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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates generally to lin-
ear-beam microwave tubes and, more particularly, to
collectors for linear-beam microwave tubes. For
descriptive purposes, a traveling-wave tube is used as
an exemplary linear-beam microwave tube.

Description of the Related Art

[0002] An exemplary linear-beam microwave tube in
the form of a traveling-wave tube (TWT) 20 is illustrated
in FIG. 1. The elements of the TWT 20 are generally
coaxially arranged along a TWT axis 21. They include
an electron gun 22, a microwave structure in the form of
a slow-wave structure 24 (embodiments of which are
shown in FIGS. 2A and 2B), a beam-focusing structure
26 which surrounds the slow-wave structure 24, a signal
input port 28 and a signal output port 30 which are cou-
pled to opposite ends of the slow-wave structure 24 and
a collector 32. A housing 34 typically extends from the
collector 32 to protect the other TWT elements.

[0003] In operation, a beam of electrons is launched
from the electron gun 22 into the slow-wave structure 24
and is guided through that structure by the beam-focus-
ing structure 26. A microwave input signal 36 is inserted
at the input port 28 and moves along the slow-wave
structure to the signal output port 30. The slow-wave
structure 24 causes the axial velocity of microwave sig-
nal propogation to approximate the velocity of the elec-
tron beam.

[0004] As a result, the beam's electrons are velocity-
modulated into bunches which interact with the micro-
wave signal. In this process, kinetic energy is trans-
ferred from the electrons to the microwave signal; the
signal is amplified and is coupled from the signal output
port 30 as an amplified signal 38. After their passage
through the slow-wave structure 24, the beam's elec-
trons are collected in the collector 32.

[0005] The beam-focusing structure 26 is typically
configured to develop an axial magnetic field. A first
configuration includes a series of annular, coaxially
arranged permanent magnets 40 which are separated
by pole pieces 41. The magnets 40 are arranged so that
the opposed faces of adjacent magnets have opposite
magnetic polarities. This beam-focusing structure is
comparatively light weight and is generally referred to
as a periodic permanent magnet (PPM) structure. In
TWTs in which output power is more important than size
and weight, a second beam-focusing configuration often
replaces the PPM structure with a solenoid 42 (partially
shown adjacent the input port 28) which carries a cur-
rent supplied by a solenoid power supply (not shown).
[0006] As shown in FIGS. 2A and 2B, TWT slow-wave
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structures generally receive an electron beam 52 from
the electron gun (22 in FIG. 1) into an axially-repetitive
structure. A first exemplary slow-wave structure is the
helix 43 shown in FIG. 2A. A second exemplary slow-
wave structure is the coupled-cavity circuit 44 shown in
FIG. 2B. The coupled-cavity circuit includes annular
webs 46 which are axially spaced to form cavities 48.
Each of the webs 46 forms a coupling hole 50 which
couples a pair of adjacent cavities. The helix 43 is espe-
cially suited for broad-band applications while the cou-
pled-cavity circuit is especially suited for high-power
applications.

[0007] In another conventional TWT configuration, an
oscillator is formed by replacing the output port 30 with
a microwave load. Random, thermally generated noise
interacts with the electron beam on the slow-wave struc-
ture 24 to generate a microwave signal. Energy is trans-
ferred to this signal as it moves along the slow-wave
structure. This oscillator signal generally travels in an
opposite direction to that of the electron beam (i.e., the
TWT functions as a backward-wave oscillator) so that
the oscillator signal is coupled from the port 28.

[0008] TWTs are capable of amplifying and generat-
ing microwave signals over a considerable frequency
range (e.g., 1 - 20 GHz). They can generate high output
powers (e.g., > 10 megawatts) and achieve large signal
gains (e.g., 60 dB) over broad bandwidths (e.g., >10%).
[0009] The electron gun 22, the helix 43 and the col-
lector 32 are again shown in the TWT schematic of FIG.
3 (for clarity of illustration, only a simple representation
of the helix 43 is depicted). The electron gun 22 has a
cathode 56 and an anode 58 and the collector 32 has a
first annular stage 60, a second annular stage 62 and a
third stage 64. Because the third stage 64 generally has
a cup-like or bucket-like form, it is sometimes referred to
as the "bucket" or "bucket stage".

[0010] The helix 43 and a body 70 of the TWT are at
ground potential. The cathode 56 is biased negatively
by a voltage V4, from a cathode power supply 74. An
anode power supply 76 is referenced to the cathode 56
and applies a positive voltage to the anode 58. This pos-
itive cathode-anode voltage establishes an accelerating
electric field across an acceleration region 78 between
the cathode 56 and the anode 58. Electrons are emitted
by the cathode 56 and accelerated across the accelera-
tion region 78 to form an electron beam 52. The beam
52 is further modified by the electric field established by
the potential difference between the anode 56 and the
grounded helix 43.

