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CROSSED-FIELD DISCHARGE 'DEVICE AND
"MICROWAVE CIRCUITS INCORPORATING
"'THE SAME ’

James E. Staats, Lounsvnlle,-_Ky., assignor to General
Electrlc Company, a'corporationi of New York
Flled Jupe 21,:1966, Ser. No. 559 267
- Int, CL. HOI] 25/50 .
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ABSTRACT OF THE iDISCLOSURE’

There is drsclosed a crossed- ﬁeld dlscharge device in-
¢luding an annular sleeve surroundmg a-pair of segmented

and axially spaced apart annular anode members and de- |

fining therewith a first annular space, theé anode segments
deﬁmng axially extendlng recesses therebetween, and each
anode member segment including an axially extending rod
integral ‘therewith, the rods of €ach anode member being
respectively disposed in the’ recesses of the other anode
member and an axially extendmg cathode structire hav-
ing a ‘plurality of ‘electron emissive sections thereon sur-
rounded by the anode members; oscillator, amplifier and
modulator ClI‘ClJltS 1ncorporatmg the dev1ce are also dis-
closed '

The present invention relates to an improved crossed-
field discharge device, and to microwave circuits incorpo-
rating the same including microwave osc1llator circuits
and microwave amplifier circuits.

It .is a general object of the. invention to provxde a

new and improved .crossed-field discharge device for use
at. microwave frequencies, which:device is of exceedingly
simple and economical construction and arrangement,
and which device is particularly adapted for operation
upon the. application of relatively low voltage operating
potentials thereto.
.- Another object of the invention is to provide an im-
proved. crossed-field discharge device of the type set forth
which can provide an unusually high output of microwave
energy . in proportion to.the physical dimensions thereof,
whereby to permit the miniaturization of microwave cir-
cuits embodying the improved crossed field discharge de-
vice of the present invention.

- Another object of the.invention is to prov1de an im-
proved ‘crossed-field discharge device of the.type set forth
comprising an annular anode structure defining therein an
outer annular _a_xially extending space -enclosed thereby
and an inner annular. axially extending space extending
therethrough and a radlally extending passage intercon-
necting .the outer and inner axially extending spaces at
Iongltudmal mldsectlon of the anode structure, the radially
extending passage dividing the anode structure into a first
.anode section disposed adjacent to .one end thereof and
a. second anode section . disposed  adjacent to..the -other
end thereof a plurallty of axially extending anode . seg-
ments on_the inner. surfaces of said anode -sections and
projecting radially.into the inner axially. extending space
and providing a corresponding plurality of axially extend-
ing_anode recesses therebetween, a plurality of axially
.extendmg fifst rods on the first .anode section . disposed
respectively in. the anode recesses in.the second anode
section and respectrvely spaced from . the .adjacent ones of
the anode segments on the second -anode. section, a plu-
rality of axially extending second rods on the second anode
section. respectively -disposed:in the :anode recesses in the
first .anode section and respectively spaced from adjacent
ones of the anode segments on the first anode section, an
axially extending cathode'Structure disposed in the inner
axially extending:space and “cooperating with ‘the anode
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sections to define an axially extending annular interaction
space, the cathode structure including an electron emissive
element disposed within the anode sections and adjacent
to the inner portion of the interaction space, means for
establishing a unidirectional magnetic field extending axial-
ly through the outer axially extending space and the inter-
action space, and end structures enclosing both the ends
of the anode structure and the axially extending spaces,
the anode structure including the axially extending spaces
and the radially extending passage therein defining a fre-
quency determining folded resonant cavity for the device.

In connection with the foregoing object, it is another
object of the invention to.provide an improved crossed-
field discharge device wherein the anode structure includes
an annular sleeve and a pair of annular anode members
disposed within the sleeve and a plurality of rods disposed
adjacent to the inner surface of the anode members, the
sleeve and the anode members being electrically connected
at the opposite ends of the anode structure and the rods
being electrically connected to the anode members at the
other ends thereof, the sleeve and the anode members and
the rods defining a frequency determining folded resonant
cavity for the device of very small longitudinal extent.

Another object of the invention is to provide an im-
proved crossed-field discharge device of the type set forth
wherein the anode structure includes an annular sleeve
and first and second annular anode members disposed in
the sleeve, the portions of the anode members disposed
toward each other having respectively first and second an-
nular recesses on the outer periphery thereof to provide
respectively first and second outer surfaces spaced inward-
ly with respect to the inner surface of the sleeve and to
provide first and second annular end surfaces defining an
outer axially extending space therebetween, the adjacent
portions of the bodies being spaced apart axially to pro-
vide a lateral passage therebetween connecting the inner
and outer axially extending spaces, the first and second
anode members respectively having a plurality of axially
extending anode segments on the inner surface thereof
and projecting radially into the inner axially extending
space and providing a corresponding plurality of axially
extending first and second anode recesses respectively
therebetween, and a plurality of axially extending first
and second rods respectively on the first and second anode
bodies disposed respectively in the second and first anode
recesses and - respectively spaced from the adjacent one
of the second and first anode segments, thereby to define
a frequency determining folded resonant cavity for the
device.

In connection with the foregoing object, it is another
object of the invention to provide an improved crossed-
field discharge device of the type set forth wherein the
inner surface of the sleeve and the first outer surface co-
operate to provide an outer section of a first folded trans-
mission line shorted at one end by the first end surface
and connected at the other end through the lateral passage
to the inner section of the first folded transmission line
defined by the first anode segments and the second rods,
the inner surface of the sleeve and the second outer sur-
face cooperate to provide an outer section of a second
folded transmission line shorted at one end by the second
end surface and connected at the other end through the
lateral passage to the inner section of the second trans-
mission line defined by the second anode segments and
the first rods, the frequency of the resonant cavity being
equivalent to twice the combined length of the first and
second folded transmission lines. )

Another object of the invention is to provide in a
crossed-field discharge device of the type set forth an im-
proved rod structure wherein the rods taper toward the
outer ends thereof, thereby to provide improved thermal
conductance, to provide lower circulating currents and
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improved circuit efficiency, to improve mode stability and
to reduce the phase shift of RF voltages at the ends of the
rods thus to improve electron bunching and consequent
improved electronic efficiency.

Another object of the invention is to provide an im-
proved crossed-field discharge device of the type set forth
wherein the anode structure provides short and low im-
pedance paths for rotatmg waves, thus improving mode
separation and stability in the device when utilized as an
oscillator.

Another object of the invention is to provide an im-
proved crossed-field discharge device of the type set forth
wherein the anode structure comprises a sleeve and a pair
of identical anode members having the anode segments
and rods integral therewith, the anode members being
produc1b1e by broaching operations to provide greater
accuracy in the construction thereof, the anode members
cooperating with the sleeve in a manner such as to per-
mit complete assembly of the device prior to forming
the hermetic seals therebetween.

Another object of the invention is to provide in a crossed-
field discharge device of the type set forth an improved
cathode structure including a plurality of circumferen-
tially spaced electron emissive sections corresponding in
number to the sum of the number of the first anode seg-
ments and the first rods, the emissive sections being shaped
and located to minimize back heating of the cathode and
to encourage emission of useful electrons and to dis-
courage emission of non-useful electrons.

In connection with the foregoing object, another ob-
ject of the invention is to provide an improved crossed-
field discharge device of the type set forth including inner
and outer transmission line sections connected by a radi-
ally extending annular passage, the electron emissive sec-
tions being disposed closer to the anode structure at the
outer ends thereof and being spaced farther away from
the anode structure adjacent to the radial passage, where-
by to minimize losses associated with fringed field dis-
tortion in the vicinity of the radial passage.

Another object of the invention is to provide an im-
proved crossed-field discharge device of the type set forth
wherein the cathode is utilized as a probe to extract RF
energy from the device, the cathode structure being such
that only two ceramic parts and two end seals are
required.

Another object of the invention is to provide in an im-
proved crossed-field discharge device of the type set forth,
improved pole pieces at each end of the anode structure
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and hermetically sealed thereto and providing end plates . -

therefor, the pole pieces being shaped to provide the de-
sired distribution of unidirectional magnetic fields through
the axially extending spaces in the device, the pole pieces

50 -

being shaped such that they can be stamped from a sub-

stantially flat sheet of material.

In connection with the foregoing object, it is another

object of the invention to provide a crossed-field discharge
device of the type set forth wherein the output connec-
tions are attached to the anode structure and the cathode

structure respectively for withdrawing microwave energy '

from the device, the end spaces between the pole pieces
and the anode members defining inductances of predeter-
mined value prov1d1ng for a predetermined coupling of
the RF energy in the device to the output connections.

60

Another object of the invention is to provide an im- -

proved crossed-field discharge device of the type set forth
wherein the various parts thereof are constructed and
arranged such as to permit assembly of the complete de-
vice prior to brazing of the various parts one to another,
whereby the cathode is converted during the brazmg proc-
ess permitting fast bake-out and a shorter processing cycle
during evacuation of the device, and also resulting in
cleaning of the parts by hydrogen in the brazing process
and subsequent protection of the parts from exposure to
contamination in later processrng

A further object of the invention is to provide an im-

65

70

75

proved microwave oscillator incorporating therem a
crossed-field discliarge device ‘of the presént “invention,
the resonant circuit for the oscillator being in the form
of a folded resonant cavity within the device.

A still further object .of the invention is to provide an
improved microwave amplxﬁer incorporating - therein a
crossed-field discharge device of the present invention.

A still furthér objéct of the invention is to provide an
improved microwave circuit . incorporating . therein a
crossed-field discharge device of the present invention to-
gether with means for modulating the output of the de-
vice, whereby to provide a‘microwave oscillator having
a modulated output and to provide a microwave amplifier
having a modulated. output.

Further features of the invention pertam to the par-
ticular arrangement of parts of the crossed-field drscharge
device and of the connection thereof in the various
microwave circuits, whereby the above outlined and addi-
tional operating features théreof are attained.

The invention, both as to its organization and method
of operation, together with further objects and advan-
tages thereof, will best be understood. by reference to ‘the
following spec1ﬁcatron when taken ' in - connectxon with
the accompanylng drawmgs in which:

FIGURE 1 is a schematic and’ d1agrammat1c ﬂlustra-
tion of an oscillator circuit incorporating therein a crossed-
field drsccharge device of the present invention; .

FIG. 2 is a view in vertical section through the oscrl-
lator of FIG. 1 and illustrating thé circiut connections for
the crossed-field discharge.device including the magnetic
field coils therefor and the coupler and ﬁlter constructron
used therewith;

FIG. 3 is an enlarged view in vertical sectxon through
the crossed-field discharge devrce 1llustrated 1n the oscil-
lator of FIG. 2;

FIG. 4 is a partial horrzontal section through the de-
vice of FIG. 3 along the line 4——4 thereof;

FIG. 5 is a view in horizontal sectlon through the devrce
of FIG. 3 along the line 5—5 thereof;"

FIG. 6 is a fragmentary perspective view or portrons
of the two anode members illustrating them in 2 spaccd
apart posuton

FIG. 7 is an end view "of one’ of the anode members
forming a. part of the crossed-ﬁeld dtscharge devrce of
FIG. 3;

FIG. 8 is a view in verttcal section: through the anode
member of FIG. 7 along the line 8—8 thereof;

FIG. 9 is a partial diagrammatic lineal v1ew as seen
‘within the anode members,

FIG. 10 is a view in horziontal section’ through the de-
vice of FIG. 3 along the line 1010 thereof; '

“FIGS. 11 to 16, inclusive, -are “still further’ enlarged
fragmentary views in horizontal séction through the device
of FIG. 3 along the: liné 11=-11"thereof and 1llustratmg
the various electrical anid ' magnetic fields therein;

FIGS. 17 and 18 are graphs plotting ‘several operating
characteristics of thecrossed- ﬁeld drscharge devrce lllus-
trated in FIGS. 3 to 10;

FIG. 191isa schematlc and‘diagrammatic illustration of
an amplifier ¢frcuit. for amplifying the output from the
microwave oscillator of FIG. 2, the amplifier circuit ‘uti-
lizing therein a crossed:feld discharge device 'made in ac-
cordance and- embodymg the prmc1p1es ‘of the present in-
vention; and -

FIG. 20 is a view in vertlcal section through the ampli-
fier: circuit of FIG. 19 -and illustrating the crossed-field
discharge device and the circuit connections therefor in-
cluding the magnetic field coils and the amphﬁer mput
circuits and output circuits,

Referring to FIG. 1 of the drawings, there is- diagram-
matically illustrated an oscillator ciréuit. 5¢ embodying the

features of the present invention, the oscillyator circuit 50

having.been illustrated as connected to a three-wire Edison
network of 236 volts, single-phase; 60-cycles AC, and in-
cluding two ungrounded line conductors L1 and 1.2 and- a
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grounded neutral conductor N; the three conductors men-
tioned being terminated at an associated electrical in-
sulating block B. The circuit 50 also comprises a power
supply 51 having a pair of input terminals 52 and 53
that are respectively connected to the conductors L1 and
L2. A first pair of output terminals 54 and 55 is provided
for supplying a rectified and filtered DC voltage of low
amplitude for the purpose of applying the DC operat-
ing potential to the crossed-field discharge device of the
oscillator circuit 5¢; and a second pair of output terminals
56 and 57 is provided for supplying a relatively low volt-
age AC power for the purpose of energizing the heater of
the crossed-field discharge device of the oscillator circuit
50. More specifically, the input terminals 52 and 53 are
connected to the output terminals 54 and 55 by a con-
verter, the converter preferably being of the type disclosed
in the copending application of James E. Staats, Ser. No.
181,144, filed Mar. 20, 1962, wherein there is disclosed a
converter comprising an assembly of capacitors and rec-
tifiers connected between the input terminals and the out-
put terminals thereof, and characterized by the production
of a DC output voltage across the output terminals thereof
in response to the application of a low frequency AC input
thereto across the input terminals thereof, whereby the
amplitude of the DC output voltage from the converter
is approximately twice the peak value of the AC voltage
to the converter. The converter described is in fact a
voltage doubler and rectifier circuit wherein the output
DC potential therefrom at the terminals 54 and 55
is approximately 666 volts when the AC supply source has
an R.M.S. voltage of 236 volts between the conductors
L1 and L2, the 666 volts DC being the open circuit or
no-load value for the DC output from the power sup-
ply 51.

The oscillator circuit 50 further comprises an oscilla-
tor 200 incorporating therein a crossed-field discharge de-
vice 100 made in accordance with and embodying the
principles of the present invention, the oscillator 200 hav-
ing a pair of input terminals 201 and 202 that are con-
nected respectively to the DC output terminals 54 and §5
of the power supply 51 by means of conductors 60 and 61,
respectively; the input terminal 202 is also connected by
the conductor 61 to ome of the low voltage AC output
terminals 56 of the power supply 51. A third input ter-
minal 203 is provided for the oscillator 200, the input
terminal 203 being connected by a conductor 62 to the
other low voltage AC output terminal 57 of the power
supply 51. As illustrated, all of the parts of the oscillator
200 are surrounded by a metallic casing 205 to which is
connected as at 206 an outer tubular conductor 207 within
which is disposed an inner conductor 167 that is also
connected to the input terminal 202, the coaxial conduc-
tors 167 and 207 providing an output connection for the
oscillator 200. Connection is made to an output transmis-
sion line 65 including an outer tubular conductor 66 and
an inner conductor 67 disposed therein, a first capacitive
coupling being provided by a coupler 232 between the
outer conductor 207 and the outer conductor 66, and a
second capacitive coupling being provided by the coupler
242 between the inner conductor 167 and the inner con-
ductor 67. The capacitive coupling provided by the cou-
plers 232 and 242 is desirable and necessary since for
safety purposes the outer conductor 66 of the transmission
line 65 must be grounded, which grounding of the outer
conductor 66 is not possible if there is a DC connection
to the oscillator casing 205, the casing 205 having a poten-
tia] with respect to ground because of the application of
operating potentials thereto from the voltage doubler and
rectifier circuit 51, it being inherent in the construction
and operation of the circuit 51 that neither the conductor
60 nor the conductor 61 can be grounded. Accordingly, it
is also necessary and desirable that the power supply 51
and the oscillator 200 be electrically shielded by a ground-
ed outer housing (not shown) disposed therebetween, all
as is fully described in the aforementioned copending ap-
plication Ser. No. 181,144,
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The microwave energy supplied from the oscillator 200
to the transmission line 65 may be used for any desired
purposes, two typical uses of the microwave energy being
illustrated in FIG. 1, the first use being illustrated in the
upper righthand portion of FIG. 1 and the second use
being illustrated in the lower portion of FIG. 1. Referring
to the upper righthand portion of FIG. 1, in the first use
of the microwave energy illustrated therein the transmis-
sion line 65 is coupled to an antenna of the type commonly
used in search radar, the outer conductor 66 being con-
nected to outer radiating or antenna elements 68 and the
inner conductor 67 being connected to an inner radiating
or antenna element. 69, the antenna elements 68 and 69
serving to match the impedance of the transmission line
65 to the impedance of the atmosphere. Referring to the
lower portion of FIG. 1, in the second use of the micro-
wave energy illustrated therein the transmission line 65 is
coupled to an electronic heating apparatus, such as the
electronic range 70 illustrated that is generally designed
for home use. More particularly, the range 70 comprises an
upstanding substantially box-like casing 71 formed of steel
and housing therein a metal liner 72 defining a heating
cavity therefor. The metal liner 72 may also be formed
of steel, and essentially comprises a box-like structure
provided with a top wall, a bottom wall, a rear wall and
a pair of opposed side walls, whereby the liner 72 is pro-
vided with an upstanding front opening into the heating
cavity defined therein, the casing 71 being provided with a
front door 73 arranged in the front opening thus formed
and cooperating with the liner 72. More particularly, the
front door 73 is mounted adjacent to the lower end there-
of upon associated hinged structure 74, and is provided
adjacent to the upper end thereof with a handle 75, where-
by the front door 73 is movable between a substantially
vertical closed position and a substantially horizontal open
position with respect to the front opening provided in the
liner 72. Also the front door 73 has an inner metal sheet
that is formed of steel and cooperates with the liner 72
entirely to close the heating cavity when the front door 73
occuplies its closed position. For safety purposes, the inner
liner 72 is connected by a conductor 76 to the outer cas-
ing 71 which is in turn grounded by the conductor N.
The outer conductor 66 of the transmission line 75 is
connected as at 78 to the casing 71 and to the liner 72
of the range 70, and there is provided within the range 7¢
at the rear thereof a radiating element or antenna 77 that
is connected as at 79 to the inner conductor 67 of the
transmission line 65. Accordingly, the microwave energy
within the transmission line 65 is radiated into the cooking
cavity of the range 70 to provide the power for cooking
materials disposed therein. It further will be understood
that in a preferred embodiment of the range 70, the pow-
er supply 5¢ and the oscillator 200 together with the
transmission line 65 are all preferably disposed within a
common housing that also includes the casing 71, the
common housing being preferably formed of metal, such
as steel, and grounded for safety purposes.

