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Related Applications

[0001] The instant application is related to U.S. Application No. 10,916,467,
filed August 12, 2003, now U.S. Patent No. 7,193,485, entitled “Method and Apparatus
for Bi-Planar Backward Wave Oscillator,” by the inventor named herein, the entirety of
which is incorporated herein by reference. The instant application is related fo U.S.
Application No. 10/772,444, filed February 6, 2003, entitled “Free-Standing Diamond
Structures and Methods,” by G. Mearini and the inventor named herein, the entirety of

which is incorporated herein by reference.

Background

[0002] A backward wave oscillator (“BWO”) is a tunable source of cohérent
radiation. A conventional BWO typically includes a slow wave circuit or structure
having an electron source and suitable steering magnets or electric fields arranged around
the slow wave circuit to pass an electron beam in proximity to the slow wave circuit or
structure. In a conventional BWO, an electron beam interacts with the evanescent form
of a propagating electromagnetic wave to oscillate the energy of the electromagnetic
wave. Because of their wide tuning range, BWOs have been used in a variety of

applications including as local oscillators in heterodyne receivers and transmitters.

[0003] A traveling wave tube (“TWT”) is generally used to provide microwave,
millimeter wave, sub-millimeter wave, etc. amplification. A conventional TWT typically
includes a slow wave circuit or structure defined by a generally hollow vacuum-tight
barrel with optional additional microwave circuitry disposed inside the barrel. An
electron source and suitable steering magnets or electric fields are arranged around the
slow wave circuit to pass an electron beam through the generally hollow beam tunnel. In
a conventional TWT, an electron beam interacts with a propagating electromagnetic wave
to amplify the energy of the electromagnetic wave. This interaction may be achieved by
propagating the electromagnetic wave through a structure which slows the axial

propagation of the electromagnetic wave and brings it into synchronism with the velocity
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of the electron beam. The kinetic energy in the electron beam is coupled into the

electromagnetic wave, thereby amplifying the electromagnetic wave.

[0004] Nominally, the sub-millimeter wave regime ranges from 300 to 3000 GHz -
where electromagnetic radiation has a wavelength between 1.0 and 0.1 mm. Above the
sub-millimeter band is the infrared region where wavelengths are typically reported in
microns and the electromagnetic waves behave similar to light waves. Below the sub-
millimeter is the millimeter wave band (ranging from 30 to 300 GHz) and the microwave
band (ranging from 1 to 30 GHz). In the millimeter and microwave bands, the
electromagnetic waves behave similar to the ordinary low frequency electﬁc currents and
voltages with the very important distinction that the circuit dimensions are comparable to
a wavelength. In the sub-millimeter band, electromagnetic radiation has the properties of
both microwaves and light. Structures that are suitable for microwaves become
unreasonably small for sub-millimeter devices while standard optical configurations

become far too large.

[0005] Added to the dimensional complexity are several physical constraints in
the sub-millimeter band imposed by significant atmospheric attenuation and by greatly
increased electrical conduction losses. Atmospheric attenuation is greatly enhanced by
the presence of vibrational and rotational resonances of naturally occurring molecular
gasses, while the roughness of metal surfaces significantly increases conduction losses.
Because many of the issues regarding size and losses become exceedingly important at
frequencies well below 300 GHz, the sub-millimeter regime is frequently extended to 100
GHz.

[0006] Conventionally, vacuum electron devices have dominated the microwave
and millimeter wave regimes for applications where power and efficiency are important
system parameters. However, within the sub-millimeter regime, conventional microwave
structures are usually not applicable. Solid state devices are used as low power signal

sources in the microwave and low millimeter wave regimes, but are not applicable in the
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sub-millimeter band. Gas lasers may be operated in the sub-millimeter band but may
only be tuned to discrete frequencies and they are generally very large devices.
Presently, there is no commercially available electronically tunable signal source in the

sub-millimeter band.

[0007] Additionally, in conventional practice, when BWOs and TWTs are
utilized together, the structures are fabricated as separate devices. Since two separate
devices are commonly used, significant losses are associated with signals passing through
a corresponding BWO output coupler, TWT input coupler, connecting transmission lines
and the applicable two vacuum windows, which in total approximates to losses of 10 dB.
For example, if the signal output from a conventional BWO is degraded by an insertion
loss of 10 dB, a corresponding TWT must provide a compensating gain of 10 dB in
addition to the system requirements. As a result the TWT design and fabrication must
be complicated significantly by adding a sever to prevent the amplifier from oscillating
uncontrollably. Thus, a need exists in the art to reduce insertion losses in coupling

between an oscillator and amplifier in vacuum electron devices.

[0008] There is also a need for a novel source of electromagnetic radiation
obtained by combining a BWO and a TWT amplifier in the same vacuum envelope.
There is also a need in the art for a novel method of fabrication of two slow wave circuits
as a unit on the same substrate. Thus, embodiments utilizing such novel methods and
structure may provide significant advantages over conventional methods and circuits
present in the art such as, but not limited to, improved manufacturing economies,
reduction of insertion loss oscillator-amplifier couplings, and providing output powers of

several hundred mW with efficiencies of a few percent.

[0009]  Accordingly, there is a need for a novel apparatus and method for
providing electromagnetic oscillations. Therefore, an embodiment of the present
subject matter provides a device for providing electromagnetic oscillations comprising

one or more electron beam generators for providing a first and a second electron beam
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and one or more magnetic field generators for focusing the first and second electron
beams. The device may further comprise an oscillator comprising a slow wave circuit
having a structure of an electrically non-conducting material with metallized surfaces
adjacent the first electron beam, and an amplifier comprising a slow wave circuit
having a structure of an electrically non-conducting material with metallized surfaces
adjacent the second electron beam and electrically connected to the oscillator where the

oscillator and amplifier are contained in a single vacuum envelope.

[0010] Another embodiment of the present subject matter provides a device for
producing electromagnetic oscillations comprising a single vacuum envelope and a pair
of electron beam generators contained within the envelope for generating a pair of
substantially parallel electron beams. A pair of side-by-side slow wave circuits may be
contained within the envelope, one circuit being positioned so that one electron beam
induces electromagnetic oscillations in the circuit. The other circuit may be positioned to
receive the electromagnetic oscillations, and positioned so that the other electron beam

amplifies the electromagnetic oscillations in said circuit.

[0011] An additional embodiment of the present subject matter provides a device
for providing electromagnetic oscillations at a sub-millimeter wavelength comprising a
first and a second electron beam generator for generating a first and a second electron
beam, each of the electron beam generators comprising a source of electrons, a collector
of electrons, and a means for accelerating electrons emitted from the source in the
direction of the collector. The device may further comprise an oscillator comprising a
first slow wave circuit disposed intermediate the source and collector of the first electron
beam generator where the first electron beam passes in sufficient proximity to the first
slow wave circuit to induce electromagnetic oscillations in the first slow wave circuit and
to interact with the induced oscillations for providing electromagnetic oscillations. An
amplifier may also be included in the device, the amplifier comprising a second slow
wave circuit positioned to receive the electromagnetic oscillations from the first slow

wave circuit where the second electron beam passes in sufficient proximity to the second
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slow wave circuit to amplify the electromagnetic oscillations. Of course, the two slow

wave circuits and beam generators may be contained in a single vacuum envelope.