[0011] The total acceleration voltage of the electron
beam 52 is the cathode-to-helix voltage difference
(ignoring the small voltage difference that exists
between the beam axis and the helix as a result of the
negative charge in the electron beam). Since the helix
43 is at round potential, the beam acceleration voltage
is just the absolute value of the cathode voltage V-
[0012] When an electron, with mass mg and initially at
rest, is accelerated by electrostatic fields through a



3 EP 0982 754 A1 4

potential difference of V, its resultant kinetic energy is
given by 0.5 m v 2-ev , in which v is the electron veloc-
ity and e is the electronic charge. The kinetic energy
divided by the electronic charge e is therefore equiva-
lent to a voltage. Conventionally, an electron that has
been accelerated through a voltage difference of V is
said to have acquired a kinetic energy of V volts.

[0013] The electron beam 52 travels through the slow-
wave structure 43 and exchanges energy with a micro-
wave signal which travels along the slow-wave structure
43 from an input port 28 to an output port 30. Only a
portion of the kinetic energy of the electron beam 52 is
lost in this energy exchange. Most of the kinetic energy
remains in the electron beam 52 as it enters the collec-
tor 32. A significant part of this kinetic energy can be
recovered by decelerating the electrons before they are
collected at the collector walls.

[0014] Because of their negative charge, the electrons
of the electron beam 52 form a negative "space charge"
which would radially disperse the electron beam 52 in
the absence of any external restraint. Accordingly, the
beam-focusing structure applies an axially-directed
magnetic field which restrains the radial divergence of
electrons by causing them to spiral about the beam.
[0015] However, the electron beam 52 is no longer
under this radial restraint when it enters the collector 32
and, consequently, it begins to radially disperse. In addi-
tion, the interaction between the electron beam 52 and
the microwave signal on the slow-wave structure 43
causes the beam's electrons to have a "velocity spread”
as they enter the collector 32, i.e., the electrons have a
range of velocities and kinetic energies. When the beam
travels a given axial distance in the collector 32, the
slower electrons are exposed to the divergent force of
the electron beam's space charge for a greater time
than are faster electrons. Therefore, at a given axial
plane and away from the region near the axis where the
radial force is small, the energy of electrons within the
collector 32 generally decreases with increased radial
distance.

[0016] Electron deceleration is achieved by applica-
tion of negative biasing voltages to the collector (by way
of feedthroughs 87 in FIG. 1). The potential of the col-
lector is "depressed" from that of the TWT body 70 (i.e.,
made negative relative to the body 70). The kinetic
energy recovery is further enhanced by using a multi-
stage collector, e.g., the collector 32, in which each suc-
cessive stage is further depressed from the body
potential of Vg. For example, if the first collector stage
60 has a potential V4, the second collector stage 62 a
potential V5, and the third collector stage 64 a potential
of Vs, these potentials are related by
Vg=0>V, >V, >V, asindicated in FIG. 3.

[0017] The voltage V on the first stage 60 is typically
depressed to a value that will maximally decelerate but
still collect the slowest electrons 80 in the electron beam
52. Sometimes, if there are only a few low-energy elec-
trons in the entering beam 52, higher overall efficiency
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can be obtained if the first stage 60 is depressed even
more. The slowest electrons then have insufficient
energy to enter the region of the first stage 60; these
electrons are forced to turn around and return to the
body potential, either on the region 70 of FIG. 3 or on
the grounded helix 43. Higher overall efficiency results
if, with greater depression, the increase in energy recov-
ered from the more energetic electrons exceeds the
energy lost by collecting the slowest electrons at ground
potential.

[0018] Successive collector stages 62 and 64 are
operated with increasingly depressed voltages to decel-
erate and collect successively faster electrons in the
electron beam 52, e.g., intermediate-energy electrons
82 are collected by collector stage 62 and high-energy
electrons 84 are collected by collector stage 64. This
process of improving TWT efficiency by decelerating
and collecting successively faster electrons with suc-
cessively greater depression on successive collector
stages is generally referred to as "velocity sorting"
(velocity sorting is described in many TWT references,
e.g., see Hansen, James, W, et al., TWT/TWTA
Handbook, Hughes Aircraft Company, 1993, Torrance,
CA, pp. 58-59).

[0019] The efficiency enhancement realized by veloc-
ity sorting of the electron beam 52 can be further under-
stood with reference to current flows through the
collector power supply 88 which is coupled between the
cathode 56 and the collector stages 60, 62 and 64. If the
potential of the collector 32 were the same as the collec-
tor body 70, the total collector electron current Iy,
would flow back to the cathode power supply 74 as indi-
cated by the current 90 in FIG. 3, and the input power to
the TWT 20 would substantially be the product of the
cathode voltage V44, and the collector current Iy.
[0020] In contrast, the currents of the multistage col-
lector 32 flow through the collector power supply 88.
The input power associated with each collector stage is
the product of that stage's current and its associated
voltage in the collector power supply 88. Because the
voltages V4, V, and V3 of the collector power supply 88
are a fraction (e.g., in the range of 30-70%) of the volt-
age of the cathode power supply 74, the TWT input
power is effectively decreased. Efficiencies of TWTs
with multistage collectors are typically in the range of
25-60%, with higher efficiency generally associated with
narrower bandwidth.

