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ABSTRACT: There is disclosed herein a number of strapped
vane and rod-type slow-wave circuits and tubes using same.
The rod circuits of the present invention are characterized by
a novel type of strapping which capacitively couples together
alternate rods of the circuit to one strap and capacitively cou-
ples together the alternate intervening rods of the circuit to a
second strap. This strapped rod circuit has become known as a
Cy3 coupled circuit and is disclosed as being especially well
suited for use in high power crossed field microwave tubes
such as magnetron amplifiers for providing increased band-
width and power handling capability.
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1
MICROWAVE TUBE WITH A ROD ARRAY SLOW WAVE
"CIRCUIT HAVING CAPACITIVE COUPLING BETWEEN
ALTERNATE RODS

The present invention is a divisional application ‘of parent
application Ser. No. 164,008 filed Jan. 3, 1962, now U.S. Pat.
‘No. 3,308,336, and assigned to the same assignee as the
present invention and relates in general to microwave devices
of the type wherein a traveling electromagnetic wave of phase
velocity less than the velocity of light interacts with a medium
such as a stream of particles (for example, electrons), and
more particularly to novel techniques for increasing the in-

teraction bandwidth of a slow wave circuit of the type com-

prising an array of conducting resonant rods.

The term “resonant rods” as used herein refers either to-a
conductive rod which extends for a distance where A/4 +nA/2
(A = wavelength at a reference operating frequency, n=0, 1,
2, etc.) from a single short:circuiting plane, or to a conductlve
rod which extends for a dlstance (7 + 1) A2 between two

short-circuiting planes. Slow-wave circuits employing an array .

of such rods having phase shifts per section of between /2
and 7 radians, while advantageously characterized by high-in-
teraction impedance and high-power ‘handling capabilities,
have dispersion characteristics such that the phase velocity of
wave propagation changes considerably with frequency. Such
dispersion is particularly disadvantageous in those applica-
tions, such as broadband signal amplification, where it is
desired to interact a constant velocity stream of particles with
traveling electromagnetic waves of widely varying frequency,
such interaction requiring that the phase velocity of the waves
remain near the particle velocity, and hence substantially con-
stant, over the frequency band of interest. Desirable forward
wave dispersion characteristics have heretofore been obtained
with phase shifts of between 0 and #/2 radians per section but
such “fine grained™ circuits are difficult to build at high
frequencxes and have relatively poor power handling capabili-
ties.

One feature of the present invention .is the provision of a
microwave tube employing a resonant rod array slow-wave
structure adapted to propagate a forward wave witha phase
shift of between #/2 and 7 radians per rod.

Another feature of the present invention is the provision in
a microwave tube of a resonant rod array slow wave structure
of means for capacmvely coupling alternate resonant rods in
the capacitive ‘regions thereof (as used herem “alternate”
means every other one).

Another feature of the present invention is the provision of
means in accordance with the preceding paragraph compris-
ing conducting strap members connected to each road and ex-
tending in spaced-apart capacitive relation with respect to the
strap members extending from alternate rods.

A still further feature of the present invention is the provi-
sion of a novel broadband crossed-field electron tube embody-
ing a resonant bar array slow-wave circuit.

These and other features and advantages of the present in-
vention will be more apparent after a perusal of the following
specification taken in connection with the accompanying
drawings wherein,

FIGS. la and 15 are isometric views of two forms of slow
wave circuits employing an array of resonant elemenis;

FIG. 2 is a plot of dispersion curves for explaining the
operation of resonant element array slow-wave circuits;

FIG. 3 is an isometric view of a half-wave rod circuit with
capacitive coupling means in accordance with the present in-
vention;

FIG. 4 is a cross-sectional view of a novel crossed-field am-
plifier tube in accordance with the present invention;

FIG. 4a is a fragmentary cross-sectional view taken along
line 4a-4a in FIG. 4;

FIGS. 5, 6, and 7 are isometric views of quarter-wave vane
slow-wave circuits with different capacitive coupling struc-
tures in accordance with the present invention;

FIG. 8 is a partally schematic. view of a linear, injected
beam, crossed-field amplifier tube having a slow-wave circuit
in accordance with the present invention,
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FIG. 9 is a side elevation view of the slow-wave circuit of
FIG. 1adepicting the electric and magnetic field lines;

FIG. 10 is a plan view of the field line pattern of FIG. ¢
taken along line 10-18 in the direction of the arrows;

FIG. 11 is a side elevation view of the slow-wave circuit of
FIG. 1b showing the electric and magnetic fields thereof; and

FIG. 12 is a transverse cross-sectional view of the circuit of
FIG. 11 taken along lines 12-12 in the direction of the arrows.

