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ost microwave en-
gineers trained in
the art of sol-
id-state elec-
tronics have
had little or no exposure to the basic
physics and operational principles of
modern vacuum electronics tech-
nology. Consequently, many fail to
appreciate the capability, efficien-
cy, and reliability of this remark-
able and durable technology
and fail to take advantage of it
as a cost-effective, high-pow-
er solution when making
system-level decisions. The
goal of this article is to bridge part of
this gap. It is not intended as a tutorial on
the subject; there are textbooks available for that
purpose [1], [2]. Instead, it has two purposes: Provide the
reader with an overview of the current capability of the state
of the art and provide a glimpse of the research trends of the
near future. More information and in-depth analysis can be
found in [3], which contains an excellent collection of review
articles covering broad aspects of vacuum electronics science
and technology.
Vacuum electronics technology is both old and new;
its legacy is impressive and well-known. However, record
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applications requiring high

power at high frequency, vac-

uum electronics (VE) amplifiers and oscillators are used
inscientificresearch areas such as high-energy particle
accelerators and plasma heating for controlled ther-
monuclear fusion. They are also widely used in many
medical systems, such as compact radio-frequency
(RF) accelerators and, recently, in nuclear magnetic
resonance spectrometers for dynamic nuclear polariza-
tion experiments [4]. Commercial satellite communi-
cation systems, broadcasting, and microwave ovens
for industrial and home use are also heavily depen-
dent on vacuum devices for reliable performance at
high power, high efficiency, and low cost. Only vac-
uum electronic devices meet many of these demand-
ing requirements [5], [6]. Figure 1 shows the range of
power and frequency for key applications.

The figure of merit, sz, captures the ability of a
device to generate RF power, where P is the average
power and fis the operating frequency. Figure 2 shows
the steady progress in Pf? achieved for various vacuum
electronics device types. For example, Pf for helix
traveling-wave tubes (TWTs) has seen a three-order-
of-magnitude improvement in the past 50 years and
is poised for further growth with continued innova-
tions, such as using brace support rods and CVD dia-
mond support rods for more efficient heat removal [7].

Noteworthy improvements in vacuum electron-
ics amplifier reliability have been realized over the
past several decades. The operational lifetimes of
the principal types of vacuum electronic amplifiers,
always substantial, are now remarkable. For example,
space-based applications require service lifetimes
in excess of 150,000 hours (18 years); current data for
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space-based traveling-wave tube amplifiers (TWTAs)
show a mean-time-to-failure of 8 million hours [8].
Such reliability improvements have led to significant
reductions in operating cost for many systems.

In the meantime, solid-state power amplifiers
(SSPAs) are also making great strides in improving
their capability with ever increasing output power and
higher operating frequency, and relentlessly invading
the traditional performance realm of vacuum electron-
ics technology [9] (Figure 3). These improvements are
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made possible by the advances in devices based on
wide bandgap semiconductor material (GaN), as well
as more efficient power combining techniques [10],
[11]. As a result, the power advantage of tube-based
amplifiers over SSPAs is no longer obvious at lower
microwave frequencies, although they still have bet-
ter efficiency than SSPAs. In response to the challenges
and market demand, the last decade has seen signifi-
cant efforts by the VE industry to develop devices with
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trend for the different technologies: higher power and
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higher power and greater bandwidth at the millime-
ter-wave band. More than 1 kW of millimeter-wave
power can now be produced with high efficiency in a
relatively small package [12].

Common to both defense and commercial applica-
tions is the need for increased signal power to achieve
the required signal-to-noise ratios over large transmis-
sion distances and large-signal bandwidth (which, in
turn, calls for higher operating frequencies) to accom-
modate massive volumes of data. To measure the abil-
ity of the devices to transmit information, the figure of
merit Pf? (Af/f), where (Af/f) is the fractional instanta-
neous bandwidth of an amplifier, is plotted for a num-
ber of amplifiers at or above 30 GHz in Figure 4. The
high mark of a 100 kW GHZ? is achieved by a 35 GHz
helix TWT with a periodic permanent magnet for beam
focusing. Presently, about 1 kW GHZ? is achieved by a
35 GHz SSPA. The larger value, about 500 kW GHZ?, for
solenoid focusing devices is because of their ability to
transmit more current than devices with periodic per-
manent magnet. However, solenoid magnets are bulky
and heavy and require a separate power supply and
cooling. As will be discussed later, the ongoing research
effort to use a spatially distributed beam, such as a sheet
beam, would enable the achievement of greater than
500 kW GHZ? in a smaller permanent magnet.