[0021] If the voltage on a collector stage is depressed
too far, electrons will be repelled from the stage rather
than being collected by it. Axially-located electrons are
especially vulnerable to this rejection. These repelled
electrons flow to less-depressed stages or to the TWT
body or they may reenter the energy exchange area of
the slow-wave structure. In addition, secondary elec-
trons are generated when the electron beam's electrons
strike the surfaces of the collector stages. If not properly
controlled by the electric fields within the collector, these
secondary electrons may also flow to the TWT body 70
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or they may reenter the energy exchange area.

[0022] Electron rejection to less-depressed stages or
to the TWT body reduces the TWT's efficiency. Electron
flow to the slow-wave structure interferes with the
energy exchange process. This interference often
degrades TWT performance by adding gain and phase
ripple components over the TWT's frequency band-
width.

[0023] Various collector structures have been intro-
duced to enhance the flow of primary electrons to more-
depressed collector stages and to block the flow of sec-
ondary electrons from the collector. These structures
include transverse vanes, axial probes, external mag-
nets and slanted collector apertures. However, imple-
menting vanes is often mechanically or thermally
difficult, probes require the generation and application
of additional bias voltages, external magnets require
additional test time to properly locate and attach them
and slanted apertures are only effective for small aper-
tures.

SUMMARY OF THE INVENTION

[0024] The present invention is directed to collector
structures which facilitate control of electron paths with-
out requiring the generation and application of addi-
tional power supply voltages. These collector structures
are intended for use in linear-beam microwave tubes,
e.g., TWT's.

[0025] This goal is achieved with the recognition that
1) a collector member with a secondary emission coef-
ficient that is less than one can accumulate electrons
(and, hence, a negative voltage) by intercepting a por-
tion of the electrons of an electron beam, and 2) such an
electron accumulator can be positioned within a collec-
tor to control the path of other electrons with its negative
voltage. It is additionally recognized that the magnitude
of the negative voltage can be selected by positioning
the electron accumulator to intercept electrons of
selected energies and by leaking electrons from the
electron accumulator to adjacent collector stages.
[0026] In one collector embodiment, a self-biasing ele-
ment is formed by coupling the electron accumulator to
an adjacent collector stage with a base whose resist-
ance determines the electron leakage. In other collector
embodiments, the negative voltage is determined by the
radial and axial position of the self-biasing element.
[0027] Electron accumulator embodiments are formed
with carbon and titanium carbide. Base embodiments
are formed of ceramics whose resistance is selected by
mixing the ceramic with a conductive component or by
shunting the base with a conductive film or a discrete
resistor.

[0028] Various collector embodiments are formed with
different arrangements of self-biasing elements and col-
lector stages to improve efficiency and RF performance
of linear-beam microwave tubes.

[0029] The novel features of the invention are set forth
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with particularity in the appended claims. The invention
will be best understood from the following description
when read in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030]

FIG. 1 is a partially-sectioned side view of a con-
ventional traveling-wave tube (TWT);

FIG. 2A illustrates a conventional slow-wave struc-
ture in the form of a helix for use in the TWT of FIG.
1;

FIG. 2B illustrates another conventional slow-wave
structure in the form of a coupled-cavity circuit for
use in the TWT of FIG. 1;

FIG. 3 is a schematic of the TWT of FIG. 1 which
shows an axially-sectioned, conventional multi-
stage collector;

FIG. 4 is an axially-sectioned view of a collector
which has a self-biasing element in accordance
with the present invention;

FIG. 5 is an axially-sectioned view of a collector
which has another self-biasing element;

FIG. 6A is an axially-sectioned view of a conven-
tional collector which shows the collector's electric
field equipotential lines;

FIG. 6B is view which shows electric field equipo-
tential lines in the collector of FIG. 4;

FIG. 6C is an axially-sectioned view of a collector
which has another self-biasing element;

FIG. 7A is an axially-sectioned view of a collector
which has another self-biasing element;

FIG. 7B is a plan view of an electron accumulator in
the collector of FIG. 7A;

FIG. 7C is a plan view of another electron accumu-
lator for use in the collector of FIG. 7A;

FIG. 8A is an axially-sectioned view of a conven-
tional collector which includes a probe;

FIG. 8B is an axially-sectioned view of a collector
which has coaxially-arranged, self-biasing ele-
ments;

FIG. 9A is a view which shows electric field equipo-
tential lines in the conventional collector of FIG. 3;
FIG. 9B is an axially-sectioned view of a conven-
tional transverse vane in the collector of FIG. 9A;
FIG. 9C is a top view of the vane and collector of
FIG. 9B;

FIG. 10A is an axially-sectioned view of a collector
which has another self-biasing element;

FIG. 10B is a view along the plane 10B-10B of FIG.
10A; and

FIG. 11 is an axially-sectioned view of a collector
which has another self-biasing element.
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0031] FIG. 4 illustrates a collector 100 in accordance
with the present invention. The collector 100 has a self-
biasing element 102 which includes an electron accu-
mulator 104 that has a secondary-emission coefficient
less than one. The electron accumulator 104 is posi-
tioned in the collector to intercept a portion of the elec-
trons of an electron beam 52, capture some of these
electrons and hold them in place and thereby create
and maintain a negative voltage. The self-biasing ele-
ment 102 is further positioned in the collector 100 to
block secondary electrons from entering the RF circuit
(24 in FIG. 1) of a linear-beam microwave tube. The
self-biasing element 102 requires no externally-gener-
ated voltage and can reduce the size and weight of the
collector 100.