FIGS. 1a and 1b illustrate two different types of prior art
slow-wave structures employing an array of resonant ele-
ments. In FIG. 1a, an array of quarter-wave conducting plates
or vanes 1 is distributed along a conducting shorting plane
member 2; and in FIG. 1b an array of half-wave rods 3 is dis-
tributed along .a pair of spaced-apart conducting shorting
members 4. The standing wave pattern established on such
resonant elements exhibits characteristic regions of high elec-
tric field intensity, referred to herein as capacitive regions,
and characteristic regions of high magnetic field intensity,
referred to herein as inductive regions. In the structure of FIG.
1a, (see FIGS. 9 and 10) a capacitive region C exist near the
extremity of each vane 1, and an inductive region L exists near
the base of each vane. In FIG. 15, (see FIGS. 11 and 12) a
capacitive region C exists near the center of each rod 3, and
an inductive region L exists near the shorted ends of each rod.
FIGS. la and 1b represent convention slow-wave circuits
which are used in conventional linear or circular beam tubes
of the general type illustrated in FIGS. 4, 42 and 8.

Slow-wave circuits of the types shown in FIGS. 1a and 15
may be used and have been used, for example, in electron
traveling wave tubes in which an electron stream is passed ad-
jacent the capacitive region. In the case of so-called M-type
tubes, crossed unidirectional electric and magnetic fields are
established in mutually perpendicular relationship with
reference to the direction of the electron stream, and in the
case of O-type tubes these fields are established collinearly
with the stream. It may be noted that in the case of O-type

tubes electrons may conveniently be directed down a

passageway cut directly through thé resonant elements rather
than exterior to the elements as is the-usual situation in M-type

‘tubes. In both M and O-type tubes the wave on the slow-wave

circuit cumulatively interacts with the electron stream to form
bunches or spokes of electrons, respectively. A typical tube
utilizing a slow-wave circuit formed by a strapped circular
array of resonant bars is shown in an article entitled “A 3-
Megawatt, 15-Kilowatt S-Band Amplitron,” Microwave Jour-
nal, Oct. 1959, by W. A. Smith et al.

In order to explain the operation.of the present invention,
reference is made to the traveling wave dispersion curve plots

‘of angular frequency v. phase shift per element shown in FIG.

2. The relative phase velocity, in units of element separation
lengths per second, for a wave at a given frequency is given by
the slope of a straight line passing through the origin and the
point on the curve at the frequency in question. A useful mea-
sure of the interaction bandwidth A w may be taken as that
range of frcquencies for which this relative phase velocity of
the waves remains within 10 percent of the velocity of the in-
teracting particles also expressed m element separation
lengths per second. .

Curve C,; represents the dispersion characteristics of a sim-
ple resonant array circuit of the type'shown in FIGS. 1a and
1b. In such structures the capacitive coupling between the
capacitive regions of adjacent elements is substantially
balanced by the coupling in-the inductive regions so that the
bandwidth is extremely narrow except for phase velocities
which are prohibitively large for particle interaction. One
previously proposed device for increasing the bandwidth of
this type of structure consists of introducing a ground plane in
the proximity of the capacitive region so as to establish an ele-
ment-to-ground coupling which modifies the dispersion curve
as indicated by Cyo. In this way, an interaction bandwidth A w,
with reference to a particle velocity given by the slope of
curve V, is established in the region between zero and /2
phase shift per element. However, such a prior art Cy, circuit
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is relatively ““fine structured” due to the close spacing of the
resonant elements whereas a circuit with 7/2 to # radians
phase shift per element would be considered *“‘coarse struc-
tured” and therefore, easier to build and having increased
power handling capability at high frequencies.

According to the present invention, means are provided for
capacitively coupling the capacitive regions of alternate ele-
ments whereby it is found that the dispersion curve is modified
as indicated by C,; to provide a substantial interaction band-
width A w, with reference to a particle velocity given by the
slope of line V, in the region between m/2 and 7 phase shift
per element. This region is characterized by forward wave in-
teraction since the direction of wave energy flow (given by the
slope of the dispersion curve) is the same as that of the parti-
cle velocity.