Next, we will give a brief overview of the common
tube amplifiers used in high-power transmitters. Only
three types of devices [TWTs including helix and cou-
pled-cavity types, microwave power modules (MPMs),
and klystrons] will be covered, with emphasis on the
recent advance in the millimeter-wave band. References
to other tube devices can be found in the many pro-
ceedings of the IEEE International Vacuum Electronics
Conference, as well as in the special issues on vacuum
electronics of IEEE Transactions on Electron Devices. These
publications contain a significant number of papers
from countries such as Russia, China, France, Japan,
South Korea, Italy, and the United Kingdom.

Current Status of TWTAs

In the design of high-power transmitters for airborne,
space, and mobile applications, a strong emphasis
is placed on minimizing the power consumption,
applied voltage, size, and weight of the amplifiers. For
such applications, where instantaneous bandwidth is
also a requirement, helix and coupled-cavity TWTs are
the device types of choice.

The main reasons for the continued reliance on
vacuum electronic amplifiers such as TWTAs in space-
based transponders and ground terminals are TWTAs’
high output power and high efficiency. The typical
available powers for commercial satellite communi-
cation TWTAs and SSPAs are compared in Figure 5.
The power advantage of TWTAs over SSPAs is signifi-
cant, especially at the higher frequency bands. At the
lower frequency bands, on the other hand, the TWTAs’
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grip on power is being challenged by SSPAs. For exam-
ple, at C-band, commercially available modular SSPAs
are capable of producing 1.5 kW of output power, and
3.0 kW by phase-combining two systems [13]. How-
ever, these SSPAs are still relatively inefficient, with
efficiency at less than 20%. Compared to a linear-
ized TWTA (LTWTA) producing similar RF power,
the above SSPA would cost US$14,000 more in annual
electricity cost [14].

Collector depression is a common technique for
improving the efficiency of TWTs [1]. Using a depressed
collector, one can convert some of the kinetic energy in
the spent electron beam (i.e., after its interaction with
the slow-wave circuit) into the potential energy of the
power supplies and, therefore, increase the overall effi-
ciency of the device [1, ch. 14]. Additional improvement
can be achieved by employing a multistage depressed
collector (MSDC) that can better match the energy
distribution of the spent beam. The total efficiency of
state-of-the-art space TWTs with a MSDC is over 70%
[15] with typical TWTA efficiency between 50-60%. The
typical SSPA’s efficiency is about 25-30% [16].

The linearity of a power amplifier is always of great
importance. For communication applications, the
TWTA has long been considered as a device with poor
linearity as compared to the SSPA. The general belief is
that a TWTA must be backed off 34 dB from saturation
to achieve the same level of linearity as an SSPA. This is
an incomplete statement. It was pointed out in [16] that
the power consumed by a TWTA is usually less than
that of an SSPA with only half of the rated RF power. As
a result, for two amplifiers with the same total power
consumption, a TWTA generally has more available lin-
ear power than an SSPA for most of the frequency band.
The two amplifiers have the same linearity performance
for lower-power and lower-frequency amplifiers only.
Furthermore, the linearity of a TWTA can be improved
much more by use of linearization than that of an SSPA.
As a result, more of the TWTA’s RF power that is lost
due to output backoff is available as linear power.

Predistortion linearization is a simple and effec-
tive technique for improving the performance of both
SSPAs and TWTAs [17]. Its effectiveness on TWTAs is
more significant because of the slow approach to satu-
ration and the higher nonlinearity of the TWTA. It has
been shown that by applying fifth-order linearization,
it is possible to achieve less than 1 dB overall gain com-
pression at saturation so that the combined transfer
curve approaches that of an ideal linear limiter [18].
Consequently, the need for backoff from saturation can
be greatly reduced to take advantage of the higher effi-
ciency near saturation.