[0012]) Yet another embodiment of the present subject matter may provide a
device for providing electromagnetic oscillations comprising one or more electron beam
generators for providing a first and a second electron beam, an oscillator comprising a
slow wave circuit having a structure of an electrically non-conducting material with
metallized surfaces adjacent the first electron beam, and an amplifier comprising a
second slow wave circuit having a structure of an electrically non-conducting material
with metallized surfaces adjacent the second electron beam. In this exemplary
embodiment, the first and second slow wave circuits may be fabricated on a single

substrate using a chemical vapor deposition process.

[0013] Yet an additional embodiment of the present subject matter may provide a
device for providing electromagnetic oscillations comprising one or more electron beam
generators for providing a first and a second electron beam and one or more magnetic
field generators for focusing the first and second electron beams. A first slow wave
circuit may be provided for guiding electromagnetic oscillations having a first periodic
structure of electrically non-conducting material with metallized surfaces adjacent the
first electron beam. A second slow wave circuit may also be provided for guiding said
electromagnetic oscillations having a second periodic structure of electrically non-
conducting material with metallized surfaces adjacent the second electron beam. In one
embodiment, the phase shift of the electromagnetic oscillations per period propagating in
the second periodic structure may be different than the phase shift of the electromagnetic

oscillations per period propagating in the first periodic structure.

[0014] One embodiment of the present subject matter provides a device for
providing electromagnetic oscillations comprising a first and a second electron beam
generator for providing a first and a second electron beam, each electron beam generator

comprising a source of electrons, a collector of electrons, and means for accelerating
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electrons emitted from the source in the direction of the collector. The device may
further include a first slow wave circuit disposed intermediate the source and collector of
the first electron beam generator where the first electron beam passes in sufficient
proximity to the first slow wave circuit to induce electromagnetic oscillations in the first
slow wave circuit and to interact with the induced oscillations for providing
electromagnetic oscillations. The first slow wave circuit may be defined in two planes
where the first electron beam passing therebetween. The device may further comprise a
second slow wave circuit positioned to receive electromagnetic oscillations from the first
slow wave circuit where the second electron beam passes in sufficient proximity to the
second slow wave circuit to amplify the electromagnetic oscillations propagating in the

second slow wave circuit.

[0015] Another embodiment of the present subject matter provides a device for
providing electromagnetic oscillations comprising a first and a second electron beam
generator for providing a first and a second electron beam. The electron beam generators
may each comprise a source of electrons, a collector of electrons, and means for
accelerating electrons emitted from the source in the direction of the collector. A first
slow wave circuit may be disposed intermediate the source and collector of the first
electron beam generator where the first electron beam passes in sufficient proximity to
the first slow wave circuit to induce electromagnetic oscillations in the first slow wave
circuit and to interact with the induced oscillations for providing electromagnetic
oscillations. A second slow wave circuit may be positioned intermediate the source and
collector of the second electron beam generator and receives electromagnetic oscillations
from the first slow wave circuit where the second electron beam passes in sufficient
proximity to the second slow wave circuit to amplify the electromagnetic oscillations in
the second slow wave circuit. In this embodiment the first electron beam interacts with
the full propagation strength of the electromagnetic oscillations propagating in the first

slow wave circuit. In an alternative embodiment, the second electron beam interacts with



WO 2008/008504 PCT/US2007/016020

the full propagation strength of the electromagnetic oscillations propagating in the second

slow wave circuit.

[0016] One embodiment of the present subject matter may provide a device
forming a pair of side-by-side slow wave circuits comprising a first substantially planar
plate containing a pair of side-by-side periodic structures of electrically non-conducting
material. Each of the structures may comprise an elongated ridge having a plurality of
spaced digits extending substantially perpendicular therefrom with selected surfaces of
the ridges and digits being metallized. A second substantially planar plate may be
provided containing a pair of side-by-side periodic structures of electrically non-
conducting material. Each of these structures may comprise an elongated ridge having a
plurality of spaced digits extending substantially perpendicular therefrom with selected
surfaces of the ridges and digits being metallized. The second plate may be positioned
spaced from and substantially parallel to the first plate so that each periodic structure on
the second plate opposes a periodic structure on the ﬁrst plate forming a pair of biplanar,

interdigital slow wave circuits.

[0017] An embodiment of the present subject matter may provide a device
forming a pair of side-by-side slow wave circuits comprising a first substantially planar
plate containing a pair of side-by-side periodic structures of electrically non-conducting
material. A first of the structures may comprise an elongated ridge having a plurality of
spaced digits extending substantially perpendicular therefrom with selected surfaces of
the ridges and digits being metallized. A second of the structures may comprise a pair of
laterally spaced substantially parallel elongated ridges having a plurality of spaced vanes
extending substantially perpendicular therebetween. The device may further include a
second substantially planar plate containing a pair of side-by-side structures of
electrically non-conducting material where a first of the structures is a periodic structure
comprising an elongated ridge having a plurality of spaced digits extending substantially
perpendicular therefrom with selected surfaces of the ridges and digits being metallized

and a second of the structures comprising a substantially planar surface. In one
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embodiment the second plate may be positioned spaced from and substantially parallel to
the first plate so that the pertodic structure on the second plate opposes the first periodic
structure on the first plate forming a biplanar, interdigital slow wave circuit. Further, the
substantially planar surface on the second plate may also oppose the second periodic

structure forming a single ladder slow wave circuit.

[0018] A further embodiment of the present subject matter may provide a device
for providing electromagnetic oscillations having a sub-millimeter wavelength
comprising a vacuum envelope and a pair of electron beam generators contained in the
vacuum envelope. Each of the electron beam generators may include a source of
electrons, a collector of electrons, and a means for accelerating electrons emitted from the
source in the direction of the collector for generating a pair of substantially parallel
electron beams at substantially the same voltage. The device may further comprise one
or more magnetic field generators for focusing the electron beams and a pair of side-by-
side slow wave circuits. Each slow wave circuit may comprise a periodic structure of
diamond having selected surfaces overlaid with gold, each of the slow wave circuits
being positioned between the source and collector of a respective electron beam generator
so that the gold overlaid surfaces are adjacent the respective electron beam. The periodic
structure of each slow wave circuit may be selected so that one slow wave circuit
operates as a backward wave oscillator which feeds the electromagnetic oscillations

induced therein into the other slow wave circuit which operates as an amplifier.

