Oct. 31, 1950 A. V. HAEFF 2,528,138
HIGH-FREQUENCY ELECTRON DISCHARGE DEVICE
Original Filed Jan. 18, 1941 ' 2 Sheets-Sheet 1

f;ly.i. 1?_97 2. 70} [_Wj_yj

O

O

l 4
— 3

20 Z

INPUT ‘ - OUTPUT

Zig 10 —
(ﬁ e 5 ng 5§ m} 7 % % DE

NYENTOR

ANEREW V. [1AEFF .
E%WW‘W

RTTORNEY




Oct. 31, 1950

2,528,138

A. V. HAEFF
HIGH-FREQUENCY ELECTRON DISCHARGE DEVICE

2 Sheeis-Sheet 2

Original Filed Jan. 18, 1941

a

o7 oL
s,

/8
LIN12/0 INV.L-

LG LNO— =

-||l___._._..ﬂ_.?|..

{704

ot

St
o
=
=
S
o
=
[t

L
4
AN
>~
&
Y
2
x

RRORSAREX KA
T7ONT 708 ARRZRRIK SIS
> ) 9.0.0.0:%
ON/ISNOCS RN vnowunnonononoﬂoﬂ.
PR RSSIRRKEKS

%

8

=g
= 277 \

&7 ggr |7

[ PEE oY Cor 57 \Wﬂ MW.N amnegor EETF

S8 7% 05) i\ — e[ 37-

> X ‘llw! ..-..l“., — /\ (Rl & M\k “m V’///MI.IM!I!QIN“I!I!:‘!E’!}!N’IIE!’:rrnn

X == —-———— ——— -

..... o B e —

Cittorney




Patented Oct. 31, 1950

2,028,138

UNITED STATES PATENT OFFICE

2,528,138
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(Cl. 315—6)

My invention relates to.electron diécharge de- ”

vices and associated circuits having improved op-
erating characteristics and particularly suitable
for use at ultra-high frequencies.

The present application is a division of my co-

pending application, Serial No. 375,029, filed Jan-

uary 18, 1941 now Patent No. 2,399,223, issued
April 30, 1946, and assigned to the same assignee
as the present application.
- It has been demonstrated that tubes utilizing
conventional grids for controlling current are well
adapted for operation at ultra-high frequencies
and retain their characteristic advantage of pos-
sessing high transconductance. However, one of
the difficulties encountered in operating amplify-
ing tubes at ultra high frequencies. is the pres-
ence of considerable loading in the input circuit
which results in an excessive amount of power be-
ing required to drive the tube. This decreases the
effective power gain of the tube When operated as
an amplifier. .

The fundamental causes of hlgh 1nput loadmg
are: (1) ohmic.and: radiation resistance:losses

due to high circulating currents in electrodes and

leads; (2) electron loading which: results from
the interaction of the electron stream with the
circuit, including degenerative or regenerative
effects caused by lead impedance.

In order to reduce ohmic resistance losses it is
necessary to use internal leads and external con-
ductors made of high conductivity material and
having large peripheries.. In addition inter-elec-
trode capacitances must be reduced as much as
possible in order to minimize circulating currents.
To reduce radiation losses a. thoroughly shielded
circuit of conventional design or closed type

“cavity” resonators must he used.

The principal object of my invention is to pro-
vide an electron discharge device and associated
circuit having means for substantially reducing
or completely neutralizing electron loading when
the device is used at ultra-high frequencies. -

It is also an object of my invention to provide
an electron discharge device having means for
minimizing ochmic and radiation resistance losses
when the device is used at ultra-high frequencies.

The novel features which-I believe to:be char-
acteristic of my invention are set forth with par-
ticularity in the appended elaims, but the inven-
tion itself will best be understood by reference to
the following description taken in connection with
the accompanying drawing, in. which Figures 1
and 2.are diagrammatic representations of elec-
trodes and the.movement of electrons between the

electrodes; Figures-3 and.4-are: dlagrammatle TER~
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resentations of conventional tubes and methods of
operating the same; Figures 5 and 6 are curves
representing the relationship of the electron load-
ing (conductance) and the transit time of the
electrons of the tubes in Figures 2 and 5; Figures
7 to 10 inclusive are diagrammatic representa-
tions of tubes and circuits made according to my
invention for practicing my invention; and Fig-
ure 11 is a longitudinal section of an electron
discharge device made accordmg to my inven-
tion.