[0032] In more detail, the collector 100 has a cup-
shaped collector stage 106 (a bucket stage) which is
formed by a floor 107 and an annular rim 108 that
extends from the floor 107 along a collector axis 110. At
an end opposite the floor 107, the annular rim 108 forms
an entrance aperture 111 which is adjacent a body por-
tion (70 in FIG. 3) of a linear-beam microwave tube. The
self-biasing element 102 is positioned on the collector
axis 110 and is coupled to the floor 107 by a base 112.
Thus, the collector stage 106 is configured to collect a
first, major portion of the electrons of the electron beam
52 and the electron accumulator 104 is sized and posi-
tioned to intercept a second, lesser portion of the elec-
trons of the electron beam 52.

[0033] When an electron is incident upon a member,
its energy can cause the emission of "secondary elec-
trons" from that member. The ratio of secondary elec-
trons to incident electrons is conventionally referred to
as the secondary-emission coefficient €. The electron
accumulator 104 of FIG. 4 is configured to have a
selected secondary-emission coefficient €4, which is
less than one and the base 112 is configured to have a
selected leakage resistance R4« between the electron
accumulator 104 and the collector stage 106.

[0034] In its operation, the collector 100 replaces the
collector 32 of FIG. 1 and receives the electron beam 52
of FIG. 3. After entering the collector 100, the electron
beam 52 diverges because it is no longer under the
radial restraint of the beam-focusing structure (26 or 42
in FIG. 1). The body 70 has a body voltage Vg = 0 and
a power supply (e.g., the collector power supply 88 of
FIG. 3) which causes the collector stage 106 to have a
depressed voltage V4 that is less than Vp.

[0035] Because the electron accumulator 104 has a
secondary emission coefficient less than one, electrons
accumulate on it and charge it negatively to a
depressed voltage V,. The maximum value of V, is a
function of the energy of the incident electrons. The
depressed voltage will increase to approximately the
maximum energy of the incident electrons but will not
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exceed this energy because a greater depressed volt-
age will repel further incidence of electrons (i.e., the
deceleration of these electrons would be too great to
permit their collection). Because the electrons of the
electron beam 52 have a radial spread of energies and
continue to diverge along the collector axis 110, the
maximum value of V, depends upon the radial and axial
position of the electron accumulator 104 (e.g., the max-
imum value of V, will be greater if the electron accumu-
lator is positioned to intercept electrons 114 in FIG. 4
than if positioned to intercept electrons 116).
[0036] The actual differential AV between the
depressed voltage of the electron accumulator 104 and
that of the collector stage 106 to which it is coupled (V5
-V4in FIG. 4) by its base 112, is given by
AV = (1-8 5ol intR jeak (1)
in which I is the electron interception current of the
electron accumulator 104. The interception current I is
a function of the energy of the intercepted electrons and
of the depressed voltage of the electron accumulator.
Therefore, the differential voltage AV of equation (1) is
not directly proportional to the leakage resistance Rjg.
[0037] The differential voltage AV can thus be
adjusted by selection of the secondary-emission coeffi-
cient g5, the leakage resistance Rigo¢ and the radial
and axial position of the electron accumulator 104.
Because of the differential voltage AV, the depressed
voltages in FIG. 4 will have the relationship of
0=Vg <V, <V,.
[0038] As an example of the use of equation (1), an
electron accumulator with a secondary-emission coeffi-
cient of 0.5 that receives an intercept current l;,; of 2 mil-
liamps will develop a differential depressed voltage AV
of ~100 volts when it is coupled by a base which is one
centimeter square and 0.5 centimeter thick and which
has a resistivity of 2x10% ohm-centimeter.
[0039] The electron accumulator 104 can be formed
of various materials whose secondary-emission coeffi-
cients g, are less than one, e.g., carbon and titanium
carbide which have coefficients respectively of ~0.5 and
~0.6. In other embodiments, the electron accumulator
can be formed with a coating of such a material over a
support member of a high-impedance material, e.g., a
ceramic. In this embodiment of the electron accumula-
tor, the reference number 104 in FIG. 4 becomes the
support member and it carries a coating 118 on its sur-
face which receives the incident electrons 114.
[0040] The leakage resistance Rjg5¢ can be controlled
by selecting the material of the base 112. Preferably, the
base 112 is formed of a material which is easily bonded
in place and has excellent heat tolerance. An exemplary
base material is ceramic, which is commonly brazed to
collector parts with an intervening metallic layer. Ceram-
ics have high resistivities, e.g., the intrinsic resistivity of
alumina, beryllia and magnesium oxide is >10"* ohm-
centimeter. These ceramic resistivities can be selec-
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tively lowered by mixing a ceramic component with a
more conductive component. An exemplary conductive
component is silicon carbide whose resistivity is on the
order of 103 ohm-centimeter. An exemplary combina-
tion of these components is a mixture in the proportions
of 60% magnesium oxide and 40% silicon carbide. The
resistivity of this mixture has been measured to be ~1 0’
ohm-centimeter.