The effect of reduced efficiency by operating sig-
nificantly below saturation to obtain linearity can be
mitigated by reoptimizing the helix circuit for reduced
gain compression and phase shift. It can also be miti-
gated by reoptimizing the MSDC (both the collector
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design and depressed voltages) to better match the
spent beam distribution at large backoff operation.
This will improve the collector efficiency and, there-
fore, the total efficiency. L-band and S-band TWTs at
200-300 W output with 25-40% efficiency and eight-
tone carrier-to-intermodulation ratio levels of —70 dBc
have been produced with this technique. This per-
formance is a significant improvement over solid-
state systems having the same fidelity and twice the
efficiency of SSPA [19].

Recently, a new unexplored regime of TWT opera-
tion, based on the transverse interaction between
an electron beam and a circularly polarized cir-
cuit was investigated [20]. It was predicted that a
C-band transverse TWT could be more efficient and
more linear—12 dB smaller value for the carrier-to-
intermodulation ratio—than a conventional longitu-
dinal TWT with a comparable saturated power. Such
TWTAs, if implemented, could meet the demanding
requirement for high-data-rate communication.

The last decade has also seen a leap in the per-
formance of helix TWTs. These devices have criti-
cal applications in high-data-rate communications,
high-resolution radar, and broadband electronic war-
fare. For example, in [21], a record helix TWT perfor-
mance has recently been reported at C- and X-band,
with 25 kW and 8 kW peak power for radar applica-
tions. Compact (around 3.5 Ib) helix TWTs at Ka-band
(30 GHz) with 500 W continuous wave (CW) power,
and 55% efficiency and at Q-band (44 GHz), with 230
W CW power and 43% efficiency [22] have been dem-
onstrated for communication applications. A major
contributing factor for the millimeter-wave TWT
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The power advantage of traveling-
wave tubes over solid-state power
amplifiers is significant, especially
at the higher frequency bands.

achievements is the use of a simulation-based design
methodology. This design methodology relies heavily
on the suite of recently developed codes for vacuum
electron devices [23]-[25].

A coupled-cavity TWT uses a slow-wave circuit
that is mechanically and thermally more robust than
a helix. A coupled-cavity structure is usually larger
in size than a helix structure at the same frequency.
It can, therefore, provide higher power at the same
frequency or operate at much higher frequencies than
a helix TWT. One example is Communication Power
Industries, Inc.’s Millitron coupled-cavity TWT [26]. It
is capable of producing 3 kW peak and 300 W average
power at W-band.

Current Status of Microwave

and Millimeter-Wave Power Modules

The MPM [27], [28] is an example of what Robert
Symons calls appropriate technology [29]. In the case
of a low noise, high efficiency compact microwave
or millimeter-wave power amplifier, the appropriate
technology to use is solid state for the input ampli-
fication and vacuum electronics for the output. This
gain partitioning between solid state and vacuum
electronics is what defines the MPM. When married
with a miniaturized electronic power conditioner,
a high-power-density RF amplifier module results,
providing 100 W and higher in the microwave
bands and 50 W and higher in the millimeter-wave
bands. The combined performance in size, weight,

High-
Voltage
Module

Control  28-Vdc WRD-180
2.9-mm Input Output
Input

Figure 6. 40 W Ka-band microwave power module with
components/subassemblies identified. SSA: solid state
amplifier. TWT: traveling wave tube. Microwave power
module cover has been removed.
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efficiency, bandwidth, and noise level is unattain-
able using either constituent technology alone. Due
to its small size and high efficiency, the MPM is par-
ticularly well-suited for use in resource-constrained
applications, including communication (wireless),
radar, and electronic warfare.

A millimeter-wave power module (MMPM), as the
name suggests, is simply a MPM designed to operate
in the millimeter-wave frequency bands. MMPMs
have been developed at both Ka- and Q-band. A
photograph of a first-generation Ka-band MMPM is
shown in Figure 6. In the unit shown, a nominal 100
mW solid-state gallium arsenide (GaAs) amplifier
drives a low-voltage (about 7 kV) compact vacuum
power booster helix TWT. The MMPM provides an
output power of 40 W from 26 to 40 GHz (with 50 W in
the 30-31 GHz communication band) in a conduction-
cooled package of 7.5 in X 8.5 in X 1.25 in, weighing
6 Ibs. The module displayed operates from 28 V dc
input power, requiring 300 W (max); however, other
prime power formats, including 270 V dc and three-
phase 115 V ac, are possible. All high voltage is self-
contained within the module.

