o

B 1 rdr
•• o

C
+-·
r,
2

(54)

It is seen that R. is the magnetic fit>ld at t.he main equilibrium orbit
nnd B,1 is proportional to the angular momentum of the electrons at the
position r ::_:: re and z - - 0 and is also equal to !1rr/ times the flux linking
the circle r = r.,, z =-= 0, at any time, plus a constant which depends on
the initial cohfiguration of the magnetic field within the initial circle
r r 0 , z :::: z0 as well as the initial position and angular momentum of
the electron.
The expansion of VAfo, expressed In terms of B 6 and B" with the rela•
tion between the spatial derivatives of B taken into account, takes the

=
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form:
VMo

e

e

2
= ½m-., r, B,l + x -mo r.B.,[B.

- B.,]

e
e
+ ½x2 - [B.2 + 3B.,2 - (3 + n)B,B,] + ½z2 - nB,B,
mo
mo
+

e

1

lx• -mo -r, [ -(3 + 3n)B,2

+ ½xz

2 -

e 1
-

mo r,

[nB, 2

-

(n

-

12B.,2 +(12 + 4n + n 2)B,B.,]

+ n,)B,B.,],

(55)

where the numerical coefficients n and n:! are dPfimul a~:

aB.,
or ,.,.'

n - - -r - -

B.

••0

r2 a2B.

n2 = - - B. or2

I
,.,.

·

(56)

••O

If the magnetic field varies synchronously in the region of validity of
the expansion, n and n.! are constants and the coefficients of the expansion are second order polynomials of the two variables Be and B,r
These variables must be particular functions of time for particular
modes of operation. To analyze all possible modes, it is convenient
to assume at first that Be and Bq vary independently and later to consider the effect of their actual functional dependence. The assumption
that Be and Bq are arbitrary functions of time requires that the flux
linking the circle r = r 6 and z = 0 and the field at that circle be controlled independently, and implies that the flux exterior to and linking
the toroid is independent of the field within the toroid since some of the
flux linking r 0 is controlled by Be. A large degree of independent control was actually obtained in an experimental double yoke magnetic
circuit.

The analysis of the variation of the potential functions V, is greatly
facilitated by a diagram having B 6 as abscissa, Bq as ordinate and
i-howing curves fur which the values of the coefficients of the expan1-1ions V 1, V Mo or V 8 remain constant. 1''igure 3 is such a diagram for a
particular choice of geometrical parameters. The lines of constant coefficients of V Mo are conic sections and each coefficient is represented
by a family of concentric and homothetic conics. For · example, the
lines of constant oVMo/ox are hyperbolas whose asymptotes are the B.
axis and the 45° line B" B 6 • The asymptotes themselves are lines
of oVMo/ox= 0 and they devide the Bq - B. plane into positive and
negative region11 of tlV,.,0 /ox.

=
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In the expansion of the electrostatic potential VE• the coefficients
are related by Laplace's equation, assuming the space charge· to be
negligible. Assuming also the spatial distribution of the electrostatic
potential to remain similar to itself as the potential varies in time, that
is, synchronous variation of the electrostatic field, the ratios of a2 V 1<:I
o.r 2 and o2VB/oz 2 to oVg/ox remain constant, and it is possible to express them in terms of a numerical factor k:

a1 VB = k aVB
a,
r. ax
2

and

a2 VB = - k + 1 aV
- - ax
-·
ax
r.
R

2

(57)

The expansion of l'B limited to cubic terms is therefore:

(58)
The conditiom1 (17) for stable equilibrium, or the existence of a
minimum of the function V 1 = LV.u --- V 1J, can now be conveniently
analyzed. In general, the capture of charge can occur as long as the
minimum is within the toroidal region but we will consider at first only
the case of electrons whose equilibrium orbit is always in the center of
the toroidal region x = 0, z =---- 0, and later compare otht-r captured
electrons to these "normal" electrons. The first order condition (17a)
requfres that at all times:

8V.11a
-!l-

u:C

av. ""' -e r.B,[B. =~
u:X
ma

B,].

(59)

The lines of constant oVMo/ox, identical with oV ~,/ox, on the focusing
diagram show what value of electric field must be applied for a given
magnetic field Be, and a given equivalent change of flux Bq in order to
balance the electric, Lorentz and centrifugal forces at every instant.
Consider the location of the representative point on the Bq - Bff
diagram for the instant of emission. (0 0 is zero, neglecting the thermal
velocities of emission.) The value of B,z can be expressed approximately
in terms of B, by expanding the integrals of equation (64) :

=

[-~+.!..::.!!(~)2
-!!.(~)a
_!!.(:!)2~]B
..
r.
2
r.
3 r.
2 ,. ,.

(60)
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The constant s is hence approximately equal to - (x 0 /r ,) , x0 being the
initial value of x. The representative point at the emission time is
therefore on the Bq = sBe line shown on the figure for two values of
s = ± 1/16. SubKequent to emission, the value of B" will increase in
an actual induction accelerator since the kinetic energy is an increasing
monotonic function of B". No natter how B 6 is related to the increase
of B,,, eventually the operating point (Bq, B.) must end on or near the
asymptote Bq = B 0 for otherwise the values of oVE/ox would have to
become unpractically large to balance the magnetic and inertial forces
which increase rapidly with speed. Therefore, the focusing problem
consists eKsentially in analyzing the conditions at points between the
lines B" = sB. and B,, ,--, B. and on the line B,, = Be it.Relf. It is
interesting to observe that these limiting lines are representative of the
field conditions in a static magnetron and a purely magnetic betatron
respectively. The electric field at the emission time

oVsl
-;vX

,.,.

e r.s(1
= -mo

- s)B, 02 ,

(61)

where B,. 0 is the value of B,. at t = t 0 , is approximately the value of the
cut-off electric field of the magnetron, while on the line B" = B 6 , the
electric field is zero, the characteristic of a conventional purely magnetic betatron. The betatt·on with radial injection by an auxiliary
electric field operates toward the end of the acceleration cycle, as a
purely magnetic instrument. Thus, it may be considered as the superposition on a magnetic betatron with its main sinusoidal power source
and synchronously varying magnetic field of auxiliary means to alter
the field and flux by the incremental values Ber. and Bq,. necessary to
obtain equilibrium in combination with the electric field.
Consider now the conditions imposed on the variations of the magnetic and electric fields by the second order conditions ( 17b and c) for
the existence of a potential minimum at .r. = z = 0. Since the values of
a2vu/ox:i and o2 V,-;/oz 2 are proportional to oV ,./o.r, equations (57),
they can be expressed in terms of B 0 and B,, if it is assumed that the
electric field oV8 . ox is actually adjusted at every instant in accordance
with the first order minimum condition (59). The second derivatives
of V 1 are thus:

= .!....
[B,2 + 3B"2 mo

(3

+ n)B~B" + (k + J)Bv(B.

- B 9 )], {62)
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The lines of constant curvatures o2 V 1/ox 2 and o2 V 1/oz 2 are conic
sections depending on the parameters n and k characteristics of the
geometrical configurations of the magnetic and electric fields. In order
for these curvatures to be positive as the operating point moves from
the line Bq = sB 0 to and on the line Bq = Be, these paramcterH must
have appropriate values. The value of n must satisfy the relation,
0 < n < 1, as in .condition (22), of the limitini.r mai.rnetic betatron.
This can be seen by making B,1 ~= B,. in equations < <i2) and l 63).
The permissible limits of k can be found by cunsiderin~ at first the
lines of constant o:!V,. 'oz:.? which form a family of concenti-ic and homothetic hyperbolas whose asymptotes, or lines of zero value, are the
lines Bq = 0 and· Bq = B, <1- n/k). Obviously, the operating line must
not cross the asymptotes, so that for the starting point (B,, 0 , B,.0 ) on
the line Bq = sB,, B~ 0 must be positive or sB,0 > 0. This mean:-1 that
the initial magnetic field must be positive with an internal cathode
(s > 0) and negative for an external cathode (,'I< 0) as illustrated on
the focusing diagram. In order for the asymptote B,1 = B.(1 - n/k) to
be outside of the operating angle, it is easy to show that k < (n/1- s)
for s > 0 and k > (n/1- s) for s < 0.
The lines of constant o2 V 1, ox:.? arc ellipses if the discriminant of
the polynomial in B 0 and Bq is negative, a co11dition occurring when:

n - 2 €=--ii

<

k

< n + 2 , 1 - n.

(64)

If k lies outside of the limits of this inequality the equivalue lines
o2 V 1/ox 2 are hyperbolas and there arc points in the B,1, B, plane for
which o2 V 1 /ox:i < 0. It can be shown that, if O < n < 1 and the inequalities required by a:iv 1_loz:.? > 0 are satisfied, some of these negative points are necessarily in the operating angle, so that inequalities
(64) must be satisfied.
The focusing conditions in the radial and axial directions within
the operating ranges are therefore:

< n < 1,
< k < _n_
0

n - 2

ri-=-n

_n_
1- s

< k < n + 2 ri-=-n

1- s

for internal cathode s

> 0,
(65)

for external cathode s

<

0.
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The parameters used in drawing the diagram of Figure 3 are those
of an experiment performed by the authors. The magnetic field was so
adjusted that the measured values were r 8 = 1.6", n = .565 and n..i ~ 0.
The two cylindrical electrodes both carried electron emissive areas so
that either could be made the cathode. (x 0 ± .1", making s + -h.)
See Figure 6. A definite curvature of electric field was obtained by
adjusting the potential of the end shields or "hats." Measurements
in an electrolytic tank of a scale model showed that when the hats
were connected to the cathode le = - .6 for an internal cathode and
k. -= 1.15 for an external cathode. These values of s, k and n satisfy
the inequalities (65).
With the help of the focusing diagram, feasible modes of operation
can be predicted by considering what variations of magnetic field increment B"'' flux increment B,,,. and electric field oVE.lox produce
focusing and among them, which are most easily obtained in practice.
Linear variatioi:is of the flux B 11 and field B 0 are particularly simple if
the corresponding lines in the diagram are parallel to the asymptotes
of the equivalues of oV_1111 .'o.r be(•ause the required variation of oVE/ox
is then also linearly related to the field or flux. For short enough phase
angles of a sinusoidal drive, these variations are also linear with respect
to time. Two such operating lines have been shown on the focusing
diagram, one for an intemal and the other for an external cathode, and
the corresponding time variations in Figure 4. It can be observed in the
case of an internal cathode, that B,1 takes two different values for some
values of B,. so that IJ,. must necessarily be non-monotonic and consequently both field and flux must be controlled by the increments B~,
and Bq,•• On the other hand, control of the flux alone is sufficient with
an extemal cathode. In this case, at the emission time, the magnetic
field is negative and therefore defocusing in the axial direction. The
electric field overcompensates that effect and is also responsible for
giving stabil_ity to the electron orbits at the instant when there is no
magnetic field at all. This shows, incidentally, that the Bq axis illustrates the conditions of a purely electrostatic system.
The focusing diagram showing the conditions for a minimum at
:r = z = O is convenient for finding further conditions for capturing
the charge. It iR evident that a finite range of electron emission times
must be considered, for infinite current densities would be necessary
if all the emission were to occur at one particular instant. For every
emission time there is a different potential function V 1110 because the
constant C involving the initial flux is different. Since the electrostatic potential V R is necessarily the same for all electrons, the minima

=

=
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of V, = VMo - V8 , if existing, will be, in general, at different instantaneous positions x 1 and have different curvature11 o2 Vtfox 2 and o2 V 1/oz!!
for each electron. The electrons will be captured for such shifts of
instantaneous orbits x 1 and such changes in the depth of the potential
trough which will effectively prevent them from hitting the bounding
electrodes. It iR obvious that the initial position .r; 0 of the instantaneous

EXTERNAL
CATHODE
TIME

(eec•O)

BeAND

B\

Fig. 4-Time variation of the magnetic field, magnetic flux and electric field.

equilibrium orbit

3";,

must Le closer to the cathode than the anocle;
Q < Xio

<

1.

(66)

Xo

Furthermore, if at no time the orbit is closer to the rathodP or anoclP
than it was originally to the cathode, or

(67)
capture will be in.sured as long as v~Vtfox 2 and v2V1/oz 2 remain no
smaller than their initial values.
We shaU restrict the analysis to the case, described above, of linear
field variations providing an equilibrium at x 0 for so-called normal
electrons for which the variables Bq = Bqn, B0 and oV/i/ox Ratisfy
equation (59) and B,,n iR given on the Rucce.11sive 11egments of the
operating line by:

=
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= B,

- (1 - s)B,on, B""

= constant,
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B""

= B.,

(68)

while 0V0 /ox can be expressed on the first of these by:

«JVB
e
--;-= -mo
r,(1
uX

- s)B,o.v(B. - (1 - s)B,o.v),

(69)

where B,.0 _-.. is the initial value, B, 11 , of B,. at the emission time of the
normal electron. The potential V,110 of other electrons finding themselves in the same magnetic field will depend on B, and a value Bq
differing from B,11, by a constant amount J.Bq characteristic of the
emission time. The position of the minimum of the potential Vt=
VJ,o - V 8 will be at a position a\ determined for times subsequent to
normal emission and appl'Oximately equal to:

av,
ax

llBq(B,-2Bq.,·)
~------B, 2 +3B/-(3+n)B,B"+(k+1)Bq.v(B,-Bq.v)

x. = - - = -,.-------.. --------·--

.

a2 V,

ax

(70)

2

The initial equilibrium orbit position :rm of an electron emitted subsequently to the normal electron is seen from equation (70) to have the
same sign as B,.0 , therefore opposite to x 0 , in violation of condition
(66), an understandable result since for late electrons the electric field
is Rtronger than cut-off of an analogous magnetron.
Therefore, only early electrons are capturable. Whether this will
actually occur depends on the electric field, which, prior to the normal
emission, is not specified by the normal equilibrium equations (59) and
(69). It will be assumed to vary lineal'ly with B 6 at a rate p times
faster than immediately RUbsequent to normal emission. With this assumption, both V.110 and Vi,- arc determined for early electrons and it is
possible to compute the inRtantaneom1 position of J'; of the potential
minimum of V, = V110 - VB for each instant t and each emb,sion time
t,. in the emission period extending from the instant f 0 at which the
electril' field is zero to the instant t,. of the emission of the normal electron. It is convenient to introduce the numerical factors q = t,. ' ( t,.
·-- t 0 ) characteristic of the emission time and .X = ti (t,. - t,.) characteristic of any instant in the period between the emission of any
electron and the normal electron. With these abbreviations, the result
of the computation is:
X;

= Xo(l

- q) ( 1 - ).

+ ~) ,

(71)
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when terms in (.r 0 / 1·0 ) 2 are neglected with respect to terms in (x 0 /,·0 ) .
Therefore the initial position a.·m of the position minimum (,\ 0) and
the position X;n at the time of the normal emission (,\ = 1) are:

=

.\",o

= ~o(l

Xin

=

- q),

(72)

(1 - q)

(73)

Xo-'-----=-•

p

Equation (72) shows that the initial equilihl'ium orhit iH at the rathodc
for the earlit•Ht emission time ( q '-- ~ 0 l and in the center of the tube at
the latest ( q = 1). The amplitudt' of oscillation at the Pmh1sion time
of any electron h1 (a· 0 - :t";.,) = :11.rn! and hecomes Hlightly i,imaller at
the normal emission time in \'irtue of the increase of ZJ:!V1 /ux 2 in the
interim.
At the instant of emi:-1sion of the normal electron, there are already
in the tube a series of electrons all oscillating around different equilibrium orbits with different amplitudes. In order for (J";,,) to be less
than (xw) in accordance with relation (67), J) must be greater than
one. At the limiting value when the rate of change of the electric field
at the emission period is equal to the rate subsequent to normal emission time, or p = 1, the instantaneous equilibrium orbit of any electron
does not change from the instant of emission to the normal emh1sion
time, X; = :t";u = X;,,, and the electi-uns all oscillate so as to come back
to the cathode at each swing.
After the emission of the normal electron.fl, thP poi,iition :r1 of the
equilibrium orbits is given by equation (70). The ron!-ltants .1.B,1 can
be eliminated by comparing the instantaneous equilibrium poHitions :r;,
to those, X;n, the electrons had at the time I., of the emii-1sion of the
normal electron:

azv,,

x, ~ B. x,. - B,o.v -

2B9N ax2
2BqoNd 1

,. -

V,, -

iJxt

f
n•

(74)

I

The function I,. is determined for every·point of the operating line on
the B,1-B, diagram. For the lines shown in Figure !l, for an external
cathode In varies from I, passes through a maximum of 2 and eventually
. tends asymptotically to zero, while for an internal cathode In varies
from one, passes through zero to a minimum value of - 2.6 and eventually also tends to zero.
The position x 1 of the orbit at any time subsequent to the emisRion
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period can be compared now to its initial position by combining equations (72), (73) and (74).

= J-p.. •

(75)

showing that x;/.r, 0 is independent of the emission time q. In order
to satisfy condition ( 67) :

(76)
This shows that the rate of increai-e of the electric tick! during emh-;sion
time must be greater than subsequently by a factor JI which depends
on the particular subsequent mode of operation. In our example 71 > 2
for external cathode and p > 2.5 for internal cathode. Higher rates
than necessary insure more positively that the electrons will miss striking the bounding electrodes but the emission period is shortened so
that high cathode emission is necessary to inject a given charge. However, for most practical parameters, as in the examples illustrated, the
emis11ivity of the cathode is no limiting factor.
The schematic history of the instantaneous equilibrium position and
amplitude of oscillation of Figure 5 summarizes graphically the above
considerations. When the electric field becomes zero, the conditions
are those of a purely magnetic betatron and the instantaneous orbits
tend towards the center while the amplitude of oscillation diminishes,
as explained before.
The analysi!1 of the cmh-1:-;ion period made above on the basis of the
motion of the electrons in the radial direction only, were based on the
two first terms of the expansion of the potential of forces. Actually,
the two dimensional motion in the 1·-z plane should be considered by
taking into account the effects of the actual boundaries, such as the
cathode, for which the second order terms approximation breaks 4own.
Such a detailed analysis was made for a specific example by using the
cubic terms for V Mo and an actual electrolytic plot for V R and confirmed essentially the conclusions of the simpler analyKis.
The magnetic field B,., the flux linking the circle r = rr, z = 0, as
characterized by Bq, and the electrostatic field oVE/ox must be related
through equation (59) at all times. It is significant to consider the
tolerancci-i on the ,·ariations of these variables by computing the differential ehangei-i in the time variable!'! which cause a Rhift .l.1~ in the
e11uilibrium orbit:

(77)
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a v,
2

ax1

~" = -1::i.x------e
'
-

fflo

r,(B, - 2B,,)

(78)
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a2v,
iJxt

AB.=- - Ax---

-=r.B
mo

(79)

.0

11

The maximum permissible value of Ax is the space between the point
of maximum oscillating displacement and the cathode or anode, which
for time:-1 subsequent to the emission period is:

= (1

- q) ( ± 1

-1;)

Xo.

(80)

It is apparent that there is no tolerance for the normal electron ( q = 1),
and the maximum tolerance for the earliest emitted electron ( q =- 0).
If half of the initial emission is sacrificed a reasonable value for ~.r is
± :r0 ./4 for practical values of / 11 and p.
The tolerances for the operating lines shown on the focusing diagram are as follows: Since o:?V,,'ax:? remains approximately constant
when aV,, ·o:r -.r- 0, the absolute tolerance of 2'V1, 1 o.i· remains constant
and tends to a minimum relative error of .6 per cent at maximum
voltage. The tolerance ,j.B,1 is expressible as

= Ax. s(l

AB
ll

Xo

- s) B .
jn
,o.\,

so that the lea.'!t relative tolerance in the control flux Bq,·• ~Bq -'B,1,.
= AB,/R,.0 .,. is about .15 per cent for the maximum value of/,.. Similarly,
the relative tolerance in B,, is of the order of .7 per cent, well within
the approximate linearity of a sine function at the phase angles of the
injection period. These tolerances of a few tenths of a per cent on
the variation of the electric field and magnetic flux constitute very
close requirements for electronic circuits controlling appreciable power
at reasonably high frequencies.
The ejection of the accelerated charge in a betatron with a system
of injection using a radial electric field can of course be obtained by a
non-synchronous change of flux or field as is done in the purely magnetic betatron. It could be achieved also, in principle, by applying
an ejecting electric field on the existing injecting electrode structure.
However, the required gradients would be impractically high.
It was shown that space charge determines the ultimate limit to the
charge which can be captured and accelerated. In the purely magnetic
betatron this limit increa.<ies with the energy of the electrons so that
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far more charge is potentially supportable near ejection time than can
possibly be introduced at injection time. As mentioned before, the
addition of an electrostatic field might be expected to provirle a means
for taking some advantage of this potentiality since the electron1:1 could
be injected into a much stronger initial magnetic field, as is the case
in static magnetrons which are known to have high current densities.
Actually the gain of supportable charge can be only very small, for the
following reasons:
The Laplacian of the magnetic potential was shown to represent
the limiting 1:1pace charge density of 1:1tationary dcctrons at any point.
This limit p at the minimum of 'V 11 ean be found by introducing the
oV 8
oV.11
equilibrium condition ---- = - into equation (27).

or

01·

0V1:):

p

_ {( or
- fo

2 V.u

+2V11
-

}
(81)

r2

For a given electric field al' E,lor, pis a minimum when V.11

= --r I-av- I,,
E

2

01·

I

a value which V M must assume necessarily at some time since it passes
continuously from nearly zero at emission time to values mm·h larger
than -

rl -oVE- (.I Therefore, the upper limit of capturable space charge

densit; at i e ~inimum of the potential for a given largest value of
the electric field is:
P

2oVg
= fu---r or ,

(82)

whatever the particular variation of the magnetic flux and fields and
electric field chosen to satisfy the equilibrium conditions. The similar
limit for a purely magnetic instrument was found to be equation (27),
2 V M injection
p
<o - - - - - - , and therefore the relative gain in space charge

=

r2

oV/i) r
density obtained from the electric field can be at most - - . If the
or VM
maximum voltage V 8 applied acros.'l the tube is equal to the injection
voltage, this ratio becomes approximately r/t:.r, assuming the gradient
at r to be equal to the average gradient. The ratio of capturablc
charges themselves will be alim r/ t:.1· if the volumes occupied by the
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INDUCTION AC'CNLEllA1'10N

charges are the same in both eai;es. In practice, however, the region
of acceleration is .smaller for radial injection, while the limit imposed
by breakdown on the applicable voltage is likely_ to be higher. Therefore, the gain in space charge limit, if any, is not very important.
In the example used in the preceding analysis, the actual limit of
capturable charge can be estimated by applying Gauss' theorem over
the bounding electrodes.

Q

= fo

ff

grad,. V ,ds :: to41rr. [

Zo

~YI
OX

s

,w,1

The value of - - - I

ox

I

+ Xo ~-r!
I
OZ

r~r,

r•O

•-0

].(83)

•••

can be approximated by assuming a parabolic

1.,,

-.,:I)

Z=O

variation of V 1 in the radial direction, while the value of -oV1 \

oz , ""o

,

al=ZO

which is very sensitive to the sharp boundary conditions due to the
x0

av, I

hats, can be conveniently assumed equal to - - · Zo

/'

OX

. Hence Q is

z=O
Z=O

approximately :

[zo + -xo] ·

a v,
2

Q = to41rr, ~ xa2 -

Xo

uX

Zo

(84)

o~V,/o.c~, it will be most for a given oY>:.· a.1:
oVR/o~v,
at a time when - - - - - is extremum or, on the focusing diagram
ox
ax2
when an elliptical cquivalue of o2 V,_lox!! is tangent to a hyperbolic
cquivalue of oV1; o.r. For this point the discriminant of the quadratic
8incc Q is proportional to

equation for B,/, which can be obtained by substituting Be from equation ( G:n in equation ( 62), is zero, a condition occurring when:

oVg
0 Vi (k - n) ± 2 ~
-=
-a,
ox2 r, -'----'-----(k - n) - 4(1 - n) '
2

(85)

in which the plus sign refers to an extPrnal and the minus to an internal
cathode. Therefore Q:

Q

= 411'to,.\'"o·.(k-n)-4(1-,i)[Zn+.\"o]aV,-;
------,=== - -(k - tz)

± 2 .J 1-

tz

.\"n

Zo

OX
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= '1'11'Eo,.\:o·
-;-v,,\'

~

271'EoXonz.v,-; ,.,.,.,

(86)

is seen to be proportional to the maximum applied voltage, the linear
dimensions, and a factor h which depends on the geometry of the
boundaries of the fields. Actually, this optimum ration of oV 1,,/ox to
o:ivi;/ox:i is not realized if the three equilibrium variables, magnetic
flux and field and electric field vary linearly with respect to each other.
Taking this factor into account, for the parameters indicated on the
diagram and a maximum applied ,·olta1?e of 4,000 volts, this maximum
charge turns out to be 5 >< 10 11 coulomb.
EXPERIMENTAL

In order to investigate the injection mechanisms and currPnt limitations the present authors built a small but special betatron with
which some relevant experimental results were obtained.
The primary feature of the magnetic circuit was the independent
control of the field at- and the flux linking- the main equilibrium orbit.
The pole pieces were composed of two coaxial sets, an outer set with a
return link in the form of a C carrying the field exciting coils, and an
inner set relying on leakage for a l'cturn path and having its flux coils
inside of the hollow outer pieces. This shape of the outer poles minimized the leakage between the inner and outer circuits so that only
one-fifth of the variation on one was perceptible in the other. A coil
on the outer circuit in series with a coil on the inner, tuned by a bank
of condensers to the driving frequency of 420 cycles, was coupled
through a transformer to a 5 KW generator. This main circuit was
adjusted to produce the conventional magnetic betatron field with its
1 :2 condition for the equilibrium orbit. Another system of coils comprising one on the outer field link in anfowries with another on the
inner, flux pole piece was adjusted to have no coupling with the main
circuit. The excitation of thi8 auxiliary, i!!olated circuit produced a
differential in the flux and field and could be used for both ejection and
injection in experiments either with conventional injection or with an
additional electric field. Figure 6 show.'\ a cro8s section of the pole
pieces.
The ends of the outer pieces were made of laminations stacked
radially in a bakelite holder and forming a 78 ° cone of about 4f" diameter which produced the radial variation of field shown in Figure 1.
The remainder of the pole piece!! conshited of a 11heet of steel wound
with proper insulation in a 11piral to form an approximate cylinder 3f'
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Fig. 6-Cross-scction of pole pieces and tube for radial injection test.
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high, 3f' I.D., 4f' O.D. This wound section equalized the flux angularly to better than 1 per cent in spite of dissymmetries in the afr gaps
between the pole pieces and the yoke. The inner pole pieces were
laminated cylinders, l" in diameter.
Measurements of the field distribution showed that when the angular dissymmetry exceeded 4 per cent no tubes were operative, but improvement down to 1 per cent had no further beneficial effect in conventional, purely magnetic betatrons. Instead of computing the main
potential function from the radial distribution of the magnetic field
obtained with a search coil, it was found less tedious to use a 11pecial
system of 23 concentric coil11 who11e number11 of tunis were made inversely proportional to their respective radii. The prn~ition of the
equilibrium orbit could be determined ea:,;ily by switching to the coil
with minimum signal on a peak voltmeter. The position of the equilibrium orbit at injection was obtained from a direct measurement
while that at ejection was obtained by first passing the signal through
an integrating circuit.
The glass envelope of the purely magnetic betatron had the shape
of a doughnut 4f' O.D., If' I.D., and was blown by conventional
techniques with the help of special carbon molds. The internal glass
surface was platinized to insure that all the region of electron acceleration is an electrostatic equipotential. To prevent excessive heating by
eddy currents, this metallization was very thin and was interrupted
along a radius. The electron injector sealed in a side tube was of conventional type including an oxid':! coated cathode (or tungsten filament),
a focusing negative element and an accelerating anode, and was made
to inject electrons in both directions so that some charge was captured
at each half cycle. The target was a tungsten rod mounted on the side
diametrically opposed to the gun and on the im1ide of the equilibrium
orbit.
An attempt was made at first to make the gun as small a:-1 pm1sihlc
(distance d from electron emission point to edge of gun .016") in order
to minimize its obstruction effects. It was 1100n observed, howevc1·,
that the output increased with the voltage far beyond the limit given
by the elementary notion by which misi:iing of the gun occurs and the
practical limit was the voltage breakdown of the gun. Larger guns
(d
.055") supported more voltage and provided more output. An
auxiliary experiment was made in this connection. As an obstructing
vane protruded into the orbital region for a distance varying up to
about d beyond one of these large guns, the output at constant voltage
diminished gradually to zero. The exact measurement of the dependence of the output on the voltage of injection was complicated by the

=
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fact that the output is a critical function of the heater current and the
grid bias. In spite of these, it was observed: that there is a threshold
injection voltage of a few hundred volts below which no output could
be detected, there is a general trend of increase· of the output with the
voltage, and finally that there are large fluctuations superimposed on
that trend. Although no definite explanation of these observations is
offered, it is probable that the threshold voltage is related to the scattering of slow electrons in their long, low velocity paths and that the
general increase of output is due to the deeper potential troughs at
higher voltages. An increase of the beam current at a given voltage of
injection, resulting from the control of the grid bias or heater current,
resulted in an i'nitial increase of the output up to a flattening point,
and for low injection voltages, to a maximum beyond which the output
seemed actually to decrease. These effects are due probably to the
role the space charge is playing in the mechanisms of missing the gun.
The output of the betatron was measured by the radiated X-rays
rather than by the difficult direct measure of the small, high speed electron target current. The most sensitive detector was a Geiger-Mueller
counter used either with an electronic counter or an oscilloscope. A
slightly less sensitive but far more convenient instrument was obtained
in irradiating a fluorescent screen with the X-rays and measuring the
visible light thus produced with a multiplier phototube. The electrostatic focusing of the multiplier (RCA 931A or 1P22) being spoiled
by the strong stray magnetic field near the betatron tube itself, it was
necessary to remove the phototube to a distance of about 40 cm. and
use an optical system to gather as much light as possible from the
screen. A zinc sulfide screen ( RCA Code 33-z-20A) with a time constant
of about 100 microseconds was found particularly sensitive. Phase
measurements of the X-ray bursts were made possible by displaying
the multiplier output on an oscillm1cope, while an accurate quantitative
measurement of the intensity was obtained by a direct measure of the
D.C. output current of the multiplier. The multiplier X-ray meter was
calibrated with respect to a standard Victoreen Roentgen meter. The
Victoreen meter itself was also used for the measurement of the
stronger radiations of the betatron at the higher output level.
Absorption measurements of the hardness of the betatron radiation
were consistent with the electron energies computed from flux measurements. Energies of 800 KV with an equilibrium orbit at 1.3" to 1.6"
in a field of about 1,000 gauss were typical of our small instrument.
The highest observed average output current was estimated at .02
microampere on the ba11is of extrapolation from the results of Van.Atta
and Northrup giving the yield11 of X-rays for high speed electrons.
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This was obtained with an injection at every half cycle (840 times a
second) with a pulsed injection voltage of 3,000 volts from a gun
located at r = 1.9" and an equilibrium orbit 1·. = 1.3". The limit of
capturable space charge in the "normal" potential trough corresponding
to those parameters is of the order of 4 X 10- 0 coulomb and therefore
about 160 times more than the observed amount. This large discrepancy may be due to the fact that most electrons which succeed in missing the gun are actually captured in a much shallower potential trough,
as was explained in the theory.
An interesting phenomenon (40) observed with the multiplier phototube detector is the occurrence of multiple-most frequently doublepeaks of X-rays in each quarter cycle when ejection was by means of
the slow shift of the equilibrium orbit resulting from the saturation of
a central core. The relative strength and phase of those peaks depended
on the intensity of excitation of the magnet and all parameters of the
gun injection. This effect is consistent with the view that the electrons
are grouped in definite families according to their emission time and
that they oscillate all at different amplitudes which do not diminish
by a large proportion in a device with a relatively small final energy so
that they can be "skimmed off" by the target at definite phases in the
slow shift of their orbits.
An experimental test of a betatron with an additional electric field
yielded a negative result. It required, unfortunately, rather elaborate
techniques. The glass envelope had to have a re-entrant shape to
permit the introduction of the ring shaped cathode-anode structlll'e,
shown in Figure 7 which also illustrates the detail of the pole piece
construction. The necessary variations of the magnetic flux and field
and of the electric field required special electronic cirntits. The
linearity of the variations of the electric field was obtained by charging
and discharging a condenser with a constant current from current
regulating tubes while the linear variations of the flux were obtained
by applying suddenly, constant voltages derived from a thyratron tube
to the almost entirely inductive coils of the control circuit. The variations of the parameters were within tolerances of the best checking
instruments which themselves were ju!d about at the limit of the
theoretically computed tolerances. It is probable that by varying the
parameters near their nominal values, the tube was actually tested
under operative conditions. The lack of output resulted most likely
from the defects in angular symmetry, which in spite of every effortmachining of the electrodes, careful tube centering and improvements
in pole piece construction-remained sufficient for the electrons to ex-
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perience some obstruction in their multiple initial swings to and from

the cathode.
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THE MOTION OF ELECTRONS SUBJECT TO
FORCES TRANSVERSE TO A UNIFORM
MAGNETIC FIELD•:•t

BY
PAUL

K.

WEIMER AND ALBEitT !lOHE
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Summarg-Thr. pnths of el<'ct1'<11111 in a 1111iform magnetic field, uncla
the influcncc· of fon·e.~ tr1rn11ver11e to the magnetic fielcl, a re of interest in a.
1•11rict.y of v11r.11111n t11bcs. In gc11C'l'nl, th,· furec cxpcrie11eed l,y the electron
1•aries with tim<'. The tinw i•al'iation may ari11c from motion of the electron
through an el<-cti-011t<1tic fi<'ltl, from motion of the electrnn along the lines
of a curved 1n11g11.ctic field (i11ertial fon,es), 01· f1·om the deliberate application of a time-varying efrctrir field. A gmphic11l 111ethocl for obtaining the
electron paths is dr11cribecl as .ftJl/ou·s; the giN•n frtwsverse-field versus time
cm·ve is npproa:imatcd b11 ta11gc11t 11ec:tio1111; the eo111J1letc analytic solution
is obtained for crny ftl11ge11t 11cctio11; the nmtlytic solution is interp1·eted
graphically; nncl a method for jt1i11i11g gmphit·Ctl sol11tio11s of 11C'iyhboring
sections is dcTcloped. EmJ)hnsis i.~ plrtc('(f 011 the rcs11lta11t 11e/ocity com1>0nents and displnce111e11t aft<'J' the field hns ecasl'd to act. The graphical
method is used to a11"/yze thl' mtJtio11 of c/ec-tro11s in the orthicon and image
orthicon, tefrvisio11 11iekup tuh,•,q i11 which fh<' 1•e/or.ity compo11c11ts of the
sc,inning bcnm Cl'ifica/ly r1lfect 7><'rfonna11ce. Problems co11sidered are:
magnetic nucl clccfl'ostn.tic dejfrl'fiou in a 111ng11etie .field, nn electrostatic lens
immersed in n 111ag11clic Jil'ld, the <'.ffcct of "t<1pcri11g'' the applied .forces,
and the 7wnsibilit11 of c<111ecli11g 111111·111,f<'il vcloc·it11 1·0-mpo11c11ts i11troduced in
011e pal't of the tube by equal aud opposite co111ponc11fs i11tl'od11cccl in another
pai·t.

A

I.

INTRODUCTION

UNIFORM magnl'iic fidd has been 11:-ecl for controllinl,\' the
paths of electrons in several typei,; of television pickup tubcs. 1 -3
In these tubes the motion of the electron is sufficiently constrained by the field that tht' resulting path lies approximately along
a magnetic line. The uniform field i11 particularly useful in the orthicon~
and image orthicon 3 where the electron beam approaches the target
with an energy of several hundred volts and must be decelerated to
• Decimal Classification: R 1:\8 X R583.lt
Reprinted from Proc. I.R.E., Nov<.'mber, 1!147.
P. T. Farnsworth, "Televh•ion by electrnn im:1ge scanning," Jo11r.
Frank. Inst., Vol. 218, pp. 411-444; October, 1934.
2 A. Rose and H. Iams, "Televii-ion pickup tubes using low-velocity
electron beam scanning," Proc. I.R.E., Vol. 27, p. 547; September, 1939.
8 A. Rose, P. K. Weimer, and H. B. Law, "The image orthicon, a sensitive television pickup tube," Proc. I.R.E., Vol. 34, pp. 424-432'; July, 1941i.
t
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strike the target with less than a volt energy. Care must be taken,
however, in the design of the tube that the beam does not acquire
velocity components ti-ansverse to the magnetic field at the expense of
its velocity parallel to the field. If such a transfer of energy does take
place the beam will not possess sufficient longitudinal energy to reach
the target. The loss of as little as a few tenths of a volt longitudinal
energy in the scanning beam of the image orthicon is objectionable.
The necessity for reducing the transverse motion of electrons in the
image orthicon has prompted a more general study of helical motion
in a uniform magnetic field. The following problems were consiilen•d:
1. Motion of an electron along a uniform magnetic field and subject
to perturbing trnnsverse electrostatic fields.
2. Motion of an electron along a curved magnetic fi.elrl.
3. Two-dimensional motion of an electron in a uniform magnetic
field and subject to a time-varying transverse electric field.
The solution of the two-dimensional problem specified in !l may
be shown to be an approximate solution of the apparently diverse
problems listed in 1 and 2. The approximation involved in this procedure is that the transverf-le velocity in problems 1 and 2 be sufficiently
small compared to the longitudinal velocity that the variations induced
in the transverse velocity may be considered to have negligible effect
on the longitudinal velocity. According-ly, a time may be assig-ned at
the outset to each point along the prescribed path of the electron.
Thus, in problem 1, the spatial variation of the perturbing electrostatic
field along the path may be converted into a time variation of the
field, and the solution of 3 applied.
In problem 2 the electron moves along the lines of a eurved magnetic field and experiences an inertial force given hy 1111·~ ,. where 1•
is the velocity of the electron and r is the radim1 of curvature of the
field lines at each point. The inertial force, to the approximation considered here, is the equivalent of an electric field tram1verse to a uniform magnetic field. Owing to the motion of the electron and the
spatial variation in curvature of the lines, the transverse field experienced by the electron varies with time. By first calculating the
transverse field as a function of time the Holution of 3 may be applied
directly. This method of solving the motion of an electron in a curved
magnetic field has been found to give results equal in accuracy to the
mathematically more direct but physically less revealing method of
obtaining an approximate solution to the three-dimensional equation
of motion. 4
4 Albert Rm,e, "Electron optics of cylindrical electric and magnetic
fields," Proc. I.R.E., Vol. 28, pp. 30-40; January, 1940.
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Fig. 1--A st!'pperl approximation to a transverse-

field versus time curve.

TIME-

In general, the transverse electric field may vary with time in any
:u·bitrnry manner, as shown by the solid curve of F'igure 1. A convenient graphical procedure for solving these problems wa8 developed
and will be described below. Application of the g-raphical method will
be made to problems of the types 1 and 2 as they occur in the orthicon
and the image orthicon.

II.

Two-DIMENSIONAL MOTION OF AN ELECTRON IN A MAGNJ-:TIC

FrnLD

SUBJECT TO A TIME-VARYING TRANSVER8E ELECTRIC PIELD

Starting with the well-known cycloidal motion of an electron in
cro:-::ied clech"ic and magnetic fields, the curve representing the transver::ie field as a function of time might well he represented hy a series
of steps, as shown by the dashed lines of Figure 1. The solution for
the first step would provide the initial conditions for the second step,
and so on. The objection to this prnceclurc is the number of steps
required to attain a prescribed degree of approximation. Greater
accurncy can be obtained in fewer steps if the curve of Figure 1 is
approximated by strnight-line tangents, as shown in Figure 2 (solid
lines). Furthermore, the procedure ran be greatly simplified if the
analytical 11olutioru1 for the successive linear sections are replaced by
a single graphical construction. It hati been found that by using
9
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compasses and a protractor one may quickly find the final phase and
magnitude of the circular motion acquired by an electron subjected to
a time-varying electric field consisting of many linear sections. ( See
Figures 5 and 7.) The same construction gives information about
the path of the electron 1chile the field is acting. By supplementing
the construction with a simple formula the complete paths may be
plotted if required.
In the following descr·iption, the analytic solution of the motion
for a single linear section will be derived first to form a basis for
the graphical construction .

Analytical Solution for a Linear Section
The solution of the equations of motion for a single tangent scttion (Figure 2) is the solution for an elecfron in a uniform magnetic
field subject to a transverse electric field that varies linearly with time.
The equations of motion of an electron for any one section in electromagnetic units are

•4.

m"i=--eHfl
111

ii= - e ( E 0 + Ef) + eH.i;

( 1)

where E and H are directed positively along the Y and Z axes, respectively, in a right-handed co-ordinate system, and all derivatives
are with respect to t. Taking the initial conditions for the section
considered as t 0, E = E 0 , x = l'o, Y Yu, .i; = Xo, fl= '!lo, the solution of (1) is
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For convenience in applying and demonstrating the graphical con11truction, these equations will be modified as follows:
1. The independent variable is changed5 from t to T where T is
the nondimensional measure of time in unit::; of the electron period T.
2. The origin is cho::;en so that Xu ilu/27T and Yo = -(:i: 0/27T),
where the velocities Xu and iJ0 are in centimeters per el~ctron period.
This places the origin at the initial center of rotation of the electron
in the magnetic field alone.
'fhe complete solution with all derivatives taken with respect to T,
1'.,' l'Xpres:,wd in volts 1wr rPntimeter, Tl in gausses, and with the constants evaluated is
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G The principal advantage of this change of variable is the generalization of the graphical solution. One constl'uction may then apply for mol'e
than one value of magnetic field ancl of beam voltage. Also it provides a
convenient measure of electron velocity ancl period, two quantities which
are of inconvenient magnitude when expressed in centimeters per second
and seconds, respectively. For example, the velocity of an electron in centimeters per second is
v
6.93 X 10 7 vV

=

where V is the energy of the beam in volts. When T is taken as the unit of
time, the velocity in centinwtrrs per ell•ctron period is
21.2v"'V

v=---H

where His the magnetic field in gausses. Thus, in tht> new units the velocity
of the beam is numerically equal to the distance between succc>ssive nodes
in the beam. This distance in the image orthicon is about 4 centimeter11 for
the scanning beam. Another advantage of the change of variuble is the
simple relation between transverse velocity anti tht> radius of the motion
in the magnetic fieltl alone. This is

"'= 2'1TR,
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y (cm/T)
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35.7E0 )
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35.7
.
cos21rr+-(E0 +ET)
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5.69E)
= ( ifo + - cos 21rr + ( .i·
H

35.71!:0 )
0 -

2

---

H~

(7)

5.69E
sin 27TT - ----. (8)

H~

Inspection of these equations shows that the actual motion of the
electron is the resultant of two simpler motions. The harmonic terms
indicate that one motion c·onsish;; of a uniform wlol'ity in a <"irde of
constant radius R where
_ 1 [(.
35.7E0 )
x0 - - 21r
ll~

R--

2

+

.
5.69E)
( 1!11+-H~

2J-% .

(9)

The other motion is that of the center of this circle. It followR

a parabolic path in space resulting from a constant velocity in the y
direction given by if= - t 5.69E/ H~), and a uniformly accelerated
velocity in the x direction given by .i: :=: C:~5.7/H~) (Eu+ J':r). The
breakdown of the actual motion into circular and tranRlational components greatly simplifies the problem.

B. Graphical Method fol" Calculating the Ci1"c11/ar Motion
The aim of this section is to derive from the above equations a
graphical construction which will yield the magnitude and direction
of circular motion that an electron has after being acted upon by an
electric field whose variation with time has been approximated by
linear sections. In the constructions which follow, the instantaneous
circular motion is represented by a radius vector drawn outward
from the center of the circle to the electron. The circumferential
velocity is perpendicular to this vector and has a magnitude proportional to the length of the vector. In (!>) to (9) the velocity is
expressed in centimeters per electron period and is very simply
related to the length of the corresponding radius vector by the proportionality factor 21r. The magnetic field is always aR11umed to be
directed out of the paper and the radius vectors rotate counterclockwise through 360 degreeR in the time interval r = 1.
The final construction arrived at will become clear if a complete
picture of the electron path is first considered. By way of illustration,
the simple transverse-field versus time curve shown in Figure 3 will be
treated. The initial conditions are taken to be :i:0 ilo E 0 = 0. The
origin of the co-ordinate system for (5) and (6) is at the center of
the circle in which the electron moves at r = 0 by virtue of its initial

= =

/iJLEC7'JWNS IN A MA<INb'TIC J,,'/1!,,'LD

E

111

l<'ig. 3 - A simple transverse-field
versus time curve consisting of two
linear sections.
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velocity. In this instance, the initial velocity is zero and the origin
and the initial electron position coincide. From (5) and (6) the complete path is made up of two parts, motion of the electron on a circle
and motion of the center of the circle. It is convenient for purposes
of the final method of construction to consider the constant term
5.6%'/211-IP of (5) independently of the other terms representing
the motion of the center of the circle. The remaining non-periodic
terms are called the ''translational terms" and are plotted in Figure 4
as the dotted curve C C' C". The constant term of (5), defines a point
X 1 displaced by the constant amount - l 5.69Etf21rH~) from the
dotted curve. (f) 1 is the slope of the first section of the force field
when [,,' is plotted against T.) The center of the circle while the field
is changing at the rate E 1 is at X 1 and moves along a parabolic path
displaced at the constant distance X 1C from the dotted curve. The
electron itself is on the periphery of the circle and rotates around the
center of the circle as the center slidt>s along its parabolic path. The
circula1· motion of the electron is represented by the rotation of the
radius vector X 1C about its center X 1• The complete path of the electron is :,;hown a:,; the Kolid curve. Three positions, initial, intermediate,
and final, of the rotating vector in the first section are shown. At R 1"
the rotating vector, by Figure 3, has completed 0.6 of a revolution.
At R 1", also, the electron ha::1 a total velocity, given by (7) and (8),
which constitutes the initial velocity for the ::1econd section. It may be
shown from (7) and (8) that the radit11:1 vector giving the total
velocity of the electron at R 1" is R 1"0 11 • 'With Ou as the new origin,
Y,

Fig. 4-Complete electron
path resulting from the
transverse-ficld versus
time curve of Fig. 3. The
magnetic field ii1 directed
toward th<' rl'nrler.
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the translational terms of (5) and (6) furnish the parabolic curve
cnc1nc1v. The center X 11 of the new circle is displaced from the
curve by the constant term --(5.69E:?/27l"ll:!). In this section E2 is
negative and the displacement is to the right. The radius vector of
the new circle must have a magnitude and direction such as to make
the electron position (as well as total velocity) continuous across the
boundary of the two sections. This means that it must extend from
its center at Xu to the final position of the electron at the end of the
first section, namely, R 1". Again, the radius vector X 11 R 1" rotates
about its center Xu, as its center slides along a pal'abolic curve displaced from the dotted curve. The total l'Otation, according to Figure 3,

.,_
,.

Fig. 5 •· The graphieal con~truction giving the
eircular motion produced by the tramwerse
field of Fig. 3. The radius vector CR, indicates
the phase and magnitude of the motion at the
instant the electric field ceases to act.

is 0.3 of a revolution, and the final position is X 11 "R/. At R./ the
force field has ceased to act and the electron continues to rotate about
the center en·, its motion being described by the radius vector C1'"R/.
Figure 5 shows the simple graphical construction required to obtain the same information about the final circular motion as found in
Figure 4. The translational terms have been dropped since they may
be conveniently treated independently. The point C represents the
center of rotation of the electron before and after the application of
the transverse force. During the application of the force this point
follows the parabolic paths indicated by the dotted curve of Figure 4,
and its total translation may be readily calculated as described in the
following section.
Figure 7 is the graphical construction applied to the more complex
force field of Figure 6. For generality it is assumed that the electron
has an initial velocity represented by the radius vector CR 0 • The
fulcrum of the rotating vector in the first section is displaced from
C a distance -(5.69fji/27l"H:!) and CX 1 is drawn proportional to this
distance. The initial po11ition of the rotating vector is then X 1R 0 •
During the time interval of section /, given by T = 0.2, Xi/l 0 rotates
through 0.2 of a revolution or 72 degrees. At the end of the interval
the vector has the position X 1R 1•
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Fig. (',-A tram..versc-fic•ld versus time curve consisting of
four linear sectionH,

CX 11 is then drawn proportional to 5.69F)~ l27rff2, g1vmg X 11R 1 as
the initial value of the rotating vector in the second section. X 11R 1
rotates into XnR~.
In the third section 1-::1 = 0 and the cente1· of the rotating vector
is C. The rotating vector is CR~ and rotatPl-l into CR;i,

Fig. 7-The graphical construction for the transverse field of Fig. 6. The
radius vector representing the initial circular motion is CRu, its magnitude
bPing drawn proportional to the uctual radius in centimeters, determined by
3.3V"'V

R=--

H

where V is the transverse energy of the circular motion in volts. The vectors
CX,, CXn, and CX,v are drawn in the same proportion to the distance (5.69h/2',7"ff 2 ) calculated for each section. The final vector CR, give1.-1 the
phase and magnitude of the final circular motion and may be converted to
volts by the relation
H2n2

l'=--.
8.3 2
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CX 1v is drawn proportional to --(5.69E\/211-H:.l), locating the fulcrum of the vector in the fourth section. X 1rR:i rotates into X""R 4 • CR4
represents the radius vector corresponding to the total motion of the
electron at the instant the field ceases to act.
Complete E.'lec·fron Paths in Tr,111Herse 1"-ields
Reference to (5) and <6) i-hows that a transveri.e force field produces a net translation of the eenter of rotation along the X axis by an

C.

l't

5

10

\:,

2<)

25"'[

TIM(

Fig. 8-Electron paths for different rates of application of' a transverse
electric field. The magnetic field is directt•d toward thP l'l'Ucler.

amount proportional to the area undrr the eurve of E plotted again1-1t r.
Thu1-1

35,71T

x-=------

IP.

Edr.

(10)

o

The tramdation in the y direction parallel to the electric field occurs
only while the field is acting, and is proportional to the instantaneous
value of f:. Thus, after the fidd has 1h·oppP<I to zero we have
11=0.

(11)

The complete electron paths while the field il-1 acting may be conveniently plotted by using only the tran!-llational terms of (5) and (6)
combined with a graphical construction of the type illustrated in
Figures 5 and 7.
In Figure 8 the paths between two plate!-1 are plotted for !-leveral
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cases in which the field is applied at different rates. The maximum
circular motion occurs in case 1 where sudden application of the field
gives the familiar cycloidal paths. As the field is applied more and
more gradually the resulting cfrcular motion is reduced. For those
particular cases where the time for the field to reach its final value
is an integral number of periods, the resultant circular motion between
the plates is zero. The fact that an electric field introduces less circular
motion when applied gradually is utilized in the orthicon, as will be
deseribed in the next section.
It is interesting to note from ( 5) to (8) that if an electron i;;
introduced to an electric field E 0 in a time of r electron periods, the
amplitude of circular motion during the rise time of E 0 is reduced by
the factor l_,'21rr and t~e corresponding energy of circular motion by
the factor 1/41r~r:! relative to the amplitude and energy it would have
if introduced suddenly to the same field. This would suggest that the
starting electrons in a diode magnetron describe smooth paths concentric with the eathode. The anode field of the magnetron is applied
in a time of manr electron periods. Pulse rise times of one-half microsecond, for example, in combination with magnetic fields of a thousand
gausses attenuate the energr of circular motion by a factor of the
order of 10 -8 •

III.

ELECTROSTATIC DEFLECTION PLATES IMMERSED IN A
MAGNETIC FIELD

In the 1840-type orthicon, electrostatic plates within the magnetic
focusing field are u:1l'd for the horizontal sl'anning of the tar!{et. The
net displacement is parnllel to the plane of the plates and can be
calculated from ( 10). The plates are l'Urved :10 that they are doselr
i-paced at the center and flared out at the ends where the electron
enters and leaves the deflecting field. The purpose of this shape is to
reduce the helil'al motion produced in the beam by the transverse field.
It is of inh>rest to apply the !{l'll!)hical method to determine the conditions for which the flaring of the plates is advantageous.
The curvature of the plates is sm·h that an electron passing between them at constant velocity experiences a transverse field whose
time variation 6 is similar to that i-hown in Figure 3, except that now
the maximum occurs at the midpoint in time. If the plates had been
flat and so closely spaced that the fringe field were of negligible extent,
the transverse field would, of course, have been constant with an abrupt
6 The periodic variation of the electric field owing to the scanning
p1·ocess is so slow compared to the transit time of the electron that the field
may be considered stationary for any one dl'l'tron.
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rise and fall. The helical motion acquired by the electron in both of
these cases has been calculated by the graphical method and plotted in
Figure 9 for various lengths of plates. It is noted that the curved
plates actually introdul'e more helical motion for the same deflection
than the flat plates if the plates are shorter than 1.4,\, (,\ is the
dh1tance apart of succe8sive nodal planes in the beam.) With longpr
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Fig. !I-Helical energy introduced by eli•ctrostatic deflection platl's plotted
ns a function of the length of the plat<'>', The absl·issa reJH'esents the numbe1·
of orders of foeus within the platE's and is also equal to the trarn,it time in
units of r, The translation x is pcrpl'ndicular to N and H.

length8, both types of plates introduce lt>ss hrlical motion and thr advantage in flaring the plates ii,; apparent.
IV.

ELECTROSTATIC LENS IMMERSED IN A MAGNETW FIELD

The deceleration field in front of th~ target' in the image orthicon
forms an electrostatic lenR immersed in a uniform magnetic field ( see
the dotted lines of Figure 10). An electron path of special intere11t is
the one approaching the edge of the target along the magnetic line
indicated. Along this path the transverse electric field is larger than
for paths near the axis of the tube. From the equipotential plot the
transverse-field versus time curve has been calculated for the portion
of the path from F to G. Thi8 curve i8 Rhown in Figure 11.
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By use of (10) and Figure 11, the translation of the electron in the
deceleration lens may be computed. This translation, at right angles
to the electric and magnetic fields, appears as a slight rotation of the
scanning pattern as a whole on the target.7
The helical motion acquired by the electron has been computed by
a graphical con1-1truction similar to Figure 7. For the relatively small
transverse motions involved here the electric field may be assumed to
be uniform across the path. It was found that several volts of helical
energy arc acquired by an electron clcllcctcd toward the edge of the
target.
DECELERATING RING
(ZERO)
rocus1NC COIL

CATHODE
(ZERO)

WALL COATING
(+ IJOV.)
H• 65 GAUSSES

THIN
CLASS
TARGET
PHOTOCATHOOE

l•'ig. 10--Cross-scctinnal diagram of the imagC' orthicon. The dntlPd lines
in front of the targl't n·IH'csPnt tlw t•quipotcntial imrfaces of the electrostatic
fh•lcl. The c·urvl'd linc>s within till' dcfkl'tion coil indicatc tlw dir,•ction nf the
magnetic fiPld n•,-;ulting from the comhinl'd cffccts of the deflcction and
focusing coils. An dcctrnn path of particular interest is shown by the
heavy line.

V.

CURVED MAGNETIC FIELD

A dl'flcction coil immersed in a uniform magnetic field causes the
resultant field lines to bend as shown in Figure 10. An electron whm,e
principal motion is along the magnetic lines expcdences at each bend
an 111v 2/1· force which may be expressed as an C<Juivalent transverse
electrostatic field. The value uf this field in volts per centimeter is
2VP
E=---

(12)

1·

7 This tran.slation is also the chief reason why thc clectron on its return
from the target does not retrace its initial path. The lack of retrace gives
rise to a scanning pattern on the first stage of the electron multiplier. This
pattern is oriented approximately 90 degrees to the scanning pattern on the
target.
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where VP is the longitudinal energy of the beam in volts, and r i8 the
radius of curvature of the magnetic lines at each point. By use of this
equation, transverse-field versus time curves may be plotted for the
bends AB and CD.
The effect of each bend is to produce a translation perpendicular to
the plane of the curve as well as to introduce helical motion. The
translation, whose magnitude is given by (10), is uaually not significant in the image orthicon since that occurring at the first bend ia equal
and opposite to that produced by the second. The helical motions, however, introduced by the two bends u1-1ually do not cancel. Their magnitudes are not in general equal and their vedorial summation may
vary depending on their relative phase as determined by the transit

V•WALL VOL1'AG£

A•21~VV(cM)

TAAf..1~1T

~1'.4( f"Af)•.,1

TAAC,(T

("'C)

Fig. 11-Plot of transverse field ve1·sus tinw for an l'll'ct1·on approaching
the target along the path indicated from F to G in Fig. 10.

time between bends. The net helical energy imprc:-;scd on the electron
in passing through the deflection coil varies from zero for zero dcflecti'Jn to a.OJ much as several volts fo1· maximum deflection.
Higher wall voltages and decreased magnetic field stl'engths tend
to increase the helical energy acquired by the electron in passing
through either the deflection coil or the deceleration lens. In the image
orthicon, where zero helical motion at the target is desired, it has been
found advantageous to balance the helical motion introduced by the
deceleration lens against that produced by the deflection coil. The
proper phase for cancellation can readily be obtained by sliding the
deflection coil along the axis of the tube.
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QUANT~M EFFECTS IN THE INTERACTION OF
ELECTRONS WITH HIGH FREQUENCY FIELDS
AND THE TRANSITION TO CLASSICAL
THEORY*t
BY
LLOYD P. SMITH
RPst'ar<'h Department, RCA LahoratoriPs Division,
PrillC('ton, N. J.

Summary

The interaction of electl'Ons with an electromagnetic field within a
conducting enclosure is treated from the point of 11icw of quantum mechanics.
The val"ious quantum effects to be e:cprcted with regard to enel"gy exchanges
are pointed out and it is shown how the vario1111 vrobabilities of energy
change combine to give results in accord with classical theory for conditions
where classical theory becomes ap1n·opriate. The details in the transition
from quantum behavior to classical behavior are traced in a very illuminating way for two pctrticitlar rxamples. The conditions under which
quantum effects manifest themselves are given.
(15 pages, 12 figures)
• Decimal Classification: R140.
Rev., March 1-15, 1946.

t Phys.

CARBIDE STRUCTURES
IN CARBURIZED THORIATED-TUNGSTEN
FILAMENTS*t
BY
C. W.

HORSTING

Tube Departm<'nt, RCA Victor Jlh·ision,
Harrison, N. J.

Summary

A wide variety of carbide structures is desc1·ibed, as found in the surface
layer of carburized thoriated-tungsten filaments. Their origin is t,·aced back
to carburizing conditions and subsequent processing dm·ittg tube making.
A frequently-occurring laminated carbide structnre is found to contain less
carbon than W.C. The thyratron relay method of carb11rizing control is
critically reviewed. Abnormal filament current in ma1111factured tubes is
e:i:plained as due to surface conditions which cause changes in thermal
emissivity.
(7 pages, 11 fig1trcs, 2 tables)

• Decimal Classification: R331.
Jour. Appl. Phys., January, 1947.
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DETERMINATION OF CURRENT AND DISSIPATION
VALUES FOR HIGH-VACUUM RECTIFIER TUBES*t
BY
A. P.

KAUZMANN

Tube Department, llCA Vktor DMslon,
Harrison, N. J.

Summarg

Rectifier data are shown graphically with generalized parameters from
which it is possible to determine the peak steady-state current, the maximum possible hot-switching current, and the dissipations in the diode and
in any added series resistors. The paper covers capacitive-input filters with
large capacitors and includes half-wave, full-wave, o.nd voltage-doubler
circuits. A table of operating conditfons and efficiency for a group of typical
rectifiers is included.
(16 pages; 5 figures)
• Decimal Classification: R366.32 X R258.1.
Review, March, 1947.

t RCA

GROUNDED-GRID RADIO-FREQUENCY
VOLT AGE AMPLIFIERS':'t

BY
M. C. JONES
RCA Victor Division,
Camden, N. J.

Summary-Triode radio-frequency amplifiers have come into extensive
use for medium-high-frequency applications. The use of triodes results from
the reduced noise-equivalent resistcrnce of a triode amplifier as compared to
a mu/tigrid-type amplifier tube. It is not possible with a triode to use
conventional circuits with the input into the grid circuit and the output
from the plate circuit becaw1e this connection results in excessive output
to input feedback which produc:es regeneration and even oscillation. The
grounded-grid amplifier 1 circuit alleviates these difficulties by utilizing the
grid as a shield between the input or cathode circuit and the output or plate
cil'cuit. Such a circuit exhibits certain veculiarities, pa.rticularl11 when
several such stages are operated in tandem. Following is an analysis of the
performance o.f several types o.f grounded-grid radio-frequency amplifiers.

A

I.

SINGLE STAGE AMPLIFIER

SINGLI•:-STAGE amplifier consists of a high-impedance
tuned circuit connected to the cathode of the amplifier tube
and the load resh,tance connected in the plate. Such a circuit
is shown in Fig. 1.
If we make the assumption that the impedance of the tuned circuit
is high compared to the input resistance of the tube, it becomes evident
that the signal current I 1 flowI,
ing to the cathode of the amplifier is the same as the plate current I 1 flowing into the plate of
I,
the amplifier. The tube then acts
simply as a medium for transposing the input current, which
R,
may be from a low-impedance
source, to the output circuit
which may be a high-impedance
Fig. 1-Single stage grounded-grid
source. From this we see that
amplifier.

-

-

• Decimal Classification: R36:J.1.
t Reprinted from Proc. 1.R.E., July, 1944.
1 C. E. Strong, "The inverted amplifier," Electronics, p. 87; July, 1940.
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the gain of such a stage is the ratio of the output resistance (RL) to
the input resistance. The value of this input resistance will be determined later.
A marked similarity exists between this type of circuit and the
so-called "cathode-follower" type of circuit. In the cathode follower
the input and output voltages are identical to a first approximation,
and in this circuit the input and output currents are identical. We
might then coin the term "voltage-follower circuit" to apply to the
cathode-follower and "current-follower circuit" to apply to the
grounded-grid amplifier.
By inspection of Fig. 1 it is evident that
(1)

In any triode vacuum tube the fundamental frequency component
of the signal current may be expressed by
(2)

Substituting the appropriate values for Eu and EP in terms of E 1 , 11 ,
and R 1, we have,
(3)
Solving for E 1, (3) becomes

(4)
We may now evaluate the input resistance to the amplifier tube as
(5)

A curve showing R 1 as a function R 1, for a typical amplifier tube
is shown in Fig. 2. This equation may be simplified, for the condition
where RL « R, and p. » 1, to
(6)

We may now evaluate the gain of the single amplifier by dividing
(1) by (4).

(7)
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This may be compared with the formula for the gain of an ordinary
triode amplifier,
(8)

The Hlight increase in gain results from the fact that the output
voltage is measured to ground which in the case of the grounded-grid
amplifier is the grid circuit and in the case of the conventional amplifier is the cathode circuit.
If now we can make the assumption that R1, « RP and µ, » 1, equation
( 7) may be simplified to
gain= R1.G,11 •

II.

TANDEM CIRCUITS

It is customary to operate two or more grounded-grid amplifiers in
tandem. In this case the load resistance (R1,) is some function of the

I,

Fig. 3-Three
grounded-grid

amplifier
circuits in
tandem.

I,
£,

i
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input resistance of the following stage. A circuit showing three such
stages terminated finally in the load resistance R 1, is shown in Fig. 3.
Before analyzing this circuit we must consider the coupling transformer which reflects the input resistance of each stagf back to the
load resistance of the preceding stage. For simplicity it is convenient
to assume that this is a perfect transformer and that its output-toinput current ratio is the same as its input-to-output voltage ratio. If
we define this ratio as a it is then only necessary to multiply the input
current by the appropriate values of a through the various stages to
determine the output current. In analyzing this circuit the most convenient method of approach is that of determining the input resistance
of each stage as a function of the input resistance of the following
stage. By reference to (6) we may write equations for the input
resistances of the three stages as follows:

= (R, + a.iRL) I(µ.+ 1)
R = (R, + a 1 2R 3 )/(p. + 1)
R 1 = (R, + a?R 2 )/(µ. + 1).

R3

(9)

2

(10)
(11)

We may now solve for the input resistance R 1 as a function of the
output resistance, the tube characteristics, and the transformer characteristics :

R1 = R,/(µ.

+ 1) + a 12R,/(µ. + 1)2
+ a14 (R, + a.}RL)/(p. + l)ll.

(12)

This equation may now be generalized for any number (n) of
stages:
R,

ai 2 R,

a 1 4 R,

Ri=--+---+---+···
µ.+1

(µ.+1)2

a12(n-2) R,

(µ.+1)8

ai2(n-1) (R, + a22RL)

+-----+--------1
(µ.

+ 1)•-

(13)

(µ. +_1)•

If the amplifier consists of a large number of stages such that the
input resistance R 1 of the first stage is relatively independent of the
output resistance RL, or if the value of RL is selected such that the input
resistance of each stage is identical, we then may evaluate what might
be termed the "characteristic impedance" for this amplifier by setting
R1 R 2 in (11).

=

GkOUNDED-GRiiJ R-F
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(14)
From this it may be seen that the characteristic input impedance ol
a grounded-grid amplifier is determined by the tube characteristics and
by the coupling transformer. A curve showing the variation of input
resistance with current ratio of the coupling transformer for a typical
amplifier tube is shown in Figure 4. From this curve it may be seen
that the input resistance rises rapidly with values of a,. approaching
µ. + 1. We may now determine the over-all gain of n grounded-grid
amplifier stages as follows:

v
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showing input
resistance of an
amplifier terminated in its "characteristic impedance" as a function of a.
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Output current Un)

= a 1n- 1a..i/1

Output voltage (En) = lnRr, = l1RLa1n- 1a.,,..

(15)

(16)

The input voltage E 1 is given by
(17)
The over-all gain may be determined by dividing (16) by (17).

(18)
or substituting the value of R 1 for n stages given in (13) we have,
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over-all g a i n = - - - - - - - - - - - - - - - -

R,I (p. + 1)

+ a12Rp! (p. + 1) 2 + ...

(19)
If the stages are designed so that they exhibit the "characteristic
input impedance" or if a large number of stages is used such that the
input resistance is relatively independent of the output resistance R 1,,
equation f 19) may be simplified to

If P.» (1-a1 2 ), equation (20) may be simplified to

(21)
From this equation it is evident that the gain of several grounded-grid
amplifier stages in tandem is a function only of the current ratio of
the coupling transformers, the G.,, of any one tube (assuming all tubes
have the same value of G,,,), and the load resistance R 1,. It will be
shown later an optimum value of a exists if we consider the input
loading due to transit-time effect.

Fig. 5-'71"-section
coupling transformers in twostage groundedgrid amplifier.

o.o,l,

I,

III.

1r-8ECTION TANDEM CIRCUITS

It is sometimes more convenient practically to design the coupling
transformers as a 1r-section filter in the manner shown in Figure 5.
It can be shown that the current ratio of these coupling transformers to a fair degree of approximation is given by

= C2 /C 1

(22)

"2 = C4/Ca.

(23)

a1

From ~his it may be seen that for large {fains C2 should be greater
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than C1 , and C4 should be greater than C3 • To obtain the maximum
range from a given capacitance change in the tuning capacitor it is
desirable then to make C1 and C3 the variable elements and to use a
fixed capacitor for C2 and C4 •
With the above definitions of a1 the previous equations for over-all
gain (18), (19), (20), (21), apply with equal accuracy to this circuit.

IV.

ANTENNA INPUT CIRCUITS

Most amplifiers of this type operate from a low-impedance antenna
circuit and feed into a constant impedance, usually the input impedance
of a converter. A typical antenna circuit feeding directly into the input
resistance of a grounded-grid amplifier is shown in Fig. 6.
If we assume that the loss in
the input transformer is negligible
and that the input circuit matches
the antenna resistance it can be
shown that the gain of the antenna
E.
circuit is given by
Fig. 6-Antenna input circuit for
grounded-grid amplifier.

gain= G1 = Ei/Eo = 1/2 V R1/Ro.
(24)

The over-all gain for n stages plus the above antenna circuit is then
given by

Simplifying the above equation
over-all gain= 1/2 (RL~"- 1(½)/2 ~

(26)

In this equation we may use values of R1 as determined previously in
(13) or (14). If the following approximation is valid,
R 1 = 1/G,,..

(27)

The formula for over-all gain simplifies to·

(28)
From this it may be seen that the over-all voltage gain depends
entirely on the transformer design, the input and output impedances,
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and the Gm of the amplifier tubes. An increase of the Gm of all the
tubes produces an increase in over-all gain of only the square root of
the Gm change of any one stage regardless of the number of stages.
Consider a typical two-stage grounded-grid amplifier feeding from an
antenna to the input of a converter with the following characteristics:
Gm = 2000 micromhos

R 0 =50ohms
RL = 1000 ohms
The over-all gain as calculated by (28) then becomes over-all
gain= 1/2 X 1000 X 3 X 2 (2000 X 10- 6 ) /50 = 19.

v

V.

NOISE CONSIDERATIONS

The performance of any receiver is limited by noise voltages. 2•3
This noise is of two distinct types: Thermal-agitation noise, or noise
developed within the circuits, and shot-effect noise; or noise developed
in the plate of the amplier tubes. The thermal-agitation noise over any
band of frequency can be predicated accurately if the value of circuit
resistance is known. The shot-effect noise is more difficult to determine.
In general this noise is referred to the grid circuit and expressed as a
"noise-equivalent resistance" for the vacuum tube used, and calculations may then be made in the same manner as with thermal-agitation
noise.
The nois~ voltage generated in series with any resistor R as
measured by an amplifier having a bandwidth B. W. is given by the
expression:

E,.2 = 4KTR B.W.

(29)

where
K

= Boltzmann's constant= 1.37 X 10-

23

watt second per degree

T = temperature in degrees Kelvin

R = resistance in ohms
B.W. = bandwidth o{ the amplifier in cycles per second
Since most of our calculations are based on normal or room tern1 F. B. Llewellyn, "A rapid method of estimating the signal-to-noise
ratio of a high gain receiver," Proc. I.R.E., Vol. 19, pp. 416-420; March, 1931.
a E. W. Herold, "An analysis of the signal-to-noise ratio of ultra-hi~hfrequenc7 receivers," RCA Re11iew, Vol. 6; January, 1942.
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perature, it is possible to simplify (29) as follows:
En2

= 1.66 X 10- 20 X B.W. X R

(30)

where En = the root-mean-square noise voltage in series with the
resistance R at room temperature, 30 degrees centigrade, or 303 degrees Kelvin.

Measurement of Noise Factor (NF) by the 4KT Method
The noise factor of a receiver expresses its ability to receive and
detect weak signals in the presence of noise generated both in the antenna resistance and the receiver itself. The noise factor may be defined
as the ratio of the signal-to-noise ratio of a perfect receiver, to the
signal-to-noise ratio of the receiver under test (both measured under
the same conditions). A perfect receiver is defined as one with infinite
input impedance, and no internal noise. Expressing this in an equation
we have
Enl

NF=----(E,/En1)
En

(31)

where,
E,

= signal

E,.

= equivalent noise voltage of the perfect receiver referred

voltage used to measure both receivers

to the input circuit
E,.1

= equivalent-noise

voltage of the receiver under test referred to the input circuit.

From this it is apparent that the noise factor is the ratio of two
noise voltages, one of which may be measured and the other calculated.
In order to measure the equivalent-noise voltage of a receiver, one
would proceed as follows:
1. Connect a signal generator, of negligible internal impedance, to the
receiver input terminals _in series with a resistance equal to the
input resistance of the receiver. It should be noted here that the
4KT method applies only when the internal impedance of the signal
generator is small.
2. Connect a root-mean-square voltmeter to the output of the intermediate-frequency amplifier of the receiver. A direct-current voltmeter connected across the load resistor of second detector may be
used with only slight error.
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3. With the signal generator output reduced to zero, adjust the gain
control until the noise voltage as read on the root-mean-square
meter is some convenient value, say 1 volt.
4. Adjust the ipput voltage from the signal generator until the noise
voltage has increased to v'2 times its original value.
The voltage output from the signal generator is no~ equal to the
equivalent-noise voltage of the receiver referred to the input circuit;
or the voltage En 1 in (31).
The equivalent-noise voltage (E,.) of a perfect receiver, with characteristics similar to the receiver under test, is the noise voltage generated by the antenna resistance. This value of resistance is usually
equal to the input resistance of the receiver under test. From (30)
this voltage is
En= 1.29 X 10- 10 v' B.W. X Ro

(32)

where
B. W.