In order to understand better the effect of elec-
tron loading, the mechanism of interaction be-
tween the electron stream and the- electrodes to
which circuits may be connected will be reviewed.
‘Consider a system of two electrodes 18 and I1{ gs
shown in Figure 1. Assume-that electrons travel
from the electrode {8, which may be a cathode,
to the electrode { i, which may be an anode. Dur-
ing electron tran51t an image charge appears on

the electrodes equal in magnitude to the total

charge present at any moment within the inter-
electrode space.  The division of the image charge
between the two -electrodes depends, in- general,

-upon the instantaneous  distribution of -charges.

moving within the interelectrode space and upon
the configuration. of the electrodes. The current
induced in an-electrode due to-motion of a charge
is equal to the rate of time variation of the in-
duced image charge on-the electrode due to the
moving charge, 'The total instantaneous cur-
rent induced in the electrode by the electron
stream will be found by summing: the individual
currents induced by all charges moving within
the interelectrode spage. If a voltage exists bex
tween electrodes 18 and {{ the displacement cur-
rent due to the interelectrode capacitance must
be also taken into account.

Consider now a three-electrode system formed,
for example, by a-cathode 8, a control grid 2
and the plate {4 of a triode. Two spaces have to
be considered. The total current induced in the
intermediate: electrode- 12 (Figure 2) is contrib-
uted -by moving charges in’ both spaces; F8:-—§3
and i2—I1{, and the total current is equal to'the
vector sum of the two currents. The power gen-
erated or absorbed by-the electron stream within
the spaces 18-—12 and {2—{{ depends upon the
respective current, voltage and the phase angle
betwesn the current and voltage in each space.
Thus-the power generated:or absorbed within the
spaces- !0——!2 and 2—1t,; will be:

Wio— 12—210—12V10—12 Cos ©10—12
Wia—11=l12-11V12:11-COS @12-11
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In a more general case, such as a low-u triode,
when there may exist considerable penetration of
the electric fields from space {2—I11{ into space
18—12, one must also consider direet interaction
between electrodes {i—10, so that a power

Wio—11=110-11V10—11 COS p1o0-11

also must be taken into account.

In order to reduce the electron loading the total
power must be reduced to a minimum. This can
be accomplished by choosing currents, voltages
and their respective phases in such a way that the
total power Wio—12--Wiz—10-+- Wio-11 is a minimum.

In g conventional negative grid tetrode oper-
ated at low frequencies the input electrode load-
ing will be negligibly small if the driving voltage is
applied in a conventional manner between the
grid and the cathode so that the voltage also ap-
pears between the control grid G and the screen
S. (See Figure 3.) The R.-F. electronic current
passing in the G—S space is very nearly equal and
opposite in phase to the current in the C—G
space so that the total driving power is very near-
ly zero.

(W=iVec-a—iVa-s~0)

However, in a circuit shown in Pigure 4 where
the driving voltage is applied between the grid
and the cathode only, but does not appear be-
tween the grid and the screen, the loading will be
very severe at low frequencies. This loading is
due to the fact that even though a current, equal
to C—G space current, flows in the G—S space,
‘no voltage is present in this region and hence no
negative power is developed in the G-—=8S space to
balance the power absorbed in the C—G space.
As the driving frequency is increased the cir-
cuit of Figure 3 will exhibit electron loading which
initially will increase with frequency. This load-
ing is due to the fact that with increasing electron
transit time with respect to a period of the driv-
ing frequency the amplitudes and phases of cur-
rents in the C—G and G—S spaces change in
such a manner that the amounts of power ab-
sorbed and generated in the two spaces no longer
balance each other. For the case of a high-p