[0019] These embodiments and many other objects and advantages thereof will
be readily apparent to one skilled in the art to which the invention pertains from a perusal
of the claims, the appended drawings, and the following detailed description of the

embodiments.
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Brief Description of the Drawings

[0020] Figure 1 is a schematic representation of one embodiment of the present
subject matter;
[0021] Figure 2 is a schematic illustration of a three dimensional view of a bi-

planar interdigital circuit according to one embodiment of the present subject matter;

[0022] Figures 3A and 3B are schematic representations of a backward wave

oscillator according to an embodiment of the present subject matter;

[0023] Figure 4 is a graph showing a dispersion relation (©-f diagram) for a

circuit according to an embodiment of the present subject matter;

[0024] Figure § is a graph showing the on-axis impedance for a circuit according

to an embodiment of the present subject matter;

[0025] Figure 6 is a graph showing the attenuation for a circuit according to an

embodiment of the present subject matter;

[0026] Figure 7 is a graph showing beam averaged impedance versus beam width

for a circuit according to an embodiment of the present subject matter;

[0027] Figure 8A is a schematic representation of a three dimensional view of a

ladder circuit according to one embodiment of the present subject matter;
[0028] Figure 8B is a cross-section of the ladder circuit of Figure 8A at line X-X;

[0029] Figures 9A and 9B are schematic representations of a ladder circuit

according to an embodiment of the present subject matter;

[0030] Figure 10 is a graph showing a dispersion relation (©-f diagram) for a

circuit according to an embodiment of the present subject matter;
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[0031] Figures 11A and 11B are schematic representations of ladder circuits

according to additional embodiments of the present subject matter;

[0032] Figure 12 is a schematic representation of another ladder circuit according

to an additional embodiment of the present subject matter; and

[0033] Figure 13 is a graph showing a dispersion relation (o-p diagram) for a

circuit according to an embodiment of the present subject matter.

Detailed Description

[0034] Figure 1 is a schematic representation of one embodiment of the present
subject matter. With reference to Figure 1, one plane of a pair of bi-planar slow wave
circuits 100 is illustrated having an oscillating circuit 110 and an amplifying circuit 120
operatively connected by a coupling member 130. The amplifying circuit 120 accepts an
output from the oscillating circuit 110 via the coupling member 130. The oscillating
circuit 110 may be a slow wave circuit such as a Backward Wave Oscillator (“BWO”) or
an oscillating circuit commonly utilized in the art. One exemplary BWO is disclosed in
U.S. Patent No. 7,193,485, entitled, “Method and Apapartus for Bi-Planar Backward
Wave Oscillator,” by the present named inventor, the entirety of which is incorporated
herein by reference. The slow wave circuit 100 shown represents one half of an entire

device.

[0035] While not shown, a cold cathode emitter may be positioned at one end of
the oscillator 110 while a collector is positioned at the opposite end. Using a cold
cathode source such as Spindt-type, field emission cathodes are optional and other
electron emitting sources may be used without departing from the principles of the
disclosure. Conventional means may be utilized for coupling the electron source (e.g.,
electron gun) to the oscillator 110. For example, the electron source may be coupled to
the oscillator using a mechanical means or the entire electron source and oscillator may

be fabricated as one structure, eliminating problems of alignment. A second electron
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source (not shown) may also be positioned at one end of the amplifier 120 while a

collector is positioned at an opposite end.

[0036] The oscillator 110 may be provided as a bi-planar interdigital structure
having electrically conductive surfaces 112 that are periodic in a beam propagation
direction. The amplifier 120 may also be provided as a bi-planar interdigital structure
having electrically conductive surfaces 122 that are periodic in a beam propagation
direction and operated at a different phase shift per period than the oscillator. For
example, to achieve a predetermined oscillated electromagnetic signal, an amplifier may
be operated at a different phase shift per period than the phase shift per period of the
respective oscillator or BWO. This may be achieved, among others, by operating the
respective electron sources of the amplifier and oscillator at the same voltage and
providing two different slow wave circuit structures or may also be achieved by operating
the respective electron sources of the amplifier and oscillator at different voltages and
providing slow wave circuit structures that are substantially similar. Alternative
amplifier embodiments may include a traveling wave tube (“TWT”), a single diamond
supported ladder, a Karp-loaded single diamond supported ladder, and an anti-Karp
loaded single diamond supported ladder. Exemplary coupling members 130 may be
coupling lines, transmission lines, waveguide, and the like. The amplifier 120 may be
operatively connected to an output mechanism 140 such as a waveguide, an antenna or
may be coupled to some known entry element for a transmission system. The oscillator
110, amplifier 120, and coupling member 130 and/or output mechanism 140 may be

fabricated as a single unit on one wafer.

[0037] The slow wave circuit 100 is shown as an integrated unit with fingers
114, 124 protruding toward the center of the circuit. In one embodiment, the slow wave
circuit 100 may be fabricated as complementary halves prior to alignment and/or
assembly. The body of the slow wave circuit 100 may be fabricated from a material of
exceptional thermal conductivity. Exemplary materials include but are not limited to

synthetic diamond. Synthetic diamond is suitable as it provides high thermal
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conductivity enabling efficient heat transmission and possesses a high dielectric strength
to withstand electron source voltages and very a low loss tangent to minimize RF losses.
To improve performance, certain surfaces of the circuit may be coated with electro-
conductive material such as gold, silver, platinum, chromium, copper or a composite
thereof. An optional coating layer may be interposed between the diamond structure and
the conductive coating (e.g., Ag, Cr or Mo). The coating layer may be provided to
enhance the bonding between gold and the diamond structure.

[0038] For example, one embodiment of the present subject matter may provide a
device having one or more electron beam generators for providing a first and a second
electron beam and one or more magnetic field generators for focusing the first and second
electron beams. An oscillator having a structure of an electrically non-conducting
material with metallized surfaces adjacent the first electron beam and an amplifier having
a structure of an electrically non-conducting material with metallized surfaces adjacent
the second electron beam may be provided where the amplifier is electrically connected
to the oscillator. In an alternative embodiment both the oscillator and amplifier are
contained in a single vacuum envelope. The amplifier and oscillator may be positioned
side-by-side such that one electron beam induces electromagnetic oscillations in
oscillator and a second electron beam amplifies the electromagnetic oscillations in the
amplifier. Of course, the amplifier and/or oscillator may be slow wave circuits formed

from traveling wave tubes, ladder circuit, backward wave oscillators and the like.

[0039] An alternative embodiment of the present subject matter may include a
pair of side-by-side slow wave circuits comprising a first substantially planar plate
containing a pair of side-by-side periodic structures of electrically non-conducting
material. Each of the structures may comprise an elongated ridge haviﬁg a plurality of
spaced digits extending substantially perpendicular therefrom with selected surfaces of
the ridges and digits being metallized. A second substantially planar plate may also be
provided containing a pair of side-by-side periodic structures of electrically non-

conducting material. Each of these structures may comprise an elongated ridge having a
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plurality of spaced digits extending substantially perpendicular therefrom with selected
surfaces of the ridges and digits being metallized. The second plate may be positioned
spaced from and substantially parallel to the first plate so that each periodic structure on
the second plate opposes a periodic structure on the first plate forming a pair of biplanar,

interdigital slow wave circuits.