Further details of the construction of the oscillator 200
and the crossed-field discharge device 100 forming a part
thereof will now be described with particular reference to
FIGS. 2 to 10 of the drawings. The device 100 comprises
an anode structure 101 including a sleeve 102 and a pair
of anode members 110 and 130, a cathode structure 150,
a pair of opposed pole pieces 170, an upper end struc-
ture 180 and a lower end structure 190.

The anode structure 101 is essentially annular in shape
and is confined within the interior of the sleeve 102
(see FIGS. 3, 4 and 5), the sleeve 102 being generally
tubular and having a circular cross section at all points
therealong, the outer surface 103 thereof being cylindrical.
The inner surface 104 of the sleeve 102 is also cylindrical
in shape and has at each end thereof a recess to define an
upper end wall 105 and a lower end wall 106, the end
walls 105 and 106 being essentially annular in shape
and disposed parallel to each other and normal to the
axis of the device 100. Mounted on the sleeve 102 at
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essentially the midpoint thereof and extending outwardly
therefrom is an exhaust tubulation 107 hermetically
sealed thereto and communicating with the interior there-
of, the exhaust tubulation 107 being useful to evacuate
the device 100, the interior of the device 100 being
evacuated to a high degree and hermetically sealed as
will be explained more fully hereinafter. Also mounted
on the outer surface 103 of the sleeve 102 is a stacked
array of cooling fins 108, each of the cooling fins 108
being provided with an annular flange 109 that extends
around the sleeve 102 and is fixedly secured thereto as
by brazing. It will be understood that the sleeve 102 and
the fins 108 are formed of a metal having good thermal
conductivity, the preferred material being copper, thereby
to accommodate conduction of heat from the device 100
outwardly therefrom and into the fins 108. The shape of
the fins 108 is substantially rectangular so that they fit
within the casing 205, there preferably being provided
means for passing a cooling fluid, such as a stream of
air, through the casing 205 and over the fins 108 to
effect cooling thereof and a consequent removal of heat
from the device 109 during the operation thereof.

Disposed within the sleeve 102 and also forming a
part of the anode structure 101 are the two anode mem-
bers 110 and 130. Referring particularly to FIGS. 3
and 6 to 9, there is illustrated in detail the construction
of the anode member 110. As illustrated, the anode
member 110 is generally annular in shape and includes
a body portion 111 disposed at one end thereof (the
upper end as viewed in FIG. 3), the body portion 111
having an outer end wall 112 at one end thereof con-
necting with an annular outer wall 113 having an outer
diameter only slightly less than the inner diameter of
the sleeve 102, and specifically the inner surface 104
thereof, whereby the anode member 110 can fit within
the sleeve 102 and ultimately is connected thereto as
by brazing. The end of the body portion 111 opposite
the end wall 112 is cut away or recessed to provide an
annular inner wall 114 extending therearound and con-
centric with the annular outer wall 113 but having a
substantially smaller diameter, the walls 113 and 114
being joined by an annular end wall 115 disposed parallel
to the outer end wall 112 and normal to the walls 113
and 114; the other end of the inner wall 114 connects
with an inner end wall 116 that defines the other end of
the body portion 111, the end wall 116 being disposed
in a plane parallel to the end walls 112 and 115 and
normal to the walls 113 ard 114.

There is provided interiorly of the anode member 110
and extending the length of the body portion 111 a
plurality of axially extending anode segments 117 that
project radially inwardly into the axially extending space
within the anode member 110 and providing therebe-
tween a corresponding plurality of axially extending
anode recesses 122, fifteen of the anode segments 117
and fifteen of the corresponding recesses 122 being pro-
vided in the anode member 110 as illustrated. Each of
the anode segments 117 has an axially extending inner
surface 118 and a pair of outwardly directed side walls
119 on the opposite sides thereof, the circumferential
extent of the inner surface 118 being substantially less
than the radial extent of the associated side walls 119.
The outer ends of adjacent pairs of the side walls 119
are joined by an outer wall 121, whereby the recesses
122 are defined by the associated side walls 119 and
the associated outer wall 121, the side walls 119 of each
recess 122 converging inwardly and being disposed sub-
stantially normal to the associated outer wall 121.

The anode member 110 further has thereon and inte-
gral therewith fifteen rods or vanmes 125, each of the
rods 125 being integral with and extending longitudinally
from one of the anode segments 117. More specifically,
the inner surface 118 of each of the anode segments
117 extends forwardly beyond the inner end wall 116
and substantially parallel to the axis of the anode mem-
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ber 110 and forms the inner surface of the associated
rod 125. A portion of the side walls 119 on the anode
segment 117 also extends forwardly beyond the inner
end wall 116 to provide the radially extending sides of
the associated rod 125, the inner surface 118 and the side
walls 119 terminating at an end 126 disposed substan-
tially normal to the axis of the anode member: 110. An
outer surface 127 is provided for each of the rods 125,
the outer surface 127 extending from the inner end
wall 116 inwardly to the rod end 126; more specifically,
the inner end of the outer surface 127 joins the inner end
wall 116 at a point spaced radially inwardly away from
the adjacent outer walls 121 (see FIGS. 7 and 8) and
tapers inwardly toward the associated inner surface from
the end wall 116 to the rod end 126.

The anode member 130 is generally annular in shape
and includes a body portion 131 disposed at one end
thereof (the lower end as viewed in FIG. 3), the body
portion 131 having an outer end wall 132 at one end
thereof connecting with an annular outer wall 133 having
an outer diameter only slightly less. than the inner diam-
eter of the sleeve 102, and specifically the inner surface
104 thereof, whereby the anode member 130 can fit
within the sleeve 102 and ultimately is connected thereto
as by brazing. The end of the body portion 131 oppo-
site the end wall 132 is cut away or recessed to provide
an annular inner wall 134 extending therearound and
concentric with the annular outer wall 133 but having
a substantially smaller diameter, the walls 133 and 134
being joined by an annular end wall 135 disposed parallel
to the outer end wall 132 and normal to the walls 133
and 134; the other end of the inmer wall 134 connects
with an inner end wall 136 that defines the other end
of the body portion 131, the end wall 136 being disposed
in a plane parallel to the end walls 132 and 135 and
normal to the walls 133 and 134.

There is provided interiorly of the anode member 130
and extending the length of the body portion 131 a
plurality of axially extending anode segments 137 that
project radially inwardly into the axially extending space
within the anode member 130 and providing therebetween
a corresponding plurality of axially extending anode
recesses 142, fifteen of the anode segments 137 and
fifteen of the corresponding recesses 142 being provided
in the anode member 130. Each of the anode segments
137 has an axially extending inner surface 138 and a
pair of outwardly directed side walls 139 on the opposite
sides thereof, the ¢ircumferential extent of the inner sur-
face 138 being substantially less than the radial extent
of the associated side walls 139. The outer ends of the
side walls 139 are joined by an outer wall 141, whereby
the recesses 142 are defined by the associated side walls
139 and the associated outer wall 141, the side walls 139
of each recess 142 coverging inwardy and being disposed
substantially normal to the associated outer wall 141.

The anode member 130 further has thereon and integral
therewith fifteen rods or vanes 145, each of the rods 145
being integral with and extending longitudinally from one
of the anode segments 137. More specifically, the inner
surface 138 of each of the anode segments 137 extends
forwardly beyond the inner end wall 136 and substantially
parallel to the axis of the anode member 130 and forms
the inner surface of the associated rod 145. A portion of
the side walls 139 on the anode segment 137 also ex-
tends forwardly beyond the inner end wall 136 to provide
the radially extending sides of the associated rod 145,
the inner surface 138 and the side walls 139 terminating
at an end 146 disposed substantially normal to the axis
of the anode member 130. An outer surface 147 is pro-
vided for each of the rods 145, the outer surface 147
extending from the inner end wall 136 inwardly to the rod
end 146; more specifically, the inner end of the outer
surface 147 joins the inner end wall 136 at a point spaced
radially inwardly away from the adjacent outer wall
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141 and tapers inwardly--toward -the associated ' inner
surface from the end wall 136 to the rod end 146.: i
. The anode members 110 and:130 are also formed .of a
metal - having. good thermal conductivity, the: preferred
material being: copper. The sleeve 102 ‘and the -anode
members ‘110 and 130 also. must have good- electrical
conductivity, the :copper providing - the necessary..good
eléctrical conductivity as well as the :good .thermal. con-
ductivity. The -geometry of the anode:members 110 and
130 is such that the:exterior surfaces 112, 113,:114, 115,
116, 126 and -127.on the anode member 110-and the
surfaces 132, 133, 134, 135, 136, 146.and-147 on the
anode member 130 can-all. be formed by machining a
block of copper;.and all of the interior surfaces of the
anode ‘members 110 and.130 including the surfaces 118,
119, 121, 138,139 and 141 canall be formed by broach-
ing, - whereby . the .anode member 110 and 130 can be
formed integral from blocks of copper, thus to provide
greater accuracy -of the parts than is possible by joining
such as by brazing, individual segments of the anode
members 110 and 1360. As illustrated:in FIG. 3, the anode
member. 110 is disposed in.the upper portion.of the sleeve
102 with the body portion 111 thereof disposed upwardly
and with the rods 125 thereof extending downwardly;
the anode member 130 is disposed-in the lower portion
of ‘the sleeve 162 with the body portion. 131 thereof; dis-
posed- downwardly and with the rods 145 thereof ex-
tending upwardly. As is also illustrated in FIGS. 6 and 9,
the anode members 110 and 130 are rotated slightly with
respect to each other so that thee anode rods 125 on the
anode member 120 are disposed in the centers of the
recesses 142 of the anode member 130, and conversely
the anode rods 145 on the anode member.13¢ are dis-
posed in the centers of the recesses 122 of the anode mem-
ber 110. In this arrangement there is one of the anode
rods 125 disposed in each of the anode recesses 142 and
equidistantly spaced from the adjacent. anode segments
137, and likewise there is one of the anode rods 145 dis-
posed in each of the anode recesses 122 and equrdrstantly
spaced from the adjacent anode segments 117, all as is
diagrammatically illustrated in FIGS. 5, 6 and 9.

. The sleeve 102 and the anode members 110, and 130
also cooperate to provide an outer axrally extending space
120, the space 120 being annular in shape and bounded
on the outer portion by the inner wall 104 ‘of the sleeve
102 and on the inner portion by the inner walls 114 and
134 and at the upper and lower ends by the end walls
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130 form a second or inner axially extending space with-
in which'is disposed the cathode structure 150, the space
between the outer surface of the cathode structure 150
and the facing surfaces 118 and 138 defining an annular
axrally extending interaction space 160, Furthermore, the
inner end walls 116 and 136 are spaced apart to provide
therebetween a taidally’ extending annular passage 140
interconnecting the outer space 120 at the mid-portion
thereof to the inner axrally extendrng space at the mid-
portion thereof and to the interaction space 160 at, the
mid-portion thereof, .

The cathode structure 150 is provrded in the’ axrally
extending spacé defined by . the anode members 110 and
130, the cathode. structure 150° including a cyhndrrcal
metal wall 151 (see FIGS. 3 and 5) arranged with the
axis thereof disposed at the axis of the device 100, the
wall 151 being formed of a heat resistant and electncally
conducting metal, the preferred material of construction
being nickel. Mounted on’each ‘end of the wall 151 is a
cathode end 152, the cathode ends 152 being substantlally
identical in construction, whereby the same reference
numerals have been applied to like parts of ‘both. Re-
ferring to the upper cathode end 152 it includes a sub-
stantially flat annular. center plate 153 ‘carrying on the
outer edge thereof an axially ‘directed annular inner flange
154 carryrng on the inner..end, thereof an coutwardly
directed flat flange 155; the outer perlphery of the flange
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155 carries a mounting flange 156 thereon: extending. out-
wardly and disposed within the adjacent.end of the wall
151 and suitably secured thereto as by welding. The outer
edge of the flange 156 carries a radially and outwardly
extending shield flange 157 that:extends radially out-
wardly beyond the wall 151 and overlies the adjacent end
of the interaction space 160. Each center plate 153 has
a central opening 158 therein, the lower cathode end 152
carrying on the inner edge and surrounding the opening
158 therein a center end -flange: 1589. The cathode ends
152 are also-preferably formed 'of nickel. The upper
cathode end 152 is mechanically -and electrically con-
nected to a cathode stud.167, the cathode stud 167 being
generally circular in: cross section and having at the lower
end thereof a reduced diameter portion 168 that extends
through the opening 158 in the cathode end 152 and is
fixedly secured théreto as by a pair of outwardly directed
flanges 169. It will be apprecrated ‘that the upper end of
the cathode structure 150 is both electrically and mechan-
ically connected to the stud 167.

The cathode. wall 151 is -provided with a smtered
porous coating 161 impregnated with a suitable electron
emissive oxide ‘material, whereby upon heating of the
cathode structure 150, the coating 161 readily emits elec-
trons from the outer surface thereof. Referring partic-
ularly to FIG. 5, it will be seen that the coating 161
is shaped to provide a plurality of outwardly extending
projections 162 each having outwardly converging side
walls joining a generally circumferentially arranged outer
surface 163, a space 164 being provided between the ad-
jacent projections 162. As illustrated, the circumferential
extent of the outer surface 163 is substantially equal to the
space 164 between the adjacent projections 162. The pre-
ferred range of the circumferential extent of each of the
outer surface 163 is approximately 25% to approximately
60% of the circumferential distance between the centers
of adjacent outer surfaces 163. The number of projections
162 provided on the coating 161 is equal to the sum of
the number of the anode segments 117 and the number
of cooperating rods 145, for example, and is likewise
equal to the sum of the number of the anode segments
137 and the number of the cooperating rods 125, whereby
there are thirty of the projections 162 provided upon the
coating 161. The outer surfaces of the coating 161 to-
gether with the inner surfaces 118 and 138 on the anode
members 110 and 130, respectlvely, define the interaction
space 160 disposed therebetween in which the emiited
electrons from the coating 161 interact with the electrical
fields and the magnetic fields disposed between the anode
structure 101 and the cathode structure 150. As will be
described more fully -hereinafter, the projections 162
combine with the anode segments 117 and 137 and. with
the rods 125 and 145 to provide a preferred distribution
of the several fields within the interaction space 160 of
the device 100 that results in  more desirable.operating
characteristics thereof. One partrcularly desirable result of
the shape of the coating 161 is the minimized back heating
of the cathode structure 150, the desirable emitted elec-
trons emanating from the projections 162, and the unde-
sirable emitted electrons emanating from the space 164
between -the projections 162, thereby ' to facilitate the
emission of desirable electrons and to- suppress the emis-
sion of undesirable electrons.

1t further will be noted from FIG. 5 that the center
line of each projection 162 is circumferentially displaced
relative to the center line of its corresponding anode seg-
ment 117 and 137 or.its corresponding rod 125 and 145,
as the. case ‘may be; -more spemﬁcally, the center line
of the projections 162 are displacéd in a clockwise direc-
tion a circumferential distance equal to approximately
40% of the circumferential spacing between the center
lines of an ‘adjacent anode segment 117 and an ad]acent
rod 145 (for example 5° rotation for a 12° spacing or
a percentage of 41.8%. as_illustrated). The " circumfer-
ential displacement of the prOJectrons 162 w1th respect to
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the corresponding anode segments or rods is preferably in
the range between 0% and approxiamtely 45% of the
circumferential spacing between adjacent anode segments
and rods, the preferred range being between approxi-
mately 25% and 45% of the spacing between-adjacent
anode segments and rods, a still more preferred range be-
ing between approximately 35% and 45% of the spacing
between adjacent anode segments and rods. Furthermore,
the displacement is on the downstream side, ie., in the
direction of normal initial electron flow from the pro-
jections 162. It also will be noted that the electron emissive
coating 161 is confined between the outer end walls 112
and 132 of the anode members.110 and 130, respectively,
the cathode structure 150 being carefully centered with
respect to the anode members 110 and 130, whereby each
of the cathode projections 162 extends axially of the de-
vice 100 parallel to the axis thereof and confined between
the outer end walls 112 and 132.

The radial dimension of each of the projections 162
varies from end to end of the cathode structure 150.
Adjacent to the outer ends of the cathode structure 150,
the radial dimensions of each of the projections 162 is
preferably greater than about 20% of the spacing between
the anode surfaces 118 and 138 and the coating 161 on
the cathode structure 150. At the longitudinal midpoint
of the emissive coating 161, an area 166 of reduced radial
dimension is provided, the radial extent of the projections
162 being substantially nil and in certain instances the
coating 161 being completely removed at the center re-
duced portion 166; the portion 166 is opposite the an-
nular passage 140 between the anode members 110 and
130. There further is provided an intermediate reduced
portion 165 between the center reduced portion 166 and
each of the outer ends of the cathode structure 150, the
intermediate reduced portions 165 having roughly one-half
of the radial extent of the projections 162 that are found
at the outer ends of the coating 161. The longitudinal
extent of the outer coating portlons are substantially
equal to the longitudinal extent of the intermediate re-
duced portions 165, which are in turn substantially equal
to the longitudinal extent of the center reduced portion
166. In a typical construction of the coating 161, the
difference in the thickness of the coating is approximately
5 mils from one section to the adjacent section of the
coating 161.