= bandwidth

of receiver under test in cycles per second

R0

= antenna series resistance

E,.

= equivalent-noiRe voltage of the perfect receiver.

in ohms

The noise factor may now be determined as the ratio E,. 1 / E,\.
Since it is not possible to obtain a perfect receiver with infinite
input impedance, it is useful to consider what might be called a "practically perfect" receiver with a finite input resistance, but which contains no internal noise sources other than this input resistance. The
input circuit of such a receiver connected to a source of signal voltage
E 0 is shown in Fig. 7 (a). The noise sources and their equivalent noise
voltage are shown in Fig. 7 (b), and the previous perfect receiver is
shown in Fig. 7 (c).
Solving for the receiver input voltage E." from Fig. 7 (a) we have,
(33)
The noise voltage E,.'' from Fig. 7(b) is given by the expression

E,," = 1.29 X 10- 10 v'B.W. <RoR,nl (Ro+ R,

11 ) ) .

(34)

Performing these same operations on the perfect receiver shown
in Fig. 7(c) we have,

GROUNDED-GRID R-F AMPLIFIERS

131
(35)

E,.

= 1.29 X JO-

10

v B.W. X R

0•

(36)

If we now consider the practically perfect receiver as one under
test we have, from (31),

R.ITI
f'..

(q)

£,"

Eo

En"

Ro

~,,
;,

(

)

CD

~. '>

✓

(

I

Fig. 7 - Receiver input circuit
showing noise and signal voltages. 4K T method of noisefactor measurement.
(a) Input circuit showing signal
voltage
(b) Input circuit showing noise
voltage
( c) Perfect- receiver

r

£''

(i,)

(e)
(E.IE,.)

NF=---(E ,"/L,,")

--

-

--------------

(37)

The curve in Fig. 8 shows the noise factor as a function of the ratio

R1,./R0• From this it may be seen that the noise factor of a matched
receiver cannot exceed "2, or 3 decibels from thermal noise, even
though there are no noise sources within the receiver except the input
resistance. A slight advantage may be gained by mismatching the
receiver in the direction of making R 1,. greater than R 0 • This advantage
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is more theoretical than practical, however, since mismatch always
introduces additional losses due to reflectiom1 on the transmission line
connecting the receiver with the antenna. It also tends to make the
performance of the receiver a function of the transmission-line length
since the transmission line is then a resonant circuit. At lower frequencies where the transmission line is short compared with a quarter
wavelength, some advantage may be gained by mismatching the antenna circuit.
.Measurement of Noise Factor by the 1KT Method

In the preceding analysis the signal-generator voltage (E 0 ) was
connected in series with the antenna resistance < R 0 ), and as a result,

I

Hr,

y1,~I

R,;.

T.

:r-~I

J

Fig. 8-Curve showing

the noise factor as a
function of receiver input resistance, for a receiver with no internal
noise (4KT basis).
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0
0

2

I?,.

3

4

R.
the thermal-agitation noise was calculated on the so-called 4KT basis.
In some signal generators, however, the internal resistance of the generator itself is equal tu the antenna resi11tance, and the voltage a11 read
by the signal generator i11 then equal to the voltage impressed on the
receiver input terminals. A schematic diagram of such an arrangement, together with its equivalent circuits, is shown in Fig. 9.
With this arrangement the noise voltage must be re-evaluated so
that it compares with the readings of voltage from the signal generator.
The signal-generator voltage reading is now half its value in the
preceding connection shown in Fig. 7 (a) and the noise voltage must
be reduced by a factor of 2 for a direct comparison with it. This gives
rise to an expression for noise voltage which is not strictly accurate,
but which gives proper results when compared with the equivalent-
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noise voltage of the receiver shown in Fig. 9 measured by the method
previously outlined. This expression for noise voltage is

(E,.") 2
At T

= 303 degrees

= 1KT R0 B.W.

(38)

Kelvin (30 degrees centigrade) this becomes

(E,.") 2

= 0.415 X l0- 20 X B.W. X R 0

(39)

En''

0.645 X 10- 10 \!B.W. X H0

(40)

or
c--=

This method of measuring noise factor is based on the so-called
1KT noise level. For any given receiver the noise factor as determined
A

(a.)

E;

P.-R~T
E,.·•

R.

/?,-,.

Fig. 9 - Receiver "input
circuit with matched impedance signal generator.
11<.T method of noise-factor measurements.
(a) Input circuit showing
signal voltage
(b) Input circuit showing
noise voltage

( b)
by either of these methods should be identical. The method used depends on the internal resistance of the signal generator. In actual
practice, the method used may quite often be a compromise between
the lKT and the 4KT methods. This condition occurs when the internal
resistance of the signal generator is less than the input resistance of
the receiver, but is still not negligible. By any method of measurement, however, a matched receiver with no internal noise has
theoretical maximum performance of 3 decibels from thermal noise.

a

Calculation of Receiver Noise and Noise Factm·
The noise generated in the plate of a vacuum tube may be conveniently expressed as the noise-equivalent resistance of the tube
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referred to the grid circuit. This is considered to be the resistance
connected in series with the grid of a perfect amplifier tube having
the same gain as the tube under consideration and generating the noise
normally generated in the plate of the tube.
If one makes the assumption that the circuit noise in a radiofrequency amplifier is negligible compared with the noise generated
in the antenna resistance, the input resistance of the receiver, and
the shot-effect noise of the radio-frequency amplifier tubes, one may
calculate the noise factor of the radio-frequency amplifier from a
knO\vledge of its characteristics.
The noise-equivalent resistance of the first stage may be referred
to the input circuit by dividing its value by the square of the gain of
the antenna circuit. If additional stages, other than the first stage,
contribute to the noise-equivalent voltage of the receiver, they may be
taken into account by dividing the noise-equivalent resistance of each
stage by the square of the total gain from the input circuit to the
grid of the stage. Fig. 10 represents the input circuit to a receiver
Fir,+ E'.~

~mp.

, ... e

~.

Fig. 10-Noisc sources

within a receiver.

E.

_&_
C.1

_&_ !11111t C,N.";f
G.'G,'
~

R...

and the noise-equivalent resistances of the first and second radio-frequency amplifier tubes.
Since the noise-equivalent resistances and the parallel equivalent
of the input and antenna resistance may be added numerically, the
total noise voltage referred to the input of the amplifier is given by

E,.'=

where
R 1'

= noise-equivalent

resistance of first_ radio-frequency amplifier

tube
R 2'

= noise-equivalent

resistance of second radio-frequency ampli-

fier tube
G0 = antenna circuit gain measured from receiver input terminals
to input of the first radio-frequency amplifier tube
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G2 = gain of first radio-frequency amplifier stage.
The signal voltage with which this noise voltage should be compared is given by (33)
(33)

The signal-to-noise ratio of this receiver is then,

E.'
Eo [R;nl (Ro+ R1n)]
-------- - - -- - 1.29 X 10- 10 ,J B. W. [ (R 0 R 1n, 1 (R0 + R,,,)) + Rt' G<?

-----.(42)

+ R//G0 ~G} J

The signal-to-noise ratio of a perfect receiver, as shown in Figure
7 (c) is,

(43)
b'

"

1.29 X 10-- 10 -.,/B.W.

P.0

The noise factor of the receiver is obtained by dividing (43) by
(42).

(E.!En)

Np=------ --

(E.' /En')

1/,J"Ro

= ------- ------(R;,,/ (Ro+ R1n))

(44)

This equation simplifies to (37) when Ri', R 2', etc.,= 0.
It should again be noted that the value for G0, the antenna circuit
gain, is now different from the value G1 previously calculated in (24).
Since our reference point for signal-to-noise calculations is the input
circuit of the receiver, the gain must be measured from the input
terminals to the grid or cathode of the first tube as shown in Figure

11.
This gain (G 0 ) is greater than the gain (G 1 ) calculated by (24)
and is given by

G0 =Gain= E 1 /E 0' = v1[Jlf;.

(45)
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Since the antenna-gain equations (24) and ( 45) assume matchedinput conditions,
(46)
Simplifying ( 44) for matched-input conditions and substituting
the generally accepted value for antenna gain Gi, as given by (24),

Consider now a grounded-grid amplifier circuit with several stages
having the following characteristics :
R0
R 1,.

= 50ohms
= 50 ohms.

Input resistance of first tube

= 500

= 1/2 y500/50 = 1.58
G2 , G3 , G4 , • • • = 3 (a= 3.3)
R 1 ', R R/, · · · = 300 ohms.

E.

ohms

G1

2 ',

Calculating the noise factor by
( 45) we have,
NF= \12

Fig. 11-Antenna input circuit.

+ 2.4 + 0.27 + 0.03 + · · ·

= 7 decibels

(48)

from thermal noise.

From this it may be seen that the principal source of noise in this
amplifier is the shot-effect noise of the first radio-frequency amplifier
tube. The following stages contribute a progressively smaller amount
of noise and the noise contributed by the third stage is insignificant.
The converter might take the place of the third stage. If we assume
the noise-equivalent resistance of the converter to be 1000 ohms and
recalculate the noise factor for a two-stage radio-frequency amplifier
followed by the converter, we obtain the following results:
NF= v'2

+ 2.4 + 0.27 + 0.1

= 7 decibels from thermal noise.

(49)
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COUPLING TRANSFORMER DESIGNS AND OPTIMUM VALUES FOR RL

From the previous analysis it appears that the gain increases without limit as the value of a for the coupling transformer increases. In
practice, certain physical limitations produce an optimum value of a
which should be used in any grounded-grid amplifier to obtain maximum gain. The most serious limitation is that imposed by a component
of input resistance resulting from the transit-time effect.4 Figure 12
shows a single-stage amplifier with this component of input resistance
(R{D) in parallel with the normal input resistance R 1 •
It is convenient to analyze this amplifier on the basis of power
rather than voltage gain since the cathode and plate current are
common. This power gain then becomes the ratio of output to total
r,
input resistance. Solving for
power gain for the circuit shown
in Fig 12 we have

r.
(51)

power gain= R 1R"j (R 1

+ R 1R,.).
(52)

Fig. 12 - Single-stage grounded-

gdrl amplifier considering transit-

For any single-stage amplifier,

time effect.

Substituting this value of R 1 in (52) and simplifying we have
power gain=

+ 1)2
RL 2 + RL [2R/ + R,, (ft+ 1)] + R,,2 + R.,,R,, (µ. + 1)
R 1 R.,, (µ.

(54)

By taking the derivative of this expression and setting it equal to
zero we may determine the value of RL which produces the maximum
power gain. Since we may design a transformer with fairly high efficiency to match the output of this stage into input of another stage
this maximum power gain then corresponds to a maximum voltage
gain into any constant impedance. This optimum value for RL is,
4 W. R. Ferris, "Input resistance of vacuum tubes as ultra-high-frequency amplifiers," Proc. I.R.E., Vol. 24, pp. 82-106; January, 1936.
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R 1, = RP

V 1 + LR.,

For conditions where
simplifies to
RL

/t

(Jt

+ 1)/R,,l-

(55)

is considerably greater than 1, (55)

= R,, yl + R,,Gm•

(56)

If we now consider the coupling transformer between this stage
and the next stage whose input resistance is R:! we have the expression

(57)
From this we may determine an optimum value for a as follows:

If the input resistance of the next stage is the "characteristic impedance" as given by (14) the value for a may be written in the form
a:!=(µ.+ 1) yl

+ G .LJ.,.·c1 + ,11 + G,,,R.,).
11

(59)

At extremely high frequencies the value of R.,, decreases rapidly.
If the value of GmRz is considerably less than unity, (59) simplifies to
a= \/µ./2.

For the amplifier considered in Fig. 2, the value for a under this
condition is approximately 3.9. In practice other limitations are present such that a value slightly less than this is often used. For no1·mal
operating conditions the value for a of approximately 3 represents the
practical optimum.

.

EXCESS NOISE IN CAVITY MAGNETRONS*tt
BY

ROBERT L. SPROULL
llesearch Department, UCA Lahorutorles Division,
l'rln<'Cton, N. J.

Summary-The magnetron oscillator of some frequency-modul,ation
radars also furnishes the "local oscillator" excitation for the crystal mixer
of the receiver. Excess noise generntion by the magnetron was observed
to reduce greatly the receiver sensitivity. This noise exhibited a strong
dependence uvun anode voltage and current, and changed with time in a
perplexing manner. After mu11y experiments, a hypothesis of the cause
of excess noise wus developed, ,rnd further e.rperiments con/ii-med this
hypothesis. The noise is thought to be caused by ionization of atoms of the
cathode oxide coating, which atoms are removed {l·om the cathode by electron
bomburdment. In orde1· to recluce the genemtion of excess noise, and still
preserve the advantages of an oxide-coated cathode, a special shape of
cathode has been deV!'loped. The coated regions of this cathode are shelte1·ed
from electron bombardment, and the noise is much reduced. Use of cathodes
of this general t11pe should also produce magnetrons with longer operating
lives than present tubes.

T

HE magnetron oscillator in some 1 frequency-modulation, continuous-wave radars also furnishes the "local osciJlator" excitation of the crystal mixer of the receiver, It was observed that
the magnetron oscillatiom1 were frequently modulated with large
amounts of noise, thereby impairing the sensitivity of the receiver.
The cause of this excessive noise modulation (many times ordinary
shot noise) was made the subject of a special investigation, the results
of which are reported here. Excess noise is not noticed in the usual
use of a magnetron as a transmitter tube, since the signal-to-noise
ratio is at least 60 db. However, the noise phenomena may increase
our understanding of magnetron operation, are important in special
applications of magnetrons, and are of interest in any development of
receiving tubes utilizing magnetic fields.

I.

DESCRIPTION OF THE NOISE PHENOMENA

Figure 1 shows the experimental arrangement used to detect
* Decimal Classification: R355.912.1.
Jour. Appl. Phys., March, 1947.

t Reprinted from

:i: This paper is based on work done for the U.S. Navy under Contract
NXsa 36042.
1 Such as the AN I APQ-19, developed in this laboratory.
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noise modulation and to estimate its magnitude. Since the magnitude
of the oscillating field in the crystal cavity was kept constant by vary-

insr the atte1111ation between the magnetron and this cavity, the receiver
detector current "/,." was roughly inversely proportional to the signalto-noise ratio ·of the magnetron oscillations.
Figure 2 shows the "noise current" I,. as a function of magnetron
d.c. anode voltage (Va) for several anode currents Ua) in a 4000 megacycle, continuous-wave magnetron 2 developed in this laboratory. To
obtain such a plot, the magnetic field was varied to produce different
values of Va at constant / 0 • It is apparent that at low voltages the
total noise current is substantially constant, and in this region the conCIIIYJTAL CAVITY

C•Y'STAL CUfUIENT (ATTENUATION
ALWAYS ADJUSTED 10 THI$ II O.S
WILLIAM~[-~,)

VAAIA9LI:
ATTtNUATION

(~

3' TO SO db)

RCA MODEL AR-77
COMMUNICATIONS

R[C[IV[ft

MAGNETRON

Fig. 1-Noise comparison apparatus.
I,..
·No1a1 CUIIIIIINT.

MlTEIII

tribution of the magnetron noise to the total receiver noise is small.
At some voltage, which we shall call Va., a relatively sharp break in
the curve appears, and above this voltage the magnetron noise dominates noise from other sources and becomes hundreds or thousands of
times as large as at low voltages. This region (V0 > Va 0 ) of excess
noise contained the ordinary operating point of the oscillator. Phenomena very similar to those portrayed in Fig. 2 were also observed
in a magnetron 3 of quite different design.
Curves such as those of Fig. 2 are not reproducible in detail. The
"peaks" and "valleys" of the curves cannot be repeated even a few
2 G. R. Kilgore, C. Shulman, and J. Kurshan, "A Frequency-Modulated
Magnetron for Super-High-Frequencies," P'l'oc. I.R.E., Vol. 35, No. 7, July,
1947.
3 J. S. Donal, Jr., R.R. Bush, C. L. Cuccia, and H. R. Hegbar, "A OneKilowatt Frequency-Modulated Magnetron for 900 Megacycles," Proc. I.R.E.,
Vol. 35, No. 7, July, 1947.
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minutes after they are observed. The most useful feature for com•
paring noise phenomena in different tubes is the voltage Vao· Even this
parameter changes with time, however, and may have quite different
values in two tubes constructed (as nearly as possible) identically.
Several tubes must, therefore, be constructed in orde:c to be certain
of the dependence or lack of dependence of noise upon some one feature
of the design. Figure 2 is representative of the early 4000 megacycle
tubes and exhibits the increase in noise with decrease in anode current
which was observed with all tubes.
After vigorous oscillation in these magnetrons has begun at a sufficiently high anode voltage, the cathode heater power may be removed.
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Fig. 2-Noise in early
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Back-bombardment of the cathode by electrons which have received
energy from the oscillating field produces secondary electrons and
warms the cathode sufficiently to produce some thermionic electrons.
The excess noise was invariably less when the ordinary heater power
was removed. All of the measurements and correlations reported here
refer to operation with no applied heater power.
The receiver (Fig. 1) was ordinarily tuned to pass modulation components in the frequency range 1496 to 1504 kilocycles, but other frequency regions were also explored. In general the noise was less the
higher the receiver frequency, and the excess noise was quite small at
a receiver frequency of 30 megacycles.
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II. CORRELATIONS OF NOISE WITH MAGNETRON PROPERTIES

Many tubes were constructed with slightly different features from
the ordinary magnetron in order to test the dependence of noise upon
different aspects of the design. In each case correlation of noise properties with the· changes made was attempted. Correlations were also
attempted between noise properties and operating conditions of the
tube.
The high-frequency load presented to the magnetron by the antenna
and transmission system changed the details of the excess noise, but
any standing wave ratios and phases which produced reasonably stai>le
operation with moderate efficiency produced about the same vr.lues
of V00• The presence or absence of discontinuities in the straps of the
magnetron resonator, the presence or absence of "hats" on the ends of
the cathode produced no consistent changes in noise. The geometry
and potentials of electrodes near the ends of the cathode affected the
noise only very slightly. Small changes in anode diameter produced
no effect. A variation of almost a factor of two in cathode size produced
marked changes in efficiency and stability; but the noise was little
changed except with very small or very large diameters, and in these
cases the noise was greater than with intermediate diameters.
These and other experiments were used to show that several more
or less obvious hypotheses of the causes of excess noise were not
tenable. For example, any axial oscillations (such as observed in
magnetron structures many years ago by Megaw 1 ) should be strongly
affected by end plate potentials, and if the noise were related to such
oscillations it should be a function of these potentials. Other hypotheses were concerned with the resonant modes of the resonator
and with the space-charge and electric field distributions in the cathodeanode space. The results of the studies with various cathode and anode
diameters, the fact that the excess noise was observed in a magnetron
of quite different construction, and the occurrence of noise over a wide
range of anode voltages and currents, made such hypotheses of the
cause of noise very unlikely.
Three successful correlations emerged from this work, but none
gave immediately a clear indication of the •cause of the noise. These
correlations will be briefly described here. The first was a correlation
of noise with low efficiency accompanied by high back-bombardment
of the magnetron cathode. Tubes which exhibited considerably lower
efficiency than others of similar construction were usually very noisy.

• E. C. S. Megaw, "Fundamental Characteristics of Electronic Oscillations," Na.tu.re 137, 189 (1936).
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Experimental tubes were constructed with windows which allowed
observation of the cathode during operation, and this correlation was
verified in such tubes. This correlation is probably related to the reduction in noise as the normal cathode heater power is removed; in both
cases high noise accompanies high cathode temperature.
The second correlation was between excess noise and the length of
the cathode sleeve which was coated with oxides. It was found that if
the emitting length were confined to less than two-thirds of the length
of the anode, the voltage (V40 ) at which noise began could be materially
increased. It was not certain that the ends of the cathode did not emit
electrons, but the carbonate spray was carefully cleaned from all except
the central region of the cathode sleeve in the hope that no emission
would occur in the end regions. The suggestion was that the r-f and
d.c. fields were distorted there, and it might be desirable to prevent the
interaction of electrons with such fields.
The third correlation was between noise and the thermionic emission properties of the cathodes. The critical voltage (V40 ) was used
as a measure of the former, and the heater current required to permit
a thermionic current of 50 milliamperes at 100 volts (no magnetic
field) was used as a measure of the latter. The correlation coefficient-;
of Yau with this current was 0.79 for thirteen experiments with ten
tubes. This shows a definite relation, with low noise accompanying low
thermionic activity. This correlation was strengthened by observations
on a single tube during the early part of its life, when both the cathode
activity and the noise were changing. Magnetrons were constructed
with strontium oxide coatings on the cathodes, since the emission
from SrO is known 8 to be considerably less than that from the SrOBaO mixtures ordinarily used. These tubes showed high values of
heater current for 50 milliamperes thermionic current, but the noise
properties did not differ appreciably from other tubes. This experiment
indicated that noise was not directly related to the cathode's thermionic
activity, but that for cathodes of the same composition, high noise
accompanied high activity.
III. IONIZATION NOISE

One of the first hypotheses of the cause of the excess noise was that
it originated in the ionization of gas atoms in the interaction space of
the magnetron. To test this, several tubes were continuously pumped
5 H. L. Rietz, Mathematical Statistics, Open Court (Chicago, 1927),
p. 82.
• M. Benjamin and H. P. Rooksby, "Emission from Oxide-coated Cathodes," Phil. Mag. 16, 810 (1933).
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while noise data were taken, and neon gas was admitted to vary the
pressure. No variation of noise with pressure was observed for pressures less than about 5 X 10-s mm of mercury. At pressures greater
than this, the noise increased and the efficiency decreased rapidly; this
behavior was not surprising since at 10- 2 mm a glow discharge WM
beginning. The pressures could not be measured inside the magnetron
itself, but they were measured in an ionization gauge connected to the
magnetron.
Several magnetrons were constructed with tungsten helices in
place of the usual oxide-coated cathodes. Two of these were continuously pumped, and noise was observed as a function of pressure. Figure
JOOO
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Fig. 3-Noise as a
function of pressure.
This tube had a helical
tungsten filament
in place of the usual
oxide-coated cathode.
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3 represents the behavior of these tubes. Unlike the results with oxidecathodes, the data here show a continuous increase in Vao (that is,
decrease in noise) as the pressure decreases. For pressures less than
10- 0 mm, Vao was greater than 1200 volts for tungsten filament tubes.
But lowering the pressure below 10- 3 mm did not change the noise in
oxide-coated cathode tubes, and even at io- 8 mm V 00 was no larger
than 800 or 900 volts. If the cause of the noise is the same in the tubes
with these two types of cathodes, it must be that there is a condensable
gas in the oxide-coated cathode magnetrons which is present in the
a.node-cathode space but which is not measured by external pressure
gauges.
Evidence to support this interpretation came from quite different
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experiments. Observations upon tubes with windows revealed a
luminescence in the anode-cathode space or upon the cathode surface.
Spectrographic investigation showed that the line spectra of barium
and strontium (the metallic constituents of the cathode coating) were
represented by their most persistent lines. Since the lines were quite
sharp, it was apparent that the luminescence was not fluorescence of
the solid (such fluorescence is also observed on activated cathodes, but
its spectrum is broad and diffuse). It appeared therefore that there
were substantial quantities of Ba and Sr atoms in the interaction space.
At least some of these were ionized, since some of the spectral lines
observed were those of the positive, singly-charged ion.
In order to obtain further information about the atoms and ions
in the anode-cathode space, "double-triode" tubes were built. In these
tubes electrons from the central cathode bombarded both a nickel anode
and an oxide-coated anode, which had been activated as if it were a
cathode and which could be heated by a tungsten heater. A negative
grid was placed in each half of the tube, and the positive ion currents
to these grids were measured. Both anodes were maintained at approximately the same potential, and the electron currents in the two
parts of the tube were the same. The grid current in the nickel anode
space was about 0.01 microampere when 10 milliamperes electron current was flowing; this corresponds to roughly 10- 6 mm pressure of
residual gas in the tube. The grid current in the other side of the tube
was always many times this value, and when the oxide-coated anode
was heated to 700-800°C, grid currents of 10-40 microamperes were
observed. It was apparent, therefore, that atoms or ions were released
from the bombarded surface, and that these formed a condensable
gas phase which could not be observed outside the immediate neighborhood of the bombarded surface. Noise measurements were also
made on these tubes; excess noise was observed, and it was substantially proportional to the ion current collected by the grid.
From these experiments it was possible to derive the following
interpretation of the phenomena of magnetron noise: ( 1) Some of the
electrons (of the order of 20 percent) emitted from the cathode return
to it after gaining considerable energy from the r-f field. If the
cathode is oxide-coated, these back-bombarding electrons remove atoms
or ions of the cathode material. Any ions emitted quickly return to
the cathode, but they alter the space charge in the region of the
potential minimum and permit a momentuy excess of electrons to be
emitted. Atoms emitted have between a 1 percent and a 10 percent
chance of being ionized before they strike the anode or other parts
of the tube. Ions thus produced alter the space charge and may release
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other atoms or ions when they bombard the cathode. (2) Noise in
excess of ordinary shot noise is produced by these processes. The noise
occurring in space-charge limited electron currents when appreciable
numbers of positive ions are present has been investigated by Thompson and North 7• Most of the noise effects observed in the present tests
of special triodes are consistent with their work. In general, however,
the excess noise in magnetrons is greater than that obtained in any
other vacuum tubes, and it would be necessary to assume pressures of
the order of 0.1 to 0.01 mm of mercury in a magnetron in order to
explain the observed excess noise by simple extrapolation of the work
of Thompson and North. (3) The ver!r great noise in magnetrons and
the irregular dependence of noise upon time, current, and voltage, may
be the result of cumulative or chain ef.'ects. The equivalent pressure
of barium and strontium atoms near a h11t magnetron cathode is of the
order of 10- 2 mm; this figure is derived from measurements on the
"double-triode" tubes and is checked by the fact that at neon pressures
less than 5 X 10- 3 mm the noise in an oxide-coated cathode magnetron
was independent of pressure. At such a large pressure the contribution of positive ions to the space-charge distribution is considerable,
and increasing the pressure by a factor of ten would cause oscillation
to cease and a gas discharge at low voltage to occur. Under operating
conditions the magnetron may therefore be on the verge of a Townsend
breakdown. The ionization of a single atom may result in a burst of
charge reaching the anode that is many times the electronic charge,
and a correspondingly large increase in noise may occur. Among the
processes which could participate in such a breakdown are ionization
by electron impact, removal of atoms from the cathode by electrons,
removal of atoms from the anode surface (which is soon contaminated
with cathode material) by electrons, secondary electron emission at
the cathode, and removal of atoms and electrons from the cathode
surface by positive ion bombardment. It is not clear why such a
breakdown does not occur, however, instead of merely threatening to
occur.
Our interpretation is therefore that the dominating cause of the
excess noise is associated with the presence of gas atoms in the interaction space. In a tungsten filament tube, these atoms are of residual
gases and by sufficiently extensive pumping and gettering the excess
noise may be substantially removed. In an oxide-coated cathode tube
which is well out-gassed and gettered, the atoms are at least pre7 B. J. Thompson and D. O. North, "Fluctuations in Space-ChargeLimited Currents at Moderately High Frequencies; Part IV-Fluctuations
Caused by Collision Ionization," RCA Review, Vol. V, No. 3, January, 1941.
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dominantly atoms removed from the cathode by electron back-bombardment.
The correlations reported in the preceding section give some support to these conclusions. The first correlation (noise vs. degree of backbombardment) is evidently related to the dependence of the rate of
removal of cathode material upon the number of bombarding electrons and the cathode temperature, both of which are higher in magnetrons with excessive back-bombardment. gxperiments showed that
the equivalent pressure of cathode material was an exponentially increasing function of the cathode temperature. Therefore, under conditions of severe back-bombardment, it would be expected that noise
would be greater than with moderate bombardment. This is just what
was observed.
The reduction in excess noise by reducing the sprayed length of
the cathode is presumed to be related to the first correlation. In several
tubes with short-spray-length cathodes, the cathodes operated at temperatures less than 700°C. Most full-length-sprayed cathodes operated
at considerably higher temperatures. This is evidence of smaller backbombardment when the electrons do not interact with electric fields
near the ends of the anode.
The third correlation is still obscure. It may be that a very active
thermionic cathode, 'which may have a surface layer of barium or
strontium atoms, yields more atoms or ions when bombarded with
electrons than a lei-s active cathode. ·
A number of apparently unconnected relations are consistent with
the gas-ionization hypothesis of the cause of excess noise: The decrease
of noise with increasing I.F. fre11uency, the decrease of noise when the
cathode heater power is removed, thl· negative re::mlts of various experiments with end-plate potentials and geometries, observations of
the appearance of anode and cathode surfaces after many hours of
operation, the occurrence of excess noise in magnetrons of quite different construction, the lack of dependence of noise phenomena upon
cathode and anode diameters, and the irregular changes of noise with
time, are all susceptible to explanation by this hypothesis.
There are three outstanding difficulties: (1) The physical process
whereby atoms or ions are released from the cathode coating by bombarding electrons is not known, though several processes seem to be
capable of producing this result (2) The exact way in which ions and
ionization of emitted atoms combine with the electron flow and the
electric and magnetic fields to produce 1mch large amounts of noise is
not known. (3) The decrease of noise with increasing anode current
does not seem to be explained.
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Despite these difficulties, the hypothesis of the cause of the noise
is felt to be reasonably well established. More detailed information
is required about the mechanism of release of cathode material in
order to advance our understanding of noise. Experiments with a
mass spectrometer are planned to determine what molecules, atoms,
or ions are released. The results of these experiments may make possible a quantitative theory of noise generation. Preliminary results
with "double-triode" tubes indicate that at least some of the cathode
material is removed as atoms and that the exponential increase of
removed atoms (per unit electron curent) has an exponent which
corresponds to an "activation energy" of 40-60 kilocalories per mole.
The heats of sublimation of barium and strontium are 44 and 38 kilocalories. This may be a coincidence, or it may be that electron bombardment produces small patches of barium and strontium, from which
atoms readily volatilize at the cathode operating temperature.

IV.

PROGRESS IN THE REDUCTION OF EXCESS NOISE

The increase in Yao by reducing the sprayed length of the cathode
has already been reported. This change and the improvement of the
efficiency and reduction of back-bombardment resulting from further
development of the frequency-modulated magnetrons 2 resulted in a
large percentage of magnetrons which were not "noisy" in the ordinary
operating region, near Va = 860 volts.
The hypothesis of the cause ~f noise which was advanced in the
preceding section suggested that the cathode be modified in order to
reduce the excess noise and to raise V ao still further. No hope was
entertained of eliminating the back-bombarding electrons, so a means
was sought for preventing the removal of cathode material by such
electrons. There is considerable evidence that electrons returning to
the cathode do not strike at normal incidence, but an angles varying
between 46° and tangential incidence. Furthermore, for a fixed magnetic field, the sense of rotation of all electrons about the cathode is
the same. These facts permit the construction of a cathode such that
returning electrons strike a nickel surface instead of striking the
cathode coating. One such cathode is shown in Fig. 4. The active
length of the cathode is in the form of a 13-pointed star; only one side
of each star point is coated with oxides. To accomplish this, the entire
cathode was coated, and the spray was carefully scraped from areas
where it was not wanted. This process was tedious, since the diameter
of the cathode was only 0.070 inches, but was quite practical for experimental tubes.
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Fig.4Grooved cathode.
( b)

( o.)

Figure 5 shows the noise behavior of one of the four tubes constructed with the cathode of Fig. 4. By "correct" direction of the
magnetic field we mean that direction which allows back-bombarding
electrons to strike only the nickel surface (this is the clockwise sense
of rotation in Fig. 4). It is evident that the noise is much less if the
oxide-coating is sheltered from bombardment. This provides increased
confidence in the hypothesis of the cause of noise which was advanced
in the preceding section.
.1000

1000

...
Fig. 5 - Noise in
magnetron with
grooved cathode. When
the magnetic field is in
the "correct" direction,
the oxide-coated surfaces are sheltered
from back-bombarding
electrons.
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Three other tubes ,v.ith cathodes as shown in Fig. 4 were built. One
of these showed somewhat less noise for the "incorrect" direction of
magnetic field than for the "correct" direction. This tube exhibited
very high back-bombardment, more noise than other tubes of this
type, and low efficiency. When it was dissected this tube was found
to have a cathode which was not parallel to the axis of the anode.
These facts make the information from this test of questionable value,
but it is still not understood why this tube exhibited more noise when
the electrons were rotating in the proper sense.
The remaining two tubes showed substantially the same behavior
as the first (Fig. 5) and therefore confirmed the conclusions from that
tube. The net result of all such experiments was that Vao is 200-300
volts larger when the magnetic field is applied in the "correct" sense.
An interesting possibility of cathodes of the general type of Fig. 4
is that they may permit substantially longer life than has previously
been experienced with magnetrons. There is much evidence (some of
it contained in the present work) that cathode life in a magnetron is
limited more by the destruction of the cathode by back-bombardment
than by the processes of cathode decay observed in ordinary diodes•
and negative grid tubes. If long life, not low excess noise, were the
chief requirement, the oxide-coating could initially cover the entire
cathode. Removal of part of the surface by back-bombardment would
not cause failure, because at least part of the surface would be sheltered
from back-bombarding electrons.
It is a privilege to acknowledge the cooperation of Messrs. G. R.
Kilgore, C. I. Shulman, and Dr. J. Kurshan in this study, and the sugfestions and encouragement of Dr. L. P. Smith and Dr. I. Wolff.

THE MAXIMUM EFFICIENCY
OF REFLEX-KLYSTRON OSCILLATORS*t
BY
ERNEST G. LINDER AND ROBERT L. SPROULL
llt'seard1 Jll!parlmenl, llC:\ LalK>ruturi<•s I>h·lsion,
l'rlnccton, N .•J.

Summary-The theory of reflex-klystron oscillators is given in detail.
It includes a discussion of relations in a loaded oscillator. It is shown
that maximum efficiency for smc,ll amvlitudes i11 given by
110

= 0.169 M i,/G.V..,
2

where Mis the coefficient of modulation of the ga]J, i, is the effective current,
G, is fh<' shunt conductance of the unloaded re11onatol', and Vo is the beam
voltage. Possibilities of increasing efficiency are considei·e<l, includilig
effects of gri<l transmission on effective current an<l on space cha1·ge, and
effects of multiple electron transits.

T

HI<; TH1'~0RY preirnnted in this paper is based mainly on the
previous investigation of D. L. Webster, 1 but it embodies considerable modilkation and extension of his original treatment.
The work was done several years ago but could not previously be made
public because of wartime secrecy restrictions. The theory is a smallamplitude one, that is, the oscillatory voltage is assumed small in
comparison with the steady voltages. This assumption is most applicable in the case of short wavelengths, such as below 10 centimeters,
since there the efficiencies are seldom greater than a few per cent.
J.

gNERGY RELATIONS

The essential phenomenon in hunching in klystrons is that an electron beam, initially uniform with respect to velocity and charge distribution, is velocity modulated; so that, after an interval during which
the beam travels in a drift space, the charge distribution in the beam
is no longer uniform, and hence the beam contains components of
alternating current.
The expression for this current is
• Decimal Classification: R356.912.3.
from Proc. I.R.E., March, 1947.
1 D. L. Webster, "Cathode-ray bunching," Jo111', ApJJl. Pli11s., vol. 10,
pp. 601-508; July, 1939.

t Reprinted
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The term containing the fundamental frequency "' is

(2)

Here i 1 is the value of the current during the first passage of the beam
through the gap at time t 1, and i2 is its value during the second pas11age
at time t 2 • J n ( nr) is the Hessell function of order n. The quantity r
is called the bunching parameter and is given by 1· = (J M V,,./2V 0 ,
where () is the transit angle of the bunch centers between the first and
second transits, M is the coefficient of modulation of the gap, V "' is
the amplitude of the oscillatory voltage, and V 0 is the beam voltage.
These expressions were originally derived by D. L. Webster1 for
the case of the two-cavity, single-transit klystron. It can be shown 2
that they are unaltered for the reflex case, except for a change of sign
due to the reversal of the current.
In the present treatment the phase angle 1r/2 aL-,o is introduced to
represent a phase 11hift inherent in the bunching process. This occurs
since bunches form about those electrons traversing the gap when the
voltage is zero and changing from accelerating to decelerating.a Thus
the current maxima (bunch centers) are formed out of phase by angle
of 1r/2 with respect to the voltage maxima. The gap voltage corre.'lponding to the current given by ( 2) is
V

= Vm

COS

wt2,

and the total phase angle between current and voltage is therefore
(J + (1r/2).
From (1) it is seen that the current resulting from the bunching
process contains components of direct current, and alternating currents of the fundamental frequency and all harmonics. To obtain an
expression for the power derivable from such a beam, consider its
passage across-a gap or between grid11 across which there i11 the voltage
2 E. L. Gintzon, and A. E. Harrison, "Reflex-klystron oscillators," Proc.
I.R.E., vol. 34, pp. 97-113; March, 1946.
s For discussions of the bunching process see also D. M. Tombs, "Velocitymodulated beams," WireleBB Eng., vol. 17, pp. 56-60; February, 1940; and
L. J. Black and P. L. Morton, "Current and power in velocity-modulated
tubes," Proc. I.R.E., vol. 32, pp. 477-482; August, 1944.
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V,,. cos wt 2 • The energy absorbed from the beam during one cycle will
then be given by the integral of the product of the instantaneous current and the effective voltage which acts upon the beam during its
passage. Thus the energy is

W'

= --

f 21rL~v

m

cos ,r1t2dt.

(3)

In this integration, all terms will vanish except the one containing the
frequency ,,,_
Hence,

Thus the energy absorLed per second, or the power, will be
,,,

W -'-- - - lV' = i 1.MV,,,J 1 U') cos
2.r

(

(J

71')
+2

(4)

This is a maximum for
71'
8 +-= 21n71'
2

ur
(J

=271' (m-t)

where m. is any pm1itive integer. Each integer corresponds to a mode
of oscillation.
These values of 8 giving maximum power correspond to the passage
of the bunch center through the grids when the field has its maximum
retarding effect. It is convenient to use the angle.
y

= 9--271' (rn --- .!),

(5)

which indicates the departure from the power maximum or from a
mode center. In terms of this
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(6)

and
(7)

The voltage between the grids may now be determined by considering that, if the shunt resistance between them is R, then
Vm'.!.=2RP,

or from ( 7), putting cos y

= 1 to

get the amplitude,

V,,. 2 =2Ri 11'1V,,,J 1 (r),

or
(8)

The factor M which occurs above, and which will be frequently
used also in what follows, may be defined by the expression

11[

vffl (effective)
= -~-----

An equivalent definition is
p
M=--,
eVm

where P is the actual maximum energy lost by an electron in traversing
the gap. It would be equal to unity only in the case of an ideal gridded
gap and zero transit time. It is a function of the variation of the field
across the gap, but here it will be computed only for the case of
parallel plane grids of sufficiently fine mesh so that the field may be
considered uniform in intensity and normal to the grids at all points.
·The voltage across the gap is then given by V m cos ( ,.,f 2 + y) •
The energy transferred to an electron traversing the gap is

[T

P=
•

where

T

Pds,

0

is the transit time, P the force, and s the position co-ordinate.

Therefore,
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where E is the field and d the gap spacing.
Because of the assumption of small field, i.e., V m « V 0, the velocity
ds/dt 2 may be taken as constant and equal to v 0 , the entrance velocity.
Thus,

P

evoVm
= --d-=

Ir

cos (wt2 + y) dt 2

P
1
--- =-

fr

cos (wt 2 + y) dt2

eVm
1
= - Lsin

0

T

0

(wT

+ y) -sin y]

WT

=__:_cos (

wT

+ 2Y )

sin~ .
2

2

WT

Therefore,

P
2
( WT + 2y ) • WT
- - = - c o s - - - sm-.
eVm
blT
2
2
The maximum value of this gives M, and evidently occurs when
wT+2y

WT

y=2n'71"--.

or

2

2

Hence
2

WT

M=-sin-.
WT

II.

(9)

2

EFFICIENCY OF A LOADED OSCILLATOR

The power given by (7) represents the total amount available from
the beam. However, this cannot all be exploited in a useful load, ex-
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cept for the hypothetical case in which the oscillator circuit, e.g., cavity
resonator, is totally loss-free, so that it has infinite shunt resistance.
In general, the power in the load may be determined as follows. The
loaded resonator circuit is represented by a lumped-constant circuit in
which the capacitance and inductance of the cavity, denoted by C and
L, are in parallel. These are shunted by the unloaded shunt resistance 4
Re, and also by the resistance of the load as reflected across the resonator gap, denoted by R 1••
Hence the total shunt resistance R of the circuit 01· the gap due
to both the load and the cavity losses is given by
1

1

1

R

Re

R 1,

-=---+--,
or in terms of the respective conductances

G =Ge+ Gr.·

(10)

In the following, resistances and conductances will be used interchangeably to facilitate simplification of equation writing.
The power dissipated in the load is

W1,

= JG 1,V,,/,

(11)

and that dissipated in the cavity is

(12)
Hy use of (10), (11) may be written

(13)
and by use of (8)

(14)

In this expression the first term represents the contribution due to
1 For methods of meaauring R,, see R. L. Sproull and E. G. Linder,
"Resonant-cavity measurements," Proc. I.R.E., vol. 34, pp. 306-312; May,
1946.
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the total energy delivered by the beam to the oscillating circuit. The
second term represents the effect of the losses in the cavity.
From (14) the condition for the start of oscillation may be simply
derived, since it corresponds to 'Y/ = 0. Thus

But since the amplitude of oscillation is infinitesimal at the inception
of oscillation, the Bessell function may be replaced by an approximation
valid for small arguments. Thus

OMVm
J 1 (0 MVm/2V 0 ) = - - · 4V0
and

or

/3

0 M~il
'= - - - ~ -

1.

l 15)

2G,.1' 0
This defines f3 and gives the lowest value for which oscillations
may occur. The value f3 = 1 corresponds to no loading of the cavity,
i.e., Gi = 0. This is evident from (14), since the two right-hand terms
represent the total power generated and the power dissipated in the
cavity, respectively. If these are equal, then no power can be supplied
to a useful load. The starting condition for a loaded cavity will require
f3 > 1, its actual value depending upon the value of G,,.
To derive the conditions for max'imum efficiency, consider that
with a given oscillator for which V0 , "'• M, Ge, and i 1 are fixed, the
efficiency may be varied by changing 0 and V m• The drift angle 0
may be varied by altering the reflector voltage V n• The quantity V,,,
is affected by varying the load resistance. Hence, to find the maximum
efficiency obtainable from a given tube, it is necessary to maximize
with respect to both of these two independent variables O and V.,,.
Take first,
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i.e.,
Ji'

(-OMV,,,)
- - = J{(r) = 0,
2V0

(16)

or
r 0 = 1.84,

and

J 1 (r0 ) = 0.582.

(17)

This condition makes J 1 (r) a maximum, and hence means that the
bunching is such that the alternating component of frequency ,.,
of the beam has its greatest value.
Now maximize with respect to V,,., i.e.,

or

or, since
(18)
Since, from the theory of Bessell functions,
(19)

this condition may be written,
Jo(r)

=--- -

(20)

Since, with a given tube, V,,. is a function of the loading, (20) is the
condition for optimum loading. That this condition represent..'! a maximum, and not a minimum or a point of inflection, may be shown by
investigating the usual conditions involving second-order derivativer:i.
It should be noted that (18) holds only when 71 is maximized with
respect to both 8 and V m• whereas (20) requires only maximization
with respect to V,,. and hence is valid for all values of r.
The meaning in terms of load conductance of the maximization
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with respect to V m may be seen from the following. The general expression for the voltage across the cavity is given by (8). Apply to
this the condition for maximum efficiency (18). This gives
2iiMG0 Vm
Vm=----.

from which
G=2G0 ,

or

(21)

This indicates that equal amounts of power are dissipated in the
oscillator resonator and in the load.
It is now possible to derive an expression for the maximum efficiency with respect to both 8 and V m. Let the two conditions for
maxima, (16) and (20), be solved simultaneously, giving
1
J 0 (1.84) =---,

(22)

Po

or

Po= 3.17.
Then the maximum efficiency for a given tube is obtained by rewriting (14)
I

(23)

and introducing the above optimum values of r and

p. This yields

or

M2i1
'lo= 0.169 - - •

(24)

GaVo
This is valid only if MVm « •i V 0, since this was assumed in the derivation of ( 1) ; also, if MVm > ½V 0, some electrons will be reversed between the grids. Such reversal introduces conditions not covered by
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the present theory and which moreover clearly would result in a de'crease in efficiency.
It is instructive to apply the above small-signal theory to the region
where MVm approaches the limiting value, l V 0, since, although it is
inaccurate there, it nevertheless gives some idea of the ultimate values
to be expected for the efficiency.
If it is assumed that the conditions are always such as to give
maximum bunching, i.e., (16) is always satisfied then (14) may be
written

1

7J=-

V0

[

GV,..2] ,
0

0.58MV,,.---2i 1

(25)

which expresses efficiency in terms of the amplitude V m•
A set of curves of efficiency versus MV.,., for the following conditions
VO

= 300 volts

M=l/Y2
i 1 = 0.01 ampere
MV m

max

= 150 volts

is given in Fig. 1 for values of R(: from 5000 to oo ohms. These curves
are all terminated at the line MV,,. = 150, since beyond that point
electrons will be reversed by the alternating field.
The efficiencies given by (24) correspond to the maxima of curves
such as a, b, c, and d, and also to e, the maximum of which occurs just
at MVm = 150. However, for curves such as /, (24) does not apply
since its maximum occurs in the forbidden region MVm > 150. The
correct maximum efficiency in this case is given by the intersection of
the curve with the line MVm = 150, and may be computed from (25).
Hence, on this basis, the maximum attainable efficiency for reflex
tubes is 29 per cent, corresponding to curve g for MVm = 150. It is
of interest to compare this with the case of single-transit tubes. Here
the restriction on MVm is MV m ~ V 0. In this case it is seen from
(25) that an ultimate efficiency of 58 per ·cent might be attained.
However, in most actual cases where the efficiency is of the order
of a few per cent, MVm is always much less than its limiting value of
V 0 /2, and the typical curve resembles that of case a, Fig. 1. In all
such cases (24) gives the correct maximum efficiency.
To get an expression for V m• under conditions for maximum 1/,
rewrite (14) and substitut~ from (18). This yields
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Since this expression and (23) must be equivalent they may be
equated and solved for Vw Thus,
(27)

This formula, like those from which it is derived, is valid only for

.MV,n « ~ Vo,
)0

CURVI':
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Fig. 1-Efficiency in per cent 7/ versus effective oscillatory volt11ge Ml',..
for various values of unloadt>cl cavity shunt resistance R,,.

III.

POSSIBILITY •.'

INCREASING THE EFFICIENCY

In the expression for maximum efficiency,
M2i1

71 0 = 0.169 - - ,
GcVo
there does not seem to he mul'h of a possibility of greatly increasing
71 0 Ly attaining more ftw0rable values of M, G,:, or V0 • In general,
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these factors are not independent, and changes which improve one
frequently result in a compensating change in the others. Consider
the case where the resonator is a simple cylindrical cavity, of height d
and radius a, in which d « a. Then

a8
Gc=-189d2

where 8 is the skin thickness. M may be expressed in terms of V 0
and d by making use of (9) in conjunction with the formula for
transit angle.

fd

WT=

1.07 • 10-7--,

"'\IV0
and that for wavelength,

,\ = 2.61a.
These relations give
M2

GcV0

5.77 · 106
WT
- - - - sin:i --- .
/8
2

Therefore, for a fixed frequency, it is evident that the above quantity
depends upon the sine term only, and is greatest when its argument iiw/2, i.e., when the transit angle is -rr radians. Hence, so longs aiwT = -rr, variations of M, Ge, and VO do not affect the efficiency, and no
further increase of efficiency in this particular case is obtained by
varying these quantities.
Since the efficiency is directly proportional to i 1 , and the power
to i 1 2, possibilities of increasing the current are of importance. It is
of significance that i 1 is the effective current and not the cathode emission current which will be denoted by i 8 • The former is obtained from
the latter by subtracting lesses principally to the grids and aperture
edges.
The losses to the grids may be expressed in terms of the grid transmission coefficient a, which is taken as the ratio of open area to total
area over the grid surface. This is a somewhat idealized definition
since it assumes no component of lateral velocity to be introduced by
the grid wires, and assumes that the shadows cast by previous grids
do not affect the transmission coefficient. The area ratio may be
shown to be
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where l is the distance between wire centers, and b is the wire diameter.
If the beam passes through one grid, the transmitted current will be

For two grids it is

and for u grids
(28)

For passage through u grids of transmission
mi:-11:don a~, the resulting current is

a 1,

and u' grids of trans-

It is obvious that i 1 can be increased by increasing a and decreasing 11. The transmission a can be increased by using finer wire and
larger spacings. nut the fineness of the wire is limited by its temperature rise, and the largenes:,; of the spacing is limited by its effect on
M. Large spacings 11ermit fringing electric fields and decrease M.
The number II of grid:,; depends upon the design of the beam electronoptical system. It is wmally either two or three in reflex tubes, but
the beam passes through some of the grids more than once.
Another important corn,idcration that determines i 1 is that of
multiple transit:,; of electrons throug-h the resonator. In the above
theory only two transit:,; are considered, firnt the modulating transit,
and second the driving trarniit which occurs after the electrons have
been bunched in the reflection space. Obviously there must be additional transits, Hince the cathode will act as a reflector. However,
because of debunching and improper phasing these additional transits
contribute little one way or the other to the oscillations of the resonator
except in special cases. Nevertheless, they may contribute substantially
to the space charge and thuR decrease the cathode current i0 so that
in some c1u1es the beam current may be limited by space charge rather
than by grid temperature.
The magnitude of this effect may be evaluated by considering a
simple structure consisting of a plane cathode, grid, and reflector,
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with the cathode and reflector at zero potential and the grid positive.
Let the grid have a coefficient of transmission a. Then for every N
electrons emitted from the cathode, a fraction Na 2 will return after
one round trip. At the start of the second trip, the fraction Na 2 will
be joined by a new group of N electrons, making a total of ( 1 + a 2 ) N.
After q round trips the number will be
(1

+ a 2 + a 4 + · · · + a:.?q)

N.

After equilibrium has been reached, i.e., q --= :ic, this becomes N,' (1--a2), which is the sum of this infinite series. Hence, if electrons are
emitted from the cathode at a rate of N per second, the number moving
through the space will be N,. · ( 1 - - n 2 ). Or, if the emission current is
i,, the space current i, will be
0

i,=---

(29)

l-a2

Thus space-charge limitation would occur with a cathode emission
current 1- a 2 times that given by the Child-Langmuir law. If there
are u grids, the factor becomes 1 - a 2 ".
Thus it is evident that there are two dh1tinct grid transmission
effects: (1) losses to the grids which decrease the effective current,
and (2) transmission by the grids which allows multiple transits,
resulting in greater space charge and consequent decrease in cathode
emission. These effects are opposed to each othm·; large a increases
(2) while small a increa.."!es ( 1). Hence there is an optimum a.
This is clarified by reference to Fig. 2. A structure having three
grids is shown: a is an accelerating grid, whereas b and c are radiofrequency grids. The effective current driving the oscillator is ii,
which is the current remaining after four grid transits. The remaining transib1 are assumed to contribute only to space charge. The sum
of currents due to all tran11ib1, regardle11s of direetion of flow, gives
the space current i,.
For the usual reflex-tube case with u grid11, i 1 is given by

Then, from (29),
i1

=a"~ 1

(1-- tr 2 ")

i•.
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Fig. 2-Schcmatic electron paths in a triple-grid reflex oscillator, showing
the effective current i, and the built-up space current i, due to multiple
transits, between cathode K and reflector R.

Here i, is a constant determined by the Child-Langmuir law. By
differentiating with respect to a, and equating to zero, the maximum
for a is found to be

(30)
Hence, if

= 2,

a0

cc.:

u = 3,

a0

= 0.858,

U

0.810,

i1

= 0.30i

8,

and if
i 1 = 0.29i,.

These results represent a case in which the beam electrons continue
to oscillate until all are captured by the grids. If there is any divergence of the beam so that electrons are captured elsewhere, corrections
to the above are required. In some tubes all electrons are collected
after two transits by an electrode which does not permit them again
to approach the cathode after having once left it. Then space-charge
effects are reduced to a minimum, and the grids may be designed for
higher transmission limited only by considerations of heat dissipation
and effect on M. Also it should be noted that i 1 can be increased by
increasing i,, as for example by diminishing the spacing from the
cathode to the first grid. Here again heat dissipation is a limiting
factor. The above maximization of a would usually be most useful in
making best use of an i. already at its highest value.
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Another method of increasing efficiency lies in the possibility of
utilizing electron transits after the second one. As has just been
pointed out, multiple transits usually occur, but they are usually ineffective because of debunching and improper phasing. However, it is
possible to design a tube so that the third transit ,viii cause a considerable increase in efficiency. This is especially true in the case of
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Fig. 3-Schematic diagrams of reflex klystron utilizing three clcctl'on
transits.
low-amplitude (i.e., Vm « V0 ) oscillators, since the velocity spread in
the beam is small, and when once bunched the electrons stay sufficiently
bunched long enough to permit a third transit with considerable
effectiveness.
Referring to Fig. 3, we see that the power developed by the beam
during the second transit, i.e., transit b, will be, according to (7),
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During the third transit, i.e., transit c, it will be

This assumes that the bunch Hhape is affected by the second transit
only to the extent that r changes between the second and third transits.
The fact that various electrons in the bunch are subjected to different
action of the radio-frequency field and the bunch thus distorted is
ignored. The deceleration of the bunch as a whole during transit b
alHo is neglected, and the bunch therefore is assumed to be reflected
at the cathode surface between transits two and three. Both of the
above assumptions are justified on the basis of a small-signal theory.
Thus the total will be

Introducing this in (13) yields

ll'1.

V,,/
c::.: -

-

(G --- Go)

2

::c::

MV.,. l.i1.T 1 ( 1'1) cos

"/1

+ i~.T l ( ,·~)

GoVm2
cos,~] -- - - - ,
2

Therefore,

where the cosine factors have been given their maximum value of
unity. This maximum value may be attained by varying the two voltages V0 and 1! 11 by small amount:,t. It is of interest that this exhausts
the available parameters whil·h can be adjusted for maximizing the
phase angles y 1 and Y'.!· In attempting to utilize still more transits
this maximization would not be possible.
These expre.~sions are now similar to tho:-1e for the double-transit
case except for the addition of an extra term which represents the
contribution of the third transit. The factor 8'.! which occurs in this
added term is similar to 0 1 which has been discussed above and represents the transit angle of the bunch center from the first to the third
transit, that is, it is equal to 81 plus the added angle caused by 12 •
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As before, to maximize (31) with respect to the loading, the derivative of .,, with respect to V,,, is equated to zero. This yields

02 ·(Jl{Vm02)1
- - - ---.

MVm01)
"
Jo ( - - - +a·--Jo
2V0

01

2Vo

(32)

/3

From the tube geometry and operating voltages, the quantities 01 ,
0:!, a 1 and /3 are known. Thus l',,. may be determined from (32) and
then ,, from (31).
As a specific example a case has been computed5 for the following
numerical values:
w

= 5.89 • 1010 cycles per second

(,\

c-c

:l.2 centimeters)

M=0.64
a= 0.81

V O = 300 volts

i 1 = 0.010 ampere
Re

= 5000 ohms.

The results are plotted in Fig. 4 where contour lines for 71 are
plotted against l1 and l2 • For a complete picture the factors cos y 1
and cos y 2 , which were dropped to obtain (31), must now be considered.
These are seen to be rapidly varying functions, compared to 71, when
li and 12 are varied, since it may be shown that y changes by 2,r
radians for a change in l of only 0.274 millimeter. Thus the surface
of Fig. 4, may be considered as an envelope of an array of individual
maxima spaced 0.274 millimeter along each axial direction. Any value
there plotted hence can be approached closely, if not actually realized.
For the above numerical case, but with only the usual two transits
through the resonator, the maximum efficiency as computed from (24)
is 1.16 per cent, whereas for three transits it is 3.16 per cent, an
increase of 2.7 times. Somewhat greater values than this might
theoretically be realized, since the figures for Re and i 1 used above
are conservatively low.
However, in practice, it is doubtful that increases as great as this
could be obtained for several reasons. In the first place, the problem
of the electron optics has been disregarded. It has been assumed that
1 The writ.era are indebt.ed to Mrs. L. A. Hartig for valuable assistance
in making these computations.
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the beam wa.'I ideally collimated. Actually, this condition would be
difficult to realize. With the increm,ied path length, control of the
beam becomes more difficult. There would likely be more divergence
and consequent loss of current to the aperture edges.

I 1(nv,n; I
Fig. 4--Constant-efficienC"y contours (in per cent) versus drift distance in

the reflector space /,, and in the cathode space /,, for a triple-transit reflexklystron oscillator.

Closely associated with the beam control is the shape of the grids,
since this is a primary factor in determining the shape of the electron
wave fronts which form in the beam due to bunching. For a homogeneous, perfectly collimated beam, und with flat grids, flat wave
fronts will form. The reflecting field should then be such as to return
flat wave fronts to the grids. However, with curved grids, curved
wave fronts are formed and the reflecting field must then be such as
to return wave fronts having the same curvature as that of the grids.
Otherwise all parts of the wave front or bunch will not pass through
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the grids at the optimum phase. With two driving transits this problem becomes considerably more difficult, since the wave front shape
must conform to the grid shape on both transits. On the first driving
transit the shape of the reflector can be varied to produce the correct
wave front shape, but on the second driving transit the cathode acts
as the reflector, and it probably would be difficult to shape it so as to
fulfill simultaneously its function both as cathode and reflector. A
possible solution is to use parallel plane grids with a closely spaced
parallel plane cathode. The construction of grids which will remain
flat when raised to the mmal high operating temperatures hi a considerable problem that has not yet been solved, but this does not seem
to be a difficulty which could not be overcome in a pradical fashion.
The question of space charge must al:-10 be con:-1ide1·ed. It is highly
desirable to operate with space-charge-limited eurrent for the sake of
stability. However, with a cathode closely spal"ecl to the first grid, as
it must be to act efficiently as a refledor, spacl)-charge limitation may
not always be obtained. In designing a multiple-transit tube thhi
factor should be considered, and the cathode-grid spacing should he
chosen to give space-charge limitation, if possible.

A DEVELOPMENTAL PULSE TRIODE FOR
200 KILOWATTS OUTPUT AT 600 MEGACYCLES*t
BY
L.

S. NERGAARD,

D. G.

BURNSIDE AND

R. P.

STONE

Rescn.r~h Department, RCA Laboratories Division,
Prlnl'l'ton, N. J.

Summary-The pulse triode A-2212 is a cylindrical triode which gives
a peak power outp1tt of 200 kw. at 600 Mc. with a tunable exten1al circuit.
The tube and its pulse and c.w. performance are described. One of the
singl,•-f11/rn circuits developed to test the tube is also described.

E

INTRODUCTION

ARLY IN 1942, the development of the pulse triode now known
as the A-2212 was undertaken under a Navy contract. 1 The
tube was intended for use in search radar and was to meet the
following electrical requirements: (1) it must have a peak pulsepower output in excess of 100 kilowatts at 600 Mc. with a duty of 0.1
per cent and a 5-microsecond pulse length; (2) it must be operable
with external circuits capable of a wide tuning range; (3) it must be
air-cooled; and ( 4) it must operate with no applied voltage in excess
of 15 kilovolts. In addition, it was considered essential that the tube
be compact, have few and simple parts, and be easy to manufacture
on a mass-production basis.
All these retJniremcnts were met in the developmental tube H-2614
and the subsequent modification known as the A-2212. After improved
circuits for the tube had been developed, it was found that the peak
power output per tube at 600 Mc. with 0.1 per cent duty and a 5microsecond pulse was about 200 kilowatts. This provides a comfortable safety factor over the original requirement:
THE TUBE

The first problem in the design of the tube was the choice of basic
geometry. After both cylindrical and planar geometrics had been considered, the cylindrical structure was chosen for the following reasons:
(1) In the planar electrode structure with cylindrical symmetry, the
• Decimal Classification: R330.2.
Reprinted from Proc. I.R.E., March, 1948.
1 Naval Research Laboratory Contract N-173S-4815.
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voltage distribution across the cathode is a Bessel dh;tribution. Because the area of the cathode can be increased only by increasing the
radius of the cathode, the cathode area which can he usefully employed
at a given frequency is definitely limited. With a cylindl"ical structure,
the voltage distribution is sinusoidal axially and uniform angularly
so that the cathode area can be increm,ed indefinitely, in principle, by
increasing the radius as long as the axial length is held constant. This
argument was given considerable weight because it seemed likely that
the H-2614, if successful, might be used as the basis for future tubes
of higher power outputs. ( 2) The l'ylindrical strncture is more likely
to be mechanically stable under varying temperature conditions. (3)
The cylindrical structure leads to a tube of smaller radius, which is of
some consequence in the design of compact circuits for the tube. ( 4)
The cylindrical structure is more economical of cathode-heating power
than the planar structure.
When the basic geometry had been decided upon, the cathode was
designed. Previous experience had led to two rough empit-ical relations
for the design of oxide-coated cathodes for pulsed triodes: (1) The
power output of pulsed triodes at about (iOO Mc. is 1 kw. per ampere
of emission. At first glance this relation seems a little absurd in that
the operating voltage does not appear. Howev<•r, the starting time and
the peak power output of a pulsed triode both increase as the shunt
load rei:iistance h1 increased. When a reasonable compromise is made
between the peak powpr output and the additional power dissipated at
the anode becaui:ie of thP. starting time, the load resistance turns out
to be such that a peak power output of 1 kw. per ampere is obtained
when the tube is opnated up to its emiRsion limit. (2) The peakpulsed emission of an oxide-coated cathode is about 12 amperes per
square centimeter with a 5-microsccond pulse.
On the ba11iR of these two relation1:1, a cathode area of 13.5 squa1·e
centimeters was decided upon. ·This gives about 160 amperes of
emission and allows ·a reasonable imfety factor. From this point on,
the electrical design proceeded along the usual lines for the design of
high-frequency triodes.
Fig. l l-lhows the tube H-2614 in section. The cathode ii:i a thimble,
oxide-coated on the cylindrical 1mrface. The cathode i11 supported by
tabs on a copper-plated Kovar cylinder about f inch in diameter. This
large-diameter cathode lead makes possible the use of a reasonably
smooth transmisi1ion-line circuit between the cathode and grid. The
lower end of the cathode lead is pierced by three eyeleL<1. The axial
eyelet carries the exhaust tubulation. The other eyelets carry the
heater lead and the getter lead. The heater and getter currents are
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returned through the cathode lead. After the tube is exhausted, the
cathode lead is extended by a copper thimble which serves to protect
the tubulation and leads. The heater lead is brought out axially through
this thimble.
The cathode is heated by a small tungsten helix on the axis of the
cathode. An upper and a lower heat shield serve to reduce the end
losses so that the cathode may be brought to operating temperature
with about 40 watts of heater power.
The grid is a s4uirrel cage con.sisting
of 90 platinum-clad molybdenum wires,
0.007 inch in diameter, supported by a
cone welded tu the grid flange. The upper
end of the grid is held in alignment by
a quartz bead on an axial pin on the
cathode. The cathode-grid spacing is
0.019 inch.
The anode is a copper thimble with a
U-shaped K9var annulus silver-soldered
to the lip. The internal diameter is such
as to give a grid-to-anode spacing of
0.070 inch. The anode is cooled by a
"horiozntal-type" radiator having an external diameter of 2 inches.
The subsequent tube A-2212 differs
Fig. 1-Cross section of the
from the H-2614 in that the getter is
H-2614 pulse triode.
dispensed with, the exhaust tubulation is
of copper and is brought out through the end of the anode, the heater
lead is brought through the cathode lead axially, and a "vertical"
radiator is used.
Fig. 2 is a photograph of the individual tube parts of the H-2614,
some of the subassemblies, and of the assembled tube. An A-2212 is
also shown. The low-voltage plate characteristics of a typical tube are
shown in Fig. 3. Other data of interest are given in Table I.
Tab1e I

Heater voltage
Heater current
Grid-to-plate capacitance
Grid-to-cathode capacitance
Plate-to-cathode capacitance
Amplification factor
Mutual conductance
Plate resistance
Maximum anode dissipation

5 volts
8 amperes
15 µµfd.

39 µµfd.
0.82 µµfd.

30
0. 024 mhos at [,. 0.25 amperes
1250 ohms at Ia= 0.25 amperes
300 watts with 10 cubic feet of air per
minute

=
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Fig. 2-lndividual parts, subassembli~s, and a completely assembled H-2614.
An A-2212 is also shown.
CIRCUITS

While the principal object of the work described in this paper was
to design a tube to meet certain specifications, a considerable amount
of work was devoted to circuits for the tube. This attention to circuits
is natural in the case of high-frequency tubes because a considerable
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Fig. 3-Low-voltage plate characteristics of the H-2614.
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portion of the circuit reactances lie within the envelope of the tube.
Hence, it is impossible to design the mechanical features of a tube
without a circuit in mind. The H-2614 was designed with two circuits
in mind, one with a cavity between grid and anode, the second with a
half-wave transmission line between grid and anode. Both of these
circuits were built and used to test tubes.
A triode with flange "leads" fits most naturally into a groundedgrid circuit with a tuned circuit between the grid and anode and a
second circuit between the cathode and grid. When such a circuit
arrangement iR used as an oscillator, the cathode-grid circuit is adjusted to have a capacitive reactance and the oscillator operates as a
Colpitts oscillator. If the cathode-to-anode capacitance were adequate
to support oscillation under loaded conditions, the shunt inductance in
the cathode-grid circuit would serve only as a choke for the filament
leads. However, in a tube with flange leads the internal shielding is
usually good enough so that the cathode-anode capacitance is too small
to support oscillation under loaded conditions. The cathode-anode
capacitance can be increased by providing additional direct capacitance
between the cathode and anode within the tube. This method of increasing feedback has several objections. First, the feedback can be
adjusted only by tuning the cathode circuit. This method of adjustment gives only one degree of freedom so that the magnitude and phase
of the feedback cannot both be adjusted to obtain optimum operation,
a severe limitation when electron-transit times are large enough to
produce appreciable phase shifts in the tube currents. Hence, while
the use of a properly chosen feedback capacitance within the tube is
quite satisfactory for a narrow frequency range, it is not too satisfactory when a very wide frequency range must be covered. Second, a
tube with enhanced feedback is not well suited to both oscillator and
amplifier use. The alternative is to use external feedback. Then it is
relatively easy to obtain two degrees of freedom for the adjustment
of feedback, and in addition the oscillator tube is not totally unsuited
to amplifier use. The.qe considerations led to the adoption of external
feedback systems for the oscillators built to test tubes.
The "half-wave oscillator" circuit is shown in Fig. 4. The gridanode circuit is a coaxial transmission line, effectively a half-wavelength in length. One quarter-wave of this circuit may be considered
as the plate tank and the other quarter-wave as a blocking capacitance
which presents a very low reactance to r.f. currents and a very high
reactance to low-frequency currents. This feature is particularly
important in pulse applications where the pulse shape may be badly
distorted by reaetanee across the output of the pulser. Because this
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circuit operates in its fundamental mode, the oscillator is free from
mode switching. The part of the line external to the tube consists of
an inner conductor comprising the radiator of the tube and a cylindrical extension of the radiator, and an outer conductor in the form
of a cylinder 4 inches in diameter. The outer conductor extends beyond
the inner conductor so that the line is terminated in a cutoff waveguide.
This makes possible the admission of cooling air to a vertical-anode
radiator through the end of the line without radiation losses. In order
that the circuit may withstand as high voltages a.<1
rossible with the given external diameter of 4 inches,
the external line is proportioned to effect a compromise between the voltage
gradient across the line,
which varies approximately
inversely as the spacing
between conductors, and
the step-up in voltage between the low-surge-impedance interelectrode line
within the tube and the
relatively high-surge-impedance line outside the
tube, which varies approximately in proportion to the
spacing between conductur.<1. The plate voltage is
fed through a lead lying in
section of the "half-wave"
the nodal surface of the Fig. 4--Crossoscillator
circuit.
circuit.
The cathode-grid circuit consists of a relatively high-Hurge-impedance coaxial transmission line operating in the three-quarter-wave
mode, with a coaxial blocking capacitor adjacent to the tube. The line
is tuned by a torus-shaped capacitor which slides on the inner conductor of the line. The oscillator output is obtained from the cathode
circuit by a tap directly on the line. The output is taken from the
cathode circuit in order to keep the anode circuit clear of objects which
increase the voltage gradients and hence induce spark-over, and to
take advantage of the low transformation ratio necessary to match a
50-ohm load into the cathode circuit.
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The external feedback fly.stem consists of two loops in series, one
in the grid-anode circuit and the second in the cathode-grid circuit.
These loops are tuned by a stub tapped on the loop in the cathode-grid
circuit. The stub and tuning capacitor provide the two degrees of
freedom necessary for the proper adjustment of the feedback.
The "half-wave" circuit described above and the "cavity" circuit,
which is not described for lack of space, were used to test tubes while
they were being made in the laboratory. Other circuits were subsequently built. One of these circuits was a modification of the halfwave oscillator which could be operated over the frequency range 400
to 1200 Mc. Push-pull circuits which will be described elsewhere
were also built.
PER~'ORMANCE

The performance data presented in this section were obtained in
the half-wave cin·uit. In each case, the tube was biased by a cathode
resistor. There were two reason for the use of cathode Lias. With a
grounded-grid circuit, the oscillator shell and output system can be
operated at ground potential when cathode bia8 is used. Secondly,
with cathode bias, operation is stahle even when grid emission is large
enough to make the plate l'lll'l"l•nt exceed the cathode current slightly.
As is customary with 11ull-le tubes having oxide-coated cathodes,
the tube was anode-pulst•<I. What is c-alled tlw anode voltage in the data
is actually the g1·icl-to-:modP voltagt•, i.e., the :mm of the anode voltage
and the grid-bias voltage. Similarly, the quoted efficiency is the overall efliciency, not the mwde t>lncit;ncy. In the pulse tests, the duty was
0.1 per cent and tlw 1rnls1• was substantiall:r square, so the average
power output and awrage anode current may be computed by dividing
the pulse powe1· and current, respeetivc>ly, by 1000.
Fig. 5 shows typical pulse operating data on a laboratory-made
tube at 600 Mc. The peak p0Wl'r output, the over-all efficiency, and
the anode current are plotted against the pulse anode voltage for two
values of cathode-bias rel:-listor. It will be noted that in each case the
peak power output varies as the 5/2 power of the anode voltage, and
the anode current varit'.s as the 3, '2 power of the anode voltage until
grid emission becomes appreciable, at which point the current begins
to ri11c more rapidly. The etficiency increases slowly with voltage for
the lower voltages, and then d1·ops as grid emission sets in. With the
60-ohm bias resistor, an output of 160 kw. was obtained at 15 kv. In
this case, the output wa11 limited by the pulser, but the indications of
grid emission suggest that the useful operating point has been passed.
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With the 10-ohm bias resistor,
an output of 265 kw. was obtained at 12 kv. In this case,
the output was limited by circuit flashover. In fact, carbontetrachloride vapor was used to
coax the circuit up to this power
level. However, again the eviIO'---"''--'--~--"'---'----'---'
dence of grid emission suggests
zo
J
4
)
e 7 a I 10
that the useful operating point
ANODE VOLTAGE IN KV
has been passed.
Fig. 5 - Typical pulse operating
data at 600 Mc.
Inspection of the efficiency
curves shows that a given output may be obtained with a fixed input
for a wide range of anode current. From the stanrlpoint of voltage
breakdown, it is advantageous to operate with a low voltage and a
high current. At first, it was felt that high-current operation might
seriously impair the cathode life. Life tests on tubes operating under
conditions comparable to those with the 10-ohm cathode resistor and
a power output of 150 kw. have shown that a life in excess of 1000
hours may be expected under these conditions.
While the H-2614 was designed for pulse operation and has a
cathode much larger than is re11uired for a continuous-wave tube of
comparable average power rating, it was quite natural to make some
tests of its performance under c.w. conditions. The results of such a
test at 600 Mc. are shown in Fig. 6, in which the power output, plate
current, efficiency, and filament voltage are plotted
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current required for best performance at low voltages. The effects of
the grid-to-anode transit time are evident in the very rapid rise of
power output with plate voltage. The maximum power output was
limited by the tube stability. At the maximum power point, the
heater power had been reduced to the point where any perturbation
caused the emission to fail and the tube to drop out of oscillation, or
caused the cathode temperature, and consequently the grid temperature, to rise so rapidly that the tube "ran away."
To get an idea of the "high-frequency limit" of the tube, it was
operated as an oscillator with 250 volts on the anode. It oscillated at
all frequencies up to 1100 Mc., at which frequency the efficiency
dropped to zero. At 1000 Mc., a power output of 2 watts was obtained.
While the tube was designed specifically for pulse operation and is
in some respects poorly designed for c.w. operation, its c.w. performance is such that it has had some application as a c.w. amplifier and
oscillator.
CONCLUSION

In conclusion, it may be said that the pulse triode described above
meets all the initial specifications with regard to power output, tunability, cooling, and maximum applied voltages. It meets the minimum
pulse-power requirement of 100 kw. at 600 Mc., with a 5-microsecond
pulse and 0.1 per cent duty, with a comfortable margin of about 100
per cent. It also gives a c.w. power output of 100 watts at 600 Mc.,
and has been operated as a c.w. oscillator at frequencies up to 1100 Mc.
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Summary-The design u11d develuµment uf a 100--wutt, gruttnclcd-grid
triode for operation at f11ll ratings 11µ to 1:.!UO i\,Jc is dcsaibcd. Unusual
mec-ha11ical design feat11res have bl'en utilized to aehiei•e a tube which not
011l11 is capable of e,uellent performa11ee ut ultru-high freq11e11eil's, b11t u·hich
e,111 also be manu_faetured by prud11ctio11-li11e methods.
The 011tsta11ding design feat11res making this 11er.fun111111cc· /Jtn1sil1/,,
ineludc close sp"cing of« e01uial xtl'llcf1trt' tu yi11e high pcrt•ea11r,•; 111·eci11ion
cold 1c-oi·ki11g of mefllls at high 1111it pn·s1<11res to fahrieafl' "II t'/ecfrodes;
and flllllcmhly of the t11he 11si11g lomlized rf h('(1fi11[1 methods 11ml 111·1•cisio11
jig.~ to 111ni11tai11 auurate sparing of dectrocleH.
ril-cuit and prrfor111a11ee data of this new f11l1c arc givr11 rrs rr 11011•,.,osrillator, as ,,•ell as a 1111iq11ely 11e11frnli::rd 11lfrn-high-frrq11l'11c11 1101,·er
umpli_ffrr.
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INTRODUCTION

HE design and development of a compact, forced-air-cooled uhf
power triode capable of delivering 100 watts at an efficiency of
40 per cent in a cw amplifier operating at 1000 Mc presented
stringent electronic and physical requirements which were met by
novel method:,i of fabrication and assembly. The resultant type, the
5588, ha:,i a maximum of operntional Htability together with good
circuit adaptabilitr, achieved through the use of a coaxial electronic
structure1.~ with supporting elements likewise coaxially aligned.
DESIGN AND CONSTRUCTION

General Construction Features
The electrode structure of the 6588 con11ist.<1 of three closely 11paced
coaxial cylindrical elements: the unipotential oxide-coated cathode,
the grid, and the anode. A cros11-!lectional view of the tube is given
• Decimal classification: R339.2.

t Reprinted from Proc. I.R.E., October, 1948.
1 R. R. Law, D. G. Burnside, R. P. Stone, and W. B. Walley, "Development of pulse triodes and circuit to give one megawatt at 600 megacycles,"
RCA Review, Vol. 7, pp. 263-265; June, 1946.
2 L. S. Nergaard, D. G. Burnside, and R. P. Stone, "A developmental
pulse triode for 200-kilowatt output at 600 megacycles," Proc. I.R.E., Vol. 36,
pp. 412-416; March, 1947.
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in Fig. 1. Because the axial length of the electrode structure is about
inch, which is short in comparison with a quarter wavelength at
1000 Mc, essentially equal rf voltages exist at all points over this area.
The grid, which conRists of a cylindrical array of short wires aligned
parallel to the tube axis, has low inductance. The short grid wires
provide a maximum of end or conduction cooling, allowing greater grid
dissipation before instability occurs due to grid emission. The short
coaxial structure pr"ovides considerable freedom from instability due
to shifts in electrode spacing, buckling, or warping of the electrodes.
The members which support the electrodes and provide for the transition between the external circuit and the electrodes are continuous,

l

L+----EXHAUST TUBE AND ANODE

GRID ASSEMBLY
CATHODE
.
.;Ji\..Jgj'lti~----HEATER

l<'ig. I-Cross-sectional
vit•w of the 5588.
ENVELOPE
ASSEMBLY

t.:)t-----RF" WELD
1&1-----MOUNT ASSEMBLY
t'-li--HEATER SUPPORT SLEEVE

--...f-'11.._--RF" WELD

low-inductance cylinders. These members serve the further function
of either providing or preventing thermal isolation of the various
electrodes.
General Assembly Methods
The achievement of these construction features requires a wellintegrated mechanical design based upon precision assembly methods
and parts-manufacturing techniques. The mechanical design of the
tube is such that the main supporting unit contains a base reference
surface, the inside cylindrical surface of the cathode support sleeve.
ft~ach critically spaced element likewise has an appropriate mechanical
reference surface. During assembly, as each element is fastened to
the main unit its reference surface is aligned by the use of jigs with
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the base reference surface. In this way, the proper cathode-grid-anode
alignment is obtained.
The jigging tools consist of accurately ground V-blocks and cylindrical alignment mandrels as shown in Fig. 2. If mandrels of exactly
equal diameters are placed in V-ways whose surfaces are true intersecting planes, the center lines of the mandrels will coincide. Hence
the alignment of parts held by these mandrels will be limited only by
the accuracy of the jigging surfaces. The critical intersecting plane
surfaces of the V-ways can be ground to a high degree of accuracy in
a surface grinder, and the pairs of cylinders or mandreli-1 can be
ground to virtually equal diameters in a cylindrical grinder between
dead centers. The use of V-blocks eliminates the need for the bearing
tolerances of a coaxial jig consisting of mandrel and coaxial bearings,
or dowel pins and fitted holes.
-PARTIAL t,..10L,~T ASSrr..~et..v

ONE TUAN
AF Wf.LO,~,C COL\

\ (W1TH COATED CATHODE
1:-.I PLACE)
3~1 0IA.