[0040] Figure 2 is a schematic illustration of a three dimensional view of a bi-
planar interdigital circuit according to one embodiment of the present subject matter.
With reference to Figure 2, a bi-planar interdigital circuit 200 is shown to include a first
plate 210 and a second plate 215. In one embodiment, each plate of the bi-planar
interdigital circuit comprises diamond. Also shown in Figure 2 is conductive coating 220
deposited on portions of the ridges 212, 214 and on the digits 230 of the interdigital
circuit 200. While various coating compositions may be utilized for embodiments of the
present subject matter, exemplary coatings may be, but are not limited to gold, silver,
platinum, copper, chromium or a composite thereof. A bi-planar interdigital circuit 200
according to embodiments of the present subject provides a distinct advantage over other
conventional planar circuits that are fabricated lithographically. For example, in the bi-
planar interdigital circuit 200, the electromagnetic wave propagates in the space between
the two plates 210, 215. Therefore, an electron beam passing between these plates
interacts with the full propagation strength of the electromagnetic wave propagating
therein. In conventional circuits formed in a single plane, the electron beam must interact
with an evanescent wave that decays exponentially above the planar surface. By way of
example, one embodiment of the present subject matter may provide one or more electron
beam generators for providing a first and a second electron beam, an oscillator
comprising a slow wave circuit having a structure of an electrically non-conducting
material with metallized surfaces adjacent the first electron beam, and an amplifier
comprising a second slow wave circuit having a structure of an electrically non-
conducting material with metallized surfaces adjacent the second electron beam. In this

exemplary embodiment, the first and second slow wave circuits may be fabricated on a
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single substrate using a chemical vapor deposition process. The electron beams may thus
interact with the full propagation strength of the electromagnetic oscillations propagating

in the first and second slow wave circuits.

[0041]} Figures 3A and 3B are schematic representations of a BWO according to
an embodiment of the present subject matter. With reference to Figures 3A and 3B, a
schematic of the circuit that defines exemplary device dimensions is shown, and a set of
preliminary dimensions utilized during a parameter study of a 650 GHz slow wave circuit
are listed below in Table 1; however, such a listing, frequency and illustration are
exemplary only and should not in any way limit the scope of the claims appended
herewith. With reference to Figures 3A and 3B, a bi-planar interdigital circuit 310 is
illustrated having a periodic geometric structure of synthetic diamond with the surfaces
adjacent a beam being overlaid by electro-conductive material such as gold. The
interdigtial structure may include plural sets of digits 320 each set in a different plane
separated by a predetermined distance 325 whereby an electron beam passing between
the two planes interacts with the full propagation strength of electromagnetic energy
induced in the interdigital circuit 310.
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Table 1

650 GHz Dimensions (microns) for an Optimized Bi-planar Interdigital Circuit

Parameter Dimensions
P 10.9
Vanew 7.3
Diht 20.0
XS 3.6
ZS 3.6
Vanel 89.3
Diridge 100
Vaneth 2.0
Vaneridge 100
Ridgeht 15.0
Ygap 25.0

[0042] The dispersion, on-axis interaction impedance and attenuation were

computed for each of the parameters of the bi-planar interdigital circuit listed in Table 1.
Figure 4 is a graph showing a dispersion relation (o-p diagram) for a circuit according to
an embodiment of the present subject matter. The on-axis interaction impedance and the
attenuation relaﬁons are shown in Figures 5 and 6, respectively. With reference to Figure
4, for an electron beam voltage of 12 kV an operating point is selected in the vicinity of
BL = 40 degrees per period. The phase velocity of a 12 kV electron beam is represented
by line 410 and the frequency per phase shift per period of an interdigital circuit having a
diamond height (diht) of 20 is represented by line 420. The intersection of these two
lines defines the operating point 430 of a circuit according to one embodiment of the
present subject matter. For example, a device comprising one or more electron beam
generators may provide a first and a second electron beam and one or more magnetic
field generators for focusing the first and second electron beams. A first slow wave
circuit may be provided for guiding electromagnetic oscillations having a first periodic
structure of electrically non-conducting material with metallized surfaces adjacent the

first electron beam and thus a first operating point. A second slow wave circuit may also
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be provided for guiding said electromagnetic oscillations having a second periodic
structure of electrically non-conducting material with metallized surfaces adjacent the
second electron beam and thus a second operating point. In one embodiment, the phase
shift of the electromagnetic oscillations per period propagating in the second periodic |
structure may be different than the phase shift of the electromagnetic oscillations per

period propagating in the first periodic structure.

[0043] On-axis interaction impedance strongly influences gain and efficiency.
However, a relatively high impedance may be.accompanied by a high attenuation.. For
example, Figure § is a graph showing the on-axis impedance for a circuit according to an
embodiment of the present subject matter. As shown in Figure 5, for a diamond height of
20 (see Figures 3A and 3B) impedance increases as frequency increases. The effective
impedance is also sensitive to the beam dimensions and may increase as the fields are
averaged over the real height of the electron beam and decrease as the width of the beam
is taken into account. Thus, while the value of the impedance is much higher than other
possible sub-millimeter circuits, the attenuation, as seen in Figure 6, is also high. Figure
6 is a graph showing the attenuation for a circuit according to an embodiment of the
present subject matter. As shown in Figure 6, for a diht of 20 microns, attenuation also

increases as frequency increases.

[0044] To test the impact of high attenuation, a helical TWT interaction code
may be utilized to obtain an estimate of RF efficiency, assuming a round beam with a
radius sized to achieve an equal current density. Figure 7 is a graph showing beam
averaged impedance versus beam width for a circuit according to an embodiment of the
present subject matter. With reference to Figure 7, impedance values averaged over a
beam with a 20 micron height as a function of beam width were plotted and an analysis
of the predicted performance presented below in Table 2; however, such a listing and
illustration are exemplary only and should not in any way limit the scope of the claims

appended herewith.
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Table 2
Predicted Performance of an Optimized Bi-planar Interdigital Circuit as a Function
of Beam Width
atten (dB/mm) 23
Pin (mW) 30
viY) 12000