The stepped construction of the coating 161 ie., the
provision of the reduced portions 165 and 166, serves to
match the electronic impedance of the interaction space
160 to the RF load impedance coupled to the output of
the device 100 in 2 manner that improves the efficiency
and load range of the device 100. More specifically, it
has been found that the load impedance transferred to
the interaction space 160 varies axially therealong, the
load impedance being low ad]acent to the outer ends of the
interaction space 160 and increasing to a maximum at the
longitudinal midpoint thereof. For a given combination of
operating voltage, magnetlc field and current through thé
device 100, there is a single vahie of RF output voltage
and load impedance which produces a maximum efficiency
of operation, whereby if the load-impedance varies axially
of the device 100, there is-only one point axially of the
interaction space 160 which produces the maximum op-
erating efficiency. In accordance with the present invention,
the plurality of cathode sections of varying diameter are
arranged such that the anode to cathode spacing varies in
a manner so that the electronic impedance of each sec-
tion of the interaction space 160 matches the RF load
impedance at each section of the interaction space. As a
result, the efficiency of the device 100 with a cathode of
constant cross section from end to end thereof may be
for example 40%; by mcorporatmg the stepped cathode
150 of the present invention in the device 100, the effi-
ciency of operation can be improved to 45% and up to
50% under optimum conditions.

As illustrated, the cathode structure 150 is of the in-
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directly heated type, and accordingly, there has been pro-
vided within the cathode wall 151 a heater 176 in the form
of a coiled filament: extending substantially the entire
length of the cathode wall 151 and spaced inwardly a short
distance from the inner surface thereof. The upper end of
the heater 176 as viewed in FIG.. 3 has an outer end or
terminal 177 that extends outwardly into an opening in
the lower end of the cathode stud 167, and specifically
through an annular opening in the reduced portion 168
thereof and is mechanically and electrically connected to
the cathode stud 167 whereby the cathode structure 150
and the heater 176 are both mechanically and electrically
connected to the cathode stud 167. The lower end of the
heater 176 has an outer end or terminal 178 that extends
into an opening-in the upper-end of a conductor 197 and
is. mechanically and electrically secured thereto. The con-
ductor 197 is preferably formed of copper and extends
outwardly and into a threaded connector 196. It will be
noted that the heater terminal 178 is spaced from and
electrically insulated with respect to the lower end of the
cathode structure 150. -

-~ Mounted within the outer ends of the anode sleeve 102
and forming end walls for the device 100 are the pole
pieces 170, the pole pieces 170 being identical in con-
struction, whereby the same reference numerals have been
applied to like parts of both of the pole pieces 170. The
pole pieces 170 are formed of a material having high
magnetic permeability, - the perferred material being a
low carbon steel, and are copper plated to render the
outer- surfaces thereof highly conductive to RF energy.
As illustrated, each of -the pole pieces 170 is generally
cyhndncal in shape including a first substantially flat
inner plate 171 disposed centrally thereof and disposed
in a plane substantially normal to the longitudinal axis of
the device 100 and in longitudinal alignment with the
interaction space 160. Disposed about the periphery of
the inner plate 171 and integral therewith is an annular
coupling flange 172 extending outwardly therefrom and
carrying on the outer edge thereof an outwardly directed
outer plate 173 that is substantially flat and lying in a
plane normal to the axis of the device 100 and being in
longitudinal ahgnment with the adjacent end of the outer
axially extendmg space 120. The outer edge of the outer
plate 173 carries an annular and outwardly extending
mounting ﬁange 174 that has an outer diameter slightly
less than the inner diameter of the associated recessed end
of the anode ‘sleeve 102 to be received therein and
hermetlcally sealed thereto, Finally, there is prov1ded
centrally of each of the inner plates 171 a circular opening
175 in general longitudinal alignment with the adjacent
end of the cathode structure 150, and spec1ﬁcally the ad-
]acent ‘end of the cathode wall 151, the opening 175 re-
ceiving the terminals of the cathode structure and heater
therethrough.” Preferably the pole pieces 170 are each
formed of a smgle sheet of low carbon steel shaped as
described by 4 stamping operation, thereby to prov1de ac-
curdte dunensans,therefor, together with an inexpensive
manufacture thereof.

- An upper end structure 180 is provided at the upper
end of the device 100 as viewed in FIG. 3 and a lower end
structure 190 is provided at the lower end of the device
100, the end structures 180 and 190 serving to provide
a hermetic seal between the associated pole pieces 170
and the associated connéctions to the cathode structure
150 and/or the. heater 176, as the case may be, The
upper end stricture 180 mcludes a short tube 181 having
the lower end’ thereof disposed within the opening 175
in .the upper pole piece 170 and suitably hermetically
secured . thereto as by brazing and extending upwardly
therefrom substantially concentric with the longitudinal
axis of the device 100 and the axis of the cathode stud
167. The upper end of the tube 181 receives therein the
lower end of an annular insulator 182 which is formed,
for example, of a good electrically insulating ceramic, the
tiube 181 being hermetically sealed to the insulator 182.
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There is provided about the cathode stud 167 at the
portion thereof adjacent to the reduced portion 168 a
ring 183 that fits within a recess in the lower end of the
insulator 182. Surrounding the upper end of the insulator
182 and the adjacent portion of the cathode stud 167
is a cap 185, the cap 185 being generally annular in shape
and including an annular flange 186 surrounding an outer
periphery of the upper: end of -the insulator 182 and
being hermetically sealed thereto. Integral with the upper
edge of the outer flange 186 is an inwardly directed
flange 187 carrying on the inner edge thereof an out-
wardly directed annular inner flange 188 surrounding
the adjacent portion of the stud 167 and hermetically
sealed thereto as by brazing. It is pointed out that the
sleeve 181 and the cap 185 are both formed of a material
that can be readily secured both to a metal surface and to
a ceramic surface, the preferred material being “Fernico”
alloy, a typical composition being.54% iron, 28% nickel
and 18% cobalt. It will be seen that the upper end
structure 180 forms a good hermetic seal that also pro-
vides electrical insulation between the upper pole piece 170
and the output conductor in the form of the cathode stud
167, the end structure 180 likewise providing the neces-
sary mechanical support of the cathode structure 150 to
position it within the anode structure 101.

In the lower end structure 190, a ceramic insulator
191 is provided that is annular in shape and has an
outer diameter just slightly less than the diameter of the
opening 175 in the lower pole piece 170 and an inner
diameter just slightly greater than the external diameter
of the centering flange 159 on the lower cathode end
152, whereby the insulator 191 serves to center the lower
end of the cathode structure 150 with respect to the lower
pole piece 170. The insulator 191 extends outwardly well
beyond the lower pole piece 170 and there is provided a
seal member 192 annular in shape and surrounding the
insulator 191, the seal member 192 including a mounting
flange 193 fixedly secured as by brazing to the outer
surface of the inner plate 171 on the lower pole piece
170, the mounting flange 193 having integral therewith
an annular wall 194 carrying an outer flange 195 that
is inwardly directed and surrounds and is secured to the
outer wall of the insulator 191. The seal member 192 is
made of the same material as the sleeve 181 and the cap
185 and is hermetically sealed both to the lower pole
piece 170 and the insulator 191, The outer end of the
insulator 191 carries thereon a second seal member 198
that overlies the outer end thereof and is suitably secured
as by brazing to the connector 196, the seal member 198
including an annular flange 199 surrounding the outer
end of the insulator 191 and sealed thereto. The seal mem-
ber 198 is formed of the same material as the seal mem-
ber 192 and is hermetically sealed both:to the insulator
191 and the connector 196. The lower end structure 199
therefore serves hermetically to seal the lower end of
the device 100 and also provides electrical insulation be-
tween the lower end of the cathode structure 150 and the
associated pole piece 170 and the heater 176, all while
providing for the mechanical support of the lower end
of the cathode structure 150 and the lower end of the
heater 176. : -

When the device 100 is incorporated as a crossed-field
discharge device in a microwave ‘circuit, the pole pieces
170 arranged adjacent to the opposite ends of the anode
structure 101 are utilized for establishing a unidirectional
magnetic field extending axially through the several spaces
within the anode structure 101, and specifically through
the axially extending space 120 and through the inter-
action space 160, as well as the annular passage 140 and
the various spaces between the anode members 110 and
130. To this end a pair of magnet coils 210 and 215 has
been provided, the magnet coil 210 being disposed about
the upper end of the device as viewed in FIG. 2 and
the magnet coil 215 being disposed about the lower end
of the device 108 as viewed in FIG. 2. The magnet coils
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210 and 215 are both:shaped -as-a torous, :are wound: of
electrically conductive wire, and as illustrated, are disposed
respectively about magnet yokes 211:and? 216, -Tespec-
tively, that are each in the form of a:cylinder.disposed
within the opening .in the -associated:magnet coil. There
further are provided- outwardly -extending -flanges 212
and 217, respectively, about-the outer ends of the ‘magnet
yokes 211 and 216 and secured respectively thereto,.the
casing 205 being disposed within the flanges 212 and 217
and forming-both a mechanical connection:-and a-good
magnetic ‘path therebetween. ‘It ‘will be understood that
the pole pieces 170, the magnet yokes 211-and 216, the
flanges 212 and 217-and the casing-205 are all formed of
metals having a high magnetic permeability, such as soft
iron and low carbon steel; whereby when the magnet coils
210 and 215 are energized, a strong-and uniform unidi-
rectional ‘magnetic field -is established between the. pole
pieces 170 within the device 100 and.extending -axially
through the spaces within the device 100 and specifically
extending - axially - through the outer -axially extending
space 120 and the interaction space 160 therein, ... = .-

The circuit for energizing. the coils 210 and 215-can
be traced with reference to FIGS. 1 and 2 from the power
supply 51, and specifically the DC output terminal 54
thereof, through the conductor 60 to the input terminal
201 of the oscillator 200 to which is connected one ter-
minal of the upper magnet coil 210. The other terminal of
the upper magnet coil 210 is connected by a conductor 213
to one terminal of the lower magnet coil 215, and the
other terminal of the lower magnet coil 215 is connected
by a conductor 218 to one of the cooling fins 108 by
means of a connection 219, whereby the input terminal
201 is connected via the upper magnet coil 116, the con-
ductor 213, the lower magnet coil 215, the conductor 218
and the cooling fin 108 to the anode sleeve 102 of the
device 100. The flow of current through the magnet coils
210 and 215 serves to produce the unidirectional mag-
netic field in the various spaces of the device 100 and
specifically in the outer space 120 and the interaction
space 160 thereof. :

Referring now to FIG. 2 of the drawings, the manner
in which the crossed-field discharge device 100 is in-
corporated in the oscillator 200 will be described in fur-
ther detail. The tubular conductor 207 is provided formed
of a material that is electrically conductive, the con-
ductor 207 having the lower end thereof received within
the upper pole piece coupling flange 172 in telescoping
relation therewith and is electrically connected thereto,
the conductor 207 also being disposed within the upper
magnet yoke 211 and extending upwardly and beyond the
upper end thereof. As is illustrated in both FIGS. 2-and 3;
the cathode stud 167 at the upper end of the crossed-
field discharge device 110 has the outer end thereof dis-
posed below the outer end of the associated magnét yoke
211. The cathode stud 167 and the conductor 207 form
a coaxial transmission line -that provides output RF ter-
minals for the oscillator 200, the terminals having applied
therebetween the output RF energy. from- the oscillator
200. In addition, the outer conductor 207 has applied
thereto the B+ potential from the conductor 60 which is
connected thereto' via the-input terminal 201, the -upper
magnet coil 210, the conductor: 213, the lower magnet
coil 215, the conductor 218, the cooling fin 108 to which
is made the connection 219, the anode sleeve 102 -and
the upper pole piece 170, the upper pole piece 170 being
directly connected to the lower.end - of.the -outer con-
ductor 207 .as -illustrated.- Accordingly, -it:will -be: seen
that the outer conductor 207 not only.serves as one-of
the RF terminals for the device:100, but also is in direct
electrical connection with the B+ potential on the anode
sleeve 102.. Likewise, the cathode stud. 167 .not only.has
the RF output energy thereon but has applied -thereto
both the B— potential for the cathode 150 of the device
100 and the low voltage AC potential for energizing the
heater 176. . . .o L vwere i L wioen ol
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. In order to accommodate the application to and the
presence of the various potentials named on the output
terminals 167 and 207 while preventing the introduction
of RF energy into the power. supply 51, and while pre-
venting the application of the B+ and B— potentials to
the output transmission line 65, there has been provided
a coupler and filter structure 230. Referring to FIG. 2,
it will be seen that the coupler and filter structure 230
includes a first RF output terminal in the form of an
annular outer conductor 231 which is capacitively cou-
pled to the conductor 207 by a coupler 232, the coupler
232 including a sleeve 233 of electrically insulating di-
electric material, the sleeve 233 preferably being formed
of a synthetic organic plastic resin, the preferred resin
being a tetrafluoroethylene resin sold under the trade-
mark “Teflon.” The insulating sleeve 233 is disposed
around and firmly embraces the outermost end of the
tubular conductor 207 and extends upwardly therebe-
yond; the lower end of the outer conductor 231 is in turn
placed in telescoping relationship about the sleeve 233,
the lower end of the conductor 231 telescopically overlap-
ping the upper end of the conductor 207 for a distance
equal to ¥4 of the wavelength of the frequency of oper-
ation of the oscillator 200 in order to provide a portion
of a second harmonic filter as will be described more fully
hereinafter.

" An opening .is provided in the side wall of the con-
ductor 207 adjacent to the upper end of the oscillator 200,
and joining the conductor 207 and surrounding the open-
ing in the side wall thereof is a second annular conductor
234 that is suitably secured as by welding to the conductor
207 and extends laterally therefrom and to the right as
viewed in FIG, 2 with the longitudinal axes of the con-
ductors 207 and 234 disposed substantially normal to each
other, Disposed in the conductor 207 adjacent to the
junction thereof with the conductor 234 is a pair of an-
nular insulators 235 and 236 substantially filling the con-
ductor 207 and spaced apart a short distance from each
other, the insulators 235 and 236 being formed of an
electrically insulating dielectric material, the preferred
material being a synthetic organic plastic resin, the pre-
ferred resin being a tetrafluoroethylene resin sold under
the trademark “Teflon.” The lower insulator 235 has an
opening centrally therein that receives therethrough a
portion of a bullet 237 having on the lower end thereof
a plurality of spring fingers 237a that resiliently grip the
upper end of the cathode stud 167 to form a good elec-
trical contact and mechanical interconnection therewith,
a laterally extending flange 2375 extending around the
bullet 237 and being disposed below and in supporting
relationship with the insulator 235.

Extending upwardly through an opening in the center
of the bullet 237 is a probe 238 in the form of a solid
rod of electrically conductive material, the preferred
material “being copper. The probe 238 passes through
an opening-in the center of the insulator 236 and upwardly
therebeyond, the insulator 236 having an upstanding flange
236a surrounding the probe 238. A suitable fastener such
as a screw 239 is provided at the lower end of the probe
238 and threadedly engages- a complementarily threaded
opening at the lower end thereof, the head of the screw
239 overlying the lower surface of the bullet 237. Ar-
ranged  about and in telescoping relationship with the
upper end of the probe 238 is an annular inner conductor
240 that has the lower end resting upon the insulator 236
and. surrounding the upstanding flange 236a thereon, the
upper end of the conductor 240 having an enlarged section
240a thereon that extends upwardly well beyond the
probe 238 and telescopically receives therein a second
tubular inner conductor 241 that serves as an RF output
terminal for the coupler and filter structure 230, whereby
the conductors 231 and 241 provide the RF output
terminal for the coupler and filter structure 230, whereby
the conductors 231 and 241 provide the RF output
terminals for the coupler and filter structure 230. A
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capacitive coupling is provided between the probe 238 and
the conductors 240 and 241 by a coupler 242 including
an annular washer 243 formed of an electrically. insulat-
ing dielectric material, the preferred material being a
synthietic organic plastic resin, the preferred resin being a
tetrafiuoroethylene resin sold under the trademark
“Teflon.” The washer 243 surrounds the upper end of the
probe 238 and is seated in the enlarged portion 240 at
the upper end of the conductor 240 and serves fixedly
to position the upper end of the probe 238 with respect to
the conductors 240 and 241. A second fastener in the
form of a screw 239 is provided in the upper end of the
probe 238 and has a threaded shank threadedly engaged
in a complementarily shaped threaded opening in the
upper end of the probe 238, the head of the screw 239
engaging the upper surface of the insulating washer
243, whereby the two opposed screws 239 serve fixedly
to interlock the insulators 235 and 236, the bullet 237,
the conductor 240 and the insulating washer 243.

The B~ potential and. the low voltage AC filament
supply for the device 100 are connected to the probe 238
and thus to the device 100 through connections in the
conductor 234, and specifically through a conductor 244
disposed within and concentric with the outer conductor
234. The conductor 244 carries on the lefthand end there-
of as viewed in FIG. 2 a connector 2444 having an open-
ing therein that receives therethrough the probe 238,
whereby to make good electrical connection therewith.
Disposed about the conductor 244 and between the outer
conductor 234 and the inner conductor 244 is an annular
insulator 245 formed of an electrically insulating dielectric
material, the preferred material being a synthetic organic
plastic resin, the preferred resin being a tetrafluoroethylene
resin sold under the trademark “Teflon.” Disposed to the
left of the insulator 245 is an enlargement or flange 244b
on the conductor 244, and disposed to the right of the in-
sulator 245 is a cylindrical choke 246 in the form of a
tubular conductor that surrounds and receives there-
through the conductor 244 arranged concentrically there-
with, the insulator 245 having a laterally extending flange
245a surrounding the conductor:-244 and extending into
the lefthand end of the choke 246 to position the adjacent
end of the choke 246 with respect-to the conductor 244.
A conductive nut 247 is provided about the conductor
244 adjacent to the righthand end thereof and including a
flange 247a extending into the righthand end of the choke
246 to position the adjacent ends of the conductor 244
and the choke 246 with respéct to each other. The right-
hand end of the conductor 244 is threaded as at 244c
and threadedly engages an internally threaded opening
in the nut 247 to lock the insulator 245 and the choke 246
against the flange 244b; the threaded end 244c is connected
to the input terminal 202 formed of a conductive metal,
the terminal 202 having an enlarged lefthand end 249
having a threaded opening therein to receive the adjacent
threaded end 244c of the conductor 244. The terminal
202 extends outwardly to the right beyond the outer
conductor 234 and 'is connected to the conductor 61
from the power supply 51. Connected between the outer
conductor 234 and the inner terminal 202 is a filter capac-
itor 248 of the feed through type that is in the form of
two layers of conductive foil between which are inter-
posed layers of insulating film, the layers of conductive
foil and insulating film being wound to form the capacitor
248, one terminal of the capacitor 248 being connected
to the outer conductor 234 and the other terminal of
the capacitor 248 being connected to the terminal 202.