,---.
CO,L .,_.OLC[q,~...._ &,~

Radio-Frequency Induction Welding
The reference-surface-assembly principle with V-blocks and mandrels is particularly useful when rf induction-welding methodN are
used for making the metal-to-metal joints. Figs. 2 and 3 show the
arrangement of the parts of rf-welding the copper grid directly to
its Kovar support. The grid iR jigged by iti-1 reference surfac·e, and the
mount assembly is jigged by the inside bore of the cathode support
cylinder. The welding is accomplished by· sending a heavy surge of rf
current through an appropriately i-1haped induction coil, the contours
of which mate the memberi-1 to be welded. The induced current is
intensely concentrated in the weld area. The heat produced by the
induced current brings the weld area up to the welding temperature
in a fraction of a second. Because the heating is concentrated and
requires only a fraction of a second, the welding is accomplished with
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a minimum of total heat, and the delicate tube electrodes and glass-tometal seals remain at low temperature and are unharmed.
In addition, because part reference surfaces and jigs remain cool,
they retain their accuracy. It should be noted that the welding coil
makes no direct contact with the work or jigs which might cause misalignment due to temporary deformations. The welds produced are
symmetrical, continuous, and uniform, providing great mechanical
strength and high thermal and electrical conductivity. The use of rf
welding for assembly does not adversely deform the parts nor set up
uneven stresses which pull the parts out of alignment when the jigs
are removed. In addition, the process can be performed in any nonconducting medium. Neutral or reducing atmospheres can be used if
it ii; desirable to prevent traces of oxidation.
PARTIAL MOUNT ASSEMBLY
WITH COATED CATHODE
IN PLACE

Fig. 3-Arrangemcnt of parts for rf-welding the grid to Kovar support;
cross-sectional view.
Asse111l)ly r>f Components

The tube it-1 made up of three separate assemblies utilizing glass-tometal seals and identified in Fig. 4 a:,, mount assembly, envelope assembly, and heater assembly. As shown in Fig. 5, the mount assembly
comprises the mount support assembly, the cathode assembly, and the
grid. The separate part..~ (Fig. 6) of the mount support assembly
include the cathode support, which is coaxially fastened by seals to the
grid support and insulated from it with an intermediate length of glast!
tubing. The envelope assembly consists of the grid flange (subsequently
welded to the grid support), which is separated by a length of glass
tubing from the copper anode brazed to a sealing alloy flange. These
three assemblies must be made 1,10 that the surfaces involved in the
final welds to the critical electrode members are closely aligned. Glass
seals are made through use of rf induction heating of the metal sealing
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HEATER

ASS£MILV

Fig. 4--Three main components and final assembly.

surfaces to bring the metal-glass boundaries to the tempernture required for glass sealing. Because this technique obviateM the uMe of
fires in the sealing operation, the jigging problem is immensely simplified. In addition, it is simpler to control the physical chemistry of the
glass-to-metal sealing phenomena by appropriate atmospheres and the
accurate localized heating. The use of suitable jigt-1 and limit stops
permits placing cold parts on the jigs and making glass-to-metal seals
of high merit at a rapid rate.

ri
. ll

•'

..

, •
f ...
_, ~
- ,,,·

·"'

.'~t~·

.

.

.)

Fig. 5 - Mount as!lembly
and componenbi.

CATHOOC AS$[t,,t8LY

MOUNT ASSEMBLY·

100-WATT TRIODE FOR 1000 MEGACYCLES

185

Parts Features
The supporting members of the tube which make up the assemblies
are produced by conventional drawing and forming .methods. However,
these members are specially shaped from a structural standpoint to
yield sufficient "strain isolation," so that a deformation or "strain"
in one section of the tube will not adversely affect some other critical
area. For example, if the glass sealing surface of the .sealing-alloy
anode flange in Fig. 1 is to match the thermal expansion of the envelope
assembly glass, it must be properly shaped so that the high thermal
expansion of the copper anode does not affect this glass seal. Strain
isolation is achieved by appropriate positioning of sharp changes in
contour which hinder spreading of a strain or deformation over a
great area.

Fig. 6-Mount support assembly and components.

Chief among the parts that require special attention are the electrodes. For example, to reduce interelectrode capacitance to a minimum the cathode ( Fig. 7) is formed into a re-entrant shape at high
unit pressures in a precision die by an expanding punch. The intermediate cathode-supporting member thermally isolates the hot cathode,
yet provides a mechanically strong support and a continuous lowinductance rf path. It achieves these qualities by virtue of its
extremely thin wall section, which is fabricated by a special forming
process from the parent thick-wall tubing. The cathode and the thinwall support are rf-welded together to form the cathode assembly.
Another special construction is the one-piece conduction-cooled grid
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( Fig. 8). This construction was chosen because of the thermal grid
dissipation necessary for the relatively high current and power densities required for uhf operation. A radiation-cooled grid would have
to operate at a high temperature in order to dissipate the necessary
energy. In a tube using an oxide-coated cathode there is usually a
certain amount of barium deposited on the grid wires during tube
processing, or possibly during operation. This barium lowers the temperature at which grid emission occurs and thus limits the working
temperature of the grid to a value much lower than is permissible in
a tube utilizing, for example, pure tungsten as a source of emission.
Hence, because a radiation-cooled grid is inherently a high-temperature
device, it has relatively low dissipation capabilities in a tube havng an
oxide-coated cathode. It appears, therefore, that the most desirable

RE·ENTRANT
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WELD-~.....- - - - , , , J
THIN SUPPORTING
MEMBER
WALL THICKNESS AT
TIMES THAT~L..L.-----'

!/~.eo
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CATHOOE ASSEMBLY

Fig. 7-Cathode assembly,

cutaway view.
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l

C~£TIO
ONE•PtEU
GRID

Fig. 8-Fabrication of one-piece grid.

way to handle the grid-dissipation problem is to make the entire grid
out of one piece of a material having high thermal conductivity, and
to provide for removal of the heat to the outside of the tube by thermal
conduction. A short vertical grid affords an effective thermal path for
conducting the heat to a thermal "sink" outside the tube and makes
it possible to hold the temperature of the grid wires to the desired
value. Limiting the length of the grid verticals does not affect rf performance because the intended use of the tubes also dictates short
electrode structures. The complete grid _in the 5588 is fabricated from
a single piece of copper by application of a special cold-forming process.
By means of this construction, thermal barriers from indeterminate
welded joints, or uneven thermal-mechanical strains that must be
"stretched out," are not introduced. The outside cylinder of the supporting ring is automatically made into a jigging surface concentric
to close tolerances with the grid-wire cylinder. In this way, induction
welding to the grid support assembly is expedited. This joint com-
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pletes the heat path to the outside of the tube. The thermal "sink"
necessary for grid cooling is supplied by the anode-cooling air passing
over the grid flange and by the contacting circui~ fingers.
The anode, Fig. 9, is also a unique part in that it, together with a
metal exhamit tube, is cold-extruded from a _single cylindrical piece
of copper cut from stock. This technique eliminates the possibilities of
leaks due to overworked walls of drawn cups or oxygen-bearing copper incurred during intermediate annealings. In addition, an extremely
fine finish is achieved and inherently accurate jigging i-mrfaces arc
available for speedy asi-iembly operations. One stroke of the press produces a finished anode complete with metal exhaust tube.
A.~1.;c111bly of Complete Tube

The mount support assembly ( Fig. 5) contains the base reference
surface and is the main supporting unit. To this, the cathode and the
grid arc radio-frequency welded in :-mccession, while each is held very
accurately concentric with the inside i-iurface of the cathode support
by meani-i of the mandrels and Vblocks. In the final assembly of the
tube, the three separate ai-isemblies
( Fig. 4) are brought together and
the final metal-to-metal closures
are then made utilizing rf welding.
£_$T(i,._,,,_'.
The envelope m-isembly containing
l,,.J ... t·tthe anode, and the external grid
terminal separated by a section of
Fig. !l-Fabrication of anode.
gla:-1i-1, is placed over the mount
as:-1embly and welded to it to make the main seal closure. The anode
is held eom·entl'ic with the grid-cathode structure in the V-blorks and
manclrel:-1. The.• final <:losun• is made by placing the self-aligning heater
ai-isembly into the {'athode-:-1upport tubing and rf-welding it in place.
The tube ii-i then evacuated followed by a cold-metal pinch-off at the
exhaust tuhulation above the anode. After the pinch-off, the radiator
is soldered to the anode.
Because a uhf l'ircuit i:-1 a pl'l!cise mechanical device of which the
tube must become a part during operation, the contact surfaces of the
tube must alrn lw preci:-1ely dt>fincd and maintained. The same coaxial
alignment methods whil'h produce the precise cathode-grid-anode alignment also serve to provide accurate alignment of the contact terminals.
The exh•rnal contact tcrminali-i consi:-1t of two coa..xial cylindrical surfaces <the cathode and l.\Tid terminals) having progressively larger
diameters, and a plane 1mrface in the form of an annular ring (the
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top surface of the anode ring) which is perpendicular to the center
lines of the above cylinders (see Fig. 10). Since the outside diameter
of the anode ring is not a contact surface, clearance may be allowed
in the circuit adaptor around this ring so that motion in directions
perpendiculal' to the centerline is not limited by the anode ring. This
clearance allows the tube to seek its position freely in the grid and
cathode contacts, because it is plugged into the circuit before the
clamp which anchors the tube in place is placed over the anode ring.
OPERATION AND APPLICATION

Operation Considerations
Electron-transit-time effects were evidenced by overheating of the
cathode and resultant short cathode life at the highel' frequencies.
This cathode overheating is caused
by bark bombardment of the cathode
by a pol'tion of the space-current
electrons at the PtHl of each current
pulse which do not have enough
energy to pass through the grid plane
as the grid swings negative at the
encl of the voltage pulse. Compensation for back bombardment is accomplished by a reduction in cathode
heater input to maintain the cathode
temperature at the normal value.
Thus, when long life in continuous
operation is desired, the tube should
Fig. 10-Uhf power triode, 5588 first be put into operntion with full
rated heater voltage and then, as
back bombardment progrcsHes, it should have its heater voltage reduced so as to bring the cathode temperature back to normal. The
magnitude of the heating due to back bombardment is a function of
the operating conditions and the frequency. The recommended heater
operating voltage for oscillator service, as shown in the curves .of
Fig. 11, was determined on an empirical basis by operating tubes under
varying conditions of plate current, grid current, plate voltage, and
frequency, but with the grid bias adjusted at all times for essentially
class-B operation. At each operating condition, the heater voltage was
determined at which the tube became unstable, due to lack of emission
as judged by the dropping of power output. The interpretation of these
data was simplified by utilizing specially prepared graph paper which
had equally spaced divisions on the horizontal axis, but scale divisions
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on the vertical axis which were exponentially larger according to the
exponent n in the relation P -- KE". In this equation=\ which relates
power input to a tungHten heater as a function of heater voltage,

P

= input to heater in watts

K--= constant
E '---' heater volts
n =--= 1.61 for a tungsten heater.
If power input to the hcate1· is plotted on the horizontal axis and the
heater voltage on the vertical axis of this special paper, the resulting
curve is a straight line pas:-dng- thrnugh the origin.
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Fig. 11--Ilcall'r voltage versm; frc>qtll'ncy of the 5588 in oscillator service.

Instability curves were obtained by plotting on this paper the
points at which the tube became unstable. The data indicated that, in
class-R oscillator :service, the back-bombardment heating power is
essentially proportional to frequency and plate current, while in class-B
amplifier service the back heating power is proportional to frequency
and grid current. The recommended heater operating voltages as
shown in Fig. 11 were arrived at by drawing a line passing through
the vertical axis at 6.3 volts parallel to the instability curve. These
values, then, include the normal safety factor for operation of oxide
cathodes and, aH a result, bring the cathode to normal operating temperature and thus insure long life. In oscillator service at an input
of 250 watts at a plate current of 300 milliamperes and the heater
3 Cecil E. Haller, "Filament and heater characteristics," Electronics,
Vol. 17, pp. 126-131,; July, 1944.
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voltage at the recommended 3 volb,,
ciency of 30 per cent with a power
1000 hours. Tube data of a general
characteristics of a typical tube are
T<!ble

the 5588 has operated at an eflioutput of 75 watts for well over
nature is shown in Table I. The
shown in Fig. 12.

/--GENERAL DATA

16 (/,, - 250 ma)
15,000 micromhos ([ •--, 250 ma)

Amplification Factor
Transconductance
Direct lnterelectrodc Capacitances
Grid to plate
Grid to cathode
Plate to cathode
Plate Dissipation
Over-all Length

G µµf
13 µ1if
0.:12 max. ,,,if
200 watts
:J;:",; inches
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Application a,'! Oscillator and Amplifier
The 5588 was initially designed for use in cw oscillator service up
to 1000 Mc and for a power output of 50 watts with an efficiency of
at least 20 per cent. The present tube, however, operated in circuits
described in this paper has an average output of 75 watts with an
efficiency of 30 per cent. The 5588 has also been operated as a stable
grounded-grid amplifier at 1000 Mc with a power output of 100 watts.
At 220 Mc, two tubes operated in a push-pull oscillator circuit gave
an efficiency of 55 to 60 per cent.
At 1000 Mc the 5588 has been operated only in coaxial groundedgrid circuits because of the self-shielding and low-loss properties of
such circuits. Both extended and folded-back types of coaxial circuits
have been used. The advantage of the folded-back type of circuit is
that the tube may be plugged directly into the circuit.
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A diagrammatic sketch of a 1000-Mc oscillator of the extended coaxial type is shown in Fig. 13. The anode and cathode circuits are
shorted concentric transmission lines operating in the :¼-wavelength
mode. Feedback is provided by means of a tuned feedback loop extending into both the anode and cathode cavities. The power output
is measured by means of a calibrated water-cooled load. This load is
coupled into the anode circuit through a double stub tuner by means
of a Rmall probe. Cylindrical mica capacitors are used in the inner
B+
conductors of both
the anode and cathode Jines to isolate
114"--~ TUNING PLUNGER
the de plate and
cathode - bias voltages. The tube is
cooled by meanR of
...-BYPASS
air blown down the
CAPACITOR
inner conductor of
the anode line. A
typical operating
condition for thiR
circuit is shown in
-BYPASS
CAPACITOR
Table II.

GAIO-BIAS
RESISTOR

Fig. 13 - Diagrammatic sketch of
1000-Mc oscillator of
ex tendc>d-coax i al
type.

11+--..U TUNING PLUNGER

"---..
B-

Ef'

Tnblc JI-TYPICAL OPERATION* o~· 5588 AS GROUNDED-GRID
OSCILLATOR AT 1000 Mc

IIcakr Voltage
DC Plate Voltage
DC Grid Voltage
From cathode-bias resistor of
DC Plate Current
DC Grid Current (Appt·ox.)
Power Output (Approx.)
• Continuous Commercial Service.

3 volts

835
-70
205
300
40
75

volts
volts
ohms
ma
ma
watts

ELECTRON TUBES, Volume II

192

When the 5588 is used as a 1000-Mc amplifier in a folded-back type
circuit such as that given in Fig. 14, neutralization is necessary to
prevent oscillation. For the purpose, a feedback probe approximately
-¼-wavelength long is used to couple the anode and rathode circuits. A
probe such as is shown in Fig. 14 will prevent the amplifier from selfoscillation over a range of 100 Mc without requiring- adjustment in the
length of the probe. Although this type of neutralization does not
completely isolate the anode and cathode circuits, it docs permit stable
amplifier operation. The amplifier circuit shown in Fig. 14 has the
anode circuit folded back over the cathode circuit. This type of con-

8"PASS
CAPACITORS

Fig. H-Diagrammatic
gketeh of 1000-Mc amplifier of the foldedbark type.

,NEUTRALIZING
PROBE---¼1---1

F'=

TO DRIVER

GRID-BIAS
RESISTOR

struction permits the insertion of the tube into the open end of the
circuit. Connections are made to the cathode and grid of the tube by
means of contact fingers, while the anode ring of the tube is clamped
firmly in the circuit. The anode circuit is a coaxial line operating in
the ¾-wavelength mode and the cathode line operated in the ¾-wavelength mode. Radio-frequency power is fed into the amplifier by means
of a capacitive probe inserted into the portion of the cathode line
which extends below the anode line. Power is taken from the amplifier
by means of a probe inserted into the anode line near the tube. For
measurement purposes, the power output was fed into a water-cooled
load through a double-stub tuner.
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DC PLATE VOLTS-840
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Fig. 15-Pcrformancc curve of 1000-Mc amplifier of
the folded-back type.

A performance curve of the amplifier is shown in Fig. 15. This
curve shows de power input, rf power output, apparent plate efficiency,
and power gain of the amplifier as a function of rf driving power. The
driving power was measured by means of a standing-wave-detector
type of wattmeter inserted betwe-0n the amplifier and driver.
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Summary-Mnjor fnctors a,ffecting the design a.nd development of wid 1'ba11d uhf 1iower tubes are considered and emphasis is given to the television
application. A qualitative discussion of methods for obfai11ing the required
performance is vresented, and a 5-kw 300-Mc liquid-cooled, inter11ally neut rnli::::cd dllJJlex tetrode is described.
INTRODUCTION

lf N CONSIDERING the design and development of electron tubes
Jl suitable for use as grid-modulated televhdon p0wer amplifiers,
there are certain performance characteristics that must be attained, and others that are highly desirable. The fixed tube-performance characteristics, such as bandwidth, power output, and carrier
frequency, are determined by the standards adopted for television
broadcasting, and must be accepted as minimum values in the design.
When the other tube characteristics, grid currents, power gain, impedance presented to the modulator, efficiency, and feedback are considered, the desired values are not all attainable in a given design, and
the best compromise is sought. Attempts to satisfy requirements of
bandwidth, power gain, linearity, ease of modul:ttion, and power output
at the higher carrier frequencies can be resolved into a search for
means of oLtaining large cathode emission-current densities, large
average anode-current dem;ities, electrodes capable of handling large
power dissipation per unit area of bombarded surface, small interelectrode spacings, small electron currents to the grids, and a tube
geometry and circuit-wise arrangement of tube elements that will provide adequate utilization of the aforementioned.
Realizing that these requirements could not be adequately met if
th2 limitations imposed by conventional tube design were assumed,
Zworykin organized a laboratory group for research in high-power
electron tubes in 1937. It was his continued interest and good counsel
which made pm;sible the development of a 50-kw tube which served
as the background for the development of the smaller, higher-frequency
power tube herein described.
* Decimal classification: R:l:19.2.

t Reprinted from Proc. I.R.E., November, 1948.
194

UIIF POWER TUBES

195

Early in 1938 the senior author introduced a duplex tetrode with an
electron-beam-forming electrode configuration and high-dissipation
anodes. The initial tests were made in continuously pumped demountable metal envelopes. Sealed-off demountable tubes were made possible
when fitted with a copper-gasket demountable seal introduced by
Garner, a member of the group. Many laboratory tubes were built and
tested before a tube capable of a 5-kw output at 300 Mc with a total
output bandwidth of 10 Mc could be properly designed. This paper
describes such a tube.
DESIGN CONSIDERATIONS

In arriving at a tube design, it is diflicult to formulate a mathematical expression containing all of the factors affecting the design
and to obtain the unique or the best solution. Tube design represents
a compromise between conflicting factors which are individually studied
to advantage, and which must be combined with care and ingenuity
and with a view toward the circuit and application problems. A detailed
analysis of the individual factors will not be attempted here, but only
qualitative indications of the trends required for providing an improvement in the factors pertinent to the design of grid-controlled
power tubeR will be discussed.
The frequencies for the present commercial and experimental television channels are sufficiently high to make the electron-transit time
between tube clements of importance. Many of the effects of long
transit times are known, and have been obRervecl in cathode backbombardment, control-grid loading, and loss in efficiency and power
output. Therefore, one of the present considerations is that of extending the usable frequency range of grid-controlled tubes by reducing
the electron-transit time. Such a reduction in transit time is obtained
by decreasing the interelectrode spacings and increasing the electron
acceleration. Under conditions of space-charge-limited emission from
the cathode, the increased electron acceleration is obtained only when
increased cathode-current densities may be drawn. For example, the
electron-transit time in a region between parallel-plane electrodes of
large extent is proportional to the one-third power of the ratio of the
electrode spacing to the current density when operated with spacecharge-Iimited emission and assuming zero emisRion velocity. In gridcontrolled high-frequency tubes, effective electrode spacings are obviously to be made as small as is practical without sacrificing mechanical
rigidity of the electrode structure, and the longitudinal thermal conduction required for cooling. Large cathode-current densities are available from such surfaces as the thoriaon-tautalum cathode under steady-
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state conditions with a reasonable life. Since we are concerned with
continuous operation, the large pulse emission-current densities from
barium-strontium-oxide cathodes cannot be utilized.
An attempt to utilize large current densities increases the difficulty
of providing an adequate control-electrode configuration, particularly
for the high-frequency applications where close interelectrode spacings
are of importance. Since grid control of the large-density electron
emission is sought, it is evident that a beam-forming electrode arrangement can be used to advantage. A focusing electric field is provided in
the region adjacent to the cathode surface by means of focusing elements electrically connected to the cathode, and projecting slightly
beyond the cathode into the cathode-grid space. Many such focusing
arrangements .are possible and the details must be chosen to fit the
method of construction and other tube parameters. A typical cathode
and focusing-element arrangement is shown in Fig. 1.

Fig. 1-A beam-forming electrode
configuration. S = screen-grid element, G = control-grid element,
C = electron-emitting filament.

Since the instantaneous voltages of the control grids and the anodes
vary with respect to time, the electron beam focusing is not constant
over the operating cycle. In a practical design, the electrode configuration and electric fields are so arranged that at the instant of maximum
beam spreading the portions of the beam intercepted by the No. 1 and
No. 2 grid elements are small enough to prevent excessive power dissipation at these elements. Also, the portion intercepted by the No. 1
grid should be sufficiently small to cause a negligible variation in the
impedance presented to the rf driving stage and to the modulator over
the modulation cycle. It is just this beam spreading and the possible
formation of potential minima in the interelectrode regions that determines the values of applied voltages and the amplitude of the controlgrid and anode rf voltages for a given structure. The electric fields
must be sufficiently great at the maximum of the grid-voltage swing
to support the large space-current densities and to maintain sufficiently
narrow beams. Considerations of transit time and beam spreading
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determine the minimum gradients to be provided in the regions between the cathode and No. 1 grid, between the No. 1 grid and No. 2
grid, and between the No. 2 grid and the anode. Because of the
gradients required in the latter region of a high-frequency power
tetrode, the minimum of the instantaneous anode volage of a highfrequency tetrode should be substantially above the screen-grid voltage
to utilize in the best manner the current available in the plane of the
No. 2 grid.
It is well recognized that the wide-band high-frequency power tube
requires large power dissipation per unit area at the anode. In order
that the greatest power and bandwidth be obtained from a tube with
a given anode current, the ratio of the tube output capacitance to the
anode current should be small and the anode power dissipation per
unit area should be large. When sufficient anode dissipation is available, the maximum tube output load impedance is determined by the
required bandwidth and the tube output capacitance plus whatever
effective capacitance is added by the output circuit. It is assumed that
the anode voltage can be increased to the required value without failure
of the tube or circuit. This assumption is reasonable for total bandwidths of 10 Mc or more, but leads to excessively high voltages for
bandwidths less than 1 Mc. When the allowable anode dissipation is
too low, in a given tube, the tube must be operated with a reduced
anode voltage, a reduced output load impedance, and consequently a
reduced efficiency and power output. At this expense, an output circuit
is obtained whose bandwidth is increased beyond that required.
The requirement of large anode dissipation per unit area of bombarded surface can be met by the use of high-velocity water in cooling
channels formed in a copper or silver anode body. This construction
increases the area of metal in contact with the water and reduces the
tendency for diversion of the cooling water by steam bubbles. Such
an anode structure is shown in Fig. 6. This structure permits anode
dissipations of from 500 to 1000 watts per square cm averaged over
the anode face. This is to be compared with an allowable dissipation
of 50 to 100 watts per square cm in conventional structures.
With an electron-beam system such that but a small portion of the
beam current is collected by the No. 1 grid and such that the electrontransit-time effects are small, a large power gain can be achieved if
the circuit losses are low and if there is no feedback. Small amounts
of feedback from the output circuit to the input circuit give rise to
assymmetric distortion of the sidebands, while larger values of feedback will produce instability and oscillation. It is common practice to
add a load to the input grid circuit to minimize the effects of the feed-
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back, even though such loading decreases the power gain. The feedback can be made small by designing the tube such that the anode and
output circuit are shielded from the input by special grids, as is done
in the tetrode, and somewhat similarly in the grounded-grid triode;
or a neutralizing circuit may be applied. In the design of grids, the
requirements for obtaining good shielding conflict with those for obtaining the desired electronic performance, and a compromise is usually
made. As a result, most tetrodes and grounded-grid triodes require
some neutralization for wide-band amplification at a high frequency.
The selectivity of the neutralizing circuits for such application introduces an added difficulty in obtaining wide-band amplification. The
selectivity of the neutralizing circuits can be decreased by making
their elements very short compared lo a quarter wavelength at the
operating frequency. In a duplex tetrode arranged for push-pull operation, such short neutralizing elements can be located internally. This
is done in the de:,;cribed developmental tube.
In order that the circuit lo:,;ses be kept to low values to increase
the power gain and to prevent mechanical failure a:,; a reimlt of heating,
it is desirable that metal-to-gla:,;s seal:,; be used that have low PR
losses in the metal member. Among the seals suitable for power-tube
construction, two such types are well known. These are the featheredge copper-to-gla:,;s Housekeeper seal and the silver-plated-chrome
iron-to-glass seal. The Housekeeper seal has good electrical conductivity but lacks the mechanical strength and rigidity of the kovar seal,
and because of its construction is difficult to apply in some designs.
The silver-plated-chrome iron-to-glass seals are made with rf induction heating and require carefully controlled heating condition:,;. These
seals use a glass with a lower softening temperature than that of the
kovar sealing glasses.
The kovar-to-gla:,;s seal is widely accepted and i:,; satisfactory, except for its high electrical resistivity, which may be.come troublesome
in some high-frequency tubes. During the work on the described
tetrodes, methods have been developed for coating the kovar with a
high-conductivity film and for sealing kovar matching glasses to this
film. A coating of either copper, silver, gold, or chromium is electroplated to a thickness of several mils and is bonded to the kovar. Seals
made to kovar coating in this manner have an electrical conductivity
10 to 20 times that of uncoated kovar at frequencies in excess of 50
Mc, and are particularly adaptable to the structures and requirements
herein described.
In the design of a tube for application as a grid-modulated amplifier, a linear modulation characteristic is usually sought. While some
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curvature of the modulation characteristic is acceptable, it is important
that the shape and slope of the characteristic be independent of the
frequency and amplitude of the modulating voltage. Large variations
in the required rf driving power with modulating voltage applied will
make the modulation characteristic substantially dependent on the
modulating frequency, unless the input grid circuit has a bandwidth
equal to, or greater than, the tube output circuit. Such variations in
the required grid driving power can be reduced by reducing the feedback, the electron current to the No. 1 grids, and the electron-transit
times. These reductions will also act to make the impedance presented
to the modulator more nearly constant over the modulating cycle.
The duplex tetrode tube arrangement was selected by the authors
as lending itself to internal neutralization and being capable of providing an effective utilization of beam-forming electrode configurations, thoria-coated filaments, and large-dissipation anodes in a tube
HEADER

WIRE GASKET
COMPRESSED

FLAT
LJ_j,ir.a,'~¥--COPPER
RING
GASKET
EQUALIZER
WIRE GASKET

Fig. 2-Details of the copper-gasket vacuum seals.
to be operated as a wide-band grid-modulated power amplifier in the
present commercial television channels. In the duplex tetrode the two
tetrode units can be placed in very close proximity and can use, in
effect, common screen-grid and cathode structures. The two screen
grids are directly connected and by-passed to the cathode structure by
low-impedance members, as in Fig. 4 and Fig. 5. The cathodes of the
two tetrode units can be provided as the opposite legs of a "U"-shaped
filament. These features permit the design of a high-gain wide-band
grid-modulated high-frequency power tube that has exceptionally low
feedback and good modulation characteristics.
Since a maximum of shielding is required between the input and
output circuits, a metal envelope can be used to advantage to provide
a convenient connection to external shielding in such a way as to make
the envelope act as part of the shield. The metal envelope is also convenient when a demountable structure is desired. Two types of coppergasketed compression joints are shown in Fig. 2. One of these uses a
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flat copper-ring gasket compressed between a flat and a curved surface,
while the other uses two round wire rings clamped between two flat
surfaces, the outer ring acting only as a support ring to prevent distortion of the clamping plates. Ground and polished clamping surfaces
are used with annealed OFHC copper gaskets. These demountable
joints may be baked to 450°C in the processing of the tube, and are
regularly used in sealed-off tubes. The tube shown in Fig. 7 is constructed with a compression joint and metal envelope, and is operated
as a sealed-off tube.
THE DUPLEX TETRODE

The tube described is a developmental liquid-cooled duplex tetrode
arranged for push-pull operation as a grid-modulated television power
~....
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Fig. 3-The filament, filament shields, and focusing blocks.
amplifier, and is designed to give a power output, at the maximum of
the synchronizing pulse, of 5 kw. at 300 Mc, and a total output bandwidth of 16 Mc. Neutralization is provided by elements attached to
the No. 1 grids and included within the vacuum envelope.
An electron-beam-forming electrode configuration is used with a
thoria-coated "U"-shaped filament in the arrangement shown in Fig. 1.
The opposite sides of the filament act as the cathodes for the two
tetrode units. The construction of the cathode and focusing-electrode
assembly is shown in Fig. 3. Each of the two focusing-electrode blocks
is connected to the filament, and functions as the connection to the
filament-heating supply. A mica sheet is used to insulate the two
focusing-electrode blocks, which are supported and cooled by water-
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cooled blocks fixed to the header plate. Tantalum heat and emission
shields are used, and are shown as part of the cathode assembly in
Fig. 3. The electron-emitting surface of each of the two halves of the
8-strand filament is approximately 1.6 square cm in area. The filament
strands are formed from tantalum sheet. A layer of thoria powder is
sintered to the surface of the tantalum after the filament is formed.
The filament operates at approximately 2000°K.
The No. 1 grids consist of molybdenum bars silver-soldered to
water-cooled tubes which also carry the neutralizing elements. These
grids are supported by the glass of the metal-to-glass vacuum seal

Fig. 4--The header with
filament, filament shields,
No. 2 mounting blocks, and
No. 1 grids mounted.

mounted in the header plates as shown in Fig. 4. This figure shows the
header plate with the cathode structure, and the No. 1 grids mounted
and prepared for the addition of the No. 2 grids.
The two No. 2 grids are combined into a single structure which is
rigidly clamped to the cathode assembly, and is insulated therefrom
by mica sheets which provide a by-pass capacitance to the cathode.
The No. 2 grid elements are molybdenum rods and are sliver-soldered
to water-cooled copper plates. This structure with attached shields is
shown in Fig. 5. The cooling of the electrode elements is obtained by
thermal conduction along the length of the elements to the cooled
supporting copper plates.
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Fig. 5-A completed header assembly showing No. 2 grids and
neutralizers mounted.

The complete header assembly containing all of the electrodes excepting the anodes is shown in Fig. 5. The neutralizing tabs are shown
mounted on elements fixed to the No. 1 grids and projecting through
apertures in the No. 2 grid blocks. Thus use of a header for mounting
the close-spaced electrodes permits accurate electrode alignment and
inspection before the anode dome is mounted.
The anode dome and the details of the anode construction are
shown in Fig. 6. The anode face has an area of 6.5 square cm., and is

,t,NOOES

Fig. 6-The anode dome assembly, anode parts, and leads.
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Fig. 7-Thc duplex tetrode.

ccoled by water circulated in the channels shown. Since the anode
cooling water is carried by the anode supporting tube which functions
as an element of the output tank circuit, the anode glass seals are water
cooled. This cooling is adequate to permit the use of kovar at 300 Mc,
if a high-conductivity coating is applied to kovar as previomlly described. With cooling water at a pressure of 60 pounds per square
inch, these anodes have been operated without failure to a dissipation
of 6 kw per anode.
TUBE DATA 1

Direct interelectrode capacitance ( each unit).
0.12 µ.µ.f
24 µ.µ.f

Grid No. 1 to anode
Input
Output
Grid No. 2 by-pass (approximate)
Grid No. 1 to anode feedback with neutralization

5 µ.µ.f

200 µ.µf
0.01 µ.µf

Filament-3.9 volts-105 amperes single phase
Electrode dissipation (maximum operating values):
Anodes
No. 2 grids
No. 1 grids

8 kilowatts total
400 watts total
50 watts total

Typical operating voltages:
Anode
No. 2 grid
No. 1 grid ( cutoff bias)

5000-6000 volts de
700 volts de
-180 volts de

Cooling water flow at 60 pounds per square inch pressure:
Anode of each unit
Filament blocks in series
No. 2 grid
No. 1 grids in series

0.6
0.25
0.3
0.25

gallons
gallons
gallons
gallons

per
per
per
per

minute
minute
minute
minute

1 In the 8D21, or commercial model, some changes in these data were
found necessary because of manufacturing techniques.
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The final step in assembly of thiH tube is the bolting of the anode
dome to the header; this compresses the two copper-ring gasketR and
provides the final vacuum closure of the envelope. The anodes, anode
leads, and anode dome ring can be electroplated, cleaned, and washed
before this operation, and are not subjected to any glass-working fires
or other heating in making the final vacuum closure. The copper-ring
gaskets are made from wire. This compression gasket Real, shown in
Fig. 2, has proved to be an entirely satisfactory vacuum-tight joint
which can be used both in demountable and in sealed-off tubes.
A completely processed tube is shown in the operating position in
Fig. 7. This position is determined by the filament, which must hang
vertically to prevent distortion and sagging. The tube is supported by
the header plate rim, which acts as a flange, and which when installed
is bolted to the shield wall separating the input and output circuits.
The static characteristics are given in Figs. 8, 9, and 10. A
modulation characteristic, shown in Fig. 11, was obtained at 288 Mc
with a total output bandwidth of 16 Mc. A maximum power output
of 10 kw was obtained at an efficiency of 60 per cent. The instantaneous
bias at this point was 100 volts positive with respect to the cathode.
In the television application the bias at the maximum of the synchronizing pulse may be reduced to zero or made positive to reduce the
amplitude of the rf grid driving voltage. This does not substantially
change the required modulating voltage.
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Under power output and bandwidth conditions as given above, a
power gain at maximum power output of 25 to 30 is obtained. The
driving power in these tests was approximately 350 watts. When the
tube is used as a 5-kw amplifier with a bandwidth less than 1 Mc,
power gains in ·excess of 100 are obtainable. These power gains for
either application are not obtainable at 300 Mc, unless low-loss grid
seals such as described in this paper are used.
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Summary

A discussion and review ctre given of the service crnd design requil'ements of transmitting tubes intended fo1· application in the ultra-highfrequency spectrll'rn. These req11ire111e11ts fall in two clas.~e8: (1) those
irn11oscd by service conditiolls mid (2) thosc impos<'d by the frequency at
which the tube is operated. The f11lfilling of these requirements has led to
certain design and manufacturing 1n·oblems, such as th~ i·eduction of grid
emission, choice of anode material, choice of a s11itable mechanical structure,
etc.
A description of the novel fentures of construction and the operation
of three new 1tltra-high-freque11c·y tra11smitti11g tubes is also given. Two
of thr,qe tubes are the RCA-81.5 <Lnd RCA-8;!9 which are push-pull beam
tctrodes while the third tube, the RCA-826, is ct triode. Some precautions
necessary for obtaining sntisfactory operation with these ht bes are given.
(7 ziages, 8 figures, 1 table)
* Decimal Classification: R339.

t Proc.

I.R.E., January, 1942.

DEVELOPMENT OF PULSE TRIODES AND CIRCUIT
TO GIVE
ONE MEGA WATT AT 600 MEGACYCLES*t
BY

IL R.

LAW,

D. G.

BURNSIDE,

R. P.

STONE, W.

B.

WHALLEY

Hes<'ar<"h Depnrtment, HCA J.nhoratoril's Division,
Princeton, N. J.

Summary

The work here described was done for the Army and Navy to develop
high-power air-cooled pulse triode transm.itting tubes and circuits. The
A-2231 tube developed during the course of this project readily provides
500 kilowatts peak power at 600 megac11cles with a duty cycle of 0.1 per
cent. In the push-pull oscillator described herein, two of the tubes easily
give a peak power of one megawatt. At this power level the operation is
stable and the f1·equency may be varied throughout the 560-640 megacycle

* Decimal Classification: R351
t RCA Review, June, 1946.

X R339.2.
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tuning range with no tendency toward sparkover. By ganging together the
cathode and anode tuning controls, it has been possible to accomplish
tuning with a single elecfl'ic motor which may be remote controlled. These
same principles of tu11i11g might be employed to cover a much wider range.
(12 pages; 7 figures)

POWER MEASUREMENTS OF CLASS B AUDIO
AMPLIFIER TUBES*t
BY
DAVID

P. HEACOCK

Tube Dl"partmenl. ltC.\ \"idor Di,·isim,,
Harrison, N. J.

Summary
An accurnte method of clet<'l'mi11i11g t.l1e prrfo1·11wnce of two t1·iodt•s,
or two triode 11nits of the scime tube, operating tis ti class B vush-pull
amplifier by Cl· simple 111eas1tre111c11t of the plate c111-rent of a single triode
unit is described. This method is particularly adaptable as a vrod11ctio11 test
on electron tnbes designed prinwrily fo1· opcnitiou as class B wnplifiers.
The errors attenclrmt upon the use of 1·01we11fi011al measuring techniq11e
for clrtss A powe1· 011tp11t 1.i.•hc11 applied to the 1wn-sin11soidal 011.t11ut of a
sing/,> triode 1111it ow:rated cluss IJ are disc11ssed.
(1 l pages; H figures)
* Decimal Classification: 1{245 X R36:3.22Z'.2.
Review, March, 1947.

t RCA

COAXIAL TANTALUM CYLINDER CATHODE FOR
CONTINUOUS-WAVE MAGNETRONs•:•t

BY
R. L.

JEPSEN

Tube D,•parlnlt'nt, ltCA Vidor Dil"fsiun,

Lancaster. l'a.

Summary
Major factors affecting the design of cathodes for continuous-wave
magnetrons are considered. A particular type of strncture, the coaxial
tantalum cylindm· cathode, is analyzed in some detail and its merits and
shortcomings discussed. An avp-roximate method is developed for computing
optimum geometry and maximum life. Application to a pa1·ticular magnetron is described and other applications suggested.
(11 pages; 5 figures)

* Decimal Classification: R355.912.1.
t RCA Review, June, 1947.
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STABILIZED MAGNETRON FOR BEACON SERVICE•:•t
Part I
DEVELOPMENT OF UNST ABILIZED TUBE

BY
J. S.

DONAL,

Jaa.,

C.

L.

CUCCIA", AND H.

B.

BROWN.,

Summary
The freq-uency of a magncfron varies rather widely with temperature,
cnrrent, and load impedance. This pa1ie,,· describes one of the first successful
attem7>ts to reduce this f1·equency variation by mrnns of n method of stabilizatio11. Part I treats particularly the 1nechanical and electrical design of
the m1stnllilized tube.
The meehcmical design of the tnl,c is uneonventio1wl in that all of the
varts arc supportrd on a headc1· to which th" envelope is welded. The
11ecessar11 inserts in the magnetic cireuit a,·e at cathode potential, serving
1111th as cc,thode Sll])JIOl'ts and ct.s impro1·ed cnthode e11d-shiclcls. The t11l1e is
designed for n pulsed input 1wwe1· of ;!.500 wuft11. The 1instnliili::ed peal,
71owc•r m1tp11t is ap1n·oximately 1 ldlowntt at an anode potential of 2500
volts. The de.velopmental e11vity stabilizer sen,ed to demonstrate_ the 7Jl'inc·i11les of stabilizatim1 and i11fl11e11eed the clcsign of the t11be. For vroduction
1m1·71oses, the eai·ly stabilize1· was superseded by a design differing in
111eclw11iral details.
(!I pages, 8 figures)

Part II
ENGINEERING OF TUil!•: AND ST ABILIZI<:R

BY
C. P.

VOGEL" AND

W. J.

DODDS"

Summary
To satisfy the freq11ency sta.bilit11 1·eq11ir1•ments of a beacon system, a.
9310-megacycle magnetron was fitted with a frequency stabilization device
that reduced the inherent frequency changes of a nmgnetron by a .facto,·
of approximately 10. The device included a t11rntablc resonant cavity for
the storage of adclitiona.l electromagnetic encrg11, a,1d a method of coupli11g
the cavity of the tubr.
The ca11ity is made of lnvar steel to rl'duce the r.hn11g1!S of dimension
of the cai•ity with temperature. It is furthermore te11111erature-co111pensated
by use of higher-expansion. steel for thP. s1>indle whi<'h s111111orts the cavity
tuning plunger. The tube frcquenc11 is adjusted within the s71ecified tuning
1·ange by cha.nging the cavity frequency. This is done by 111e1111s of tuning

• Decimal Classification: R366.912.l X R626.1.
Review, June, 1947.
• Research Department, RCA Laboratories Division, Princeton, N. J.
"Tube Department, RCA Victor Division, Lancaster, Pa.

t RCA
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mechanism comprising a movable plunger actuated by rotation of an accurately ground nut which rotates in an accurately ground bearing where it
is held in place by spring loading.
The cavity and stabilizer syat,mi pl'ovides for he·rmetic sealing Bo that
the system may be filled with dry nitrogen at atmoxphe1·ic 11res11111·c. The,
wave-guide system which forms the circuit that couples the t11bt! and xtabilizer to the load contains adjustable xcrc·w tuners to p<'l'mit cm111ic•nsating
for the variations of interna.l impeda.ncc from fllbC' to t11/u, aml to compensate for differences in line length due to the location of the tube in the
system. Stabilization p1·ocedw·e consists of the 7J1·opel' ndj11stment of these
screw tuners.
A basic, simplified mathematical theory of stabilization is co11tai11ed
in the Appendix.
(11 pages, 3 figul'es, 1 table, 1 apwndi.i·)

A FREQUENCY-MODULATED MAGNETRON
FOR SUPER-HIGH FREQUENCIEs•:•t
BY
G. R. KILGORE, CARL I. SHULMAN AND J. KURSHAN
Researeh Department, RCA ln'lhoratorles Division,
Princeton, N. J.

Summary

This paper is baaed on a wal'time l'Cq1tire111e11t for a :.!,5-wntt, 4000megacycle continuous-wave oscillato,· capable of elect nmic frcq11n1c11 modulation with a deviation of at least 2.5 megacycles, A satisfacfo1·11 solution
was found in the addition of frequency control to u. contin11011s-wave
magnetron by the intl"oduction of electron beams into the may11C'fron crtviti,!11
in a manner described by Smith and Shulman. Thi11 mcthocl is referred to
as "spiral-beam" control.
·
(8 pages, 10 figures)

• Decimal Classification: R355.912.1.
l.R.E., July, 1947.

t Proc.

A ONE-KILOWATT FREQUENCY-MODULATED
MAGNETRON FOR 900 MEGACYCLES•:•t
BY
J. S. DONAL, JR.,

R. R. BUSH, C. L. CUCCIA, AND H. R. HEGBAR

Rt>AeArch Department, RCA LAhorntorleM I>lvl•ion,
Prhl<'eton, :S ••J.

• Decimal Classification: R365.912.1 X R583.6.

has page)

t Pro~.

I.R.E., July, 1947.
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Summary

The method of Smith and Shulman ha.s been used for the frequency
modulation of a 1-kilowatt: continuous-wave magnetron. This tube is of the
"vane" type, having twelve resomrnt cctvitfrs, and it is mechanically tunable
'JVer a -rang,i from about 720 to 900 megacycles by a cylindrical element
·which Vttrfrs the interstmv capacitance. At the applied magnetic field
1·cquired for frequency modulation without change in amplitude, 1-kilowatt
()1tt1mt at 900 111eg,ir.ycles is obtained with an an()de voltage of 2.5 kilovolts
and an t'ffieiency of alJ011t 55 JJCI' ce11t; the efficiency rises with decreasing
f re,111ency or with increasing magnetic field.
At 900 mega.c11cles, electron beams in nine of the magnetron resonant
cavities give a frequency deviation of 3.5 megacycles ( a total frequency
swing of 7 megacycles) at an ()Ufput of 1 kilowatt, rising to 4 megacycles
at an outv11t of 750 watts. The f ,-eqnency deviation is 1·educed when the
tube is tuned to lower f req11e11cies. The modulator vower required would
be very low, since{ th,i grid-cathode capacitance of the frequency-modulation
guns is small and the grids draw no c111Tent.
It would be 1micticable to increase the frequency deviation of this tube
/Jy about 15 ve1· cent through ,in i11cl'ease in beam current, and by an additional 20 ver cent th1·011gh the use of eleven beams. A change in the type
of beam cathode would effect rm even greater deviation.
(6 pages, 6 figures, 1 table)

THE OPERATION OF FREQUENCY CONVERTERS
AND MIXERS FOR SUPERHETERODYNE
RECEPTION*t
BY
E.W.

HEROLD

RC.\ l\lnnufadurlng Company, Inc.,
llnrrison, N. J.

Summary-This paver presents tt geneml victure of superheterodyne
frequency conversion followed by a detailed discussion of the behavior of
tubes used with different types of oscillator injection. The general picture
shows that the different methods of frequenc:y conversion tire basically
similar fo1· small signals. A str1J11g loeal-01wil/ator voltage (which may be
a pure sine wiive) causes ct paiodir. val'iation (which is usually nonsin11soidol) of the signal-electrode tmnsl'ond11cta11t.·e. Tht' coefficient of each
Fourie1· eompo11ent of the tmn11co11ductu111:e-·vers11s-time relationshi]I is just
twice the eom>ersion trc111sco1Hluctance at the• rorrcs1w11ding harmonic of
the local-oscillcitor freq1te11cy. For most tubes the conver:lion transcond11cta111:e g, at the oscillator f1111dtt111eutul is approximntely 28 per cent
of th<' 111a,i:i111111n tmn.~cond11ct,wce. At the second harmonic, g. is about
14 per cent, and at the third harmonic it is about 9 1ie1· cent of the maximum
transcond11cfance. Pluctuation noise and illp11t resist,wce at high frequencies of the different methods of conver11ion may be found f1·om the
time average over the oscillator cycle.
Using these geneml concepts, we discuss the detailed behavior of three
conversion methods. In the first meth1Jd, signul and locul-oseillator voltages
a1·e impressed on the same ell'drodes. This method gives best signal-tonoise ratio, but hus the disadvantage of bad int,waction between signal and
local-oscillator cfreuits. In the S<'contl method, the loectl-oseillator voltage
is impressed on an electrode whirh 71recedes the signal electrode along the
direction of electron ff.ow. In this ca,se, interaction of signal and oscillator
circuits is somewhtLt reduced but is still bad at the higher frequencies because of svace-charge convling. The thfrd method is that in which the
local-oscillator electrode follows the sigmil electrode along the direction of
electron ff.ow. Most of the disad11a11tages of the third method may be overcome by special tube constructions, some of which are described.

T

I.

INTRODUCTION

HE BETTER modern radio receivers are almost universally
designed to use the superheterodyne circuit. In such a circuit,
the received Kignal frequency is heterodyned with the frequency
of a local oscillator to produce a difference frequency known as the
intermediate frequency. The resultant signal is amplified by a selec• Decimal Classification: R361.2 X R262.9.
t Reprinted from Proc. I.R.E., February, 1942.
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tive, fixed-tuned amplifier before detection. Since the heterodyne action
is usually accomplished by means of a suitable vacuum tube, it is the
purpose of this paper to discuss the chief similarities and differences
among the tubes which might be used, as well as to explain their
behavior.

.

The combination of signal and local-oscillator frequencies to produce an intermediate frequency is a process of modulation in which
one of the applied frequencies causes the amplitude of the other to
vary. Although this process was originally called heterodyne detection
and, later, first detection, it is now called frequency conversion. The
portion of the radio receiver which produces conversion may, therefore, be identified as the converter. If conversion is accomplisheQ in
a single vacuum tube which combines the functions of oscillator and
modulator, this tube may logically be termed a converter tube. When
separate tubes are used for the oscillator and the modulator portions
of the converter, respectively, the tube for the latter purpose is conveniently called a modulator or mixer tube. This terminology will be
used in this paper.
Although in some of the earliest superheterodynes, frequency conversion was accomplished by a triode oscillator and a triode modulator,1
other circuits used a single triode which served as both modulator and
oscillator. 2 A triode used in the latter way could, therefore, be called
a converter tube. The introduction of two-grid tubes (i.e., tetrodes)
permitted a wide variety of modulator and converter arrangements
which frequently gave superior performance to that possible with
triodes. 3- 7
When indirectly heated cathodes became more common, conversion
circuits in which the oscillator voltage was injected in the cathode
circuit were used. These circuits reduced considerably the interaction
between oscillator and signal circuits which would otherwise be
1 E. H. Armstrong, "A new system of short-wave amplification," Proc.
I.R.E., Vol. 9, pp. 3-27; February, 1921.
3 German Patent No. 324,514, 1918.
3 J. Scott-Taggart, German Patent No. 383,449, 1919.
'J. deMare, R. Barthelemy, H. dcBellescize, and L. Levy, "Use of
double-grid valves in frequency-changing circuits," L'Onde Elec., Vol. 5,
pp. 150-180; 1926.
5 "A four-electrode valve supersonic circuit," Exp. WireleBB, Vol. 3,
p. 650; October, 1926.
8 R. Barthelemy, "Valve frequency changers," Gen. Elec. Rev., Vol. 19,
pp. 663-670; 1926.
7 See also: M. Gausner, French Patent No. 639,028; G. Thebault, French
Patent No. 655,738; and H.J. J.M. deRegnauld de Bellescize, United States
Patent No. 1,872,634.
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present.8 When tetrodes and pentodes became available, the use of the
triode was dropped except as the local oscillator. It was not long,
however, before the desirability of more complete separation of oscillator and signal circuits became evident. Multigrid converter tubes were,
therefore, devised to permit this separation in a satisfactory manner,
at least for the frequencies then 1n common use.!1-ll In some of these
it was also possible to control the conversion gain by an automaticvolume-control voltage, a decided advantage. The most satisfactory of
the earlier multigrid tubes was known as the pentagrid converter, a
type ·still widely used. A similar tube having an additional suppressor
grid is used in Europe and is known as the octode.
When it became desirable to add high-frequency bands to superheterodyne receivers which also had to cover the low broadcast frequencies, the converter problem became more difficult. The highest
practicable intermediate frequency appeared to be about 450 to 460
kilocycles, a value which was only about 2 per cent of the highest
frequency to be received. Its use meant that the oscillator frequency
was separated from the signal frequency by only 2 per cent and the
signal circuit, therefore, offered appreciable impedance at the oscillator
frequency. A phenomenon known as "space-charge coupling," found
in the pentagrid converter, indicated that signal and oscillator circuits
were not separated as completely as would be desirable.I" In addition,
the permissible frequency variations of the oscillator had to be held
to less than the intermediate-frequency bandwidth, namely, 5 to 10
kilocycles; at the highest frequency to be received, the oscillator frequency was required therefore to remain stable within 0.05 per cent.
In the pentagrid converter, the most serious change in oscillator
frequency occurred when the automatic-volume-control voltage was
changed, and was sometimes as much as 50 kilocycles. Economic cons V. E. Whitman, United States Patent No. 1,893,813; H. A. Wheeler,
United States Patent No. 1,931,338.
9 F. B. Llewellyn, United States Patent No. 1,896,780.
16 H. A. Wheeler, "The hexode vacuum tube," Radio Eng., Vol. 13, pp.
12-14; April, 1933.
11 W. Hasenberg, "The hexode," Funk. Tech. Monatshefte, pp. 166-172;
May, 1933.

·

Application Note No. 3, RCA Radiotron Co., Inc.
13 E. Y. Robinson, British Patent No. 408,266.
14 J. C. Smith, Discussion on H. A. Wheeler paper, "Image suppression
and oscillator-modulators in superheterodyne receivers," Proc. I.R.E., Vol.
23, pp. 676-677; June, 1936.
15 W. A. Harris, "The application of superheterodyne frequency conversion systems to multirange receivers," Proc. I.R.E., Vol. 23, pp. 279-294;
April, 1936.
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siderations have led to the use of at least a three-to-one frequency
coverage for each band in the receiver. With capacitance tuning, the
circuit impedance is very low at the low-frequency end of the highfrequency band so that failure to oscillate was occasionally observed
in the pentagrid converter.
In Europe, where converter problems were similar, a tube known
as the triode-hexode111 was developed to overcome some of the disadvantages of the pentagrid converter. In the pentagrid tube, the
oscillator voltage is generated by, and therefore applied to, the electrodes of the assembly closest to the cathode (i.e., the inner electrodes).
In the European form of triode-hexode, the oscillator voltage is generated by a separate small triode section mounted on a cathode common
.to a hexode-modulator section. The triode grid is connected internally
to the third grid of the hexode section. In this way, by the application
of the oscillator voltage to an oute1· grid and the signal to the inner
grid of the modulator, space-charge coupling was greatly reduced and
automatic-volume-control voltage could be applied to the modulator
section of the tube without seriously changing the oscillator frequency.
In some European types, a suppressor grid has been added so that such
tubes should be called triode-heptodes.
The first American commercial development to provide improved
performance over that of the pentagrid converter also utilized oscillator
voltage injection on an outer grid but required a separate tube for
oscillator. 17 This development, therefore, resulted in a modulator or
mixer tube rather than a converter. There were many advantages
accompanying the use of a separate oscillator tube so that such a solution of the problem appeared to be reasonably satisfactory.
The demand arose shortly, however, for a one-tube converter system
with better performance than the original pentagrid type for use in
the standard all-wave receiver. A tube, the 6K8, in which one side of
a rectangular cathode was used for the oscillator and the other side
was used for the mixer section, was developed and made available.18
This tube used inner-grid oscillator injection, as with the pentagrid
converter, but had greatly improved oscillator stability. Another solution, also introduced in the United States, was a triode-heptode which
1a E. E. Shelton, "A new frequency changer," Wireless World, Vol. 35,
pp. 283-284; October 5, 1934.
17 C. F. Nesslage, E. W. Herold, and W. A. Harris, "A new tube for
use in superheterodyne frequency conversion systems," Proc. I.R.E., Vol.
24, pp. 207-218; February, 1936.
1a E.W. Herold, W. A. Harris, and T. J. Henry, "A new converter tube
for all-wave receivers," RCA Review, Vol. 3, pp. 67-77; July, 1988.

216

ELECTRON TUBES, Volume 11

is an adaptation of the European triode-hexode. This type used outergrid injection of the oscillator voltage generated by a small auxiliary
triode oscillator section. A recent converter (the SA7 type) for broadcast use is designed to operate with oscillator voltage on both cathode
and first-grid electrodes. 19 This tube, in addition to having excellent
performance, requires one less connecting terminal than previous converter tubes.
This paper will present an integrated picture of the operation of
converter and modulator tubes. It will be shown that the general principles of modulating or mixing by placing the signal on one grid and
the oscillator voltage on another, or by placing both voltages on the
same grid, are the same for all types of tubes. The differences in performance among the various types particularly at high frequencies are
due to a number of important secondary effects. In this paper, some
of the effects such as signal-grid current at high frequencies, input
impedance, space-charge coupling, feedback through interelectrode
capacitances, and oscillator-frequency shift will be discussed.
II.

GENERAL ANALYSIS OF OPERATION COMMON TO ALL TYPES

A.

Conversion Transconductance of Modulator or ]\,fixer Tubes
The basic characteristic of the converter stage is its conversion
transconductance, i.e., the quotient of the intermediate-frequency output current to the signal input voltage. The conversion transconductance is easily obtained by com~idering the modulation of the localoscillator frequency by the signal in the tube and, as shown in another
paper,17 is determined by the tram1conductance of the signal electrode
to the output electrode. The general analysis of a modulator, or mixer
tube, is applicable to all mixers no matter how or on whl'Lt electrodes
the oscillator and signal voltages are introduced.
Under the assumption that the signal voltage is very small and
the local osc~llator voltage large, the signal-electrode transconductance
may be considered as a function of the oscillator voltage only. The
signal-electrode-to-plate transconductance Um may, therefore, be considered as periodically varying at the oscillator frequency. Such a
periodic variation may be written as a Fourier series

19 W. A. Harris, "A single-ended pentagrid converter."
Presented,
Rochester Fall Meeting, Rochester, N. Y., November 15, 1938. See Application Note No. 100, RCA Manufacturing Co., Inc., Radiotron Division,
Harrison, N. J.
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where w 0 is the angular frequency of the local oscillator. Use of the
cosine series implies that the transconductance is a single-valued function of the oscillator electrode voltage which varies as cos ro 0 t. When
a small signal, e. sin w.f, is applied to the tube, the resulting alternating
plate current to the first order in e. may be written

iP = g,,,e 8 sin ro,t

= a0 e

8

= a0 e

8

,n

sin o,,t

+ e,

sin ,.,.f

+ ~e. :::Sa. sin

:::E, a,.
11=1

sin w.t cos nro 0 t

00

(w,

+ nro 0 ) t

11-1
00

+ Je. :Sa,. sin ( o,. - n,o 0 )t.
11-1

If a circuit tuned to the frequency (o,, - n,,, 0 ) is inserted in the plate,
the modulator tube converts the incoming signal frequency w 8 to a
useful output at an angular frequency (w. -- nro 0 ) which is called the
intermediate frequency. Since n i!! an integer, it is evident that the
intermediate frequency, in general, may be chosen to be the difference
between the signal frequency and any integral multiple of the localo!!cillator frequency; this is true even though a pure sine-wave local
oscillation is applied to the tube. The harmonics of the local-oscillator
frequency need cnly be present in the time variation of the signaldectrocle transconductance. The ordinary conversion transconductance
is simply a s1:ecial case when n =-= 1. The conversion transconductance
at the nth harmonic of the local oscillator is given by
iwH-nWO

Y,11=

e.

-

an
2

Substituting the value of the 1''ourier coefficient a.n it is found that
1 /,~" g,,. cos
U.-n =--

271'

71<o 0

td(root).

0

When n. is set equal to unity, this expression becomes identical with
the one previously derived. 17
Thus, the conversion transconductance is obtained by a simple
Fourier analysis of the signal-to-electrode-to-output-electrode trans-
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conductance as a function of time. Such an analysis is readily made
from the tube characteristics directly by examination of the curve of
signal-electrode transconductance versus oscillator-electrode voltage.
The calculation of the conversion transconductance at the nth harmonic of the oscillator is made from this curve by assuming an applied
oscillator voltage and making a Fourier analysis of the resulting curve
of transconductance versus time for its nth harmonic component. The
analysis is exactly similar to the one made of power output tubes,
except that, in the latter case,. the plate-current-versus-control-electrode-voltage curve is used. Figure 1 shows a curve of signal-grid
transconductance versus oscillator-electrode voltage for a typical modulator or mixer tube. In the usual case, the oscillator voltage is applied

w
wu

Oz

t::::;
We
..lz
O<(

U::,

B

Wo

.JU

<"'
-----zZ----'-'<C
t-

-

- a:

11\1-

OSCILLATOR ELECTRODE.
VOL15
,

...._

:::,

------AA~

C ~----

Fig. !-Signal-electrode transconductance versus oscillator-electrode
voltage for a typical mixer tube.
The applied oscillator voltage as
shown at A and B is the resulting
time variation of transconductance.

from a tuned circuit and so is closely sinusoidal in shape as at A in
the figure. The resulting curve of transconductance versus time is
shown at B. Any of the usual Fourier analysis methods may be used
to determine the desired component of curve B. Half of this value is
the conversion transconductance at the harmonic considered. Convenient formulas of sufficient accuracy for many purposes follow.
Referring to Figure 2a, a sine-wave oscillator voltage is assumed and
a seven-point analysis is made (i.e., 30-degree intervals). The conversion transconductances Yen are
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The values g 1 , g 2 , etc., are chosen from the trartsconductance characteristic as indicated in Figure 2a. The values computed from the above
formulas are, of course, most accurate for g 01 and of less accuracy for
g,. 2 while a value computed from the formula for g 03 is a very rough·
approximation.
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Fig. 2-a. Points used for 30-degree analysis of conversion transconductance.
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Simple inspection of the formula for Uri, the conversion transconductance used for conversion at the fundamental, is somewhat instructive. It is evident that highest conversion transconductance, barring
negative values, as given by this formula, occurs when Ui, g 2 , and g 3
are all equal to zero, and Uu, U1;, and g 1 are high. These requirements
mean that sufficient oscillator voltage should be applied at the proper
point to cut off the transconductance over slightly less than half the
cycle as pictured in Figure 2b. For small oscillator voltages optimum
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operation requires the differences (g 7 --- g 1 ), (g 6 - g 3 ), and (g 8 - g 2 )
to be as large as possible; this is equivalent to operation at the point
of maximum slope. It should be noted that the minimum peak oscillator
voltage required for good operation is approximately equal to one half
the difference between the oscillator-electrode voltage needed for maxi. mum signal-grid transconductance and that needed to cut off this
transconductance. Thus, inspection of the curve of transconductance
versus oscillator-electrode voltage gives both a measure of the fundamental conversion transconductance which will be obtained and the
amount of oscillator excitation required. Conversion at a harmonic,
in general, requires considerably greater oscillator exicitation for
maximum conversion transconductance.
In practical cases using grid-controlled tubes of the usual kind,
the maximum fundamental convPrsion transconductance which a given
tube will give can quickly be determined within 10 per cent or so by
simply taking 28 per cent of the maximum signal-grid-to-plate transconductance which can be attained. For conversion at second harmonic,
optimum oscillator excitation gives a conversion transconductance of
half this value, while for third-harmonic conversion the value is
divided by three.
Although the i:mme characteristic of all modulator or mixer tubes
is used to determine the conversion transconductance, the shape of this
characteristic varies between different types of mixers. This variation
will be more clearly brought out in the later sections of the paper.

B.

Conversion Transconductance of Converter Tubes

In converter tubes with oscillator sections of the usual kind, the
oscillator voltage is usually present on more than one electrode.
Furthermore, the phase of the oscillator-control-grid voltage is opposite
to that of the oscillator-anode alternating voltage, so that the two
would be expected partially to demodulate each other. The transconductance curve which should be used in this case is the one in whicb
the oscillator electrode voltages are simultaneously varied in opposite
directions.
Fortunately, with most of the commonly used converter tubes such
as the pentagrid, octode, triode-hexode, etc., the effect of small variations of oscillator-anode voltage on the electrode currents is so small
that usually it may be neglected. Thus, the conversion transconductance
of these converter tubes may be found exactly as if the tube were a
modulator or mixer, only.
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With the circuit of Figure a,rn--~ 1 a Hartley oscillator arrangement
is used and oscillator-frequency voltage is present on the cathode. The
effect of such a voltage is also to demodulate the electron stream
through the action of the alternating cathode potential on the screento-cathode and signal-grid-to-cathode voltages. When a relatively hightransconductance signal grid is prei-mnt, as in the figure, this demodulation is considerably greater than in the normal cathode-at-ground
circuit. l'l1 order to determine the conversion transconductance of a
tube to be used in this circuit, a signal-grid transconductance curve is
needed. Such a curve, however, must be taken with cathode and
oscillator-grid potential varied simultaneously and in their correct
ratio as determined by the ratio of cathode turns to total turns of the
coil which is to be used. However, because the conversion transcon•
ductance is approximately proportional to the peak value of signal-grid
transconductance, it is often sufficiently accurate to disregard the
1-F" OUTPUT

Fig. 3-Converter circuit with
oscillator voltage
on both grid No.
1 and cathode.

SIC.NAL
INPUT

1-

l
+

+

alternating-current variation of cathode potential and simply shift the
signal-grid bias in the negative direction by the peak value of the
alternating cathode voltage. If the resulting signal-grid-transconductance versus oscillator-grid-voltage curve is used for an analysis of conversion transconductance, the data obtained will not be far different
from the actual values obtained in the circuit of Figure 3 where
normal (unshifted) signal-grid bias values are used.

C.

Fluctuation Noise
The fluctuation noise of a converter stage is frequently of considerable importance in determining the over-all noise. The magnitud-e
of the fluctuation noise in the output of a converter or mixer tube may
be found either by direct measurement using a known substitution
noise source such as a saturated diode or by making use of the noise

20 P. W. Klipsch, "Suppression of interlocking in first detector cil·cuits,"
Proc. I.R.E., Vol. 22, pp. 699-708; June, 1934.
21 Radio World, p. 13; December 24, 1932.
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of the same tube used as an amplifier and finding the average meansquared noise over an oscillator cycle. 22 •23 Since these methods give
values which are substantially in accord and, since the noise of many
of the usual tube types under amplifier conditions is readily derived
from theory, 24 the latter procedure is convenient. Thus, if ivn'.! is the
mean-squared noise current in the output of the converter or mixer
tube considered as an amplifier (i.e., steady direct voltages applied)
the mean-squared intermediate-frequency noise is
1

i,_,2 =-21T

f'.!,r

1-m/' d(rot)

0

or the average of ip,/' over an oscillator cycle. The values of ipn:i obtained
from theory require a knowledge of the currents and transconductance
of the tube and are usually proportional to these quantities. Thus, the
converter-stage output noise, which is the average of iJl,;-i over the
oscillator cycle is usually proportional to the average electrode currents
and average transconductance when the oscillator is applied. Specific
examples will be given in following sections of this paper treating
typical modes of converter operation.
Tube noise is conveniently treated by use of an equivalent gl'idnoise-resistance concept whereby the tube noise is referred to the
signal grid. The equivalent noise resistance of a converter or mixer
tube is

i,_,2
·R•a=-----( 4kTsfl.f) Yvn2

where k = 1.37 X 10- 23, T.u is room temperature in degrees Kelvin,
and fl./ is the effective over-all bandwidth for noise purposes. Since fl./
is invariably associated with i 1_,2, the bandwidth cancels in the determination of R.q which is one of the advantages of the equivalent22 E. Lukacs, F. Preisach, and Z. Szepcsi, "Noise in frequency changer
valves," (Letter to Editor), Wireless Eng., Vol. 15, pp. 611-612; November,
1938.
23 E. W. Herold, "Superheterodyne converter system considerations in
television receivers," RCA Review, Vol. 4, pp. 324-337; January, 1940.
H B. J. Thompson, D. 0. North, and W. A. Harris, "Fluctuations in
space-charge-limited currents at moderately high frequencies," RCA Review,
Vol. 4, pp. 269-285; January, 1940; Vol. 4, pp. 441-472; April, 1940; Vol. 6,
pp. 106-124; July, 1940; Vol. 6, pp. 244-260; October, 1940; Vol. 6, pp. 371388; January, 1941; Vol. 6, pp. 606-624; April, 1941; Vol. 6, pp. 114-124;
July, 1941.
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= 20 degrees centigrade,

= 0.625 X 1020 -
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A summary of values of R,q for common types of converter will be
found in a preceding paper. 2s
The equivalent noise resistance Req alone does not tell the entire
story as regards signal-to-noise ratio, particularly at high frequencies.
For example, if the converter stage is the first stage of a receiver,
and bandwidth is not a consideration, the signal energy which must
be supplied by the antenna to drive it will be inversely proportional
to the convertcr-11tage input resistance. On the other hand, the noise
energy of the converter or mixer tube is proportional to its equivalent
noise resistance. The signal-to-noise ratio therefore, will vary with
the ratio of input resh;tance to equivalent noise resistance, and this
quantity should be as high as pm1sible. When bandwidth is important,
the input resistance should be replaced by the reciprocal of the input
capacitance if it is desired to compare various converter systems for
signal-to-noise ratio.