1.5 Brillouin (T) 0.298
Beam Height (um) 20

Beam Equiv. | Sat. Sat. Sat. Sat.
width I Kavg | radius | length gain efficiency | Power
(um) | (mA) | (Ohms) | (pm) | (mm) (dB) (%) W)
250 10 35 39.89 | 9.99 13.5 0.56 0.6709
225 9 39 37.85 | 9.61 13.2 0.58 0.626
200 8 44 35.68 | 9.41 12.75 0.589 0.565
175 7 50 3338 | 9.21 12.03 0.571 0.479
150 6 59 3090 | 8.85 11.03 0.528 0.38
125 5 71 28.21 | 8.45 9.68 0.464 0.2787
[0045) An alternative embodiment to the amplifier, e.g., bi-planar interdigital

circuit, described with reference to Figure 1 is a single diamond supported ladder circuit.
Figure 8A is a schematic representation of a three dimensional view of a single diamond
supported ladder circuit according to one embodiment of the present subject matter.
Figure 8B is a cross-section of the ladder circuit of Figure 8A at line X-X. With
reference to Figure 8A, a portion of an exemplary ladder circuit 800 is shown having four
periods 810-813. Of course, any number of periods may be provided in ladder circuits
according to embodiments of the present subject matter. The body 820 of the ladder
circuit 800 may be fabricated from a material of exceptional thermal conductivity such
as, but not limited to, synthetic diamond. Synthetic diamond is suitable as it provides
high thermal conductivity enabling efficient heat transmission, possesses a high
dielectric strength to withstand electron source voltages, and a very low loss tangent to
minimize RF losses. Certain surfaces 830 of the ladder circuit may be coated with a layer

of electro-conductive material such as gold, silver, platinum, chromium, copper or a
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composite thereof. Of course, an optional coating layer may be interposed between the
diamond structure and the conductive coating (e.g., Ag, Cr or Mo) to enhance the
bonding between gold and the diamond structure. The ladder circuit 800 may be
enclosed in a bounding metal box with the top plane located a predetermined distance
above the ladder circuit. Alternative embodiments of the ladder circuit may provide a
second surface adjacent the top plane, located a predetermined distance thereabove, and

comprising diamond or a metallized surface.

[0046] For example, an exemplary device according to one embodiment of the
present subject matter may provide a pair of side-by-side slow wave circuits comprising a
first substantially planar plate containing a pair of side-by-side periodic structures of
electrically non-conducting material. A first of the structures may comprise an elongated
ridge having a plurality of spaced digits extending substantially perpendicular therefrom
with selected surfaces of the ridges and digits being metallized. A second of the
structures may comprise a pair of laterally spaced substantially parallel elongated ridges
having a plurality of spaced vanes extending substantially perpendicular therebetween.
The device may further include a second substantially planar plate containing a pair of
side-by-side structures of electrically non-conducting material where a first of the
structures is a periodic structure comprising an elongated ridge having a plurality of
spaced digits extending substantially perpendicular therefrom with selected surfaces of
the ridges and digits being metallized and a second of the structures comprising a
substantially planar surface. In one embodiment the second plate may be positioned
spaced from and substantially parallel to the first plate so that the periodic structure on
the second plate opposes the first periodic structure on the first plate forming a biplanar,
interdigital slow wave circuit. Further, the substantially planar surface on the second
plate may also oppose the second periodic structure forming a single ladder slow wave

circuit.

[0047] Figures 9A and 9B are schematic representations of a ladder circuit

according to an embodiment of the present subject matter. With reference to Figures 9A
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and 9B, a schematic of a ladder circuit that defines exemplary device dimensions is
shown, and a set of preliminary dimensions utilized during a parameter study of the
ladder circuit are listed below in Table 3; however, such a listing and illustrations are
exemplary only and should not in any way limit the scope of the claims appended
herewith. With reference to Figures 9A and 9B, a single diamond supported ladder
circuit 910 is illustrated having a geometric structure of synthetic diamond with the
surfaces adjacent a beam being overlaid by electro-conductive material such as gold. The
ladder structure may include plural periods (“p”) which comprise a rung or vane 920 and
a gap or hole 930 in the synthetic diamond base and respective conductive material
between an adjacent vane 922 whereby an electron beam passing over the ladder circuit
910 interacts with the electromagnetic energy induced in the ladder circuit 910. While
four periods are illustrated in Figure 9B it is to be noted that any number of periods may
be provided in ladder circuits according to embodiments of the present subject matter. Of
course, the strength of the electromagnetic energy may be varied by providing a second
surface adjacent the top plane of the ladder circuit 910, located a predetermined distance

thereabove, and comprising diamond or a metallized surface.

Table 3

Optimized (microns) Dimensions of Single Diamond Ladder Circuit

Parameter | Dimensions

diht 20
vaneth 2

vanel 167
vanew - 10

p 21.8
vaneridge 50
ridgeht 50

[0048] Figure 10 is a graph showing a dispersion relation (®-f diagram) for a
diamond supported ladder circuit according to an embodiment of the present subject

matter showing three modes of operation. With reference to Figure 10, the dispersion
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was computed for each of the parameters listed in Table 3 for an electron beam having a
voltage of 12 kV represented by phase velocity line 1010. A primary mode represented
by line 1020 reflects the dispersion for the optimized set of circuit dimensions provided
in Table 3. The secondary and tertiary modes are répresented by lines 1030, 1040,
respectively. As illustrated, for a 12 kV electron beam a ladder circuit in the primary
mode 1020 would provide an operating point of approximately BL=80 and a ladder
circuit in the secondary mode 1030 would provide an operating point of approximately
BL=165. Simulations of the performance of this ladder circuit indicate that it would

produce a saturated output power of approximately 500 mW.

[0049] Figures 11A and 11B are schematic representations of ladder circuits
according to additional embodiments of the present subject matter. The two
configurations illustrated in Figures 11A and 11B provide a reduced attenuation. Figure
11A illustrates a Karp loaded single diamond supported ladder circuit 1110, Figure 11B
illustrates an anti-Karp loaded single diamond supported ladder circuit 1120. The body
1130 of the ladder circuits 1110, 1120 may be fabricated from a material of exceptional
thermal conductivity such as, but not limited to, synthetic diamond, and certain surfaces
1140 of the ladder circuits 1110, 1120 may be coated with a layer of electro-conductive
material such as gold, silver, platinum, chromium, copper or a composite thereof. Of
course, an optional coating layer may be interposed between the diamond structure and
the conductive coating (e.g., Ag, Cr or Mo) to enhance the bonding between gold and the
diamond structure. The Karp terminology is taken from ladder structures placed in single
or double ridge waveguide as presented by Arthur Karp. See, e.g., A. Karp, “Traveling
Wave Tube Experiments at Millimeter Wavelengths with a New, Easily Built, Space-
Harmonic Circuit,” Proc. L.R.E., Vol. 43, pp.41-46 (1955). In one embodiment, the top
plane of the Karp loaded circuit 1110 and anti-Karp loaded circuit 1120 comprises
diamond. Facing the top plane of the circuits 1110, 1120 may be at least one metal ridge
1150, in the Karp loaded circuit 1110, and two metal ridges 1151, 1152 in the anti-Karp

loaded circuit 1120. These ridges 1150-1152 may extend the entire dimension transverse
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to the vanes of the corresponding ladder circuit. Ridges in alternative embodiments of
the present subject matter may terminate prior to or overlap the proximate and distal axial
ends of the ladder circuit. Further ridge embodiments may also be periodic along the
longitudinal length of the corresponding ladder circuit. In the bi-planar circuits 1110,
1120, the electromagnetic wave propagates in the space between the two planes.
Therefore, an electron beam passing between these planes interacts with the strength of

the electromagnetic wave.