As has been explained above, the inner conductor 207
and the outer conductor 231 telescopically overlap a
distance equal to ¥ wavelength of the frequency of oper-
ation of the oscillator 200. In addition, the probe 238,
the inner conductor 240 and the choke 246 are also
constructed to have a length equal to ¥ wavelength of
the frequency of operation of the oscillator 200. In the
operation of thé coupler and filter structure 230, the
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outer conductors 207-234 serve as a B+ input terminal,
the conductor 207 being directly connected to the con-
ductor 218 by which a B+ is applied to the outer sleeve
102, and the terminal 202 serves as the B— input terminal
and is connected to the cathode 150 via the conductor
244, the probe 238, the bullet 237, and the cathode stud
167 (see FIG. 3 also), whereby to apply B— potential
to the cathode 150. The terminal 202 also serves as an
input terminal for the low voltage AC filament supply and
is connected to one end of the heater 176 via the con-
ductor 244, the probe 238, the bullet 237 and the cathode
stud 167, whereby to apply low voltage AC potential to
the upper end of the heater 176. .

The connector 196 at the lower end of the device 110
(see FIG. 3) is connected to a filter capacitor of the
feed through type, and more specifically is connected to
the output terminal 203 that has the adjacent end there-
of internally threaded and receives the threaded outer
end of the terminal 196 therein. A tubular conductor 221
is provided formed of a metal that is electrically con-
ductive, the conductor 221 having the upper end thereof
received within the lower pole piece coupling flange 172
in telescoping relation therewith and being electrically
connected thereto, the conductor 221 being disposed with-
in the lower magnet yoke 216 and extending downward-
ly and beyond the lower end thereof. There is provided
on the lower end of the conductor 221 a cover 222 formed
of conductive metal and including a flange 224 surround-
ing and in telescoping relationship with the lower end of
the conductor 221 and mechanically and electrically se-
cured thereto. Disposed between the terminal 203 and
the cover 222 is a filter capacitor 226 of the same type
of construction as the filter capacitor 248 described above,
one of the terminals of the filter capacitor 226 being con-
nected to the cover 222 and the other terminal of the filter
capacitor 226 being connected to the terminal 203, a
flange 227 being provided on the exterior of the filter ca-
pacitor 226 in overlying relationship with the cover 222.
The filter capacitor 226 serves to by-pass RF energy from
the terminal 203 to the outer conductor 221 through the
cover 222, thereby to prevent the introduction of RF
energy into the power supply 51 via the conductor 62.

_ During the operation of the crossed-field discharge de-
vice 1090 in the oscillator 200, the anode sleeve 102 and
the anode members 116 and 130 cooperate to provide a
folded coaxial transmission line within the device 100,
the coaxial transmission line thus formed accommodat-
ing axially extending RF waves therein and providing 2
frequency determining folded resonant cavity for the de-
vice 100 and for the oscillator 200. The coaxial transmis-
sion line more specifically includes an outer coaxial trans-
mission line defined by the inner annular surface 104 on
the sleeve 102 disposed between the annular end walls
115 and 135 on the anode members 110 and 130, respec-
tively, and the annular inner walls 114 and 134 on the
anode members 110 and 30, respectively; the portion of
the outer surface 104 provides an outer conductor and
the inner walls 114 and 134 provide inner conductors for
the outer coaxialtransmission line, the outer coaxial trans-
mission line being coterminous with the axially extend-
ing space 120 and being shorted at the upper end by the
wall 115 and at the lower end by the wall 135. The anode
segments 117 on the first anode member 118 and the
rods 145 on the second anode member 130 cooperate to
provide a first portion of an innmer coaxial transmission
line for accommodating an axially extending RF wave
therein, the upper end of this inner coaxial transmission
line’ being open and the lower end connecting through
the passage 140 with the midpoint of the outer transmis-
sion line 120. In a like manner, the anode segments 137
on the second anode member 130 and the rods 125 on the
first anode member 110 cooperate to provide a second
portion of an inner coaxijal transmission line for accom-
modating an axially extending RF wave therein, the lower
end of the second portion of the inner coaxial transmis-
sion line being open and the upper end being connected
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by the passage 140 to the midpoint of
transmission line 120.

In the operation of the device 109, the upper portion
of the outer transmission line 120, i.e., the portion be-
tween the end wall 115 and the passage 140 cooperates
with the first or upper section of the inner transmission
line to provide a resonant cavity which can be excited
to cause oscillations therein at a frequency equal substan-
tially to four times the length thereof, i.e., four times the
distance from the end wall 115 down and through the
passage 140 and upwardly along the rods 145 to the upper
ends thereof, whereby to provide an axially extending
wave therein which is reflected by the end wall 115 at
one end and by the open end of the transmission line at
the other end to produce a standing RF wave. The lower
portion of the outer transmission line 120, ie., the por-
tion between the end wall 135 and the pasage 149 coop-
erates with the second or lower section of the inner trans-
mission line to provide a resonant cavity which can be
excited to cause oscillations therein at a frequency equal
substantially to four times the length thereof, i.e., four
times the distance from the end wall 135 up and through
the passage 140 and down and along the rods 125 to the
lower ends thereof, whereby to provide an axially extend-
ing wave therein which is reflected by the end wall 135
at one end and by the open end of the transmission line
at the other end to produce a standing RF wave, The two
transmission lines thus described actually cooperate in
the operation of the device 100, and more specifically,
when an axial RF wave is excited on the inner transmis-
sion line, this RF wave is transmitted to the outer trans-
mission line 129 through the passage 140 and becomes
reflected by the end walls 115 and 135. The reflected wave
travels down toward the passage 140 and therethrough
and then flows oppositely toward each end of the inner
transmission line. When the RF wave reaches the open
circuited ends of the inner transmission line, reflections
again occur and a standing wave is established providing
RF electric fields and RF magnetic fields extending into
the interaction space 160. It will be seen therefore that
the device 100 includes a folded resonant cavity equiva-
lent to a one-half wave resonator disposed in generally a
V4 wave space, whereby to provide a device having small
physical dimensions relative to the wavelength of the
microwave energy to be generated thereby.

In the operation of the oscillator 200, it is necessary
to produce within the cross-field discharge device 100 a
predetermined pattern of electrical fields and magnetic
fields. A description of the electrical fields and magnetic
fields within the device 100 during the operation thereof
as an oscillator and the method of creating those fields
will be given. The operating potentials for the device 100
are derived from the power supply 51 described above,
and more particularly, the heater supply is derived from
the power supply output terminals 56 and 57, the termi-
nal 56 being connected by the conductor 61 to the termi-
nal 202 that is in turn connected by the conductor 244,
the probe 238, and the cathode stud 167 to one end of
the heater 176, and the terminal 57 being connected by
the conductor 62 to the terminal 203 that is in turn con-
nected via the connector 196 and the conductor 197 to'
the other end of the heater 176. The DC potential from
the power supply 51 is derived specifically from the out~
put terminals 54 and 55, the conductor 60 interconnect-
ing the output terminal 54 of the power supply 51 to the
input terminal 201 (see FIG. 2 also) which is connected
via the upper magnet coil 210, the conductor 213, the
lower magnet coil 215, the conductor 218 and the fin
108 to the outer anode sleeve 102 to supply B+ potential
thereto, and the conductor 61 interconnecting the output
terminal 55 of the power supply 51 to the terminal 202
which is connected via the conductor 244, the probe 238,
and the cathode stud 167 to the cathode 150 to supply
B~ potential thereto. :

The application of the above described B+ and B—
potentials to the outer anode sleeve 102 and the cathode

the outer axial
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150, respectively, establishes a unidirectional electrical
field 250 (see FIG. 11), that extends between the anode
segments 117 (for example) and the cathode projections
162 and between the rods 145 (for example) and ths
cathode projections 162; it will be noted that each of
the projections 162 provides a unidirectional electrical
field in cooperation with both an adjacent anode segment
117 and an adjacent rod 145, the field between an anode
segment 117 and the associated cathode projections 162
being designated by the numeral 251 and the field be-
tween a rod 145 and the associated cathode projections
162 being designated by the numeral 252. The electrical
field 250 extends substantially normal to the longitudinal
axis of the anode members 110 and 130, the field lines en-
tering the surfaces 118 normal thereto, the field lines en-
tering the surfaces 138 of the rods 145 normal thereto and
the field lines entering the cathode surfaces 163 normal
thereto, whereby the field 250 takes the shape illustrated
in FIG. 8. It will be understood that a like shaped DC
electrical field is provided between the cathode 150 and
the anode segments 137 and the rods 125 in the lower
portion of the device 100.

In order to provide the necessary unidirectional mag-
netic field normal to or “crossed” with respect to the
electrical field 250, a DC current is established in the
magnet coils 210 and 215. More particularly, electrons
flow from the anode structure 101 through the conductor
218, the lower magnet coil 215, the conductor 213, the
upper magnet coil 210 and the conductor 60 to the power
supply output terminal 54. When such a flow of electrons
is established through the magnet coils 21¢ and 215, a
strong unidirectional magnetic flux is established through
a path including the upper flange 212, the upper magnet
yoke 211, the upper pole piece 17¢ (see FIG. 3 also)
and through the space 120 and the interaction space 169,
and then through the lower pole piece 170, the lower
magnet yoke 216 and the lower flange 217. The reiurn
path for the unidirectional magnetic field is provided
through the casing 205. Referring to FIG. 12 of the
drawings, the unidirectional magnetic flux lines extend-
ing through the outer space 128 and the interaction space
160 are designated by the numeral 269, the flux lines 269
extending axially through the spaces 120 and 160 and
therefore normal to the plane of the sheet of drawing in
FIG. 12. Due to the provision of the pole pieces 170,
and the other portions of the magnetic path having a high
magnetic permeability described above, there is a uni-
form distribution of the unidirectional flux lines 260
throughout the space 120 and throughout the recesses 122
about the rods 145 and inwardly to the outer surface of
the electron emissive coating 161. It further is pointed out
that the unidirectional magnetic flux lines 260 are dis-
posed normal to the unidirectional electrical field 250
illustrated in FIG. 11, whereby the unidirectional elec-
trical field 250 and the unidirectional magnetic field 260
provide the necessary “crossed” fields for the operation
of the crossed-field discharge device 100. It will be un-
derstood that a like unidirectional magnetic field 260 is
disposed between the sleeve 102 and the anode member
130 and the rods 125 and the cathode 150 in the lower
end of the device 100.

As has been pointed out above, the axially extending
space 120 and the passage 140 and the rods and anode
segments cooperate to provide a folded coaxial transmis-
sion line, the outer and inner sections of which extend
axially with respect to the device 100, the outer section
being shorted or terminated at the upper and lower ends
thereof by the end walls 115 and 135. The shorted folded
transmission line thus provided forms a tuned cavity for
the osciilator 200, the tuned cavity being readily excited
at a frequency having a wavelength corresponding to four
times the distance between the inner surface of the end
wall 115 and down and around through the passage 140
and up to the upper ends of the rods 145. When the tuned
resonant cavity thus formed is excited by the establish-
ment of the unidirectional electrical field 250 of FIG. 11
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and the unidirectional magnetic field 260 of FIG. 12, the
tuned cavity resonates at a frequency having the -wave-
length mentioned, i.e., a standing RF wave is established
within the tuned cavity and extends axially thereof and
axially of the device 100 and through the outer space 120
and the interaction space 160 thereof. The wavelength of
the RF wave thus generated is actually substantially
greater than four times the distance between the inner end
wall 115 and down through the passage 140 and up to
the upper ends of the rods 145 because of the high capac-
itance between the anode members and the rods, which
high capacitance is in the tuned circuit and serves to per-
mit the generation of RF waves in the device 100 having
wavelengths substantially greater than four times the dis-
tance mentioned. ‘

There is believed to be associated with the standing R
wave thus established an RF electrical field disposed nor-
mal to the axis of the device 100, a diagrammatic repre-
sentation of the field being illustrated in FIG. 13. From
FIG. 13, it will be seen that at any moment the anode
segments 117 have one RF polarity while the rods 145
have the opposite RF polarity, whereby there is a rela-
tively strong RF electrical field between the anode mem-
ber 110 and the rods 145 as well as weak RF electrical
fields between the anode member 110 and the cathode
150 and between the rods 145 and the cathode 150. The
anode sleeve 102 also has an RF polarity opposite to that
of the anode member 110, whereby there is an RF elec-
trical field therebetween. In FIG. 13, the instantaneous
RF electrical field has been designated by the numeral
270, and the stronger portion thereof disposed between
the anode member 110 and the rods 145 has been desig-
nated 271, the force lines being disposed normal to the
surfaces associated therewith, i.e., normal to the side walls
119 and the ouier wall 121 of the recesses 122 and the
surfaces of the rods 145. There is a weaker portion of the
RF electrical field disposed between the anode member
110 and the cathode 150, that portion of the field being
designated by the numeral 272, the lines representing the
portion 272 of the field being normal to the inner sur-
faces 118 of the anode segments 117 and normal to the
outer surfaces 163 of the cathode projections 162. There
is a still weaker portion of the RF electrical field 270
between the rods 145 and the cathode 150, that portion
of the field being designated by the numeral 273, the lines
representing the portion 273 of the field also being dis-
posed normal to the associated surfaces, and specifically
normal to the outer surfaces of the rods 145 and normal
to the outer surface 163 of the associated cathode pro-
jections 162. Finally, there is a portion of the RF electri-
cal field 270 between the sleeve 102 and the anode mem-
ber 110 in the space 120, that portion of the field being
designated by the numeral 274, the lines representing the
portion 274 of the field being disposed normal to the
associated surfaces and specifically normal to the inner
surface 104 of the sleeve 102 and the surface 114 of the
anode member 110. It. will be understood that a like RF
electrical field 270 is disposed between the sleeve 102 and
the anode member 130 and the rods 125 and the cathode
156 in the lower end of the device 100. B

Associated with the RF electrical field 270 of the stand-
ing RF wave is an RF magnetic field 280 which is be-
lieved to have the form illustrated in FIG. 14; the RF
magnetic field 280 is also disposed normal to the axis
of the device 100 and is concentrated about and surrounds
the rods 145 and the cathode 150 and the anode: member
110. The major portion of the RF magnetic ficld 280 is
disposed within the anode recesses 122 and is designated
by the numeral 281, but a portion of the magnetic field
280 extends about the cathode 150 and is designated by
the numeral 282. Another portion' of the RF magnetic
field 280 is disposed in the outer space 120 between the
sleeve 102 and the anode member 110 and is designated
by the numeral 283. It will be understood that a like RF
magnetic field 280 is disposed between the sleeve 102 and
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the anode member 130 and the rods 125 and the cathode
150 in the lower end of the device 108.

After the application of the operating potentials to the
device 100, and after the cathode 150 has been heated
to the operating temperature thereof by the heater 176,
electrons are emitted from the emissive coating 161, the
electrons being emitted into the interaction space 166
where they are subjected to the action of the unidirec-
tional fields and the RF fields described hereinabove.
There is llustrated in FIG. 15 of the drawings a diagram-
matic representation of what are believed to be tygical
paths of electrons emitted from the cathode projections
162, the electron paths being designated by the numeral
200. As illustrated, the electrons follow a spiral path, the
initial direction of flow being in a clockwise direction, this
being due to the influence of the unidirectional magnetic
field 260 described above. Eventually, the spiral paths 29¢
of the electrons carry them into contact with the anode
member 11¢ or the rods 145, whereby to complete. an
electrical circuit through the device 108. During the time
that the electrons are in the spiral paths 299, they imp.art
a portion of the energy content thereof to the RF standing
wave within the device 109 to add power thereto and to
reinforce the RF standing wave. It will be understood
that like electron paths 299 are found between the cath-
ode 150 and the anode member 13¢ and the rods 125 in
the lower portion of the device 160.

There is illustrated in FIG. 16 a composite representa-
tion of all of the fields that are believed to be present
in the device 188 and in the outer space 120 and the
interaction space 160 thereof when the device 109 is
operating as a part of the oscillator 289. From FIG. 16
it is apparent that the electrons in the paths 296 clearly
interact with the unidirectional fields and the RF fields
within the interaction space 16¢, whereby to give up a
portion of the energy of the electrons to the RF fields
within the interaction space 160. More specifically, when
an axial RF wave is excited on the inner portion of the
transmission line, i.c., the portion of the transmission
line defined by the inner surface of the anode members
119 and 130 and the rods 145 and 125, respectively, the
axial wave is transmitted to the outer portion of the trans-
mission line, i.e., to the portion of the transmission line des-
ignated 120, and the axial wave is reflected at the inner end
surfaces 115 and 135. In this manner an RF electrical field
is established between the anode members 110 and 136 and
the rods 145 and 125, respectively. This RF electrical field
extends into the interaction space 160 and bunches elec-
trons that rotate around the cathode 150 in the presence of
the DC electrical field 250 and the DC magnetic field 266
established by the application of a negative potential to
the cathode 150 and a positive potential to the amnode
structure 161. These elecirons tend to rotate in syn-
chronization with a slow wave component of the axial
fast wave and to extract energy from the DC fields while
giving up energy to the RF fields. In this manner the RF
standing wave within the device 108 is maintained and the
energy content thereof increased and replenished during
the operation of the oscillator 290.