[0041] The leakage resistance Rq5¢ can also be con-
trolled by adding a shunt resistance to the base. For
example, a collector 120 is shown in FIG. 5, which is a
view similar to FIG. 4 with like elements indicated by like
reference numbers. This figure shows two shunt struc-
tures which can be used to selectively lower and set the
leakage resistance Rigpx of the base 112. The first
structure is a coating 122 over the base 112 of a mate-
rial, e.g., carbon, which provides the desired resistance
by an appropriate selection of the coating density or
coating pattern. The second structure is a discrete
resistor 124 which has a selected resistance. Access for
connecting the resistor 124 to the electron accumulator
104 can be gained via a passage 125 through the base
112 and the collector floor 107.

[0042] Self-biasing elements of the invention can be
configured in a variety of arrangements which can be
advantageously used to improve the efficiency and RF
performance of linear-beam microwave tubes. Several
exemplary arrangements are described below under
separate functional headings.

Improving Linear-Beam Microwave Tube Efficiency with
Secondary Emission Control

[0043] FIG. 6A shows a conventional collector 130
adjacent a body 70 of a linear-beam microwave tube.
The collector 130 has a cup-shaped collector stage 132
which receives the electron beam 52. In response to the
incident electron beam 52, secondary electrons are
ejected from the walls of the collector stage 132. In the
absence of any control, these secondary electrons are
repelled by the depressed voltage of the collector stage
132 and flow through the stage's aperture 134 and into
the energy exchange region of the micorwave structure
(24 in FIG. 1).

[0044] However, the presence of the beam's electrons
in the collector stage 132 generates a negative space
charge which is indicated by electric field equipotential
lines 136 (typical aperture equipotential lines 137 are
also shown). This space charge tends to block the flow
of the secondary electrons from the aperture 134. Sec-
ondary electrons typically have an energy on the order
of 50 volts so that the space charge preferably has a
depression potential at least this large. Because the
space charge depression increases with the volume of
the collector stage 132, adequate blocking of secondary
electrons often requires large, heavy collector stages.
[0045] In contrast, FIG. 6B illustrates the electric field
equipotential lines in collector 100 of FIG. 4 with electric
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field equipotential lines 138 which are generated by the
depressed voltage V5 on the self-biasing element 102.
The intensity of the electric field is determined by the
voltage difference AV =V, -V, in accordance with
equation (1) above rather than by collector stage size.
Thus, a self-biasing element can block the flow of sec-
ondary electrons but not impose the size and weight
penalty of conventional collectors.

[0046] In addition to its large size, the conventional
collector 130 has an operational problem. During oper-
ation of the TWT 20 of FIG. 1, positive ions accumulate
in the energy exchange region of the slow-wave struc-
ture 24 because of the attraction of the space charge of
the electron beam 52. These ions are then accelerated
into the collector stage 132 where they partially neutral-
ize the space charge which was blocking the flow of
secondary electrons to the energy exchange region of
the slow-wave structure. Because the electric field of
the collector 100 is generated by the self-biasing ele-
ment 102 with its depressed voltage V,, this field is not
diminished by the presence of positive ions.

[0047] When the positive ions of the slow-wave struc-
ture are accelerated into a collector, they typically flow
along the collector axis and create an axially-located
erosion pit where they collide with the collector wall.
Preferably, the self-biasing elements of the invention are
configured to prevent ion damage to the electron accu-
mulator. Accordingly, FIG. 6C illustrates a collector 140
whose self-biasing element 142 has an annular electron
accumulator 144 and an annular base 146. The remain-
ing portions of the collector are similar to the collector
100 of FIG. 4, with like elements indicated by like refer-
ence numbers. The annular electron accumulator 144,
annular base 146 and annular collector rim 108 are
arranged in a coaxial relationship so that the ions from
the slow-wave circuit pass through the electron accu-
mulator 144 and the annular base 146.

Controlling Depressed Voltage by Element Location

[0048] FIG. 7A illustrates a collector 150 which is sim-
ilar to the collector 100 of FIG. 4, with like elements indi-
cated by like reference numbers. In the collector 150,
however, the self-biasing element 102 is replaced by an
annular self-biasing element 152. The self-biasing ele-
ment 152 has an annular electron accumulator 154
which is coupled to the collector rim 108 by an annular
bash 156 and extends radially inward from the rim 108.
A plan view of the electron accumulator 154 is shown in
FIG. 7B.