[0050] To achieve an optimum performance, the dimensions, ‘topw’ and ‘gap’,
were varied. Table 4 lists the simulated large signal performance for an exemplary Karp-
loaded single diamond supported ladder circuit having a topw of 50, an anti-Karp loaded
single diamond supported ladder circuit having a gap of 260, and a Karp loaded single
diamond supported ladder circuit having a metallized diamond layer and a topw of 50 (all
dimensions in microns); however, such a listing and values are exemplary only and
should not in any way limit the scope of the claims appended herewith. With reference to
Table 4, the Karp loaded circuit provides an efficiency of 0.816%, whereas the anti-Karp
loaded circuit provides an efficiency of 0.76% and the Karp loaded circuit with the

metallized diamond layer provides an efficiency of 0.77%.

Table 4

Cold-Test and Large Signal Performance for Karp and anti-Karp Loaded Single
Diamond Ladder Circuits

Pin (mW) 30
VV) 12000
I (mA) 7
beam height (microns) 20
beam width (microns) 175
Equiv radius (microns) | 33.38
1.5 Brillouin (T) 0.298
Kavg atten saturated | saturated saturated saturated
(Ohms) | (dB/mm) | length (mm) | gain (dB) | efficiency (%) | power (W)
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Karp, topw=50 30 14 9.24 13.59 0.816 0.685
Anti-Karp, gap=260 37 15.9 9.07 13.36 0.76 0.64
Karp, topw=50,
Metallized diamond 29.2 14.5 9.42 13.36 0.77 0.65

[0051] Figure 12 is a schematic representation of another ladder circuit according
to an additional embodiment of the present subject matter. The configuration illustrated
in Figure 12 is a Karp loaded single diamond supported ladder circuit 1210 having a body
1230 fabricated from a material of exceptional thermal conductivity such as, but not
limited to, synthetic diamond, and certain surfaces 1240 of the body 1230 coated with a
layer of electro-conductive material such as gold, silver, platinum, chromium, copper or a
composite thereof. Of course, an optional coating layer may be interposed between the
diamond structure and the conductive coating (e.g., Ag, Cr or Mo) to enhance the
bonding between gold and the diamond structure. In one embodiment, the Karp loaded
ladder circuit 1210 includes a ridge 1250 comprising a body 1255 of diamond and a
metallized layer 1260 deposited on selected portions thereof. This ridge 1250 may
extend the entire longitudinal length of the corresponding ladder circuit, may terminate
prior to or overlap the proximate and distal axial ends of the ladder circuit, and/or may be

periodic along the longitudinal length of the corresponding ladder circuit.

[0052] Figure 13 is a graph showing a dispersion relation (@-p diagram) for the
diamond supported ladder circuit of Figure 12 showing three modes of operation. With
reference to Figure 13, the dispersion was computed for each of the parameters listed in
Table 5 for an electron beam having a voltage of 12 kV represented by phase velocity
line 1310; however, such a listing and values are exemplary only and should not in any
way limit the scope of the claims appended herewith. A primary mode represented by
line 1320 reflects the dispersion for the optimized set of circuit dimensions provided
below in Table 5. The secondary and tertiary modes are represented by lines 1330, 1340,
respectively. As illustrated, for a 12 kV electron beam a ladder circuit in the primary
mode 1320 would provide an operating point of approximately BL=80 and a ladder

circuit in the secondary mode 1330 would provide an operating point of approximately
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BL=170. Simulations of the performance of this ladder circuit indicate that it would

produce a saturated output power of approximately 500 mW. While the mode diagram

provides similar results to that illustrated in Figure 10, the bandwidth is increased

slightly. Table 5 also lists the large signal data for the configuration shown in Figure 12.

This configuration replaces the solid metal loading ridge with metallized diamond, which

is amenable to a fabrication scheme of a BWO circuit having two parallel diamond

layers. The results show a slight reduction in efficiency with the metallized diamond

configuration. Utilizing the embodiment illustrated in Figure 12, the electron beam

current and electron beam width was varied while keeping current density constant. With

reference to Table 5, a maximum efficiency of 0.78% may be obtained utilizing a 20 x

200 micron, 8 mA beam having an output power of approximately 750 mW.

Table 5

Cold-Test and Large Signal Performance for Karp Loaded Single Diamond Ladder
Circuit as a Function of Beam Width and Beam Current.

atten (db/mm) | 14.5
Pin (mW) 30
V (kV) 12
Beam ht (um) | 20

beam width I Kavg | Equivrad | saturated |saturated| saturated | saturated

(um) (mA) | (Ohms) (um) length (mm) | gain (dB) | efficiency (%) | power (W)
250 10 204 39.89 10.02 14.7 0.738 0.885
225 9 22.6 37.85 9.83 14.38 0.761 0.822
200 8 25.5 35.68 9.6 13.96 0.78 0.746
175 7 29.2 33.38 9.42 13.36 0.77 0.650
150 6 33.8 30.90 9.19 12.45 0.73 0.527
125 5 39.0 28.21 9.0 11.18 0.66 0.393
100 4 44.0 25.23 8.91 9.59 0.57 0.273
75 3 50.0 21.85 8.9 7.57 0.48 0.172

[0053) An estimate of efficiency may be obtained from the computer prediction

presented above. For an output power of 746 mW, a beam voltage of 12 kV and a beam

current of 8 mA, the RF efficiency is 0.78% (assuming a beam interception of 1% (0.96
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W), that the RF losses are 30% of the output (0.224 W), and that the respective oscillator

or BWO consumes 1.0 W). For such a low RF efficiency, the spent electron beam is little

perturbed and at least 90% of the spent beam energy may be recovered. The collector
dissipation would then be 0.1*(96.0 - 0.224 -0.96 - 0.746) = 9.407 W. Under the

aforementioned assumptions, the efficiency of a combination oscillator and amplifier

circuit according to an embodiment of the present subject matter would be 6.58%.

Following the same procedure, if the collector efficiency were increased to 94%, the

overall efficiency would be 10%. A collector efficiency as high as 95.8% has been

reported for a TWT with an RF efficiency of 0.53%. A few sample predicted

efficiencies are presented below in Table 6; however, such a listing and values are

exemplary only and should not in any way limit the scope of the claims appended

herewith.
Table 6
Efficiency Estimates
Source | Circuit \Y I RF Power Out | Overall Collector
Type (kV) | (mA) | Efficiency (W) Efficiency | Depression
(%) with 90% for 10%
Depression .
y %) Efficiency
(%)
Table 7 | Karp 12 8 0.78 0.746 6.58 94
Table 7 | Karp 12 7 0.77 0.650 59 95.4
Table4 |Ladder| 12 7 0.629 0.528 4.9 96.7
[0054] Exemplary processes for fabricating a backward wave oscillator suitable

for use with the instant disclosure have been disclosed in U.S. Patent No. 7,037,370,

entitled “Free-Standing Diamond Structure and Methods,” by G. Mearini and the named

inventor herein, the disclosure of which is incorporated herein in its entirety.
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[0055] As shown by the various configurations and embodiments illustrated in
Figures 1-13, an apparatus and method for producing electromagnetic oscillations have

been described.