Since its initial development in the 1990s, the
MPM has made significant strides in both perfor-
mance and functionality. Second-generation Ka- and
Q-band MMPMs currently under development at
L-3 Communications Electron Devices provide twice
the output power (100 W) at nearly double the effi-
ciency (33%) over the first-generation designs. These
advances are the result of the wholesale application
of advanced modeling and simulation in component
design [23], [24], as well as the steady progression
in miniature multistage TWT collector technology
and incremental improvements in power condition-
ing efficiency. Interestingly, although the power of the
second-generation MPMs and MMPMs has doubled,
their size and weight have not increased accordingly.
The result is an increase in RF power density, 1.4 X
power density (W/volume) and 1.6 X specific power
density (W/mass), over first-generation performance.

The addition of a miniature predistortion linear-
izer [30] in the MPM RF chain results in an increase
in rated linear power of two and one-half times
(over operation without a linearizer) with a con-
comitant increase in rated efficiency by a factor of
two. Such improvements in linear performance are
important for digital and multicarrier communica-
tion applications.

Future directions in MPM and MMPM develop-
ment point to the continued evolution of MPM per-
formance and functionality. In the power-frequency
realm, wideband dual-mode operation covering the
Ka- and Q-communication bands in a single MPM
with a single TWT is envisioned. While moving
higher in frequency, compact W-band MPMs provid-
ing 100 W for radar and communication are seen as
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enabling the exploitation of this region of the electro-
magnetic application space.

MPM functionality will also continue to increase.
Most of this increase will come through higher lev-
els of integration, such as that exhibited by the MPM
transmitter (MPM-T). The MPM-T unit is a MPM
assembly providing integral cooling, reverse and
forward power sampling, linearization, harmonic
and electromagnetic interference (EMI) filtering,
serial interface control, and optional input signal
up-conversion. The MPM-T, therefore, provides the
system user a drop-in transmitter subassembly while
still retaining all the desirable performance attri-
butes of the MPM. A comparison of 75-100 W solid
state and MPM forced air-cooled Ka-band amplifiers
shows the MPM-T to be a factor of two times smaller,
lighter, and more efficient than an equivalent SSPA.
Lastly, while it may come as a surprise to some, the
reliability of the MPM-T assembly is expected to be
on par with, if not better than, that of an SSPA. The
output power of some sample MPMs and MMPMs is
shown in Figure 7.

Current Status of Klystron Amplifiers
Klystrons operate from UHF to millimeter-wave fre-
quencies. They possess high gain, dynamic range,
power, efficiency, and low noise, albeit with rela-
tively narrower bandwidths compared to TWTAs.
Among the many applications for klystrons is their
long use as the workhorse for high-power trans-
mitters in terrestrial broadcast and satellite com-
munications. Continued technical improvements
have further reaffirmed their dominance. In [31], by
incorporating MSDC, the saturation efficiency for a
2.4 kW klystron designed for direct broadcast satel-
lite (DBS) band was raised from 24% to 40%. This im-
provement can result in savings of over US$10,000
in energy costs per year. This MSDC technology has
led Communications & Power Industries's (CPI’s)
GEN IV klystron to capture 95% of the satellite com-
munications uplink klystron power amplifier (KPA)
market [32]. The typical available power for com-
mercial satellite communications klystron amplifi-
ers is also shown in Figure 5.

For many applications, a klystron is constrained by
high voltage, limited bandwidth, and declining power
at high frequency. Two noteworthy technologies have
been developed to address these issues: the extended-
interaction klystron (EIK) and the multiple-beam klys-
tron (MBK).

In the EIK, one or more of the klystron cavities
are replaced by structures containing more than
one interaction gap. Compared to conventional klys-
trons, EIKs have a wider bandwidth and a higher
power level because of the distributed interac-
tion. The most interesting development in the EIK
has been at the millimeter-wave frequencies [33].
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EIKs are available at frequencies from Ka-band to
G-band. For example, an EIK is capable of delivering
an average power of 400 W at 95 GHz and 9 W (CW)
at 218 GHz [34].

MBKSs offer the advantages of reduced beam volt-
age, reduced size and weight, and increased band-
width when compared with single-beam klystrons.
Multiple-beam devices have been developed exten-
sively in Russia [35]. The highest level in compact-
ness may well have been achieved by ISTOK (Russia),
which developed a Ku-band MBK capable of deliver-
ing 04 kW of peak power (133 W average) weighing
only 400 g, including the magnet.