[0049] As stated above, the electrons of the electron
beam 52 have a radial spread of energies. In FIG. 7A,
therefore, electrons 157 tend to have greater energy
than electrons 158 which, in turn, have greater energy
than electrons 159. The electron accumulator 154 will
acquire a depressed voltage V3 because it intercepts a
portion of the electrons of the electron beam and the
depression of V3 will approximate the energy of the inci-
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dent electrons. Thus, the depression of V3 will be
increased as the electron accumulator 154 is positioned
closer to the collector axis 110 and as it is positioned
further from the collector aperture 111. Of course, the
value of V3 can also be decreased from the incident
electron energy by decreasing the leakage resistance
Rieak Of the annular base 156 (in accordance with equa-
tion (1)). The depressed voltage V3 of the electron accu-
mulator 152 will generate an electric field which is
symmetric about the collector axis 110 and which
blocks the flow of secondary electrons from the collector
aperture 111.

[0050] FIG. 7C shows another electron accumulator
164 which is similar to the electron accumulator 154 but
also includes a pair of stubs 166 which extend radially
inward. The depressed voltage of the electron accumu-
lator 164 can be increased by increasing the length of
the stubs 166 so that they intercept higher energy elec-
trons. The number of stubs can be selected and/or posi-
tioned circumferentially to also generate radially
asymmetric electric fields which can be used to urge
electrons away from the collector axis 110.

Controlling Electron Trajectories in a Final Collector
Stage

[0051] FIG. 8A illustrates a conventional collector 180
which has an annular collector stage 182 and a cup-like
collector stage 184. The collector stage 184 includes an
annular rim 186 which extends axially from a floor 188
and forms an aperture 190. The collector 180 also
includes a probe 192 which extends into the collector
stage 184 through a hole 194 in the floor 188. A greatly-
depressed voltage (more depressed than the voltage of
the collector stage 184) is applied to the probe 192, typ-
ically from the cathode power supply 74 of FIG. 3. This
voltage generates an electric field which is indicated by
equipotential lines 196.

[0052] The electric field of the probe 192 generates a
radial force which directs electrons of the electron beam
52 radially outward so that they are collected within a
short axial distance. This allows the collector stage 184
to be shortened, which reduces its size and weight. The
electric field of the probe 192 also blocks secondary
electron flow back to the aperture 190.

[0053] The probe 192 adds another electrical connec-
tion (from a power supply) to the structure of a linear-
beam microwave tube. In addition, its electric field
repels electrons 198 which are on or near the collector
axis. For high linear-beam microwave tube efficiency,
these high-energy electrons 198 should be collected by
the highly-depressed collector stage 184. Because of
the probe 192, they are deflected and collected by the
less-depressed collector stage 182.

[0054] In contrast, FIG. 8B illustrates a more efficient
collector stage 200 which performs the functions of the
collector stage 184 in collector 180 of FIG. 8A and does
not require connection to an external biasing voltage.
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The probe 192 of collector stage 184 is replaced by a
pair of self-biasing elements 202 and 204.

[0055] The self-biasing element 202 has an annular
electron accumulator 206 which is coupled to the collec-
tor floor 107 by an annular base 208. The self-biasing
element 204 has an electron accumulator 210 which is
coupled to the collector floor 107 by a base 212. The
base 212 is configured to position the electron accumu-
lator 210 closer to the collector aperture 111 than is the
electron accumulator 206.

[0056] The leakage resistances R g of the bases 208
and 212 are adjusted so that the voltage V5 of the elec-
tron accumulator 206 is depressed more than the volt-
age V4 of the electron accumulator 210 and both are
more depressed than the voltage V5 of the collector
106.

[0057] In operation of the collector stage 200, the
electron accumulator 210 is depressed enough to effi-
ciently collect the high-energy, axially-located electrons
198 but not depressed so far as to repel them to less-
depressed collector stages. The higher-depressed elec-
tron accumulator 212 radially deflects the other beam
electrons so that a short collector stage is facilitated as
in the conventional collector 180 of FIG. 8A.

Controlling Electron Trajectories with Asymmetries

[0058] FIG. 9A illustrates typical electric field equipo-
tential lines 220 in the multistage collector 32 of FIG. 3.
Electric field vectors at any point within the collector are
orthogonal to the equipotential lines, and the electric
force on an electron is in the opposite direction to the
electric field due to the negative charge on the electron.
Exemplary electric force vectors 222 and 224 are indi-
cated in two axial planes, one on either side of the aper-
ture 226 of the final stage 64. The equipotential lines
220 typically curve forward from the aperture 226 into
the collector stage 62 so that the electric force vectors
222 at collector stage 62 have a radially-outward com-
ponent. Thus electrons 227 in a certain range of ener-
gies will be directed outward and collected by the
collector stage 62.