[0056] While preferred embodiments of the present subject matter have been
described, it is to be understood that the embodiments described are illustrative only and
that the scope of the invention is to be defined solely by the appended claims when
accorded a full range of equivalence, many variations and modifications naturally

occurring to those of skill in the art from a perusal hereof.

26



WO 2008/008504 PCT/US2007/016020

What is claimed is:

1. A device for providing electromagnetic oscillations comprising:

one or more electron beam generators for providing a first and a second electron
beam;

one or more magnetic field generators for focusing said first and second electron
beams;

an oscillator comprising a slow wave circuit having a structure of an electrically
non-conducting material with metallized surfaces adjacent said first electron beam;

an amplifier comprising a slow wave circuit having a structure of an electrically
non-conducting material with metallized surfaces adjacent said second electron beam and
electrically connected to said oscillator; and

a single vacuum envelope containing at least said oscillator and said amplifier.

2. The device of Claim 1 wherein said oscillator is a backward wave
oscillator.

3. The device of Claim 2 wherein said amplifier is a traveling wave tube.

4. The device of Claim 1 wherein said amplifier is a traveling wave tube.

5. A device for producing electromagnetic oscillations comprising:

a single vacuum envelope;

a pair of electron beam generators contained within said envelope for generating a
pair of substantially parallel electron beams;

a pair of side-by-side slow wave circuits contained within said envelope, one

circuit being positioned so that one electron beam induces electromagnetic oscillations in
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said circuit, the other circuit being positioned (i) to receive said electromagnetic
oscillations, and (ii) to interact with the other electron beam to amplify said
electromagnetic oscillations in said circuit.

6. A device for providing electromagnetic oscillations at a sub-millimeter
wavelength comprising:

a first and a second electron beam generator for generating a first and a second
electron beam, each of said electron beam generators cémprising a source of electrons, a
collector of electrons, and means for accelerating electrons emitted from said source in
the direction of said collector;

an oscillator comprising a first slow wave circuit disposed intermediate said
source and said collector of said first electron beam generator, said first electron beam
passing in sufficient proximity to said first slow wave circuit to induce electromagnetic
oscillations in said first slow wave circuit and to interact with said induced oscillations
for providing electromagnetic oscillations;

an amplifier comprising a second slow wave circuit positioned to receive the
electromagnetic oscillations from said first slow wave circuit, said second electron beam
passing in sufficient proximity to said second slow wave circuit to amplify said
electromagnetic oscillations; and

a single vacuum envelope containing said electron beam generators, said first slow
wave circuit, and said second slow wave circuit.

7. The device of Claim 6 wherein said first and second electron beams are

substantially parallel and are directed in the same direction, and said first and second
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slow wave circuits are positioned side-by-side with the output of said first slow wave
circuit positioned adjacent the input of said second slow wave circuit.

8. The device of Claim 7 wherein said first slow wave circuit includes a
biplanar, interdigital periodic structure of electrically non-conducting material having one
or more metallized surfaces adjacent said first electron beam.

9. The device of Claim 8 wherein said second slow wave circuit includes a
biplanar, interdigital periodic structure of electrically non-conducting material having one
or more metallized surfaces adjacent said second electron beam.

10. A device for providing electromagnetic oscillations comprising:

one or more electron beam generators for providing a first and a second electron
beam;

an oscillator comprising a slow wave circuit having a structure of an electrically
non-conducting material with metallized surfaces adjacent said first electron beam; and

an amplifier comprising a second slow wave circuit having a structure of an
electrically non-conducting material with metallized surfaces adjacent said second
electron beam,

wherein said first and second slow wave circuits are fabricated on a single
substrate using a chemical vapor deposition process.

11.  The device of Claim 10 wherein said substrate includes etched silicon
forming a mold.

12.  The device of Claim 11 wherein said cﬁemical vapor deposition process

includes chemical vapor deposition of diamond.
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13. A device for producing electromagnetic oscillations having a pair of slow
wave circuits each comprising a rigid structure of electrically non-conducting material
formed by chemical vapor deposition of said material on a substrate, wherein said rigid
structures are formed on a single substrate in a single chemical vapor deposition process.

14. A device for providing electromagnetic oscillations comprising:

one or more electron beam generators for providing a first and a second electron
beam;

one or more magnetic field generators for focusing said first and second electron
beams;

a first slow wave circuit for guiding electromagnetic oscillations having a first
periodic structure of electrically non-conducting material with metallized surfaces
adjacent said first electron beam; and

a second slow wave circuit for guiding said electromagnetic oscillations having a
second periodic structure of electrically non-conducting material with metallized surfaces
adjacent said second electron beam,

wherein the phase shift of said electromagnetic oscillations per period propagating
in said second periodic structure is different than the phase shift of said electromagnetic
oscillations per period propagating in said first periodic structure.

15.  The device of Claim 14 wherein the phase shift of said electromagnetic
oscillations per period traveling through said second periodic structure is less than the
phase shift of said electromagnetic oscillations per period traveling through said first

periodic structure.
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16.  The device of Claim 14 wherein said first periodic structure is an
interdigital structure.

17.  The device of Claim 16 wherein said second periodic structure is an
interdigital structure.

18.  The device of Claim 16 wherein said second periodic structure is a ladder
structure.

19.  The device of Claim 14 wherein said first slow wave circuit forms a
backward wave oscillator.

20. The device of Claim 14 wherein said second slow wave circuit forms a
traveling wave tube.

21. A device for providing electromagnetic oscillations comprising:

a first and a second electron beam generator for providing a first and a second
electron beam, each electron beam generator comprising a source of electrons, a collector
of electrons, and means for accelerating electrons emitted from said source in the
direction of said collector;

a first slow wave circuit disposed intermediate said source and said collector of
said first electron beam generator, said first electron beam passing in sufficient proximity
to said first slow wave circuit to induce electromagnetic oscillations ip said first slow
wave circuit and to interact with said induced oscillations for providing electromagnetic
oscillations, said first slow wave circuit being defined in two planes and said first

electron beam passing between said planes; and
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a second slow wave circuit positioned to receive said electromagnetic oscillations
from said first slow wave circuit, said second electron beam passing in sufficient
proximity to said second slow wave circuit to amplify said electromagnetic oscillations
propagating in said second slow wave circuit.