As is best seen from FIGS. 3 and 16, the cathode
156 is coupled to the RF standing wave within the inter-
action space 166 and therefore serves as a probe for the
removal of a portion of the RF energy from the tuned
cavity for the supplying thereof to the coupler and filter
structure 230 and thence to the output transmission line
65. In the structure illustrated, the cathode stud 167 is di-
rectly connected to the cathode structure 150 and the outer
conductor 287 is directly connected to the upper pole piece
170, whereby an output RF potential appears therebe-
tween. The coupler and filter structure 23@ serves to con-
nect the RF energy between the cathode stud 167 and the
terminal 207 to the output transmission line 65, and also
to apply to the cathode 15¢ via the probe 238 and the
terminal 202 the B~ operating potential and the low volt-

10

20

25

35

40

45

50

60

65

70

22
age AC filament supply from the conductor 61 connected
to the power supply 51, all without applying DC operating
potentials to the conductors 66 and 67 of the transmission
line 65 and without the introduction of RF energy into the
power supply 51 via the conductor §1.

Referring to FIG. 2, the operation of the coupler and
filter structure 230 will be further described. The output
terminals including the stud 167 and the conductor 207
connected respectively to the cathode 150 and the upper
pole piece 170 of the device 100 also serves as RF input
terminals to the coupler and filter structure 230, thereby
to connect the oscillator 280 that serves as a source of
RF potential to the RF input terminals of the coupler and
filter structure 230. The RF input terminals 207 and 167
are capacitively coupled respectively to a pair of output
terminals for the coupler and filter structure 230 in the
form of the outer conductor 231 and the inner conductor
241, respectively, whereby to insure that the DC B+ and
B— potentials on the conductor 2067 and the stud 167, re-
spectively, are not coupled to the output RF terminals 231
and 241, respectively. More specifically, the capacitive
coupler 232 in the form of the insulating sleeve 233 pro-
vides a good RF coupling between the conductor 207 and
the conductor 231 while preventing any DC connection
therebetween. Likewise, the stud 167 connected to the
probe 238 is capacitively coupled by the coupler 242 to the
output conductor 241, the insulating washer 243 serving
to space the probe 238 and the telescopically arranged
conductor 240 therearound.

As has been explained above, the conductors 207 and
231 are preferably telescoped and overlap a distance equiv-
alent to ¥4 wavelength of the operating frequency of the
oscillator 200, and likewise the probe 238 and the asso-
ciated conductors 240-241 are telescoped and overlap a
distance equal to ¥4 wavelength of the operating frequency
of the oscillator 208. By so arranging the parts, the capaci-
tive couplers 232 and 242 serve not only to couple the RF
energy to the conductors 231 and 241, but also serve as
filters for the second and higher harmonics of the op-
erating frequency of the oscillator 200, thereby to attenu-
ate and materially to reduce the amount of second and
higher harmonics coupled to the RF output terminals pro-
vided by the coaxial conductors 231 and 241.

The DC B- potential on the conductor 61 is directly
connected to the cathode 150 via the conductor 244, the
probe 238, the bullet 237, and the stud 167 (see FIG. 3
also). The same connection also applies the low voltage
AC heater supply to the upper end of the heater 176. In
order to prevent the propagation of the RF energy from
the oscillator 200 into the conductor 61 via the probe
2:’}8 and the conductor 244, the choke 246 has been pro-
vided, the choke 246 having a length equal to ¥4 wave-
length of the operating frequency of the "oscillator 269,
The choke 246 is shorted at the outer end thereof by the
conductive nut 247 and in cooperation with the outer
conductor 234 and the capacitive insulator 245 serves to
prevent propagation of the RF energy from the oscillator
2080 along the conductor 244 and into the terminal 262
and the attached conductor 1. Due to the arrangement
and dimensions of the parts, a parallel resonant circuit
having a high impedance at the operating frequency of
the oscillator 200 is provided, thereby to block the propa-
gation of the RF energy along the conductor 244. Tn addi-
tion, the filter capacitor 248 of high capacitance is con-
nected between the outer conductor 234 (which has ap-
plied thereto the B+ potential) and the terminal 202
(which has applied thereto the B~ potential) and serves
as a short for RF frequencies at and above the operating
frequency of the oscillator 200, whereby to by-pass the
RF energy and prevent introduction thereof into the
power supply 51 via the conductor 61.

Recapitulating, the RF input terminals 207 and 167
for the coupler and filter structure 23¢ are capacitively
coupled to the RF output terminals 231 and 241, respec-
tively, thereby efficiently to transmit the RF energy gen-
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erated in the oscillator 200 to the RF output terminals 231
and 241. A second harmonic and higher harmonic filter
is provided between the RF input terminals 167-287 and
the RF output terminals 231-241 because of the overlap-
ping telescoping arrangement of the conductors 207-231
and the conductors 238-240, these conductors respective-
ly overlapping a distance equal to ¥4 wavelength of the
operating frequency of the oscillator 200. The funda-
mental operating frequency of the oscillator 260 cannot
propagate over the transmission line comprising the con-
ductors 234 and 244 because of the presence of the high
impedance choke 246 disposed therein, the choke 246
acting as a parallel resonant circuit at the fundamental
operating frequency of the oscillator 200 and thus presents
a high impedance to the propagation of energy along the
transmission line 234-244. In addition, the feed through
filter 248 of high capacitance that is connected between
the conductors 234 and 244 (thus between the B+ and B—
input terminals to the coupler and filter structure 236)
provides a low impedance path for RF energy, and par-
ticularly the second and higher harmonics of the operat-
ing frequency of the oscillator 206, so that in cooperation
with the choke 246, no RF energy is fed along the con-
ductor 244 to the DC terminal 202 and along the conduc-
tor 61 to the power supply 5%, and the lower voltage AC
heater supply is nonetheless directly connected from the
conductor 61 via the terminal 282, the conductor 244, the
probe 238, the bullet 237, and the stud 167 to the cathode
150 and the upper end of the heater 176.

Likewise, the capacitive coupler 226 of high capaci-
tance serves to by-pass RF energy between the lower end
of the heater 176 and the conductor 221 (aiso connected
to the B+ supply), whereby to prevent propagation of RF
energy from the terminal 203 via the conductor 62 to the
power supply 51. In addition the coiled form of the heater
176 represents a high inductance to the RF energy, there-
by to diminish leakage of RF energy therealong, thus to
reduce the required size of the filters need to keep RF
energy out of the power supply 51.

As has been explained above, the RF wave within the
oscillator 200 extends axially with respect to the device
100, there being no radial RF waves within the device 100,
ie., no RF waves extending normal to the axis of the
device 100. Furthermore, the radial distance between the
outer surface of the cathode 150 and the outer walls 121
and 141 of the anode recesses 122 and 142, respectively,
is less than that required to accommodate a radial stand-
ing wave at the operating frequency of the oscillator 286.
Likewise the distance between the facing coaxial surfaces
of the sleeve 102 and of the anode members 110 and 130
defining the outer transmission line is less that that re-
quired to accommodate a radial standing wave at the op-
erating frequency of the device 100 as defined above.

. There are shown in FIGS. 17 and 18 performance
charts for the crossed-field discharge device 100 described
above. Referring first to FIG. 17 there is shown a
standard Rieke diagram superimposed upon a Smith chart,
the data being obtained utilizing a series magnetic field,
i.e., the magnet coils 210 and 215 were connected in
series with the anode structure 101 with an applied B+
potential of 580 volts. As illustrated, a family of power
curves §0 was attained, the members of the family of
curves 80 for 300 waftts, 400 watts, 500 watts and 600
watts having been illustrated in FIG. 17. A family of
curves 81 showing the frequency of operation and the
frequency pulling has also been plotted in FIG. 81, as
has also the unstable region indicated by the numeral
82. It is noted that there is a very large impedance range
over which power output is relatively constant. The per-
formance chart for the device 100 has been plotted in
FIG. 18, the applied anode voltage being plotted along
the vertical axis and the anode current being plotted along
the horizontal axis. In the lower portion of FIG. 18 has
been ploted a curve 83 wherein no magnetic field was
provided for the device 100, whereby the values repre-
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sented by the curve 83 are a measure of the emission of
the cathode 150. The curve 84 is a plot with a series field
connected to the device 108, ie., the magnetic coils
210 and 215 were connected in series with the anode
structure 1061. There further is ploted a family of curves
85 showing the anode current for an applied anode po-
tential when a separate magnetic field is applied to the
device 100, the family of curves including performance
curves when the -separate magnetic field current has a
value of 1.5, 2.0, 2.5, 3.0 and 4.0 amperes. There also
is provided a family of curves 86 in solid lines plotting
lines of constant power output, twelve of the curves in
the family of curves 86 being shown plotting values from
50 watts to 1,100 watts of output power from the device
100. Finally, a family of curves 87 in dashed lines plotting
the lines of constant efficiency expressed in percent have
been shown in FIG. 18, two of the curves in the family
of curves 87 being plotted for values of efficiency of 30%
and 40% efficiency.

In a constructional example of the crossed-field dis-
charge device 100, the various parts thereof have the
following dimensions. The anode sleeve 102 has an ex-
ternal diameter of 1.69 inches, and an overall length of
2.625 inches. The anode members 110 and 130 at the
walls 113 and 133 have an external diameter of 1.57
inches, an overall length from the outer end walls 112
and 132 to the rod ends 126 and 146 of 1.25 inch, a
distance from the longitudinal axis to the surfaces 118
and 138 of 0.371 inch, a distance from the longitudinal
axis to the surfaces 121 and 141 of 0.562 inch, a radial
dimension of the recesses 122 and 242, of 0.191 inch,
a circumferential dimension of the recesses 122 and 142
of 0.154 inch, a circumferential dimension of the surfaces
118 and 138 of 0.05 inch; a longitudinal dimension of
the annular outer walls 113 and 133 of 0.314 inch, a
longitudinal dimension of the amnular inner walls 114
and 134 of 0.288 inch, and an external diameter of the
inner walls 114 and 134 of 1.312 inches. The rods 125
and 145 have a length of 0.648 inch, a radial dimension
at the base thereof of 0.125 inch, and a radial dimension
at the outer ends thereof of 0.055 inch. The cathode struc-
ture 150 has a length of the emissive coating 161 of
1.22 inches, a length of the upper and lower sections
of the emissive coating 161 of 0.235 inch, respectively,
and a diameter 0.632 iach, a longitudinal length of each
of the infermediate reduced portions 165 of 0.25 inch
and a diameter thereof 0.622 inch, and a longitudinal
extent of the center reduced portion 166 of 0.25 inch
and a diameter thereof of 0.612 inch; the projections
162 adjacent to the outer ends of the emissive coating
161 have a radial extent of 0.031 inch, the projections 162
in the intermediate reduced portions 165 have a radial
extent of 0.15 inch and the center reduced portion 166
having substantially no projections 162 thereon; the outer
surfaces 163 on the projections 162 adjacent to the outer
ends of the emissive coating 161 have a circumferential
extent of 0.031 inch and the spaces 164 therebetween have
a circumferential extent of 0.031 inch; and the angular
displacement between the center line of a cathode pro-
jection 162 and the center line of the adjacent anode
segment 117 or 137 or the adjacent rod 125 or 145 is 5°.
The pole pieces 170 have an overall outer diameter at
the mounting flange 174 thereof of 1.688 inches, an inner
diameter at the coupling flange 172 of 1.12 inches, a
longitudinal extent of the mounting flange 174 of 0.25
inch and a longitudinal extent of the coupling flange 172
of 0.25 inch. The foregoing dimensions are for a crossed-
field discharge device 106 operating in the general fre-
quency range 200 to 980 megacycles.

From the above description and particularly the di-
mensions of the illustrative example of the device 100, it
will be seen that the physical dimensions thereof are
very small compared to the wavelength of the microwave
energy to be generated thereby and the power output
therefrom, The thermal characteristics of the device 100
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are excellent, the effects of thermal expansion of the
parts being minimized resulting in an improved thermal
stabilitly. It will be understood that external cooling may
be provided by means of a clamp-on radiator or cooling
coil in lieu of the stacked array of cooling fins 108 il-
lustrated. The anode members 110 and 13¢ are both
constructed from a good heat conducting material and
the thick radially extending portions thereof offer a very
low thermal resistance thus permitting high power opera-
tion. The cantilever mounting of the rods 125 and 145
also contributes to the thermal stability of the device
100 since the major dimension thereof is axially of the
tube, whereupon expansion of the rods 125 and 145 does
not materially alter the spacing thereof with respect to
the inner anode members 116 and 130 and the cathode
structure 150.

The described construction of the device 100 further
provides very large mode separation during operation
thereof as an oscillator, since a single cavity of the type
provided gives principal modes such as Y4, %, %, etc.
wavelengths having substantial mode separation. Rotat-
ing  waves present in conventional magnetrons are high-
ly attenuated in the device 168, the absence of such ro-
tating waves being highly desirable since in conventional
magnetrons such rotating waves produce a large number
of modes which are not widely separated even with
very heavy strapping, thereby to provide problems of
mode separation. In the device 100 on the other hand, a
ratio of the path for RF waves along inner diameter of
the sleeve 162 (i.e., the diameter of the surface 104) to
the path for the RF waves along the inner surface of the
anode members 116 and 138 (ie., along the surfaces
118, 119 and 121 or 138, 139 and 141, as the case may
be) is small, whereby to provide a short and low im-
pedance path for rotating waves; more specifically, the
electrical surfaces 184 and 114-134 provide a very low
impedance transmission line for rotating RF waves, and
by contrast the path of rotating waves along the inner
periphery of the anode members 118 and 136 is
sinuous and long as is the path for rotating waves along
the surface of the cathode 150; whereby to improve mode
separation and stability in the device 100. Furthermore,
the facing surfaces 116 and 136 on the anode members
110 and 139, respectively, also provide a short and low
impedance path for rotating RF waves, thus improving
mode separation and stability in the device 109. Mode
stability is also improved due to the tapered structure
of the vanes or rods 125 and 145, this shape of the rods
125 and 145 tending to reduce the capacitance between
the rods and the adjacent anode segments 117 and 137,
respectively, thereby to provide a capacitance therebe-
tween that is reduced relative to the capacitance presented
by the outer transmission line 120.

The tapered rods 125 and 145 and the reduced
capacitance thereof with respect to the adjacent anode
members and anode segments, also results in lower cir-
culating current and the consequent greater circuit ef-
ficiency. Such a tapered shape of the rods 125 and 145
also provides for a reduced phase shift of the RF volt-
ages at the outer ends thercof relative to the junction
thereof with the attached anode member 110 or 130, as
the case may be, thereby to result in improved electron
bunching and consequent improved electronic efficiency
during the operation of the device 100. More specifically,
it has been found that the provision of the tapered rods
125 and 145 can increase the power output 20% and the
maximum current rating 15% as compared to rods hav-
ing a uniform cross section from end to end thereof.

It also has been found that the cathode coupling de-
scribed above is very tight so that the resonant cavity
within the device 130 may be heavily loaded for low Q,
broad band operation which permits external tuning of
at least ten percent. In addition the cathode coupling
couples the energy from the device 100 uniformly around
the interaction space 160 so that pattern distortion due
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to loading is avoided with a resultant increase in the
efficiency of operation and stability of operation. It fur-
ther is pointed out that in the region of the annular pas-
sage 140, the RF fields extending into the interaction
space 160 can be distorted so as to provide inefficient op-
eration in this region. This condition is avoided by pro-
viding the reduced diameter sections 165 and 166 on the
emissive coating 161 of the cathode 150 so as to reduce
electron emission in this region; more specifically, the
DC. electrical field is reduced in this region due to the
greater spacing between the anode members 110 and 130
on the one hand and the emissive coating 161 on the
other hand, and electrons emitted of an undesirable char-
acter tend to be cut off by the magnetic field and there-
fore do not reach the anode members 110 and 13¢ and
have a minimum interaction with the RF fields in the
interaction space 160. :

In connection with the coupling of RF energy from
the device 100, it is pointed out that the end space
regions betwen the ends of the anode members 11¢ and
130 and the pole pieces 17¢ define an inductance of pre-
determined value, the inductance being directly propor-
tional to the volume of the spaces between the anode
members 110-130 and the pole pieces 178. By adjusting
the volume of these end space regions, the desired degree
of output coupling can be obiained, a tight coupling be-
ing shown in the drawings; an increase in the volume by
increasing the spacing between the anode members 110~
130 and the pole pieces 170 loosens the coupling, and
conversely, a decrease in the volume by decreasing the
spacing between the anode members 110~130 and the pole
pieces 176 tightens the coupling.

The described construction of the several parts of the
device 100 permits complete assembly of the tube prior
to brazing of the several parts so that the cathode is
converted during the brazing process; this permits a
faster bake out of the cathode and a shorter processing
cycle for the evacuation of the interior of the device
100. Another resultant advantage is that the parts are sub-
ject to cleaning by hydrogen in the brazing process and
are not exposed to subsequent contamination in later
processing steps. In this connection it also is pointed out
that the inner surfaces of the outer ends of the sleeve
102 that are to be joined to the mounting flanges 174
on the pole pieces 170 are silver plated which permits
brazing therebetween without internal fixturing, and thus
allows complete assembly of the tube parts prior to braz-
ing thereof.

Referring to FIG. 19 of the drawings, there is dia-
grammatically illustrated the manner in which the output
from the oscillator circuit 56 can be connected to the
input of an amplifier circuit 308 which embodies therein
certain additional features of the present invention. Inas-
much as the construction and operation of the power sup-
ply 51 and the oscillator 200 in the circuit of FIG. 19
are identical to those described above, like reference nu-
merals have been applied to like parts throughout and the
description thereof will not here be repeated. Tt will be
understood that the output of the oscillator 200 is applied
to a coaxial transmission line 310 which has the outer
conductor 311 thereof connected to the capacitive cou-
pler 232, and the outer conductor 311 is in turn con-
nected by capacitive couplers 325 to a cavity connected
to one end of a crossed-field discharge device 109 of the
type set forth above. The transmission line 318 also com-
prises an inner conductor 312 which terminates in a radi-
ating probe 313 that radiates into a cavity formed by a
coaxial transmission line 320 connected to the lower end
of the device 180 (see FIG. 20 also). The amplifying cir-
cuit 390 also includes a pair of input terminals 301 and
302 that are connected respectively tot he DC output ter-
minals 54 and 55 of the power supply 51 by means of the
conductors 60 and 61, respectively; the input terminal 302
is also connected by the conductor 61 to the low voltage
AC output terminal 56 of the power supply 51. A third
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input terminal 383 is provided for the amplifier circuit
300, the input terminal 303 being connected by the con-
ductor 62 to the low voltage AC output terminal 57 of
the power supply 51.