[0059] However, the cup-like shape of the collector
stage 64 typically causes the equipotential lines 220 to
curve back from the aperture 226 into the collector
stage 64 so that the electric force arrows 224 have a
radially-inward component. Those electrons 228 whose
energy is sufficient to take them just past the aperture
226 are often, as a consequence, turned and guided
axially back into the slow-wave structure (24 in FIG. 1).
[0060] A first conventional structure which addresses
this problem is the transverse vane 230 that is shown in
FIGS. 9B and 9C. The vane 230 goes across the aper-
ture of the bucket stage 64, being attached to the front
part thereof, and has sloped surfaces 232 which face
radially outward in FIG. 9B. The vane 230 and collector
stage 64 form an equipotential region that, in the pres-
ence of stage 62 which is operated at a different volt-
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age, is surrounded by equipotential lines exemplified by
lines 233 and 235 in FIGS. 9B and 9C respectively.
[0061] Electric force vectors 234 are directed away
from the surfaces 232 in FIG. 9B and electric force vec-
tors 236 are directed away from the vane 230 in FIG.
9C. Thus, when the vane 230 is incorporated into the
collector 32 of FIG. 9A, the electrons 228 that turn
around in the vicinity of vane 230, or traverse the vicinity
of vane 230 from the opposite direction (from inside the
bucket 64 toward the collector entrance), will be urged
radially outward rather than inward as in FIG. 9A. This
increases their probability of being collected on the
depressed collector stages 62 or 60, instead of escap-
ing back to the rounded body 70. (A few electrons
traverse the region of the bucket aperture 226 from the
opposite direction. These are high-energy secondary
electrons which are generated by primary electrons
impacting on the collector surface inside the bucket 64.
They originate from the small fraction of secondary
electrons that have energies approaching the energy of
the primary electrons. Because of their high energy,
they are not blocked by the space charge depression
region in the bucket 64.)

[0062] A second conventional structure which
addresses the problem of electrons returning along the
axis is a slanted aperture. For example, the leading
edge of the aperture 240 of the initial stage 60 is slanted
as indicated by the broken line 242 in FIG. 9A. This
causes the equipotential lines at this stage to have a
similar slant, which disrupts the axial symmetry and
preferentially directs the electrons towards one side.
When the slant is on the aperture of the first depressed
stage (e.g., stage 60 in FIG. 9A), the main purpose is to
prevent return electrons from the collector from entering
the interaction region, thus minimizing their effect on RF
performance. When the slant is on the last bucket stage
(e.g., stage 64 in FIG. 9A), its purpose is to help collect
backstreaming electrons at more depressed stages as
well as reduce backstreaming to the body 70 and the
interaction region.

[0063] Incorporating a transverse vane 230 may be
difficult for mechanical and thermal reasons since the
vane should be thin to minimize the electron current it
intercepts (any secondary electrons emitted from the
vane will be collected at a voltage that is less depressed
than the voltage of the vane).

[0064] Slanted apertures may prevent some higher-
energy electrons from entering a stage because their
asymmetric electric field extends forward from the stage
causing these electrons to be collected at a less
depressed stage due to premature deflection. They are
most effectively used with small aperture collectors.
[0065] In contrast to these conventional structures,
FIGS. 10A and 10B show a self-biasing element 252 in
a collector 250. The collector 250, which could be the
last stage in a multistage collector, has a cup-shaped
collector stage 253 with an aperture 254. The self-bias-
ing element 252 includes a semi-circular electron accu-
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mulator 256 which is coupled to a collector rim 258 by a
semi-circular base 260. The depressed voltage which
develops on the electron accumulator 256 can be
adjusted by a) selecting the radial and axial position of
the electron accumulator 256 and b) selecting the leak-
age resistance R,g4 of the base 260.

[0066] The self-biasing element 252 operates similarly
to the aperture slant described above, deflecting the
electrons preferentially toward one side, but it is more
versatile because it can be moved axially as required to
avoid rejection of electrons at the aperture 254. The
electron accumulator 256 can also include radial stubs
such as the stubs 166 of FIG. 7C. These stubs can be
used to further shape and modify the asymmetric elec-
tric field of the self-biasing element 252, to help dis-
perse electrons away from the vicinity of the collector
axis.

[0067] Other asymmetric electric fields can be gener-
ated by off-axis self-biasing elements on the floor of
cup-shaped collector stages. In FIG. 4 for example,
another self-biasing element 102 can be positioned on
the collector floor 107 but spaced from the collector axis
110.

Controlling Electron Trajectories with an Electric Lens

[0068] FIG. 11 illustrates a collector 270 which has an
annular collector stage 272 and a cup-like collector
stage 274. The collector stage 274 has a floor 276 and
an annular rim 278 which extends axially from the floor.
Positioned between these stages is an annular self-
biasing element 282 which has an annular electron
accumulator 284. The electron accumulator is coupled
to the collector stages 272 and 274 by an annular base
286. The voltage V7 of the collector stage 274 is
depressed further than the voltage Vg of the collector
stage 272. The voltage Vg of the electron accumulator
284 is depressed further than that of the collector stage
274. This is accomplished by appropriate selection of
the hole diameter of the annular accumulator 284, or by
the use of short intercepting stubs on the accumulator
284 (similar to the stubs 166 in FIG. 7C), and/or by
appropriate selection of the leakage resistance Rg Of
the base 286.