III.

THE OSCILLATOR SECTION OF CONVERTER TUBES

The oscillator section of converters is often required to maintain
oscillation over frequency ranges greater than three to one for circuits
using capacitance tuning. Although this requirement is easily net at
the lower broadcast frequencies, the effect of lower circuit impedances,
transit-time phenomena in the tube, and high lead reactances combine
to make the short-wave band a difficult oscillator problem. Ability to
oscillate has, in the past, been measured by the oscillator transconductance at normal oscillator-anode voltage and zero bias on the oscillator grid. Recent data have shown that, in the case of pentagrid and
some octode converters, an additional factor which must be considered
is the phase shift of oscillator transconductance (i.e., transadmittance)
due to transit-time effects. 23·28
The ability of a converter to operate satisfactorily at high frequencies depends largely on the undesirable oscillator frequency variations
produced when electrode voltages are altered. The frequency changes
25 M. J. O. Strutt20 has published data on this phase shift in octodes.
It was measured to be as high as 60 degrees at 33 megacycles.
20 M. J. O. Strutt, "Electron transit-time effects in multigrid valves,"
Wii-eleBB Eng., Vol. 15, pp. 315-321; June, 1938.
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are mainly caused by the dependence on electrode voltages of oscillatorelectrode capacitances, oscillator transconductance, and transit-time
effects. There are many other causes of somewhat lesser importance.
Because of the complex nature of the problem no satisfactory quantitative analysis is possible. In the case of the pentagrid and the
earlier forms of octode converters there are indications that the larger
part of the observed frequency shift is due to a transit-time effect.
It is found that the phase of the oscillator transadmittance and, therefore, the magnitude of the susceptive part of this transadmittance
varies markedly with screen and signal-grid-bias voltages. Since
the susceptive part of the transadmittance contributes to the total
susceptance, the oscillation frequency is directly affected by any changes.

IV.

THE DETAILED OPERATION OF THE MODULATOR OR MIXER SECTION
OF THE CONVERTER STAGE

This section will be devoted to a consideration of the modulator
or mixer portion of the converter stage. This portion may be either a
separate mixer tube or the modulator portion of a converter tube.
Since with most of the widely used converter tubes in the more conventional circuits the alternating oscillator-anode voltage has a negligible effect on the operation of the modulator portion, only the effect
of oscillator control grid need be considered. Thus the analysis of
the operation of most converter tubes is substantially the same as
the analysis of the same tubes used as a mixer or modulator only,
just as in the treatment of conversion transconductance.
There are three methods of operation of mixer or modulator tubes.
The oscillator voltage may be put on the same grid as the signal
voltage, it may be put on the inner grid (the signal applied to an outer
grid), or it may be impressed on an outer grid (with the signal on
the inner grid). Each of these modes of operation has characteristics
which depend on the mode rather than on the tube used in it. Tubes
which may be used in any one mode differ from one another mainly
in the degree in which they affect these characteristics. The treatment
to follow, therefore, will not necessarily deal with specific tube types:
instead, the phenomenon encountered
be illustrated by the use
of data taken on one or more typical tubes for each of the modes of
operation.

will

A. Tubes with OsciUa,tor and Sigfl.Ol Voltages Applied to Same Grid

Typical tubes used for this type of operation are triodes and pentodes. The oscillator voltage may be introduced in series with the signal
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voltage, coupled to the signal input circuit inductively, capacitively,
and/or conductively, or it may be coupled into the cathode circuit. In
all but the last case, by operating below the grid-current point, the
oscillator circuit is not loaded directly by the mixer tube. When
cathode injection is used, however, an effective load equal to the
mean cathode conductance (slightly greater than the mean transconductance) is imposed on the oscillator circuit. The cathode injection
circuit has the advantage that oscillator-frequency voltage between
the signal input circuit and ground is minimized, thus reducing radiation when the converter stage is also the first stage of the receiver.
A typical transconductance versus bias curve for a variable-µ. radiofrequency pentode is !!hown in Figure 4. The use of the Fourier analysis
for conversion transconductance at
8000
oscillator fundamental indicates
that a value of approximately a
quarter of the peak transconductance can be attained. Because of
the tailing off of the lower end of
the curve, highest conversion transconductance requires a large oscillator swing. Very nearly the maximum value is obtained, however, at
an operating bias shown by the
dotted line, with an oscillator peak __..,,,..,s=:::::=_J.,o____..!.'sl--__Jo
amplitude approximately equal _to
CONTROL GRID BIAS VOL TS
the bias. With lower oscillator
J:t'ig. 4-Transconductance characamplitudes, and the same fixed bias, teristic of a typical variable-µ,
the fundamental conversion transradio-frequency pentode.
conductance drops in approximate proportion to the oscillator amplitude.
Strictly speaking, when the cathode injection type of operation is
used the effect of the oscillator voltage which is impressed between
screen and cathode, and plate and cathode should be considered. Practically, however, there is little difference over the simpler circuit in
which the oscillator voltage is impressed on the signal grid only. It
is for this reason that the rathode-injeetion circuit is placed in the
same category as those in which the oscillator voltage is actually impressed on the same electrode as the signal.
In a practical circuit the effective oscillator voltage is, of course,
the oscillator voltage actually existent between grid and cathode of
the tube. When the oscillator voltage is impressed in series with the
signal circuit or on the cathode, this effective voltage is different fro_m
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the applied oscillator voltage by the drop across the signal circuit. In
the usual case, with the oscillator frequency higher than the signal
frequency, the signal circuit appears capacitive at oscillator frequency. This capacitance and the grid-to-cathode capacitance, being
in series, form a capacitance divider and reduce the effective oscillator
voltage. The reduction would not be a serious matter if it remained a
constant quantity; but in receivers which must be tuned over an
appreciable frequency range this is not the case. The result is a
variation in conversion gain over the band. A number of neutralizing
circuits have been described in the patent literature which are designed
to reduce the oscillator-frequency voltage across the signal circuit and
thus minimize the variations. 27 •28
Coupling of the oscillator voltage, into or across, the signal circuit
is also accompanied by changes in effective oscillator voltage when the
tuning is varied. These changes are not so great with pure inductive
coupling as with pure capacitance coupling. In many practical cases,
both couplings are present.
A method of reducing the variation of conversion gain with effective
oscillator voltage in tubes in which oscillator voltage and signal are
placed on the same grid, employs automatic bias. Automatic bias may
be obtained either by a cathode self-bias resistor (by-passed to radio
frequency) or by a high-resistance grid leak, or both. An illustration
of the improvement which may be obtained in this way is shGwn in
Figure 5. Three curves of conversion transconductance, at oscillator
fundamental, against effective peak oscillator volts are shown for the
typical variable-it pentode of Figure 4 used as a mixer. For the curve
a, a fixed bias was used at approximately an optimum point. The
curve is stopped at the grid-current point because operation beyond
this point is not practicable in a receiver. Curve b shows the same
tube operated with a cathode self-bias resistor. This curve is also
stopped at the grid-current point. Curve c shows operation with a
high-resistance grid leak. It i_s evident that, above an micillator voltage
of about 3, curve b is somewhat flatter, and c is considerably flatter
than the fixed-bias curve a. The high-resistance grid leak m;;ed for c
may be made a part of the automatic-volume-control filter but care
must be taken that its value is considerably higher than the resistance
in the automatic-volume-control circuit which is common to other tubes
in the receiver. If this is not done, all the tubes will be biased down
with large oscillator swings. When a high-resii-1tance leak is used, the
27 H. J. J. M. deRegnauld de Bellescize, United States Patent No.
1,872,634; M. Gausner, French Patent No. 639,028.
28 V. E. Whitman, United States Patent No. 1,893,813.
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automatic-volume-control action does not begin in the mixer tube until
the automatic-volume-control bias has exceeded the peak oscillator
voltage. Because of the high resistance of the leak, the signal circuit
is not loaded appreciably by the mixer tube.
a practical case, precautions must be taken that a pentode in the converter stage is not
cperated at excessive currents when accidental failure of the oscillator
reduces the bias. A series dropping resistor in the screen-grid supply
will prevent such overload. When a series screen resistor is used, the
curve of conversion transconductance versus oscillator voltage is even
llatter than the best of the curves shown in Figure 5. Series screen
operation, therefore, is highly desirable. 2:1
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Fig. 5-Conv<>rsion transconductance of a typical variable-µ, radio-frequency
pentod<'. Oscillator and 1-1ignal voltages both applied to grid No. 1. a, fixedbias operation; b, cathode re1-1istor used to obtain bias; c, bias obtained by
means of a high-resistance grid leak.

One of the effects of feedback through interelectrode capacitance in
vacuum tubes is a severe loading of the input circuit when an inductance is pre1-1ent in the cathode circuit. Thus, in mixers using
cathode injection, the signal circuit is frequently heavily damped since
the oscillator circuit is inductive at signal frequency in the usual case.
The feedback occurs through the grid-to-cathode capacitance and can
be neutralized to some extent by a split cathode coil with a neutralizing capacitance. 2R Such neutralization also minimizes the voltage drop
nf oscillator frequency across the signal circuit.
Loading of the signal circuit by feedback from the plate circuit of
modulators or mixers may alRo be serious when the signal-grid-to-plate
capacitance is appreciable. This is especially true when a low-capacitance intermediate-frequency circuit, which presents a comparatively
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high capacitive reactance at signal frequency, is used, as a wide-band
intermediate-frequency circuits. The grid-plate capacitance of radiofrequency pentodes iii usually small enough so that the effect is negligible in these tubes. In triodes, however, feedback from the intermediate-frequency circuit may be serious and the grid-plate capacitance
should be minimized in tube and circuit design. Although neutralization is a possible solution to the plate feedback, a more promising
solution is the use of a specially designed intermediate-frequency circuit which offers a low impedance at signal frequency by the equivalent of series tuning and yet cau::;es little or no sacrifice in intermediate-frequency performance.
At high frequencies, the converter stage exhibits phenomena not
usually observable at low frequencie:,;. One group of phenomena is
caused not by the high operating frequency, per se, but rather by a
high ratio of operating frequency to intermediate frequency (i.e., a
small separation between signal and oscillator frequencies). Among
these phenomena may be listed pull-in and interlocking between oscillator and signal circuits and poor image response. In mixers in which
oscillator and signal are impress\:d on the same grid, the first of these
effects is usually pronounced because of the clm1e coupling between
the oscillator and signal circuits. It can be reduced by special coupling
from the local oscillator at an increase in the complexity of the circuit.
Other phencmena, which an! d::e to the high operating frequency,
occur in mixers irrespective of the intermediate-frequency. The most
important of the11e are those cau11ed by transit-time effects in the tube
and by finite inductancei; and mutual incluctances in the leads to the
tube. When the oscillator and signal are impressed on the Harne grid
of ,a mixer, the effect11 are not rlissimila1· to those in the Harne tube
used as an amplifier. So far a11 the signal is concerned, the operation
is srmilar to that of an amrlifier whose plate current and transconductance are periodically varied at another frequency (that of the oscillator). The effects at signal frequency must, therefore, be integrated
or averaged over the 011cillator cycle. The input conductance at 60
megacycles of the typical radio-frequency pentode used for Figures
4 and 5 as a function of control-grid hia11 is 11hown in Figure 6. The
integrated or net loading as a function of oscillator amplitude, when
the tube is used as a mixer at thi11 frequency, i11 given in Figure 7, both
with fixed-bias operation and with the bias obtained by a grid leak
and condenser. The conductance for all other frequencies may b:!
calculated by remembering that the input conductance increases with
the square of the frequency. The data given do not hold for cathode
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injection because of the loading added by feedback, as previously
discussed.
When automatic volume control is used on the modulator tube,
an important effect in some circuits is the change in input capacitance
and input loading with bias. This is especially true when low-capacitance circuits are in use, as with a wide-band amplifier. With tubes
having oscillator and signal voltages on the same grid, because of the
integrating action of the oscillator voltage, the changes are not so
pronounced as with the same tube used as amplifier. A small, un-bypassed cathode resistor may be used with an amplifier tube 29 •80 to reduce
the variations; it should give a similar improvement with the modulator.
In
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The question of tube noise (i.e., shot-effect fluctuations) is important in a mixer, or modulator, especially when this tube is the first
tube in a receiver. There is little doubt that triode or pentode mixers,
in which signal and oscillator voltages are impressed on the control
grid, give the highest signal-to-noise ratio of any of the commonly
used types of mixers. The reason for this has been made clear by
recent studies of tube noise. 24 It is now well established that tube
noise is the combined result of shot noise in the cathode current which
is damped by space charge to a low value and additional fluctuations
H M. J. O. Strutt and A. van der Ziel, "Simple circuit means for
improving short-wave performance of amplifier tubes," Elek. Nack. Tech.,
Vol. 13, pp. 260-268; August, 1936.
ao R. L. Freeman, "Use of feedback to compensate for vacuum-tube
input-capacitance variations with grid bias," Proc. I.R.E., Vol. 26, pp. 13601366; November, 1938.
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in the plate current caused by random variations in primary current
distribution between the various positive electrodes. Thus, in general,
tubes with the smallest current to positive electrodes other than the
plate have the lowest noise. It is seen that the tetrode or pentode
modulator, with a primary screen current of 25 per cent or less of
the total current, is inherently lower in noise than the more complex
modulators in which the current to positive electrodes other than the
plate usually exceeds 60 per cent of the total current. The triode, of
course, has the lowest noise assuming an equivalent tube structure.
The conversion transconductance of triode, tetrode, or pentode mixers
is usually higher than that of multielectrode tubes using a similar
cathode and first-grid strncture. That this is so is again largely due
to the lower value of wasted current to other eTectrorles.
The noise of triodes and pentodes used as mixers in the converter
stage is conveniently expressed in terms of an equivalent noise
resistance Rcq as mentioned in Section II C. The noise as a mixer, of
both the triode and the pentode, may be expressed in one formula
based on the now well-understood amplifier nohie relations. 21 The
equivalent noise resistance of the triode is obtained simply by equating
the screen current to zero. An approximate formula for equivalent
noise resistance of oxide-coated-cathode tubes is
2.2 u,,.

Req

+ 20 /,~

(of triode and pentode mixers)=------

1

where Um is the average control-grid-to-plate transconductance (averaged over an oscillator cycle), T,. 2 is the average screen current, g,,
is the conversion transconductance, and a is the ratio of the screen
current to plate current. Valuable additions to the above relation are
given by formulas which enable a simple calculation of noise resistance
from amplier data found in any tube handbook. These additional relations are approximations derived from typical curve shapes and are
based on the maximum peak cathode current / 0 and the maximum
peak cathode transconductance g 0 • The data are given in Table I. It
has been assumed that oscillator excitation is approximately optimum.
In this table, Eco is the control-grid voltage needed to cut off the plate
current of the tube with the plate and screen voltages applied, and a is
the ratio of screen to plate current.
As an example of the use of the table, suppose it is desired to find
the equivalent noise resistance of a particular triode operated as a
converter at the oscillator second harmonic. The local oscillator can be
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Table I-Mixer Noh,e of Triodes and Pentodes
( Oscillator and Signal both Applied to Control Grid)
ApproxiAverage Average Conversion
mate
Transcon- Cathode TransconOscillator ductance Current ductance
Peak Volts
r;
Um
Do

Operation

-

-At Oscillator
Fundamental

---------

0.7E,,..

At Oscillator
2nd Harmonic

1.5 E ••

------- - - - 0.47
--go
0.35 lo
l+a
0.25
- - g..
0.20 I.
1 -I(l

At Oscillato1·
3rd Harmonic

1

I

i

4.3 Ec0

0.15
---gu
1 + (l

0.11 lo

Equivalent
Noise
Resistance

R.,
-.
-----0.28
13
I.
--g.
-+90-a
l+a
Do"
D•
0.13
31
lo
--g.
-+220-a
g.•
l+a
D•
lo
0.09
38
--g.
-+260-a
go"
l+a
Do

permitted to swing the triode. mixer grid to zero bias. With a plate
voltage of 180 volts and zero bias, the tube data sheet shows a transconductance, g 0 = 2.6 X 10- 3 mlw. Thus the equivalent noise resistance
is 31 ig 0 or 12,000 ohms and the conversion transconductance at second harmonic is 0.13 g 0 , or 340 micromhos. Since, with this plate
voltage the tube cuts off at about 8 volts, a peak oscillator voltage of
around 12 volts will be required.
The above table may also be used to obtain a rough estimate of the
input loading of pentode or triode mixers, since the high-frequency
input conductance is roughly proportional to the average transconductance Um and to the square of the frequency. Thus, if the loading at
any transconductance and frequency is known, the loading as a mixer
under the conditions of the table may quickly be computed.

B. Tubes with Oscillato1· Volta{le on an Inner Grid, Signal Voltage
on an Outer Grid.
When the oscillator voltage is impressed on the grid nearest the
cathode of a mixer 01· converter, the cathode current is varied at
oscillator frequency. The signal grid, on the other hand, may be placed
later in the electron stream to serve only to change the distribution
of the current between the output anode and the other positive electrodes. When the two control grids are separated by a screen grid,
the undesirable coupling between oscillator and signal circuits is
reduced much below the value which otherwise would be found.
The signal-grid-to-plate transconductance of the inner-grid injection mixer is a function of the total current reaching the signal
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grid; this current, and hence the signal-grid transconductance, will
vary at oscillator frequency so that mixing becomes possible. The
signal-grid transconductance as a function of oscillator-grid potential
of a typical modulator of this kind is shown in Figure 8. It will be
observed that this characteristic is different in shape from the corresponding curve of Figure 4 for the tube with oscillator and signal
voltages on the same grid. The chief point of difference is that a
definite peak in transconductance is found. The plate current of the
tube shows a saturation at approximately the same bias as that at
which the peak in transconductance
2000
occurs, indicating the formation of a
partial virtual cathode. The signal
grid, over the whole of these curves,
is biased negatively and so draws no
current. The oscillator inner grid
(No. 1 grid), however, draws current
at positive values of bias. This separation of signal and oscillator grids is
advantageous, inasmuch as the signal
circuit is not loaded even though the
oscillator amplitude is sufficient to
-20
-10
0
+10
N!I (;RID BIAS VOLTS
draw grid current. In fact, in the
Fig. 8 - Signal-grid-(grid No. usual circuit, the oscillator grid is
4) to-plate transconductance
self-biased with a low-resistance leak
versus oscillator-grid (grid No.
1) voltage curve of a typical
and condenser and swings sufficiently
mixer designed for inner-grid
injection. Signal-grid bias = far positive to attain the peak signal- 3 volts.
grid transconductance.
The conversion transconductance of such a tube has a maximum
with an oscillator swing which exceeds the point of maximum signalgrid transconductance in the one direction and which cuts off this
transconductance over slightly less than half the cycle, in the other.
Curves of conversion transconductance against peak oscillator voltage
are shown in Figure 9. Curve a is for fixed-bias operation of the oscillator grid, curve b is with a high-resistance (i.e., several megohms)
grid leak and condenser for bias, and curve c is with the recommended
value of grid leak (50,000 ohms) for this type of tube. It is seen that
best operation is obtained with the lower resistance value of grid leak.
With this value, the negative bias produced by rectification in the
grid circuit is reduced enough to allow the oscillator grid to swing
appreciably positive over part of the cycle. An incidental advantage
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to the use of the low-resistance leak when the tube is self-oscillating
(i.e., a converter) is that undesirable relaxation oscillations are minimized.
In mixers or converters in which the 011cillator voltage is present
on both the cathode and the oscillator grid in the same phase (e.g.,
Figure 3) it is usually necessary to utilize a relatively sharp cutoff
in the design of the oscillator grid so as to cut off the cathode current
when the signal grid is positive.rn By this means the signal grid is
prevented from drawing current. At the same time, however, the high
currents neMed for a high peak value of signal-grid transconductance
cannot be obtained without a greater positive swing of the OBcillator
grid than with a more open osc11Iator grid structure. Thus, it is clear
that it is desirable to have a negative bias on the oscillator electrode
which is considerably smaller than the peak oscillator voltage. For
thii; reason, optimum restdts are obtained on these tubes with very low
values of oscillator grid leak ( e.g., 10,000 to 20,000 ohms).

--

The effects of feedback
600
"'
t h r o u g h the interelectrode
0
/
:z;
2
capacitance are small in well::ll.
designed multigrid mixers and
i.:.400
'I•••••
i;.~
I"
'-.I:converters of the kind covered
ffi~
>u
in this section. The signalZ:::,
Si200 /a
grid-to-plate capacitance is
8
usually small enough to play
a:
no part in the operation; even
• 0'----~10---2~0----'3~0---4~0
with a high L-to-C ratio in the
PEAK OSCILLATOR VOLTS
intermediate-frequency trans- Fig. !)-Conversion transconductance of
former, the capacitive reac- a typical mixer designed fo1· inner-grid
of osc:llator. Signal-grid bias
tance of the intermediate-fre- injec-tion
= - :l volts. a, fixed-bias operation of
quency circuit at signal fre- oscillator grid; Ii, oscillator-grid bias obthrough high-resistance grid leak;
quency is only a very small tained
c, m,cillator-grid bias obtained thrnugh a
50,000-ohm gr:d leak.
fraction of the feedback reactance. The other interclectrode capacitance which plays some part
in determining circuit performance (excluding, of course, the input
and output l'apacitance11) i11 the capacitance from the oscillator electrode
or electrcdes to the 11ignal grid. This capacitance is a source of coupling
between these two circuits. In well-designed converter or modulator
tubes of the type discussed in this section, however, the coupling
through the capacitance may be made small compared with another
form of internal coupling known as "space-charge coupling," which
will be treated later in this discussion.
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Coupling between OBcillator and signal circuits is of no great
consequence except when an appreciable voltage of oscillator frequency
is built up across the signal-grid circuit. This is not usually possible
unless the signal circuit is nearly in tune with the oscillator as it is
when a low ratio of intermediate frequency to signal frequency is
used. The effect of oscillator-frequency voltage induced across the
signal circuit depends on its phase; the effect is usually either to
increase or to decrease the relative modulation of the plate current
at oscillator frequency and so to change the conversion transconductance. This action is a disadvantage, particularly when the amount
of induced voltage changes when the tuning is varied, as usually
occurs. In some cases, another effect is a flow of grid current to the
signal grid; this may happen when the oscillator-frequency voltage
across the signal-grid circuit exceeds the bias. Grid current caused by
this effect can usually be distinguished from grid current due to
other causes. By-passing or short-circuiting the signal-grid circuit
reduces the oscillator-frequency voltage across the signal-grid circuit
to zero. Any remaining grid l'Urrent must, therefore, be due to other
causes.
Current to a negative signal grid of a tube operated with innergrid oscillator injection is sometimes observed at high frequencieR
(e.g., over 20 megacycles) even when no impedance is present in the
signal-grid circuit. This current is caused by electron!! whose effective initial velocity has been increased by their finite transit time in
the high-frequency alternating field around the oscillator grid. These
electrons are then able to strike a signal grid which is several voltR
negative. The magnitude of the signal-grid current iR not usually as
great as with tubes applying the oscillator voltage to an outer grid 31
although it may prevent the use of an automatic-volume-control voltage
on the tube.
An investigation of coupling effects in the pentagrid converter
showed that the coupling was much larger than could be explained
by interelectrode capacitance. It was furthermore discovered that
the apparent coupling induced a voltage on the signal circuit in
opposite phase to that induced by a capacitance from oscillator to
signal grid. 15 The coupling which occurred was due to variations in
space charge in front of the signal grid at oscillator frequency. A
qualitative explanation for the observed behavior is that, when the
oscillator-grid voltage is increased, the electron charge density adjacent to the signal grid is increased and electrons are repelled from the
31 The next part of this section contains a more detailed discussion of
signal-g~id current in outer-grid oscillator injection tubes.
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signal grid. A capacitance between the oscillator grid and the signal
grid would have the opposite effect. The coupling, therefore, may be
said to be approximately equivalent to a negat~ve capacitance from the
oscillator grid to the signal grid. The effect is not reversible because
an increase of potential on the signal grid does not increase the electron
charge density around the oscillator grid. If anything, it decreases
the charge density. The equivalence to a negative capacitance must be
restricted to a one-way negative capacitance and, as will be shown later,
is restricted also to low-frequency operation.
In general, the use of an equivalent impedance from oscillator grid
to signal grid to explain the behavior of "space-charge coupling" is
somewhat artificial. A better point of view is simply that a current
is induced in the signal grid which depends on the oscillator-grid voltage. Thus, a transadmittance exists between the two electrodes
analogous to the transconductance of an ordinary amplifier tube. Indeed, the effect has been used for amplification in a very similar manner to the use of the transconductance of the conventional tube. 32•33
It is found that the transadmittance from the oscillator to the
signal electrode Y mo-, is of the form

At low frequencies (i.e., k1"' 2 <<k2"') the transadmittance is mainly
a trans1msceptance but, as the frequency rises, the transconductance
component k 1w 2 becomes of more and more importance, eventually exceeding the transsusceptance in magnitude. The early work on "spacecharge coupling" indicated that the effect was opposite to that of a
capacitance connected from oscillator to signal grid and could be canceled by the connection of such a capacitance of the correct value. 1~· 34
The effect of such cancellation could be only partial, however, since
only the transsusceptance was balanced out by this arrangement. For
complete cancellation it is also necessary to connect a conductance, the
required value of which increases as the square of the frequency, between the oscillator grid and the signal grid so that the transconductance term is also balanced out. 35 •38
32 C. J. Bakker and G. de Vries, "Amplication of small alternating
tensions by an inductive action of the electrons in a radio valve," Physica,
Vol. 1, pp. 1046-1064, October-November, 1934.
33 A. M. Nicolson, United States Patent No. 1,266,211 (applied for in

1915).
3 ·1

EJng.,

M. J. 0. Strutt, "Frequency changers in all-wave receivers," Wfreless
Vol. 14, pp. 184-192; April, 1937.
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The cancellation of "space-charge coupling" may be viewed in
another way. A well-known method of measuring the transadmittance
of a vacuum tube is to connect an admittance from control grid to
output electrode and to vary this admittance until no alternatingcurrent output is found with a signal applied to the control grid. 37
The external admittance is then equal to the transadmittance. In
exactly the same way, the transadmittance which results from the
space-charge coupling may be measured. As a step further, if an
admittance can be found which substantially equals the transadmittance at all frequencies or over the band of frequencies to be used,
this admittance may be permanently connected so as to cancel the
effects of space-charge coupling. As has been previously stated, the
admittance which is required is a capacitance and a conductance whose
value varies as the square of the frequency. Such an admittance is
given to a first approximation by the series connection of a capacitance
C and a resistance R. Up to an angular frequency w = 0.3/CR the
admittance of this combination is substantially as desired. At higher
values of frequency, the conductance and susceptance fail to rise
rapidly enough and the cancellation is less complete. Other circuits
are a better approximation to the desired admittance. For example,
the connection of a small inductance, having the value L = l/2CR!!,
gives a good approximation up to an angulat· frequency o> = 0.6/CR.
The latter circuit is, therefore, effective to a frequency twice as high
as the simple series arrangement of capacitance and resistance. Inasmuch as in some cases the value of inductance needed is only a fraction of a microhenry, the inductance may conveniently be derived from
proper proportioning and configuration of the circuit leads.

It is of interest to note the order of magnitude of the traruiadmittance which is measured in the usual converter and mixer tubes.20.:m.:io.:is
In the formula for Y mo ·-• given above, k 1 is in the neighborhood of
10-!!t and k!! is around lQ- 1!!. Cancellation is effected by a capacitance
of the order of one or two micromicrofarads and a series resistance of
500 to 1000 ohms.
The correct value of the canceling admittance may be found ex35 E. W. Herold, "Frequency changers in all-wave receivers" (Letter
to Editor), Wireless Eng., Vol.14, pp. 488-489; September, 1937'.
30 E. W. Herold, United States Patent No. 2,141,750.
37 F. B. Llewellyn, "Phase angle of vacuum tube transconductance at
very high frequencies," Proc. I.R.E., Vol. 22, pp. 947-956; August, 1934.
38 M. J. 0. Strutt, "Frequency changers in all-wave receivers" (Letter
to Editor), Wireless Eng., Vol. 14, p. 606; November, 1937.
'

FREQUENCY CONVERTERS AND MIXERS

237

perimentally by adjustment so that no oscillator voltage is present
across the signal-grid circuit when the latter is tuned to the oscillator
frequency. Another method which may be used is to observe either
the mixer or converter plate current or the oscillator grid current as
the tuning of the signal circuit is varied through the oscillator frequency. With proper adjustment of the canceling admittance there
will be no reaction of the signal-circuit tuning on either of these
currents.
There are two disadvantages which accompany the cancellation of
space-charge coupling as outlined. In the first place, the signal-grid
input admittance is increased by the canceling admittance. This point
will be brought up again after discussing the input admittance. The
second disadvantage is that the oscillator frequency shift with voltage
changes in converter tubes may be somewhat increased by the use of
this cancellating admittance. When separate oscillator and mixer tubes
are used, the latter effect may be made less serious.
The next point to be considered is the input admittance of the
signal grid. Signal-grid admittance curves of a typical modulator
designed for use with the oscillator voltage impressed on the first grid
are shown under direct-current conditions (i.e., as a function of
oscillator-grid bias for several values of signal-grid bias) in Fig. 10.
The admittance is separated into conductive and susceptive components, the latter being plotted in terms of equivalent capacitance. The
admittance components of the "cold" tube (no electrons present) have
been subtracted from the measured value so that the plotted results
represent the admittance due to the presence of electrons only. The
data shown were taken at 31.5 megacycles with a measuring signal
which did not exceed 1.0 volt peak at any time. A modified Boonton Q
meter was used to take the data. It should be noted that the presence
of a marked conductive component of admittance is to be expected at
frequencies a8 high as those used.
The most striking feature of the data of Fig. 10 is that both
sm1ceptive and conductive components are negative over a large portion of the characteristic. The Appendix discusses this feature in
somewhat more detail. The measurements show that the susceptive
component is analogous to a capacitance. The capacitance curves given
are independent of frequency up to the highest frequency used (approximately 50 megacycles). The conductive component, on the other
hand, increnRes as the square of the frequency also up to this frequency. The conductance is, therefore, negative even at very low
frequencies although its magnitude is then very small. Thus, the conductance curves of Fig. 11 are valid for any frequency by multiplication
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of the conductance axis by the square of the ratio of the frequency
considered, to the frequency used for the data (i.e., 31.5 megacycles).
Data taken at various frequencies for two particular values of grid
bias voltage Ec4 are plotted in Fig. 11. The square-law relation is
shown to check very closely.
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Fig.10-Signal-grid
(grid No. 4) admittance of a typical
mixer designed for
inner-grid injection
of oscillator at 31.5
megacycles. Curves
taken with no oscillator voltage applied. Data represents electronic admittance only (i.e.,
"cold" values were
subtracted from
measured values before plotting.

Fig. 10 should be considered remembering that the oscillator voltage is applied along the axis of abscissas. Considering an applied
oscillator voltage, the admittance curves must be integrated over the
oscillator cycle to find the admittance to the signal frequency. The
operation is just as if the tube were an amplifier who11e input admittance is periodically varied over the curve of Fig. 10 which corresponds
to the signal-grid bias which is used. Curves of the modulator input
conductance at 31.5 megacycles for various applied oscillator voltages
are shown in Fig. 12. The oscillator-grid bias is obtained by means
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Fig. 11-Signal-grid (grid
No. 4) conductance of a
typical mixer designed for
inner-grid injection of oscillator. Lines are drawn
with slope of 2. Curve a
taken with E.,=O, E.,=
- 3 volts. Curve b taken
with E«=-6, E.,=-6
volts.
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of the recommended value of grid leak for the tube (50,000 ohms).
Curves are shown for two values of signal-grid bias voltage E 04 • As
before, data for other frequencies are obtained by multiply!"£AK OSCILLATOR VOLTS
ing the conductance by the
oi----;.;'o'---==::=i2oi:::::=--....;:30;=.
square of the frequency ratio.
The practical effect of the
negative input admittance in
a circuit is due to the conductive portion only, inasmuch as
the total input capacitance remains positive in general.89
-200
An improved image ratio, and
Fig. 12- Signal-grid (grid No. 4)
conductance of a typical mixer desomewhat greater gain to the
signed for inner-grid injection of osconverter signal grid over
cillator, at 31.6 megacycles. Oscillator voltage applied. Oscillator-grid
other types of modulator is to
bias obtained through 60,000-ohm grid
be expected when this type of
leak. Electronic portion of conducttance, only, plotted.
oscillator injection is used.
39 It should not be forgotten that the data given do not include the
"cold" susceptance and conductance of the tube. The latter is a relatively
small Quantit:v. however.
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At high frequencies, when a comparatively low intermediate frequency
is used, it is usually desirable to cancel the space-charge coupling of
the tube in the manner previously discussed. When this cancellation is
made reasonably complete by the use of a condenser and resistor
combination connected from the oscillator grid to the signal grid, the
losses in this admittance at signal frequency are usually sufficient to
wipe out the negative input admittance. The net positive input conductance however is often less than that found with other types of
mixer.
The change in signal-grid input capacitance with automatic-volumecontrol voltage is small in this type of modulator, particularly with the
larger values of oscillator swing because of the integrating action of
the oscillator voltage.
The fluctuation noise which is found in the output of inner-grid
oscillator-injection mixers and converters is not readily evaluated
quantitatively. The fluctuation noise is primarily due to currentdistribution fluctuations but is complicated by the possibility of a
virtual cathode ahead of the signal grid. Data have been taken, however, which indicate some degree of proportionality between the meansquared noise current and the plate current. The signal-to-noise ratio
for this type of modulator is, therefore, approximately proportional
to the ratio of conversion transconductance to the square root of the
pla~e current. It is considerably less than for the pentode modulator
with both signal and oscillator voltages on the control grid.
The noise of the converter or mixer with oscillator on an inner grid
may be expressed in terms of an equivalent grid resistance as

where T,; is the operating plate current, g 0 is the conversion transconductance, and F'.!. is a factor which is about 0.5 for tubes with suppressor grids and at full gain. !<'or tubes without suppressor or for
tubes whose gain is reduced by signal-grid bias, F~ is somewhat larger
and approaches unity as a maximum. With this mode of operation
there is not so much value in expressions for R,.,1 based on maximum
transconductance and maximum plate current because these quantitieK
are neither available n_br are they easily meaKured. !<'or operation at
second or third harmonics of the oscillator (assuming optimum oscillator excitation) the plate current J,, and the conversion transconductance g, are roughly I or ,\, respectively, of their values with
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fundamental operation so that the equivalent noise resistance for
second-harmonic and third-harmonic operation is around two and
three times, respectively, of its value for fundamental operation.

C. Mixers with 011cillato1· Voltage on an Outer Grid, Signal Voltage
on Inner Grid
With this type of mixer, the cathode current h1 modulated by the
relatively small signal voltage which is impressed on the control grid
adjacent to the cathode. The oscillator voltage, on the other hand, is
impressed on a later control grid so that it periodically alters the
current distribution between anode and screen grid. The connections
of signal and oscillator voltages to this type of modulator are just the
reverse, therefore, of the mixer
ISOO
treated in the preceding section.
The behaviors of the two types are
also quite different although they
1000
both include internal separation of
...I
g~
signal and oscillator electrodes
..,a: •u
through a shielding screen grid.
;.~
The signal-grid transconducSOO Zz
8
tance curve as a function of oscilla"'z
•a:
tor-grid voltage of a typical mixer
designed for use with the oscillator
+$
-,o
0
on an outer grid is shown in Fig.
N•1 r.010 BIAS VOLTS
13. It differs in shape from similar
Fig. 13-Signal-grid (grid No. 1)
curves for the other two classes of transconductance versus oscillatormodulator in that an approximate grid (grid No. 3) voltage of a typical mixer designed for use with
saturation is reached around zero outer-grid injection of oscillator.
Signal-grid bias= - 3 volts.
bias on the oscillator grid. The
conversion transconductance for such a tube is, therefore, more accurately predicted from normal amplifier transconductance. In fact,
in the manufacture of this type of mixer, a test of signal-grid transcondut>tance at 1mme\vhere near the saturation point (e.g., zero bias)
on the oscillator grid has been found to correlate almost exactly with
the conversion transconductance. The cutoff point of the curve must
remain approximately fixed, of course, since this point affects the
oscillator amplitude which is necessary.
The conversion transconductance of the typical outer-grid injection
mixer tube which was used for Fig. 13 is shown in Fig. 14. Curve a
which is for fixed bias on the oscillator grid is seen to be higher than
curve b for which bias is obtained by a 50,000-ohm grid leak and

.

.

ELECTRON TUBES, Volume II

242

condenser. The latter connection is most widely used, however, because of its convenience. A compromise using fixed bias together with
a grid leak is most satisfactory of all. 40 When this combination is used,
the curve of conversion transconductance follows curve a of Fig. 14
to the intersection with curve b and then follows along the flat top
of curve b.
In a well-designed mixer with the signal voltage on the grid adjacent to the cathode and the oscillator voltage on an outer grid, effects
due to feedback through the interelectrode capacitance may usually be
neglected. The only effect which might be of importance in some cases
is coupling of the oscillator to the signal circuit through the signalgrid-to-oscillator-grid capacitance. In many tubes a small amount of
space-charge coupling between these grids is also present and adds
to the capacitance coupling (contrary to the space-charge coupling discussed in Section B which op...
~
poses the capacitance coupling
:Ii
_..
in that case). Measurements
~'100
~tj
of the magnitude of the space.;;i
a: ..
charge coupling for this type
!;!u
~zl 200
of modulator show that it is
u~
of the order of 1/5 to 1/10 of
i
that present in inner-grid-in~ ol&.--~~t----~,0,---,-1,s=---2~0
jection modulators. Coupling
PEAK O';CILLATOA VOLTS
between oscillator and signal
Fig. 14-Conversion transconductance of
circuits
causes a voltage of
a typical mixer designed for outer-grid
injection of oscillator. Signal-grid bias, oscillator frequency to be built
E., = - 3 volts. Curve a corresponds to
fixed No. 3 grid bias, E .. =-8 volts. up across the signal input cirCurve b corresponds to bias obtained cuit. This oscillator-frequency
through a 50,000-ohm grid leak.
voltage, d e p e n d i n g on its
phase, aids or opposes the effect of the normal oscillator-grid alternating voltage. The action is additive when the signal circuit ha.~
capacitative reactance to the oscillator frequency, as in the usual case.
When the oscillator-frequency voltage across the signal input circuit
exceeds the bias, grid current is drawn to the signal grid, an undesirable occurrence. This grid current may be distinguished from signalgrid current due to other causes by short-circuiting the signal-input
circuit and noting the change in grid current. With the majority of
tubes, another cause of signal-grid current far exceeds this one in
importance. This other cause will now be discussed,
40

E. W. Herold, United States Patent No. 2,066,038.
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The most prominent high-frequency effect which was observed in
mixers of the kind under discussion, was a direct current to the negative signal grid even when no impedance was present in this grid
circuit. This effect was investigated and found to be due to the finite
time of transit of the electrons which pass through the signal grid and
are repelled at the oscillator grid, returning to pass near the signal
grid again. 17•41.4~ When the oscillator frequency is high, the oscillatorgrid potential varies an appreciable amount during the time that such
electrons are in the space between screen grid and oscillator grid.
These electrons may, therefore, be accelerated in their return path
more than they were decelerated in their forward path. Thus, they
may arrive at the signal grid with an additional velocity sufficient to
allow them to strike a slightly negative electrode. Some electrons may
make many such trips before being collected; moreover, in each trip
their velocity is increased so that they may receive a total increase in
velocity equivalent to several volts. A rough estimate of the grid current to be expected from a given tube is given by the semiempirical
equation

Where A and B depend on electrode voltages and configuration, Ic 1 is
the signal-grid current, E,. 1 is the signal-grid bias, Ik is the cathode
current, E,,.,. is the impressed oscillator voltage on the oscillator grid,
w is the angular frequency of the oscillator, and r 2 _ 3 is the electron
transit time in the space between screen grid and oscillator grid.
Data on the signal-grid current of a typical mixer at 20 megacycles
are shown in Fig. 15 where a semi-logarithmic plot is used to indicate
the origin of the above equation.
The reduction of signal-grid cunent by operation at more negative
signal-grid bias values is an obvious remedy. When this is done, in
order to prevent a reduction in conversion transconductance, the screen
voltage must be raised. A better method of reducing the undesired
grid current lies in a change of tube design. It will be shown in a
later part of this discussion that the constant A and/or the transit
time r 2 _ 3 of the above formula may be reduced considerably by proper
electrode configuration.
u K. Steimel, "The influence of inertia and transit time of electrons in
broadcast receiving tubes," Tele/unken-Riihre, No. 5, pp. 213-218; November, 1935.
42 K. S. Knol, M. J. 0. Strutt, and A. van der Ziel, "On the motion of
electrons in an alternating electric field," Physica, Vol. 5, pp. 325-334; May,
1938.

244

ELECTRON TUBES, Volume II

Another high-frequency phenomenon which is particularly noticed
in outer-grid-injection mixers is the high input conductance due to
transit-time effects. The cause fur this was first made evident when
the change of signal-grid admittance with oscillator-grid potential was
observed. Fig. 16 gives data on the susceptive and conductive components of the signal-grid admittance of this type of modulator as a
function of oscillator-grid bias ( no oscillator voltage applied). The
data were taken at 31.5 megacycles and, as in the other input admittance curves, show the admittance components due to the presence of
electrons only. It is seen that when the No. 3 grid is made sufficiently
negative the input admittance is greatly increased. This behavior
coincides, of course, with plate-current cutoff. It seems clear that the
electrons which are turned
bark at the No. _3 grid and
which again reach the sig0
nal-grid are the cause of
the increased admittance.
Calculations based on this
explanation have been published by M .•J. 0. Strutt4'
and show reasonable quantitative agreement with experiment. As in the other
cases above, the u p p e r
curve of Fig. 16 is approximately independent of fre~--..._--~--~--~•o-!>
-8
-f>
-"I
-2
0
quency
while the lower one
NJ! I GRID BIAS VOL TS
may
be
converted to any
Fig. 15--Signal-grid (grid No. 1) current in a typical mixer with a 20-megaother frequency by multlcycle oscillator voltage applied to grid
p lying the ordinates by the
No. 3. E,,.=-10 volts. E"""""=100
square of the frequency
volts, E, = 250 volts.
ratio.

.

When an o8cillator voltage is applied, the No. 3 grid bias is
periodically varied at oscillator frequency. The net input admittance
is then the average value over the oscillator cycle. Such net values of
the conductance component are shown in Fig. 17. The frequency for
these curves is 31.5 megacycles. Values for other frequencies are
obtained by multiplying the ordinates by the square of the frequency
ca M. J. 0. Strutt, and A. van der Ziel, "Dynamic measurements of
electron motion in multigrid tubes," Elek. Nach. Tech., Vol. 16, pp. 277-283;
September, 1938.

FREQUENCY CONVERTERS AND MIXERS

245

ratio. Curve a coincides with the fixed bias condition of curve a of
Fig. 14 while curve b corresponds to the grid-leak and condenser bias
as in b of Fig. 14. The conductance is approximately twice as high
when the tube is used as a mixer as when it is used as an amplifier.
This is a serious disadvantage, particularly at very high frequencies.

It is thus seen that two serious disadvantages of the outer-gridinjection mixer are both due to the electrons returned by the oscillator
grid which pass again to the signal-grid region. It was found possible
to prevent this in a practical tube structure by causing the returning
electrons to traverse a different path from the one which they traveled
in the forward direction. 1-1. 45 The progressive steps towards an improvement of thh1 kind are
illustrated in Fig. 18 where
cross-sectional views of the
portion inside the oscillator
zi--~ 1,0
grid of various developmental
u
C
modulators are shown. The
L
C
u
drawing (a) shows the orig-1!,
-10
-!,
0
inal design, data on which
N.!3 GRID BIAS VOLTS
have been given in I<'igs. 15,
.,,
16, and 17. Drawing (b) of
~ 200
~
Fig. 18 shows a tube in which
::,,
...
'
two side electrodes operated
V
BY N!.3 GRID ·
; IOO
at a high positive potential
P--•~
were added. In a tube of this
0
kind many of the electrons
u
-I!,
-10
0
returned by the No. 3 grid
N.!3 GRID BIAS VOLlS
( oscillator grid) travel paths
Fig. 16-Signal-grid (grid No. 1) admitsimilar to the dotted one tance of typical mixer designed for
shown; they are then collected outer-grid injection of oscillator. Data
taken at 31.6 megacycles with no oscilby the auxiliary electrodes and lator voltage applied. E,, = - 3 volts,
thus do not re-enter the signal
E,. '"", = 100 volts, E. = 260 volts.
grid space. Tubes constructed similarly to (b) showed a considerable
improvement in the signal-grid admittance increment due to returned
electrons. Construction (c) show11 the next step in which the side electrodes are increased in 1:1ize and operated at somewhat lower potential.
Because of the unde1:1irability of an additional electrode and lead in the
tube, the con11truction 11hown at (d) wa:;1 tried. In thi:;1 case the auxiliary

~f'

_l _________

41 The same principles have now been applied to inner-grid-injection
mixers and converters. See references 19 and 46.
45 A. J. W. M. van Overbeck and J. L. H. Jonker, "A new converter
valve," Wireless Eng., Vol. 16, pp. 423-431; August, 1938.
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electrodes are bent over and
connected electrically and me:I
"'.'.',...c..;-..:::.:....---- chanically to the screen grid.
I
...u
Curves showing the progres~ 100
sive
reduction in the signalu
~
grid
conductance increment
z
8 o'----~~'---~,0,......--~,~----,2=-=-o due to returned electrons are
P.f_a.J( OSCILLAlOR VOLT!,
1-1hown in Fig. 19. The curves
Fig. 17-Signal-grid (grid No. 1) con- are labeled to correspond with
ductance of typical mixer designed for
outer-grid injection of oscillator. Fre- the drawings of Fig. 18. It
quency, 31.5 megacycles, signal-grid bias, should be noted that the use
E ,, = - 3 volts. Curve a cor1·esponds to
fixed No. 3 grid bias, E ,. = - 8 volts. of the oscillator-grid support
Curve b corresponds to bias through a rods in the center of the elec50,000-ohm grid leak.
tron streams as shown in Fig.
18 (d) was found to improve the performance. No change in signalgrid conductance with oscillator-grid potential could be observed with
this construction. 4ij The conductance of the tube as a modulator, therefore, was reduced to Jess than half of that of construction (a). At the
same time, a check of signal-grid current with a high-frequency oscillator applied to the No. 3 grid showed that this current was reduced
to 1/20 of that of the original construction (a). The change in construction may be looked upon as dividing the constant A in the gridcurrent formula previously given, by a factor of more than 20.
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Fig. 18--Cross-sectional views of mixer designed for outer-gt·id injection
of oscillator. The views show only the portions of the tube inside of and
including the oscillator injection grid.
46 It should be mentioned that it is also possible to construct tubes in
which the signal-grid conductance decreases somewhat with increasingly
negative No. 3 grid bias. This effect is caused by the inductance of the
inner screen-grid lead which causes a negative conductance in the input
circuit when the inner screen current is high, as at negative No. 3 grid bias
values. This negative conductance cancels part of the positive conductance
of the signal grid.
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Another method of reducing the effect of electrons returned by the
oscillator grid is to reduce the effect of electron transit time in the tube.
This may be done by reducing the spacings, particularly the screengrid-to-oscillator-grid spacing. This method of improving modulator
performance has two disadvantages compared with the one discussed
in connection with Fig. 18. The reduction in spacing is accompanied
by a more sloping (i.e., less steep) signal-grid transconductance versus
QRcillator-grid voltage curve. This change in construction requires an
im·rease in applied 01-1cillator voltage to attain the same conversion
transconductance. The second disadvantage is that such a method
reduces the transit time and hence, the undesirable high-frequency
effectR only by an amount bearing some relation to the reduction in
spacing. Since this n•cluction is limited in a given size of tube, the
method whereby electron paths are changed is much more effective.
The method of reducing spacing, on
l3::c
the other hand, is extremely simple
:I 200
to adopt. A combination of both
~
w
methods may be most desirable
V
100
from the point of view of best peru
formance with least complexity in
_
_,I>:-------~
_ _.g.__ _ _ _ _ _ ~+::::::::::351
the tube structure.
u
In a mixer which must operate -1!>
-10
-!>
0
+~
N!3 GRIO BIAS VOLTS
at high frequencies, it is not usually
Fig. l!l-Signal-grid (grid No. 1)
sufficient to eliminate the effects of conductance
of the outer-grid-inreturned electrons in order to as- jection mixers shown in Fig. 18.
taken at 31.6 megacycles with
sure adequate performance. For Data
no oscillator voltage applied.
this reason the development of the
princi1iles i:hown in Fig. 18 was carried on simultaneously with a
){eneral program of improving the tube. To this end, tubes were made
with somewhat reduced 1-1pacings and with a rectangular cathode and
a beam-forming sh~nal grid (i.e., one with comparatively large supports). A number of developmental constructions are shown in Fig. 20.
Construction (g), it will be noted, has finlike projections on the screengrid channel members. 17 In construction (h) a reduction of spacing
between screen and oscillator grids was combined with the channel
construction. The relative performance of these constructions, so far
as signal-grid current is concerned is shown in Fig. 21. The frequency
used was 20 megacycles. The curve for the original design (taken from
Fig. 15) is included and is drawn as a. All four of the constructions

!

41 This construction was devised by Miss Ruth J. Erichsen who was
associated with the writer during part of the development work herein
described.
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Fig. 20-Cross-sectional views of improved mixers designed for outer-grid
injection of oscillator. The views show only the portions of the tube inside
of and including the oscillator injection grid.

of Fig. 20 were satisfactory as regards signal-grid conductance; in
every case the change in conductance as the oscillator grid was made
negative was a negligible factor. Com,truction th) required approximately 20 per cent more oscillator voltage than (e), (f), or (g) because of the reduction in slope of the transconductance versus No. 3
grid voltage curve which accompanied the reduced spacing between the
screen and the No. 3 grid.
Outer-grid-injection mixers have the same m· slightly g1·eater
siimal-grid capacitance changes with automatic volume control as are
found in amplifier tubes. In this respect they are inferior to inner-gridinjection converters or mixers. The use of a small un-by-passed cathode
resistance 29 •30 is a help, however.
In closing this section, the subject of fluctuation noise will be considered. Experimental evidence indicates that the major portion of
the noise in mixers with oscillator voltage on an outer grid is due to
current-distribution fluctuations. 21 The oscillator voltage changes the
current distribution from plate to screen so that the mixer noise is

Fig. 21-Signal-grid (grid No.
1) current of the outer-grid injection mixers shown in Fig. 20.
Curve a corresponds to the original design (a) of Fig. 18 and
is shown for comparison. Data
taken with a 20-megacycle oscillator voltage of 12 volt..,; peak
amplitude applied to the oscillator-grid. E ,.
10 volts, E ••
•n•, = 100 volts, E. = 260 volts.

=-

1111.I GRID BIAS VOL,S
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given by the average of the distribution fluctuations over the oscillator
cycle. In terms of the equivalent noise resistance the average has
been found to be 23

20

[ I~]
;a
T;,-

R6q=------where 1 b is the average (i.e., the operating) plate current and lb~ is
the average of the square of the plate current over an oscillator cycle. Ia
is the cathode current of the mixer section and is substantially constant
over the oscillator cycle. This relation is not very useful in the form
given. It is usually sufficiently accurate for most purposes to use an
expression identical with that which applies to tubes with inner-grid
oscillator injection, namely,
20 7;

R6q=--F2,

u?
where F~ is about 0.5 for tubes with suppressor grids and somewhat
higher for others. By assuming a typical tube characteristic, the noise
resistance may be expressed in terms of the cathode current /" of the
mixer section and the maximum signal-gl'id-to-plate tramiconductance
Umnx as

Ia

Req

= 120 - - - (Umax) 2

for operation at oscillator fundamental. For operation at second or
third harmonic of the oscillator, the noise resistance will be approximately doubled, or tripled, respectively.
V.

CONCLUSION

It has been shown that the principle of frequency conversion in
all types of tubes and with all methods of operation may be considered
as the same (i.e., as a small-percentage amplitude modulation). The
differences in other characteristics between various tubes and methods
of operation are so marked, however, that each application must be
considered as a separate problem. The type of tube and method of
operation must be intelligently chosen to meet the most important
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needs of the application. In making such a choice, it is frequently of

assistance to prepare a table comparing types of tubes and methods
of operation on the basis of performance data. An attempt has been
made to draw such a comparison in a qualitative way for general cases
and for a few of the important characteristics. Table II is the result.
It must be understood, of course, that the apprahials are largely a
matter of opinion based on experience and the present state of knowledge. Furthermore, in particular circuits and with particulm· tubes,
the relative standings may sometiml's be quite diffol'ent. A study of
the fundamentals brought ont in the JH't!\'iou;; sections of this paper
should help in evaluating such exceptions.

Table JI-Approximate Comparative Appraisals of Methods o[

1"1·equency Convel'sion

Desirable
Characteristic

Oscillator and
Signal
Voltages on
No.1 Grid
- - ------ -- -

Oscillator
Voltage on
No. 3 Grid,
Signal on
No.1 Grid
-

Triode

Pentode

----

---------

------

Pentode

.

----

Oscillator
Voltage on
No. 1 (;rid,
Signal on
No. 3 Grid

- - - - - ------

Hexode
or
Heptode
-----

---

Hexode
or
Heptode

-------

High conversion
transconductance

Good

Good

Fair

Fair

Fair

High plate resistance

Poor

Good

Poor

Good

Good

Good

Good

Poor

Poor

Poor

Poor

Poor

Good

Good

Fair

Poor1

Fair

Poor

Poor 2

Good

Low signal-grid current at high
frequencies

Good

Good

Poor

Poor2

Fair

Low cost of complete
converter system

Good

Fair

Fair

Poor

Good

High signal-to-noise
ratio
Low oscillator-signal
circuit interaction
and radiation
Low input conductance at high
frequencies

1
2

Due to feedback; may be increased to Fair by proper circuit design.
May be increased to Fair by special constructions as described in text,
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APPENDIX

Discussion of Negative Admittance of Current-Limited Grids
In Figs. 10, 11, and 12 it was seen that the 'electronic signal-grid
(i.e., input) admittance components (i.e., the admittance due to the
presence of electrons) of a mixer designed for No. 1 grid injection of
the oscillator are negative over a considerable portion of the normal
operating range. Figures 10 and 11, however, were taken with static
voltages applied and so indicate that the phenomenon is not caused by
an alternating oscillator voltage but is associated with the characteristics of the tube itself.
'fhe input admittance of negative grids in vacuum tubes is the sum
of three factors: ( 1) the "cold" admittance, or the admittance of the
tube with the electron current cut off; (2) the admittance due to feedback from other electrodes through tube and external capacitance,
etc.; and (3) the admittance due to the presence of the electrons in
the tube. The first two factors have been well known for many years
although certain aspects of the second have only recently received attention.s'll.3o.4s The third factor, however, is not so well understood although
the excellent work done during the last ten years has paved the way
for a complete understanding of the subject. 49 The present discussion
is concerned only with this last point, namely the admittance of negative grids due to the presence of electrons in the tube.
Early work on transit-time effects in diodes and negative-grid
triodes had indicated that, at very high frequencies, the conductance
became negative in certain discrete bands (i.e., at large transit angles).
It was not, at first, appreciated that conditions were possible with negative-grid triodes in which the input conductance could become negative
even at low frequencies (i.e., at small transit angles). Data taken on
the input (No. 4 grid) conductance of pentagrid converters by W. R.
I<'crris of this laboratory during 1934 showed that these tubes had a
negative input conductance which varied as the square of the frequency and which remained negative at low frequencies. The conductance appeared, therefore, to behave in the same way as the _positive
input conductance of ordinary negative-grid tubes, except for a reversal
in sign. The data on the pentagrid were taken with an external oscillator voltage applied to the No. 1 grid. The work of Bakkar and de
4H M. J. O. Strutt and A. van der Ziel, "The causes for the increase of
admittances of modern high-frequency amplifier tubes on short waves,"
Proc. I.R.E., Vol. 26, pp. 1011-1082; August, 1938.
49 An excellent historical summary of this wol'k is found in W. E.
Benham, "A contribution to tube and amplifier theory," Proa. I.R.E., Vol.
26, l>P· 1093-1170; Se~tember, 193~,
·
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Vries 50 disclosed the possibility of a negative input conductance at
small transit angles in a triode operated under current-limited conditions. They gave an experimental confirmation for a triode operated
at reduced filament temperature. Data taken by the writer during 1936
on a pentagrid converter showed that the negative conductance was
present in this tube even when direct voltages, only, were applied and
that it was accompanied by a reduction in capacitance. A fairly complete theory of the effect was developed in unpublished work by
Bernard Salzberg, formerly of this laboratory, who extended the theory
of Bakker and de Vries to the more general case of multigrid tubes
with negative controls in a current-limited region. Other experimental
work was done on the effect during 1936 by J. M. Miller and during
the first half of 1937 by the writer. In the meantime, the papers of
H. Rothe,5 1 I. Runge, 52 •5:i and I,. C. Peterimn:; 4 showed that independent
experimental and theoretical work had been done on the negativeadmittance effect in other laboratories.
In a rough way, the negative admittance found under currentlimited conditions may be explained as follows: The electron current
in a tube is equal to the product of the c-harge density and the electron
velocity. If this current is held comitant, a rhie in effective potential
of the control electrode raises the velocity and so lowers the charge
density. A reduction in charge density with increase in potential,
however, results in a reduction in capacitance, provided no electrons
are caught by the grid. Thus, the smiceptive component of the part
of the admittance due to the current through the grid, is negative.
Because of the time lag due to the finite time of trarniit of the electrons, there is an additional component of admittance lagging the
negative susceptance by 90 degrees, i.e., a negative conductance. The
value of the negative conductance will be proportional to both the
transit angle and to the value of the susceptance. Since both of these
quantities are proportional to frequency, the negative conductance is
proportional to the square of the frequency.
50 C. H. Bakker and C. de Vries, "On vacuum tube electronics," Physica,
Vol. 2, pp. 683-697; July, 1935.
51 H. Rothe, "The operation of electron tubes at high frequencies,"
Telefunken-Rohre, No. 9, pp. 33-65; April, 1937; Proc. I.R.E., Vol. 28, pp.
325-332; July, 1940.
52 I. Runge, "Transit-time effects in electron tubes," Zeit. fur Tech.
Phys., Vol. 18, pp. 438-441; 1937.
5a I. Runge, "Multigrid tubes at high frequencies," Telefunken-Rohre,
No. 10, pp. 128-142; August, 1937.
54 L. C. Peterson, "Impedance properties of electron streams," Bell. S11s.
Tech. Jour., Vol. 18, pp. 465-481; July, 1939.
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The general shape of the curves of Fig. 10 may be explained as
follows: At a No. 1 grid bias of about -20 volts, the cathode current
is cut off and the electronic admittance is zero. At slightly less negative values of No. 1 grid bias, the electron current is too small to build
up an appreciable space charge ahead of the signal grid (No. 4 grid).
The latter grid, although it exhibits some control of the plate current
does not control the major portion of the current reaching it and is
thus in a substantially current-limited region. Its susceptance and
conductance are, therefore, negative. Higher currents increase the
negative admittance until at some value of No. 1 grid bias, the electron
current is increased to the point at which a virtual cathode is formed
in front of some parts of the signal grid. At these parts, the current
which reaches the grid is no longer independent of this grid potential
and, as a result, a positive susceptance and conductance begin to
counteract the negative admittance of other portions of the grid. The
admittance curves reach a minimum and for still higher currents approach and attain a positive value. The current necessary to attain
the minimum admittance point iR less when the signal-grid bias is
made more negative so that the minima for increasingly negative No. 4
grid-bias values occur at increasingly negative No. 1 grid-bias values.
It may be noted that the signal-grid-to-plate transconductance is
at a maximum in the region just to the right of the admittance minima
of Fig. 10 (compare Fig. 8). The admittance of such a tube used as
an amplifier remains negative, therefore, at the maximum amplification point.

BEAM-DEFLECTION CONTROL FOR
AMPLIFIER TUBES*t

BY
G. R.

KILGORE

formt'rly with
Researd1 Department, RCA Lahorntories l>l\'isum,
Prin<'t'tnn, N. J.

Summarg-lt is the pu,·pose of this paper: (1) to discuss the basic
principles involved in obtaining high transconductance and high ratios of
transconductance to current by means of deflection control; (!) to deri11u
expressions for the ultimate transconductance at b'oth low and high frequencies; (3) to discuss by means of elementary electron optics the design
of a simple, beam-deflection gun for obtaining the desired ·results; and
( 4) to describe some of the early experimental results on amplifier tubes
combining beam-deflection control and a multi-stage secondary-emission
multiplier.
It is shown that deflection control offers a possibility of obtaining
substantial transconductance 1Qith low capacitance and low beam currents
and with a very high ratio of transconductance to plate current. It is
found. experimentally that useful values of transconductance with low
capacitance and. low current can be obtained with a simple deflection gun
combining focusing and deflection. This type of control is ideally suited
for use with a high gain secondary emission multiplier to obtain very high
transconductance, without excessive capacitance, thus making possible a
tube with a bandwidth figure of merit many times greater than for conventional tubes.
Experimental confi1·mation of some of the prope1·ties of deflection
control in agreement with the analysis has already been obtai11ed in experimental tubes.
INTRODUCTION

A FTER the successful demonstration of the secondary-emission
~

multiplier in 19351 for amplifying photoelectric currents, it
was natural that attempts should be made to obtain a hightransconductance, voltage-controlled amplifier with low input current.
Efforts to produce such a tube with conventional grid control on the
input soon indicated a basic limitation set by the ratio of transconductance to plate current. The maximum possible value of this
ratio for grid control has been shown 2 to be e/kT. Thus, for ordinary
• Decimal Classification: R333 X R189.
RCA Review, September, 1947.
1 V. K. Zworykin, G. A. Morton and L. Malter, "The Secondary Emission Multiplier-A New Electronic Device," Proc. I.R.E., Vol. 24, pp. 351376, March, 1936.
2 F. Below, "Theory of Space-Charge-Grid Tubes," Zeit. fur Fernmeldtechnik, Vol. 9, pp. 113-118 and 186-142, 1928.

t Reprinted from
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cathodes (Tei 1000 degrees Kelvin) the maximum theoretical ratio
cannot exceed about 10 to 12 micromhos per microampere and, in
practice, is seldom more than one or two micromhos per microampere.
This meant that high transconductance could be obtained only with
high current on the output stage of the multiplier and this current
limit was set by dissipation and space charge, as in a conventional
tube, It was clear that a new means of control was needed to give
higher ratios of transconductance to plate current.3 Deflection control appeared as one of the possibilities and a decision to explore
this method was somewhat influenced by a privately communicated
report on the work of Nagashima. 4 He described a complex deflection
tube in which he obtained a transconductance to current ratio of 100.
Although his beam current was on the order of 10-s amperes and
the transconductance was only 0.5 micromhos, his experiments did
indicate that deflection control offered a solution to' the voltage-controlled multiplier for high transconductance. Other laboratories also
appreciated the advantages of deflection control for multiplier tubes 5·8·1
but the absence of further publication makes the ultimate results
obtained somewhat in doubt.
Well before the war, and at the suggestion of B. J. Thompson, an
investigation was begun of beam-deflection control in combination
with secondary-emission multiplication with the objective of obtaining
a useful device for amplification and detection of ultra-high frequencies. A particular objective of the early work was to produce a hightransconductance tube with low capacitance for wide-band amplification at ultra-high frequencies. Work on deflection control, subsequent
to that covered in this paper, was continued throughout the war in
these laboratories and in other divisions of RCA. Some of this later
work was sponsored by the Armed Services.
The present paper covers only the early work, namely: (1) The
basic principles involved in obtaining high transconductance and high
ratios of transconductance to current by means of deflection control;
3 B. J. Thompson, "Voltage-Controlled Electron Multipliers," Proc.
l.R.E., Vol. 29, pp. 583-587, November, 1941.
4 M. Nagashima, "Voltaire Multipliers," a paper presented at combined

Engineering Convention at Tokyo, April, 1038.
s W. Flechsig and M. Sandhagen, "Electronic Amplifier Valves with
Secondary Emission Multiplication," Fernseh Hattsmitt, Vol. 2, pp. 16-25,
May, 1940,
• F. M. Colebrook, '!Ultra-Short and Decimeter-Wave Valves-Deflection of a Focused Beam as a Possible Basis for Construction," Wireless
Eng., Vol. 15, pp. 198-201, April, 1938.
T J. H. O. Harries, "Discussion of Colebrook Paper," WireleBB Eng.,
Vol. 16, pp. 3i4-82&, June, 1938.
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(2) expressions for the ultimate transconductance at both low and high
frequencies; (3) elementary electron optics and the design of a simple
beam-deflection gun for obtaining the desired results; and (4) some
of the early experimental results on amplifier tubes combining beamdeflection control and a multi-stage secondary-emission multiplier.
BASIC PRINCIPLES

Beam-deflection devices for use as detectors, amplifiers, and oscillators have been described in the literatureR by many workers dating
back at least to 1906, but none of these apparently had any remarkable success. Most of the earlier workers failed because they attempted
to use high-current beams with com1equent space-charge difficulties
and because they apparently did not appreciate the basic. currentdensity limitation that determines transconductance.
At the beginning of the present work it was decided to use very
small currents in the deflection gun and to build up the current by
secondary-emission multiplication. It was recognized that high current density and not high beam current was essential in obtaining
high transconductance. A very important concept for electron beams
was worked out by D. B. Langmuir, 9 who pointed out that the ultimate
current density that could be brought to a focus was limited by
thermal velocity of the electrons and was determined by the beam
voltage, the cathode current density and temperature, and by the
angle of convergence of the electron beam. While in his published
work Langmuir treated only the point focus case, he had extended
his work to the line focus case and .derived an expression very similar
to that later published by J. R. Pierce. 1° Combining this maximum
current density with maximum deflection sensitivity, an expression
for maximum low-frequency transconductance was found which gave
a basis of comparison for the later work in evolving a high transconductance gun for high frequencies. This maximum low-frequency
transconductance is worked out in the next section and extended to
high frequencies in the section following that.
The concept of the current density limit is so basic to the beamdeflection work that it is worth while to review the concepts in terms
• The earliest work is usuaJly credited to R. Von Lieben, German Patent
179,807 (1906), and M. Dieckmann and G. Glage, German Patent 184,710
(1906).
• D. B. Langmuir, "Theoretical Limitations of Cathode-Ray Tubes,"
Proc. I.R.E., Vol. 25, pp. 977-992', August, 1937.
10 J. R. Pierce, "Limiting Current Densities in Electron Beams," Jour.
AfJJ)l. Pl&ve., Vol. 10, pp. 715-723, October, 1939.
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of an elementary physical picture even though Langmuir and Pierce
have covered the subject quite thoroughly. Their work shows that
the maximum current density that can be obtained in a line focus is
approximately
2

fmax ~ f o 7rl/Z
where

f

O

V

(Ve)

1/2

kT

= cathode current density

= beam potential in volts
electronic charge

e/k'l' = ---------- Boltzmann constant X T

T
9

(1)

sin 9

11,600

- - - volts- 1
T

= temperature in degrees Kelvin
= angle of convergence of beam
$1

~
,-\

CLE CT RON LE.NS.

---~--

LINC CL[CTR:ON
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0tJ1o;t1TY•,Ja

Fig. 1-Simplified picture of an electron-optical system.
Pierce's analysis shows that this theoretical maximum density
requires infinite demagnification. He also shows that this expression
is in error less than 10 per cent for values of V > 0.5 volt.
A good physical picture of the relation can be had by the use of
elementary electron optics referring to Figure 1. Consider a source
of electrons, P, such as a line cathode, perpendicular to plane of figure,
emitting electrons which are focused at an image Q by a cylindrical
lens S. If the current density of the object, P, is f 0 then in a perfect
optical system, in which all the electrons leaving P reach Q, the current density at Q will be
(2)

fJ

where M is the magnification ratio which is roughly equal to - . It
p

might seem from this elementary picture that the current density at
Q could be marle as large as desired by making the magnification
smaller and smaller by increasing p. The electrons, however, due to
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their thermal velocities will spread out in every direction from the
cathode and in any finite system the current reaching the image will
be limited by the lens, by some aperture stop, or, in the case of
beam-deflection tubes, possibly by the deflection plates themselves.
Thus, a.s the object distance p is increased the beam will spread out
more and more and a larger fraction of the electrons will be caught
at Si, and fewer electrons will get through to the image Q, thus
compensating for the increased demagnification. As a result, after
increasing p beyond a certain point, the current density j 0 might be
expected to remain constant. A fairly good quantitative picture can
be had by approximating the true emission condition by assuming
that electrons are emitted from the cathode uniformly in all direckT
tions with a kinetic energy · corresponding to a voltage V0
e

= -- .

MAGNIFICATION AATIO-M
IMAGE CURRENT DEN~ITY

Fig. 2-Cross-sectional view of a
beam-deflection tube showing reasons for loss of current density due
t.o a lens stop and finite deflection
plate spacing.

OBJECT D•STANCE

-p

Fig. 3-Effcct of varying object
clistanee for an idealized tube.

This means the electrons will spread out in a wedge-shaped homogeneous beam, and the half-angle of spread fJ will be nearly equal
to the ratio of initial vekcity to the beam velocity or

,.,_
n-

0
( -V
V

)

1

1~

--

(

-kT )
Ve

1 2

1

(3)

Referring to a simple beam-deflection tube as shown in Figure 2,
the beam spread half-angle, p, may be g:reater or less than the entrance angle, a, which is determined by the object distance, p, and
the aperture width, d. When f3 is less than a, all of the current gets
through to Q and

io io P
iu=-=-M

a

(4)
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/3 just equals

a, the current
p

density will reach the maximum value and at this point -

=-' , so
/3

q

(5)

Thi:; expression differs from the more exact approximation, (1), only
by a factor 2/?r112 and that 9 replaces sin 0. Following the elementary
picture a little farther it is seen that, as the object distance is
increased indefinitely, the fraction of current intercepted will just
compensate for the magnification and the image current density will
remain at a constant level while the beam current passing thru the
deflection plates grows smaller and :,;mailer. This is illustrated in
Figure 3 which shows current, current density, and magnification
ratio as a function of object distance.
To understand better the role of magnification factor it is well
to look at the more general expression for current density in a line
focus given by J. R. Pierce 10 •

. _ io .
1 -- - elf
M

l

rl ( kTVr.). ~in 0
M2

2

-

112

(6)

1 - M 2sin 2 9

which assumes only that Ve/kT >> 1, as in most practical cases.
This expreRsion, when expanded for very small values of M sin 0, gives

j =-:

io

-=: (

Ve

7r 1t-

)112 sin 0 [ , -

~Main 9)' (

{f)

3

Ti;T

(M sin O) 4 (

+

10

~)

2

]

(7)

which reduces to Equation (1) for the case of M = O. Inspection of
Equation (7) shows that it is not necessary to go to extremely small
values of M to approach the maximum when 9 is small, as is usually
the case. For example, about 75 per cent of the ultimate current
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(M sin 9) 2

density will be obtained if

(

Ve )
kT

=1
·

kT ) 1/1 1
M~ ( -Ve
sin 9

or

For a practical beam-deflection tube as an example V
e

-kT =10, sin fJ -

9= -

(8)

= 300 volts,

1

, M = 1, or a one-to-one magnification ratio
55
is sufficiently small to give 75 per cent of the maximum current
density.
Although decreasing the magnification ratio beyond the above
value does not materially increase the current density, it does reduce
the total current in the image as was shown in the elementary picture
of Figure 3. Except for aberrations, the current can be made as
small as we please without affecting current density by making the
magnification smaller and smaller. This indicates the possibility of
using very low beam currents without loss of transconductance, which
is an important consideration in connection with input loading and
noise.
The total current reaching the image, Q, will depend on the total
cathode current le= j 0 We he as defined below, and the amount intercepted at the stop, S 1 which determines the entrance angle a. An
expression for this current can be derived from the density formula,
er

recalling that M

E!!!! - .