The output of the amplifier circuit 360 is applied to a
cavity including an outer conductor 347 that is capaci-
tively coupled by the coupler 345 to an output transmis-
sion line 340 which connects with the transmission line
65. More specifically, the outer conductor of the frans-
mission line 3490 is directly connected to the outer con-
ductor 66 of the transmission line 65 and a coupling
probe 352 is provided within the transmission line 348
and is connected to the inner conductor 67 of the output
transmission line 63. The capacitive coupling provided
by the coupler 345 is desirable and necessary since the
output terminal 347 is at a relatively high DC potential,
whereby it is necessary electrically to isolate the output
terminal 347 from the outer conductor 66 so that the
outer conductor 66 can be grounded. As has been pointed
out above, it is inherent in the constructon and operation
of the power supply 51, which is of the voltage doubler
and rectifier type, that neither the conductor 60 nor the
conductor 61 can be grounded, whereby it is also not pos-
sible to ground the output terminal 347 of the amplifier
circuit 300. Accordingly, it is also necessary and desirable
that the amplifier circuit 300 be electrically shielded by
a grounded outer housing (not shown) disposed there-
around in order to prevent a user of the amplifier circuit
300 from being placed in contact with relatively high
DC voltages if the user should accidentally come in con-
tact with the amplifier circuit 300.

The microwave energy supplied from the amplifier cir-
cuit 300 to the transmission line 65 can be used for any
desired purpose, two typical uses of the microwave energy
being illustrated in FIG. 19, the first use being illustrated
in the upper righthand portion of FIG. 19, and the sec-
ond use being illustrated in the lower righthand portion
of FIG. 19. Referring to the first use illustrated in the
upper righthand portion of FIG. 19, the transmission line
65 is shown coupled to an antenna of the type commonly
used in search radar, the outer conductor 66 being con-
nected to outer radiating or antenna elements 68, and
the inner conductor 67 being connected to a inner radiat-
ing or antenna element §9, the antenna elements 68 and 69
serving to match the impedance of the transmission line
65 to the impedance of the atmosphere. Referring to the
second use of the microwave energy illustrated in the low-
er righthand portion of FIG. 19, the transmission line 65
is shown coupled to an electronic heating apparatus, such
as the electronic range 70 illustrated that is especially
designated for home use. The electronic range 70 in FIG.
19, is identical to the electronic range 78 described above
with respect to FIG. 1 of the drawings, and accordingly,
like reference numerals have been applied to like parts
throughout. The microwave energy within the transmis-
sion line 65 is radiated into the internal cavity of the
electronic range 70 to provide the power for heating
materials disposed therein. It further will be understood
that in a preferred embodiment of the range 70, the power
supply 51, the oscillator 200, and the amplifier circuit 300
together with the transmission line 65 are all preferably
disposed within a common housing that also includes the
casing 71, the common housing preferably being formed
of an electrically conductive metal of high magnetic per-
meability and grounded for safety purposes.

Further details of the construction of the amplifier cir-
cuit 300 and the connections thereof to the crossed-field
discharge device 100 incorporated therein will now be de-
scribed with reference to FIG. 20 of the drawings. The
construction of the crossed-field discharge device 100 in-
corporated in the amplifier circuit 366 of FIG. 20 is iden-
tical to the construction of the crossed-field discharge de-
vice 100 described above with reference to the oscillator
200 and illustrated in detail in FIGS. 3 to 10 of the
drawings, whereby like reference numerals have been ap-
plied to like parts throughout including the magnet coils
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210 and 215, the magnet yokes 211 and 216 and the as-
sociated mechanical and electrical connections. As illus-
trated, the input coaxial transmission line 310 includes
the annular outer conductor 311 within which is disposed
the inner conductor 312, the lefthand end of the outer
conductor 311 communicating with the outer coaxial
transmission line 326 that is connected to the lower end of
the device 109. More specifically, the coaxial transmis-
sion line 320 includes an outer annular conductor 321
within which is disposed an annular inner conductor 322,
the lower and outer ends thereof being interconnected
and the space therebetween closed by an end wall 323.
An opening is formed adjacent to the lower end of the
outer conductor 321 and the outer conductor 311 is me-
chanically and electrically connected thereto in surround-
ing relationship with the opening therein. Connected be-
tween the input transmission line conductors 311 and 312
is the radiating probe 313 that serves to radiate the micro-
wave energy within the input transmission line 310 into
the coaxial transmission line 320, The outer conductor
321 extends upwardly toward the lower pole piece 170
and is capacitively coupled thereto by the coupler 325;
more particularly, an outer annular conductor 327 is me-
chanically and elecirically connected to the lower pole
piece 170 and extend downwardly to the lower end of the
magnet yoke 216 and surrounds the adjacent portion of
the outer conductor 321, an insulating dielectric sleeve
326 being disposed in and substantially filling the annular
space between the concentric conductors 321 and 327,
the sleeve 326 being formed of a synthetic organic plastic
resin, the preferred resin being a tetrafluoroethylene resin
sold under the trademark “Teflon.” The inner conductor
322 extends upwardly toward the lower end of the cath-
ode 150 and is capacitively coupled thereto by a coupler
330; more particularly, an outer terminal 303 is threaded-
ly connected at the upper ead thereof to the connector
156 that is in turn connected to the cathode 150 via the
heater 176 and is capacitively coupled to the cathode 150
at the lower end thereof, the terminal 303 extending
downwardly beyond the end wall 323 and being disposed
within and surrounded by the inner conductor 322, an
insulating and dielectric sleeve 331 being disposed in and
substantially filling the annular space between the ter-
minal 303 and the conductor 322, the sleeve 331 being
formed of a synthetic organic plastic resin, the preferred
resin being a tetrafluoroethylene resin sold under the
trademark “Teflon.”

The output from the amplifier circuit 309 is taken from
the upper end of the crossed-field discharge device 100.
the output being taken from the coaxial transmission line
340 connected to the upper end of the device 100. More
specifically, the coaxial transmission line 340 includes an
outer annular conductor 341 within which is disposed
an annular inner conductor 342, the upper and outer
ends thereof being interconnected and the space there-
between closed by an end wall 343. An opening is formed
adjacent to the upper end of the outer conductor 341
and the outer conductor 66 of the output transmission
line 65 is mechanically and electrically connected thereto
in surrounding relationship with the opening therein. Con-
nected between the output transmission line conductors
66 and 67 is the probe 352 that serves to pick up the
microwave energy within the output transmission line
340 and to apply the microwave energy to the output
transmission line 65. The outer conductor 341 extends
downwardly toward the upper pole piece 170 and is ca-
pacitively coupled thereto by the coupler 345; more par-
ticularly, the outer annular conductor 347 is mechanical-
ly and electrically connected to the upper pole piece 170
and extends upwardly to the upper end of the magnet
yoke 211 and surrounds the adjacent portion of the outer
conductor 341, an insulating dielectric sleeve 346 being
disposed in and substantially filling the annular space
between the concentric conductors 341 and 347, the
sleeve 346 being formed of a synthetic organic plastic
resin, the preferred resin being a tetrafluoroethylene resin



8,458,755

29

sold under- the trademark “Teflon.” The inner conductor
342 extends downwardly toward the upper end of the
cathode 150 and is capacitively coupled thereto by a
coupler -350; more particularly, the output terminal 302
is provided having the lower end thereof threadedly at-
tached to the cathode stud 167 that is in direct electrical
connection with the upper end of the cathode 156 and
extends upwardly therefrom and outwardly beyond the
end ‘wall 343, the inner annular conductor 342 surround-
ing the adjacent portion of the terminal 302, and an
insulating dielectric sleeve 351 being disposed in and
substantially filling the annular space between the ter-
minal 302 and the conductor 342, the sleeve 351 being
formed of a synthetic organic plastic resin, the preferred
resin- being a tetrafluoroethylene resin sold under the
trademark “Teflon.”

The conductor 60 that is connected to the B+ output
terminal 54 of the power supply 51 is connected as at
301 to one terminal of the upper magnet coil 219, where-
by to apply the B+ potential to the anode sleeve 102 of
the device 100 through the upper magnet coil 218, the
conductor 213, the lower magnet coil 215, the conductor
218 and the cooling fin 108 that is electrically connected
to the anode sleeve 102. The conductor 61 that is con-
nected both to the B— output terminal 55 of the power
supply 51 and one of the terminals 56 carrying the low
voltage AC output for the heater 151 is attached to the
terminal 302 that is in turn directly connected to the
cathode 150 through the cathode stud 167. Finally, the
other terminal 57 of the power supply 51 carrying the low
voltage AC output for the heater 176 is connected by the
conductor 62 to the terminal 303 that is in turn con-
nected to the other end of the heater 176.

The microwave energy to be amplified in the amplifier
circuit 300 is applied thereto through the input transmis-
sion line 310, and more particularly, the probe 313 radi-
ates into the coaxial transmission line 320 that is capaci-
tively coupled both to the anode structure 101 and the
cathode 150, thereby to apply the input energy between
the anode structure 101 and the cathode 156. In order
to provide a suitable match between the impedance of
the transmission line 310 and the impedance of the ampli-
fier circuit 300, the transmission line 32¢ preferably has
a length equivalent to 3 of the wavelength of the en-
ergy to be amplified, i.e., the distance between the inner
surface of the inner wall 323 and a plane normal to the
axis of the device 100 and disposed midway between the
ends of the anode structure 101 is equivalent to 34 of
the wavelength of the microwave energy to be amplified.
It would also be permissible to connect the transmission
line: 310 to the transmiission line 320 at a point spaced
14 . of the wavelength of the microwave energy to the
amplified from the midplane of the device 100, but for
niost frequencies to be amplified it is not possible to make
the necessary electrical connections at this point as illus-
trated in FIG. 20.

In-order to provide a suitable match between the im-
pedance of the amplifier circuit 300 and the impedance
of ‘the output transmission line 65, the transmission line
340 preferably has a length equivalent to % of the wave-
length of the microwave energy to be amplified, ie., the
distance between the inner surface of the end wall 343
and a plane normal to the axis of the device 10¢ and dis-
posed: midway between the ends of the anode structure
is ‘équivalent to 3% of the wavelength of the microwave
erergy to be amplified. It would also be permissible to
connect the transmission -line 65 at a point spaced %
of the wavelength of the microwave energy being ampli-
fied from the midplane of the device 100, but for most
frequencies it is not possible to make the necessary elec-
trical connections at this point as illustrated in FIG, 20.
" The microwave energy thus injected into the lower end
of “the ‘amplifier circuit 300 passes into the crossed-field
discharge device 100 and specifically along the coaxial
transmission line provided by the cooperation between
the cathode 156 forming one conductor and the intercon-
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nected anode members 116 and 138 and rods 125 and 145
thereof forming the other conductor therein. As the micro-
wave energy passes through the device 180, the RF fields
associated therewith are reinforced and augmented by in-
teraction with the electrons that pass from the cathode
156 to the anode members 119 and 13§ and the rods 125
and 145. It is believed that the amplifier circuit 300 op-
erates in accordance with the M-type fast wave interac-
tion principle, whereby the input microwave energy in
passing through the interaction space 16@ interacts with
the fields disposed therein, and the power content of the
microwave energy is angmented and amplified so that a
microwave energy output is obtained between the anode
structure 101 and the cathode 15@ at the other end of
the device 100 that has the same frequency as the micro-
wave energy supplied through the input transmission line
3190, but has a power content substantially greater than
the power content of the microwave energy supplied via
the transmission line 310, the power amplification being
for example in the range from about 6 to 10. It has been
found that the single interaction space 160 achieves this
substantial amplification although the length thereof is on
the order of 0.1 times the wavelength of the energy being
amplified, whereas prior devices have required lengths
of the interaction space that are many times the wave-
length of the microwave energy being amplified, for ex-
ample as many as twenty times the length of the wave-
length of the microwave energy being amplified.

The output microwave energy appears between the con-
ductors 341 and 342, the conductor 341 being capacitively
coupled by the coupler 345 to the upper pole piece 170
and the conductor 342 being capacitively coupled by the
coupler 350 to the cathode 158. The microwave energy
in the transmission line 340 formed by the concentric
conductors 341 and 342 is coupled by the probe 352
to the output transmission line 65, and specifically be-
tween the outer conductor 66 and the inner conductor 67
thereof.

It is pointed out that there is no cutoff frequency for
the amplifier circuit 300 since the device 100 essentially
comprises an open ended transmission line formed by the
cooperation of the cathode 15¢ serving as one conductor
and the anode members 160 and 13¢ and the intercon-
nected rods 125 and 145 serving as the other conductor,
whereby a wide spectrum of microwave energy can be
amplified -utilizing the amplifier circuit 300. The power
gain, however, is a function of the bandwidth of the
system which is determined by the Q of the cavity that
is formed by the cooperation of the input transmission
line 329 and the device 109; a large bandwidth requiring
a lower Q results in a lower power gain, and conversely,
a small bandwidth requiring a higher Q results in a higher
power gain. The power gain is also a function of the
length of the interaction space 160 in the device 100,
a greater length of the interaction space 160 providing a
greater power gain, and conversely, a smaller length of
the interaction space 160 providing a smaller power gain.

To further illustrate the characteristics of the amplifier
circuit 300, there are illustrated in FIG. 20 test connec-
tions to the input transmission line 316 and the output
transmission line 65 by means of which other character-
istics of the amplifier circuit 360 may be illustrated, The
oscillator 200 as illustrated in FIG, 20 has the output
thereof connected by a transmission line 370 to the input
of an attenuator 372, a wave meter 371 also being con-
nected to the transmission line 370 so that the frequency
of the microwave energy supplied to the transmission line
370 can be monitored. The output from the attenuator
372 is applied by a transmission line 373 to the input of
a tuner 374 which in turn has the output thereof con-
nected to the input transmission line 310. The output
transmission line 65 is connected to the input of an output
tuner 375 that in turn is connected by a transmission
line 376 to a load 378 by which the power provided from
the amplifier circuit 300 can be measured; also connected
to the transmission line 376 is a wave meter 377 by which
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the frequency of the microwave energy within the trans-
mission line 376 can be monitored.

In a first test of the amplifier circuit 300, the operating
potentials were removed therefrom, ie., the operating
potentials applied via the conductors 60, 61 and 62 were
removed; the input and output tuners 374 and 375, re-
spectively, were adjusted to give maximum power trans-
fer from the oscillator 280 into the load 378. When the
operating potentials were then applied to the amplifier
circuit 300 via the conductors 68, 61 and 62, the amount
of microwave energy delivered to the load 378 was found
to increase in proportion to the input power. The effi-
ciency of amplification obtained was of the same order
as that found when the device 100 was operated as a
power oscillator as described above with reference to
FIG. 2.

The frequency of the output energy delivered to the
load 378 was then measured by means of the wave meter
377, and it was found that a single frequency of micro-
wave energy was present in the transmission line 376,
that frequency being the frequency of operation of the
oscillator 200 as determined by the wave meter:371. The
frequency of operation of the oscillator 200" was then
varied to determine whether the frequency of the output
was due to the tuning of the circuits in the amplifier
circuit 300, and it was found that the output frequency
of the amplified microwave energy as measured by the
wave meter 377 varied directly in accordance with the
variations in the frequency of operation of the oscillator
200 as determined by the wave meter 371, whereby it was
concluded that there was no electronic tuning effect in
the amplifier circuit 360. Further to verify that there was
no operation of the amplifier circuit 300 as an oscillator,
the operating potentials were removed from the oscillator
200 so that no output was obtained therefrom as meas-
ured by the wave meter 371. The output from the ampli-
fier circuit 300 immediately dropped to zero indicating
that there were no oscillations in the amplifier circuit 300,
whereby to verify that the operation of the circuit 300
was truly as an amplifier and not as an oscillator.

Finally, the microwave energy to the amplifier circuit
300 was varied by means of the attenuator 372 over the
range from 1 watt to 100 watts, It was determined that
there was stable operation of the amplifier circuit 300
over the entire range of power input, the output from the
amplifier circuit 300 as measured by the load 378 being
directly proportional to the power supplied as an input
to the amplifier circuit 300 via the input transmission
line 310.

There further are illustrated in FIG. 20 additional con-
nections to the amplifier circuit 300 to accommodate the
application of modulating signals thereto. More specifical-
ly, there is provided a resistor 380 having one terminal
thereof connected by a conductor 381 to the tubular con-
ductor 327 that is connected to the lower pole piece 170
and thus to the anode of the device 100, the conductor
381 also being connected to a terminal 382; and the
other terminal of the resistor 380 is connected by the
conductor 62 to the terminal 303 that is directly con-
nected to the cathode 150, the conductor 62 also being
connected to a terminal 383. Accordingly, it will be seen
that the input terminal 382 is directly connected to the
anode structure 101 and the input terminal 383 is con-
nected to the cathode 150 of the device 100. A modulating
signal can be applied between the input terminals 382 and
383, whereby to modulate the amplitude of the micro-
wave energy supplied by the output of the amplifier cir-
cuit 300 to the output transmission line 65.

From the above it will be seen that there have been
provided an improved crossed-field discharge device, an
improved microwave oscillator circuit incorporating the
crossed-field discharge device therein, an improved ampli-
fier circuit incorporating the crossed-field discharge device
therein and an improved modulating circuit incorporating
the crossed-field discharge device therein which fulfill all
of the objects and advantages set forth above. More par-
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ticularly, there has been provided an improved crossed:
field discharge device for use at microwave frequencies
which is of simple and economical construction and:ar-
rangement, the devices being particularly adapted for-op-
eration with low applied potentials between the-anode
and the cathode thereof. The improved crossed-field dis-
charge device provides a high output of microwave energy
in proporticn to the physical dimensions thereof, whereby
to permit the miniaturization of microwave circuits em-
ploying the improved crossed-field discharge devxce of
the present invention.

While there have been described what are at, present
considered to be the preferred embodiments of the inven-
tion, it will be understood that various modifications may
be made therein, and it is intended to cover in the ap:
pended claims all such modifications as fall w1th1n the
true Spll‘lt and scope of the invention.