control grid when the spacings and D.-C. volt- ¢

ages are such that the G—S electron transit
time is negligible compared to C—G transit time
an analysis shows that the electron loading (con-~
ductance) will vary with transit time as shown in
Figure 5. Here the ordinates of the curve repre-
sent the ratioc G/Gmo where G=conductance of
the grid G due to electron motions and Gme=
transconductance of the grid G at very low or
zero frequency, that is when the transit time of
the electron is negligible in comparison to the
time of one cycle of the frequency of the applied
voltage. The abscissae represent the ratio /T,
that is the ratio of the fransit time of the electron
to the period of oscillation of the applied alter-
nating voltage. The electron loading increases
rapidly with transit time, reaches a maximum at
the value of transit time » equal to 0.85 of the os-
cillation pericd T and then, under ideal condi-
tions, passes through zero and becomes negative.
In the case of circuit shown in Fig. 4 the variation
of electron loading with transit time will be as
shown in Figure 6. Starting with its maximum
value at low frequency, the loading decreases
with increasing frequency.

These curves indicate that for certain values
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4
of electron transit angle, that is for certain
values of the ratio of

T transit time
T period of oscillation )

the loading will be small even for conventional
input circuits. However, the values of fre-
quency and operating voltages for these optimum
conditions frequently lie outside the useful oper-
ating range of the tube. The tubes could be
designed for this optimum condition but, in gen-
eral, this may necessitate a comparison, so that
high transconductance may be partly sacrificed.
The present invention provides means for neu-
tralizing electron loading for a wide range of
frequencies and operating voltages without any
sacrifice of the useful characteristics of the
tube, such as high transconductance.

A general scheme is that in addition to the
driving voltage applied between the cathode and
grid, a voltage is developed between the control
grid and the screen of such a magnitude and
phase as to generate power in the grid-screen
space and this power is fed back into the
cathode-grid circuit, so that it will balance the
power absorbed in the cathode-grid space.

A schematic diagram of such a circuit is repre-
sented in Figure 7. An impedance Z2 is intro-
duced between the sereen S and the grid G of
such magnitude and phase angle that the current
ic-s will produce a voltage V2 across this im-
pedance. The power

We=ic—s V2 Cos (ic—s V2)

generated in the G—S space is then fed to
the grid-cathode circuit Z: by means of a cou-
pling circuit Zo. The impedances Z: and Zz2 usual-
1y take the-form of tuned circuits and the cou-
pling impedance Zo may be the inter-electrode
capacitance or an auxiliary coupling element.’

A modification of the circuit shown in Figure
7 is represented schematically in Figure 8, where
the impedance Z: is shown introduced between
the screen S and the cathode C rather than be-
tween the screen S and the control grid G. The
coupling between the circuits Z: and Z: is pro-
vided by the control grid to screen capacitance
or it can be supplemented by an auxiliary cou-
pling circuit Zo. In Figures 7 and 8 conventional
output circuits with output impedances (Z) con-
nected between the anode and the screen are
shown. However, other types of cutput circuits
can be used, since the input loading neutraliza-
tion scheme here proposed in no way depends
upon the extraction of energy from the output
eircuit.

Figure 9 showns schematically the input load-
ing neutralization ecircuit in combination with
an inductive type output circuit. Here the out-
put circuit is connected between the two screen-
ing electrodes 81 and S2. The suppressor and
current collecting electrodes, represented respec- -
tively by Sz and coll,, are also shown. Figure 10
represents schematically the input circuit ar-
rangement of Figure 8 in combination with the
inductive-output circuit. In the above circuit
diagrams only the essential R.-F. circuits are
indicated. Blocking, grounding and by-passing
condensers which are used for providing isola-
tion of electrodes for D. C., so that different
D.-C. voltages can be applied to different elec-
trodes, are not shown.