(J

)½

(9)

)itt [l -

(10)

2
(Ve
l1mnr:•=i0 W.,hc-a ,rl/2
kT

2
( Ve
=1.,-a w•/2
kT

where W., and he are width and height of cathode.
:MAXIM.UM Low-FREQUENCY TRANSCONDUCTANCE

The maximum transconductance obtainable from an electrostatically focused beam-deflection gun at low frequencies, where transit

BEAM-DEFLECTION AMPLIFIERS

261

time is short compared to one period of the deflecting potential, can
be derived by combining the above expression for maximum current
density with the expression for deflection sensitivity. Consider a
rectansular focused bcum which is deflected by a pair of deflection
plates past an intercepting edge, as illustrated in Figures 2 and 4.
If the beam has a current density j 1 at the intercepting edge, then
when the beam is deflected a distance t::J.x, the change in output current will be
t::J.1 1,=j, W t::J.x
where W is the beam width as shown in Figui·e 4. If the deflection
6 :1: is a result of an applied im:remental voltage l:J. E.' to the deflection
l:J. lb
l:J. X
plates, then, dividing the equation by 6 E gives - - = i1 W - - •
l:J. f,'

6. E.'

·E

\

INTERCEPTING,
EOC.E

Ib

Fig. 4-Illust.rntive beam-deflection tube.

In the limit, where the changes are small, t::J.1/ l:J. E is the transconductance, Ym, and l:J. x/ 6 B is the deflection sensitivity, S.
Thus, the transconductance is
(11)

Ym=f1 WS

As was seen before, the maximum value of current density,
the line focus will be,
2

Vr

fmnx=f.,-- ( - 7rl/:'

kT

)112

sin

8

i 1, in

(12)

Now, in a beam-dctlection tube, the maximum angle of convergence,
fJ, is determined by the deflection plate spacing and the distance, 1,

from the entrance to the deflection plates to the intercepting edge.
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tl

For small values of 8, sin o =!f - so,
2l

imaz=io2_(Ve
7rl/l

kT

)%

(13)

d
l

(In this analysis, it is assumed that the potential along the beam is
constant and that there is no focusing after deflection.)
The deflection sensitivity at low frequencies is given by the standard formula

(14)
where

l 1 = length of deflection plates

= distance from end of deflection plates to the
- intercepting edge
For a given beam length, it is evident that the maximum lowfrequency deflection sensitivity will be obtained when the deflection
plates extend the whole length of the focused beam in which case,
l.,

za
Smn=--•4dV

(15)

Combining Equations (13) and (15), the upper limit of low-frequency
transconductance is,
1

Umax=ia-47r1/2

(-

1 2

e ) '

kT

lW
-mhos

(16)

Vl/2

Several interesting facts appear from this expression.
1. The maximum obtainable transconductance is independent of
the deflection plate spacing. This suggests that a deflection gun may
be built with large spacing and low capacity.
2. The maximum transconductance is proportional to cathode current density and is independent of the total beam current. This suggests again the possibility of high transconductance to current ratios.
3. Transconductance is proportional to the transit time through
the deflection-plate space. Theoretically, therefore, there is no limit
to transconductance as the transit angle is made longer. Practically,
of course, there are several limits such as mechanical alignment, stray
magnetic ftelds and surface effects.
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An example of the ultimate theoretical transconductance for a tube
of reasonable dimensions and potentials is as follows:

io = 0.100
T

l
V

amperes per square centimeter;
e
- - = 10;
kT

= 1160 degrees Kelvin,

= 3 centimeters,

W

= 100

ff,,,=

volts;

= 1 centimeter;
14,000 micromhos.

All the above was done without the consideration of space-charge
limitations. This is justifiable since space-charge effects depend on
the total beam current which theoretically can be made as small as
we please without affecting the transconductance. Practically, the
beam current will depend on physical size of the cathode, or the size
of the first aperture and on the maximum demagnification. All of
the analysis and experimental work included in this report was
directed toward the low-current case where space-charge effects are
small.
,J. R. Pierce 11 has given an expression for the limiting transconductance of a deflection tube expressed in terms of the capacitance
of the deflection plates. An examination o{ his expression shows that
it is equivalent to Equation (lG), although in a somewhat less convenient form for usual design purposes. The introduction of capacitance in the low-frequency case is not so important as in the highfrequency case where bandwidth eonsiderations are important. The
maximum ratio of transconductance to capacitance is derived in the
next section for the high-frequency case.
The expression for maximum transconductance derived above was
for a. cylindrical-lens focusing system. It might appear possible to
obtain still higher transconductance by the use of a spherical lens
system where the beam can be compressed in width as well as thickness. This case is worked out in Appendix I and the value found to
be only one-half the value given by Equation (16) above.
MAXIMUM HIGH-FREQUENCY TRANSCONDUCTANCE

At frequencies where the transit angle through the deflection
plates reaches an appreciable fraction of the period, the force on the
11 J. R. Pierce, "Theoretical Limitation to Transconductance in Certain
Types of Vacuum Tubes," Proc. 1.R.E., Vol. 81, pp. 657-668, December,
1943.
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electron as it moves through the deflecting plates is not constant and
the deflection sensitivity will be less than the low-frequency case. 12
As an example, the ratio of high frequency to direct-current sensitivity is shown in Figure 5 as a function of transit angle, 91 , through
the deflection plates for two special cases. In the general case, the
deflection sensitivity is made up of two components, one due to displacement in the deflection plate field and the other due to the
transverse drift after the electron leaves the deflection plates. When
transit angles are small, these components are in phase but, at high
frequencies, these components vai·y in both mag-nitude and in phase
as the transit ang-les are changed. General expressions for the
magnitude of the deflection sen:-;iti\'ity have Ul'l'll g-ive11 hy a numht-r
of writers. 1~ A convenient form for the present analysis is,

TRANSIT ANGLE. Tl!ROUGH OEFLE.C.TION PLATE.S-0,

Fig. 5--Loss of deflection :,:pnsitivity with increasing frN1uency.
plotted in terms of transit angle, wr,)

(Curves

centimeters per volt
where

(17)

61

= o,r = transit angle through the deflection field,

62

=

1

~•T~

= transit

angle after deflection,

12 J. T. MacGregor-Morris, "Measurements in Electrical Engineering
by Means of Cathode Rays," Jour. /11.~t. Rici'. Eng. (Brit.), Vol. 63,
p. 1098, 1925.
13 L. Malter, "Deflc>ction and lmpNlanc•c> of J<:lc>ctron Beams at High
Frequencies in thc> Presence of Magnc>tic F'ields," N<:A UE,TJEW, Vol. V,
No. 4, pp. 439-454, April, 1941. Also M. R. Gavin 11nd G. W. Warren,
"Deflected-Beam Valves fot· Ultrn-High-Fl'equencies," r.B.C. Jour, Vol. 14,
pp. 97-103, August, 1946.
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= 2rr/ radians per second,

d

= deflection
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plate separation in centimeters,

e

- = ratio of electronic charge to mass.
1n

If the transit angle, 01, is varied while the tot~l transit angle, BT,
is held constant, the deflection sensitivity will, in general, go through
one or more maxima as shown in Figui-e 6 where a deflection. sensitivity factor is plotted for ::;cvcral values of total transit angle.* It
is clear that the maxima are at 01 = rr, 3rr, etc. as is found by maxi24
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Fig. 6--Curvcs showing change in deflection sensitivity with lenJth of
deflection plates, holding ovp1•all beam length (and current density) a
constant. (This figure shows maximum transconductance always occurs
at a transit angle of 'IT.)

miziQg Equation (17). Further inspection shows that in each case the
absolute maxima occur for 91 = rr.
Substituting 81 'II' in Equation (17), the maximum deflection
::;ensitivity is found to be,

=

centimeters per volt
• This presentation is due to D. O. North.

(18)
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It should be noted that even though the high-frequency sensitivity
falls off compared to the direct-current sensitivity, that the actual
high-frequency sensitivity increases indefinitely as 02 is increased.
For values of 82 >> 1r, the sensitivity varies nearly in proportion to 02 •
The high-frequency transconductance can now be had by combining Equation (18) with the expression for maximum current
density given by Equation (1). Maximum transconductance for a
finite transit angle 02 is very nearly equal to

j0

JV(

Omc.:... --- ,..112

l

---· - v'4 t t1r+20:!) 2
w2 z m

= the beam width,

W

where

)I/~ Vl/2( 6)

£'

k1'

V

(19)

= beam rnltagl',

= total beam length from

entrance to deflection
plates to intercepting edge.

This can be put in bette1· form hy recognizing that,
~, l

then,
fJm

=

iolV -

(-:_f-)1,. (~' -)' 1,.

2 ..,1r 112

v''.~ --~- '." -j- 2 (I~)
0~ -1· 7T

L ' __

1.-T

Ill

2-J

(20)

As 02 is increased, the bracketed expression in Equation (20)
rapidly approaches the value 2, as shown in Figure 7. For example,
for 0 = 41r the Um is up to 90 per cent of the maximum value. The
ultimate limit for high-frequency transconductance is therefore given
by,

I
Jmnx

Um_

~/2 (-~--)J/2 (~)l/2

ei

71'

m.

kT

e )
•5.4;0 ( kT

112

10•
-W

I

j ..

~

111

mhos

(21)
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For the usual oxide-coated cathode where T is roughly 1160 degrees
Kelvin, the expression for maximum high-frequency transconductance
reduces to the simple relation
18

Um ]

= - - - - - - j0 W
mnx

mhos

(22)

f (in ln(•gnrydC's)

RATIO OF HIGH-FREQUENCY TRANSCONDUCTANCE

TO INPUT CAPACITANCE

One of the important figures of merit for wide-band, highfrequency tubes is the ratio of transconductance to capacitance. 14
; ,,
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Fig. 7-Curvc showing overall transconductance factor as a function of
drift distance, assuming optimum deflection plate length.

This ratio is, in fact, proportional to the product of the voltage gain
and bandwidth. Having derived an expression for maximum highfrequency transconductance it is iuteresting to relate this to the
capacitance to obtain the bandwidth figure of merit. The case of the
rectangular section beam with parallel-plane deflection plates will be
considered as it is the one of most practical value. The capacitance
between deflection plates will be considered as the only significant one
since it is related to the factors affecting transconductance and is likely
to be large compared to the output capacitance.
The capacitance between parallel-plane deflection plates is
wl
C = a - X 10- 12 farads
d

(28)

14 A. P. Kauzmann, "New Television Amplifier Receiving Tubes," RCA
REVIEW, Vol. III, No. 3, pp. 271-289, January, 1939.
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l

= length of plates, d = separation of plates,
w= width of plates>> d~
lI

~= a factor depending on the ratio of --d

l1
which is 0.0885 for - - > > 1.
d

We have seen in the two preceding sections that the transconductance
is apparently independent of the deflection plate separation, and thus
it might appear that the capacitance could be made as small as we
please by increasing the separation. This cannot be realized because
of the effect of fringe fields which were neglected in the earlier work
l1
.
where it was tacitly assumed that > > 1. In a practical" deflection
d
tube at high frequencies, where it is necessary to keep the deflection
plates short, the fringe field is a limiting factor. A practical evaluation
of this effect leads to a choice of the upper limit of the 1·atio of
spacing to length of about one-half. Using this ratio the capacitance is
Cmin

= 0.28 W 10-12 farads

(24)

It should be noted that this minimum eapacitance is i 11d<·1w11dl'l1/. of
frcq11c11cy. The length of deflection platl's, of eotu-i-e, will depend lllJOll
the frequency and beam voltage in order to maintain the optimum
transconductance condition 01 = 71". In going to higher frequencies the
length of deflection plates and spacing will decrease together, the
capacitance remaining at a constant value given by Equation (24J.
The ultimate transconductance-to-capacitance ratio for a highfrequency deflection tube using a rectangular beam is given by combining Equation (24) with Equation (21) assuming the width of
beam W equal to the width of the plates, w.
g

~
C

= 19 X 10

e

(
18

-

)112 j

-"..

_I

kT

mhos per farad

(25)

An upper limit for the voltage gain times bandwidth can now be
computed neglecting all capacitances except the deflection-plate capacitance,
B

mu

g
= --•-•8
X 10
2,rC

18

e

(
-

kT

)1/2 ~i.
f

(26)
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It is interesting- to work out a practical case to compare with
conventional tubes,

I= 300 Mc = 3 X 101 cyclesisecond,

io =

0.100 amperes per square centimete1·,

4

- = 10

(T

kT

B

= :3150

= 1160 degrees Kelvin),

megacycles.

Although this bandwidth merit is an order of magnitude greater
than for conventional tubes, it is only fair to point out that this
figure could never be rearhed in practice because of the added capacitance due to the output electrode and leads and because of practical
factors limiting the attainment of the maximum transconductance
such as will be pointed out in a later section. It should also be noted
that this figure of merit derreases inversely with frequency. It is
probable that in actual practice that the bandwidth merit of the
deflection gun itself may not be much different from that for conventional control. However, because of high transconductance-tocurrent possibility the deflection gun can be combined with secondaryemission multiplication to give a bandwidth merit much greater than
for conventional tubes. Examples of this will be given in next to
last section.
DEVELOPMENT <W A HIGH TRANSCONDUCTANCE DEFUX~TION
GUN FOR HIGH FREQUENCIES

In order that deflection control could be successfully used in highfrequency tubes it was necessary to evolve a simple deflection gun
with the following qualitic11: (1) high transconductance; (2) high
ratio of transconductance to capacitance; (3) high ratio of transconductance to plate current and, in some cm1es, low heam current.
The approach to these objectives was suggested by the analysis
presented in the foregoing sections on the limiting transconductance
and transconductance-to-capacitance ratio. From such relations it was
possible to determine readily some of the design faetors imch as length
of deflection plates, separation of deflection plates and general proportions of the tube without much regard for the type of focusing
system used. Computation of these factors will be illustrated before
considering the various focusing systems and the choice of a particular scheme. It is not the purpose of this discussion to set up an
exact design procedure but rather to indicate in an approximate
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quantitative fashion the factors in evolving the gun structure which
formed the prototype of later guns.
The length of the deflection plates is a good starting point in
the design since the transit angle through the plates should be approximately one-half period as shown in section C. The length of
plates for a given frequency and voltage is,
1/2

11

= __:_
2f

where

(2l'~) = 3

X 101 v112

m

(27)

f

f = frequency in cycles per second,
V
11

= beam potential
=

in volts,
length of deflection plates in centimeters.

The deflection plate separation, as pointed out in the preceding
section, should be increased to about one-half the plate length in order
to obtain the best transconductance-to-capacitance ratio (neglecting
all other capacitances). Since the transconductance and capacitance
are both independent of beam potential V, it is of advantage to use
higher potentials to give a larger plate separation thus minimizing
surface effects and mechanical difficulties. In receiving tubes it is
desirable to keep potentials on the order of 100 volts. Assuming
V
100, the dimensions for / = 3000 megacycles would be 11
0.10
centimeter, d = 0.05 centimeter.
It has been shown in Figure 7 that the length of beam from the
end of the deflection plates to the intercepting edge need not be
more than about three times the length of the plates. Thus, the total
length of the deflection system required is about 4l 1 and the maximum
angle of convergence of the beam as shown in Figure 2 is

=

=

d

1
(28)

11ma:r=-s,,-

2l

16

Since it is desirable to have the beam fill approximately one-half
the deflection space, 8 reduces to a value of 1/32.
In order to realize an appreciable fraction of the ultimate current
density it has been seen that the magnification ratio must be made
sufficiently small. The magnification ratio may be determined by
substituting in Equation (8) :
1/2

M~

(-kT)
Ve

1

-•1
I

,(29)
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kT

l

1

e

10

32
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= 100, - - = -, and 0 = -.

This means that in order to approach the maximum traneconductance the length of the input end of the gun (object distance) should
be approximately equal to the length of the deflection end (image
distance). Thus, most of the dimensions of the tube are easily determined for a given frequency and given beam voltage. It should be
noted that, if very low beam current is also required as well as high
transconductance, and if the current cannot be limited sufficiently by
the first aperture (one nearest cathode) it may be necessary to
increase the object distance beyond that indicated above.
With the approximate dimensions chosen for a simple deflection
gun, the type of focusing lens can be considered. A converging lens
is d<>sired that with reasonable potential ratios will give the focal
length required for proper magnification ratio (roughly unity as
shown in Equation (29)). Such a lens is conveniently constructed
from a series of aperture lenses with the deflection plates in some
cases acting as an aperture lens. Approximate figures for focal length
can be computed from the slit aperture lens formula. 15

(30)

=

where V
aperture potential. b':J and b'1 are the electric fields on
either side of the aperture. Note that E 2 - E 1 must be positive to
give a converging lens.
There are an endless variety of focusing systems that could be
used; some of the more likely forms are shown in Figure 8. In
type A, for example, the main focusing lens is formed by the field
at the entrance to the deflection plates. This can be treated approximately as an aperture lens where the field insid' the deflection plates
E'J
0. Applying Equation (30) it is seen that E 1 must be negative
to form a converging lens. This means that V2 must be less than V1 •
It will be noted that the deflection plates are shown much closer to
the entrance aperture than to the intercepting edge. This is done to
minimize the focusing after deflection which reduces the deflection
sensitivity, but this requirement makes it difficult to obtain t~e desired
magnification ratio. A further disadvantage of this simple system is

=

15 V. K. Zworykin, G. A. Morton, E. G. Ramberg, J. Hillier, A. W.
Vance, ELECTRON OPTICS AND THE ELECTRON· MICROSCOPE.
John Wiley and Sons, New York, N. Y.. 19'6• .
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that no stopping aperture is provided for limiting the current in the
lens region.
Type B also combines focusing and deflection but the magnification ratio in this case is readily controlled by adjusting the distance
between the first aperture (nearest to cathode) and the deflection
plates. The current can be controlled by the stop S 3 or by an additional
stop S2 • It will be shown later that with the double-aperture system
formed by aperture S 3 and the deflection plates, a positive lens can
be formed with either V1 < V 2 or V1 > V 2 • The latter condition is

TYPE A

v,

.1.

z--J

TYPEB

TYPE C

Fig. 8--Three types of electrostatic lens and deflection arrangements for

beam-deflection tubes.

usually preferred because it suppresses secondaries from the aperture
ahead of the deflection plates. It is this. system which has been used
in much of the experimental work and it forms the prototype of the
deflection guns used in later tubes.
Type C allows the focusing to be controlled independently of the
deflection plate potential, a desirable feature when attempting to
maximize the transconductance by adjusting transit angle. This type
of gun was useful in super-high-frequency tubes using cavity deftec-
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tion systems. Generally the added complexity of this system has not
been found worth while.
Considering the type B lens more closely it is seen that the focal
length can be computed approximately by the combination of two
aperture lenses to give
2b

F~-------ViJV~

where

b

+ V~/V 1 -

(31)

2

= the

effective distance from the aperture to the deflection
plates.

A more exact expression can be had by referring to the work of
L. H. Bedford. 10
To obtain the one-to-one magnification ratio indicated for current
density considerations, the focal length, F, should be one-half of the
image distance, or roughly 21 1 , in the tentative design discussed above.
Assuming further that the separation, b, is equal to the plate separation, d

4
~
= -,
the resulting voltage ratio is - - = 2 or 1/2.
2

This was,

~

in fact, the voltage ratio used in much of the early work. In these
computations two minor effects were neglected; space charge and the
focusing after deflection. The effect of space charge in these tubes
is small but it is in the direction to require a stronger lens or a
higher ratio of VifV 2 • In a 8ystem such as type B where the potential in the space after the deflection plates is higher than the deflection plates there is a focusing action which tends to decrease the
deflection sensitivity. However, in the design considered the field at
the exit end of the plates is small compared to that at the entrance
end and the focusing effect is generally negligible.
Now with a focusing system determined it is well to consider the
electron emission system and to work forward from it to obtain the
few remaining factors yet to be determined. It was seen that high
cathode current density and low temperature are basic factors in
obtaining high transconductance. In fact, as shown in Equation (21)
increasing cathode current density is the only clear-cut means for
increasing transconductance with a given cathode temperature. In
the nresent work oxide-coated cathodes were used and current densities
of from 0.100 to 0.200 amperes per square centimeter were considered
reasonable values. To utilize the high current density of the cathode
it is necessary to have a sufficient accelerating field in front of the
1e L. H. Bedford, "Electron Lens Formulas," Proc. Phys. Soc., Vol. 46,
pp. 882-888, 1934.
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cathode to overcome .space charge. This accelerating field must be
provided for by an accelerating electrode which may act either as
a current limiting aperture or as the first lens in the optical system.
In the first case as shown in Figure 9 (a) the cathode is large and
a slit aperture determines the magnitude of the beam current and
forms the object which is imaged on the intercepting edge. In the
second case shown in Figure 9 (b), the current is determined by a
line cathode which is imaged on the intercepting edge. In this case
the first aperture acts as a diverging lens which should be sufficiently
large to prevent serious aberrations. It should be noted that due to
the accelerating field the apparent cathode plane will be at a distance
ACCELERATING f.LECTRODE
1

AS CURRENT LIMITING

APERTURE

~IL--c=-,__7":~-:-=------===-=-~

--~,,~:~: ~~~::~

~

~ - - E X T E N D E D CATHODE

(a.)

o+v

HI
~~~
--~:~-~--=:--- -- ~-------

ACCELERATING ELECTA~DE
AS DIVERGING LENS

I

4-Zd.
lNT
OBJECT PLANE

~~~
.""
l]
RESTRICTED CATHODE
A:5 OBJECT

(b)

Fig. 9-Two methods of limiting beam current: (a) shows a narrow
accelerating aperture; while (b) shows the use of a narrow emitting area
on the cathode.

from the accelerator equal to twice the cathode aperture spacing. 15 In
the case of full space charge this factor is increased to three. This
effect is in most cases small and in any event is in the desired
direction of decreasing the magnification ratio.
Both of the cathode arrangements shown in the Figure 9 are
workable but it is found that imaging a slit aperture will usuallY,
give a sharper-edged image than for most practical cathodes and with
the slit aperture it is also easier to limit the beam current to smaller
values. In this connection it i.s well to stress again the point that the
transconductance does not depend upon total current and this current
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·can theoretically be made as small as we please. One method of
limiting the current is by making the first aperture very small, the
other method is to increase the object distance, spreading the beam
so that a large fraction of the current is absorbed at a later stop
such as S 1 • An approximate quantitative expression for the current
has already been given in Equation (10). The actual amount of beam
spread will be increased beyond that computed for initial velocities
because of space charge. This can be readily computed for rectangular
beams, 17 and is usually small and again has the effect of decreasing
the magnification ratio.
We come now to
consideration of the lens i;ystem from the
standpoint of aberrations which will reduce the transconductance
below the theoretical value and which will have an even greater effect
on the maximum ratio of transconductance to plate current than can
be attained by working on the very edge of the beam. One important
way of reducing aberrations is to restrict the fraction of the focusing
lens occupied by the beam, as illustrated in Figure 8 (b). The actual
transconductance obtainable will thus be reduced from the theoretical
transconductance of Equations (lG) and (21), by at least the fraction
p
t/d. In the early tubes to be described this factor was about
one-half to one-third. Further reduction might be expected to enhance
the transconductance to plate current ratio with some loss of transconductance.

a

=

0

EARLY EXPERIMENTAL RESULTS

ln the early experimental work an effort was made to obtain the
highest possible transconductance to current ratio in an electrostatically focused deflection gun. One of the high values which were
measured was a ratio of 250 micromhos per microampere, or 20 times
more than pos!"lible for conventional control methods. Expressed in
another way, this corre11ponds to about a three-to-one change in plate
current for input voltage increment of only four millivolts. This
result was obtained with a gun similar in design to type B shown in
Figure 8 using a 0.002-inch first aperture and 3-centimeter long deflection plates. The accelerating potential was 45 volts and the deflection plate potential 21 volts. The plate current was about 0.01 micro.J
ampere and the transconductance 2.5 micromhos. Other tubes designed
for higher frequencies generally gave ratios of 20 to 30.
Another early deflection gun having a transconductance to current
ratio of 20 and an input transconductance of 40 micromhos was used
17 B. J. Thompson, L. Headrick, "Space-Charge Limitations on the
Focus of Electron Beams," Proc. I.R.E., Vol. 28, pp. 318-324, July, 1940.
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in combination with a 5-stage secondary-emission multiplier to obtain
100,000 micromhos transconductr,1ce at 5 milliamperes plate current.
This tube was of the general design shown in Figure 10 except for the
number of multiplier stages. The deflection plates were one centimeter
long and with accelerator and deflection plate potentials of + 300 volts
and + 150 volts. This tube had an input capacitance of 1.5 X 10- 12
farads and an output capacitance of 3.5 X 10- 12 farads which gives a
~andwidth merit at low frequencies of
g.,.

B = - - - - - = 3000 megacycles
2,r (C1n

(33)

+ Cout)

or on the order of 50 times that of conventional tubes. One of these
early tubes used as an amplifier gave a gain of 35 decibels at 450
50:CONDARY
ELECTRON
MULTIPLIER
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Fig. 10-Cross-sectional view of an early beam-deflection amplifier with
3-stage multipler.

megacycles, despite about 10-to-1 reduction in transconductance due
to the combined effects of transit time through the multiplier and
reduced deflection sensitivity. In these early tubes the width of beam
was usually about one millimeter and the best gun transconductance
was about 100 micromhos or 1000 micromhos per centimeter of beam
width. In later tubes the beam width was increased to about tenfold
without sacrifice of transconductance pei: unit width. In these earlier
tubes the actual transconductance was never much higher than 10 per
cent of the theoretical maximum given by Equation (21). One reason
for this is that only a fraction of the deflection plate space was
utilized. Aberrations and mechanical misalignment probably account
for the balance of the reduction. Some idea of the sharpness of the
beam can be had from the fact that the total beam thickness at the
intercepting edge was 0.001 inch to 0.002 inch wide.
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CONCLUSIONS

It has been shown that deflection control offers a possibility of
obtaining substantial transconductance with low capacitance and low
beam currents and with a very high ratio of transconductance to plate
current. It has been shown experimentally that useful values of transconductance with low capacitance and low current can be obtained
with a simple deflection gun combining focusing and deflection. This
type of control is ideally suited for use with a high-gain secondaryemission multiplier to obtain very high transconductance, without excessive capacitance, thus -making possible a tube with a bandwidth
figure of merit many times greater than for conventional tubes.
The analysis and experimental confirmation of some of the properties of deflection control has already been useful in the development
of practical tubes in these laboratories. It may be anticipated that
this control method will be useful in other applications, a numl5er of
which have already been suggested in the literature. Among these
SPMERICAL LENS

Fig. 11-Representation of electron optics using a spherical lens system
to focus both width and thickness of a rectangular electron beam.
are wide-band amplifiers extending into the ultra-high or even the
super-high frequency region, detectors and frequency multipliers, and
low-frequency or direct-current control applications using the highvoltage sensitivity of deflection control.

APPENDIX

l

The maximum low-frequency transconductance computed in the
third section assumed a rectangular beam infinite in extent with
focusing by means of a cylindrical lens. If one considers a rectangular
beam of finite width as shown in Figure 11 it might appear possible
to obtain still higher transconductance by the use of a spherical lens
which would allow the beam to be compressed in width as well as in
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thickness. It will be shown that actually less transconductance per
unit width of cathode can be achieved by this method of focusing.
To evaluate the transconductance in this case it is necessary to use
the current density expression for the point focus case which Pierce14
has shown to be

ii= -io [
!Jf2

where

1-(l-{12),:-P't;/(l-/1 1 )

J

(A-1)

P=Msin8,
8 = angle of convergence of beam,
Ve
,f,=-,
kT

io = cathode current density,

i 1 = current density at image or intercepting edge.
In a practical deflection tube {J
duces to

<< 1 in

which case equation (A-1) re-

(A-2)

The transconductance is equal to

where W1 = width of the beam at intercepting edge and S is the maximum deflection sensitivty
E
8=--

(A-3)

4dV

Also the maximum angle of convergence is
d
Bmu:=2l

(A-4)

Combining Equations (A-2), (A-3), and (A-4) and recalling that
W1 MWa we obtain an expression for transconductance

=
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M 292q, ') dM
2 , V

(A-5)

Now in the cylindrical lens case it was seen that the transcond~ctance
approached a maximum as M approached zero. In the spherical lens
case there is obviously an optimum value of M. By maximizin~ equation (A-6) with respect to M the optimum value is found to be
1/2

M- ( -2 ) -13

(For example if 9 = 1/32, 4> = 1000, V

(A-6)

9 4,112

e

= 100, and - = 10 M = 0.8 or

kT
not much different from the practical value of unity assumed in the
previous case.) Substituting the maximum value in Equation (A-5)
the maximum transconductance per unit width of cathode is

(2/3) 3/2

Um

d
(A-7)

-----~l/2_

V9

d

but, since

Bmu:

Ve

=-2l and ti, =-,
kT

= (2/3)3/2 (~)-l
( !!::.._)
W
8
kT

1/2

1/2

0

mas

VIII

=o.oss (~) _z
kT

y11z

(A-8)

mhos/centimeter
When compared with the maximum expression derived in the third
section for the cylindrical lens case it is seen that the maximum transconductance per unit width for the spherical lens case is only about
one-half.
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derivations in connection with the line focus case helped to point the way
for the developments described in this paper.

SOME NOTES ON NOISE THEORY AND
ITS APPLICATION TO INPUT CIRCUIT DESIGN*t
BY
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HARRIS
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Harrison, N. J.

Summary-The mechanism by which noise ix producl'd in an electron
tube and the relation between induced grid noise and vlate noi.~e a1·e discussed. An equivalent circuit with noise generators supplying 1ioltages and
currents to simulate noise derived from the plate curl'ent of a tube, from
the grid by passage of this cmTent, and from the inpltt circnit is then
analyzed to determine the optimum noise factor obtaina/1/c muler various
co-nditions. The frequency fo1· which the quantity R,. g,,. is unity is seen
tu be an appropriate jigu/'e of merit fo1· the noise pJ·ocluccd by an electron
tube. The freq1Cc11cics corresponcli11g to chosen vnl1ws fol' the noise factor
,ire presented for several rcccfoiug talJ<l type.~. The 11n1w1· concludes with a
discussion of the cfrcuit requirements which must br ,qafisficcl in order to
obtain noise factors ap1n·o:..:imating the theor•1tical 'values.

N

INTRODUCTION

OISE generated in the first tube of a receiving sy:;tem is fre-

quently the factor controlling the over-all sensitivity of the
system. ..:-\n understanding of the mechanh,m by which such
noise is produced is helpful in the desig-n of receiving equipment, particularly with re!:ipect to th!! choice of tube types. If the electrons in a
tube were to le,l\"e the cathode at a perfectly uniform rate, there would
be no noise, or at least, none in the frequency range in which a tube is
useful. The rate of emis,;ion of electrons, however, is not uniform. In
any given interval of time there are probably a few more or a few less
electrons leaving the cathode than the average number for that amount
of time. The classical shot-effect derivations predict the magnitudes
of fluctuations of this sort. Furthermore, because theory and experimental data have revealed the extent to which space-charge effects can
reduce these fluctuations in electron tubes, the noise components of the
plate current of a tube can be computed in many instances. 1
At high frequencies, the fluctuation current induced in the grid of
* Decimal Classification: R138 X RlGl.6 X R361.211.

t

Reprinted from RCA Review, S<.'ptembl'r, 1948.
B. J. Thompson, D. 0. North, and W. A. Harris, "Fluctuations in
Space-Charge-Limited Currents at Moderately High Frequencies", RCA
Review, Vol. IV: No. 3, pp. 69-285, January 1940; No. 4, pp. 443-473,
April, 1940; Vol. V: No. 1, pp. 106-124, July, 1940; No. 2, pp. 244-260,
October, 1940; No. 3, pp. 371-388, January, 1941; No. 4, pp. 605-624, April,
1941; Vol. VI, No. 1, pp. 114-124, July, 1941.
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a tube by the passage of the fluctuating plate current through the grid
is another noise source which must be considered. The magnitude of
the mean square of this current is proportional .to the component of
input conductance due to transit time. 2
Since the grid noise and plate noise are derived in part from the
same current fluctuations, they cannot be treated as entirely independent noise sources. Nevertheless, valuable working formulas and
principles have been derived for conditions under which coherence
between grid noise and plate noise can be ignored. 3 It is possible, moreover, that the improvements obtainable by taking coherence into
account are not very important for the majority of tubes and circuits
in current use. Theoretical considerations, however, indicate that a
substantial improvement in noise factor may be obtained by taking
advantage of the coherence between grid noise and plate noi!"!e if the
conditions assumed for the theory can be realized in actual tubes.
Experimental evidence shows that at least part of this improvement
can be obtained in a practical system. 4
In this paper, the relation between induced grid noise and plate noise
is illustrated by an examination of the result of the passage of a single
electron through a tube. Then, the conditions giving optimum noise
factors are derived, using the methods employed by Herold and otherR.
IIerold 3 showed that the noise factor for a tube is a function of the
product R,q Yin• where R,q is the equivalent noise resistance and g 1,. is
the input conductance. In this paper, the frequency for which the
product Re,, g 1,. is unity is recommended as an appropriate noise "figure
of merit" for a tube. The ratios of the operating frequencies to this
reference frequency therefore can be used us the abscissas for curves
of optimum noise factor.
CURRENT IMPULSES FROM ONE ELECTRON

Figure 1 shows the distribution of potential in a parallel-plate
triode. The potential curve is based on the assumption of a Maxwellian
distribution of initial velocities, with a cathode temperature of approximately 1000 degrees Kelvin. The dotted curve represents the velocity
of an electron with just enough initial velocity to allow it to pass the
point of minimum potentiul and continue to the anode. The time of
2 D. 0. North and W. R. Ferris, "Fluctuations Induced in Vacuum-Tube
Grids at High Freqencit-s", P1·oc,. I.R.E., Vol. 29, pp. 49-50, Februa1·y 1941.
8 E. W. Herold, "An Analysis of the Rignal-to-Noise Ratio of UltraHigh-Frequency Receivers", RCA Review, Vol. VI, No. 3, pp. 802-331,
January, 1942.
c M. J. O. Strutt and A. vanderZeil, "Signal-Noise Ratio at VHF",
Wireless Engineer, Vol. 2'3, pp. 241-249, September, 1946,
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· Fig. !-Potentials and velocities in
a parallel-plane triode.

,.,._--+_,_____

transit for such an electron can
be computed by a graphical integration process.
~
When a charge is in motion
~
between two electrodes in a
tube, current flows between the
electrodes bounding the region
0.020
containing the charge. For a
parallel-plane structure this current is proportional to the velocity of
the charge and inversely proportional to the distance between the two
plane boundaries; it does not depend on the position of the charge
relative to the boundaries. 5 The velocity curve of Figure 1 is applicable
for a charge of the indicated initial velocity. If the velocities for
various points in the cathode-grid space are divided by the distance
between cathode and grid, and the velocities for various points in the
grid-anode space are divided by the distance between grid and anode,
quantities proportional to the current due to the motion of the charge
for these various positions are obtained. Then, the relation between
position and time obtained by integration may be used to obtain a
current-titne curve.
The curves of current versus time for the tube structure of Figure
1 are shown In Figure 2. The solid curve shows the current to the grid
and the dotted curve the current to the plate which would result from
the paRRage of one electron. The choice of the velocity of the slowest
electrons which can reach the anode leads to a computation difficulty;
the time required for such electrons to pass the potential-minimum
region is theoretically infinite. Consequently, transit times are computed from the cathode to a point near the potential minimum on tht
cathode side, and from the grid back to a point near the potential
minimum on the grid side. The three rectangles between the ends of
the two curves show the times and currents for charges passing between
the terminal points of these curves with velocities exceeded by 90, 50,
or 10 per cent of the electrons reaching the anode. The use of one of
these velocities would cause some change in the remainder of the curve,
both in the current and the time scale, but the shape of the curve would
be about afl shown. The effect of a change in initial velocity on the
current between grid and anode would be almost negligible. The
cathode-to-grid transit time for an electron with an initial velocity
; ____ +-

~·

1 S. Ramo, "Currents Induced by Electron 'Motion", Proc. I.R.B., Vol.
27, pp._ 1>84-585, September, 1989.
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corresponding to one of the rectangles in Figure 2 is, therefore,
approximately the sum of the transit times represented by the two
curves and the appropriate rectangle. The indicated range is from 6 to
8 X 10-10 seconds. The transit time from grid to anode for the conditions of Figure 2 is about 1 X 10 10 seconds.
The curve of Figure 2 docs not show the compensating effect which
takes place when an extra charge passes through a tube. The potential
minimum is depressed by an amount depending on the position of the
added charge, during the whole time this charge is between cathode
and grid. The result is a reduction of the current, which can be considered equivalent to the passage of a series of charges of opposite sign
between potential minimum and grid, and the passage of charges of
the same sign but of opposite direction between potential minimum
and cathode. These effects account for the shot-effect reduction factor
computed by North'. It appears, however, that between the initiating
pulse and the compensating cur1·ent there is some time delay which
may be important in the determination of the noise at very high
frequencies.
As soon as the extra noise-producing charge leaves the cathode a
small effect on the minimum potential wi11 be noted; some electrons
which are reaching the potentiai minimum at this instant turn back
instead of continuing toward the plate. The cffc>ct of the extra charge
persists until it reaches the grid. The compensating effect cannot be
completed until the time at which an electron, turned back because of
the depression of the potential minimum when the extra charge was
near the grid, would have reached the grid had it not been turned back.
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The compensating charges in motion after the passage of the causing
charge, however, must themselves have an effect on the minimum
potential. The complete result, consequently, is probably of the nature
of a damped oscillation with a period related to the transit time of an
electron from cathode to grid. Thus, the curves of Figure 2 do not
present a complete picture of the generation of noise in a parallel-plane
triode, but they do show some of the characteristics of the basic noise
impulses.
It is pertinent at thi.:! point to discuss the extent to which grid and
plate noise currents can be made to cancel each other. The pulse shapes
are quite different, so it is evident that complete cancellation cannot be
expected. Partial cancellation may be obtained if a voltage is developed
at the grid by allowing the grid current to flow into a capacitor. This
voltage is proportional to the integral of the grid current and has the
effect of momentarily reducing the plate current. A witable choice of
capacitor value can give a plate-current pulse of zero net area for
electrons of a particular initial velocity. Howevm·, there will always
be some conductance in the grid circuit which will result in a g1·idvoltage component tending to increase the noise output. Moreover,
electrons leaving the cathode with velocities too low to allow them to
pass the point of minimum potential produce pulses of grid current
without producing corresponding plate-current pulses.
DETERMINATION OF FREQUI-:NCY SPECTRA

The curves of Figure 3 illustrate the method by which the frequency
11pectra corresponding to the grid-current and plate-current pulses may
be obtained. The current which could be measm•pd in the small frequency range represented by dw at a frequency u>/211 is obtained from
the Fourier integral:

Ada,=: /

f'i\1 cos,,,,\ d,\ cos ... t

du,-,-:-/ r,~, sin,,,,\ d,\ sin o>t d1d,
(1)

The function F <>-> represents the pulse.
When the frequency is low in comparison with the reciprocal of
the transit time, the value of the term cos w,\ in Equation (1) is nearly
constant over the region in which F o..i has a value other than zero.
In addition, the value of the term sin w,\ in Equation (1) can be represented as a straight line with a slope directly proportional to the
frequency over the same region.
Be.cause the grid pulse has equal positive and negative areas, the
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Fig. 3-Development of frequency
spectra.
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integral containing the cosine
terms is zero for any frequency
low enough so that cos mA can be
considered constant. The integral containing the sine terms
1
will have a value which is representl'd graphically by the area under the curve labeled "product" in the
grid-current curves of Figure 3. This area will be directly proportional
to the frequency because the slope of the sin IJIA line is proportional to
frequency. It will also be proportional to transit time because, if the
areas and shapes of the parts of the Fp, 1 curve are maintained constant
and the base line is extended, the area under the "product" curve will
increase in proportion to the increase in base-line length.
The plate pulse will give a zero value for the integral containing
sine terms if a suitable point of origin is rhosen. The integral containing ..:osine terms, then, gives the current, which is independent of
the frequency when the frequency is low. Because the area of the
plate-current pulse represents the amount of charge producing the
pulse, the current in a small frequency band resulting from a given
amount of charge is also independent of the transit time.
The mean-square noise current measurable in any frequency band
results from large numbers of pulses distributed at random with
respect to time. For the plate current, consequently, the mean-square
current di! in a frequency band of width df can be represented by the
C.OS(IJ).

PltODUCT

equation

(2)

and for the grid current, by

(3)

where

T

is the transit time, or

(3a)

where O is the transit angle.
The electronic component of input conductance is proportional to
the square of the transit angle6, so a proportionality between the meansquare noise current and the input conductance is indicated, thus:
(4)

North and I<'erris 2 fonnd that the complete relation for grid-current
noise is
di'i = 01 0 1 • 4k T 0 df
(5)
• D. O. North, "Analysis of I.he Effects of Space Charge on Grid Impedance", Proc. I.R.E., Vol. 24, pp. 108-136, January, 1936.
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where 01 has a numerical value of approximately 5 when the cathode
temperature is 1000 degrees Kelvin and the reference temperature T 0
is approximately 300 degrees Kelvin. The dependence on temperature
is discovered only when the analysis is extended to include the compensating currents.
The plate current noise from a tube may be represented as if it
were derived from a noise voltage at the grid sufficient to prodnce the
noise current. The appropriate equations 1 arc de-:;.= 4k1.' Rrq df (6)
where, for oxide-coated cathode tubes, theory indicates approximately
that, for triodes,
Rrq = 2.5/g 111
(7)
and for pentodes

(8)

Fig. ,1--E11uivalcnt circuit.

CIRCUIT ANALYSIS

The circuit of Figure 4 represents the replacement of a real tube
by a fictitious noise-free tube with zern input admittance and suitable
noise generators and external circuit elements. The plate noise is introduced by a constant-voltag(' generator delivering a voltage c 2 in series
with the grid. The noise current to the grid, i 1, is represented by a
constant-current generator across the grid circuit. The noise from
the input system, i is represented by a second constan_t-current
generator. The plate-noise generator can be replaced by another
constant-current generator; the voltage output of the plate-noise
generator is multiplied by the total admittance of the input circuit to
give the required current i~. The rclatiom; between the noise currents
and the tube and circuit parameters are given by the equations:
0 ,

(9)

(10)

(11)

(12)

where

K

= y4'/?rl;J

g 1 is thE e..ectronic component of input conductance;
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R,11 is the resistance equivalent for the plate noise, referred to
the grid;

fJi is a multiplier relating grid noise to input conductance; its
value is approximately 5 for tubes with oxide-coated
cathodes;
90 is a multiplier representing the ratio of antenna noise to

the noise in a resistor at room temperature;
g 0 is the antenna conductance, referred to the grid;

B 0 is the net snsceptance of the circuit at the operating frequency.
It is assumed that the condurtam•e g 0 can be varied arbitrarily by
some such means a.s a variable-ratio transformer between antenna and
grid. Also, it is assumed that means such as a tuning capacitor are
provided so that B 0 can be varied arbitrarily. Ohmic losses in the input
circuit are neglected.
The quantity (-j) in parenthesis in the expression for i 1 indicates
that -i 1 may be in lJUadrature with e~ over a specified frequency range.
The p1:eceding discussion suggests that this assumption is legitimate
in the case of a triode, when the frequency is not too high and the
frequency band is not too wide. The assumption is not valid, however,
for a pentode because in that case the larger part of the plate noise
results from the division of current between plate and screen grid!,
and consm1uently it cannot be correlated with the grid noise.
The total mean-square current from the three generators of Figure
4 can be found as follows: Add i 1 and i 2 , taking coherence, if assumed,
into account. Then, determine the sum of the squares of i the real
part of (i1 + i 2 ), and the imaginary part of (i1 + i..i) · When coherence
is not assumed, simply add the mean-square values of i 0 , i 1 , and i 2
The results follow:
When a quadrature relation between grid and plate noise is assumed,
the mean-square current is
0,

When no coherence is assumed
(14)
OPTIMUM NOISE FACTORS

Optimum performance with respect to noise is obtained when the
term g 0 90 is as large as possible in comparison with the other terms.
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and, in fact, the noise factor as defined by North7, Friis8, and others is
obtained by dividing Equation (13) or (14) by K 2 Yo 00 and assuming
00 = 1. The first step in finding conditions for minimum noise is the
adjustment of B 0 to eliminate the term in which it appears in either
equation.
Then, either equation can be differentiated with respect to the ratio
g 1 /g 0 and an optimum value of noise factor can be obtained. The noise
factors after adjustment of B 0 are given by the equation
Y1

NF=-= 1 + R,.,, fli ( -

Yo
+ --·
+ 2)

Yo

(15)

Y1

when coherence is assumed, and the equation

(16)
when coherence is not assumed.
The minimum noise factors, with the conditions for obtaining them
are
NF= 1

+

4 R,q g 1 (17)

U1
=--= 1 (18)

Yo

when coherence is assumed; and, when coherence not assumed
(20)
01

- = yR,q Uil (01 + R,q Y1)

(21)

B 0 =0

(22)

Yo

The quantities R," and g 1 are both tube parameters Since they
appear as the product Req g 1 in Equations (17) and (20), the magnitude of this product indicates the noise performance obtainable from
a tube. The quantity g 1 , however, varies with the square of the
frequency. For purposes of computation, it is preferable to use as a
reference parameter the square root of the product R," g 1 , which
7 D. 0. North, "The Absolute Sensitivity of Radio Receivers", RCA
Review, Vol. VI, No. 3, pp. 332-343, January, 1942.

1 H. T. Friis, "Noise Figures of Radio Receivers", Proc. 1.R.E., Vol. 32,
pp. 419-422, July, 1944.
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Fig. 5-Minimum noise factor.

varies with the first power of
the frequency. The curves of
Figure 5 show the optimum noise
factors for the two cases considered, plotted against the quantity

VRea g 1

for the condition
0 1 = 5. If the frequency for which V Req g 1 is unity is designated as
In, the quantity R,q r, 1 for any frequency/ is equal to the ratio flf n•
The method of analysis described above is essentially the same
as that used by Herold 3 • The curve for the case of no coherence
(Figure 5) can be identified with one of the curves (]•.,igure 5) of
Reference 3 when differences in the coordinates used are taken into
account. Equation (21), giving the required ratio of tube input
conductance to circuit conductance, is equivalent to Equation (7) of
Reference 3.
The susceptance required for the case of quadrature, as found
from Equation (19), is obtained by the same amount of capacitance
at any frequency. Equation (19) can be rewritten

v

(19a)

Because g 1 is proportional to the square of the frequency and Req
and 61 are independent of frequency, it is evident that the susceptance
8 0 is directly proportional tu the frequency and, consequently, can be
produced by a fixed capacitance.

COMPARISON QI,' 'l'UBl<~S

The data for Tables I and II were obtained by calculating values
for the equivalent noise resistance and using men.sured values for input
conductance for the tube types listed. Table I gives the reference
frequency for noise, f "' and the frequencies for which noise factors of
1, 3, and 10 decibels are calculated for a number of pentode types. No
coherence is assumed between plate noise and grid noise for this case.
Table II gives similar data for two triodes arid for several pentodes,
connected as triodes, under the alternate assumptions of no coherence
between plate and grid noise, and a quadrature relation between plate
and grid noise. The IO-decibel column for the quadrature case is omitted
because the indicated frequencies are too high to make the assumption
appear reasonable.
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Table 1-Pentodes

R ..

ohms

Type

g,,.
(100 mes.)
micromhos

11,600
6SK7
li60
6AC7
3,800
6BA6
1,900
6AG5
6AK5 ....... 1,900
6BH6 ....... 2,360
6BJ6 ....... 3,800

440
1,730
680
300
125
340
275

Frequency for Noise Factor
(1 db.)
(3 db.) (10 db.)
mes.
mes.
mes.

f,.
mes.

2.5

45
94
67
133
208
12".?
!)8

5.a

3.8
7.5
11.6
6.8
5.5

56
119
86
169
262
154
124

8.9
19
13.4
27
41
24
19.3

The input conductance values used in Tables I and II were mem;ured by the susceptance-variation method 9 and include the effects of
lead inductance. For pentodes, the predominant lead effect is that
of the cathode-lead inductance, which tends to increase the input
conductance. For triodes, inductance in the plate lead tends to reduce
the input conductance and this effect may be equal or greater than
the effect of cathode-lead inductance. For the triode-connected
pentodes, the input-conductance data obtained with the tubes connected as pentodes are used.
Triode "A" in Table II is a developmental triode, designed primarily for use as a high-frequency oscillator. The low input conductance and the consequent high "/n" value recorded for this type
9 "Input Admittance of Receiving Tuh<'s", RCA
Application Note
AN-118, RCA Tube Department, llal'l'i1-1on, N. J., April, 1947.

Table II-Triodes and Triode-Connected Pentodes

g,.
R,.
(Triode) (100 mes.) (Triode)
ohms micromhos
mes.

-'·

Type

6SK7 .....
6AC7 .•...
6BA6 .....
6AG5 .....
6AK5 ..•..
6BH6 .....
flBJ6 ......
6J6 .......
"A"* •.....

970
214
410
380
380
390
485
470
360

440
1,730
680
300
126
340
275
196
60

• Developmental triode.

72
164
204
294
476
274
274
320
747

Frequency for Indicated Noise
Factor
No Coherence
Quadrature
As11uml~d
Assumed
(ldb.) (3db.) (lOdb.) (ldb.) (3db.)
mes. mes. mes. mes. mes.

4.0
9.2
11.6
17
26
16.4
16.4
18.0
42

14
33
41
r,9
92
54
54
63
147

91
2.'07
268
374
680
345
345
410
940

18
41
61
74
116
68

68

80
186

311
82
102
148
230
137
137
160
373

NOIS~ THEO/lY AND INPUT CIRCUITS

is probably accounted for by close spacing, high current density, and
a symmetrical cylindrical .structure which contributes to uniformity
in the cathode-to-grid and grid-to-plate transit times.
RELATION OF REFERENCE FREQUENCY TO TRANSIT TIME

The reference frequency for noise for a triode depends primarily
on the electron transit time between cathode and grid. The noise
equivalent' resistance for a triode is approximately Req = 2.5/gm (7)
and the electronic component of the input conductance8 is approxi(23)
mately
llt --= Um(<dT1)~/20.
The product,' therefore, is

(24)

This product is equal to unity when
so

o>T1

= 2.83

In= 0.45/r 1 •

(25)
(26)

The values of /,, obtained from Equation (26) are even higher than
the values given in Table II. The cathode-to-grid transit time for a
tube such as Type 6AK5 is of the order of 7 X 10-10 seconds, so the
value of /,, from the above equation is
f,,

= 0.064 X 10··10 cycles = 640 megacycles.

The value obtained for Type 6AK5 from input conductance data (Table
II) is 476 megacycles.
It appears that the only way to increase the frequency for a given
noise factor with electron tubes of conventional design is to reduce
the transit time. Triode t:vpes such as the 6J6, 6J4, and 2C43 are
designed with close enough spacings and, consequently, short enough
transit timeR to give promise of good results in equipment designed
for minimum noise.
!<;FJ.o'ECT OF CIRCUIT LossES

An important question with reference to the application of the
curves and tables presented is the attainability of the circuit conditions assumed. The conditions are not hard to realize in practice, as
the following examples illustrate:
1. Consider the use of Type 6AK5 as a pentode amplifter at 40
megacycles. The reference frequency f,. is 208 megacycles, so the
ratio /If,. is 0.192; the product R~q g 1 is 0.037. The calculated noise
factor is 3 decibels. The required ratio gtf g 0 is 0.046. J3ecause the
tube input conductance for 40 megacycles is 19.7 micromhos, the required antenna loading is 230 mirromhos. For a tube input capacitance
of 6 micromicrofarads, the quantity ..C is 1500 micromhos; because
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the total conductance at the grid is 250 micromhos, the minimum value
of Q is 6. Higher Q values may be obtained by adding more capacitance
with appropriate inductance values. It is evident that there will be
no serious increase in the noise factor until the conductance of
the added elements becomes appreciable in comparison with 250
micromhos. If the Q is improved to 50 by addition of a resonant
circuit with a Q of 200, the added conductance is approximately 60
micromhos. The noise factor would be increased from 3 to 3.5 decibels
by the added circuit losses.
2. Consider the 6AK5 or an equivalent tube connected as a triode
used at 200 megacycles. Neutralization may be used to avoid feedback, but feedback generally does not have an important effect on
the question of obtainable noise factors. The reference frequency
f" is 476 megacycles; the ratio / / /,. is 0.42; the- expected noise factors,
from the two curves of Figure 5, are 5.1 decibels for no coherence,
2.3 decibels if the quadrature relation holds. In the first case, the
required antenna loading is 2600 micromhos and the resulting Q for
the input circuit is only 2. Adjustment of Q to any moderate desired
value can be made by the addition of circuit elements as before without materially affecting the noise factor. In the second case, the
antenna loading would be adjusted to equality with the tube conductance, which is 500 micromhos for this frequency. Then, the
susceptance which must be added is 5700 micromhos, corresponding
to a capacitance of 4.6 micromicrofarads.
CONCLUSIONS

The conclusions which may be drawn from this discussion may
be summarized as a set of principles to be followed in the design of
amplifiers for low noise.
1. Choose an input tube with low transit time. Fur frcqucncii>P
above 30 megacycles, use a triode or a triode-connected pcntode.
2. Adjust the input circuit with signal-tu-noise ratio as the
criterion. This adjustment is most readily made by using a noise
generator, such as a diode, as a signal source.
3. Try the effect of detuning the input from resonance and the
effect of increasing the coupling to the antenna beyond the value
for maximum gain.
When theoretical considerations indicate a very low noise factor,
it may be necessary to pay considerable attention to the design of
the load circuit of the first tube and the input circuit for the second
tube to obtain optimum results.
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SUPERHETERODYNE FREQUENCY CONVERSION
USING PHASE-REVERSAL MODULATION*t
BY
E. W.

HEROLD

Ues,·arch Dc1mrtmrnt, UCA Laboratories Division,
Princeton, N. J.

Summary
In rmlio /'Cceplion usi'llg the superheterodyiw 7Jri11ci1ile the incoming
sig11lll is changccl i·u fl'eq111•11cy liy the conl.'crtcr stage of the 1·el'civer to a
new llml l,,wel' fn•1111,·11cy k1w11·11 ,rn the hitcrmediale frcq11ency. 'J'he clcctnm
tttlJ<'s 11scd in the convei·tcr sl11ge hai·e been characfcri;:ed in the past by
11001' pel'for111u11cc u.~ comJJttl'ed milk that of tu/Jl's used for amplification.
'l'hi.~ 1m1u:1· ,frscl'ill<'s a 11ew 1Jl'i11ciµle whereby frequency conversion may
l,e ucco1111ilished with s11bsta11fi11ll11 im711·o·ved pafo1 mance ol'cr that ai•ail,r/,/1• fl'olll r.01111el'sion methnd.~ h.Pl"etofore used.
The vrincivle of c<mt•crsion haein descril1ed is to re11crse the JJlwse
of the signal 011tp11t JJel'-iodicul/y at a rate which differs ftom the signal
fl'equeney /Jy the inlcnnc•tliatc fn•,111c11cy. This 1ll<l!J be done cithe1· by
c"11ti1111011.~ 1)(//'ialion o.f 11/rnse 01· by 1"011timw11s variatfon of tube ti-anscontluctam·c from Jw.~itii·e to 11egntii·e. 'J'he result is a c·o11vcrsio11 tl'Unsconductmlt'c which iH IH:ic:e "·~ high as had hl'l'clofore been believed ideal.
F11,.tlwrmore, if tltc vlwse-reversal rate is made bu an integral multivle
of cw apJ1lil'd locctl-osl'illator fi·,•qucncy, e<111ully good 1·u111•ersion is obtrr.incd
al rr harn,onic of the lrwrrl osci/latol" without spurious responses at any
"ther harmnuic than the one chnsc11. An electron tube with a multihumped
c·hamcf<'l"intir has been clc-1,i,qed an a menns to this end since the transconductance chumctcl'islic 11"ill then vary from vnnitfre to negatfoe as the
confl'ol 'l'Olfagc is 1,11,·icd. A.n r111alysis of s11ch a tube is carried Ollt in detail,
ill(·lmli'llg the• c•_(Jl'd of fl11cf11atio11 11oine.
The a11alJ1siH shows that tlte new co111.•crsion method doubles the con·1•1•,.sio11 11ni11, 1ui.~.~;1,1,, in a t11be with a gi1,cn 111a:l'i111mn tra1111cn11d11cta11ce.
111. an icll'al ca/le with no scconcl-1!/age noise, tlte :<ig1wl-to-noisc ratio is as
good as ll'ith the same tul,e userl a.s amplifia: cz·,•n in practical cnses, the
mfa:e1· is 011/11 10 7,er 1'1'111 tn :.!O 11er l'Cllt 71oorer than the amplific1·. This is
in cmllmst u•ilh roul'rnfional mfo·cr methods in 1l'hfrh the signal-to-noise
1·atio is fl'om two tn tlt1·1'0 tim,·s pool'cr than 11•/tr•n the imme tube is used
as an amplifie1·.
Convl'rsion nt a, han11011ic may al.~o lie neltic-1,ed with high gain but if
i11 fo1111d tlrnt the :<ig11al-fo-110is,• ratio is nnt aR favorable as 1t•ith fm1da111enfrtl opemtion.
(15 pagcR, 17 figm·es)

* Decimal Clni:1i;ification: R148.41.

t Proc•.

l.R.E., April, 1946.
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RADIO-FREQUENCY PERFORMANCE OF SOME
RECEIVING TUBES IN TELEVISION CIRCUITS*t
BY
ROBERT l\{, COHEN
Tube Department, RCA Victor Division,
Harrison, N, J,

Summarg

Several types of ·receiving tubes may be used to advantage in television
receive·rs designed to tune all thirteen channels. This vaper discusses the
performance of these tube types in radio-frequency amplifier, mixer, and
local oscillato1· applications. Both push-pull "balunced" rfrcuits and singleended "unbalanced" circuits are discussed. Data an, presented for over-all
gain, noise, image rejection, and, to a lesser exte1d, on oscillato1· frequency
stability. These data are taken at two representative channels in the television band: Channel No. 4 (6/J to 72 megacycles) and Channel No. 11 (198
to 204 megacycles).
(18 pages, 4 figures, 5 tables)
• Decimal Classification: R262 X R593.6.
Review, March, 1948.

t RCA

THE TRANSITROL, AN EXPERIMENTAL
AUTOMATIC-FREQUENCY-CONTROL TUBE*t
BY
JEROME KURSHAN
Research Department, llCA LnlN,rnlorle1 Division,
Prin<'eton, N. J.

Summarg

A tetrode may be operated with its #!J grid as the anode of an oscillator
and its plate as an electron reff,ector. The reff,ector potential controls the
electron transit time and hence the oscillation frequency. This and other
forms of transit time control are investigated theoretically and experimentally. An approximate expression for the control sensitivity iB
•=df/V=-kY..O (cos 0)/4'TT'C (V.-V)
where k iB the feedback fraction whlch is of the order of 0,fl, Y m the
magnitude of the transadmittance, C the circuit capacitance, V. the anode
voltage, V the reff,ector voltage and 8 the total transit angle, This predicts
a mazimum in s near O 'ft' I 4 and a second and greater ma:i:imum neti1'
8=2'f1'.

=

In ti circuit suitable for local oscillator use in the frequency-modulation

• Decimal Classification: R355.91 X R361.215.
t RCA Review, December, 1948.
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(FM) broadcast band (88-108 megacycles), s 100 kilocycles/volt was
readily obtained with a special tube. In a particular application to an FM
receiver, warm-up frequency drift at the high-frequency end of the band
was reduced by a factor of 4.5. A receiver with the automatic-frequencycontrol (AFC) circuit requires 2 resistors and 1 condenser more than a
conventional receiver, but saves a radio-frequency choke. Another successful
application has been as a one-tube FM transmitter with the reflector electrode modulated directly by a microphone output.
Standard pentodes also allow fransit time control, but do not have
optimum spac·ing. Optimizing the design fnr one frequency will result in
less control sensitivity at lower frequeucies, but the1·e will still be a residual
impro·vement u·ver an uncontrolled uscillafor.
(11 pages; 18 figures)

APHOTOTUBEFORDYEIMAGESOUNDTRACK*t
BY
ALAN

M. GLOVER AND ARNOLD R. MOORE
Tube Department, RCA Vietor Oi\'lslou,
Lancaster, l'u.

Summary.-In t•iew of /he use of dye image souncl trark on new-type color film,
plwtotube /z,is been dt·t·eloped •with c/wral"/eristics suitable for sound reproduction
'rum t/zese Ji/ms us well as from ordinary silver tracks. It is u gas-filled, high-sensi
lit•ity plwtot11be for use i11 stu11dard reproducing equipment. The 11111xi1111m1 spectrul
response occurs iii the blue blue-green region of the spectrum. Details of co11structio>1,
sensitivity, characteristic curres, spectral response, frequency respo11se, and life are
presented.
·
,1

Color is a subject of considerable interest to thl' Society of Motion
Picture Engineers. Color complicates the problem of the sound track
engineer. As au introduction to the discussion of a new photosensitive surface which will be of considerable value for use with dye image
sound tracks, a brid revil'W of the dmracteristics of the phototubes
now in general use is in order.
The advent of sound with motion pictures in the late l!J20's was
in large measure made possible by tlw introduction of the caesiumsilver-oxygen photosurface. Considl·rable effort had been expended
in the previous decade in an attempt to raise the hitlwrto limiting
sc:nsitivity of the photosurfaccs thc·n :wailable and, as is so frequently
thl' case in technical progrl'ss, it is <lifficult to assay the part which the
photosurface itself pbyl'd in the new sound industry. Concomitant
with the new photosux facl' were improved amplifying tubes and steady
progrl'ss in the quality of the film, but the inclustry would have progressed slowly without the new photosurface.
The most advantageous charii:ctcri!':>tic of the eal'sium-silv<.·r-oxygen
photosurface was its high sensitivity in the rwar infrared, a region of
the spectrum in which the major portion of the enl'rgy of the incandescent light source is concentrated. About three-quarters of the total
sensitivity of this photosurface to light frotH an inc-andescent source
lies in the infrared. This sensitivity to infrared was of great advantage
us long as the souncl track consisted of a c.levclopc·cl silvc-r image which
• Decimal Classification: 535.38 X 681.134.96.
· Reprinted from Jour. Soc, Mot. Pie. l<Jng., May, 1946.
2!)6
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may be exposed to densities as high as three in this region. With th<'
advent of dye image tracks a possibility, it immediately became apparent that the marked transparency of such tracks in the near infrared
to which the S-1 surface is so sensitive would seriously limit the modulation obtainable. This is true whether the sound track is of the variable-area or variable-density type. Other authors have already
touched on 1.his subject in a previous issue of the JouRNAL. 1
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In 10-tO there appeared information on a. new photosurface, the
sensitivity of which is largely concentrated at the short wavelength
portion of the visible spectrum. 2 Most of the phototubes which have
employed this surface are of the high-vacuum type and this is probably the reason for the slow acceptance of such tubes by the motion
picture industry. The F;as-fillcd phototube has been popular in the
industry for 3 reasons: high sensitivity with resultant high signal-tonoise ratio, adaptability of the voltage sensitivity of the gas tube as a
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volume control, and the lower impedance level of the gas tube. Although the cause is not yet completely known, some difficulty has been
encountered in introducing inert gas into phototubes containing the
S-4 surface. Such tubes have suffered from short life. However, this
paper will outline the characteristics of a new tube, the RCA 1P37, a
gas-filled phototube of good life whose properties are such as to indicate the broad possibilities for its use with dye image sound tracks.
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Fm. 2. Spectral response of S-1 and S-4 phototuhcs.

The important characteristic of the new photosurface, its spectral
sensitivity, is shown in Fig. 1. By contrast the same characteristic
for the caesium-silver-oxygen S-1 surface is also shown in Fig. 2. It
should be borne in mind that these characteristics are typical of an
average tube and that considerable variation from tube to tube ·may
be expected. It is believed that the variations in the S-4 spectral
response are proportionately much less than those encoW1tered in the
S-1 surface. In addition to our own data, the data taken by a number of investigators have recently been analyzed by us, and the curve
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shown is suggested as one which might be adopted as a typical
standard. Variations in the position of the spectral maximum from
4000to 4500A are commonly found with occasionally a peak at as short
a wavelength as :3700 A being encountered. Based on data in greater
quantity than previously available a curve giving the position of the
maximum at -1200 A is belicvc•cl typical. Little variation in the longer
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Spectral n~sponse of S-.J. surface with tung>len
light at 28i0 K.

wavelength portion of the curve is encountered. Since the phototube
will be commonly used in conjunction with an incandescent light
source, the product of the spectral response curve of the tube and of a
light source operating at 2870 K is shown in Fig. 3. This represents
the effective spectral sensitivity of the tube as used in motion picture
equipment.
The sensitivity of a gas-filled phototube containing the S-4 photosurface to a tungsten light source operating at a standard <:olor temperature, 2870 K, 1uay be made to vary considerably. For the pur-
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pose of introducing a replaceable phototube for the 868 into the
motion picture industry a relatively high sensitivity is not required.
The amount of argon gas added can be varied to make the resultant
over-all sensitivity comparable to that of the 868 even though the
energy output of the light source is not well adapted to the S-4 surface. The frequency response of the phototube is also a function of
the gas pressure employed as is the breakdown voltage of the tube.
With these factors in mind, an average gas amplification factor of
three has been chosen. The gas amplification is less than that of the
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868 and therefore the frequency response of the 1P37 is slightly better.
The frequency response for 2 different gas amplification factors is
shown in Fig. 4. These curves were obtained using a glow lamp modulated light source, 3 the data being corroborated by measurements with
standard frequency sound track.
It may be readily seen from the spectral characteristics that the
blue-sensitive photosurface is more ~ensitive to variations in the temperature of the light source. This c:haracteristic is believed to be its
only point of inferiority when compared with the S-1 surface. Data
are shown in Fig. 5. Regulation of the light source voltage should be
designed accordingly. It should be emphasized that the sensitivity
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figures quoted for any photosurface when expressed in microamperes
per lumen vary with color temperature of the light source. Care
should be taken to state on what basis data are quoted.
Data giving the anode or output characteristic curves of the RCA
1P37 phototube arc shown in Fig. 6. These curves are comparable
to those for the 868, thus permitting replacement of tlie latter tube
by the JP37 without modification of the circuit.
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Relative output of S68 and 1P3'i as function of light source color temperature.

Prior to the war, one of the authors began work on the problem of
making gas-filled tubes using the S-4 surface. Considerable loss in
sensitivity on use was encountered, and this conclusion was later
stated in foreign articles on the subject. 4 Renewed efforts to eliminate or reduce this loss in sensitivity have met with considerable success. Life data for 2500 hr of continuous service are shown in Fig. 7.
It is expected that life equal to that obtained with the 868 phototube
will be obtained with the new tube. However, the life characteristic
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is somewhat different from that of the S-1 in that the extremes of
variation encountered each time the tube is operated are not so
marked. As in other phototubes the life
varies with the level of current drawn and
the rated maximum average current is
set with this in mind.
The currents
shown arc about those drawn with tubes
of awragc sensitivity in a 35-mm optical
system with the film in place. Greater
currents may be drawn for brief inter.vals such as the time required for changing
n:cls but limiting series resistance should
always be iucludcd with a gas-filled phototube to prevent damage from extreme
currcut in the case of voltage breakdown
of thl· gas.
Data taken with the 1P37 phototubc,
a photograph of which is shown as J;<ig.
~. with dye image tracks, are the subject
for other papers presented before the
Socicty. 5 • 6 The structure of the 1P37
has been dictated by the replacement problem of the 868. The use of the photomultiplier type RCA 931A in which
the S-4 surface is included may also be
of interest for developmental study.
FIG. 8.

Photograph of
11'.'l'i.
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BEHAVIOR OF A NEW BLUE-SENSITIVE PHOTOTUBE IN THEATER SOUND EQUIPMENT*t
BY
J. D.

PHYFE

IU.:.\ Vil'lur Divisiun, l111lia11apoiis, 111,l.

Surnmary.--A 11c~,• photulube designed ICI pro-.·ide npti11111111 perfurnuw.-e ,.•hr11
11sed i,i repru,lucers 'u. itl1 films hat•ilrg st,111dtJrd black-,111d-:.·hitc sih-er so1111d lrarb,
,,, ;t'itli color .films hat•i11g either dye or edge-trcatrd so1111d tracks, has been de,·clopcd
i11 the RCA lahnratories.
Some rernlts of laboratory tests a11d Jield obsermlio11s 'ii.:ht'II the 11ew plwtutube is
subslitutedfor the st,111dard red-sc11sitit•e Sli8-type J>lr,,1<,tube arc disrnssed.
0

Xeed has rccl'ntly arisen for a phototubc that could be interchanged
with the type commonly used in theakr sound he-ads. The necl'ssity
is the result of an apparent trend toward an incn·asmg use of color in
motion picture film productions. .\lso, tlu:n.- is the possibility that a
larger percentage of these color films will have dye sound tracks instead of the usual silver tracks. The desired tube should be interchan~cablc with the red-sensiti,·e type, therefore, and must perform
as wdl when used with films that have the regular silver souncl tracks.
Such a phototube has been developed in anticipation of these nel·cls,
and is known commercially as the type 1P37. To elate the observell
performance of this tube inclicaks that it accommodates this chan~cover very well. l\frchanically and electrically the JP.17 is interchangeable with the type 868 phototuhe which has lwcn usl·<l in RCA
theater sound equipment for more than a decade.
In order to evaluate the merit of this new hlue-sl·nsiti\·c phototulll'
for theater use, comparisons of performanl'l' have been made in tlw
laboratory with the type 8(i8 red-sensitive tuhl·. In mlclition a number of the blue-sensitive phototuhl:s haw recently hel•n distributed
to various theaters throughout the country with i11strt1l·tio11s to USl'
them in place of the 868 tube, and report their relative behavior.
Too short a time has elapsed sim·c these phototubl·s Wl'n· placed in
the field for obsl'rvation, so reports on pl·rforma11ce arc not complete
at present.
Laboratory tests have been made, however, to dekrminc how well
they would function in theater sound hmds with standard release
• Decimal Classification: 635.38 X 681.134.9'1.
t Reprinted from Jour. Soc. Mot. Pie. Eng., May, 1946.
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prmts, and if there were any adverse operating characteristics which
might preclude thl·ir being substituted for the 868 tube. Some of the
characteristics investigated were:
(1) Relative gain as compared to the 868 tube when used with films having the
usual silver sound tracks.
(2) Relative hiss level and microphonics.
(3) Ionization or glow point.
(4) Rclative distortion.
(5) Rdativc hum level when ll~l'd with raw (unfiltered) a-con the c:!.citcr lamp.
(G) Gain variation with changl'~ in l'Xl'ill'r lamp 1,rillian{"Y owing to line voltage
fluctuations.
(i) Ease of 1,alancing output hl'IWL'l'll ~oun<l he:ul~ by varying thl· anode voltage.

(8) Frequency response rdatiVl· to the ,w;s tube.
(fJ) Rdocn~ing of . the optical ~ystl'm hl'rau~c of difTL'rcnt spectral sensitivities
of blnc-sen~itive and re,1-sc·n~itivc phototul>t·~ whl·n interchanged.