What is claimed is: :

1. A crossed-field discharge device comprising an an-
nular anode structure defining therein an outer annular
axially extending space enclosed thereby and. an inner
axially extending space extending therethrough and .a ra-
dially extending passage interconnecting said outer axially
extending space and said inner axially extending space at
the longitudinal midsection of said anode. structure,-said
radially extending passage dividing said anode structure
into a first anode section dispcsed adjacent to one end
thereof and a second anode section disposed adjacent to
the other end thereof, a plurality of axially extending
anode segments on the inner surfaces of said anode sec-
tions and projecting radially into said inner axially.ex-
tending space and providing a corresponding plurality of
axially extending anode recesses therebetween, a plural-
ity of axially extending first rods on said first anode ‘sec-
tion respectively disposed in the anode recesses in said
second anode section and respectively spaced from the
adjacent ones of said anode segments on said second
anode section, a plurality of axially extending second
rods on said second anode section respectively disposed
in the anode recesses in said first anode section and re-
spectively spaced from adjacent ones of said anode seg-
ments in said first anode section, an axially extending
cathode structure disposed in said inner axially extending
space and cooperating with said anode sections to define
an axially extending annular interaction space, said cath-
ode structure including an electron emissive element dis-
posed within said anode sections and adjacent to the in-
ner portion of said interaction space, means for estab-
lishing a unidirectional magnetic field extending. axially
through said outer axially extending space and-said inter-
action space, and end structures enclosing both the ends
of said anede structure and said axially extending spaces,
said anode structure including said axially extending
spaces and said radially extending passage therein defin-
ing a frequency determining folded resonant cav1ty for
said device.

2. The crossed-field discharge device set forth in clalm
1, wherein said means for estabhshmg a unidirectional
magnetic field includes a pair of pole pieces respectively
arranged adjacent to the opposite ends of said anode
structure and overlying and in axial alignment with said
axially extending spaces.

3. The crossed-field discharge device set forth in claun
1, wherein the portions of said anode structure defining
said outer axially extending space cooperate to provide a
portion of an outer coaxial transmission line for accom-
modating an axially extending RF wave therein, the anode
segments on said first anode section and said second .rods
cooperate to provide a first portion of an inner coaxial
transmission line for accommodating an axially extending
RF wave therein, and the anode segments on said second
anode section and said first rods cooperate to provide a
second portion of an inner coaxial transmission line for
accommodating an axially extending RF wave .therein,
said radially extending passage interconnecting said outer
coaxial transmission line and the first and second portions
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of said-intier. coaxial transmission line to provide a folded
‘Tesonant cavity -having an’operating frequency equivalent
to twice-the combrned length of sald coax1a1 transmlssmn
fllnes PR E

4.:The crossed ﬁeld dlscharge devrce set forth in clalm
3 wherein said .outer’ coakial -transmission ' line has: the
ends. thereof closed; and. said inner coax1al transrmssxon
line has the outer ends thereof open. =30 v

-5, The' crossed-field: discharge devrce set forth in c]alm
1 ‘wherein: the radial distance. between the:-outer surface
of said: cathode:structure and:the outermost portion of the
-adjacent ‘one of*said anode recesses is-less:than. that re-
‘quired to accommodate a radial standing -wave at the op-
erating :frequency -of .the folded -resonant cavity for said
‘device, and the radial.distance between the outer surface
of said cathode structure and -the outermost portion of
said outer. axially extending space is:less than that re-
quired to accommodate -a radial standing wave at-an op-
erating frequency of the folded resonant cavrty for said
device.. - .

6. The crossed ﬁeld drscharge devxce set forth in cla1m
.1 .wherein - said anode: structure is .symmetrical :about a
plane: normal- to the-axis of said anode structure mldway
between the ends thereof. :

7. A crossed-field dlscharge device comprising an anode
structure-including an annular sleeve and a. pair of annu-
lar anode members-disposed within said sleeve and a plu-
rality- of rods.disposed adjacent to the inner surface of
said anode members, said sleeve and said anode members
being -electrically. connected - at the opposite ends of said
anode structure and said rods being electrically connected
to said anode members: at the outer ends thereof, said
sleeve  and said anode members cooperating to define a

first axially- extending space therebetween and said anode,

members cooperating to define a second axially extending
space therethrough and said anode members being spaced
apart axially to provide a lateral passage therebetween in-
terconnecting said axially:extending spaces; each of said
anode members having a plurality of radially extending
anode -segments on the inner surface thereof projecting
radially into said second axially extending space and pro-
viding a plurality . of axially extending anode recesses
therebetween, said rods being respectively disposed in said
anode-recesses- and respectively spaced from the ones of
said anode segments adjacent to said anode recesses, an
axially. extending cathode structure disposed -in said sec-
ond axially .extending space and cooperating with said
anode members to define an axially, extending annular in-
teraction, space, said. cathode structure including an elec-
tron emissive . element dlsposed within said anode mem-
bers and adjacent to the. inner. portion of said interaction
space, means. for estabhshmg a. unidirectional magnetic
field extending axially through said first axially extending
space and said. mteractlon space, and end structures en-
closing both the ends of 'said anode. structure and said
axially extendmg spaces, said sleeve and said anode mem-
bers .and . said. rods defining .a . frequency determrnlng
folded resonant cavity for said device. .

...8. The crossed-field discharge device set forth in cla1m
7, wherein said rods are, 1ntegra1 with said anode .members
and extend longrtudmally therefrom and.into the anode
recesses on the other of said anode members.

""'9. The crossed-field. discharge device set forth in claim
7, wherein said rods are integral with said anode mem-
bers, the Tods on each of the anode members being in lon-
gitudinal ahgnment with the anode segments thereon and
projecting longltudmally therefrom across said passage
and into ‘the . anode rccesses on the. other of said anode
members :

10. A crossed-ﬁeld dlscharge devrce compr1s1ng an
anode structure including an annular sleeve and first and
second annular anode. members dlsposed in said. sleeve
and cooperatmg to prov1de an inner axially extending
space therethrough, said ﬁrst anode member including a
ﬁrst annular ‘body: having, an outer dlameter slightly less
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than the inner diameter of said sleeve and secured thereto
adjacent to one end thereof, said second anode member
including a second annular body having an outer diam-
eter slightly less than the inner diameter of said sleeve and
secured thereto adjacent to the other end thereof, the por-
tions of said bodies disposed toward each other having re-
spectively first and second annular recesses therein to pro-
vide respectively first and second outer surfaces spaced in-
-wardly with respect to the inner surface of said sleeve
and to provide respectively first and second annular end
surfaces on said bodies defining an outer axially ex-
tending space therebetween, the - adjacent portions of
said bodies being spaced apart axially to provide a lateral
passage therebetween interconnecting said inner and outer
axially extending spaces, a plurality of axially extending
first anode segments on the inner surface of said first
body and projecting radially into said inner axially ex-
tending space and providing a corresponding plurality of
axially extending first anode recesses therebetween, a
plurality of axially extending second anode segments on
the inner surface of said second body and projecting radi-
ally into said inner axially extending space and providing
a corresponding plurality of- axially extending second
anode recesses therebetween, a plurality of axially extend-
ing first rods on said first body disposed in said second
anode recesses and respectively spaced from the adjacent
ones of said second anode segments, a plurality of axially
extending second rods on said second body respectively
disposed in said first anode recesses and respectively
spaced from the adjacent ones of said first anode seg-
ments, an axially extending cathode structure disposed in
said inner axially extending space and cooperating with
said anode members to define an axially extending annu-
lar interaction space, said cathode structure including an
electron emissive element disposed within said anode
members and adjacent to the inner portion of said inter-
action space, means for establishing a unidirectional mag-
netic field extending axially through said outer axially ex-
tending space and said interaction space, and end struc-
tures enclosing both the ends of said anode structure and
said axjally extending spaces, said anode structure in-
cluding said axially extending spaces and said radially
extending passage therein defining a frequency determin-
ing folded resonant cavity for said device.

11. The crossed-field discharge device set forth in claim
10, wherein said anode members are formed identical one
to the other and each is formed from a single block of
metal.

12. The crossed-field discharge device set forth in claim
10, wherein said first rods are integral with said first
.anode segments and extend longitudinally therefrom, and
said second rods are integral with said second anode seg-
ments and extend longitudinally therefrom.

. 13. The crossed-field discharge device set forth in claim
12, wherein each of said first anode segments has a first
rod thereon, and each of said second anode segments has
a second rod thereon.

14. The crossed-field discharge device set forth in claim
12, wherein the outwardly disposed side of each of said
rods tapers toward the outer end thereof from the junc-
ture thereof with the associated anode segment.

: 15. The crossed-field discharge device set forth in claim
12, wherein the radially extending sides of each of said
anode segments are disposed in the same plane as the ra-
dial extending sides of the rod integral therewith.

16. The crossed-field discharge device set forth in claim
10, wherein the inner surface of said sleeve and said first
outer surface cooperate to provide an outer section of a
first folded transmission line shorted at one end by said
first end surface and connected at the other end through
said lateral passage to the inner section of the first folded
transmission line defined by said first anode segments and
said second rods, and wherein the inner surface of said
sleeve and said second outer surface cooperate to provide
an outer section of a second folded transmission line
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shorted at one end by said second end surface and con-
nected at the other end through said lateral passage to the
inner section of the second transmission line defined by
said second anode segments being equivalent to twice the
combined length of said first and second folded transmis-
sion lines,

17. The crossed-field discharge device set forth in claim
10, wherein the ratio of the RF conductive path in said
outer axially extending space to the RF conducting path
along the inner surface of said anode members is small,
whereby said outer axially extending space provides a short
low impedance path for rotating RF waves as compared
to the path for rotating RF waves provided by the inner
surface of said anode members thus to improve mode
separation and stability in said device.

18. The crossed-field discharge device set forth in claim
10, wherein the portions of said anode members disposed
toward each other and defining said lateral passage pro-
vide a short low impedance path for rotating RF waves,
thus improving mode separation and stability in said
device.

19. A crossed-field discharge device comprising an
annular anode structure defining therein an outer annular

. axially extending space enclosed thereby and an inner
axially extending space extending therethrough and a
radially extending passage dinterconnecting said outer
axially extending space and said inner axially extending
space at the longitudinal midsection of said anode struc-
ture, said radially extending passage dividing said anode
structure into a first anode section disposed adjacent to
one end thereof and a second anode section disposed
adjacent to the other end thereof, a plurality of axially
extending anode segments on the inner surfaces of said
anode sections and projecting radially into said inner
axially extending space and providing a corresponding
plurality of axially extending anode recesses therebe-
tween, a plurality of axially extending first rods on said
first anode section respectively disposed in the anode
recesses in said second anode section and respectively
spaced from the adjacent ones of said anode segments in
said second anode section, a plurality of axially extending
second rods on said second anode section respectively
disposed in the anode recesses in said first anode section
and respectively spaced from adjacent ones of said anode
segments in said first anode section, anaxially extending
cathode structure disposed in said inner axially extending
space and cooperating with said anode sections to define
an axially extending annular interaction space, said cath-
ode structure including a plurality of circumferentially
spaced electron emissive sections corresponding in num-
ber to the sum of the number of said first anode segments
and the number of said first rods and disposed within said
anode sections and adjacent to the inner portion of said
interaction space, means for establishing a unidirectional
magnetic field extending axially through said outer-axially
extending space and said interaction space, and end struc-
tures enclosing both the ends of said anode structure and
said axially extending spaces, said anode structure includ-
ing said axially extending.spaces and said radially extend-
ing passage therein deﬁnmg a frequency determmmg fold-
ed resonant cavity for said device.

20. The crossed-field discharge device set forth in
claim 19, wherein said electron emissive sections are
equal in number to the sum of the number of said first
anode segments and the number of said second rods and
are respectively arranged adjacent ‘to one of said anode
segments or one of said rods.

21. The crossed-field discharge device set forth in
claim 19, wherein said electron emissive sections are cir-
cumferentially spaced apart a distance corresponding
generally to the circumferential dimension thereof.

22. A crossed-field discharge device comprising an
annular anode structure defining therein an outer annular
axially extending space enclosed thereby and an inner
axially extending space extending therethrough and a
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radially -extending passage interconnecting - said outer
axially extending space and said inner axially. extending
space at the longitudinal midsection of said anode. struc-
ture, said radially extending passage dividing said anode
structure into -a first anode section disposed adjacent to
one end thereof and a second anode section disposed ad-
jacent to the other end. thereof, a plurality of axially ex-
tending anode segments on the inner surfaces of said
anode-sections .and projecting radially into said inner
axially extending space and providing a corresponding
plurality of axially -extending anode .recesses .therebe-
tween, a plurality: of ‘axially extending first ‘rods on said
first- anode. section respectively disposed .in the anode
recesses .in said- second anode .section and - respectively
spaced from the adjacent ones of said anode segments in
said second anode section, a plurality of axially extend-
ing second rods on said-second anode section respectively
disposed in the anode recesses in said first anode section
and respectively spaced from adjacent ones of said-anode
segments in said first anode section, an axially extending
cathode structuer disposed in said inner axially exténding
space and cooperating with said' anode sections to ‘define
an axially extending annular interaction space, said: cath-
ode structure including a plurality. of circumferentially
spaced. and. longitudinally “extending protrusions  corre-
sponding in number to the sum of the number of said first
anode sections and the number: of ‘said first rods and dis-
posed within said anode sections and -adjacent to the inner
portion of said interaction space, at least the outermost

-surface portions' of said -protrusions being an electron

emissive material, means for establishing a unidirectional
magnetic field extcndmg exially through said outer axially
extending space and- said interaction space, and end struc-
tures enclosing both the-end sof said anode structure and
said axially extending spaces, said anode structure inciud-
ing said axially extending spaces and said radially extend-
ing passage - therein ‘defining a frequency determrnmg
folded resonantcavity for said device.

23. The crossed-field discharge device set forth in claim
22, wherein the radial extent of said protrusiofis is greatest
at the outer ends of said cathode structure and is' de-
creased at the portion “thereof disposed opposite said
radrally extending passage, thereby to decrease the emis-
sion -‘of electrons in the area of sard radrally extendmg
passage.” =

24. The crossed field dxscharge devrce set forth in claim
22, wherein the radial extent of said protrusions’is-a fifst
greater predetermined value at the ‘outer “ends of  said
cathode structure and -a second: minimim- prédeterminied
value in the area opposite said- radially extcndmg passage
and & third intermediate predetermined value 'in the areas
disposed between the outerends of said’ cathode stric-
ture and the'area opposite said radially extending passage

25, The crossed-field drscharge device set forth in claim
22, wherein’ said electron emissive portlons have a cir-
cumferential éxtent of approxrmately 25%"to 60% of the
circumiférential” distance between the centers of ad]acent
electron emissive portions. *'

"26. The crossed-field discharge’ dev1ce set forth in claim
22, wherein the radial dimensions of each of said protru-
sions adjacent to the outer ends of sard cathode structure
is_greater than about 20% of the'' .spacing between said
anode structure ‘and said cathode sttucture .

27. A crossed-field discharge device compnslng an an-
nular anode ‘structuré deﬁnmg therein an outer. annular
axially extcndmg spacé” ericlosed . thereby ‘and ‘an inner
axially extending ‘space extendrng thetethrough and 'a
radially extending passage 1nterconnectmg said outer
axially extending space and said inner axially extendmg
space at the longitudinal mrdsectron of said anode struc-
ture, said radially extending | passage drvrdmg said anode
structure into a first anode section dxsposed adjacént’ to
one end thereof and ‘a second ‘anode section -disposed
adjacent to the other end thereof, a plurality ‘of axially
extending anode segments on the infer surfaces of said
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anode sections and projecting radially into said inner
axially extending space and providing a corresponding plu-
rality of axially extending anode recesses therebetween, a
plurality of axially extending first Tods on said first anode
section respectively disposed in the anode recesses in said
second anode section and respectively spaced from the
adjacent ones of said anode segments in said second
anode section, a plurality of axially extending second
rods on said second anode section respectively disposed
in the anode recesses in said first anode section and re-
spectively spaced from adjacent ones of said anode seg-
ments in said first anode section, an axially extending
cathode structure disposed in said inner axially extending
space and cooperating with said anode sections to define
an axially extending annular interaction space, said
cathode structure including a plurality of circumferen-
tially spaced electron emissive sections equal in number
to the sum of the number of said first' anode sections and
the number of said first rods and disposed within said
apode sections and adjacent to the inner portion of said
interaction space, said electron emissive sections being
symmetrically circumferentially located relative to the
associated -anode sections and rods, means for establish-
ing a unidirectional magnetic field extending axially
through said outer axially extending space and said inter-
action space, and end structures enclosing both the ends
of said anode structure and said axially extending spaces,
said anode structure including said axially extending
spaces and said radially extending passage therein defin-
ing a frequency determining folded resonant cavity for
said device.

28. The crossed-field discharge device set forth in claim
27, wherein the center line of each electron emissive sec-
tion is circumferentially displaced relative to the center
line of its corresponding anode segment or rod between
0% and approximately 45% of the circumferential spac-
ing between the center line of an anode segment and the
center line of an adjacent rod.

29. The crossed-field discharge device set forth in claim
27, wherein the center line of each of said emissive sec-
tions is circumferentially displaced relative to the center
line of its corresponding anode segment or rod between
approximately 35% and 45% of the spacing between
the center line of an anode segment and the center line
of an adjacent rod and on the downstream side of the
corresponding anode segment or rod relative to the normal
initial electron flow from said electron emissive sections
toward said anode segments and said rods in- said device.

30. A crossed-field discharge device comprising an an-
nular anode structure defining therein an outer annular
axially extending space enclosed thereby and an inner
axially extending space extending therethrough and a
radially extending passage interconnecting said outer axi-
ally extending space and said inner axially extending space
at the longitudinal midsection of said anode structure, said
radially ‘extending passage dividing said anode structure
into a first anode section disposed adjacent to one end
thereof and a second anode section disposed adjacent to
the other end thereof, a plurality of axially extending
anode segments on the inner surfaces of said anode sec-
tions and projecting radially into said inner axially ex-
tending space and providing a corresponding plurality of
axially extending anode recesses therebetween, a plurality
of axially extending first rods on said first anode section
respectively disposed in the anode recesses in said second
anode section and respectively spaced from the adjacent
ones of said anode segments in said second anode sec-
tion, a plurality of axially extending second rods on said
second anode section respectively disposed in the anode
recesses in said first anode section and respectively spaced
from adjacent ones of said anode segments in said first
anode section, an axially extending cathode structure dis-
posed. in said inner axially extending space and cooperat-
ing with said anode sections to. define an axially extending
annular interaction space, said cathode structure including
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an electron emissive element disposed within said anode
sections and adjacent to the inner portion of said inter-
action space, means for establishing a unidirectional mag-
netic field extending axially through said outer axially
extending space and said interaction space, means for
establishing an axially extending RF wave in said axially
extending spaces and having associated therewith RF elec-
trical fields and RF magnetic fields normal to the axis
of said device and extending into said interaction space,
output connections respectively coupled to said anode
structure and said cathode structure for removing RF
energy from said axially extending spaces utilizing said
cathode structure as a probe interacting with said RF
fields, and end structures enclosing both the ends of said
anode structure and said axially extending spaces.