Certain important advantages of this arrangement can now
be pointed out. To establish a given absolute phase velocity,
and hence a given phase shift per unit length along the circuit,
at a given frequency, a smaller number of elements per unit
length is required due to the larger phase shift per element,
thus making possible relatively “coarse grained” structures of
more rugged construction and greater heat-dissipation, and
hence power handling, capabilities. For a given spacing of ele-
ments, a substantially lower interacting particle velocity is
required, thereby lowering, for example, the necessary parti-
cle acceleration voltages. With the phase shift per element in
the region indicated, only a small amount of energy is stored in
the coupling between alternate elements thereby enhancing
the interaction impedance.

One example of a slow-wave circuit in accordance with the
present invention is shown in FIG. 3 wherein a plurality of
half-wave rods 6 are supported between a pair of shorting
members 7. The desired capacitive coupling is provided by
aligned strip members 8 which are connected to each rod via a
raised portion 9 and which have extending portions disposed
in endwise spaced-apart relation with respect to the strips ex-
tending from alternate rods to form capacitive coupling gaps
18 therebetween. One band of members 8 couples one set of
alternate bars 6a, and a second band couples the remaining
bars 6b. The strapped bar slow-wave circuit of FIG. 3 forms
the subject matter of and is claimed in the aforecited copend-
ing parent application Ser. No. 164,008 filed Jan. 3, 1962.

FIGS. 4 and 4q disclose a reentrant type crossed-field elec-
tronic amplifier utilizing a quarter-wave vane circuit of the
general type shown in FIGS. 1a and 5~7 provided with
capacitive coupling elements of a type similar to those shown
in FIGS. 3, 5—7 but more similar to the type shown in FIG. 3.
The vanes 12 are formed by radially inwardly projecting ex-
tensions of the cylindrical anode envelope block 11. Each
vane has a raised portion 13 to which a coupling member is
connected, one set of alternate vanes 12a being coupled by a
band of conductors comprising upper ring 14 with coupling
gaps 15 therein and the other set alternate vanes being con-
nected to a similar lower ring 14,

A continuous' cylindrical cathode 16, preferably a cold
cathode made of a high secondary emission material such as
beryllium-copper, is supported coaxially within the tube by
means of a stem 17 extending through the lower of a pair of
annual header members 18 to mate with an annular cathode
connector 19 which is separated from anode connector 21 by
means of an insulating ring 22. The joints between members
11, 38, 21, 22, 19 and 17 are sealed, as by brazing, to form a
vacuum-tight envelope. The cathode 16 is mounted between a
pair of end hats 23 which confine the emitted electrons to the
interaction region 24 between the cathode 16 and the vanes
12. A vertically directed magnetic field is provided in this in-
teraction region by means of a permanent magnet structure 25
(only a fragment of which is shown) communicating with the
opposed headers 18 which are made of a magnetic material to
serve as pole pieces. The crossed electric field in the region 24
is provided by means of a negative voltage applied from the
grounded anode connector 21 to the cathode connector 19.
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In operation, a signal which it is desired to amplify is fed to
the vane circuit 12 via input coaxial connector 26, the inner
conductor 27 of which is supported by vacuum-sealing disc 28
and is connected to the first coupling member of ring 14. This
signal establishes a traveling wave in the interaction region 24
of sufficient intensity to initiate the emission of electrons in
the case of a cold cathode 16, and this emission will be
sustained without the necessity of supplying external heating
power by secondary emission due to back-bombarding elec-
trons which have gained energy from the wave. The interact-
ing electron stream moves through the region 24 with a
clockwise circumferential velocity determined by the ratio of
electric-to-magnetic field. The phase velocity of the traveling
wave is approximately synchronous with this electron stream
velocity for a wide band of frequencies so that the electrons
deliver energy to and amplify waves within this band, the am-
plified output signal being taken out through output coaxial
connector 29 which is similar in construction to the input con-
nector 26 and which has its inner conductor 30 connected to
the last coupling member of ring 14. It will be noted that the
end coupling members, to which the inner coaxial conductors
27, 30 are attached, are cut flush with the end vanes for im-
pedance matching. Also, the spacing of the initial and final
few coupling gaps 15 may be varied to facilitate this match.
The slow-wave circuit is interrupted between the input and
output connectors 26 and 29 to provide a drift segment 51 of
sufficient length to permit electron debunching so that elec-
trons may reenter the interaction region for improved efficien-
cy without producing undesired internal feedback.