Results of Laboratory Tests.-Thc results of these tests arc reported in the onkr in which they were etmmcrated above:
(1) Gain Clieclt.-- This was ma1lc- by running a 1000-eyclc loop of
standard siln'r soull(l traet through a regular theater sound head and
amplifier d1a1111el, aml noting thl· knJs. Both types of phototubes
were userl. A suflicicnt number of both types Wt're cheeked to represent an an.'rage cross section of sensitivity variation. Exciter lamp
and phototuhe anocle voltages were held constant at S½ and 73 v,
respectivdy.
Rl·snlts of this check shnwecl that the sensitivity of the 2 types of
phototulws i:-; practically the same with a slight supt:riority of the
11'37 lube. It was notc1l that the 1P."f7 tube showed somewhat less
variation in output from one tube to another than tube 868.
(2) Iliss Le1Jel and Jlfrro/J/io11ics.-This test was made by checking
the rclative outputs of a group of red-sensiti,·c and blue-sensitive
phototubes using a 1000-cydc film loop as a signal source. The film
was tht:n rcp1ovccl, the amplifier gain was raised to approximately 130
clh and the hiss level was measured. The hiss k,·cl was checked both
on an output meter and a sound-level met~r used in conjunction with
a standard 2-way theater loudspeaker system.
l\Iicrophonics was tlll'n clwekt-1l hy starting the projector motor and
noting the output level, as was done in measuring hiss.
The results of these tests revmlcd no apparent difference in hiss or
microphonics when the hlue-sC'nsitive phototube was used.
(.1) Ioui;ation or Clow Poillt.--No d1angcs in voltage supply arc
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necessary when changing from the type 8(;8 phototube to the 1P37
type. The same maximum supply voltage limitations exist for
both types.
EXClliJI OlJTPUT WITH
(4) Distortion.-A
conLAM>' 101,)0C'\'Cl.E f"ILM HUM OUTPUT 8[LOW 1000CYCI.E
I-!! M OJ!!._!l'y!_
1v~~s !P31_jf~8 1~?868. 1!='37 868
stant-frequency film having
SO Jll'r cent modulation was
15 17.7 19.1 -0.4 -3.4 18.1 22.5
~-run through a standard theater
80 200 204 +2.0 -1.6 18.0 22.0
sound head and theater amplifier channel using both types
8.5 21.8 21.8 +3.8 -0.2 18.0 220
of phototubes, and the rms
harmonic distortion measured
9~ /233 227 +5.7 +I.I 17.6 21.6
by means of a distortion factor meter. The measun·d dis9.5 :24 8/23_5 +7.4 +26 17.4 21.2
tortion was found idmtical for
I0. ,26.5 24.9 +100 +-40 16.5 209
the 1P37 tube and the 8()8.
(5) Relative Ilum Level.F1G. 1. Rt•lativc film and hum output
Using a-con the filament of a
variatious in clh-ll':17 Vl'rsus 868. Film
standard 10-v, 7.5-amp exciter
n·movc,I for hum output mL"asurcments.
lamp, the 1P3i tube showed 4
db more hum when the excitl·r lamp voltage was adjusted to a
normal opnating- valul' of 8.i>
+8
v. This was hast·d on equal
signal outputs for both typt·s
I!:'J?
...4
t:-- 868
of phototuhes using a 1000....-,,::
0
cyde film loop. Figs. 1 and
~ OIJTPUT WITH I 000 C ~'C. Ll f ll.M
~
1 show rdative signal output
4
I--ancl
hum levds hetWl'l'll the
._ __
-1P:Ji tuhe ancl the 81i8 wlwn
the exciter lamp voltage was
Ip,37.
12
V
vari(·c I bl't Wl'en 7 .,i and 10 \"
/
1·
Hum level was measured by
t..,_...-,-,; uuM Ov'J:UT 868
FIL.MP[:~
removing
the film after output
-20
[7
t.--measurt•ments were taken.
-2
(fj) Gain Variation with
c.,,
Changes
in J~xciter Lamp Volt-2-r)"
9.5
9
7.5
8
8.5
age.Rderring
to Figs. I
EXCITER LAMP VOLTS A.C.
Pm. 2. Relative :;ignal-to-hum response.
and 2, a gain change of 5.8
db is obscrwd for the 868
phototube and 8.8 db for the 1P37 tube·, using a 1000-cycle
film. This shows a a-db increase in gain variation for the 1P37
MUM OUT~UT

~

k::==

.

-

1 ............

"'

1...........

BEIIAVIOR OF BLUE-SENSITIVE PHOTOTUBE

307

tube when the exciter lamp voltage is Varied between 7.5 and
10v.
(7) Balancing Sound Jlead Outputs by Adjusting A node Potential
of Phototube.-The adjustments used for balance of the sound head
outputs are the same for both the 1P37 tube and the 868. These are
made by control of anode supply voltage.
(8) Optical System Focus When Using Both Types of Phototube.A standard 1¼-mil slit im~ge optical system was focused for maximum output using a 7000-cycle loop of film and an 868 red-sensitive
phototube. Output readings were then taken for both types of phototubes. No observable increase in output was obtainable with the
JP.17 tube by refocusing the optical system. This test was then repeated using a 9000-cycle loop of film. The results were identical.
This observation seems to substantiate the assumption that there
is no need to refocus a standard 11/ 4-mil slit image optical system when
the 1P37 tube is used in place of the 868.
(9) Relative Frequency Response.-For this check a standard theater reproducing channel having an optical system with a 1¼-mil
slit image was adjusted for maximum focus using a 9000-cyclc
loop. No low-pass filter was used since this might have had the effect of making rdative output at the higher frequencies. Frequency
runs were then made using a calibrated test film which included 31
different frequencies between 30 and 9000 cycles. Response measurements revealed no difference in relati:ve frequency response when the
1P37 tube was substituted for the 868.
Conclusion.-Reports from the field arc awaited in order to better
judge the seriousness of the increased hum, and greater variation
in signal level with changes ~n exciter lamp voltage obtained with
the.JP37 tube. No attempt will be made at this time to evaluate the
seriousness of these 2 points.
It is felt, however, that the increased hum might be satisfactorily
compensated by modification of the 120-cycle hum filter in those installations which operate with raw a-con the exciter lamp.
For those installations which operate with d-c exciter lamps and
which have some form of regulation of the exciter lamp voltage, it
does not appear that the latter point would become a problem.
In the meantime, however, the tubes that have been substituted
are working very well, indicating that no differences in operating
characteristics have been observed, or else are not of sufficient magnitude to justify an immediate report.

AN INFRARED IMAGE TUBE AND ITS MILITARY
APPLICATIONS*t#

BY
G. A.

MORTON AND

L. E.

FLORY

Research Department, RCA Laboratories Division,
l' rinceton, N. J.

Summary-The military value of the secul'ity 0l1tained by the use of
infrared for nocturnal vision was rccoyni.:ed even before lite entry of the
United States into World Wm· II. A program for the development of infml'ed viewing devices employing electron imn,qe t11l1,·s was crmsequently
set up by the National Defense Research Committl'c. Befol'e the close of the
war a number of types of infrared telescopes had been manufactured in
quantity and had seen service in fairly large numbers.
The 1P25 image tube is the essential elcmr-nt in the infl'Urcd electron
telescope, and sen•es to convert the invisible infrared image into a visible
image. The tube contains a semi-transparent photocathode which is JJl'ocessed to be sensitit>e to iufrared radiation, and an elccfron ln1s fol' imaging
the ,,foctrons from the p]wtucathode r111fo a fiuol'escent screen u•hich bPcomes
lumi11,0us upon bombardme-nt by electrons. When an infral'ed image is
focused on the photocathode, a vi,qible reproduction of this image is formed
on the fluorescent screen.
Basically, the infrared telescope con.sists of the image tube, an objective
for forming the infrared image on the }Jhutocathode and an oeulnr for viewing the 1·ep1"od11ced image. Associated with the telescope is a batter11 operated vibrator powel' supply which fnn1i.ehes the 4000 to 5000 volts and the
several -intermediate voltages requil'cd by the image tube.
A variety of types of telr-sc:uJH!,~ l"HS cfo1·cl(Jpcd a11cl Jl1'0d11ccd for a
numbcl' of different appliccttiorrn. These included a signa.lling telescope
employing a large aperture reflective optical system as o/Jjeetive, the
Sni7>erscope which is a, carbine-mounted telescope ancl infrared source permitting aiming and shooting in complete darkness and the Snooperscope
composed of the same inf rared units mounted on a handle for short range
reconnaisiiance work. Binoc1tlar telescopes, hclmet-mo1mfed drfring and
flying instruments, lrmg-1·ange reconnai,qsance units and other special nightseeing devices were also develo7>ed in the' course of this vroject.

E

VEN before the entry of the United States into World War II,
it was recognized that many military operations would require
the secrecy afforded by complete visual darkness. Therefore,
the National Defense Research Committee, under Army and Navy
directives, undertook the development of infrared viewing devices employing electron image tubes and an investigation of the applications

* Decimal Classification: R138.31 X R800 ( 621.375).
t This paper iR based in whole or in part on wol'k done

for the National
Defense Research Committee under Contracts OEMsr-169 and OEMsr-440
with Radio Corporation of America.
# Reprinted from RCA Review, September, 1940.
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of such devices. This work was carried out by these laboratories.
A variety of infrared telescopes was developed suitable for different
tasks and a number of types saw considerable service during the war.
Among the most widely used were the Navy infrared signalling equipment and the Sniperscope and Snooperscope procured by the Army.
Figure 1 illustrates an infrared telescope, while Figure 2 shows the
laboratory prototype of the Sniperscope.
Basically, all of these telescopes consist of an objective for forming
an infrared image of the scene being viewed upon the photosensitive
cathode of the image tube, the image tube itself, and an ocular for
viewing the reproduced image. The general form of the electron tele-

Fig. 1-Infrared telescope.

scopes using refractive and reflective optics is shown schematically
in Figure 3.
The fundamental component of these infrared telescopes is the
electron image tube. This tube consists of a semi-transparent photocathode processed so that it has high sensitivity in the infrared portions of the spectrum, a fluorescent screen and an electron optical
arrangement for focusing the electrons onto the screen.
In undertaking the design of these instruments and tubes, the requirements of mass production as well as those relating to the particular application, were taken into consideration. As a result, the U. S.
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Fig. 2-Laboratory prototype sniperscope.

Armed Force.a were able to obtain these instruments in far larger
quantities than could either the Germans or the Japanese whose instruments were not suitable for quantity production.

INFRARED TELESCOPES

~~-~~
,OBJECTIVE LENS

IMA~ TUBE

SCHMIDT OBJECTIVE

TO POWER SUPPLY

SPHERICAL MIRROR

CORRECTOR
PLATE

Fig. 3--Schematic diagram of two types of infrared telescopes.
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THE IMAGE TUBE

An investigation of electron imaging dating back to the early 1930's
had resulted in succesciful image tubes. 1• 2 However, the requirements
placed on an image tube for military applications were so very different
from any heretofore encountered that it was necessary to re-examine
the entire subject again.
The most important considerations were, of course, sensitivity of
the tube and perfection of the image. These are properties of the
activation, phosphor efficiency and electron optics, and will be discussed
in greater detail. A second very important consideration was that the
tube be of such a form that it could be produced quickly in fairly large
numbers. Finally, it should be so designed that a single type of tube
could be used for all of the various applications envisaged.
Tube dimensions selected as being the best compromise between the
very small size which would be desirable for portable instruments, and
the larger tube suitable for fixed units, were 4½ inches length and
1% inches maximum diameter. This size was found convenient from
the production standpoint, and useful in a wide variety of instruments.
Consideration of power supply design, cable insulation and tube stability dictated an overall voltage range of 4000 to 6000 volts.
The first decision which had to be made concerned the most practical way of imaging the electrons from the cathode onto the fluorescent
screen. There are essentially three systems which may be used, namely:
(1) uniform field between cathode and screen;
(2) magnetic lens; and
t3) electrostatic lens.
The first was rejected because of the close spacing between cathode
and screen and high field strength necessary in the vicinity of the
cathode. This makes the activation difficult and the tube prone to cold
discharge. Also, the image produced in this way is erect where preferably it should be inverted. Magnetic focusing was also rejected from
the standpoint of weight and complexity, and because of the difficulty
of obtaining an inverted image.
An electrostatic lens system is capable of a sharp, clear image over
a wide range of magnifications. The image is inverted making it unnecessary to use an inverting ocular for viewing the reproduced-image.
It is necessary to curve the photo cathode in order to produce an undistorted image over a large angular field. Where a reflective optical
system is used as objective, the curvature of the cathode can be made
1

V. K. Zworykin and G. A. Morton, "Applied Electron Optics", Jour.

Opt. Soc. Amer., VoL 26, No. 4, pp. 181-189, April, 1986.

1 G. A. Morton and E.G. Ramberg, "Electron Optics of an Image Tube",
Ph711ica, Vol. 7, No. 12, pp. 451-469, Dec., 1936.

312

ELECTRON TUBES, Volume 11

to match that inherently present in the image surface of these optics.
It is, however, sometimes necessary to use an optical field corrector
lens when an ordinary refractive objective is employed, if the field of
view is to be flat. However, since the electrostatic lens is also free
from the objections mentioned in connection with the magnetic and
uniform field systems, it was selected as the most satisfactory for the
purpose.
The magnification of the image tube has an important bearing on
its performance. This is because the brightness of the reproduced
image varies inversely with the square of the magnification. Thus, if
a telescope with r. given overall magnification employing an image tube

IMAGE TUBE
(IP25)
ELECTRON LENS

----------------

,,,,..

-J1sv.l-1oov•..JI

~

J

&OOV.-

CATHODE

J

4000<·----

SIMPLE OPTICAL ANALOGUE
Fig. 4-Schematic diagram of 1P25 Image Tube.

with unity magnification and an X5 ocular is compared with one using
an image tube with magnification ½ and an XlO ocular, the image in
the latter will be four times brighter. However, for a given size of
image tube and angular field of view, the magnification cannot be decreased indefinitely because as the power of the ocular increases the
size of the exit pupil decreases until a point is reached where the pupil
of the dark adapted eye is not filled. Beyond this point, the brightnes11
of the retinal image does not increase with decreasing magnification
of the image tube. For many applications, it is also essential that the
exit pupil be much larger than the pupil of the eye, so that the observer's eye does not have to be located too exactly with respect to the
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Instrument. Experiment showed that for a tube the size of the image
tube under discuesion, the magnification should not be less than onehalf. Figure 4 illustrates schematically the· construction and action of
the image tube adopted.
ELECTRON OPTICAL CONSIDERATIONS

The electron optical system of the image tube consists essentially
of a strong main lens as the principal imaging means and a series of
relatively weaker correcting lenses between the cathode and main lens.
The potential distribution along the axis of the tube is shown in the
upper portion of Figure 5. Two electron path!!, one of an electron
MAIN
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Fig. 5-Potential disti-ibution and electron paths in the Image Tube.

originating from the cathode on the axis of symmetry with radial
initial velocity, the other originating off the axis with no initial velocity,
are illustrated in the lower part of the figure. These two paths are
sufficient to determine the first order imaging properties of the system.
A detailed theoretical study of this type of system leads to the
following conclusions:
(1) Curvature of the image field and pincushion distortion can
only be eliminated by the use ·of a curved cathode (or a radial potential
gradient on the cathode).
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(2) Curvature of the image surface and astigmatism limit the
off-axis definition.
(3) Chromatic aberration due to the spread of initial velocities of
the photoelectrons establishes the limit of resolution at the center of
the image.
(4) Spherical aberration and coma play a negligible role in limiting the definition.
The radius of curvature of 2.38 inches selected for the cathode was
a compromise between that required for a flat electron image surface
and optical considerations of the objective. With this curvature very
little pincushion distortion remained, and a definition of 350 lines
(television nomenclature) or better could be obtained near the margins
of the picture.
At the center, the diameter (ti.) of the circle of confusion due to
chromatic aberration is given approximately by:
ti.

5!!!

2m VIE

(1)

where E is the gradient near the cathode and V the initial electron
energies in electron volts. Evaluating this from the gradient known
to exist in the tube and from the initial velocities expected near the
infrared threshold, the limiting definition at the center is 2000 or more
lines. Definitions of 1000 lines were realized in laboratory tubes, and
of 450 lines or better in production tubes. In general, the difference in
definition between the theoretical estimated definition and that achieved
in practical tubes is due to misalignment of the electrodes, inhomogenities in the photo-cathode and granularity of the fluorescent screen.
PHOTO-ELECTRIC CATHODE

The photo-sensitization of the cathode is one of the critical steps
in the preparation of the image tube. Research to date has lead to the
conclusion that a complex surface involving caesium, oxygen and silver
yields the highest infrared response of any of the surfaces yet studied.
This surface is formed by evaporating a thin layer of silver on the
cathode disk, oxidizing it completely, then adding alternately silver,
caesium and silver while subjecting it to an appropriate thermal treatment. The completed surface is semi-transparent so that, when illuminated from the outside, electrons are emitted from the inner surface.
The photoemission from a well activated surface of this type will be
30 to 50 microamperes per lumen for whole light (vi11ible + infrared)
from a tungsten source at a color temperature of 2870 degrees Kelvin.
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Figure 6 illustrates the .spectral response of this type of emitter.
FLUORESCENT SCREEN

The requirements of the fluorescent screen are the following:
(1) It must have a high efficiency of conversion of electron energy
into visible light of a color suitable for scotopic vision.
(2) It should have a fine grain structure capable of giving high
definition.
(3) Its time constant must be short so that moving images do not
blur.
(4) It should be inert to the chemical action of caesium.
Synthetic willemite was found to satisfy these requirements fairly
well, although its phosphorescent decay time is somewhat longer than
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Fig. 6-Spectral response of 1P25 Image Tube.

might be desired. In spite of its shortcoming as far as persistence is
concerned, it was selected as the phosphor most suitable for the 1P25
because of its availability and ease of handling together with its
chemical stability.
The efficiency of this phosphor in the vicinity of 5000 volts is between 1 and 8 candles per watt. Its color is green or yellow-green which
is quite satisfactory from the standpoint of scotopic vision. With a little
care, the grain and aggregate size can be made small enough so that
the screen does not limit the definition of the image. The decay characteristic of the material cannot be expressed by a single time constant.
However, for the brightness involved in such applications of the tube
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as night driving, reconnaissance, and sniperscopes, the relation:
B =BoE---(JOt

(2)

where t is the time in seconds after excitation ceases and B 0 is the
brightness at t = o is entirely adequate. The expression for phosphorescent decay indicates that the image brightness falls to 10 per
cent of its initial value in 0.04 secs. While rapid enough for most
purposes, it causes some loss in definition for rapidly moving objects.
At very low brightness levels, the decay becomes less rapid than is
indicated by this expression. This Jong low-level afterglow is of consequence in the detection of an infrared marker and signal light near
the visual threshold.

Fig. 7-1P25 Image Tube.
IMAGE TUBE PERFORMANCE

The performance of the 1P25 image tube may be summarized as
follows: The ·Jight output per lumen of light incident on the photocathode, or conversion, is in the neighborhood of 0.5 to 1 lumen. In
conjunction with an infrared filter, the conversion is reduced by the
corresponding filter factor. It has been customary to express this
filter factor in terms of the ratio of the image-tube response for whole
light from a given incandescent source at color temperature 2870 degrees Kelvin to the response from the same source when filtered.
The central definition of the image is 450 lines or more and the
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peripheral definition 300 lines. This definition is such that for most
brightness levels encountered in practice, the eye rather than the
instrument is the limiting element.
A photograph of the finished tube is shown in Figure 7.
During the later stages of the research program, a number of new
types of tubes were developed to meet special problems. One of these
was a single-voltage tube, contained in an envelope identical to that
of the 1P25, but requiring no intermediate or focusing voltages. This
tube is interesting in that it employed an electron optical system with
an unconventional departure from circular symmetry. A second tube
operated at an overall-voltage of 16 kilovolts employing a multiple lens
anode.
INSTRUMENTS EMPLOYING THE

1P25

During the course of the investigation, many different types of
infrared instruments were developed employing the image tube. The
number is so large that only a small fraction of them can be described
in this paper. Therefore, a few representative instruments ·have been
selected which will be described and their performance indicated.
Signalling Telescopes

One of the widest and at the same time most exacting use of the
electron telescope is for the observing of infrared signal and marker
lights. Here, since the object observed is an unresolved luminous point,
the considerations involved in determining the sensitivity of the
instrument are quite different from the case of an extended image.
The two primary optical factors are the area of the objective and the
magnification, while for the image tube the conversion and background
only are involved. It will be noticed that the f-number of the objective
and magnification of the image tube do not affect the sensitivity, However, if a lens with a large f-number or an image tube with high
magnification is used, the angular field of view will be small which is
undesirable for a marine signalling or search instruments. For these
reasons the signalling telescope was designed with an objective having
a short focal length and large aperture. The only practical way of
achieving such a system is by the use of reflective optics, as illustrated
in the lower part of Figure 3. The corrector plate and spherical mirror
were of transparent plastic, assembled as a unit in a plastic barrel.
The system was arranged so that the image was folded back by means
of a plane mirror onto the cathode of the image tube. The focal length
of this objective was 2.4 inches and its effective f-number was about
0.9. The image on the fluorescent screen was viewed through an Xll
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ocular. A hemisphere, which was an integral part of the image tube
bulb, was a component of the ocular system. The telescope and power
supply were assembled in a light, weatherproof and hermetically sealed
magnesium casting. A discussion of power supplies for this type of
instrument will be postponed until a later section.
A much larger reflection-type telescope was also developed having a
7-inch focal length and approximately the same effective numerical
aperture. This instrument was very much more sensitive as a signalling telescope but had a much smaller angle of view. Because this
instrument was also designed for reconnaissance, its optical focus was
made variable through an adjustment which moved the plane mirror
in and out.
Reconnaissance Telescope

With the exception of the large reflective-type telescope mentioned
in the preceding paragraph, the reconnaissance instruments were in
general of the small portable variety. In order to give them greater
depth of focus than could be obtained with a reflective optical system,
these telescopes employed refractive optics with f-numbers down to
about 2.0. With an f/2.0 lens and an image tube having a conversion of
1.0 the ratio of brightness of the image of an object illuminated with
whole light as seen through the telescope to brightness as seen directly
is about 0.10. This ratio is reduced by the appropriate filter factor
when a filtered source is employed.
In their simplest form, these instruments consist of a barrel (usually of mu-metal or other high permeability alloy for a shield) containing the image tube, to which are affixed the objective and ocular, both
in focusing mounts. Tests indicated that objective focal lengths in
the range 2½ to 3½ inches and ocular magnification of XS to X12
were most satisfactory. For example, when used as the basis of a
driving telescope, as will be discussed below, an instrument with a
21h-inch objective and an XS ocular giving an overall magnification
of unity and a 24-degree field of view gave best results, while for
devices such as the Sniperscope and Snooperscope a 3 ½-inch focal
length objective and a XS or X12 ocular were to be preferred.
Power for the image tube was supplied through a three wire, insulated cable providing ground, the overall voltage and the variable
focusing voltage. A resistance voltage divider at the image tube
socket provided the other voltage steps for the 1P25.
Other instruments were designed with the power supply an integral
part of the telescope. One unit employs a 2½" focal length f/2.0 plastic
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objective and an X12 ocular. A model is illustrated in Figure 8. Its
size and weight is only about one third that of the telescope shown in
Figure 1.
For general purpose observation, these simple in-line monocular
telescopes served as very useful tools. For example, this type of instrument was frequently carried by an observer during night driving.
Also, it was used to supplement the large reflective-type telescopes as
general orientation instruments, and for many other supporting operations. Under these circumstances, the illuminator providing the infrared radiation was a separate unit over which the user of the telescope had little or no direct control.

Fig. 8---Experimental telescope.

Frequently it is advantageous to have a portable light source to
use in conjunction with the telescope. Therefore, a study was made of
instruments involving source-telescope combinations. In particular,
two instruments of this class were developed, namely, a monocular
telescope and a light source mounted on a handle for relatively short
range reconnaissance (see Figure 9) and a similar telescope and source
mounted on a carbine in such a way that the telescope could be used
for aiming in complete visual darkness. These instruments were
christened Snooperscope and Sniperscope respectively and were later
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named Molly and Milly by members of the Armed Forces.
The telescopes used in the laboratory prototypes of these units were
essentially the same as the monocular telescope described in earlier
paragraphs. The objectives were 3½-inch focal length f/2.0 lenses
while an XS ocular was used for viewing the screen. A chevron was
placed on the surface of the field-corrector lens to serve as the aiming
index for the Sniperscope. This chevron was accurately aligned with
the direction of fire of the piece. By placing the aiming index at the
objective, distortion or deflection of the electron image had no effect
on the accuracy of aiming.
Tests were made to determine whether the telescope, including the
image tube, was sufficiently rugged to withstand the rough usage involved in this application. No particular difficultieR were encountered

Fig. 9-Laboratory prototype Snooperscope.

in the case of the Snooperscope. In the S,niperscope, a certain percentage of tubes were found to fail as a result of the shock of firing, due
to minute particles of the phosphor becoming dislodged from the fluorescent screen and settling on the lens electrodes and causing flashing
in the tube because of cold discharg~. This made it necessary to shocktest production tubes before employing them for this purpose.
The selection of the size and form of light source was a result of
compromises in a number of directions. These included angular field,
range, operating life for the allowable battery weight, and considerations of security. The source chosen for the laboratory models wa.s a
special General Electric sealed beam lamp with a 12 to 15 degree spread
and a maximum beam candle power of 80,000. Various infrared filters
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were used including Corning 2540 heat transmitting glass and the
Polaroid XRX series.
The high voltage power supply and storage batteries were carried
in a knapsack with a cable from it to the instrument carrying both the
image tube voltages and the current for the infrared source. The design of the power supply is discussed in a later section.
The weight of the telescope and source was about 5 pounds while
the power supply and batteries weighed approximately 13 pounds. The
unit was capable of 3 to 4 hours continuous operation before it was
necessary to recharge the batteries. The Snooperscope and Sniperscope
were manufactured on a fairly large scale, the production design being
carried out by the Engineer Board of the Army for the Corps of
Engineers.

Driving Instruments

In some applications, particularly vehicle driving, it is advantageous
to have binocular vision. It is interesting to note that while the observer
feels a very definite need of being able to use both eyes it makes very
little d-ifference whether or not he has stereovision.
The first experimental driving instruments were in the form of a
single large barrel carrying the objective and eyepiece, and enclosing
an image tube which was much larger than the 1P25. The eyepiece
was so arranged that the virtual image of the fluorescent screen was
at infinity and the observer saw this image with both eyes.
This type of driving telescope was found to be generally quite satisfactory, but suffered from two serious drawbacks. It was quite large
and occupied considerable spaC"e in the vehicle and it was difficult to
use on short turns.
To overcome these difficulties, a small binocular instrument was
developed using two 1P26's. This instrument, illustrated in Figure 10
gave the observer true stercovision. The binocular consisted of a pair
of in-line telescopes mounted parallel to one another by means of hinges
so that the interpupillary distance could be adjusted to fit the user.
In order to obtain satisfactory register of the images seen by the two
eyes, it was necessary to provide means for moving the two images
relative to one another. This was accomplished by mounting the ocular
lenses in such a way that their axes were slightly displaced with
respect to the axes about which the ocular fittings could be rotated.
When the eyepiece fittings were turned the two virtual images seen
by the observer moved in circles about two different centers. The
points of intersection of these circles are the points of register of the
images.
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Separate focus of the two objectives and two oculars was provided,
The power supply was designed so that the electrical focus of the
two image tubes was also independent.
These binoculars, with a suitable head rest, served as excellent
driving telescopes, when supported on a pivoted arm in front of the
driver. As designed the instrument not only gave the operator use of
both eyes but also permitted true stereovision.
Some experiments were undertaken in helmet mounting the in-line
binoculars. However, even when counterbalanced to neutralize the
forward torque of the instrument, the moment of inertia was rather
high which made it awkward to handle.
To overcome this, an investigation wag made on a series of helmet-

Fig. 10-Infrarcd In-line Binocular.

mounted instruments. Figure 11 illuatrates an early right-angle periscopic unit. The results of these tests were so encouraging that the
development of a light-weight, Z-shaped binocular suitable for night
flying and driving, was undertaken in collaboration with the
Johnson Foundation of the University of Pennsylvania. The completed
instrument is illustrate in Figure 12: The unit was made of aluminum,
and plastic optics were used throughout (except for the ocular lenses)
to reduce the weight to a minimum. The folding was accomplished by
means of plastic prisms. Again, independent optical and electrical
focusing adjustments were provided for the two sides, the electrical
focus being controlled by means of potentiometers mounted at the
bases of the telescope barrels. Register of the image was effected by

INFRARED IMAGE TUBE

323

means of a pair of rotatable ring magnets mounted on each barrel
just below an inner mu-metal shield which surrounded the image tube
from cathode to main lens. The resultant· field of these ring magnets,
which could be varied in intensity and direction by rotating the rings,
made it possible to deflect the electron images into exact alignment.
These helmet telescopes appeared to be a very adequate solution to
the problem of infrared night driving, and were on the verge of going
into production when the war ended.

Fig. 11-Periscopic Helmet Monocular.
HIGH VOLTAGE POWER SUPPLIES

The 1P25 image tube requires a rather high voltage for its operation. Since portability was one of the aims of the development, it was
essential that the power supplies be small and operate from a small
primary battery source. At the same time, the battery life had to be
above a certain minimum if the instrument was to be practical.
The design of a power supply meeting these requirements is possible only because of the fact that while a 4000 to 6000-volt output is
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required, the actual power needed is very small. The tube itself requires only a fraction of a microampere of current even under bright
light conditions. The total power output required to supply the tube
and the voltage divider necessary for the various focusing electrode
voltages of the 1P25 is on the order of a tenth of a watt.
The only practical available means of converting the low voltage
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Fig. 12-Type Z Helmet Binocular.

from the batteries to the high potential necessary to actuate the image
tube is a vibrator-transformer-rectifier combination. A typical vibrator power supply is shown in Figure 13. It differs from the conventional vibrator power units used in battery operated radios, in that,
due to the low power requirement, use can be made of the relatively
high voltage peaks appearing across the primary of the transformer
when the magnetic field collapsea as the primary circuit is broken by
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the vibrator. In addition the primary is tuned to resonate with the
natural period of the secondary to obtain maximum transfer of energy.
By this method an effective primary voltage of ten to twenty times
the battery voltage is realized. This makes possible a great reduction
in the size of the transformer required.
A standard automobile type vibrator was used because of ease of
procurement. The frequency was of the order of one hundred interruptions per second and the power consumed was about 0.2 watt. A
conventional rectifier circuit and capacity filter was used employing
the special rectifier described later.
The design of the transformer was necessarily a compromise between light weight and efficiency. A light-weight transformer with
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Fig. 13-Basic circuit of vibrator power supply.

somewhat lower efficiency means a larger battery or shorter battery
life, while a heavier transformer will give a higher efficiency due to
lower core losses. As a result, the optimum transformer is usually a
design unique to the particular application. For an overall efficiency
of 10 per cent, including vibrator power and rectifier filament, at an
output of 4000 volts, the weight of the transformer is on the order of
20 ounces per watt of output. This means that in order to supply onetenth watt at 4000 volts a two-ounce transformer would be required at
an input of one watt. At somewhat higher power ouputs the efficiency
may run as high as 20 per cent, since the power taken by the vibrator
and rectifier will be constant.
A typical transformer design may be approximated by making the
following assumptions:

326

ELECTRON TUBES, Volume II

Vibrator frequency-100 per second
Time of contacfi---.005 second
Battery voltage--3 volts
Maximum battery current (peak)-3 amperes
Peak output voltage-4000 volts.
Under the type of operation required, the secondary current is
small and most of the power dissipated in losses. Therefore, as a first
approximation the effect of the secondary circuit .on the primary may
be neglected except as it affects the resonant frequency.
If the time constant of the primary is made equal to the contaet
time, then

L
-=.005
R
Since the maximum current is to be 3 amperes and the voltage is 3
volts, the primary resistance is 1 ohm. Consequently,
L = .005 Henries.

If the decay time of the primary current is now asimmed to be
one-tenth of the contact time as determined by the resonant frequency
of the secondary to which frequency the primary is tuned, then
l::d

e=L~
6 t
8

= .005 - - = 30 volts .

(3)

.0005

Since the peak output is to be 4000 volts, the turns ratio of the transformer becomes
4000
--=183
80
To obtain the necessary primary inductance requires about 100 turns.
Thus 13,300 turns will be required for the secondary.
The direct current from the 8-volt battery under these conditions
is about 0.5 amperes with the secondary delivering about 50 microamperes. A core cross section of 0.25 square inch ordinary silicon
steel with a 0.010 air gap was found sufficient.
Since no rectifier of small size and low filament power consumption
was available, a special tube was developed. This tube, shown in Figure
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14, is now in production as the 1654 and in the special circuit shown
will deliver 100 rnicroamperes at 5000 volts.
A typical example of this form of power supply is shown in Figure
15. This supply delivers 0.15 watts at 4000 volts with an input of one
watt. The total weight including the battery, which will operate the
instrument for 2½ hours, is 2½ pounds.
A high degree of stability of the overall voltage is not essential but
the ratio of voltages on the various electrodes must be maintained to
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Fig. 14-1654 Rectifier Tube.

keep the image in good focus. The regulation of the power supply is
not important since the load is essentially constant. As a matter of
interest the equivalent resistance of the power supply shown in Figure
16 is approximately 40 megohms.
Since the overall voltage varies considerably as the batteries discharge and since the instruments may be subjected to wide ranges of
temperature, behavior of the components of the voltage divider as
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regards temperature and voltage was a matter of considerable concern. It would be highly desirable to be able to maintain the proper
voltage ratios over the range of temperatures and voltage encountered
in the field. However, this is not always possible and occasional refocusing may be necessary although the variations can be greatly
reduced by proper choice of components in order to balance their
characteristics.
All of the available high value resistors (50 megohms or more) show
considerable change of resistance with voltage. The voltage characteristics of a few of the best-known resistors are shown in Figure 16.
Using dry cells as a source of power, a 2 to 1 change in overall voltage
may be encountered from start to end point. Under these conditions,
it is impossible to maintain focus without adjustment since a 50 per
cent change in voltage represents a change of about -5 per cent in

Fig. 15--5-kilovolt vibratw power supply.

resistance of the best resistor. Therefore, unless compensation can be
provided, it is necessary to refocus as the batteries deteriorate. In the
case of storage batteries, about 10 per cent change in voltage may be
expected over the operating life. This produces a negligible change in
resistance of the No. 5 resistor and no refocusing is necessary.
Most resistors have a high temperature coefficient and in order to
design a voltage divider which will maintain the tube focus independently of temperature, it is necessary to select components which either
have the same coefficient, so that the ratio remains the same over the
temperature range, or which have coefficients which tend to compensate
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for each other. Variation of resistance with temperature for a variety
of resistors is shown in Figure 17.
In making up a divider, many combinations of resistors tending to
compensate are possible. From the curves in Figure 17, two combinations were selected and the characteristics of the dividers plotted in
Figure 18. In both cases, the G3 voltage remained essentially constant
over the entire temperature range, the, small variations being in such
a direction as to compensate for the variation in G2 • With divider
No. 1 adjusted for focus at 20 degrees Centigrade, the voltage on G2
remains in the region of good focus over the range from -10 degrees
Centigrade to + 60 degrees Centigrade. Divider No. 2 remains in focus
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Fig. 113-Voltage characteristics of resistors.

from -40 degrees Centigrade to +75 degrees Centigrade. Therefore,
using storage battery supply and selected components for the voltage
divider, it is possible to build an instrument which will not require
electrical focusing in the field under the range of conditions usually
encountered.
The Type S 2 supply shown in Figure 19 is an interesting modification of the vibrator power supply. This arrangement is similar to the
conventional voltage doubler circuit except that the two halves of the
doubler are brought out separately. In this way, it is possible to place
a voltage divider across one side without disturbing the other. In
these vibrator supplies, the alternating-current wave is non-symmetri-
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cal, being in the nature of a damped oscillation, so that in the circuit
shown, the voltage across the high voltage i;ection, which is determined
by the first loop of the wave, is about 4000 volts while the voltage in
the opposite section, determined by the second or negative loop, is
about 1000 volts. Therefore, by putting the voltage divider across
c..
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Fig. 19-Voltage doubler power supply (Type S-2).

only the low voltage section, the desired low voltages may be obtained
without loading down the high voltage section. Another very interesting feature of this circuit is the fact that by introducing resistance in
the tuned primary circuit, the damping of the circuit is increased
which tends to decrease the second or negative loops and thus the low
voltage without appreciably affecting the high voltage. This action is
shown in the curves on Figure 20. This affords a means of varying the
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focusing voltage by an element in the primary circuit which is a great
advantage from the standpoint of electrical design.
Another power supply of interest was developed for use with the
single voltage tube. With this tube the only load on the power supply
is the actual photocurrent and leakage. By careful design, the entire
load resistance can be made as high as 1010 ohms. Using a relatively
large capacity in the output, the time constant of the circuit can be
made to equal several seconds so that a quite infrequent charging of
the circuit is required. For this purpose, an interrupter was designed
consisting of an electrically-driven balance wheel having a period of

Fig. 21-Electrical components of pulsed power supply.

about ¼ second. The design was such that the transformer primary is
open most of the time and is closed for a short time, to allow the current
to build up, and immediately opened. In this way the drain on the
battery is extremely small, the supply operating for as long as 50 hours
on a single size D flashlight cell. A photograph of the interrupter, the
1-ounce transformer designed for the purpose and the special rectifier
described below are shown in Figure 21.
Since the primary power required by this supply is so small, the
power taken by the usual rectifier filament becomes very large in comparison. Consequently, a new type "filamentless" rectifier was developed,
known experimentally as the KR-31.
This rectifier depends for its action upon a gas discharge in Helium,
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Neon, or other inert gas at about 0.5 millimeters pressure. The cathode
is an aluminum cup, mounted so that its closed side faces the anode.
The anode is a nickel rod or tube, over which is fitted a woven fibreglass sleeve. The entire anode is covered with the fibreglass; the sleeve
fits down over the glass seal at one end and is closed by fusing the
glass at the free end.
The peak inverse voltage of the KR31 is 6000 volts and the forward breakdown voltage is 300-600 volts. The peak current may be
several milliamperes but the allowable average current is low. In the
applications for which the tube was designed the average current is
under 10 microamperes. An average current of 50 microamperes may
not be exceeded except for very short periods due to sputtering and
clean-up of the gas.
This tube has not been put into production and is not available
commercially.
The power pack for the Snooperscope and Sniperscope involved
some special considerations. A 6-volt, 25-ampere-hour storage battery
was used to operate the infrared source so the power required to operate the high-voltage power supply was a negligible drain on the battery.
It was necessary to silence the vibrator to a surprisingly high degree
since the most obvious uses of the instruments were under conditiom1
of extreme quiet and where the utmost in secrecy was essential. The
usual rubber-mounted automobile radio-type mounting is effective for
damping out the high frequencies, but the fundamental vibrator frequency (100 cycles) is not sufficiently suppressed. One method used
in experimental models was to suspend the mounted vibrator by two
flat spiral springs of at least one turn, coiled around the vibrator can,
the inner ends being fastened to the vibrator can and the outer ends
to the power supply chassis or box. By proper choice of spring thickness, a period of only a few cycles per second can be obtained with
sufficient stiffness to support the vibrator adequately. By this means
it was possible to silence the vibrator so that the user himself could not
detect the vibration. Another method used, with some increase in bulk,
was the addition of one or more stages of sponge-rubber cushioning
around the usual vibrator can.
The type MA4, high-voltage image tube raised some special problems in power supply design. The overall voltage required is on the
order of 15 to 20 kilovolts and in addition, a number of intermediate
voltages are required. These intermediate voltages, particularly those
over 4000 volts are difficult to obtain efficiently by conventional means
because of the relatively large power which would be wasted in a
voltage divider of sufficiently low resistance to be stable. Also, it is
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possible to obtain higher voltages from the previously described power
supplies only by increasing the flux in the transformer. This in turn
can be accomplished only by increasing the primary power, necessitating larger transformer and batteries. Lastly, if a conventional
power supply is used, a rectifier tube capable of withstanding 20 to 30
kilovolts inverse voltage would be necessary. This type of rectifier is
not available in small size and low filament power. Consequently, a
cascade type (voltage-adding) power supply was designed which overcame most of the objections and automatically provided the necessary
four steps of high voltage without a voltage divider.
A schematic diagram of the S-5 power supply making use of this
circuit is shown in Figure 22. As can be seen, this supply is made up
of four rectifiers which are essentially in parallel for alternating cur-

....
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Fig. 22-Circuit of voltage quadrupler power supply (Type S-5).

rent. The direct-current voltages developed across the rectifiers, however, are added by means of the resistors which connect the anode of
one rectifier to the plate of the next and thus place all the rectifiers in
series for direct current. These resistors offer much higher impedance
to the alternating current than do the capacitors so they do not affect
the parallel alternating-current connection. Any number of stages may
be cascaded in this manner, provided_, of course, that the transformer
will deliver the proper voltage to all the rectifier!! in parallel. Four
stages were chosen in this case because four steps of voltage are necessary for operation of the MA4 tube. The lower voltages required for
the tube are obtained in the usual way by a voltage ,divider across the
first section of the power supply. A thermionic rectifier (1654) is used
in this stage in order to supply the divider current but the following
stages make use of KR31 gas rectifiers, thus eliminating the need for
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filament supply circuits, with a high degree of voltage insulation. The
current drain at the high voltages is very low so that the voltages
shown are obtained with a total battery current of only 0.4 ampere at
2 volts. A photograph of the power supply is shown in Figure 23.
The chief problems in connection with this supply are leakage and
corona. These must both be kept to a minimum since the internal resistance of the power supply is quite high (approximately 109 ohms at
the 16-kilovolt tap). Leakage can be minimized by use of high-quality
insulation and protection from humidity. Hermetical sealing, or other
provisions for drying, are essential with this type of voltage supply.

Fig. 23-lG-kilovolt voltage quadrupler power supply.

Corona can be prevented by eliminating all sharp edges at the high
voltage connections or by coating with a closely-adhering insulating
material such as wax.
CONCLUSION

The above discussion stresses only the military application of infrared imaging equipment. There are, however, a number of peacetime
uses for these instruments. Among these applications are their possible
value in police work, their use in the field of medicine, the viewing of
the usual types of photographic film during processing apd production
and for the inspection and control of a number of other industrial and
scientific processes where visible light is undesirable.
In closing, the authors wish to express their appreciation to Dr.
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V. K. Zworykin, Director of Electronic Research, for his advice and
encouragement during the course of this development and also their
recognition of the contribution made by Dr. J. E. Ruedy, G. L. Krieger
and Dr. P. Rudnick to this project. Credit should go to Dr. L. B.
Headrick, Miss H. C. Moodey and Dr. R. B. Janes of the Lancaster
plant for work on the production design of the image tube.

AB an interesting example of the effectiveness of the infrared

devices described in this paper, two illustrations of a war street scene
at night are included below. The upper picture shows the scene
as viewed by the unaided eye. The lower picture shows, in the circle,
the details of the scene when viewed by the infrared devices.
The Manager, RCA REVIEW
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APPLICATION TO LOW LIGHT LEVELS*t
BY
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Summarg-Measurements in such fields as photometry, spectrometry,
a11d astronomy, dealing w-ith very low light levels, may be assisted by the
use of photo-multiplier tubes. Spectral characteristics of visibl6 (S-8),
blue (S-4), and ultraviolet (S-5) sensitive multiplier tubes ar6 presented.
Data are shown illustrating the wide range of linearity of photo-multiplier
types 931-A, 1P21, 1P22, and 1P28. The tubes are linear at currents up to
the point where space charge in the output stages reduces the ratio of
anode current to cathode light fiux. Dark currents and the limitations
which they introduce in practice are disc1is11ed. Fatigue effects are discussed and data, shown which indicate good stability at low current levels.
The ultimate sensitivity of these tubes when refrigerated to various degrees
has been in vestigatecl; with suitable p1·ecautions, pulses attributable to
i11<lfoid11al photuelertrons can be counted.
INTRODUCTION

lf N RJ<:CENT years the availability of multiplier photo-tubes capable
Jl of measuring very weak light sources has resulted in a number of
important applications in such fields as Raman spectra 1, spectrographic quantitative analyses 2 5, radioactive measurements8, and astronomyr,s. The success of the multiplier photo-tube is principally the
result of its tremendous amplification factor which, in addition to its
great convenience, permits extension of measurement to lower light
• Decimal Classification: R800 (535.38).
from Jour. Opt. Soc. Ame1·., June, 1947.
t D. H. Rank, R. J. Pfister, and P. D. Coleman, Jour. Opt. Soc. Amer.,
Vol. 32, 390 (1942).
2 D. H. Rank and R. V. Wiegand, Jour. Opt. Soc. Amer., Vol. 36, 325
(1946).
• E. A. Boettner and G. R. Brewington, Jow·. Opt. Soc. Amer., Vol. 34,
6 (1944).
• G. H. Dicke and H. M. Crosswhite, Jour. Opt. Soc. Amer., Vol. 35,
471 (1945).
• J. L. Saunderson, V. J. Caldecourt; and E. W. Peterson, Jour. Opt.
Soc. Amer., Vol. 35,681 (1945).
e M. Blau and B. Dreyfus, Rev. Sri. l11st., Vol. 16, 245 ( 1945).
T G. E. Kron, Ash-ophys. Jo111·., Vol. 103, 324 (1946).
s A. E. Whitford and G. E. Kron, Rev. Sci. Inst., Vol. 8, 78 (1937).

t Reprinted

337

El,ECTRON TUBES, Volume ll

338

fluxes than is possible with a simple photo-tube. This advantage is
gained through the elimination of the coupling resistor and the associated Johnson noise 9• 17 •
The purpose of this paper is to make data on the properties of the
RCA series of multiplier photo-tubes more generally available. The
data include spectral response curves; representative data illustrating
the magnitude of fatigue to be expected at various output levels; and
a study of the linearity of the tubes with variations in light flux.
Emphasis is placed on those properties affecting the measurement of
very low light levels and the relative advantages of various methods of
utilizing the tubes are presented.
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GENERAL CHARACTERISTICS

Gain and Voltage
Schematically illustrated in Fig. 1 is the RCA type of electrostatically focused multiplier photo-tube with the paths of the electrons
and secondary electrons indicated as they cascade through the nine
dynode stages to the collector anode. The result of this serie8 of
secondary-emission multiplications is an over-all gain of approximately
one million at 100 volts per dynodc stage. Variation of the amplificaA. M. Glover, Proc. I.R.E., Vol. 29, 413 (1941).
J. A. Rajchman and R. L. Snyder, Electronics, Vol. 13, 20 (Dec. 1940).
11 V. K. Zworykin and J. A. Rajchman, Proc. l.R.E., Vol. 27,658 (1939).
12 R. B. Janes and A. M. Glover, RCA Review, Vol. 6, 43 (1941).
13 A. Sommer, Elec. Eng., Vol. 17, 164 (1944).
14 R. C. Winans and J. R. Pierce, Rev. Sci. Inst., Vol. 12, 269 (1941).
15 F. Preisach, Wireless Eng., Vol. 16, 169 (1939).
16 C. C. Larson and II. Salinger, Rev. Sci. Inst., Vol 11, 226 ( 1940).
17 W. Shockley and J. R. Pierce, Proc. I.R.E., Vol. 26, 321 (1938).
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tion factor with the voltage per stage is shown in Fig. 2 for a typical
981-A tube. This rapid variation is often useful in that it allows a
simple, wide-range gain-control which may be obtained either by varying the stage voltage of all the dynodes 18, or that of just one dynode.
The first method controls gain by changing the secondary emission
per stage; the second controls gain by defocusing the electron stream
in one section of the tube. In any case the amplification factor is
practically independent of the output stage voltage.
A disadvantage of a gain control sensitive to voltage changes is
that it necessitates a rather well-regulated power supply to prevent the
output current of the multiplier tube from being modulated by fluctua-
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tio~s in supply voltage. For low output current~, a fairly compact and
inexpensive battery pack can be constructed by use of miniature batteries. An analysis of fundamental electronic regulating circuits, with
possible utility in multiplier photo-tube applications, exists in an
article by Hunt and Hickman 19• For the higher output currents a useful
circuit may be found in n paper by W. R. Hill20 • Much of the work
that has been done on voltage supplies for the Geiger counter is directly
applicable to multiplier tubes. In low current applications in this
laboratory a modification of the amplification-bridge type of regulated
supply 19 has been found very useful. This circuit has the advantage
of providing a positive ground which is desirable in eliminating electrical pick-up. A wide range of regulated voltage may be obtained
11

M. H. Sweet, Jom·. Opt. Soc. Amer., Vol. 36, 720 (1946).

iu F. V. Hunt and R. W. Hickman, Rt•v. Sci. Inst., Vol. 10, G (1939).
2u

W. R. Hill, Proc. I.R.E., Vol. 33, 38 (1945).
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without rebalancing the bridge by choosing a high µ-triode (75 or
greater) with a flat amplification factor ve1·sus plate voltage characteristic.

Spectral Characteristics
At present three types of spectral response are available in the
RCA line of multiplier photo-tubes. Data recently obtained for the
S-4, S-5, and S-8 responses with a Bausch and Lomb quartz monochometer are presented in Fig. 3. The S-4 curve, characteristic of a
caesium-antimony surface on a nickel base, may be compared with that
published earlier by this laboratory 11 • It is not known to what extent
the minor differences are
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lalresponse compared to the
S-4 curve. This surface, in general, reduces the absolute sensitivity so
that a tube with an S-8 response, such as the 1P22, should be chosen
only when extension to the red is necessary. The range of response of
the S-8 characteristic is approximately that of the eye but the shape
of the curve is, unfortunately, quite different.
Color-response variations of these types are of a lesser degree than
the rather large tube-to-tube variations of the caesium-oxygen-silver
(S-l)types 21 • The S-4 spectral response is particularly stable. Produc-
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tion variations in the response and cut-off characteristics of S-4 types
are approximately one-tenth of those of the S-1 types.
Stability
Of great interest to the average user of multiplier tubes is the
degree of stability that may be expected in the current output with
constant light flux and voltage per stage. Each tube is individual in
this respect but a fatigue, characterized by a decrease in sensitivity,
is typical. Fatigue is also greater the higher the output current.
Illustrating this trend are the data shown in Fig. 4 which were obtained
from the average behavior of 10 representative 931-A tubes. In this
graph the sensitivity loss in a given time is plotted as a function of
the anode current. For each current value at which data were taken,
the output current was held constant during the 40-minute test by
II
•

Fig. 4-8ensitivity loss
in type 931-A.
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adjusting the light flux. Sensitivities were recorded at the end of 20
and 40 minutes. The same tubes were used for all the points on the
graph; after each 40-minute period the tubes were stored in darkness
for at least one day before being operated at another current value.
During this rest period, sensitivity generally recovers to approximately
the initial value, except after currents in excess of 1 milliampere, in
which case the recovery is incomplete. Loss in sensitivity results almost
entirely from the loss in gain in the last few stages of secondary
emission.
It is usually advantageous to operate the tube for at least a halfhour at the level of intended operation since the rate of fatigue is
greatest during the first half-hour. Operation above 1 milliampere is
not recommended because of the excessive fatigue. For most stable
operation very low currents are recommended~ertainly never over
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100 microamperes. How stable the average tube is below 10 microamperes has not been determined, because errors in realigning the light
spot and adjusting the voltage were larger with the particular test
equipment used than the degree of instability being investigated. At
currents less than 1 microampere, however, very little change in sensitivity may be expected.

Linearity
It is well known that photoelectric em1ss10n varies linearly with
light flux over an extremely wide range. There is likewise no reason
to expect secondary emission in the multiplier to be other than linear
until space charge distorts the electrostatic fields. Figure 5 illustrates
the linearity of output current in an RCA multiplier photo-tube as a
function of light flux.
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Within an experimental error of 3 percent, the anode current in the
range from 10- 0 to 10 - 3 ampere i11 proportional to light flux at the
cathode. The low levels of light indicated on the graph were obtained
hy reflection of light con11ecutively from a pair of convex mirrors. A
base of 20 :1 in linearity was first established by varying the di11tance
from the light source to the first diverging mirror. In this way any
change in light spot or position on the multiplier cathode was made
negligible. By means of this 20 :1 range neutral filters were calibrated,
and used to extend the measurements to the complete range shown in
Fig. 5. Since the data for this curve were taken for several tubes, the
value of the light flux plotted was arbitrarily adju11ted to coincide with
the sensitivity of an average tube (10 amperes per lumen),. thus permitting a more simple comparison of results.
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The last point on the lower end of the curve (Fig. 5) was obtained
by counting and measuring the heights of the output pulses from the
multiplier, each pulse being an amplified photo-electron. This point,
representing a cathode photo-emission of only a few electrons per
second, is included on the graph not so much to indicates the linearity
of the multiplier at this level (of which there is very little doubt),
but to illustrate the wide range of its applicability.
In order to obtain points in the range from 1 to 45 milliamperes,
a technique using pul,;ed light was employed. Continuous operation at
high levels of output current would fatigue the output stages of the
multiplier so rapidly that reliable data could not have been obtained.
The duty cycle, therefore, was reduced to 0.01 by means of a lightchopper disk. Measurements of the peak current output were then
made with a cathode-ray o,;cillograph. The reduced duty cycle also
reduced the bleeder current requirements by a factor of 100. Interstage capacitors maintained dynode voltages during the pulse time.
At the top end of the curve a saturation characteristic is observed.
The chief limitation of current by ,;pace-charge saturation occurs not,
as might be expected, at the ninth dynode, but at the surface of the
eighth dynode (Fig. 1). This condition is the result of the much closer
spacing between dynode 9 and the anode, than between the dynodes
8 and 9. Calculations from the geometry of the tube and the electrostatic fields (with reference to a rubber dam model) checked quite well
with the measured 45-milliampere current maximum at 100 volts per
stage. Further confirmation of this point was obtained in the approximate %-power variation of the saturated current as a function
of the voltage per stage.
While these data indicate anode currents as high as 45 milliamperes,
it should be emphasized that stability cannot be expected at such levels.
These levels are induded chiefly for their academic interest and for
possible application of the tube in light-pulse detection. The stability
of the tube with pulsed light is approximately that of the integrated
average current level.
APPLICATION TO Low LIGHT LEVELS

Dark Current

In any application of the multiplier photo-tube to very low light
levels, one of the most important considerations is the dark current of
the tube. It is important to understand the source of this current so
that operation with maximum sensitivity may be obtained.
Illustrated in Fig. 6 is the anode dark current in microamperes as
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a function of the voltage per stage. The points were obtained from one
tube chosen as typical of the behavior of RCA multiplier photo-tubes.
There are three domains in each of which a different type of dark
current dominates: (1) ohmic leakage; (2) amplified thermionic
emission; (3) regenerative ionization.
At low voltages ohmic leakage is dominant. Leakage current is
caused by traces of caesium and other conductive materials on the stem
and insulating spacers inside of the tube. Base leakage may also be
included in this category. Base leakage is particularly evident if the
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tube is operated in a very humid atmosphere or in a dirty or dusty
locale. As a general rule the leakage in the base itself is less than that
inside of the tube. If high humidity causes difficulty it may be advan•
tageous to apply a coating of ceresin wax to the base. In an atmosphere
of reduced pressure an electric breakdown may also occur across adjacent pins at high voltage, This type of breakdown is important in
airborne equipment.
In the characteristic plotted in Fig. 6 the ohmic leakage is dominant
up to about 50 or 60 volts per stage. An extrapolated dashed line
indicates the calculated continuation of the ohmic leakage. This leak-
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age is directly proportional to the voltage per stage, but the shape of
the curve is convex because a logarithmic scale is used for the dark
current.
Above 60 volts per stage dark current caused by thermionic emission becomes important. In the sample tube the equivalent thermionic
emission at the cathode was 0.6 X 10- 14 ampere. This emission is
amplified through the tube in the same manner as photo-current; hence,
the output current caused by thermionic emission is proportional to
the gain characteristic of the multiplier tube, as illustrated by the dotdash line in Fig. 6. The sums of the values of the extrapolated ohmicl!!akage curve, and the values of the amplified thermionic emission
curve give the solid line which q_uite closely fits the observed points
and, thus, gives credence to this interpretation.
In almost any method of using the multiplier photo-tube the ultimate limitation to signal detection is thermionic emission. Associated
with this component of the dark current is a shot noise resulting from
random thermionically emitted electrons, variably multiplied by the
secondary-emission gains of nine stages.
Above about 110 volts per stage, Fig. 6, a third region of dark
current begins. Deviation from the ohmic and thermionic dark-current
curve is associated with regenerative ionization effects, which cause
complete breakdown and an uncontrollable discharge at sufficiently
high voltage. For most tubes this breakdown occurs between 140 and
180 volts per stage depending principally on the gain of the tube. In
this unstable region, indicated by the shaded area on the graph, dark
currents fluctuate violently and if the current is viewed on a cathoderay oscilloscope, rather large bursts of pulsed noise will be observed
in contrast to the fairly steady "rain" associated with thermionicemission noise. The exact cause of this gaseous noise is not known, but
when the gain of the tube has reached a value of 107 to 108 , very little
feedback from the anode to the cathode will obviously initiate a selfmaintained discharge. This feedback may be caused either by secondary
emission from positive ions (of residual gas or vapor), or by photoemission resulting from light emitted from excited gas, or from fluorescence in the glass or other insulators in the tube. Although the tube
has been designed to avoid feedback, it will occur in all tubes when the
gain is sufficiently high.
When the tube is operated for optimum signal-to-noise ratio, the
region where gas effects become noticeable should be avoided in any
system of measurement. If a direct-current method of observation is
used, it is best to operate at a stage voltage level where the ohmic
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leakage is not dominant, since the amplified thermionic emission rises
no more rapidly than the useful signal output. Providing the ohmicleakage component does not vary or drift, as it may in some cases,
the fluctuations resulting from thermionic emission are then the chief
limitation in the d.c. detection method. In an alternating-current
method of observation with a modulated light source, any ohmic leakage becomes secondary to the amplified shot noise associated with the
thermionic emission.

Thermionic Emission Noise
Numerous papers have been written to show the nature of, and
the limitations imposed by thermionic emission in multiplier phototube measurements 13- 15•17• The r.m.s: value of fluctuating output current originated by thermionic emission is closely approximated by the
following equation:
(1)

where p. is the gain of the tube, e the electronic charge, i 1 the thermionic emission from the cathode, and J./ the band width of the receiving instrument. Neglected in this equation is the noise a.'\Sociated
with the thermionic emission from the secondary-emitting surfaces
or dynodes. However, since the stage gain is of the order of 4 or 5,
this additional noise would only amount to an omission of about 3 per
cent from l<~q. ( 1).
Another factor omitted from Eq. (1) is the noise associated with
the random process of secondary cmh.;sion. If the number of secondary
electrons emitted per primary electron were invariable, the electronic
pulses resulting from an electron emitted from the cathode would all
be of the same magnitude. But, since the individual dynode i;econdaryemission yield is stati.~tically variable, the number of ek•ctrons in the
anode pulses varies, and causes a slight increase 17 in noisl', probably of
the order of 15 per cent over that predicted from .f~q. < 1). In other
respects the noise associated with the random thermionic emission, or
photo-emission with the photoeleetric current being substituted for
i 1, follows Eq. (1) quite accurately, qualitatively and quantitatively. 2i
The essential advantage of the multiplier photo-tube i1:1 that the
limiting noise in practical mea1mrements can be reduced to that of the
thermionic emission as defined in Eq. (1). In a conventional photon A. M. Glover, R. W. Engstrom, and W. J. Pietenpol, "Final Report
on the Investigation and Manufacture of Noise Sources at RCA"; OSRD
R~port 1060-2, March 7, 1946.
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tube the thermionic-emission noise is also present, but in general is
exceeded by the Johnson noise of the coupling resistor, or by the shot
noise in the first amplifier tube. The multiplier photo-tube raises the
photoelectric current above external noise sources with practically no
increase in the relative internal noise.
Assuming that the multiplier photo-tube is operated so as to avoid
the difficulties of ionization effects at high voltage, and with analyzing
equipment that does not introduce other dominant noise sources, consider the theoretical limits to the detectability of the tube. If the
photocurrent at the cathode is l,,, the output current produced by the
light is
.

(2)
The anode-noise current will also be increased by the shot effect from
the photoelectrons su that the r.m.s.-noise current becomes
(3)

Letting S,. represent the signal-to-noise ratio obtained by dividing
l<~q. (2) hy ( 3), it follows that
(4)

El1uation (4) is also hased on the assumptions and omissions inherent
in Eq. ( 1), and refers to the ~dgnal-to-noise ratio using a d.c. voltage
supply and a d.c. light source. For the purposes of determining the
approximate limiting current measurable, Rq. (4) may also be used
for order of magnitude if the light is modulated, providing the modulation efficiency is high so that a large d.c. background current is not
added. For an accurate determination of signal-to-noise ratio in this
case an a.c. form factor determined by the shape of the light-modulation curve would have to de added. If an a.c. voltage supply is used,
the signal-to-noise ratio is reduced. 10 It is also advisable to avoid the
use of a.c. voltage if gain is important. Voltage limitations apply to
the peak a.c. voltage, but average gain would, of course, be considerably
less than the maximum during the a.c. cycle.
In the present RCA multiplier photo-tube series, the thermionic
emission from the cathode at room temperature is of the order of 10- 1 ~
ampere. (This emission is 100 to 1000 times lower than the thermiQnic
emission of a Cs-0-Ag tube.) For an arbitrary band width of 1 cycle
per second, the factor 2et:.f is approximately 3 X 10- 10 ampere. The
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limit of detectability under these conditions may then be determined
from Eq. (4) to be a cathode photo-current of the order of 5 X 10- 17
ampere, corresponding to a light flux of 5 X 10- 12 lumen for an average 931-A cathode sensitivity of 10 rnicroamperes per lumen (2870°K).
Methods for improving detectability may be readily deduced from
Eq. ( 4) and are: increase the photo-sensitivity of the cathode, decrease
the band width of the measurement, and reduce the thermionic emission. The S-4 spectral characteristic of the 931-A, and 1P21, and the
S-5 response of the 1P28, have a very high absolute sensitivity. The
IP21 is probably best in this respect because of higher selection
criteria. Some attempt has been made in processing tubes in the RCA
laboratory to reduce the thermionic emission, ~bile maintaining good
photo-emission, and although indications of improvement were obtained, the problem is still open for solution. It is also possible to
manufacture a tube with a smaller cathode area, as has been suggested
by G. E. Kron 7, although this has not as yet been tried. For the
user, however, there remain two approaches: reduce band width, and
decrease thermionic emission by cooling.
In a light-modulation method the band width is usually determined
by that of the a.c. amplifier following the multiplier tube. It is possible,
though probably quite difficult, to make an a.c. amplifier with a band
width of 0.1 c.p.s. at low audiofrequencies. 23 · 21 A band width of the
order of 1 c.p.s., however, is reasonable if negative feedback circuits
are employed. 25
In the measurements described in this paper, a 90 c.p.s. choppedlight source was used and a General Radio type 760A sound analyzer
provided a selectivity of 1.8 c.p.s.
For d.c. measurements the band width equivalent is one-fourth the
reciprocal of the delay constant of the galvanometer in a direct measuring technique. An accumulation method in which capacitors are
charged can be used with a band width inversely proportional to the
time of charging. Various types of measurement have been made in
this laboratory comparing steady light with chopped-light methods,
etc., and they have in all cases quite closely checked Eq. ( 4). One disadvantage of using the d.c. method with a sensitive galvanometer is
that any ohmic leakage in the multiplier will cause an annoying deflection which may vary as leakage paths change.
11

D. G. Tucker, Elec. Eng., Vol. 15, 98 (Aug. 1942).

it W. C. Michela and N. L. Curti11, Rev. Sci. Inst., Vol. 12, 444 (1941).
ts F. E. Terman, Radio Engineers' Handbook (McGraw-Hill Book
Company, Inc., New York, 1943), p. 94a.
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A third, though not new 28 •27 method of utilizing the multiplier
photo-tube is as an electron-counting device. In this method pulses in
the anode circuit, caused by individual photoelectrons from the cathode,
are counted using some electronic counting technique. Band width
may be narrowed almost to any extent desired since it is inversely
proportional to the time of the count. In the present investigation,
elaborate counting equipment was not available and the count was
made by observing the pulses on a cathode-ray oscilloscope. Counts
longer than about 10 minutes in duration were not attempted, but the
improvement expected with this method of narrowing the band width
was demonstrated.
Perhaps the greatest possibility of improvement in measureability
is obtained through the reduction of the thermionic-emission noise by
lowering the tube temperature. If the thermionic emission could be
reduced practically to zero, Eq. ( 4) would become
(5)
and the detectable photo-current would be directly proportional to the
band width. For t!i.f equal to 1 c.p.s., the limit would be of the order
of 3 X 10- 19-ampere cathode emission. The problem of reducing this
level of detection would simply be one of waiting long enough to be
statistically sure of the number of pulses per unit time. To determine
whether or not the thermionic emission i 1 could be reduced indefinitely,
was one of the objects of this investigation.

1','xperimental Signal-to-Noise Ratio
The behavior of RCA multiplier photo-tubes was first studied at
room temperature. Figure 7 illustrates sample signal-to-noise behavior of RCA multiplier photo-tubes as a function of voltage per
stage. Signal-to-noise on this graph and also on Fig. 8 is in db and
is defined by
signal/noise (db)

= 20 log

S,..

10

(6)

The data plotted in Fig. 7 were taken for chopped light (90 c.p.s.)
using an a.c. amplifier with a band width of 1.8 c.p.s. The light source
was a tungsten lamp operated at 2870°K color temperature. Reduction of the light flux on the multiplier tube to 5.85 X 10- 10 lumen was
accomplished by a pair of mirrors with convex front surfaces. Three
2e
27

J. S. Allen, Re,,. Sci. Inst., Vol. 12, 484 (1941).
Z. Bay, Rev. Sci. Inst., Vol. 12, 127 (1941).
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curves are shown which are typical of a very good tube (a 1P21 or an
especially good 981-A), an average 931-A, and an out-of-limit tube
having excessive gaseous ionization. As the regenerative ionization
condition begins, the signal-to-noise ratio falls rapidly, as might be
expected. This rapid decline is characterh,tic of all tubes good or
bad, but the voltage per stage and the gain at which it occurs vary.
It may be observed that even the rejected tube is useful with reduced
voltage. These data further emphasize the importance of keeping the
voltage down if high signal-to-noise ratio is desired. In the flat part
of the curves before the onset of the regenerative condition, the .signalto-noise ratio of the 40 db implies a limit of detectability of about
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6 X 10- 1~ lumen at room temperature with a band width of 1.8 c.p.s.
This ratio agrees with the prediction of Eq. ( 4) and supports the
assumption that the chief source of noise is amplified thermionic
emission. According to Eq. ( 4), h?wever, the flat part of the curves
would be expected to be ·level to show the downward slope as illustrated.
This behavior is very possibly associated with a Schottky or a fieldemission effect. The curves show no indication of a decrease in signalto-noise ratio as the voltage per stage is reduced to lower values than
those shown, but, because the gain is also decreased the noise in the
coupling resistor and in the first stage of amplification becomes important and obscures the behavior of the multiplier tube. For this
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reason there is always a minimum gain below which the advantage
of the multiplier tube is lost.

Operation at Reduced Temperature
Although the operation of a multiplier phototube at reduced temperatures has been resorted to on numerous occasions,u, 27 •2a it is
accompanied by numerous difficulties. These difficulties are chiefly the
results of condensation of water vapor which fogs the light window
and causes electrical leakage at the electrical contacts to the tube.
Coleman, 29 however, has devised a simple cooling unit utilizing dry ice
in which escaping CO 2 prevents condensation of moisture.
For the experimental program undertaken in this laboratory a
demountable vacuum chamber was built. This chamber consists of a
double-walled flash supported concentrically inside of a larger metal
container. The double-walled flash is accessible to the atmosphere
through two metal tubes which also support the flash inside the
vacuum chamber. Cooling is accomplished by transferring liquid air
to the space between the walls of the flash. The inner section of the
flask houses the multiplier tube. An opening through the double-walled
flash permits light to reach the photo-tube from a window sealed in
the outer cylinder. Space on both sides of the liquid-air container
is evacuated to less than 1 micron of mercury by means of an oildiffusion pump. The pressure in the main chamber has to be below
about 50 microns to avoid electrical discharge from the multiplier
voltage supply; but to avoid thermal loss it is advisable to maintain
better than 10 microns. In operation, the principal loss is by radiation.
Losses are small enough that once the desired temperature is reached,
a liter of liquid air is sufficient to maintain the temperature for 6
to 8 hours. Temperature is measured by means of a thermocouple
wrapped around the multiplier tube. When accurate temperature of
the cathode has to be known, it is necessary to hold the tube at a
constant temperature for several hours to allow the parts inside the
tube itself to reach equilibrium. The magnitude and stability of the
thermionic dark current is a good indication of equilibrium.
The demountable feature of the apparatus is provided by means
of a glycol-phthalate seal which is melted by an electrical heater embedded in the top fitting. Leads from the multiplier are brought out
at the top through a large glass stem which is sealed to the metal
tubular top. Large spacing in this stem gives good electrical insulation
98 A. Blanc-Lapierre and D. Charles, J. de phys, et rad., Vol. 5, 239
(Oct. 1944).
n E. F. Coleman, Electronics, Vol. 19, 220 (June 1946).
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and prevents noise from the socket and connections. This construction
is not designed for everyday application, but it serves very well in providing a box with a constant cold temperature, with low thermal loss,
and with no difficulty from condensation of moisture either on the base
of the tube or on the window.
Measurements of both the sensitivity and noise output were made
using this vacuum chamber at temperatures from -175°C to+ 50°C.
These measurements are given in Fig. 8 in which both signal and noise
are plotted in db with a reference level of 1 microvolt across an input
load of 1 megohm (a current of 10- 1 ~ ampere r.m.s.). Signal-to-noise
ratio may be obtained by subtracting the noise ordinates from the
signal ordinates at a given temperature. The tube used was a 1P21
at 100 volts per stage. A light flux of 1.5 X 10~ 10 lumen modulated to
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a 90 c.p.s. square wave was used and data were taken with an a.c.
amplifier having a band width of 1.8 c.p.s. Each pair of points on the
graph was taken only after at least 4 hours at the indicated temperature. All the data were taken over a period of about two weeks. The
order of taking the data was purposely disarranged to avoid any false
trend with temperature that might be cause by fatigue or aging effects.
The reduction in noise output in cooling from room temperature
to that of liquid air is greater than 40 db, an improvement of 100 :1
in the lower limit of light detectability as indicated on the scale at
the right-hand side of Fig. 8 which refers to the noise output curve.
(Slope of the signal output curve is neglected.) Since the noise current
is proportional to the square root of the thermionic emission it is of
interest to make a Richardson plot of the noise output data of Fig. 8.
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The result of this plot is a curve of slope representing a work function
of 0.3 volt between + 50°C and - 50°C and representing a smaller
and smaller wordk function at lower temperatures. A single straight
line cannot be made to represent the data. It has been suggested by
Rajchman 30 that the curvature may be ·explained by assuming a nonuniformity of the cathode so that in reality there are several Richardson plots which must be added together and thus produce the curved
appearance. It might also be speculated that changes may take place
in the complex surface structure of the cathode as the temperature is
varied. The sensitivity variation, however, shown on the same graph
does not support this suggestion. A field emission current, originating
at sharp edges, is also a possible contributor to this behavior. Also
difficult to explain is the difference between this measured work function of 0.3 volt and the photoelectric work function of the order of 2
volts. Temperature data on two other tubes give apparent work functions of 0.5 and 1.0 volt.
Sensitivity data as indicated on Fig. 8 show that the sensitivity
is essentially independent of temperature. Since the data are plotted
on an absolute scale, evidence is thus incidentally presented of the
lark of fatigue at these very low current levels. The slight slope to
the curve, although barely detectable within the range of experimental
error may indicate a temperature coefficient of secondary emissionto the ninth power for the nine stages. The slope may also imply a
temperature variation in spectral response of the surface.
Elecfron Pulse Count

By use of only a broad-band amplifier and a cathode-ray oscilloscope
an investigation was made of the general usefulness of the photoelectron-pulse-counting technique. This investigation could only be
made at reduced temperature.<1 where the background count was low
enough to permit visual count on the oscillograph. In Fig. 9 is a curve
of the distribution of pulse lengths as estimated in this manner over a
period of 5 minutes for the tube in complete darkness (top curve) and
for an illumination of 10- 13 lumen (lower curve with the dark current
subtracted). The different character of the two distribution curves is
attributable to the fact that the photo-current is initiated entirely at
the cathode while the dark-current emission may come from the dynodes as well. Electrons originating at the dynodes would result in
shorter impulses because of the fewer stages of multiplication. The
variable pulse height of the amplified photoelectron count and part of
ao J. Rajchman, A,·ch. des Scicncrs, Vol. 20, 231, 267 (1938); Vol. 21,
5 (1939).
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the variation of the pulse height in the background count are caused
by the statistical variations in secondary emission throughout the nine
stages of the tube,
Advantage can be taken of this characteristic difference between
the background and the photo-originated pulses. By establishing an
arbitrary threshold of observation and excluding the shorter pulsesin this case those less than 3 units on the scale-an increase in signalto-noise ratio can be obtained.** A disadvantage of this method, however, the fact that all photoelectrons are not counted, may be of importance in some applications.
140
120

..lroo
~

a:
w

TEI.FERATURE:-190°c APPROX.
'A}f~ l't H S1TAGE =IUU

•I
1

...,,

80

I

711

~ 60

\.!