31. The crossed-field discharge device set forth in claim
30, wherein the portions of said anode structure defining
said outer axially extending space cooperate to provide a
portion of an outer coaxial transmission line for. accom-
modating an axially extending RF wave therein, the anode
segments on said first anode section and said second rods
cooperate to provide a first portion of an inner coaxial
transmission line for accommodating an axially extending
RF wave therein, the anode segments on said second
anode section and said first rods cooperate to provide a
second portion of an inner coaxial transmission line for
accommodating an axially extending RF wave therein,
said radially extending passage interconnecting said outer
coaxial transmission line and the first and second por-
tions of said inner coaxial transmission line to provide a
folded resonant cavity having an operating frequency
equivalent to twice the combined length of said coaxial
transmission lines.

32. A crossed-field discharge device comprising an an-
nular anode structure defining therein an outer annular
axially extending space enclosed thereby and an inner
axially extending space extending therethrough and a
radially extending passage interconnecting said outer axi-
ally extending space and said inner axially extending space
at the longitudinal midsection of said anode structure,
said radially extending passage dividing said anode struc-
ture into a first anode section disposed adjacent to one end
thereof and a second anode section disposed adjacent to
the other end thereof, a plurality of axially extending
anode segments on the inner surfaces of said anode sec-
tions and projecting radially into said inner axially ex-
tending space and providing a corresponding plurality of
axially extending anode recesses therebetween, a plurality
of axially extending first rods on said first anode section
respectively disposed in the anode recesses in said second
anode section and respectively spaced from the adjacent
ones of said anode segments in said second anode section,
a plurality of axially extending second rods on said second
anode section respectively disposed in the anode recesses
in said first anode section and respectively spaced from
adjacent ones of said anode segments in said first anode
section, an axially extending emissive cathode disposed in
said inner axially extending space and cooperating with
said anode sections to define an axially extending annular
interaction space, a heater for said cathode disposed ad-
jacent thereto, a first .connector commonly electrically
connected both to said cathode and to ome terminal of
said heater, a second connector electrically connected to
the other terminal of said heater, a first end structure
joining one end of said anode structure and said first con-
nector for mechanically supporting said cathode and said
heater with respect to said anode structure while providing
electrical insulation therebetween, and a second end struc-
ture joining the other end of said anode structure and
said second connector for mechanically supporting said
cathode and said heater with respect to said anode struc-
ture while providing electrical insulation therebetween,
said end structures enclosing and sealing both the ends of
said anode structure and said axially extending spaces,
said anode. structure including said * axially extending
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spaces and said radially extending passage therein defining
a frequency determining folded resonant cavity for said
device.

33. The crossed-field discharge device set forth in claim
32, wherein said end structures are the only electrically
insulating seals for said device.

34. A crossed-field discharge device comprising an
anode structure including an annular sleeve and an an-
nular anode member disposed within said sleeve and elec-
trically connected thereto and at one end of said anode
structure, said sleeve and said anode member cooperating
‘to define a first axially extending space therebetween and
'said anode member defining a second axially extending
space therethrough communicating with said first axially
space adjacent to the other end of said anode structure, a
plurality of axially extending anode segments on said
anode member and projecting radially into said second
axially extending space and providing a corresponding
plurality of axially extending anode recesses therebetween,
a plurality of rods respectively disposed in said anode re-
cesses and respectively spaced from the ones of said anode
segments adjacent to said anode recesses, means elec-
trically interconnecting said anode structure and said rods,
an axially extending cathode structure disposed in said
second axially extending space and cooperating with said
anode member to define an axially extending annular in-
teraction space, said cathode structure including an elec-
tron emissive element disposed within said inner anode
member and adjacent to the inner portion of said interac-
tion space, a first pole piece mounted in one end of said
sleeve and spaced from the adjacént end of said anode
member and hermetically sealed to said sleeve, a second
pole piece mounted in the other end of said sleeve and
spaced from the adjacent end of said anode member and
hermetically sealed to said sleeve, a first end structure
providing a seal between said first pole piece and one end
of said cathode structure and providing a mechanical
support for said cathode structure while providing elec-
trical insulation therebetween, and a second end struc-
ture providing a séal between said second pole piece and
the other end of said cathode structure and providing
mechanical support for said cathode structure while pro-
viding electrical insulation therebetween, said sleeve and
said anode member and said rods defining a frequency de-
termining folded resonant cavity for said device.

- 35, The crossed-field discharge device set forth in claim
34, wherein each of said pole pieces includes an annular
inner plate in longitudinal alignment with said second
axially extending space including said interaction space
and substantially normal to the longitudinal axis of said
device for distributing the DC magnetic flux lines there-
through, and an-annuiar outer plate in longitudinal align-
ment with said first axially extending space and substan-
tially normal to the longitudinal axis of said device for
distributing the DC magnetic flux lines therethrough.

“" 36. The crossed-field discharge device set forth in claim
35, wherein said inner plafes are disposed relatively close
to the adjacent ends of said anode member and said outer
plates are disposed relatively remote from the adjacent
ends of said anode member. :

37. The crossed-field discharge device set forth in claim
34, wherein said pole pieces are formed of a substan-
tially flat sheet of low carbon steel stamped to provide
an annular inner plate in longitudinal alignment with said
sécond axially extending space and disposed substantially
normal to the axis of said device, an annular outer plate
in' longitudinal alignment with said first axially extending
space and disposed substantially normal to the longi-
tudinal axis of said device and outwardly with respect to
the said inner plate, an annular coupling flange inter-
connecting the outer periphery of said inner plate and the
inner periphery of said outer plate, and an annular mount-
ing flange on the outer édge of said outer plate and dis-
posed within the associated end of said sleeve. '

38. A crossed-field discharge device comprising an
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anode structure including an annular sleeve and an an-
nular anode member disposed within said sleeve and
electrically connected hereto and at onme end of said
anode structure, said ‘sleeve and said anode member co-
operating to define a first axially extending space there-
between and said anode member defining a second axially
extending space therethrough communicating with. said
first axially extending space adjacent to the other end of
said anode structure, a plurality of axially extending anode
segments on said anode member and projecting radially
into said second axially extending space and providing
a corresponding plurality of axially extending anode re-
cesses therebetween, a plurality of rods respectively dis-
posed in said anode recesses and respectively spaced from
the ones of said anode segments adjacent to said anode
tecesses, means electrically interconnecting said anode
structure and said rods, an axially extending cathode
structure disposed in said second axially extending space
and cooperating with said anode member to define an
axially extending annular interaction space, said cathode
structure including an electron emissive element disposed
within said inner anode member and adjacent to the inner
portion of said interaction space, a first poie piece mounted
in one end of said sleeve and spaced from the adjacent end
of said anode member and hermetically sealed to said
sleeve, a second pole piece mounted in the other end of
said sleeve and spaced from the adjacent end of said anode
member and hermetically sealed to said sleeve, a first end
structure providing a seal between said first pole piece
and one end of said cathode structure and providing a
mechanical support for said cathode structure while pro-
viding electrical insulation therebetween, a second end
structure providing a seal between said second pole piece
and the other end of said cathode structure and providing
mechanical support for said cathode structure while pro-
viding electrical insulation therebetween, and output
connections attached to said anode. structure and said
cathode structure respectively for withdrawing micro-
wave energy from said device, the end spaces between
said pole pieces and the respective anode members de-
fining inductances of predetermined value providing for
a predetermined coupling of the RF energy in said device
to said output connections, said sleeve and said anode
members and said rods defining a frequency determining
folded resonant cavity for said device.

39. The crossed-field discharge device set forth in
claim 38, wherein the output connection attached to said
anode structure is an-outer annular conductor engaging
one of said pole pieces, and the output connection attached
to said cathode. structure is an inner conductor -disposed
within said outer conductor and arranged substantially
lc.oncentric therewith to provide a coaxial transmission
ine. S .

40. The crossed-field discharge device set forth in claim
38, wherein each of said pole pieces includes an annular
inner plate in longitudinal alignment with said second
axially extending space and disposed substantially normal
to the axis of said device, an annular outer plate in longi-
tudinal alignment with said first axially extending space
and disposed substantially normal to the axis of said de-
vice and spaced longitudinally outwardly with respect to
the adjacent ends of said anode members to provide a
decoupling space, an annular coupling flange intercon-
necting the outer periphery of said inner plate and the
inner periphery of said outer plate, and means connecting
the outer. periphery of said -outer plate to the adjacent
end of said’ sleeve, said output connection attached ‘to
said anode structure is an annular outer conductor dis-
posed within and surrounded by the said coupling flange,
and said output connection to said cathode structure is an
inner conductor disposed within said outer conductor
cooperating therewith to form a coaxial transmission line.

41, A microwave oscillator comprising a crossed-field
discharge device including an annular - anode structure
defining therein an outer annular axially extending space
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enclosed thereby and an inner axially extending space ex-
tending therethrough and a radially extending passage
interconnecting said outer axially extending space and said
inner axially extending space at the longitudinal midsec-
tion of said anode structure, said radially extending pas-
sage dividing said anode structure into a first anode sec-
tion disposed adjacent to one end thereof and a second
anode section disposed adjacent to the other end thereof,
a plurality of axially extending anode segments on the
inner surfaces of said anode sections and projecting radi-
ally into said inner axially extending space and providing
a corresponding plurality of axially extending anode re-
cesses therebetween, a plurality of axially extending first
rods on said first anode section respectively disposed in
the anode recesses in said second anode section and re-
spectively spaced from the adjacent ones of said anode
segments in said second anode section, a plurality of axi-
ally extending second rods on said second anode section
respectively disposed in the anode recesses in said first
anode section and respectively spaced from adjacent ones
of said anode segments in said- first anode section, an
axially extending cathode structure disposed in said inner
axially extending space and cooperating with said anode
sections to define an axially extending annular interaction
space, said cathode structure including an electron emis-
sive element disposed within said anode sections and
adjacent to the inner portion of said interaction space,
and end structures enclosing both the ends of said anode
structure and said axially extending spaces, said anode
structure including said axially extending spaces and said
radially extending passage therein defining a frequency
determining folded resonant cavity for said device; means
for producing a unidirectional magnetic field extending
axially through said outer axially extending space and
said interaction space; and means for producing a uni-
directional electrical field between said anode structure
and said cathode structure.

42. The microwave oscillator set forth in claim 41, and
further comprising output connections respectively coupled
to said anode structure and said cathode structure, said
unidirectional electrical field and said resonant cavity
cooperating to establish an axially extending RF wave
in said axially extending spaces and having associated
therewith RF electrical fields and RF magnetic fields
normal to the axis of said device and extending into said
interaction space, said output connections removing RF
energy from said axially extending space utilizing said
cathode structure as a probe interacting with said RF
fields.

43. The microwave oscillator set forth in claim 41,
wherein said cathode structure includes a cathode carrying
said electron emissive element and a heater for said
cathode disposed adjacent thereto, and further comprising
a first connector commonly electrically connected both
to said cathode and to one terminal of said heater, a
second connector electrically connected to the other ter-
minal of said heater, a first one of said end structures
joining the one end of said anode structure and said first
connector for mechanically supporting said cathode and
said heater with respect to said anode structure while
providing electrical insulation therebetween, and a second
one of said end structures joining the other end of said
anode structure and said second connector for mechani-
cally supporting said cathode and said heater with respect
to said anode structure while providing electrical insula-
tion therebetween; said unidirectional magnetic field and
said unidirectional electrical field and said resonant circuit
cooperating to establish an axially extending RF wave
in said axially extending spaces and having associated
therewith RF electrical fields and RF magnetic fields nor-
mal to the axis of said device and extending into said
interaction space; and output connections respectively
coupled to said anode structure and said first connector
for removing RF energy from said axially extending space
utilizing said cathode as a probe interacting with said
RF fields.
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44. A microwave amplifier comprising.a . crossed-field
discharge device including an annular anode structure
defining therein an outer annular axially extending space
enclosed thereby and an inner axially extending space
extending therethrough and a radially extending passage
interconnecting said outer axially extending space and
said inner axially extending space at the longitudinal mid-
section of said anode structure, said radially extending
passage dividing said anode structure into a first anode
section disposed adjacent to'one end thereof and a second
anode section disposed adjacent to the other end thereof,
a plurality of axially extending anode segments on the
inner surfaces of said anode sections and projecting radially
into said inper axially extending space and providing a
corresponding plurality of axially extending anode recesses
therebetween, a plurality of axially extending first rods
on said first anode section respectively disposed in the
anode recesses in said second anode section and respec-
tively spaced from the adjacent ones of said anode seg-
ments in said second anode section, a plurality of axially
extending second rods on said second anode section re-
spectively disposed in the anode recesses in said first
anode section and respectively spaced from adjacent ones
of said anode segments in said first- anode section, an
axially extending cathode structure disposed in said inner
axially extending space and cooperating with said anode
sections to define an axially extending annular interaction
space, said cathode structure including an electron emis-
sive element disposed within said anode sections and ad-
jacent to the inner portion of said interaction space, and
end structures enclosing both the ends of said anode
structure and said axially extending spaces; a microwave
input coupled between said anode structure and said
cathode structure at one end of said device; a microwave
output coupled between said anode structure and said
cathode structure at the other end of said device; means
for producing a unidirectional magnetic field extending
axially through said axially extending spaces; and means
for producing a unidirectional electrical field between
said anode structure and said cathode structure; whereby
a microwave signal fed to the input of said amplifier is
amplified thereby and the amplified microwave signal
appears at the output of said amplifier.

45, The microwave amplifier set forth in claim 44,
wherein said microwave output includes a pair of output
connections respectively coupled to said anode structure
and said cathode structure, said unidirectional magnetic
field and said unidirectional electrical field and said micro-
wave input cooperating to establish an axially extending
RF wave in said axially extending spaces and having as-
sociated therewith RF electrical fields and RF magnetic
fields normal to the axis of said device and extending into
said interaction space, said output connections removing
energy from said axially extending space utilizing said
cathode structure as a probe interacting with said RF
fields.

46, The microwave amplifier set forth in claim 44,
wherein said cathode structure includes a cathode carry-
ing said electron emissive element and a heater for said
cathode disposed adjacent thereto, and further compris-
ing a first connector commonly electrically connected to
both said cathode and to one terminal of said heater, a
second connector electrically connected to the other ter-
minal of said heater, a first one of said end structures join-
ing the one end of said anode structure and said first con-
nector for mechanically supporting said cathode and said
heater with respect to said anode structure while pro-
viding electrical insulation therebetween, and a second one
of said end structures joining the other end of said
anode structure and said second connector for mechani-
cally supporting said cathode and said heater with respect
to the anode structure while providing electrical insula-
tion therebetween, said microwave input being coupled
between said anode structure and said second connector
for supplying RF energy to said device; said undirectional
magnetic field and said unidirectional electrical field and
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said microwave input cooperating to establish an axially
extending RF wave in said axially extending spaces and
having associated therewith RF electrical fields and RF
magnetic fields normal to the axis of said device and ex-
tending into said interaction space; said microwave out-
put being coupled between said anode structure and said
first connector for removing RF energy from said axially
extending space utilizing said cathode as a probe inter-
acting with said RF fields.

47. A microwave circuit comprising a crossed-field dlS-
charge device including an annular anode structure defin-
ing therein an outer annular axially extending space en-
closed thereby and an inner axially extending space ex-
tending therethrough and a radially extending passage in-
terconnecting said outer axially extending space and said
inner axially extending space at the longitudinal midsec-
tion of said anode structure, said radially extending pas-
sage dividing said anode structure into a first anode sec-
tion disposed adjacent to one end thereof and a second
anode section disposed adjacent to the other end thereof,
a plurality of axially extending anode segments on the in-
ner surfaces of said anode sections and projecting radiaily
into said inner axially extending space and providing a
corresponding plurality of axially extending anode re-
cesses therebetween, a plurality of axially extending first
rods on said first anode section respectively disposed in
the anode recesses in said second anode section and respec-
tively spaced from the adjacent ones of said anode seg-
ments in said second anode section, a plurality of axially
extending second rods on said second anode section re-
spectively disposed in the anode recesses in said first anode
section and respectively spaced from adjacent ones of
said anode segments in said first anode section, an axially
extending cathode structure disposed in said inner axially
extending space and cooperating with said anode sections
to define an axially extending annular interaction space,
said cathode structure including an electron emissive ele-
ment disposed within said anode sections and- adjacent to
the inner portion of said interaction space, and end struc-
tures enclosing both the ends of said anode structure and
said axially extending spaces; means for producing a uni-
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directional magnetic field extending axially through said
outer axially extending space and said interaction space;
means for producing a unidirectional electrical field be-
tween said anode structure and said cathode structure;
means for applying a modulating signal between said
anode structure and said cathode structure for modulating
the output of said microwave circuit.

48. The microwave circuit set forth in claim 47, where-
in said anode structure including said. axially extending
spaces and said radially extending passages therein defines
a frequency determining folded resonant cavity for said
device, whereby said microwave circuit is an oscillator hav-
ing the output thereof modulated in accordance with the
modulating signal applied to said modulating means.

49. The microwave circuit set forth in claim 47 and
further: comprising a microwave input coupled between
said anode structure and said cathode structure at one end
of said device; and a microwave output coupled between
said anode structure and said cathode structure at the
other- end of said device; whereby said microwave circuit
is an. amplifier in which the output thereof is modulated
in accordance with the modulating signal applied to said
modulating means.
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