One practical embodiment of my invention in-
corporated in a so-called “inductive output tube”
is shown in detail in Figure 11. “Inductive out-
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put tubes’ and their operation are-described:more
fully:in my United States Patent 2,237,878 issued
April 8, 1941 and assigned to the Radio Corpora-
“tion of America. Briefly an inductive output tube
comprises a cathode for supplying a beam of
electrons and a collector for receiving the- elec-
trons. A modulating grid is placed adjacent the
-cathode for modulating the beam of electrons
~which passes to the collector. Surrounding the
beam path is a resonant cavity cireuit or cavity
resonator comprising a hollow member having
a passageway extending therethrough through
which the beam passes. The passageway is pro-
vided with a gap lying in a plane transverse to
the beam path. As the modulated beam: of elec-
frons passes across this gap, energy is transferred
‘from the beam to the resenant cavity -circuit
which provides the output eircuit for the tube
and which can be coupled to a radiater or to an
amplifier. ’
In Figure 11 is shown a longitudinal section of
an electron discharge device and associated-cir-
“cuit made according to my invention in which all
of the resonant cavity circuits or cavity resona-
tors are placed outside the evacuated envelope 718.
The concave spherically curved cathode 1(, which
is indirectly heated, is provided with heater leads
712 and 13, lead 13 serving also as the lead for
the cathode. A control grid 74 is positioned
closely adjacent the cathode and has the same
configuration, the accelerating electrodes 75 and
- 16 being supported from the glass envelope by
means of leads 75 and 78’. The collector 17 is
provided with the heat radiating fins 718 and the
lead and support wire 79. A secondary electron

suppressor 88 is positioned within the collector

‘adjacent the mouth- of the cellector and acts to
suppress secondary electrons generated within
‘the collector. The inductive output or tank cir-

cuit comprises a pair of flat circular metal discs

82 and 83 connected together at the periphery
by means of the ring-shaped member 84 The
output gap is formed between the two electrodes
85 and 86 connected to and electrically supported
by the disc-shaped side members of the tank cir-
cuit, the side 82 being provided with an annu-
lar extension 87 into which the hollow cylinder
or collar 88 is slidably fitted to provide a tuning
condenser for the tank circuit, the collar being
provided with a radially extended lip 8% and ad-
justed by means of insulating rod 98 on the side
of the tank circuit. The condenser cylinder is
slidably supported on the electrode 88 by means
of the insulating collar members 91 and 92. The
leads 75’ and 76’ are connected to the extension
87 and the disc 83, respectively.

The cathode-grid concentric line circuit or
input cavity resonator comprises the inner tubu-
lar member %3 which serves to shield the heater
leads, the outer tubular member 84 coaxial with
and concentric with the inner tubular member
83, and the apertured shorting disc 95 electrically
connecting the two tubular members. The cath-
ode 71 is capacitively coupled to the inner tubu-
lar member 93 by means of the cup-shaped ex-

tension 86 electrically connected to the cathode .

lead 73 and insulatingly supported on the inner
tubular member by means of the insulating col-
lar 97. The grid 74 is electrically connected to
the outer tubular member by means of the spring
contacts 98. The resonant cavity for the secreen
electrode-grid circuit is provided by means of
the outer tubular member 99 coaxial with and
surrounding member 94 and shorted by means
of the apertured disc-shaped member 168. The
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-open end of tubular member 99 is capacitively
-eoupled to the extension 87 of disc 82. The cath-

ode-control grid circuit is:tuned by means of a
hollow cylinder 181 slidably mounted bhetween
tubular members 93 and 94 and provided with
an adjusting rod 102. The screen electrode-con-
trol grid circuit is tuned by means of the hollow
cylinder {03 provided with the adjusting rod
104 and slidably supported on.tubular member
94 by means cof the insulating ring-shaped mem-
bers {85 and 1088. - To feed back energy from the
screen grid-control grid circuit to the cathode-
control grid circuit, I provide an L-shaped loop
member 107 extending from the space hétween.
members 24 and 89, through apertures in mem-
bers 1008 and 84, into the interior of tubular mem-
ber 84. Adjustment is provided by means of the
rod §88. To couple the cathode-grid circuit to
a driver, a loop 18§ is' provided extending through
an aperture in the tubular member 94. The out-
put from the output tank circuit is cbtained by
means of the loop- {18 extending within the aper-
ture in the member 84 of the tank circuit. : To
focus the electron beam through the tube, sele~
noids {i{# and 112 are provided for producing a
magnetic field in the direction of the tube axis.