22.  The device of Claim 21 wherein said first slow wave circuit comprises an
interdigital, periodic structure of an electrically non-conducting material with one or
more surfaces adjacent said electron beam being metallized, said structure having a
plurality of digits positiohed on a first plane and a plurality of digits positioned on a
second plane, wherein said first electron beam passes between the first and second
planes.

23.  The device of Claim 22 wherein said electrically non-conducting material is
diamond.

24.  The device of Claim 21 wherein said second slow wave circuit comprises a
bi-planar, periodic structure of an electrically non-conducting material with surfaces
adjacent said second electron beam being metallized.

25.  The device of Claim 24 wherein said bi-planar periodic structure is an
interdigital structure having a plurality of digits positioned on a first plane and a plurality
of digits positioned on a second plane, wherein said second electron beam passes between
the first and second planes.

26.  The device of Claim 24 wherein said bi-planar periodic structure is a ladder

structure having a plurality of vanes positioned on a first plane and a plurality of vanes
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positioned on a second plane, wherein said second electron beam passes between the first
and second planes.

27.  The device of Claim 21 wherein said second slow wave circuit comprises a
periodic ladder structure of an electrically non-conducting material with surfaces adjacent
said second electron beam being metallized.

28.  The device of Claim 27 further comprising a structure opposing said
periodic ladder structure for loading said ladder structure in a Karp configuration.

29.  The device of Claim 27 further comprising a structure opposing said
periodic ladder structure for loading said ladder structure in an anti-Karp configuration.

30. A device for providing electromagnetic oscillations comprising;:

a first and a second electron beam generator for providing a first and a second
electron beam, each of said elec_tron beam generators comprising a source of electrons, a
collector of electrons, and means for accelerating electrons emitted from said source in
the direction of said collector;

a first slow wave circuit disposed intermediate said source and said collector of
said first electron beam generator, said first electron beam passing in sufficient proximity
to said first slow wave circuit to induce electromagnetic oscillations in said first slow
wave circuit and to interact with said induced oscillations for providing electromagnetic
oscillations; and

a second slow wave circuit positioned intermediate said source and said collector
of said second electron beam generator and to receive said electromagnetic oscillations

from said first slow wave circuit, said second electron beam passing in sufficient
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proximity to said second slow wave circuit to amplify said electromagnetic oscillations in
said second slow wave circuit,

wherein said first eléctron beam interacts with the full propagation strength of the
electromagnetic oscillations propagating in said first slow wave circuit.

31.  The device of Claim 30 wherein said second electron beam interacts with
the full propagation strength of the electromagnetic oscillations propagating in said
second slow wave circuit.

32. A device for providing electromagnetic oscillations comprising one or more
electron beam generators for providing one or more electron beams for inducing
electromagnetic oscillations in a first slow wave circuit and for amplifying the
electromagnetic oscillations in a second slow wave circuit by interacting with the full
propagation strength of the electromagnetic oscillations propagating in said first and said
second slow wave circuits.

33. A device for providing electromagnetic oscillations comprising one or more
electron beam generators for providing one or more electron beams for inducing
electromagnetic oscillations in a first slow wave circuit and for amplifying the
electromagnetic oscillations in a second slow wave circuit by interacting with more than
an evanescent form of the electromagnetic oscillations propagating in said first and said

second slow wave circuits.
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34. A device forming a pair of side-by-side slow wave circuits, said device
comprising:

a first substantially planar plate containing a pair of side-by-side periodic
structures of electrically non-conducting material, each of said structures comprising an
elongated ridge having a plurality of spaced digits extending substantially perpendicular
therefrom with selected surfaces of said ridges and digits being metallized; and

a second substantially planar plate containing a pair of side-by-side periodic
structures of electrically non-conducting material, each of said structures comprising an
elongated ridge having a plurality of spaced digits extending substantially perpendicular
therefrom with selected surfaces of said ridges and digits being metallized,

said second plate being spaced from and substantially parallel to said first plate so
that each periodic structure on said second plate opposes a periodic struc.:ture on said first

plate forming a pair of biplanar, interdigital slow wave circuits.
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35. A device forming a pair of side-by-side slow wave circuits, said device
comprising:

a first substantially planar plate containing a pair of side-by-side periodic
structures of electrically non-conducting material, a first of said structures comprising an
elongated ridge having a plurality of spaced digits extending substantially perpendicular
therefrom with selected surfaces of said ridges and digits being metallized, a second of
said structures comprising a pair of laterally spaced substantially parallel elongated ridges
having a plurality of spaced vanes extending substantially perpendicular therebetween;
and

a second substantially planar plate containing a pair of side-by-side structures of
electrically non-conducting material, a first of said structures being a periodic structure
comprising an elongated ridge having a plurality of spaced digits extending substantially
perpendicular therefrom with selected surfaces of said ridges and digits being metallized,
a second of said structures comprising a substantially planar surface,

said second plate being positioned spaced from and substantially parallel to said
first plate so that said periodic structure on said second plate opposes said first periodic
structure on said first p-late forming a biplanar, interdigital slow wave circuit, and said
substantially planar surface on said second plate opposes said second periodic structure
forming a single ladder slow wave circuit.

36. The device of Claim 35 wherein said second plate further comprises an
elongated ridge extending from said substantially planar surface and having a metallized

surface, said elongated ridge being positioned opposite and transverse to said vanes of
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said second periodic structure on said first plate forming a single ladder slow wave circuit
loaded in a Karp configuration.

37. The device of Claim 35 wherein said second plate further comprises a pair
of laterally spaced substantially parallel elongated ridges each extending from said
substantially planar surface and having a metallized surface, said elongated ridges being
positioned opposite and transverse to said vanes of said second periodic structure on said
first plate forming a single ladder slow Wave circuit loaded in an anti- Karp
configuration.

38. A device for providing electromagnetic oscillations having a sub-millimeter
wavelength, said device comprising:

a vacuum envelope;

a pair of electron beam generators contained in said vacuum envelope, each of said
electron beam generators comprising a source of electrons, a collector of electrons, and
means for accelerating electrons emitted from said source in the direction of said
collector for generating a pair of substantially parallel electron beams at substantially the
same voltage;

one or more magnetic field generators for focusing said electron beams;

a pair of side-by-side slow wave circuits, each slow wave circuit comprising a
periodic structure of diamond having selected surfaces overlaid with gold, each of said
slow wave circuits being positioned between the source and collector of a respective
electron beam generator so that the gold overlaid surfaces are adjacent the respective

electron beam, the periodic structure of each slow wave circuit being selected so that one
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slow wave circuit operates as a backward wave oscillator which feeds the
electromagnetic oscillations induced therein into the other slow wave circuit which

operates as an amplifier.
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Figure 7



PCT/US2007/016020

WO 2008/008504

v8 ainbi4

0cZs8



830

WO 2008/008504

o
N
0

PCT/US2007/016020

Figure 8B
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