~ 40

~

,0

~
w

~

20
0

Ill

1~~~

2

I

3

5

5

6

7

8

9

10 11

l<'ig. 9 - - Pulse-height
distrihution in photomultipliers.

I

~140
0 120

COUNT WITH

L

7riY

a:

:8100

z

4

I OBSERVE THE INCREASEINSIGN4L·TO•NOISE
,-R4Tl0t°~J"~~ BitSCRIMIN4TING 4G41NST
SHOR
L
<

Ill

~

BACKGROUIID COUNT

I

80
60

10·1J LUMEN
(B.-C KGROUND Sl.8TRACT£0

I

rt)

r

I \h

j:~ ~).

40

'

:~ ~ ~

20

r,

0

1234567891011

~ ~ ~ ~~

RELATIVE PULSE HEIGHT

That the pulses observed were actually single amplified electron
pulses from the cathode was verified to an accuracy of 25 percent by
computing the initiating charge from data on the gain of the tube and
the characteristics of the amplifier and oscillograph. The accuracy is
about what could be expected from the errors involved in the various
factors. The point at the lower left of Fig. 5 represents this datum
taken from Fig. 9.
The variation of background pulse count with voltage per stage
(excluding pulses of less than three divisions of Fig. 9) is plotted on
•• This method of improving signal-to-background count has also been
suggested by G. E. Kron, Reference 7.
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Fig. 10. Reduction of background count as the voltage is reduced is
not the result of decreased pulse heights since the gain of the amplifier
has been increased to maintain the same output sensitivity. The number of background counts made in this manner may be reduced to only
one or two a minute. This reduction brings the lower limit of detectability in a 5-minute period of observation at 70 volts per stage to about
2 X 10-- 16 Iumen, the equivalent of a cathode photo-current of 2 X 10-- 21
ampere. ( Compare Eq. ( 4) .)
Since the data in Fig. 9 suggests a field-emission effect, it seems
advantageous to reduce the voltage still further. (Compare also the
slope of the curves of Fig. 7.) The lower limit of usable voltage or
gain in the multiplier tube in a pulse-counting application is reached
when the photoelectronic output pulse becomes reduced in magnitude
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to the point whrre there is confmiion from the tube noise and the
thermal noise of the coupling resistor.
It may be w-1eful to consider briefly what factors determine the
multiplier gain required to lift the pulse above the noise. Assume the
output circuit of the multiplier tube to be a resistance R and a shunt
capacitance C. The magnitude of the pulse height in volts across this
output resistance is given by
Vp=µe/C.

(7)

The r.m.s. value of the thermal noise is

= (kTJC)!

( {E2}.iJ ½

(8)

where k is Boltzmann's constant and T is the temperature in ° K. In
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order to lift the pulse out of the noise level, with less than one spurious
count in 10 minutes, it is estimated (using Equation 3.6-11 S. R.
Rice's paper on "Mathematical Analysis of Random Noise" 31 ) that the
pulse height must be at least six times larger than the r.m.s. noise
voltage. Solving for the minimum gain necessary to accomplish this
discrimination gives:
µ

= 6(kTC)l/e.

(9)

For a temperature of 300°K and a capacitance of 10-- 10 farad a gain
of the order of 25,000 is required. This gain requires about 60 volts
per stage on an average multiplier photo-tube.
In this account of the minimum permissible gain no consideration
has been given either to possible noise in th~ amplifier following the
multiplier tube or to the optimum frequency re11ponse of that amplifier.
It has been tacitly assumed that the amplifier was noiseless and had
an infinite and flat frequency response. In practice, noise is introduced by shot noise from the plate and grid currents of the first tube.
In an amplifier with a very wide band the noise level of the first tube
would exceed the thermal noise in the coupling resistor. However,
by limiting the frequency response of the amplifier to a frequency band
width a few times 1/RC with the coupling resistor R much larger than
the equivalent input noise resistance of the first tube (which may be
of the order of 10,000 ohms 32 ), the noise originating from the amplifier
can be made negligible and most of the advantage implied by Eq. (9)
can be maintained.
It has been stated by D. 0. North:13 that the optimum detection
circuit should have a very large input impedance and compensating
networks in the amplifier to give a net flat band width much greater
than that of the input circuit. With thiR circuit the minimum multiplier
gain could be reduced by a factor of 30 below that predicted by Eq. (9).
This improvement is possible since the pulse height out of the amplifier
is linearly proportional to the band width of the system31 while the
r.m.s. thermal-noise voltage is proportional to the square root of the
band width. Therefore, the minimum gain requirement may be reduced approximately as the square root of the ratio of net band width
to 1/RC of the coupling circuit. The limitation to increasing the band
a1 S. O. Rice, Bell Sys. Tech. Jour., Vol. 24, 46 (1946).
12 E. A. Johnson and A. G. Johnson, Phys. Rev., Vol. 60, 170 (1936).
aa D. 0. North, RCA Laboratories Division, Princeton, New Jersey,
private communication 11/8/46.
H There is no limitation to the band width of the pulse in the multiplier
itself short of 108 c.p.s.; see R. D. Sard, Jour. App. Phys., Vol. 17, 768
(1946).
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width is the tube noise. The best compromise indicated is a large input
resistance and a very small input capacitance.
CONCLUSIONS

Although much of the data presented herein was obtained using
a 931-A or 1P21, the general conclusions apply equally to the 1P22 and
1P28. Particular emphasis has been placed on the operation of these
multiplier tubes in the detection of very small light flux. For optimum
operation, high voltage per stage should be avoided to prevent ionization effects. Thermionic emission, the chief limitation to the detection
of low levels of light, may be almost completely eliminated by refrigeration of the tube. Band width of the measuring equipment is always a
critical factor in detection. Of the three general methods of applying
the multiplier tube, an unmodulated light with d.c. detection is probably
the simplest. Modulated light with an a.c. amplifier has the advantage
of eliminating the d.c. component of the dark current which may be
troublesome. The counting of electron pulses seems to have the greatest
possibility of all three methods for the measurement of the lowest
light levels.
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SMALL-SIGNAL ANALYSIS OF TRAVELINGWAVE TUBE*t

BY
CARL SHULMAN AND

M. S. HEAGY

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summarg-An analysis is ma.de of an idealized traveling-wave tube consisting of a, hollow cylindrical shell electron beam moving parallel to the
a:ria of a, helu: in free space wound with vanishingly small, perfectly conducting wire. The beam may be inside or outside the helfa:. Particular
emphasis is given to optimum design conaidorationa. The method of attack ia
bas,d on the small-signal theory of electromagnetic wave propagation along
electron beams described by W. C. Hahn in 1989.
It is found that broad optimum design criteria do e:r:iat and are presented moat conveniently in the form of curves. Generally speaking, it is
shown that, for maximum gain, the helix should be as small as possible
with the beam as close as possible to the helix. Furthermore, for a given
wavelength and helix diameter an optimum pitch, and therefore voltage,
exists.
To design /or minimum noise factor the beam should be as far from
the helix as possible. For a given wavelength and helix diameter no optimum
pitch for minimum noise factor exists. The vitch should be as small as
possible which means aa low a beam voltage as possible.

rr

T IS THE PURPOSE of this paper to analyze the helical travelingwave tube 1• 2 with particular emphasis on discovering what optimum
design considerations exist, and to try to present design information in a simple form. The general method of attack is based on the
small-signal theory of electromagnetic wave propagation along electron
beams described by W. C. Hahn 3 in 1939, where the problem becomes
one of solving Maxwell's equations inside and outside the beam subject
to the boundary conditions at the beam edge, the helix wires, and an
external shield if present.
The basic tube structure to be studied is shown in Figure 1, where
a source of electrons, a long wire helix, and a collector are apparent.
An electron beam is caused to move at constant velocity parallel to tht>
axis of the helix, either inside or Ol!tside of the helix. An axial radio• Decimal Classification: R339.2.
Reprinted from RCA Review, December, 1947.
1 R. Kompfner, "The Traveling-Wave Valve," Wireless World, Vol. 62,
p. 369, November, 1946; "The Traveling-Wave Tube as Amplifier at Microwaves", Proc. I.R.E., Vol. 35, No. 2, pp. 124-127, February, 1947.
t J. R. Pierce, "Theory of the Beam-Type Traveling-Wave Tube," Proc.
I.R.E., Vol. 36, No. 2', pp. 111-123, February, 1947.
• W. C. Hahn, "Small Signal Theory of Velocity Modulated Beams,"
G. E. Review, Vol. 42, p. 268, 1939.
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frequency electric field is applied to the helix at the cathode end. The
system oscillates in all the modes consistent with the manner of excitation, and at least one of these modes (usually the simplest mode)
corresponds to a freely propagated wave with an axial phase velocity
considerably less than the velocity of light. The electron beam velocity
is adjusted to coincide with the axial phase velocity of the desired
mode. Under this condition there is a synchronous exchange of energy
between the beam and the electromagnetic field such that, on the average, energy is extracted from the electron beam. This corresponds to
an increase in amplitude of the electromagnetic wave on the helix.
The analysis presented here involves a detailed study of this process.
A rigorous solution of the problem, which takes into account transverse motion of the electrons, potential distribution in the electron
!.,earn, diameter and conductivity of the helix wire, is not very fruitful
Hu far as design information is concerned because of the prohibitive
eumplexity involved. Hence, an approximate solution is sought in
which the following idealizations are made: the electron beam is

~I - ,(f8tffj)/
D
t
t
CATHODE:

HELIX

COLLE:CTOR

Fig. 1-Schematic diagram of trave>ling-wave tube.

assumed to be a hollow cylindrical shell of vanishing thickness; the
electrons are constrained to move only in the axial direction (infinite
axial magnetic field) ; the helix wire is perfectly conducting and of
vanishingly small diameter; the electromagnetic field distribution in
the surface containing the helix is the same as the field distribution for
a helix of infinitesimal pitch; there is no external boundary, that is, the
helix is in free space; and, of course, since this is a small-signal theory,
the alternating-current components of all the dynamic variables are
assumed to be small compared to their steady components, so that all
products of alternating-current terms are neglected. This last idealization linearizes the equations and makes an analytic solution possible.
The use of a hollow cylindrical beam not only removes the necessity of
solving the inhomogeneous wave equation, but is suited for the solution with the beam outside the helix. Although these assumptions by
no means accurately describe the situation, they lead to a simple
solution which gives a reasonable first order check with experiment.
No assumption is made concerning the diameter of the helix relative
to the free space wavelength.
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SOLUTION WITH BEAM INSIDE THE HELIX

Referring to Figure 2, which is a cross sectional view of the tube,
and serves to define the coordinate system, let z be the axial dimension,
a the radius of the cylindrical shell beam, b the radius of the helix.
Maxwell's equations must be solved for free space in the three regions,
r < a, b > r > a, and r > b subject to the boundary conditions at r = a
and b, and the requirement that all field quantities be finite for all r,
and zero for infinite r. Writing Maxwell's equations for free space,
using Gaussian units, we have

curl 8

= - --; Cle
1

·

1

(1)

1 .

curl gf,=-S
C

where cS is the electric field strength in statvolts/centimeter and ge
is the magnetic field strength in gauss.

Fig. 2-Cross sectional view of traveling-wave tube defining the coordinate
system used. Positive direction of z is into the page.

Since wave-like solutions only are of interest, solutions are sought
where all field quantities are of the form
f(r,cp)

where

i=v-1

exp[i(wt-rz)]

(2)

"' = applied angular frequency
r = propagation constant

On expansion of Equation (1) and insertion of the wave-like form,
all the field quantities may be expressed in terms of the axial electric
and magnetic fields as follows:•
• See for instance, John R. Carson, Sallie P. Meade, and S. A. Shelkunoff,
"Hyper-Fre_gnency Wave Guides--Mathematlcal Theory", Bell S11•• Teo'lt..
Jour., Vol. XV, No. 2, pp. 310-333, April, 1936.
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(3)

where

'5 = E (r, cp) exp [i
g(,

= H (r, cp)

(wt - I'z)]

exp [i (wt - I'z)]

Both E. and H. are solutions of the wave equation
1a

aH.

-(r-)
T

and take the form

or

or

1 a2H.

+---+.,,•H.=0
r 2 Ocp1

H.=z.. (.,,r)

elm,;} h
w ere m
Ez=ilm("11') elm,:

= 0, 1, 2, 3 - - - - -

(4)

(5)

Z.,(.,,r) and a.,{.,,r) are linear combinations of Bessel function!I of
the first and second kind.
It is recalled that, in the theory of continuous-wall waveguides, two
independent waves can be set up; one for which H. 0, called the TM
or "E" wave; and one for which E. 0, called the TE or "H" wave.$
These two waves can be excited separately or simultaneously, their
relative amplitudes depending entirely on the manner of excitation.
This is not the case for the helical waveguide. It is found that both
the TE and TM waves are needed simultaneously to satisfy the boundary conditions at the helix, so that separation into TE and TM waves
on the helix is of no advantage.
Since the electrons have been constrained to move only in the z
direction, the electron beam does not couple to H.- It may be said that
the electron beam is not coupled to the "H" wave. This means

=

=

• W. L. Barrow and W. W. Mieher, "Natural Oscillations of Electrical
Cavity Resonators" Proc. l.R.E., Vol. 28, No. 4, pp, 184-191, April, 1940.
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that the beam does not represent a boundary for H_. Therefore,
H,,, or more specifically, Zm ('Ir) need be defined only in the regions
r ~ b and r ~ b. However, E • does couple to the beam so that ilm ('Ir)
· must be defined in the three regions, r ~ a, h ::::,, r ='-': a, and r "'"" b. Writing out Zm('lr) and a.(.,,r) in terms of .l,,.<711·), the Bessel function of
the first kind, and N,,. ( 71r) , the Bessel function of the second kind, we
have
,.,::,a

a - r · -b

(6)

b~r

and

(7)
where Hmm (71r) is the Hankel function of the first kind defined by
H,,.Cl>(x) =J,,,(x) +iN,,.(x)t

and A, B, C, D, F, and G are constants to be determined from the
boundary conditions.
The boundary conditions needed at r = a are, (1), tangential cS
is continuous through the boundary; and (2), the discontinuity in
tangential fie is equal to the surface current density normal to tangential ge. At the boundary r = b in the surface containing the helix ( 1),
the electric field is assumed to be normal to the helix wire and continuous through it; and (2), the magnetic field parallel to the helix
wire is assumed to be continuous through the boundary. If I is the
alternating current component of the convection cuTrent in the beam
and is assumed to be of the form, I = I 1 exp i (.,,t - rz), the boundary
conditions at r a become

=

E. (a - o)

= E,,

(Sa)

(a+ o)

211
H,, (a+o)-H,p (a-o) = - .

ac

Referring to Figure 3 which shows a development of the helix and
defines () and p, the boundary conditions at r b become

=

t Since the Hankel function of the first kind only is used in this analysis,
the superscript is hereafter suppressed. The symbol for the Hankel function
H.:hr) is distinguished from that for magnetic field components H.(r, 91) by
noting the subscript.
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E.(b-o)-E,p(b-o)tan9=0
E.(b + o) -E,p(b + o) tan 9 =0
E 0 (b - o) tan 6 + E,p(b - o)

= E (b + o) tan (J + E,p(b + o)
tan 6 = H,.(b + o) - H,p(b + o) tan(J

H.(b - o) - H,p(.b - o)
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(8b)

8

21rh

where tan ()

= -- -- •
p

Defining the quantities
21r•ml'

21rh

"'

k=l---- --;s=------"12P
-p i"lc

the boundary conditions at r

-AJ,.'(11a) + CN,.'(11a)

+

a.=

a and b form the following array:

BJ.,'(11a)

0

2;.,

0

0

=-1,
a,/J

-A.I.., (11a)
0

+ CN.,

(11a)

+

BJ., (11a)

0

0

0

=0

···········••,•···································

-1-CkN.,<11I•)+ : BkJ.,(11l1)

0

0

0

+ Fi,J,.'(.,,b)

0

+m·H.,.(,1b)

0

0

: ==O

(9)

+G1H.,'(11b) : =0

0

0

+Ca.V.,'(,1b)+

i

B•l,.,'(.,,b)-D,H,.,'<11b)-FkJ.,<.,,l1)+GkH,.<11b): =0

All the constants may be evaluated in terms of / 1 • Hence, E.(r = a)
is known in terms of / 1 through Maxwell's equations.
In addition to the above relations, / 1 may be related to E 2 (r=a,)
through the force equation, and the equation of continuity which are
written as follows :
e
-

--,<''a --?n

dv

dt

a,,
av
--· + 1'o -·-at

oz

(10)

al

aq

--+-=0

oz

where

11
110

q

at

is the a-c component of the electron velocity

is the steady component of the electron velocity
is the a-c component of the linear charge density.
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Since this is a small signal analysis, we may write I= p0 '1J

+ p'IJ0

(11)

where cross products of alternating-current terms are neglected and
is the direct-current component of the linear charge density. Demanding that the alternating-current components of all the dynamic
variables in the beam, ,,,, q, vary as exp [i (rot - rz) ], Equations (10)
lead to the relation

Po

(12)
l

I.,=- P11l'o;

where

1·u

Ill

Ill

. l'o~;

2

/3,.-Vo

C

Equation (11) represents a relation between the axial electric field at
the beam and the beam current, which comes from electron dynamics,
while Equations (9) represent this same relation which arises from
field theory.

Fig. 3-The helix shown developed to define its dimensions.

Equation (11) combined with Equation (9) determines r from
which the tube performance may be deduced. This process lead11 to
hopelessly complicated expressions which can hardly be used for design
information. The simplest approach is to assume that the introduction
of the beam changes the propagation characteristics of the helical
transmission system very little, so that the propagation constant of
the system is the propagation constant of the undisturbed system (no
beam) plus a small correction term, 3. Hence, one writes

r=r0 + 8_;

(8

<< r 0 )

(13)

where r 0 is the propagation constant with no beam, and 8 is the correction term due to the introduction of the beam, and is evaluated in
terms of the undisturbed system.
The first step, then, is to study the propagation characteristics of
the undisturbed system. r 0 is determined from Equation (9) with / 1
and C 0. The condition for the exi_stence of a solution is that the

=
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determinant of the coefficients in the array enclosed by the dashed lines
(Equation 9) be zero. That is,

t:.. (110b)

=

kolm(11ob)

0

0

k0Hm(11ob)

8 oJm1 (

0

110b)

0

soHm'(11ob)

=0
WoJ,11 ( r1ub) -- Woll,,, ( 1/ob) -- sol m' (110b)

-~oH,,,' ( 110b)

1./m'(riufi) - BoH,,a'(riofl) - ku,l.,,(riob)

k 0 Hrn (ri 0 b)
(14)

where the subscript zero indicates no beam, so that
21rb

..,

Bo=---p
irioc

21rml'0
k0 = 1 - - - -

Developing Equation ( 14),

l::,. ( 71 0 /J)

= 0,

gives

8 2

' 0

--------

(15a)

k02

as the condition on 1'0 •
Introducing the variable ;l' such that ,7 0 b = i:r, and defining the
21rb
2n-b 2n-b
parameters v = and µ. = - -- , Equation (15a) becomes
;J
,\ p

(15b)
Solutions of Equation (15b) are sought which are associated with
freely transmitting modes, that is, with r O real. Solutions for real x
represent such freely transmitting modes, because real x implies real
1'0 , as seen from the relation
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Computations are, therefore, restricted here to real x.
Solutions of Equation (15b) are best obtained graphically. Figure
4 shows plots of the right-hand side of Equation (15b) vs. x for
m = 0, 1, 2 These plots are included here for they are useful in estimating asymptotic behavior. Solutions for m = 0 are simple, for it
is necessary only to draw straight Jines of slope 1/,t and note the intersection with the curve shown in Figure 4 for m = 0, thus obtaining x
as a function of µ.. For m 7'- 0, solutions of (15b) are best obtained
by inverting Equation (15b) and plotting the left and right-hand sides

V

J,,,'i11l ""' [U')
J.., 11,11) ""' l'-'I

"'

X

____ _______
.._

__

....._

__.

0

Fig. 4-The function /

J .. '(ix) H.. '(ix)

• - - - - - - which is th1• right-hand side of
J .. (ix) H ... (ix)
Equation (15b) and is used to find graphical solution;; of this equation.

of the inverted equation as functions of x for different values of
v and noting the intersections.

µ.

and

Some of the solutions are surp.marized in Figure 5 which shows
x vs.µ. form= 0, 1, 2, and v = 15. It is seen that solutions exist for all
values of µ. indicating that there exists a set of freely transmitting
modes which show no cut-off properties, in terms of which all helix
fields might be described. This, of course, does not preclude the possibility of other solutions which may show cut-off properties.
Since r 0 is real for all µ., the propagation properties of the helix
are best described in terms of a phase velocity which is defined as
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DOTTED LINt& SMOW ASYMPTOTll

Fig. 5---Solutions of Equation (15b) which relates x, a function of the
propagation constant of the undisturbed system, to µ. which is a function of
its geometry. (µ. = 217b/>- . 217b/p)
C

01

Vp=--=-

1'0

(16)

I

l / 1 +µ.2-

I' p

is shown plotted in Figure 6 vs.

/t

for v

= 15.

Recalling that

C

= -- -- ,

we see that Figure G is essentially a plot of phase
,\ p
velocity vs. frequency for a given helix. Since it is necessary that the
phase velocity of the wave be near the beam velocity, it is clear from
the curves that wide-band operation can be obtained for the higher
modes herein described only for very high frequencies or very large
helix diameters. It should be mentioned that, since it has been assumed
that the field distribution in the surface containing the helix is the

/t

"•c t•l----+---1--1
I

--p

Fig. 6--Undisturbed axial phase velocity ( v,) of the electromagnetic waves
!\long the helix as a function of µ. for various modes with ,, = 15. v is the
ratio of pitch to circumference of the helix and ,, is the product of ,, and
the number of wavelengths per helix turn.
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same as that for infinitesimal pitch, the theory breaks down when the
wavelength approaches the pitch of the helix, or say when ,\ is of the
order of np, where n is between 5 and 10. Using this arbitrary criterion,
we see that the theory applies only for

Having determined r 0 , the abject is to obtain I' in terms of
with the assumption that the introduction of the beam changes the
system very little, as previously mentioned. Combining Equations (9)
and (12) we obtain a relation determining r which is

r0

(17)

Hm2(.,,b)

B

where

1

------!
H,,,'(711,) J,n'(TJII)

t

1

-·=-i
C
l

+ ------ ----~ -- - :
11~
H m <71/J) J,,. ( ,,b) .
- - -- --- ------- k2

(18)

H m' ( -,,h) J m' ( ,,b) )

Equation (17 )is rather unwieldly as it stands but is greatly simplified if the term in the Bessel function of the second kind can be
neglected. This is indeed the case as the following indicates. It is
known that C must vanish for zero beam current in a continuous
manner, so that for very small beam currents one expects B/C to be
large. More specifically, if the relation r T'0 + 8 is substituted into
Equation (18) and the Bessel functions are expanded in the form

=

Zm(-,,b)

= Z,,.(-,,0 h)

- -

ro

8h Zm'(.,,0 b)

'lo

ro

where

f/=f/o--3
'lo

B
one finds - in terms of
C

r 0 + 8 to

B
be C

'lo hm(iz)

= - - --l'0 b

B

(19)
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where

mv

1+-:r;

+x
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✓4

-µ.2-

+-1_,(

2

1+- 1+z2v2

:,;2 11 2

2
-

?nv

1+- '1
x

'

/

•')
1+z2 11 2

_Jm'(ix)
. Hm'(ix)]
i-----+i--J,,.(ix)

Hm(ix)

(20)

Since 8 is assumed to be very small with respect to r 0 , Nm ( T/a,) of
B
Equation (17) may be neglected with respect to -Jm(11a) in a con-

e

sistent manner, except possibly in the vicinity of a,= 0, where
- Nm ( 11a) increases without limit as a, approaches zero. However, it
can be shown that Nm ( 11a) may be neglected even for very small a, as
follows. In the first place, only the case for m = 0 need be considered
in detail because with m -:/a 0, Ez(a = 0) = 0 so that no tube could be
operated with a, = 0. Therefore, it can be said immediately that for
tn =t' 0, the Nn,(T/a,) term may be neglected. Considering then the case
for m = 0, it is assumed that 8 is a continuous function of 10 , more
specifically, 8 approaches zero continuously as the beam current goes
to zero. Hence, one may say that, for small / 0, 8 may be expressed by
the first non-vanishing term of a Taylor expansion in / 0 , say 8 K lo'
where l"is a positive integer. In any actual device with a shell beam, / 0
would be proportional to at least a if not a 2, so that B/C is proportional
at worst to 1/a1 for small a. Now N 0 (11a) • ln 1/a, as a • 0. It is clear
B
then that - J0 (11a) >> N 0 (11a) as a • 0. Consequently, Nm('la,) is
C
neglected for Rmall a and Equation (17) is rewritten as follows:

=

-1r.,,

2 V0
0• h,n(ix)
- - - - J m1 ('1oa,) = - - (/Jo- r) 2
1111'11 b
8
f3o I u

(21)

where the difference between ,,2 J .,2 ( f/a) and ,,,112 J ,,.2 ( f/o°') has been
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Equation (21) is further simplified if one is restricted to solutions
where the beam velocity is the same as the undisturbed velocity of the
neglected to be consistent with the approximations already made.
wave along the axis of the helix, that is, where /3 0 = r 0 • This leads
to the cubic equation
A 10
a
ll3 = - - - - x3 i h,,.(ix) J,,, 2 (i:,;-);
4b 4c V 0
b

where ,\ is the free space wavelength of the applied field. Equation
(22) represents the final solution from which the gain of the tube
a
may be deduced. Since ih(ix) Jm1 (ix-) is a negative real function of
b
x so that 113 is always nt>gative and real, the three solutions of the cubic
IM.«GINAAY

AXIS

t

Fig. 7-Relation of the three solutions of Equation (22). 8 is the increment
to the propagation constant of the undisturbed system ('aused by introduction of the electron beam.

are related as shown in Figu1·e 7, and correspond to the three forward
waves described by J. R. Pierce. 2 (A fourth wave, moving· in the
direction opposite to motion of the electron beam, is not considered
here.) The solution with a positive imaginary component of 8 corresponds to the growing wave whose phase velocity is slightly less than
the electron beam velocity.
If an external axial field is applied to the helix at z = 0, this field
will in general excite many waves corresponding to modes which have
an axial electric field component at the point of application. Those
modes which are freely transmitting and whose phase velocities are
close to the electric beam velocity will interact with the beam and
show amplification. Each mode which interacts with the beam is somewhat perturbed and forms a complex wave which is most conveniently
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described in terms of three simple waves of the form

exp [i (11Jt -

r 0z -

81z)];

1= 1,2,3

corresponding to the three solutions of Equation (22). The gener~l
problem of calculating gain for a given mode is the determination of
the amplitude of the growing component of the interacting mode in
terms of the applied field. Under ordinary conditions only one mode
interacts with the beam and all the rest are either not excited, not
freely transmitted, or both.
Let an axial electric field be applied to the helix at z 0 and assume
that only one mode of transmission is excited and interacts with the
beam. The propagation of the applied disturbance is to be described
by the three component waves of the form

=

where E.1 is the axial electric field at the beam associated with one of
the component waves. Associated with each of the three components
is a current and velocity related to E. 1 through Equations (10) and
<12). Frum Equation (12), we have

(23)

and from Equations (10) the corresponding velocities are
e 1

E.,

(24)

V1=i-----

tn v 0 8;
The three wave components add up to give the actual fields, currents
and velocities existing anywhere along the tube. Assuming that at
z = 0 the alternating-current and velocity in the beam are zero, then

A,+ A, ·I· A,~ E,
A1

A:!

A:1

81

82

8:1

1

- - + - + ---- = 0
(25)

which are identical to Equations (28), (30), and (31) of Pierce's
paper,' where E. is the resultant axial electric fteld at the beam due to
the field applied to the helix• The solution is

E,

1

(26)

3

which is Pierce's Equation (33) 2• The voltage gain at some point along
the tube is expressed as the ratio of the field at that point to the
applied field. Since, at some distance along the tube, the growing
component of the field is large compared to the oth~rs, the gain is
immediately written as

E, 1
1
( \/3
)
Gain=-=-exp --181L

E.

3

(27)

2

where L is the distance along the axis of the helix between the input

vs

and output points, and -181 is the imaginary part of 81•
.
2
A study of 181 gives the gain characteristics of the tube. The
design process involves adjustment of 181 to obtain the best approximation to desired performance. The behavior of 181 is most conveniently presented in terms of plots of 181 vs. µ. with v, a/b and m
as parameters, where it is recalled that

p.

2~b

2~b

2~b

,\

p

p

= -- •-- , and v = - - .

V 0 can be eliminated from Equation (22) through the requirement
that the beam velocity be the same as the undisturbed phase velocity
of the helical wave. VO is then gi\:en by
1 m

V0

:-:: -

-

1

c2

v,2 = ------

2 e

so that Equation (22) becomes

2 -~ ( 1 + :z::lv2 ).
m
p.•

(28)

e) 11a

181= ( 11'1o-

m

A

-- (
271'cb 2

µ.2 )1/3

1+-

G

\

:,;5/3JimI/3(ix)Jm2/3(ix-) i

x2v•

.

b

I

=

Calculations have been made only for the case m 0 which is the
cylindrically symmetric mode and the simplest. This is the mode which
is used in all the work published to date.1•1
111b 1

Yo(ix)

=----111I m.=o
e)
( 'll'lo;

113

is shown plotted in Figure 8 for constant 10 , .\, and b as a function
of µ. for various values of a/b. This is essentially a plot of gain vs.
1/p. It is seen that for each value of a/b, there exists a particular value
of µ. which yields maximum gain. It is further clear that the gain
increases as a/b approaches unity. Hence, to design for maximum gain
it is necessary to place the beam as close to the helix wire as possible
and to operate at a value ofµ. giving maximum 1111 for a given beam
dimension. The optimum value of µ. is not critical as can be seen from
the curves. Furthermore, it appears from Equation (29), that for a
given wavelength and beam current it is desirable to reduce b as much
as possible at the same time reducing p in such a way that

6 6

- · - = constant.
p

,\

It is rather difficult to apply these conclusions to the case of a solidbeam traveling-wave tube. One might argue that, in an actual solidbeam tube, the potential distribution in the b_eam is such that each
elementary cylindrical shell section of the beam is moving with. a
different velocity so that only one element is in synchronism with the
traveling wave along the helix. Furthermore, if the helix voltage is
adjusted for maximum gain presumably the outer section of the beam
is in synchronism with the wave on the helix, for it is the outer electrons that give maximum gain. This idea makes even more sense if
one notes that the outer electrons introduce a radio-frequency shielding
effect which tends to reduce the coupling between the helix and the
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electrons inside the beam. Hence, one might guess that in a solid-beam
tube, when the tube adjusted for maximum gain, one really establishes
synchronism between the helix wave and that cylindrical shell of electrons which is closest to the helix and which makes a nearly complete
transit of the tube. This effect will depend on the beam current,
magnetic field, focusing, and electron optics in general. These considerations lead one to guess, therefore, that the design considerations
described above for the shell beam case also apply to solid beam tubes

10

I!>

20

.,,;,-2!>

a
Fig. 8-Y. as a function ofµ with - (ratio of beam radius to helix radius)
b
as a parameter. Yo is proportional to gain per unit length in db.
(µ = 2'1Tb/">. • 2'1Tb/p)

where a/b is less than, say 0.75. For solid beams which fill the helix,
that is a/b 1, we would guess that the effective a/b is between 0.75
and 0.85, so that for maximum gain in this case µ should be between
5 and 16.
•
For values of µ ~ 5, asymptotic expansions for the Bessel functions
may be used with sufficient accuracy so that Equation (29) becomes

=

(

6 )

18\m-o = \ 1rl0 - m

(fL ~ 5)

,;a

,\

---

2,rh 2c

2µ

11 2 c ·--;-

Ji 13

a
(i µ-)

b

(30)
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"b

which for values of - === 0.75 becomes

a
l:!!!:-~0.75
b
If positive ion space charge neutralization were in effect, so that
the whole electron beam were moving at uniform velocity, the foregoing arguments would still be applicable because it is the outer electrons which are most effective in giving large gain and the ,, would be
chosen to optimize an outer shell.
It can be seen from Figure 8 that values of µ. greater than 6 are
indicated. From Figure 5 we see that for m = 0, x """ µ. for values of
/ta=:,: 6 so that one may write for V 0
1 cz - ( 2'71'b
Vo------ e

2-

v1

A,

)2

1
C

(28a)
/t2

2ffl

where it is assumed that ,, 2 >> 1. Hence it is clear that optimum beam
voltages exist which give maximum gain for a given beam current,
wavelength and helix diameter. The closer the beam approaches the
helix, the higher the gain becomes and the 10\ver the optimum beam
voltage becomes. This neglects direct-current space-charge effects
which would, of course, limit the minimum beam voltage for a given
beam current.
Having determined the conditions for best gain, it is of importance
to repeat the whole process from the point of view of optimum noise
factor which is here defined as the ratio of the total noise power to
the antenna noise power. The noise factor is estimated in the manner
outlined by J. R. Pierce 1 as follows. The noise power introduced by
the tube itself is assumed to come from the shot noiae in the beam.
The amplitude of the growing component of the traveling wave due
to the shot noise excitation is related to the shot noise current through
relationa of the type shown in Equation (25). The boundary condi-

376

ELECTRON TUBES, Volume II

tions assumed at z =0 are that the axial electric field due to shot effect
is zero, the alternating-current component of beam velocity due to
shot effect is zero, and the root-mean-square convection current in the
beam due to shot effect is given by
T;! a 2 2el0 fl f
(32)

=

where a2 is a factor depending on space charge and interaction effects.

(88)

(The factor v'2 occurs because the A's are peak values)
where the axial electric field at the beam associated with each component waves due to shot noise excitation is written
E ..1

= A.1 exp [i (wt -

1'0 z - 8.,z)]; j

= 1, 2, 3.

Solution of Equation (33) gives
(34)

2

v°2i' V 0

__

8182

=----vv-flo

lo

"

(34a)

3

80

.A.11 =16flo1

( V )• I 8 14 2
_.! - - a elo fl. f
9
lo

(86)

where A.1 is the amplitude of the growing component due to shot
excitation.
To calculate the amplitude of the growing wave component due to
thermal noise excitation from the antenna, the available noise power
from the antenna. is .equated to the total power cro11ing the plane
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=

normal to the helix at z 0. This total power is obtained by integrating the axial component of the Poynting vector over the entire r, "
plane and can be written in terms of the amplitude of the axial electric
field at any arbitrary radius, say at the beam. The ratio of the square
of the axial field at the beam to the total power transmitted along the
helix is essentially a property of the system geometry and has the
dimensions of an impedance density.
The average power transmitted per unit area is
(36)

and the average power tran_smitted is

11
In-

P=

oo

's,, rd,pdr

(37)

Since it is assumed that the introduction of the beam changes the
field distribution very little, it is sufficient for all practical purposes to
use the unperturbed field distribution for the calculation of P. An
impedance-like factor Rm (a) is defined through the equation
E.1 (a)
P=--2 Rm(a)

(38)

where the "a." refers to the radius at which Rm is defined. For instance,
Rm(a.) is the impedance density at the beam, while Rm(b) is the impedance density at the helix and
J

t
m

"

(ix-)
b

- - = - - - - -· - - - - is an impedance transformation ratio.

Carrying out the indicated integration gives
2J

m

Rm (a)

I

"b

(iz-)

= -----c p,,.(i:z:)

(39)
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where
2b 4 1'0
l-1 )'" Pm (i.d

1
(40)

::c~

ih,,, (ix)

;r11 ,\

Having related the power transmitted through the helix to the
axial electric field at the helix, it is now pollsible to estimate the noise
factor of the tube. The thermal noise power delivered to the helix
waveguide by a perfectly matched antenna is

"F, = kT t,. I

('1)

where k is Boltzmann's constant, T is the absolute temperature of the
antenna, t,. f is the effective noise bandwidth of the system.
Equating Equations (38) and (41) and inserting (39), we get the axial
electric field at the beam due to antenna noise excitation which is
written
4kt t:::.

t J,,.2

Eat'-= - - - - - C

-

•

(ix-)

--

h
---

p,,, (ix)

(: ~l)

(42)

The three component waves associated with the antenna noise excitation are of the form

and we get A, 1

11.,
=-

for the growing component just as in the case for

3

the applied axial field.
The noise factor* becomes

(48)

Substituting Equation (35), (22), and (42) into Equation (43), gives
• The definition used for noi1e factor is that of the tube by itself, i.e.,
no noise is assumed for the output sy1tem. The distinction from an over-all
noise factor is of particular importance because, in the case of a match of
the output to a room t.emperature resistance load, with a loss-free helix,
the output load noise is freely transmitt.ed back to the input thereby giving
~ minimum over-all noise factor of 2 even when no tube noise is present.
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"

Pm (fa:) J ,..21a (ix-) k,..•1s (ix)
b

(44)

where the voltage relation, Equation (28), has been inserted.
Optimum conditions must be olitl\ined from a study of Equation
(44) which is highly complicated. lfowever, for m = 0, the relations
become rather simple and have been calculated. For m = 0, one defines
a,
a function Q 0 ( ix, - ) such that
b
a~ ah
!Flin o=::1-t-·-··--·
kT,\

a

( i.l', -. )

(46)

b

a
Then

0
Q-

"

(

a)

!/11 ( i.1·, - -)

:~t

2 - - - -bi.1· -- - -

,b

- \•'

+

(45a)

a
Figure 9 shows Q0 ( ix, - ) plotted vs. µ for various values of a/b with
b
lo, .\, and b held constant. It is clear from the curves that no finite
value of µ. exists which gives a minimum F. F decreases continuously
with increasing µ., and the smaller a,/b, the more rapidly F decreases.
It is also noted that the beam current appears in the numerator so that
the noise factor improves as the beam current is reduced.
Since large values of µ. are indicated, asymptotic expressions for
the Bessel functions may be used so that the noise factor may be
written

2a3 erh

(F),..~o=l

1r 4 :i / 0 1 3

e-'ii

µ

+--------------Ju2
kTA

(:

y/

3

11

1

a
liµ.-)

b

(46)
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As the noise factor is reduced by decreasing I0 and a,/b while at the
same time increasing p., one soon reaches a point where the noise factor

of the stage following the traveling-wave tube begins to be significant,
for the gain of the device falls off as I0 and a.lb decrease. Hence, for
a given helix and following stage, there will be a definite beam current
for minimum over-all noise factor. It is clear then that, if one
increases the length of the helix while reducing beam current, the gain
can be maintained and over-all noise factor reduced. Hence, for inside
lo,.-----...---~--.-------,----,,----..--,

II

Fig. 9--Q. as a function of µ with -

(ratio of beam radius to helix radius)
b

as a parameter. Q. is proportional to the noise factor minus one.
(µ = 2'71'b/>. · 2'71'b/p)

beam tubes, design for low-noise factor would tend toward very long
helices operating with very small beam currents near the center of the
helix.
Since for low-noise factors large values of µ. are indicated as shown
in Figure 9, the beam voltage may again be expressed as in Equation
(28a) so that one may say that the lower the beam voltage the lower
noiae factor for all values of a/b.
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SOLUTION WITH BEAM OUTSIDE THE HELIX

The solution for the beam outside the helix follows in exactly the

same manner outlined for the solution with the beam inside. The only
difference occurs in the application of the boundary conditions. It is
readily shown that the expression for 3 with the beam outside is

given by
a
.\

H ..2 (ix-)
b

lo

sa =----:i:s h .. (i:i:) J ..2(i:i:) - - - - -

(47)

4b'c V 0

which we may write more simply as follows:

a

[

H .. (ix~)

8(-~1)=

b

211

1

a
8 (-=1)

(48)

b

H,,.(i:i:)

a
a
Figure 8 shows plots of 8 (- ~ 1) vs. µ. for various values of b
b

a

where the same sort of behavior as was seen for -

<!15

1 is apparent.

b

•To design for maximum gain, it is again necessary to place the beam
as close to the helix as possible and to operate at a value of µ. which
gives a maximum value of I 81, The limiting factors determining
maximum gain, which are based on how close one can place the beam
to the helix, are about the same just inside and outside the helix, so
that for maximum gain, µ. should be between 5 and 15 as was estimated
for the inside beam case.
The expression for noise factor is given by the relation
a2
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Q0 (ix, - :!::: 1) is shown plotted in Figure 9 vs. µ. for various values
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Fig. 10-Axial electric field in the undisturbed sy11tem aa a fun<'tinn of thn
ratio of distance from the axis to radius of the helix for p. 3 and 10.
(µ = 2'1Tb/'/\ · 2'1Tb/p)

=

Very low-noise factors may be obtained with large value of a/b, of
course, subject to the limitation introduced by the noise factor of the
following stage. However, it should be emphasized that these results
apply only to the case with no outer shield, and must be applied judiciously to cases where a shield ia prt!sent. The range of applicability
is best estimated by referring to field plots of E • vs. r /b as shown in
P'igure 10. The introduction of a cylindrical shield at a value of r /b
where the axial field is small would change the field distribution little,
so that in such a case one might expect Equations (48) and (50) to
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hold as long as the beam is not close to the shield. From Figure 10 it
is clear that the larger µ., the larger the range of applicability of

Equations (48) and (50). Since introduction of a shield causes the
field to fall off more rapidly, one can certainly say that as a,/b increases,
both noise factor and gain per unit length drop off more rapidly with

a shield than without a shield.
CONCLUSIONS

It is found that for a given beam current and wavelength, to design
for maximum gain, one should use as small a helix diameter as possible
with the beam as clo!4e to the helix as possible either inside or out.
2'11'b
Under these conditions it is estimated that the parameter µ.

=- .
p

2µ.b

-

should be between 5 and 15 with the optimum beam voltage being
.\

given by the relation

V0

=

(

21rb ) 2 _1 _:_

.\

-

e p. 2
2-

To design for minimum noise factor, no finite optimum value of ,-,.
is found. µ. should be as large as possible, which means as low a value
of V 0 as possible. The beam should be as far from the helix as p08sible,
that is, close to the center for an inside beam tube, and large beam
diameters for outside beam tubes. For an outside beam tube with an
external cylindrical shield, the beam should be placed close to the shield
for low noise. Since the gain becomes small as the noise factor is
reduced, the over-all helix length must be increased to maintain sufficient gain. Hence, design for low-noise factor would tend toward very
long helices operating with small beam currents at the center of the
helix or with large cylindrical shield beams outside the helix, or even
possibly a line beam outside the helix.
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Summary-Two ,_,ersions of rathode-nry t11pr of rlrrtrnn t11l1r11 to rnablfl
sto1·age of t•ideo sig1wls eleC'fro11fcttirally 1111011 cc11 i11.~ul11ti11y fc:r{l<'f 1111i11g a

barrier grid 01· scree11, hare bee,i designed a11d op1•mtccl: the SDT 11.~i,111
magnetic focus and d1•fiatio11, ""d the STE 11:<i11.Q l'latr11,1tritir forn,q <1111/
deflection. For any applirntion, it is 1•11se11tirrl tluit their li111itatio11.q u111l
the functional 1·clatio11s brt1!'l'cn their rharnrtl'ri.~tics lie rcrog11izecl. The
ini•erse depe11dence of tht' Jicfrlit11 with which the storage t11bc: ca11 re1n·oclllrr
a git'en signal, as measm·ed l1y the ca11cellution ratio, IIJIOll the number of
sto1·age elements arailnblc 011 ct giren size fctrget, is to be empha11izrcl (see
Equation (9) and experimental t·e1·ifiration in Figure 17). Howct•c1·, the1·e
e-x-ists a maximum fi"delity or a limiting cc111c1·ll11ti,m mtio for which the
difft>rence between the input signal aud its rcprorl11ctio1& is just cq11al to
the dist11rba11ce intrudw·,·d by the t11l1e. This i11clirat1•s a corresponding
minim11111 1111mbr1· of stumgc efr111r11t,1 or a11101111t of information to br
stored, less than which no f111·the1· improvement in fidelity can be realized.
A differential method of mrn111ll'ing th,• rha1"11cteri11tit·11 of a sfnl'flgP
tube is described crnd used. Thrmgh thi11 method and no111e11clature relating
to such a subtraction or caneelln.tion p1·ocrd11re i.~ 1111ed, relationships arr
indicated between the characteristics d1•1lf'ril,rd to those ncrclcd in the design
of any m·bitrary system involving sfnmge of a signal.
The theory of the barrier grid target behat•ior is di11c1111sed. T11bc dat"
and overational li111itatio11s are presented, a11d it is sho/1'11 that it is act1wll11
advantageous to use 0Ilf1mt am,,lifiers 110 u•icla i11 bandpass than is absolutely necessary to the_ overall s11stem.
Storage times of up to lOO hour11 were obs61'ved with 110 evident distortion or decay,

R

INTRODUCTION

ECENTLY there has been evidenced an increasing interest in
storage tubes. 1• 3 In view of this fact, it seemed appropriate to
describe a tube which, though still in an experimental stage

• Decimal Classification: Rl38 X Rl38.31.
described in this paper was performed in whole, or in part,
under Contract W28-003-sc-1541 between the U. S. Army Signal Corps
Engineering Laboratories, Evans Signal Laboratory, Belmar, N. J. and
Radio Corporation of America.
# Reprinted from RCA Review, March, 1948.
1 A. V. Haeff, "A Memory Tube", Electronic11, Vol. 20, pp. 80-83; September, 1947.
2 J. A. Rajchman, "The Selectron-A Tube for Selective Electrostatic
Storage", Math. Tab. and Aids to Comp., Vol. II, pp. 359-361; October,
1947. (Abstract: Proc. /.R.E., Vol. 35, p. 177; February, 1947.)
3 R. A. McConnell, "Video Storage by Secondary Emission from Simple
Mosaics", Proc. J.R.E., Vol. 35, pp. 1258-1264; November, 1947.
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and subject to further development beyond that outlined in this paper,
may be of interest to system designers in applications requiring the
storage and subsequent reproduction of video signals. There are many
of these applications which are now only awaiting an appropriate
storage device. For example, a reasonably short time delay (less than
one second) could facilitate the solution to certain problems in television and standard audio broadcasting, electronic computer memory,
frequency changing and multiplexing in communications, and in signal
comparison, where either both signals are not available simultaneously
or where it is desirable to make the comparison at an arbitrary phase
relation. This last problem of signal comparison was uppermost in
our minds during the development and testing of the barrier grid
storage tube which is deseribed, and the effect of this viewpoint will
be felt in the presentation and in the nomenclature used. However, it
will be pointed out that certain characteristics measured are practically
directly convertible into characteristics needed in the design of other
SIGNAL

SOUflCE

INPUT

DRIVER

INDIC.ATOII

Fig. 1-Block diagram of storage tube cancellation circuits.
systems requiring storage. Likewise, since the storage times observed
are of the order of days, the tube is also applicable to relatively long
time storage problems.
In any of these applications a pertinent parameter of design is the
fidelity with whieh a given signal may be reproduced and the functional relation of this fidelity to variables of the tube's operation. A
critical method of measuring this fidelity is one in which a reproduced
signal is compared with the original by subtracting one from the other
and observing the difference. If the signals mutually cancel, reproduction is at highest fidelity, and the comparison of any residual
signal to the useful output of the tube would be a measure of that
fidelity. This measure, referred to as "cancellation ratio", is defined
more specifically later on. It will be noticed that this method in one
step compares reproduction fidelity in both amplitude and phase. The
barrier grid storage tube by its design is particularly suited for this
method of measurement since this subtraction or cancellation can be
accomplished internally. Naturally, this fits the tube to that class of
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applications in which such an internal cancellation is desirablt, insofar
as it eliminates the need for the balanced circuits which would otherwise be i'equired.
The procedure :foUowed consuits of impressing upon the tube on ont
scan a signal consisting of two square pulses whose amplitudes,
polarities, and phases may be controlled, and on the succeeding scan
two pulses, one of which, the "steady signal", is identical in amplitude,
polarity and phase with one of the preceding, the second of which, the
"variable signal 11 , is different from the other of the preceding pulses
only in polarity. On successive scans the steady signal remains as
before, but the variable signal again changes in polarity only. The
output from the steady signal then is a measure of the unfaithfulness
of reproduction. The output of the variable signal is a measure of the
output one would expect from the tube's simply storing and subsequently reproducing a desired signal. In the following, therefore, the
output of the variable signal may be referred to now and then a11
"the desired signal."

~

·1

I

I· ---------------------

•

Fig. 2---,Secondary emission ratio as a function of primai-y electron voltage.

The principle of electrostatic storage on an insulating surface has
long been known and used in television pickup tubes, such as the
iconoscope. • If an insulating surface is bombarded by an electron
beam, the secondary emission ratio will vary with the energy of the
bombarding electrons, according to the approximate curve Rhown in
Figure 2. If the energy is such that the secondary emission ratio i8
greater than unity, then the potential of the target surface will change
with respect to the electrode which collects the secondaries until the
net number of secondaries lea\?ing· the target surface is exactly equal
to the number of primaries arriving there. The surface potential, at
which this action takes place, is known as the equilibrium potential.
the l'emaining secondary electrons collect In the form of a space
charge and rain back on the insulating surface, charging the unborn• V. K. Zworykin, G. A. Morton, and L. E. Flory, "Theory and Performance of the Iconoscope", Proc. I.R.E., Vol. 25, pp. 1071-1092; August,

1t$'t.
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barded parts of the surface to a negative potential. Thus, a charge
pattern is built up on the surface in the absence of any applied signal.
The returning electrons, of course, partially neutralize any charges
already on the surface and, thus, would make any comparison of
signals from scan to scan impossible. Several ways have been attempted
in the past to eliminate the redistribution effect, some of which are
listed below:
1. Operation with a low energy beam where the secondary emission ratio is less than unity, as is done in the orthicon. 5
2. Operation with a high energy beam where the secondary emission ratio also is less than unity. 6
3. Maintaining the surface at a negative potential by a rain of
electrons from a separate low energy source. 1

Fig. ::- -The barrier grid storage tulll's: STE electrostatic tube in backgrouncl, SOT magnetic tube in foreground.

4. Use of a grid or screen on or near the surface, operated at a
potential prennting return of the electrons to the insulating
surface. 8
Each of these methods is adaptable to a particular use, the last
one being chosen for the particular storage tube to be described. This
tube consists essentially of an electron gun, an insulating target with
a signal plate on the back and a fine mesh screen within a few mils of
the front surface of the insulator, and a means of collecting the secondary electrons from the surface. The primary and secondary beams
can be focused and deflected, either magnetically (SDT type) (Figure
5 H. Iams and A. Rose, "Tt'levi,..inn Tnbeg U><ing Low Velocity Electron
Beam Scanning", Pror. I.R.T<J., Vol. 27, pp. 547-5fi5, September, 193~.
'V. K. Zworykin and G. A. Mo1·ton, TELEVISION, John Wiley and
Sons, New York, N. Y., 1940.
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Fig. 4-Schematic diagram of SDT storage tubP.

4), or electrostatically ( STE type) ( Figure 5). Means are provided
to scan the insulating surface in a repetitive pattern, as for example,
in a spiral or a "staircase" scan: In the spiral. scan (Figure 6), since
the angular velocity is usually constant, the linear scanning speed will
vary from one end of the scan to the other. As is demonstrated later,
the cancellation ratio will vary in a like manner. This is undesirable
for experimental purposes, but may be used to an advantage in some
applications. 7 The staircase scan (Figure 7) features constant scanning speed and constant interline spacing, both independently variable,
which makes experiment simple and direct. Both scans use the target
area equally efficiently. However, the spiral scan rejects the center of
the target where the deflection disturbance is the least, and is, therefore, less desirable in this respect.
Since the target is an insulator, the only source of current to it is
the primary beam, and the only drain of current from it is the secs TE STORAGE TUBE
TARGET
DErLEC.TION

PLATES.

Eli.C.TRON

GUN

•~oov.
Fig. 5-Schematic diagram of STE storage tube.
1 Calculations made by N. I. Korman, J. R. Ford, and L. Goldman, RCA
Victor Division, Radio Corporation of America, Camden, N. J.
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ondary beam. At equilibrium, these two must be equal, and any
deposition or removal of charge on the surface will appear as a modulation of the secondary beam. However,. since the energy of the
primary electrons when they strike the dielectric is such that the
secondary emission ratio is greater than unity (actually about two),
those secondary electrons in excess of the number arriving in the
primary beam must return to the target surface.
The barrier grid or screen functions as a virtual collector, so that
the target equilibrium potential is establif1hed with respect to the
screen and not to the actual collector electrode. At this potential a
number of secondaries just equal to the number of arriving primaries
are sufficiently energetic to penetrate the screen. These cannot return
to the target, as appropriate fields outside the screen urge them away
and toward the collector as the secondary beam. Meanwhile, the
excess electrons are not sufficiently energetic to reach the screen, and

Fig. 6-Spiral scan used in SDT barrier grid storage tube.

are restricted in their motion by the close proximity of the screen to
the dielectric surface. Thus, their redistribution to portions of the
target not directly under the beam is considerably reduced.
When .a signal is impressed upon the plate of the tube, the beam
deposits on the insulating target a charge pattern, varying in intensity, that is a linear reproduction of the time variation of the impressed
signal. If the surface is again scanned over the same path with no
signal impressed upon the tube, the beam will remove the charge
pattern, thus reading off a signal which is in polarity a mirror image
of the original signal. Both during the writing and the reading, the
signal will appear on the collector as a modulation of the secondary
beam. In this operation, the tube has acted as a memory device, storing
and subsequently reproducing a signal.
If, however, the same signal is impressed upon the tube on each
successive scan, the beam will already have deposited the charge pattern n~cessary to match this signal variation. Therefore, that area
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Fig. 7-Staircase gcan used in STE barrier grid storage' tube.
under the beam is instantaneously at equilibrium potential. No charge
will be deposited on the target on succeeding scans, so that the secondary beam will be constant and unmodulated. Thus · no signal will
appear on the collector for steady input signals, constant in both
amplitude and phase. However, any variation in the input signal will
require deposition of charge by the beam. This will result in a modulation of the secondary beam and appear as a signal on the collector.
In this fashion, steady signals are cancelled while varying signals are
passed by the tube, the tube acting as an internal cancellation device
(Figure 8).
An approximate alternate view of the internal cancellation operation considers the tube as a mixer. One signal is the presently impressed signal, the other is the charge pattern that has been deposited
by the previous scan on the insulating target. Each modulates the

Fig. 8-Top line: Synthetic input signals used in tests. Variable signal is
a pulse exactly like the steady pulse, but varying in amplitude from • can
to scan. Middle line: Output without filter. Bottom line: Output filtered.
Signal • are in the same phase in each oscillogram.
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Fig. 9-Output signals, filtered, when output variable signal is a maximum, showing dynamic range. Signals are in the same phase as in Figure 8.

return beam with different polarity so that their mixture modulates
the secondary beam with their difference. This indicates correctly that
any part of the charge pattern that is not a faithful reproduction of
the original signal will give rise to a residual signal.
TARGET BEHAVIOR

The behavior of the target can be better understood by reference to
Figure 10, in which is plotted the general relation between the energy
of secondary electrons emitted from a surface and the number of
secondaries emitted per unit energy interval. If M electrons in the
primary beam strike the target, the area under this curve will be u M,
the total number of secondaries emitted. Equilibrium will occur for
the target surface at a potential of V 8 with respect to the screen, for
which the number of secondaries with sufficient energy (more than
eV.) to penetrate the screen is just equal to M. This is the area under
the curve from v. to infinity. The remaining (u - l)M secondaries,
the area under the curve from zero to V 9, will not have sufficient energy
to penetrate the screen, and will be returned to the target by the field
between the screen and the dielectric surface.

INIINIY W IIC'.ONCWIIII V

Fig. 10-Energy distribution of secondary electrons.
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If, with the surface at equilibrium a few volts (V8 ) positive to
the screen, a signal is impressed upon the plate, the entire target

will be swung capacitatively to a new potential. Now the number of
secondaries that return to the target will be the area under the curve
in Figure 10 from zero to this new potential. The net instantaneous
current to the target will be the difference between these last areas
per unit time, and the general curve is plotted in Figure 11. Note
that in a restricted region around equilibrium the curve is essentially
linear. This allows the tube to act as a more or less linear device to
reproduce signal amplitudes. At the upper limit, for positive signals,
the curve approaches the primary beam current as an asymptote. At
the lower end, for negative signals, the curve is tangent to (1 - a-)
times the beam current at a signal equal to - V 8 • For this and more
negative signals, all the secondaries will penetrate the ·screen and go
to the collector.

POTENTIAL 0, TAIIGIT WITH+
11£SPICT TO SCIIU.N

POSITIVE

(1-o-)

SKiNAL.S ON Pl.ATE

ban

Fig. 11-lnstantaneous current to target as a function of target potential

with respect t:> the screen or barrier grid.

After the application of any signal and while the beam is on a
particular region of the target surface, the instantaneous current to
that portion of the dielectric obeys this curve. However, when the
beam is scanning the target, it does not remain on any spot long enough
to bring it entirely to equilibrium, that is, to discharge it completely
to the equilibrium potential. The percent discharge effected per scan
is called the "discharge factor".
The curve in Figure 11 points out that there is an essential difference between the responses to positive and negative signals, both in
the manner of response and in the maximum value. As a result, the
discharge factor for negative signals depends on both the signal amplitude and upon the beam current, whereas except for small signals,
the discharge factor for positive signals depends on the beam current
alone. This may, however, be chosen to give an acceptable discharge
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factor for both signs of reasonable signals. For both polarities the
discharge factor is an inverse function of the capacitance per unit
target area, the width of the beam and the scanning speed; and can,
of course, never exceed unity. For the present mica targets, a discharge factor of 70 per cent has been measured for a beam current
to the target of about 5 microamperes.
Signals
The external connections, 11hown in Figures 4 and 5, allow the tube
to give an output signal, as described above, which is to a first approximation, the difference between the RiJwal applied during scan I and
that applied during scan II. Figure 12 shows in succe1rnion the input
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Fig. 12-Target behavior. In lines 1 to 3 the abscissa is the position (vt)
of the beam spot along the scan line on the target. Line 4 is the output
signal during scan II. The dotted lines indicate schematically the variable
signal output for different variations in amplitude between scans. In line n
is shown the actual target area scanned, with that area scanned during
the signal removed to the side for clarity.

on scan I, the charge density deposited on scan I, the input signal on
scan II, and the output signal on scan II. Note that the output is
essentially the sum of the second and third lines of the figures.
Variable Signals
In general, a new signal (V. 1g) on the plate will require the deposition of an amount of charge equal to the product of the capacitance
per unit area of the target, the area of the target scanned by the beam
during the signal, and the fraction of the signal discharged (!V.1r,).
The capacitance considered is that between the target surface and the
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signal plate. The net current to the target then will be:

(1)
where wv is the area of the target scanned per unit time and tt./8 is
proportional to the capacitance per unit target area. It can be shown
that, since the variable signal is changing in polarity from scan to
scan, the effective signal, considering the effect of the discharge
factor, is:

v.,,=(-- --+! -) v,.
2

2-f

vt

(2)

For simple storage of a signal for a single scan previous to which the
target was at equilibrium with no charge deposited at that portion of
the target, the expression is:
Yett= (f

From Equations

(1)

+ b/vt) vd.

and (2) the output variable signal is:

(3)
The first term in these expressions considers the simple charging of
the scanning line of the target aurface to the equilibrium potential as
the spot moves along, while the second term is concerned only with the
variation of the input signal with time. Hence, this latter remains of
importance for very low scanning speeds (v approaching zero), and
contributes the intercept (R = 1) in Figure 16.
In Figure 11 and in the text to this point, "the beam current" has
referred to the current actually reaching the target and of that the
portion actually returning to the collector. The screen, however,
intercepts a portion of the primarr beam from the gun before it
reaches the target and a similar portion of the secondaries before
they reach the collector. As a result, the a-c signal current will be
considerably less than the d-c primary beam current from the gun.
For a screen of 60 per cent transmission, the maximum modulation is
only 36 per cent. The remainder goes to the collector as a direct current component, consisting of secondaries from the screen. Since this
is an a-c system, however, this component may be neglected unleas it
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is subject to a variation that would appear as a disturbance or noise,
a spurious signal (q.v. below).

Residual Signoh
Figure 12 shows the center of a steady signal completely cancelled.
To obtain this, first, the dielectric target must have a sufficiently high
product of resistivity and dielectric constant, such that an appreciable
amount of charge cannot leak through the dielectric between scans.
Second, there must be so little surface leakage across the dielectric,
and the successive lines of the scan must be sufficiently spaced relative
to the spot size that the beam cannot remove the charge that was
deposited when it previously scanned a neighboring line. Either of
these requires the deposition of additional charge on the next scan,
and results in incomplete center cancellation. The latter results also
in the appearance of a signal of opposite polarity at the time the
portion of the charge is removed. This effect is usually called "interline crosstalk".
The spacing of the screen from the dielectric surface is determined
by a not too critical compromise. If the spacing is too great, redistribution effects will shade the signals, introducing more interline
crosstalk, and reduce the resolution. If the spacing is too small,
whenever negative signals are applied to the plate, the very negative
portion of the target surrounding the beam spot may, by a "coplanar
grid effect", erect a potential barrier outside the screen, over which
many of the secondaries cannot go. As a result they will be collected
by the screen, and their absence from the secondary beam each scan
will cause a positive signal to appear on the collector. It has been
found that some few mils spacing of the screen is enough to prevent
this coplanar grid effect. In a practical case, the use of a woven wire
screen, whose thickness of weave provides a virtual spacing, is sufficient.
Considering the idealized signals in Figure 12, it can be observed
(line 5) that the portion of the target scanned before the application
of the signal overlaps that portion scanned during the application of
the signal by just a beam width. This causes the charge pattern
deposited (line 2) and hence the reproduced signal that would result
from a simple storing on one scan and removal on a second scan, such
as would be used for a simple memory problem as in a computer, to be
shifted to an earlier phase by an amount proportional to the beam
width. When the signals are compared from scan to scan, this shift
in phase results in a residual signal output. Considering the internal
subtractive procedure, the action is as follows: After a charge pattern
has been laid down on the first scan, during each succeeding scan the
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beam will remove charge from the overlapping region before the application of the signal and replace it after the application of the signal.
This transient removal and replacement of charge modulates the secondary beam and results in the residual uncancelled "spike" output
for the steady signal input. The amount of charge involved depends
upon the width of the beam and the discharge factor, and inversely
upon the length of the target scanned during the signal rise time:
i. oc / (K/8) wv V, (b/vt).

(4)

The effectiveness of the tube a11 a cancellation device and the
fidelity with which the tube can reproduce a signal may conveniently
be measured by the "cancellation ratio", the ratio of the peak values

Fig. 13-Top line: Spike output from steady signal alongside of variable
signal. Middle line: Variable signal coincident with one spike.
Bottom line: Variable signal in center of steady signal.

(amplitudes) of the steady to the variable input signals for equal
output signals:
R

= v.;v,J

(5)

Since the variable signal will appear on the output with nearly the
same amplitude, whether it is phased coincident with the center of a
fixed signal or the spikes or not, except for very large values of the
steady signals, Figure 13, this definition of cancellation ratio is practically independent of the phase of the variable signal. Thus the
cancellation ratio may be calculated from (3) and (4) above:
R

= (2/ (2 -

f) ] ( vt/b)

+ 1.

(6)

· . Calculations' of spike output signals for more realh1tic wave shapes
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Fig. 14-Cancellation ratio as a
function of frequency of a synchronized sine wave steady signal.

Fig. 16--Synchronized sine wave
output from SDT tube using a spiral scan. The scan spirals inwa1(
so the scanning speed decreases
from left to right and the cancellation ratio correspondingly decreases.

results in very complex integrals, but this .same general trend prevails.
It appears that the beam may be considered as a low pass filter whose
frequency cut-off is roughly proportional to the ratio of the scanning
velocity to the beam spot size. Thus to accurately cancel or reproduce
signals of .short rise times, the tube should either have a very fine
spot or a rapidly moving spot. When a synchronized sine wave, whose
phase is kept constant with respect to the start of the scan, is applied
to the tube, a plot of the cancellation ratio as a function of the frequency of the sine wave is indicative of the operation of the writing
beam as such a low pass filter (Figure 14). Likewise, the application
of a synchronized sine wave signal to an SDT, using a spiral scan,
shows qualitatively the relationship between cancellation ratio and
scanning speed (Figure 15). Making use of the simplicity of control

I ..

i

twee Hl•tt
f\LH •111T, ..cu,.acc.
11H-. IIAIII

IC:•11N1NII 111110

........., .
1111Ctel,111!CIIOl&CONI

Fig. 16-Relation between cancellation ratio and scanning speed for a
given pulse length. -

398

ELECTRON TUBES, Volume II

of the scanning speed in an STE using a staircase scan one can measure

quantitatively this relationship which is plotted from experimental
data in Figure 16. This curve demonstrates essential agreement with
Equation (6), which gives cancellation ratio as a linear function of

scanning speed.
OPERATION

Another source of residual signal is input-output coupling. Unless
normally careful external shielding is used and unless either thl'
capacitance between the signal plate and collector is kept small by
sufficient spacing or internal shields are used, an appreciable amount
of the input signal will appear on the output" by simple capacitative
pickup. The screen acts as probably the most important internal shield
as long as its impedance to ground is kept very low. It must have a
short direct metallic lead out of the tube. If it has appreciable impedance to ground, not only does its shielding properties decrease, but
as it swings with the signal it will modulate that portion of the
primary beam which it intercepts, and which is normally a d-c component of the secondary beam. Since this is at least as large as the
maximum a-c signal, modulation of it is serious. Measurements indicate, however, that in normal tubes this modulation can be negligible.

Disturbance
A number of factors individually contribute disturbance signals
which may be viewed as a kind of noise and which represent a lower
limit to the useful magnitude of the desired variable signal. A variable
signal whose output is lower than the disturbance level is likely to be
lost to an observer. The extent to which these contributions to the
disturbance may be reduced depends largely on their character and
source.
a. Thermal noise: Presently, tubes are operated at such beam
currents that the output signals of all types are well above the noise
and it is not a limiting factor. The worst disturbance is some five
times the noise in amplitude. Hewever, if smaller beam currents
(with an appropriately smaller target capacitance per unit area to
keep the discharge factor up) are attempted, to reduce the spot size
further, the noise could be an important consideration.
b. Deflection pickup: In the STE type of tube, the collector must
be properly internally shielded from the deflection plates to prevent
pickup. The present design is successful in this respect.
· .c. Deftecdon cornen: Target action theory 7 shows a second order
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signal that can arise as a result of change in curvature of the scanning
pattern. This signal has not been observed and mUBt be well below the
noiae.
d. Deftection disturbance or shading: The electric fields off the
target surface must be designed such that the secondaries are collected uniformly from the surface. When this is not so, the resultant
shading gives a signal that is synchronous with the frequencies in the
scanning pattern. This is the most serious disturbance signal because
both the secondaries from the target and those from the screen contribute. This means that there is available more than twice the current
for modulation by this disturbance as there is for the desired signal.
In the SDT tubes, this disturbance can be quite pronounced and control is difficult, since the same fields are used to focus both primaries
and secondaries. In the STE, secondary and primary focus are separate,
and this disturbance is more easily removed.
e. Screen: The successive interception of the beam by the screen
wires generates a signal that is second in importance only to that of
shading. If the beam does not extend for more than about three screen
wires (this is usually the ca.se), the signal resulting from the screen's
intercepting the beam depends upon the secondary emission ratio of
the screen wires and upon the ratio of the screen wire diameter to the
beam spot length parallel to the direction of scanning.
The upper limit to the dynamic range of the variable signal is
determined by its saturation value. Reference to Figure 11 will show
the existence and limits of this saturation. A measure of this dynamic
range is then the ratio of the maximum variable signal output (its
saturation value) to the maximum disturbance output (the variable
signal output's practical lower limit). This is called the "disturbance
ratio".

D = id a,.,./idlaturbanre•

( 7)

If the only contrihution to cli11turbance is that from the l'lcreen,
D.

= b/(u.-1) u.

(8)

Reducing the secondary emission ratio of the screen wires to unity
gives the greatest promise for improvement of the disturbance ratio
since It has been shown (Equation (6)) that the beam spot size must
be stnall for good cancellation ratio and there are mechanical limitations on the fineness of the screen wire. Tubes with gold sputtered
screens have shown disturbance ratios greater by a factor of two than
thoae with stainless steel screens.
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Figure of merit
From Equations (6) and (8) a figure of merit, some indications
of the limititions of the tube, and means of improvement may be
deduced.
(R-1) DN

ex

[A/8 (a, -1) u] [ (2/(2-/]

(9)

where N is the number of pulses of rise and fall times t that can occur
successively during the total scan, usually referred to as the number of
storage elements on the target. Note that the three desired quantities,
cancellation ratio, disturbance ratio, and number of elements available
per tube, are so related that no one can be improved except at the
expense of the others, or by enla·rging the tube, or by causing the
screen wire secondary emission ratio to approach unity. A finer spot,
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Fig. 17-Stoi·age elements in an STE tube as a function of fidelity.

allowable if u, is reduced, would also allow 8, the interline spacing, to
be reduced.
This product (R - 1) DN appears to be a convenient figure of
merit for this tube and similar cancellation devices. The value for
present two-inch target tubes is roughly 6 · 105 or greater.
In Figure 17 is plotted the same experimental data as in Figure 16,
having calculated the number of ·pulses of 0.5 microsecond rise and
fall times that can be placed on the 2.4 inch target of the tube with
an interline spacing of 0.030 inch. This curve together with Equation
(9), which it substantiates, indicates that for a given tube, wherein
the spot size is essentially determined by the primary gun structure,
the number of storage elements on the target is a function only of the
cancellation ratio, being independent of the scanning speed or the
pulse length. It follows then that these elements may be used to store
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information using pulses of any duration, the scanning speed varying
inversely with the pulse length.
The storage area required per element (A/N) would be a :figure of
merit for the target construction; the present value for the usefully
scanned portion of the target can be conservatively set approximately
6 · 10- square inches per element for a cancellation ratio of 20.
Another figure of merit useful for some considerations has been
suggested.7 The "limiting cancellation ratio" can be defined as the
ratio of the variable signal input to the steady signal input when
the variable signal input is adjusted to give an output equal to the
disturbance, and the steady signal is adjusted to give best overall
performance from other considerations (e.g. sufficient discharge factor
or linearity of response)·. This ignores the output dynamic range for
cases where it is not important. Present STE tubes have limiting
cancellation ratios of roughly 100 for which they should have sufficient
area for about 600 elements (extrapolating Figure 17).
If two equal adjacent pulses are very close together, then the
output signal from simple storage will not go to zero between them,
but only to some finite value of amplitude (y). The ratio (Y /y) of
the pulse amplitude (Y) to this finite value of the output signal (y)
between the pulses can be taken as a measure of the resolution or the
fidelity of reproduction. In fact, this is exactly the cancellation ratio
defined above, R = Y /y. Another term, "percentage modulation" may
be applied and defined as P = (Y - y) /Y so that cancellation ratio may
be related to "percentage modulation" such that P = 1 - (1/R). For
many applications such as television values of "percentage modulation"
(P) as low as 5 per cent are useful. This would correspond to a
cancellation ratio of only 1.05, which from Figure 17 extrapolilted
would indicate about 5 · 106 storage elements. The lowest percentage
modulation, and therefore the greatest number of storage elements,
that can be used is limited by the disturbance.
As a circuit element, the tube may be viewed in general as a high
internal impedance generator, similar to ordinary electron tubes. Its
output is essentially a current signal fixed in magnitude by the tube
operation and characteristics. A reasonable figure would be 30 per
cent modulation of a 8 microampere beam or an a-c signal of approximately 2 microamperes peak to peak. The output capacitance is
about 20 micromicrofarads; the input capac_itance approximately 400
micromicrofarads for a 2.4 inch target. The full 30 per cent modulation is attained for an input variable signal of 50 volts peak to peak.
This may be summed up as a transconductance of 0.04 micromhos,
from which the tube performance can be calculated in the usual manner.
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Tube Data.
Average characteristics for the latest STE type tubes are plotted
in Figure 18. From these can be deduced the operating data. It is to
be noticed that, similar to other vacuum tubes, there are different
modes of operation possible depending upon whether or not the application permits saturation of certain signals. If the variable signal
may be saturated for any large value of input the following is true.
Data for SDT type tubes using mica dielectric about 0.8 mil thick, 230
mesh gold sputtered stainless steel woven wire screen spaced about 6
mils from the dielectric is R = 20, D = 25, v = 0.020 inch per microsecond, t = 0.3 microsecond, and / = 80 per cent. N can be calculated
to be 1000. Limiting cancellation ratio is 50., For t = 1 microsecond,
;
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Fig. 18-Characteristic curves of operating storage tubes. Pulse length:
seanning speed: 0.026 inch per microsecond; output filtered.

a microseconds;

R becomes 45. STE electrostatic tubes use the same kind of target:
0.8 mil mica dielectric, 230 mesh gold sputtered stainless steel woven
wire screen spaced about 5 mils from the dielectric; and their performance data is R = 25, D = 25, v = 0.026 inch per microsecond,
t = 0.3 microsecond, and f = 80 per cent. Calculated N is 2000. Limiting cancellation ratio is 100. If saturation is not permissible, then
reference to the characteristic curves in Figure 18 will show that for
the STE tube, the cancellation ratio is about 12 while the limiting
cancellation ratio is about 50. For this type of operation involving
smaller input signals, the _discharge factor is somewhat higher.
The SDT tube has a measured spot of 0.006 inch diameter for a
beam current of 10 microamperes. The STE tube has a measured spot
size of 0.008 inch diameter 8.5 inches from the main lens for a beam
cur_rent of 10 microamperes and the screen 1000 volts above the cathode.