[0069] Thus, the annular electron accumulator 284
forms a depressed annular element between a pair of
less-depressed annular elements (the collector stage
272 and the collector rim 278). This is the structure of
an electric lens. It is well known that an electric lens
exerts radially converging forces upon electrons (e.g.,
see Theory and Design of Electron Beams, Pierce, J.R.,
D. Van Nostrand Company, New York, 1954, pp. 73-75).
These converging forces help reduce the beam spread
in the collector, allowing collector designs with smaller
radial dimensions with less probability for backstream-
ing (due to smaller aperture sizes in relation to axial
lengths). Or, in case of turn-around electrons of the type
illustrated by electron trajectory 228 in FIG. 9A, the



15 EP 0982 754 A1 16

stronger radially-inward forces may direct the electrons
to cross the axis 290 in FIG. 11 for collection at a far-
side electrode surface, instead of backstreaming within
the region around the axis as in FIG. 9A.

[0070] Because they do not require the generation
and application of external depressed voltages and
because they can be inserted into small axial spaces,
self-biasing elements are particularly suited for realizing
electric lens effects in linear-beam microwave tube col-
lectors. The radially converging forces of these lenses
can also be used for blocking the flow of secondary
electrons into the microwave structure (24 in FIG. 1).
[0071] While several illustrative embodiments of the
invention have been shown and described, numerous
variations and alternate embodiments will occur to
those skilled in the art. Such variations and alternate
embodiments are contemplated, and can be made with-
out departing from the spirit and scope of the invention
as defined in the appended claims.

Claims

1. A collector for collecting electrons of an electron
beam in a linear-beam microwave tube, character-
ized by:

a collector stage (100; 120; 140; 150; 200; 250;
270) configured to collect a first portion of said
electrons; and

a self biasing element (102; 142; 202, 204;
252; 282) having an electron accumulator (104;
144; 154; 206, 210; 256; 286) which has a sec-
ondary emission coefficient that is less than
one and which is positioned in relation to said
collector stage so as to intercept a second por-
tion of said electrons.

2. The collector of claim 1, characterized in that said
electron accumulator (104; 144; 154; 206, 210;
256; 286) is formed of carbon.

3. The collector of claim 1, characterized in that said
electron accumulator (104; 144; 154; 206, 210;
256; 286) is formed of titanium carbide.

4. The collector of claim 1, characterized in that said
self biasing element (102; 142; 202, 204; 252; 282)
further includes a base (112; 146; 156; 208, 212;
260; 286) arranged to couple said electron accumu-
lator (104; 144; 154; 206, 210; 256; 286) to said col-
lector stage (100; 120; 140; 150; 200; 250; 270).

5. The collector of claim 4, characterized in that said
base (112; 146; 156; 208, 212; 260; 286) is formed
of a ceramic with a resistivity between 1x10° ohm-
centimeter and 1x10" ohm-centimeter.

6. The collector of claim 4 or 5, characterized in that
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said base (112; 146; 156; 208, 212; 260; 286)
includes:

a ceramic body; and
a conductive film (122) carried on said body.

7. The collector of claim 4, 5 or 6, characterized in that
said self biasing element (102) further includes a
resistor (124) coupling said electron accumulator
(104) and said collector stage (100, 106).

8. A linear-beam microwave tube, characterized by:

an electron gun (22) configured to generate an
electron beam;

a microwave structure (24) positioned so that
said electron beam (52) passes through said
microwave structure (24) and configured to
interact with said electron beam and convert
some of its kinetic energy into electromagnetic
energy;

a beam-focusing structure (26) arranged to
radially confine said electron beam (52) within
said microwave structure (24); and

a collector (32) for collecting said electron
beam, said collector having:

a) a collector stage (100; 120; 140; 150;
200; 250; 270) configured to collect a first
portion of the electrons of said electron
beam; and

b) a self biasing element (102; 142; 202,
204; 252; 282) having an electron accumu-
lator (104; 144; 154; 206, 210; 256; 286)
which has a secondary emission coeffi-
cient that is less than one and which is
positioned relative to said collector stage
so as to intercept a second portion of the
electrons of said electron beam.

9. A method for controlling the path of electrons in the
collector of a linear-beam microwave tube, compris-
ing the steps of:

intercepting a first portion of said electrons with
a member which has a secondary emission
coefficient that is less than one to thereby
accumulate a negative voltage on said mem-
ber; and

positioning said member in said collector to
control, with said negative voltage, the path of a
second portion of said electrons.

10. The method of claim 9, further comprising the step
of leaking electrons between said member and said
collector to select the magnitude of said negative
voltage.
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