It should be noted that whereas the slow-wave structures in
accordance with the present invention are useful with various
types of traveling wave tubes, they are particularly useful in
crossed-field or M-type tubes wherein an extensive interaction
region is required, and also wherein the larger interception of
electron current and the close spacing of elements required
for operation at the lower electron velocities of these tubes in-
tensify the problems of construction and heat dissipation.
Such crossed-field tubes include versions wherein the interac-
tion region is linear and also injected beam versions (both
linear and reentrant) in which the electron source is outside of
the interaction region. An example of a linear, injected beam
tube is given in subsequently described FIG. 8. The combina-
tion in a crossed-field tube of these slow wave structures with
a continuous cathode—that is, one emitting electrons
throughout the entire interaction region,—as shown, for ex-
ample, in FIG. 4, is a special importance in view of the ten-
dency of the backward wave fundamental of space harmonic
structures, for example, interdigital lines, to interfere with the
electron bunching process required for proper operation with
this type cathode.

FIGS. 5, 6 and 7 illustrate additional coupling structures in
accordance with the present invention which are shown for a
quarter-wave vane circuit, but which are readily adaptable, for
example, to a half-wave rod circuit as shown in FIG. 3.

In FIG. 5, each vane 31 as carried from the shorting plane
member 2 has a raised portion 32 for supporting skewed strip
extension members 33 which overlap in surface spaced-apart
relation with respect to the extension member from alternate
vanes to provide the desired capacitive coupling gaps 34
therebetween one set of alternate vanes 31a being coupled by
a band of conducting members at the top edge thereof and the
other set 315 by a band at the bottom edge thereof.

In FIG. 6, the extending strip portions 33' are aligned but
staggered with respect to the extending portions from al-
ternate vanes in side edge spaced-apart overlapping relation to
provide coupling gaps 34’ therebetween.

In FIG. 7, each vane 31 has a pair of aligned extending
members in the form of pins 35 which are endwise spaced-
apart with respect to the rods extending from alternate vanes
to form coupling gaps 36 within a cutout portion 37 in the in-
termediate vanes. This provides an extremely compact struc-
ture which has the added advantage of bandwidth enhance-
ment due to the reduced capacitive coupling between ad-
jacent vanes caused by cutting out portion 37.
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A linear, injected beam, crossed-field amplifier tube is
represented in FIG. 8 which utilizes an anode 38 having an al-
ternately coupled slow-wave structure in accordance with the
present invention connected thereto, The external electron
gun 39 directs an electron stream through the crossed-field in-
teraction region 40 formed between the nonemitting cathode
plate or sole 41 and the anode 38, said stream being ter-
minated by collector 42. The slow-wave circuit is energized by
the input connector 43 to establish'a wave which is amplified
by interaction with the electron stream and extracted via out-
put connector 44,

Since many changes could be made in the above construc-
tion and many apparently widely- different embodiments of
this invention could be made without -departing from the
scope thereof, it is intended that all matter contained in the
above description or shown in the accompanying drawings
shall be interpreted as illustrative and not in a limiting sense.

I claim: o

1. In a microwave amplifier tube, means for producing a
stream of electrons, means forming a slow-wave circuit includ-
ing an array of resonant rods disposed adjacent said stream of
electrons forming a forward wave slow-wave circuit for elec-
tromagnetic interaction between electrons of said stream and
wave energy traveling on said array of resonant rods, conduc-
tive means extending across and interconnecting the common
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)

ends of said array of rods for shorting together the ends of said
rods to define an array of half-wave length slot resonators in
the spaces between adjacent shorted rods, means for coupling
amplified signal wave energy from said slow-wave circuit
means, and means capacitively coupling together alternate
pairs of resonant rods of said array in such a manner as to
establish a desired slow-wave forward wave mode of propaga-
tion on said rod circuit.

2. Apparatus according to claim 1 wherein said means for
capacitively coupling alternate pairs of rods includes a pair of
conductive straps with each strap of said pair of straps being
conductively connected to alternate rods intermediate their
length, and each of said straps being segmented intermediate
their points of connection to alternate rods whereby each seg-
mented strap is capacitively coupled together.

3. The apparatus according to claim 2 wherein the segments
of each strap are aligned with one another, said capacitive
coupling being between the ends of said strap segments.

4. The apparatus according to claim 2 wherein plural ad-
jacent strap segments of one of said segmented straps are
disposed in coplanar relationship, and wherein said straps are
segmented by a plurality of slots traversing said straps to
define capacitive coupling means between the mutually op-
posed ends of said adjacent strap segments.