The grid bias voltage is obtained from the
voltage source 143 through a voltage divider 113’,
the cathode heating circuit being provided by
means of transformer (14 connected to a voltage
source. The tank circuit is maintained at a
highly positive potential with respect to the cath-
ode- by means of voltage: source 115 which may
be greater than voltage source { {8 provided with
the collector. :

‘In operation electrons from the cathode 71 are
formed into a directed beam and controlled by
the cup-shaped: grid: 74. These electrons pass -
through the acclerating electrodes 75 and 76 to
the collector 77. The electrons are modulated by
the grid between which and the cathode 71 is
coupled the coaxial line input resonator compris-
ing the inner conductor 93 and outer conductor
94 clectrically closed by the closure member 95.
Hlectrons passing across the gap between the grid
74 and accelerating electrode 75 energize the
cavity resonator coupled between the grid and
accelerating electrode and comprising the tubu-~
lar members 94 and 99, feedback to the cathode-
control grid circuit being accomplished by the
coupling loop 187 to cause the device to act as
an oscillator. This modulated stream of elec-
trons passing across the gap of the output tank
circuit resonator excites the resonator, energy
being coupled out of the resonator to a load by
means of the coupling loop 110.

It will thus be apparent that by means of the
construction shown in Figure 11 that losses due
to the electron loading effects in the input cir-
cuit are reduced to a minimum by my invention.
Ohmic and resistance losses due to high circu-
lating current in electrodes and leads are re-
duced to a minimum due to the fact that con-
centric lines and resonant cavities used are of
high conductivity material and large diameter
and due to the effective by-passing of the radio
frequency currents. Radiation losses are reduced
to a minimum because of the shielded circuits.
Thus all three objects contemplated by my inven-
tion are practiced to provide a tube particularly
suitable for use at ultra high frequencies at high
efficiencies. : .

While T have indicated the preferred embodi-
ments of my invention of which I am now aware
and have also indicated only one specific applica-
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<jon for which my invention may be employed,
it will be apparent that my invention is by no
‘means limited to the exact forms illustrated or
the use indicated, but that many variations may
be made in the particular structure used and the
purpose for which it is employed without depart-
ing from the scope of my invention as set forth
in'the appended claims.

What I claim as new is:

1. An electron discharge device having a cath-
- ode for emitting electrons and a collector for re-
ceiving said electrons, a tubular member coupled
to said cathode, a second tubular member sur-
rounding said first tubular member and forming
therewith a concentric line cavity resonator, a
grid supported adjacent the cathode and coupled
to said second tubular member, and a second
cavity resonator surrounding the path of the
electrons from the cathode to said collector and
having a gap positioned between said grid and
collector, said last cavity resonator comprising a

10

15

pair of planar conductors having registering -

outer peripheries and positioned in face-to-face
relationship, said tubular members extending at
right angles to said planar members.

2. An electron discharge device having a cath-
ode for supplying electrons, a grid and a collec-
tor, in the order named a cavity resonator sur-
-rounding the path of the electrons between said
.grid and said collector and including a pair of
disc-like members spaced apart and joined to-
gether at their peripheries by a conducting mem-
ber, the interior of said resonator communicat-
ing with the space between the grid and the col-
lector, a first tubular member coupled fo said
cathode, and a second tubular member coaxial
-with said first tubular member and coupled to
said grid, said tubular members providing an
input cavity resonator extending normally to the
walls of the first cavily resonator.

3. An elecfron discharge device having a cath-
ode, a grid and a collector in the order named, an

30

0

8

input cavity resonator including a first tubular
member coupled to said cathode and a second
tubular member coaxial with said first tubular
member and coupled to said grid, and an output
resonator positioned between said grid and said
collector and including a flattened drum-shaped
structure comprising a pair of oppositely disposed
disc-like conducting members joined at their pe-
ripheries by a conducting ring, the surfaces of
said disc-like members lying in a plane normal
to the longitudinal axis of the tubular members.

4. An electron discharge device having a cath-
ode, grid, an accelerator and a collector in the
order named, a first tubular member coupled to
said cathode, a second tubular member coaxial
with said first tubular member and coupled to
said grid, said tubular members providing an
input circuit, a third tubular member surround-
ing said second tubular member and coupled to
said accelerator and providing therewith a grid-
accelerator cavity resonator, and a flattened
drum-like cavity resonator positioned between
said accelerator and said collector and including
a pair of spaced disc-like conducting members
extending transversely of the longitudinal axis
of the tubular members and a conducting ring-
like member joining the periphery of said dise-
like members.

ANDREW V. HAEFF.
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