BARRIER GRID STORAGE TUBE
StMO,gl

403

Time

The present available apparatus does not allow the application of
signals at repetitive rates less than 50 cycles per second. These slow
repetition rates have given rancellation and disturbance ratios the
same as for rates as high as 4000 cycles per second. This means that
such signals are stored without appreciable change for at least l/50th
of a second. However, in a television test set in which the target is
scanned in a standard television pattern and in which the output from
the collector can be applied to the grid of a kinescope, so that the
signals can be viewed at positions corresponding to the positions on
the target from whence they came, signals that were impressed on the
tube were observed to have negligible reduction or diffusion across the
surface after 100. hours, during which time the beam was off. This
tube had the same type of mica target as was described above.

Filtering
The data presented above are for the tube alone without the benefit
of optimum aiding circuitry. The bandwidth of the amplifiers used
in the measurements was 3 megacycles per second. By a judicious
choice of the frequency response of the output amplifier, however, the
performance of the tube as a cancellation device can be improved, since
the spikes may contain frequency components roughly three times as
high as the variable signal. A filter having a sharp cut-off just above
the highest useful frequency can thus increase the cancellation ratio
by attenuating the spikes. This is a true gain in a cancellation system;
for other applications it simply indicates that the bandwidth of the
system should be no greater than that required to pass the highest
desh'ed frequency. In addition, it was found that both disturbance
and cancellation ratios rould be impro,,ed by the introduction of a
simple LC low pass filter, in this particular case having a half-value at
300 kilocycles per second, in the output circuit. This is shown in Figure
19 and also In Figure 8. The filter must have a fairly shallow low
frequency cut-off to affect the screen disturbance, since the beam in
scanning the screen crosses the wires at various angles. This means
that there is generated not only the highest frequency due to scanning
directly acro11s individual wires, but the lower frequency components
due to scanning the wires at more oblique angles. This spectrum
unfortunately extends down into the region of useful signals and cannot be filtered out completely.
Concatenation
In an application requ1rmg a cancellation device the use of two
stora1e tubes in cascade has brought results which in many ways are
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gratifying, despite the added equipment and greater complexity from
an operational standpoint. The concatenated set-up is made by feeding the conventional signal into the first storage tube as before,
amplifying its output to a level to properly drive a second storage tube,
then feeding this into the second tube.
This arrangement offers three distinct advantages. The disturbance contributed by the first tube constitutes a steady signal input to
the second tube, which in turn cancels it. This means that the overall
disturbance output is only that from the second tube alone. This tube
may be carefully chosen so that this overall disturbance is a smaller
than average amount. Secondly, since the output of each tube is essentially the first difference of its input signal, the output of the second
tube is the second difference of the original input. Hence, the response
to slowly varying signals is reduced, and the overall discharge factor
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Fig. 19-Effect of pulse length and filtering on cancellation and disturbance
ratios. Scanning speed 0.020 inch per microsecond in an SDT tube.

is greater than for either tube alone. Thirdly, for steady signal inputs
to the first tube, the inputs to the second tube are the relatively smaller
spikes. These are in turn attenuated by the second tube to give an
overall cancellation ratio larger than either tube alone. This overall
cancellation ratio is not as large as the product of the two tubes' cancellation ratios, however, since the spikes (see Figure 12, line 4) have
rise times which are smaller than those in the original signal. The
cancellation ratio of the second tube will be correspondingly smaller
than that measured in the usual fashion. This is assuming the use of
raw signals without filtering between tubes. Two SDT tubes, each of
which showed an R = 10 singly, in cascade showed an R = 60. Variable
signals that were lost in the disturbance of the first tube were readily
visible in the output of the second tube.

Circuit•
A quick survey of the stability of the associated circuits would
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11how that there should be less than a pulse rise _time jitter between
the initial signal pulse and that which triggers the scanning pattern.
Further, the deflecting circuits should allow the scanning raster to
move only a small fraction of a line width. This would indicate deflection constant to one part in 1000. For both tubes, the spiral and
staircase generators were fed from standard regulated supplies. The
high voltage supplies were not regulated.
CONCLUSIONS

Besides being a direct measure of the characteristics of a storage
tube as used in signal comparison problems, the described method of
comparing input and output signals is of value in determining the
general characteristics useful for the design of any system involving
signal storage. In any storage system, the fidelity of reproduction of
the stored signal is a primary consideration. This is measured by the
cancellation ratio. Discharge factor is important in determining the
writing and erasing requirements in any application. The disturbance
ratio gives the output dynamic range while the limiting cancellation
ratio is the input dynamic range. The limiting cancellation ratio may
also be viewed as the greatest fidelity detectable since this is the fidelity
for which Ute difference between the input and the reproduced signals
is just equal to the disturbance introduced by the tube. The number
of storage elements required by a signal is simply the amount of information that is contained in that signal. The number of storage elements then gives directly the number of discrete pulses which may
be stored on the target with a given fidelity, as indicated by the cancellation ratio. Likewise, for more complex .wave forms the number
of storage elements can be taken as equal to the product of the bandwidth of the signal and a time t which is the duration of the signal
which can be stored. Figure 17, which shows that the product of the
cancellation ratio and the number of storage elements is a constant
for any tube, than may be interpreted as indicating that the product
of the bandwidth, the duration of the stored signal, and the fidelity
is a constant. Thus for a given fidelity of reproduction the number of
storage elements is fixed and for a signal of given bandwidth, the
maximum duration is determined. Conversely for a certain desired
duration of signal, the bandwidth (and hence the highest frequency)
that could be stored is fixed by the same relation.
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SYMBOLS

A

Useful area of target; A= 8>..

b

Beam width parallel to scan.

Cl A
D

•

Capacitance per unit area of target ( target surface to plate).
Disturbance ratio; i, muli.s,.,., ..........
Electronic charge.

/

Discharge factor; percent discharge per scan.

i,

Output from variable signal; a-c component of secondary beam.

i.

Output from steady signal; a-c component of secondary beam.

i,,.

Output from any new signal on the scan during which the signal first
appeared.

M

Number of primary electrons bombarding target during a convenient
time interval.

n

Pulse repetition rate.

N

Number of pulses of rise and fall times t that can occur successively
during the total scan; >.. 2v tN; total number of "elements" available in tube.

=

P

Percentage modulation (Y -y)IY.

qi A

Charge density deposited on target.

R

Cancellation ratio; V.IV,fori.=i,.

•

Thickness of dielectric target.

t

Rise time of input pulse.

u

Diameter of screen wires.

11

Scanning speed.

V, Input variable signal amplitude.

V.u Effective input variable signal, considering the effect of dischar~e
fact.or.
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V • Equilibrium potential of target surface with respect to screen.
V ~•

Potential difference between cathode and target, determining bombarding electron energy,

v..

aV .. is the energy of the most numerous secondaries from the dielectric surface.
Input steady signal amplitude.

V,

V,1 1 Amplitude of any new signal.
w
y

Beam width perpendicular to scan.
Amplitude of output between two adjacent pulses.

Y

Output amplitude of a single pulse.

8

Separation, center to center, of scan lines. Interline spacing.

"

Dielectric constant of target insulator.

~

Total length of scan.

,, Secondary emission ratio of dielectric.
11,

Secondary emission ratio of screen wires.
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Summarg-By certain combinations of optiool and electronic means it
is possible to reproduce the image of a scene in greater brightness than that

of the original. A general discussion is given as to the possible improvement
in seeing under low light conditions by the use of such brightness intensifiers,
and the fundamental limit to such improvement is shown to be the statistical
fluctuation in the number of photons entering the eye. When the ob;ect
viewed is a sma.ll luminous area or point of light, a gain in brightneBB ma11
be obtained by optical means alone and the electronic intensification adds no
further useful information. When a cQnstant large angular field of view
must be maintained, an optical system consisting of an ob;ective of large
diameter forming an enlarged image on the primary photosensitive screen
of a brightneBB intensifier can be used to advantage, since the brightness
intensifier permits passing along to the eye the gain in seeing resulting from
the greater photon gathering power of the large objective.
An interesting application of the image intensifier would be in rendering more information available from medical fluorescent X-ra11 screens. It
is shown that the information available is limited by the randomness in the
X-ray beam itself, and the only significant gains would be in ease of viewing
or in a more convenient size of the final image.

M

INTRODUCTION

ODERN electronic techniques have reached a point where it
is possible to design equipment which will reproduce the
image of a scene projected onto its pickup element in greater
brilliancy than the original subject. Two examples of such equipment
might be cited. The first and most obvious is a television pickup unit
employing an image orthicon and reproducing a scene on the bright
screen of a projection kinescope. The second is the brightness intensifier image tube as illustrated in Figure 1. Here the image is focused
on the photocathode and the electrons released from it are imaged on
a fluorescent screen as in an ordinary image tube. The fluorescent
screen, however, is mounted on a thin, transparent membrane the back
of which has been photosensitized. The light from the fluorescent
screen excites photoelectrons from its photosensitized side. These
electrons are accelerated and again imaged on a second fluorescent
screen. This second fluorescent screen may be the viewing screen or
• Decimal Classification: RS00 (621.375 X 535)
t Reprinted from RCA Review, September, 1948.
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l<'ig. 1-Two stage brightness intensifie1· image tube.
may be another intensifier unit similar to the one just described. This
vrocedure can be carried out for as many stages as desired, a brightness
gain being obtained at each stage.
It is not the intention of the present discussion to consider in detail
the design of any particular type of brightness intensifier, or to discuss
the technical problems involved in its construction or operation. ·u is
rather to determine what can be gained in the way of vision at lower
light levels and under unfavorable seeing conditions by the use of a
brightness intensifier. In order to do this, it will be necessary to
examine the fundamental limits of the eye under low-light conditions
and to compare them with similar fundamental limits which must
necessarily exist in any type of brightness intensifier that might be
built.
It haij been shown that a fairly satisfactory agreement with the
observed performance of the eye at low-light levels can be obtained by
postulating a relatively simple model for the eye, namely, that it consists of an optical system forming an image of the scene before it upon
the retina of the eye; that the latter consists of a photoactive surface
with a quantum efficiency in the neighborhood of 10 per cent; that this
surface is connected to the optic nerve leading to the brain; and that
the information transmitted from this photoactive surface is limited
only by the statistical fluctuations of the photo-effect existing at each
of its elements. Such a model allows rather a direct comparison with
an electronic brightness intensifier system consisting of an optical
system forming an image on a photocathode (which, on the average,
releases one electron for every ,\ photons falling on it) and some means
for producing visible luminescence on the final viewing screen for each
electron released at the photocathode.
It will be shown that if the optical system used with the brightness
intensifier has the same numerical aperture and focal length as that
of the eye, no brightness intensifier can make it possible to see at
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appreciably lower light levels than can be done with the unaided eye.
However, if optical systems are used, taking advantage of the magnification properties, etc. which are possible in the brightness intensifier,
very considerable gains may be expected and it is possible to see under
conditions of illumination which are totally impossible with the unaided
eye. The nature of these optical systems and their expected performance in conjunction with a brightness intensifier will be considered in
some detail below.
MECHANISM OF SEEING

In order to obtain a quantitative understa~ding of the mechanism
of seeing, consider the problem of visually differentiating a small
element of area having a brightness B from its background which has
a brightneu B 0 • Any luminous surface emits photons distributed in
time in such a way that the average number of photons per unit area
per unit time in a given solid angle ls proportional to the brightness
B of this surface. Thus, if the element under consideration has a size
of h2 square feet, the number of photons emitted by it per second per
unit solid angle will be given by n = r;:Jf.h 2B where n is the number of
photons per second and ge the constant of proportionality connecting
brightness and number of photons emitted (U( = 1.3 X 1ou photons per
second per lumen.) An element of the background having tbe same
area will correspondingly emit n0 gf,h 2B 0 :photons per second.
The seeing device collects a certain fraction of these photons by
means of its optical system and receives them on its photosensitive
surface. The problem of seeing the element in question thus resolves
itself Into the ability of the seeing device to differentiate between n0
photons per second from an area the same size as the element under
examination and the n photons per second from the test element. For
simplicity, suppose that the seeing device is that illustrated in Figure
2. Here the element h is imaged on to the sensitive detector by a lens.
This lens has a focal length / and subtends an angle « at the element l
which is at a distance / from the lens. Conventional opti~ can provide
the following relations between the brightness of the element and the
number of lumens L falling on the image of this element formed on
the detecting device.

=

(1)

D

I

l=-h;

tl

L= Bl2 sin1 a
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Fig. 2-Generalized seeing device.
Consequently, the number of photons received per second on the
image of the element is given

h•
by

n=g{L=g{B-D1•

d•

(2)
Before proceeding further it is necessary to assign some properties
to the sensitive element. For simplicity first the unrealistic assumption is made that the device is sufficiently sensitive to detect each
separate photon. Furthermore, it will be assumed that the sensitive
device integrates 'the effect of the photons over a time t corresponding
to a persistence of vision. Based on this model, the image of the test
element will receive

(3)
units of signal during the period of integration. An element of equal
area adjoining it will receive
kl
N O = fJ(B. - Dtt

d•

(Sa)

units of information. The difference signal will, of course, be N - N 0 •
If the arrival of photons were not a random process (N - N 0 ) might
be a very small quantity and still be distinguishable. However, the
statistics of random events indicates that the average N arriving
at the image of the test element per integration interval will have
superimposed on it a fluctuation whose root-mean-square value is proportional to the square root of the number of photons reaching this
point. Unless the difference N - N O is larger than the fluctuation in
N, it will be fundamentally impossible to detect the element in question.
The extent to which N - N must be greater than the square root of
N depends upon the degree of certainty required in the determination
that the difference actually exists. This conclusion can be easily
modified to take into account the more realistic detector or seeing
device whose quantum efficiency is not unity but has some fractional
value A. A quantum efficiency,\ means that only one out of every 1/,\
photons will produce a useful signal. Therefore, the relation indicating
the possibility of distinguishing the test clement now becomes
O
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,\ (N - N 0 )

where

y

~

(4)

y (,\N) ½

is the number of times the difference signal must exceed the

root-mean-square fluctuation to insure detection. Referring back to
Equations (3), (Sa) and ( 4), the condition required for detection can
be written as follows:
hi
t::.B

:!,,

yBt(MiJe-D 2t)-t.

d•

AB

Furthermore, if contrast be dt'fined in the mmal way :.1s

h•

the following relation must hold

or

C=B

C :!,, y(>..[Je-D 2 t) i B-t
d2

(6)

where K

= y 2 (>..g(D2t)-t.

K is a quantity which depends only on the character of the optical
system and the properties of the photosensitive detector. This derivation shows that for a given element size and brightness level there is a
fundamental lower limit to the contrast step that can be detected.
Furthermore, for optimum performance the seeing device should
integrate or count the whole area being resolved rather than attempting
to discriminate the difference in brightness by evaluating the number
of photons arriving on some constant small area, e.g. an area corresponding to the limit of its maximum resolving power. It is interesting
to note that the eye is found to have just this property as will be
discussed later.
Equation (5) suggests that it might be convenient to name as a
figure of merit a small element defined as follows:

1

1

M'=-----=--

where n ia the solid angle subtended at the eye by the test element.
With the aid of Equation (6), M' can be expressed as follows:*
• The • )'Dlbol M will be reserved
for the efficiency of seeing in the case
of an extended ima!f! where angle of
view- cannot be sacnff.ced.

,\9'(D1t

M'=BX-y•

(6)

BRIGHTNESS INTENSIFIER

413

Fig. 3-0ptical means for improving seeing.
Thus, it is evident that in addition to brightness, quantum efficiency, and y, the figure of merit
M' depends upon the diameter
of the viewing lens or objective. Where the seeing device is the unaided
eye, this diameter is simply that of the pupil. It is obviously possible
to increase M', the figure of merit by the purely optical means illustrated in Figure 3. The improvement in the value of M' can be calculated as follows:
h12

C/--lJ/t
d2

:...:: 1;

(7)

From Equation (7) it will be seen that M' is increased by a factor
equal to the square of the ratio of the diameter of the new objective
to that of the pupil of the eye. This is the principle upon which night
. glasses are based. Further, it is evident from the above that no form
of brightness intensifier can improve the value of M' over that obtained
by the eye using an optical system having the same absolute diameter
(and some absorption losses) unless the quantum efficiency of the
photosensitive detector of the brightness intensifier exceeds that of
the retina of the eye.
PERFORMANCE OF VARIOUS SEEING DEVICES

A great deal of work on the part of many scientists1 over a period
of almost half a century has been done in the field of vision and the
human eye in order to evaluate the signal-to-noise ratio and quantum
efficiency of this very efficient seeing device. The quantum efficiency on
the basis of these investigations has been estimated to lie between 1 and
10 per cent with 5 per cent as a good working value.
On the other hand for a photosensitive surface such as might be
used in a brightness intensifier, a fair value of the photoelectric yield
is 50 to 100 microamperes per lumen. Inasmuch as 1 lumen is constituted of some 1018 photons per second, the quantum efficiency of the
photoelectric surface in question is of the order of 5 per cent. Since
1 A. Rose. "The Sensitivity Performance of the Human Eye on an
Absolute 5cale", Jour. Opt. Soc. Amer., Vol. 88, No. 2, pp. 196-208, February,

1948.
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the quantum efficiency of the present known photoelectric surfaces does
not exceed that of the eye, the type of brightness intensifier under

consideration has no advantage over the unaided eye working with a
suitable optical system for viewing a small element. Thus, if one wishes
to see a star which is invisible to the unaided eye, one uses a telescope
of large aperture (e.g. a 200-inch telescope) and views the object
directly.
Figure 4 is a curve 2 indicating the performance of the eye relative
to the performance of an ideal viewing device (quantum efficiency 1)
together with the performance of an image orthicon television pickup
tube, super XX pan photographic film, and a hypothetical brightness
intensifier. The ordinate of this curve is the figure of merit for a single
element while the abscissa is the scene brightness. It will be noted
that the performance of the brightness intensifier and the eye parallel
one another over a considerable range, but that there is a threshold
to the brightness intensifier. This threshold is due to the background
illumination of the viewing screen of the brightness intensifier. Some
form of background is rather fundamental to all types of brightness
intensifier. For the intensifier illustrated in Figure 1 for example, it
is the result of thermionic emission from the first photoelectric surface.

,o·• t----+---+--+-----+---1

104 1 - - - - + - - - + - - + - - - I -

10' 1-----+----+-

M'

,o
SCENE

Hl(;MTNUS -

FOOT LAMB£RT5

Fis, 4--Perlonnancie curve• of various seeing devices.

• A. Rose, "Television Pickup Tubes and the Problem of Vision",
ADVANCES IN ELECTRONICS, Academic Presa Inc., New York, 1948
(lb- PNN).
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The thermionic background can be reduced to a minimum (and possibly
well below the background of the eye) by properly choosing the long
wavelength threshold of the photoemitter, by cooling the photocathodes,
etc., but it cannot be reduced to zero in a practical device.

In

the case of a brightness intensifier in the form of a tele'v'ision

system, the d-c or average value of the background can be reduced by
properly biasing the viewing tube, but the fluctuations in this background cannot be eliminated and, therefore, represent a threshold.
WIDE-ANGLE VISION

When considering the question of seeing an extended image wher~
it is important to retain a large angular field of vision, the problem
is quite different. It is evident from the above that the optical methods
used to permit seeing a small element under condition of illumination
such that it cannot be seen by the unaided eye required an optical
system which enlarged the image of the element on the sensitive area
and, therefore, decreased the angular field of vision. Since this conclusion is fundamental for any type of optical system, it is not possible
to lower the threshold for viewing an extended object, where the angle
of vision must be kept constant, by purely optical means.
In considering the case of viewing an extended object, a line of
reasoning is used similar to that followed above. A schematic diagram of a generalized seeing device is illustrated in Figure 5. Where
this seeing device is the eye, the sensitive element is the retina while
the lens system is the pupil and iris. This assumes that an extended
object viewed is at a distance d from the device and covers an area A
which completely fills the angle of view of the eye. It can be assumed
to be made up of small elements of area h 2, each varying in brightness
and thus making up the picture elements of the scene. From the optical
arrangement of the elements of this system, the following relations are
obvious:

1,-=B(!.f)'

sin'n~

R(h:r ;'

but
E

r

E=Ad2

and

h2
D!
l,=B-E-

A

(8)

12

Fis, &-Seeing d~vjce for wideangle

VlSIOn.
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where A is the area of the scene and E the area of the sensitive surface
O

D2
(8a)

L=B-E-

or

cJ,
fl
where O is the solid angle of a test element and cf, the solid angle of view.
Proceeding as in the case of viewing a single element, the condition
which must be satisfied in order to insure the differentiation of a particular picture element of the scene from its neighbors is found to be:
1
u D2
- - :::,,. &fey>..---- E,' - - t H
Ct
cJ,
12 _

cJ,
or --=KB

C20

(9)

DI

where K

= f/ey>i.E -

/I

t.

This leads logically to a figure of merit M for viewing an extended
image related to the scene in question and the seeing device as follows:
Thus from Equation (9) :
cJ,
A
M=-=-.
C2n
C2h 2

DZ
M=-XEt X f/ey>i..

/2

(10)

Clearly M is a measure of the number of image elements that can be
seen and the contrast between the elements.
IMPROVEMENT IN SEEING USING BRIGHTNESS lNTENSll<'lER

Considering again the case where the seeing device is the human
eye, the first question to be asked is can the figure of merit for viewing
an extended image, wherein cJ, is fixed, be improved simply by optical
aids. It will be noted from Equation (10) that the only two optical
factors which enter into the expression for the figure of merit M
are the F number (i.e., F = DI!) of the lens and the area E of the
viewing device. Since in the case where the viewing device is the eye,
the value of E i1 fixed by the size of the useful area of the retina, the
optical system associated with the eye as an aid to seeing may not
produce, in combination with the lens of the eye, a focal length longer
than that for the normal eye. Also, since the iris of the eye will be
the aperture stop of the system, the F number or numerical aperture
of the system cannot be greater than that of the unaided eye. Consequently, no purely optical device can be devised which will lower the
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brightness threshold for seeing without decreasing the effective ans,:le
of vision.
Where the primary surface upon which the optical system forms
the image is the photocathode of a brightness intensifier, the situation
is quite different. No longer is there a limit to the area of this sensitive surface nor is there any a priori limitation on the numerical
aperture of the optical system. Therefore, it is possible with the brightness intensifier and optical system illustrated schematically in Figure
G to ~urpass greatly the unaided eye in its ability to see under low levels
of brightness.
With· this arrangement, the larger diameter of the lens as compared to that in the eye permits the collection of a greater number of
photons from the element being viewed. At the same time the larger
area of the sensitive surface does not require any reduction in the
angle of vision in spite of the greater focal length of the lens. The
enhanced image appearing as output of the image intensifier is just
bright enough so that the numbe1· of photons entering the pupil of
the eye from an image element is equal to the number of photons entering the larger aperture of the objective of the system from the corresponding element in the object being viewed. The observer's eye is
placed at such a distance from the final image on the intensifier screen
that it subtends the same angle of view as would have the original
scene when viewed with the unaided eye. The amount of useful image
brightness intensification which should be produced by the brightness
intensifier is equal to the ratio of the area of the objective of the
device to the area of the pupil of the eye.
In the foregoing it was assumed that the size of the image reproduced by the brightness intensifier was equal to that of the image
focused on its sensitive surface. Under these circumstances, the total
number of lumens from the reproduced image must be equal to the
product of the number of lumens falling on the photocathode and the
ratio of areas of the objective lens and pupil of the eye.
However, the brightness intensifier system can be arranged in such
a way that the reproduced image is smaller than the image formed
on its photocathode, the reproduced image being viewed through a
magnifier. This arrangement is shown schematically in Figure 7.
When a system such as this is used, the same brightness relationships
hold between the image on the photocathode and the reproduced image.
However, since the area of the latter is now smaller, the required
number of lumens put out by the device per lumen incident is smaller by
the ratio of the area of the primary image to that of the reduced final
image. Indeed it can be shown that even with an intensifier which
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Fig. 6---Brightness intensifier used
to improve seeing.

Fig. 7-Low magnification brightness intensifier.

simply produces one lumen of light per lumen of light incident can
give any degree of lowering of the brightness threshold of vision limited only by the size of the objective forming the primary image.
There are also certain practical limitations encountered in the design
of the magnifying ocular for viewing the reproduced image.
In practice it is found most expedient to obtain most of the threshold lowering through the lumen gain of the brightness intensifier, but
at the same time to use some reduction in size of the reproduced image
as compared to that of the original image.
To summarize the foregoing, it is possible to lower the limit of
brightness for threshold vision in the case of an extended object, where
the angular field of view is predetermined, by the use of an image
intensifier. (It is not possible to accomplish this by means of a passive
optical system alone.)
The extent of the lowering of the threshold for vision is determined
by the ratio of the area of the viewing lens to the area of the pupil
of the dark-adapted eye.
LIMITATIONS IN USE OF BRIGHTNESS INTENSIFIER

The preceding discussion raises a number of points which require
further consideration. First, the lowering of the threshold of vision
by the use of the brightness intensifier as outlined above is not obtained without sacrificing some of the properties of the eye. Here the
point of performance that is lost is depth of field. Simple optical
considerations show that the depth of field is determined by the diameter of objective forming the image on the photocathode of the brightness intensifier, just as in the case of a photographic camera it is
determined by the absolute diameter of the objective of the camera.
Since the improved "signal-to-noise ratio" of seeing is only obtained
through the use of a larger diameter objective, depth of focus is necesaari]y lost.
.A eeeond point of interest. is the question of whether or not it is
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undesirable to use greater brightness intensification than is warranted
by the "signal-to-noise" considerations of the over-all device. As was
pointed out earlier in the discussion, one ·of the properties of the eye
is that of integrating picture elements in such a way that the area over
which photons are integrated increases as the number of photons
per unit area decreases. In other words, as the "signal-t;o..noise" ratio
gets poorer at the retina, its resolution decreases in such a way as
to maintain a balance between contrast perception and definition. If
the brightness intensification of the device is too great, the resolution
of the eye will not adjust itself to match the information available in
the image. end, therefore, the eye will not be able to see as well as
though a smaller brightness intensification had been used. This effect
is not altogether uncommon. For example, one place where it may be
encountered is where a halftone picture is too greatly enlarged. Such
a picture when held at the normal viewing distance, so that every detail
that is in the reproduction can be resolved by the retina, is almost
unintelligible. However, when viewed from across the room, or at
such a distance that the individual dots making up the halftone screen
are not resolved, the picture becomes intelligible and gives the information that it was intended to give. Similar effects can be obtained
when an ordinary photographic negative is over-enlarged or when the
gain control on a television receiver is set too high. However, it might
be mentioned that the deleterious effect of over-brightness intensification increases slowly with brightness and it is probably desirable to
operate a practical instrument with some over-brightness intensification inasmuch as it tends to increase the comfort of the observer.
APPLICATIONS

Among a number of applications of the brightness intensifier, the
use of the device to enhance the brightness of an image from the
fluorescent screen used for X-rays warrants specific consideration.
Modifications of the brightness intensifier for this l)Urpose are shown
in Figures 8 (a) and 8 (b). In Figure 8 (a) the image of the fluorescent
i,1ereen is reproduced on the sensitive element of the brightness intensifier by a fast objective. With this arrangement, the image on the
intensifier sensitive surface may be reduced or magnified as desired.
The second form shown in Figure 8(b) is that where the fluorescent
screen and photocathode are essentially the same surface. This gives
optimum optical coupling between the photocatbode and fluorescent
screen, but obviously permits only unity magnification.
Considerations relating to the signal-to-noise ratio that can be
obtained from a fluorescent image and reproduced in the final image
of the intensifier are exactly the same as the general relations given
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Fig. 8(a)

Brightness intensifier used with x-ray screen. Fig. 8(b)

above. However, another aspect must be considered in this connection.
This is that the X-ray photons each possess considerable energy and
a relatively small number per unit area per second is required to produce visible luminosity in the fluorescent screen. For example, a single
photon of X-rays corresponding to 60 kilovolt~ releases several thousand photons of visible light from an efficient fluorescent screen. Such
a flash from a point source should be visible to the eye when the point
is viewed with a 10-power magnifier. Under these circumstances, the
amount of information seen on the fluorescent screen used with an
X-ray tube is not necessarily limited by the low-level of luminosity
of the screen itself but rather by the small number of X-ray photons
reaching a unit area of the screen per second. Where the information
is thus limited, a brightness intensifier cannot increase the information obtained from the screen. When it is desired to observe the image
at the normal viewing distance an image intensifier may be used to
maintain the brightness level at such a value that the eye usefully
absorbs approximately one light photon for each X-ray photon. A
rough estimate indicates that the useful brightness intensification that
can be used with an X-ray screen is ten times or less. Some further
intensification may increase convenience of viewing but intensification
beyond this will cause an actual loss in information that can be seen.
It is, however, possible to use the brightness intensifier to advantage
in connection with X-rays. This is when the arrangement shown in
Figure 8 (a) is used and the optical system produces a considerably reduced image on the sensitive area of the brightness intensifier. With
such arrangement, a reduced fairly bright image of, for example, the
entire chest and abdomen of the subject examined can be produced.
This reduced image can be made bright enough so that the eyes of
the observer function under conditions of photopic vision so that
visual acuity is high. However, if the size of the image is correctly
adjusted, the normal limitations of the perception will be just sufficient so that the eye could not attempt to glean more information from
the image than is present in the original image on the X-ray fluorescent
screen.
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Where the brightness intensifier is used simply to reduce the brightness required for seeing, very real gains ~an be obtained if appropriate
optical systems are used. For example, it is quite feasible to make the
optical objective used with the brightness intensifier a Schmidt sys-

tem with an aperture 10 inches in diameter. Since the diameter of the
dark adapted eye is about ¼ inch, this means that only 1/1600 of the
amount of light required for the unaided eye will give equivalent vision
when the brightness intensifier is employed. This figure is probably
optimistic because of inevitable optical mefficiencies and certain losses
in the brightness intensifier itself. However, it can be predicted with
a good deal of assurance that such a system would result in the lowering of the brightness required for equivalent vision by two or perhaps
three orders of magnitude.
CONCLUSION

Experimental studies of the performance of the eye show that the
limit of contrast and detail perception of the eye, working under conditions of low-level illumination, is determined by the limiting signalto-noise ratio resulting from the fundamental statistical fluctuations
in the photo effect produced by photons entering the optical system of
the eye. No system of brightness intensification using an optical system equivalent to that of the eye and having a photosensitive primary
element with a quantum efficiency no greater than that of the eye can
hope to enhance the performance of the eye. Where the object viewed
is a small luminous element and the angle of view is not important,
considerable gain in sensitivty is possible through optical means.
However, for this purpose a magnifying system is used having an
objective which is larger in diameter than the pupil of the eye. Such
a system produces an enlarged image of the object being seen on the
retina of the eye and at the same time decreases the angle of vision.
Where it is necessary to retain a constant large angular field of view,
no passive optical system can give improved seeing. Here, however,
an optical system consisting of an objective of large diameter forming an enlarged image on the primary photosensitive screen of a
brightness intensifier can be used to advantage since the brightness
intensifier permits passing along to the eye the gain in seeing resulting
from the greater photon gathering power of the large objective system
used. It might, therefore, be said in conclusion that the gain in seeing which can be achieved by a brightness intensifier is not the result
of the action of the brightness intensifier itself, but actually the result of the greater absolute aperture of the objective which can be
used when a brightness intensifier is intermediate between the objective and the observer's eye.

ANALYSIS OF A SIMPLE MODEL OF A TWO-BEAM
GROWING-WAVE TUBE*t
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Summarg-The gain and bandwidth of a mathematical model uf a tube
in which a growing wave i11 produced by the interaction of two electron

beams ill investigated. The model consilfts of two admixed beams, infinite
in extent, and uniform except in the common direction of their velocities.
The gain per unit length of the model i11 found to depend ·on the operating
frequency, the current den11ities and the de velocities of the two beams.
The fractional bandwidth is found to depend on the total gain as well as
on the parameter11 which determine the gain per unit length. With physically realizable current densitie11 and velocities, adjusted for maximum gain,
and an interaction space 80 centimeters long, the model yields a gain of
120 db at 8000 Mc with a bandwidth of 860 Mc.

S

INTRODUCTION

OME time ago C. W. Hansell of these laboratories proposed a
growing-wave tube in which a wave is made to grow by the
interaction of two electron beams of different velocities. 1 This
proposal, in effect, substitutes a second electron beam for the helix
in the conventional traveling-wave tube. There are several attractive
features in this proposal. One is that the tube is all electronic and
need contain none of the circuitry required with the traveling-wave
tube. Another is that, because of the forward motion_ of the two beams,
it seems unlikely that there will be a backward wave. The absence of
a backward wave would render unnecessary the use of the circuit
attenuation now used in conventional traveling-wave tubes to keep
regeneration within reasonable bounds. The attractiveness of these
features is, however, contingent upon the gain per unit length of tube
which can be achieved with practical beam currents and voltages.
• Decimal Classification: R3S8.
t Reprinted from RCA Review, December, 1948.
Subsequent to the analysis presented here and while the present paper
was in preparation, a classified report by Dr. A. V. Haeff was received from
the Naval Research Laboratory entitled "The Electron Wave Tube--A
Novel Method of Amplification and Generation of Microwave Energy."
Dr. Haeff's report (now declassified) contains a similar analysis of the
interaction between streams of electrons and describes experimental results
obtained with amplifying tubes based on this principle.
The writer has learned that the principle of the growing-wave tube was
alao conceived at the Bell Telephone Laboratories and that work on the tube
is hi progresa there.
1
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It is the purpose of this paper to present the results of an analysis
of the gain per unit length of tube which can be achieved with the
beam current densities and beam velocities which can be realized in
practice. The tube model chosen for analysis is that of two admixed

beams, infinite in extent, with arbitrary current densities and velocities.
The velocity vectors of the two beams are assumed to be in the same
direction. All de space charge effects are neglected. The analysis then
consists in finding the current densities and beam velocities for which
growing waves exist, and the circumstances under which the growing
waves increase most rapidly. This model is idealized and yields results
better than can be achieved in practice where de space charge effects
and field fringing at the edges of the beam will act to reduce the gain.
At the same time, it is practical in the sense that practical values of
beam current densities and drift velocities can be used to calculate the
performance.
THE MATHEMATICAL PROBLEM

Consider the model described in the Introduction. Let the beams
be designated as beams 1 and 2, and let the symbols pertaining to
beams 1 and 2 carry the subscripts 1 and 2, respectively. Further, let
p

= de space-charge density of electrons

a

=

ca1

= ✓ ·41rep
-·-=--:plasma frequency

ac space-charge density of electrons
velocity of electrons
E = ac electric field
v = ac velocity of electrons

u

= de

m

Let the velocities of both beams be directed in the x direction. Then
the equations of motions of the electrons in the two beams are
ov 1
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eE

ov.,

ov.,

eE
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(1)
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The equations of continuity in the two beams are
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(8)

(4)
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Finally, the divergence theorem is

'aE
-

ox

= 471' (a1 + a2 )

(5)

This equation introduces the interaction between the two beams.

It should be noted that all second order terms have been dropped
in the above equations.
Now assume that all the ac quantities are periodic in time with a
frequency w/2-rr and also assume that the space distribution of the ac
quantities may be represented by e11'.r. Then the above questions become
eE

i(w+I'u 1 )v 1 = -

i

(6)

(o,+

m
I' f'2 t 12

eE

.

l'u!!) v!!=-=---··

+

17)

m

(01

-1- I' u2 )

u:.i

=0

(9)
(10)

This is a set of five equations in five unknowns. The condition that a
solution to these equations exists is that the determinant of the coefficients of the unknowns vanishes. Setting the determinant equal to
zero leads to a secular equation, which in this case is easily found to be

(11)

This equation gives the values of r for which solutions to the set of
equations (6)-(10) exist. Because the equation (11) is a quartic,
there will be four possible values of r. Let these values be I'n; n 1,
2, 3, 4. Then the ac quantities may be written

=

(12)

O'm

(18)

= ln

Cm,.

eir,.

(14)

where am,., b., Cmn are constants. There are a total of 20 such constants.
The equations (6)-(10) provide 16 relations between these constants.
Hence, the number of arbitrary constants is four. The four arbitrary
constants serve to match boundary conditions on the beams. For
example, a likely set of boundary conditions arises as follows: Suppose
that both beams are unmodulated to the left of z = 0; and that the
ftrst beam has impressed upon it a velocity variation 1110 at z 0. Then

=
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the set of boundary conditions on the beams is

;x=O

;x=O

=0

; x=O

Pt

0'1

=- -

V10; X

U1

The1H, four relations determine the four arbitrary constants.
The character of r n is of particular interest. If all r n are real
quantities, a tube employing two beams will behave like a velocitymodulation tube of somewhat greater complexity than the usual modulation tube. If two of the r n are zero and the remaining two are real,
the tube will behave like a conventional velocity modulation tube.
However, if one or more of the r,. are complex, there is a possibility
that the waves typified by eHwt + rn.,,, may increase in amplitude with
increasing x. As it turns out, if any one r,. is complex, another rn is
is conjugate. Hence, if any r n is complex, a "growing-wave" will exist.
The remainder of this paper is concerned with the circumstances under
which there are complex r,,, and what their magnitudes are.
Because the solution of the secular equation (11) is straightforward but tedious, the solution has been relegated to Appendix A at
the end of the paper. A summary of the results will suffice here:
The possible values of r depend on two parameters. These parameters involve the ratios of the de velocities of the two beams and
the ratios of the propagation constants in the two beams. The two
parameters are

a=---

(16)

t15)

.,, s

where

(17)

(1)11

-- = propagation constant in beam n.
Un

The values of I' are

r,. =

-✓ u:~:

[ s-: (✓ : + ✓ :: )]
y,.
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in which
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is investigated in Appendix B. In particular, it

is shown that there are complex roots only if

(18)

The condition

(19)

gives the minimum value of Jal as a function of /3 for which complex
roots exist. The relation between Jal and /3 is shown in Figure 1.
It is shown in Appendix B that, if a 4 > 2it3. vT;_ is real and
2
and VT; are complex conjugates. Hence, the difference between v'1;
and v'1; may be written vf;_-v't; = i y,. All other terms entering
into I',. are phase factors. Hence, for purposes of investigating the
rate of increase of a growing wave, an investigation of

vt

w

I';"" - - - - Yi s
VU1~

or, _in dimensionless terms, of

(20)
I

will suffice.
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Fig. 1-Minimum value of a for
which complex roots exist and the
corresponding p..
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Fig. 2-Gain factor vs. a.
GAIN AND BANDWIDTH

In this section, formulas for the gain and electronic bandwidth of
the model will be derived and expressed in practical terms. Having
obtained these formulas, it will be possible to discuss the gain and
bandwidth of model tubes with practical current densities and voltages.
First consider the gain of the model. The convection current
density may be used as a measure of the gain. In accordance with
equations (12) and (13), the convection-current density in beam 1
may be written y, 1 = p1v1 + u 1u 1 = ::S (p1a 1" + u 1c1.) e1r,...-. Suppose a

.

pair of ·the rm• say r 1 and r 2 , are complex conjugates of the form
I\= r, ± ir, and the other pair are real. Then, if the tube is of sub2

stantial length, the term having the factor e 11 r. + r,, ... will far outweigh
the other terms and y; 1 may be written approximately
t/11

= (p1C½1 + u1c21)

e<cr, + r,, ...

The power output obtainable from the tube at :r is measured by
"11"11•

= IP1a.21 + u1c211 2 e 2r,..-.

Hence, the gain of the model per unit length is
1/11 (x

+ 1)

i/r1•

(x

+ 1)

G = 10 l o g - - - - - - - - 1/11 (x)

y,1• (x)

= 8.686 ✓:;;;-- X

8.686

r,

decibels per centimeter

(21)

U1U~

where X is the function shown in Figure 2. For practical purposes, it
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is convenient to have flln/u,. expressed in terms of the current density
in the beam and of the electron velocity in volts. The required relation is

✓ -i.-

fll,.
-=3.09
X 10 2

where

j,.
Vn

(22)

v,.•12

u,.

= current density in amperes per square centimeter
= beam velocity in volts.

For purposes of subsequent computation, it is worthwhile to note some
further relations in the same terms and units

fJ)"

j,.= 1.85 X 1010 ✓ y 11112

3.70 X 1010
,

(23)

✓ Vil/I
ii

a=---------------~----_-----

(24)

(25)

When

a-=

2/v'3 and

/3 = 1,

the ratio of voltages is given by

1\ = 3.20 X 10~~. /
I ✓ Vi_
V2
l
V
w

11

1 12

_

(26)

V1

It is interesting to note that relation (25) shows that if j 1 and i 2 are
obtained from planar "diodes" of the same spacing or, more generally,
from diodes of the same perveance per unit area, then /3 = 1 whatever
the voltages V 1 and V 2 •
Because the gain is proportional to X, the general behavior of the
gain as a function of the parameters a and /3 is immediately apparent.
X has a maximum value of one-half when a= 2/v'3 and /3 = 1. For
each value of /3, the gain falls off slowly from the maximum in the
direction of increasing a, and quite abruptly in the direction of de-
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creasing a. The more /3 departs from unity, the lower is the maximum
value of gain and the more rapidly the gain falls as a departs from
the optimum value. The variation in gain with a, particularly the
variation with ratio of velocities, may portend a certain criticalness
in the adjustment of the beam voltages. The logarithmic rate of change
Ut

of a with -

is

U2

(27)

If u 1/1½ is near unity, as it well may be in a practical case, the variation of gain with variations in either or both of the beam velocities
will be quite marked. The rate of variation of a with v'~ is much
less rapid than the variation with u.l/u 1, and the variation with .., is
a measure of the bandwidth.

X
-+----4---1--4---1----11--1 - -

-

--

I

. -+4

Fig. 3-Gain factor vs. 1/a.

Consider the bandwidth of the model, i.e., the variation of X as a
is varied by varying w. For this purpose, it is convenient to have X
plotted as a function of w or as a function of 1/a, which is directly
proportional to ..,_ Such a plot is shown in Figure 3. The curves are
asymmetrical about their maxima. However, near the maxima, the
curves are very nearly parabolic. Within the accuracy of the present
computations, the behavior of X with 1/a may be represented by

430

ELECTRON TUBES, Volume II
X

= Xmu -

(28)

0,805 [ (1/a) - (1/a,,.) ]2

in the neighborhood of a maximum; where a .. is the a corresponding
to Xmas• This formula holds approximately for all four curves shown
in Figure 3. Hence, it will be assumed that it holds for all values of
p. Let
co=wm

+ Aw/2

(29)

where "'m is the III corresponding to Xmn and Aw is the bandwidth.
Substituting equation (29) in equation (28) gives

A1118

X=Xmn-0.805 (

)I

2~

Hence, the total gain in db ia
= 8.686✓-l[
co1

g

"'2

·

''(

X 01.,. - 0.805

U11¼

AwB

2

---) ]
~~

where l is the length of the interaction space. Because Aw was defined
as the bandwidth,

6.99

✓

1111

co:i

u, u...s

l (- A...s
2

v1111"'2

)

a = 3 db

or

(30)
This formula may be put in a more lucid form by expressing the
fractional bandwidth in· terms of the maximum gain.
t:.o,

·a.,v,r;::

-=8.86---

"'•

v~

(Sl)

Hence the fractional bandwidth varies inversely as the square root of
the total gain. The variation of bandwidth with /3 is shown in Figure
4. The bandwidth decreases rapidly as p departs from the optimum
value of unit.,.
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EXAMPLES

Some examples will now be COi\·
sidered. In all of these examples it
will be assumed that a= 2/VS and
P = 1, i.e., that optimum conditions
obtain.

-

:----.

Example 1
An early traveling-wave tube was
,
I
reported
to operate at 3000 Mc with
,ti
'
a
current
density of about 0.050
Fig. 4'.-Bandwidth vs. /3.
amperes per square centimeter and
with a beam voltage of 1600 volts. The reported gain was 1.14 db
per centimeter length of tube. It is interesting to compare the gain
of a two-beam tube operating at the same total current and the same
average voltage. To this end, let
I

~~

I-=-

I

j1

= 0.025 ampere per square centimeter

V1 = 1600 volts

,., = 1.88 X 10 10 radians per second.
The gain is then G

= 1340

✓- -i1 - = 0.84 decibels per centimeter.
V ta12

l\

--- :._ 1.087

The voltage ratio ill

V2

i 2 ~- i 1

(

~-Y2

0.022 amperes per square centimeter.

Hence, the gain of the growing-wave tube is substantially less than
the gain of the traveling-wave tube. It is also interesting to compute
the stability factor € as given by equation (26).

1

- - ---- = 1.0426-1

23.5.
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He.nee a 2 percent change in the voltage ratio will result in a 24 percent change in a. This is a rather drastic change. An increase of a
few percent in the voltage ratio Vi/V2 would considerably reduce the
gain. An examination of equation (25) shows that the stability requirement becomes more severe as the frequency increases and less
severe as the ratio j 1/V 1112 increases. As usual, an increase in current
density pays dividends. It is obvious that the ratio of V1 to V2 may
be held fixed by deriving both voltages from a common voltage source.
If the tube is assumed to be 30 cm long, the total gain will be
25.2 db. According to equation (31), the fractional bandwidth will be
6,..,/..,m = 0.627 and the actual bandwidth will be a..,= 1880 Mc. It
seems likely that usable bandwidth will be determined by the circuitry
at the input and output "terminals" of the beams.
Example t
As an example of what might be done in a practical tube, let
j1

= 0.100

amperes per square centimeter

= 500 volts
.., = 1.88 X 10'° radians per second

V1

These values are reasonable for a tube
gain is G = 1340

:w

cm long. In this case, the

✓-.!..:___- = 4.0 decibels per centimeter
V1a12

Vi
The voltage ratio is V2

= 1.240

The current density in the second beam is
j2

= 0.072 amperes per square centimeter

The stability factor is « = - 8.80
The use of the higher current density and lower voltage makes a marked
improvement over the results in th.e previous example, with regard to
lioth gain and stability. The gain in this case looks quite encouraging.
Before the results are viewed in too optimistic a light, it is well to
recall the remarks in the introduction which point out that the present
model neglects de space charge effects and fringing at the edges of
the beam, both to other parts of the beam and to any enclosing metallic
structure. All of these effects will probably tend to reduce the theoretical gain. There is a possibility that the distribution in velocities
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resulting from space-charge depression of the voltage at the center of
each of the beams may enhance the contributions to the gain of certain
velocity groups. By the same token, certain other groups may load
the useful parts of the beams. Whether the result is a net gain or
loss is a matter of conjecture at the moment.
If this tube is also made 30 cm long, the total theoretical gain is
120 db and the bandwidth is 860 Mc.
CONCLUSION

The present model of the two-beam growing-wave tube suggests
the possibility of obtaining very considerable power gains from such a
tube. As has been pointed out, these estimates of gain must be tempered
by the knowledge that the present model is not physically realizable.
Theoretical models which more closely resemble physically realizable
tubes will no doubt be forthcoming. In the meantime, the present theory
provides a rough guide to the design of practical structures.
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APPENDIX A
SOLUTION OF THE SECULAR EQUATION

The secular equation to be solved for r is

( - - - ) 2+ ( ---- )2
Wt

1-

w

+ I' Ut

W2

w

+ I' 11"'.!

(32)

This is a quartic in rand can be solved by Euler's method. 2 To reduce
the equation to standard form, let

a=---

(35)

(36)

wB

1 See, for example, Webster Wells, ADVANCED COURSE IN ALGEBRA, Heath and Co., New York, N. Y., 1904.
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v'u1 1't
r
y=---r+,,,.

(37)

8

(88)

Then the secular equation becomes

aP- )
1=(y-1

2

a/P
)
+ (-

1

(39)

y+l

This equation contains an unknown, y; and two arbitrary parameters, a and p. The parameters, a and p, will determine the nature
of the roots of the equation. On expansion, l39) becomes

y4 - y2 [

2

+ a2

(p2 + p:-)] - y[ (p2 - p:-)]
2

[ 1

This is of the form y 4

a2

-a2 (p2 + p:)] =

+
0

(40)

+ a y2 + b y + c = O

e=-]

where

(41)

(43)

a

The auxiliary cubic is

t3

+-

2

a2 - 4c

b2

6

64

t 2 -1- - - - - t - --- = 0

(44)

Substituting the values of a and b in the cubic gives

t3

-

[

1

+ :

(p + ;
2

2 ) ]

t2 +

:

a2

(p + ;
2

2 )

[

1
2

2 ( 132+1 )] t
. - -1« ' ( 132__
1 ) =O.
+~

8

132

16

·

132

(46)

The cubic may be reduced to standard form by the substitution
(46)
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The result is

The notation may be simplified further by writing

(48)
Then the cubic becomes
3

1

4

4

z~ ---,,~z+--r,,~ -µ':J-,o.

(49)

This equation may be solved by Cardan's method. The result is

(50)
where

(51)
The corresponding values of t are
ti= Z1
2
ll

+ 1- JL

Then the roots of the quartic are
when

(63)

p2 < 1
y,.= {

and
when

(52)

2
I

{32 > 1.

vfi ± ( ...;r; + yr;,)

- ,/f; ± <...;r;-vfa)

(54)
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An examination of equation ( 44) reveals an interesting special
case. It will be noted that when /3 = 1, one of the roots, say t 1 , is zero.
The other roots are obviously

1

t2 = - [1
8

2

+ a2 ± yl -

(56)

2a2].

Hence, the roots of the
quartic in y are

y,.

=-'

± [ (1 +a~)± a

v4 + a 2 J1'2.

One pair of roots is imaginary when

(66)

a ~ ;;,: 1

+ a~

i.e., when
Because of the simplicity of this case, it is possible _to maximize X
X

n 1
=- =a

___

[a

y 4 +a2 -

1

(1

+ a 2 )] l/2; a>--.
~

a

It is found that the maximum value of X; is 1/2 and occurs when
I a I= 2/V3. Subsequent computation shows that no other choice of
a and /3 yields a higher value of X.
In the case when a= 2/VS and (3 = 1, a simple relation between
the operating frequency and the plasma frequencies may be found.
This is

v'311
11
-=-== ~,-~ ~)~

(57)

APPENDIX B
THE NATURE OF THE ROOTS 01'' THE SECULAR EQUATION

The computation of the roots of a quartic equation is laborious
under the best of circumstances. Because the roots of the present
quartic are functions of two parameters, the computation of the roots
over the entire ranges of the two parameters could be quite timeconsuming. To reduce the amount of computation to a minimum, it
is advantageous to explore the I)ature of the roots as far as possible
without resort to computation. In particular, it is advantageous to
determine over what ranges of the parameters a and /3 the roots of
the quartic are complex.
First consider the cubic (45). All the coefficients are real. Therefore, the roots may be
Case 1.) All real
Case 2.) One real; two, complex conjugates.
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Because the last coefficient on the right of (45) is negative, the two
cases above may be further specified.
Case 1.) All roots real; one positive, the others with the
same sign.
Case 2.) One root real and positive; the others, complex
conjugates.

It would greatly simplify matters, if one of these cases could be shown
to be of no interest, i.e., if it could be shown that it does not lead to
complex roots for y. Case 1. seems most promising in this regard.
To show that Case 1. is of no interest, it is necessary to show
that in this case all of the roots are positive. Consider equations (49)
and (52) :
3
Z3 - -

1

JL2Z

4

+ - ra4 -

µ3]

4

t,. = Z,. + 1 -

µ;

n

(49)

= 1, 2, 3.

(52)

z,. ~ µ-1.

if

It is obvious that

=0

(58)

The discriminant of (49) h; a 4 - 2ii 3 • The condition that all the roots
be real is that the discriminant be negative, i.e., that
0

Consider the function

< a 4 < 2µ 3 •

(59)

3
1
Y=V--µ 2Z+-[a 4 -1i3 ].

4

4

(60)

It has stationary values when Z = ± JL/2, approaches + oc when Z
approaches+ oc, and approaches - oo when Z approaches - oc. Therefore, its general character is as shown in Figure 5. An examination
of ( 48) shows that JL cannot exceed 2/3. It follows that µ - 1 lies to
the left of - µ/2 in the sketch. Substitute Z = µ - 1 in (59). The
result is

Y1

-4

=- [ 1- 3 ,,. + 9

/L2

]

+ 4a

4

(61)

By eliminating µ through the use of ( 48), this may be reduced to
4

Y1 = -a4

[1 (/3 1 ]
-

4

2

+-)2-l

P2

(62)
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The minimum value of {3 2 + 1/{3 2
is 2. Hence, Y1 is negative and
all the roots of Y = 0 exceed
µ. -1, except in the limiting case
p = 1, when one root may equal
µ-1.

Fig. 5-General character of
Equation (60).

Therefore, y cannot be complex in Case 1, i.e., when
0 < a4

< 2 /L:I

(69)

Now consider Case 2 in which one root is real and positive and the
remaining pair are complex conjugates. The real positive root cannot
contribute to an imaginary term in y, so it remains to examine the
complex roots. The complex roots occur when the discriminant is
positive, i.e., when
a 4 > 2 µ.3 •
(63)
Suppose the complex roots are

(64)

Z 2 =µ.(a,± ib).
3

Then

y 2 =1-1,+µ. (a.±ib) =1-µ. (1-a,) ±iµb=C±iD

(66)

3

and

'1;; =✓-~ f\/C 2 + D2 + C]
I

It is the term

2

±

i✓~2 f\/C

Y, = 2✓: r...;c2 + n2--c.1.

2

+ D2 -C]. (66)

(67)

which is of particular interest in the present problems.
The Cases 1 and 2 are separated by the critical case in which the
discriminant vanishes, i.e.,

(68)

This is the condition that all the roots be real and two of them equal.
Because equation (68) sets a lower limit to the values of a for
which complex roots exist, it is of interest to compute the values of a
which satisfy this relation in terms of {3, the other primary parameter.
The results of this computation are shown in Figure 1.
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LUMINESCENCE AND TENEBRESCENCE
AS APPLIED IN RADAR*t
BY
IL W.

LEVERENZ

ll,•senn•h D,•partment, RCA LaboratoriPs lli,·isinn.
Prhweton. X .•I.

Summary

One of the p1·inci1ml technical prnblems in lVorl<l lVcu II ww, to dl'vise
radar appamtus which wo11ld afford tactical uclvm1fages over the enemy.
It was especi<illy desimble to have a 1ir111om111ic 11u1p, completely re.sketched
evenJ few secmuls, sim11/fm1eo11Hly showing the locations of cli8ta ut objects
at all voints of the com1ms11, or secfol's thel'eof, and ovu n wide n111ge of
elevation 1111gles. To provide• s11ch n mr111 it was necessary to devise imlicatol's 11•/ifrh wo11ld: (1) iw~ta11tm1eo1111ly transfonn rncgac11cle-fre(Jue11cy
elccfl'icfll /l11efuatiu1111 into 1•isiblc- i1111117e frace.~ (blivs), (2) 1·etcri11 the
visible blips, u•hich mere pmd11c,·d i11 111icrnH<·co11cl.~, for a 1111111/ier of diffel'ellt
fixed scan i-utcnmls 1171 to .-w secoucls, u11d (.1) dissolve (clear, or ".forget")
the pre11io11sly refai11ed bli1111 at the end of the 1iartic11lar mdar scan interval
to a1•oid conf11si11g s11bscq11e11t imag<'R,
Cathode-mu t11lws (CRT), 1rhich had been derclozu•d for cleefl"o11ie
tele1•i1<io11, were .fo1111d to be the oulu 11rn1·ticul means .for providing rnda1·
imay,·s. Stmtm~]Jhel'e ro11ditio11s and /ooistics limited mclal' CRT 1•0/fages
to alJOut 5 kilovolts. This restricf<',l radar entlwde-my beam cnagy de11sities to 1'<1l11es below those 11Secl fo1· ft>levision CRT's, while mdar blips were
rec111irl'd to 1"e11111i11 visible [01· time il!fel'nrls up to 1000 times as long as
those us,·d in telcvisio11.
Th,· t·hirf burden of i1111iro1wmc·11t was placed 11po11 the CRT sc1·ee11 and
several 11,·w aud impro·ved cathodosensitit.'e ,irrerns had to be dc1:isetl,
especial/11 for 1i,111ornmic mdai·s 11•lw11e lm/ky a11tr1111nr 111•ressitafl'd seem
interl'n/11 11111rh lo11ger than th,• 7J<•1·sistc11ce of 1•i8io11 (rtpJJl'O:l". 0.1 HC'e.).
Th<' most i111/)orfa11t radcrl' CRT-.~cr,·,·n problems were sofol'd b11 the i11troductio11 of ,·aHcade catl10dolumi11e11c·1•11t scT1't'IIS which co11ld be operated at
low l11111ina11ce11 l1u using the c11ham·c•d sc11siti1Jit11 o.f the dark-adapted huma11
eye. Cwwade. s,·rc·e11.,, such as flu: 1'7 and P14, romp1·isc strati/it'd laye1·s o.f
differl'l1t 11l10splwrs whfoh afford u11 i11c1·case in phosphorescc•11ce a11d a
reduction i11 initial luminescence (jlnsh) of radar blips. The d11mtio11 of
visi/1/e persistrnrc• of 11rcsr11t cascade scrcc11.~ may be adj11sted to retain
visible· bli1111 .for 111a1111 radar se,rn illten•als .front about 1 to .'/0 seconds.
Attrmpts were 111.adt• to 1Jl'ovidc large persistent images, having dal'l,:
traces ( DT) 011 a. bright field, using: (1) 11egati1•e 111od11latio11 o.f l11111inescencc (so-called "CR-burn" method), and (!!) tenebresce11t screens of
scotophors. Tl1t• PIO DT screc•n (KC1 scotophor) was fo1111d to have possibilities for a few radars operllti11g with scan i11ten,als longer than al1011t
10 seconds per scan, b11t was limited by low sensitivity, low eo11trast, and
unduly long persistence.
A n11111l,e·r of eathodol11minescent CRT screens ha1,e been de-vised with
persistences ranging from about one microsecond to over 90 seco11ds, but
none of the present CRT sc1·ecns gives entirely satis.facto1·y performance
• Decimal Classification: R138.31.
Review, June, 1946.

t RCA
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in the intermediate-persistence region from about S to SO sca11s per second
where flicker phenomena are most troublesome. 0:ne screen material, an
expone11tial-decay fluoride (Pt!!), was developed fo1· use in fire-control
radars at scans faste·r than about 4 pe1· second, but the p1·esent fluorides do
not mai11tai11 their desirable characteristics well during ope1·ational life,
Tabula,. s11mmaries of some of the more useful CRT screens are given
as an aid to 1·adar indicator designe1·s.
( 41 pagC"s; 81 figures)

A NEWLY DEVELOPED LIGHT MODULATOR FOR
SOUND RECORDING*t
BY
G. L.

DIMMICK

RCA \'ic•tor Dh·l~ion,
C11nult,11, N, J,

Summarg

A new light modulator, 1·ecently developed has very low distortion a11d
greatly improved performance characteristics. It is of the magnetic type
and is mechanically and optically inter£'hangeable with tlie present RCA
Bound-recording galvanometers. The power req11ired for 100 per cent
modulation is 1.!!5 watts. Distortion characteristics, frequency-response
curves, and impedance. data are shown. The effect of bias current upon the
.,,.,-f"""4'Mtl elaa'J"Getmstics is also given.
(10 pages; 11 figures)

• Decimal Classification: (R800) 681.843.
t Jour. Soc. Mot. Pie. Eng., July, 1947.

THE BEHAVIOR OF "MAGNETIC" ELECTRON
M_ULTIPLIERS AS A FUNCTION OF FREQUENCY*t
BY
L. MALTER
Research Department, .)\CA LBhoratorles Division,
l'rlnceton, N. J,

Summarg

Thia paper consists of a theoretical and e:x:perimental study of tlte
frequency variation of gain of magnetic electron multipliers. It is shown
that, for multipliers of the type studied, the behatJior as a ftmction of over-

• Decimal Classification: R138.6.
t Proe,, l.R.E., October. 1P47.
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all electron tmnsit angle is very similar to that observed for electrostatic
electron multipliers previously described. Up to frequencies of about 500
megacycles, loss in gain can be ascribed to a svread in transit angle resulting from the emission velocities of secondary electrons and the varying
paths of elcctl"ons th1·ough the stages of the multivlier. From the results
given, it is vossible to vredict the useful upper frequency limit of a magnetic electron multiplier of the type studied.
(,'I pages;

a figures)

PERFORMANCE CHARACTERISTICS OF LONGPERSISTENCE CATHODE-RAY TUBE SCREENS:
THEIR MEASUREMENT AND CONTROL*t
BY
R. E.

JOHNSON AND

A. E.

HARDY

Tube De11nrtment, RCA Victor Dh·i~ion.
Lant'a:,i:ter. Pa.

Summary

Cathode-1·ay tube indicators employing long-persistence screens have
been developed for use in Radar, Teleran, and other systems where fieldrepetition rate is in the Ol'dcr of seconds. Tube performance in such applic-ations is dependent upon the phosphorescent intensity of the screen
following a given excitation. This parameter in turn is dependent ttpon
the fl1101"escent intensity, rate of build-up and rate of decay of the phosphor
comvonents. In this paper, a laboratory system /01· pulse-exciting long7,ersiste11ce cascade-type cathode-ray tube screens and quantitatively evaluating these characteristics in finished tubes is desoribed. Correlation of
these values with field per/ormance is illustrated.
A 1·a11ge of efficiencies of screen com])onents was measured trndei· steadystate conditions in the conventional manner a11d compared with their pe1·formance i11 cnthodc-1·ay tul,e screens tmder pulsed excitation. It is shown
that the efficiency of the 1,lue zinc-sulphide phosphor layer is a good indication of its performance but that the efficiency of the yellow zinc-cadmiu111sulphide phosphor layer (phosphol'esc-e.nt) phosphor bears no consistent relation to ttltimate screen 71erfonnanu. A method for pulse-exciting the
phospho1· with blue light which givt•s i•alues correlating with screen pe1·formancc is described.
The thickness of each vhospho1· layer and the exhaust-bake temve1·ature
employed in tube vroussing have_ been fo1md to affect screen chai·acteristics
appreciably. Ave1·oge curves ai·e 711"escntcd to show the effect of each
variable.
(22 pages; 9 figures)
• Decimal Clallllification: R138.313 X R200.
t RCA Rei•iew, December, 1947.
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THE STORAGE ORTHICON
AND ITS APPLICATION TO TELERAN*t
BY
S. V. FORGUE
R,•srnrd1 De1,nrlml'nl, RCA Lahoratorie• Di\'IMlon,
Prim-elon, N. J.

Summary
An orthico11 typC' of piC'ku/l t11b1•, having a ·very high capruity target,
a11d operating with a Iott· beam c11rr1·11t, has been 11sl'd s11ccessf11lly to. pick
up a mdar PPI prese11tatio11 for tclci•ision 1·eJ1rod11ction. fly virtue of its
lm·ge storage capacity the tube ca11 1·e7J1"od111·e fo1· hm1d1·,·ds or ,·ven thousands of television scans in.for1111ttio11 presented lmt our.r m1 tl,11 PPI -~creen.
(18 pages, 9 fig11rC's)

* Decimal Classification: R:J:l!.l X 629.1!!2.5

t RC.-l Rcvie1i·,

Y. R58:J ;< R5:l7.

December, 19-17.

ELECTRON TUBE PHONOGRAPH PICKUP•:•t

BY
H. F.

OLSON AND

,J. PRESTON

lll'sl'nrd, I>,•partmenl, IIC.\ l.alN1ratories Dh·i~lon,
l'rin,·etun. X. ,J.

Summary
Fundamenfrtl experimental ancl thPoretical investigations in the field
of mechanicrtl and acoustical vibmting systems in recent 11cars hrwe made
possible the transfer of controlled vibrations through a vacuum-tight shell.
Thifl paper describes a vacuum tube mechano-electronic transducer based
on such a syst~m. A thin rod of extr.emely lou, inertia passing th1·011gh the
envelope acts as the anode. Motion of the anode changes the distance between anode rmd cathode, thus producing n signal, Outputs as large as
fl volts can be obtrtined from standard records.
Pickups for both vertical and lnteral recordings have been constructed.
(4 pages: 17 figures)

• Decimal Classification: R391.12.
Audio Eng., August, 1948.
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PERFORMANCE OF 931-A TYPE MULTIPLIER
IN A SCINTILLATION COUNTER*t
BY
G. A.

MORTON AND

J. A.

MITCHELL

llesearch Deparlm~nt, UCA LalK>ralori~s Division,
Princeton, N. J.

Summary
The scintillation type 111u·le11,- '1'<1diution detector repl'escnts an extremely
impol'ta11t advance rrnd holds promise of displacing the older types of
detectors for mu11y upvlicuti,ms. It depends for its operation 011 the couvcrsion into an electrical p11lse of the light fi,uHh produced by a suitable
vhosphor crystal whc·n the latte'/' absorbs a nuclear particle such as an
alpha, betu or gamma my, or 11c11tro11. The. conversion of the light flash
is effected by means of a srcondary emission multiplier.
The pre.~e11t paper gives the results of the c.um1ination of a number
ol RCA 9;J1A type multipliers for their s11it11bility for this a7>plicatio11. The
1n·o11erties of iutere.~t are (1) the pulse verfol'mancc> of the multiplier under
conditions x1f('h that intlivid11al, or at most only tt f,·w, photoc>lectrons from
the plwtocathocfr 1·01itriblff<' to the }Jlflse, and (ct) the m1111l1e1· and di11tribntio11 ol sp111'io1111 v11/sc>11 gr11erafl'd b11 the multiplier in dnl'kness.
It 1,•aH found that the pulse hl'ight distl'ibutiuu at the 011tp11t uf a
11111ltiplie1·, cl11c to p11/1«'s fl'Om imlividl((tl phntoe/rcfrons, is cu11sideral1ly
bmude1· them would hi' c:r11ected fl'om a Poisson's clisll'ib11tion of seco11dal'y
l'iectro11s at rach ,qtage, Distrih11tio11 c111·i•es al'e given.
In complete clal'kneRs n good 11rnltiplie1· at 1·oom te111verat11re is fo1111d
to produc,• ,WO to 000 pulHt'H pel' second with a height cq11al to or g1·eatcr
than the chary,• 011 (II/ l'lectro11 times the ai•erage gain of the tube. Curves
are gil'c•11 of du l'I, e111Tr11t pulse distrib11tio11s, the effect of temperature,
shield potcnfials, etc.
( 1l ]lages; 8 figm·rs)

,:, Decimal Classification: (R800) E35.38.

1· RCA Review, Decembc1·, 1948.
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electron tubes, thermionics, and related subjects,
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with additional publication cjata appended.
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are given on the following pages.
Any requests for copies of papers listed herein
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licensees of the Radio, Corporation of America.
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( AMERICAN STANDARDS ASSOCIATION JOURNAL)
Inter. Project ...............• INTERNATIONAL PROJECTIONIST
Jou·r. Acous. Soc. Amer•...... . JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA
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Jour. Appl. Phys . ............ JOURNAL OF APPLIED PHYSICS
Jour. Amer. Ceramic Soc . ..... JOURNAL OF THE AMERICAN
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Jo11r. Amer. Concrete 111st. .... JOURNAL OF THE AMERICAN CONCRETE INSTITUTE
Juur. Amer. Pharmaceutical
JOURNAL OF THE AMERICAN PHARAssoc. . . . . . . . . . . . . . . . . . . . . .
MACEUTICAL ASSOCIATION
Jour. Bacteriology ........... JOURNAL OF BACTERIOLOGY
Jour. British Inst. Cine . ...... JOURNAL OF THE BRITISH INSTITUTE OF CINEMATICS
Jour. Chem. Phys . ............ JOURNAL OF CHEMICAL PHYSICS
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Jour. Frank. Inst . ............ JOURNAL OF THE FRANKLIN INSTITUTE
Jour. Opt. Soc. Ame,-. ........ JOURNAL OF THE OPTICAL SOCIETY
OF AMERICA
Jour. Sci. Inst. (Brit.) ........ ,JOURNAL OF SCIENTIFIC INSTRUMENTS (BRITISH)
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· TBA An1111al .......•........ ANNUAL OF THE TELEVISION
BROADCASTERS ASSOCIATION
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The T & R Bulletin (Brit.) ..• . BULLETIN 01~ THE RADIO SOCIETY
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Trans. Amer. Soc. Mech. Eng .. TRANSACTIONS OF THE AMERICAN
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APPENDIX I

447

ELECTRON TUBE BIBLIOGRAPHY
Year
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Television Frequencies", F. Mural, RCA Licensee Bulletin LB-661
(March 15) ................................................ 1946
"Frequency Converter Considerations at 100 Mc.", H. A. Finke, and
A. A. Barco, RCA Licensee Bulletin LB-665 ( March 25) . . . . . . 1946
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"Electron Guns for Television Application", G. A. Morton, Rev. Mod.
Phys. (July) .............................................. 1946
"A High Vacuum Gauge and Control System", R. G. Picard, P. C.
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"Super-sensitive Tele-Pickup Tube", W. L. Lawrence, Radio Service
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"Improved Cathode-Ray Tubes are Ready For New Product Designs",
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"Wave-Guide Output Magnetrons with Quartz Transformers", L.
Malter and J. L. Moll, RCA Review (September) .............. 1946
"An Infrared Image Tube and Its Military Applications", G. A.
Morton and L. Flory, RCA Review (September) .............. 1946
"Infrared Image Tube", G. A. Morton and L. E. Flory, Elccfl'onirs
(September) ............................................... 1946
"RCA's New Blue-Sensitive Phototube", J. D. Phyfe, Infer. Project.
(September) ......... , ..................................... 1946
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"Mimo-Miniature Image Orthicon", P. K. Weimer, H. B. Law and
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