Advances in Wideband TWTA Linearization
During the past five years, there has been great prog-
ress in the linearization of TWTAs. Linearization is
still primarily by means of predistortion because of
the wider bandwidth and higher efficiencies achiev-
able by this form of linearization. Both analog and
digital (digital-signal-processing based) linearization
are now being applied to TWTAs. Digital linearization
offers the advantage of near ideal transfer response
correction. A two-tone carrier-to-intermodulation ratio
of greater than 50 dB can be achieved with a TWTA at
3 dB output power backoff from saturation.

The major constraint of digital-based linearization
is bandwidth. Although it is now possible to digitally
process signals over greater than 1 GHz of bandwidth,
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been achieved [36]. For ampli-
fiers of an octave or greater
bandwidth, both even- and
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ent. A linearizer must correct
both to achieve linear perfor-
mance. Even order distortion

Figure 8. A push-pull (PP) configuration may be used to minimize both linearizer and
traveling-wave tube amplifier even order distortion. NLG: nonlinear generator.
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Figure 9. Wideband linearized traveling-wave

tube amplifier (LTWTA) performance. Carrier-to-
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Figure 10. Carrier-to-intermodulation (C/I) ratio
of a quad band linearized microwave power module
(L-MMPM) versus output power backoff (OPBO)
from saturation.

practical bandwidths are presently 100 MHz or less
due to limitations relating to the complexity, cost, and
power consumption of available digital components.
There has been significant progress in extending
the bandwidth of analog linearization. It was not very
long ago that a 20% bandwidth was considered wide-
band. Today, multioctave, multi-GHz bandwidths have
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can be minimized by the use
of a push-pull structure. One
approach is to use push-pull
TWTs to minimize amplifier
even-order distortion. Since
the nonlinear generators used
in the linearizer to correct odd-order intermodulation
distortion also produce some even-order distortion
that can contribute to overall power amplifier distor-
tion, a push-pull linearizer architecture must also be
used. This design approach is illustrated in Figure
8, which shows both a push-pull linearizer and the
push-pull PA. If more suppression is required, an
even-order nonlinear generator can be used to supple-
ment the odd-order nonlinearity. Figure 9 shows mea-
sured LTWTA data taken over a 10-18 GHz range.

In many wideband high-power amplifier appli-
cations, performance is not required across the full
frequency range but only at specific bands. For
such applications, multiband linearizers may pro-
vide better performance than a single wideband
linearizer. Dual- and triband linearizers have been
developed and are in production for C-, X-, and Ku-
band. This approach uses two or three independent
predistortor modules that can be switched between
common input and output amplifiers and attenua-
tors. Using this approach, each predistorter can be
aligned for optimum performance in a particular
frequency band. The carrier-to-intermodulation
ratio performance achieved by an experimental
quad-band LTWTA is shown in Figure 10.

In general, with TWTAs, the narrower the band-
width, the higher the improvement that can be
obtained by linearization, but substantial improve-
ment over large continuous bandwidths of more than
an octave can be achieved.

Future Trends in Vacuum

Electronics Research

New applications, such as high-data-rate communi-
cation, high-resolution radar, and active imaging in
the millimeter-wave and submillimeter-wave bands,
demand the availability of compact higher-power
sources at these frequencies and will be the driving
force for vacuum electronics research in the near future.
The two current Defense Advanced Research Projects
Agency (DARPA) programs developing amplifier tech-
nologies at these frequencies are HiFIVE and Terahertz

December 2009



Electronics. HiFIVE is developing amplifiers at 220 GHz,
and Terahertz Electronics is developing them at 670,
850, and 1030 GHz. They both include vacuum elec-
tronics technologies. The emerging requirements will
continue to push the vacuum electronics field to new
levels of performance through advances in areas such
as new physics-based advanced modeling and simu-
lation tools, innovative cathodes, and new fabrication
techniques. Spatially distributed electron beams such
as multiple beams and sheet-beam topologies sup-
ported by microfabrication and refinements in mate-
rials, magnetics, and electron sources, will contribute
to growth opportunities. Advances in power supply
technology may well be an important next step in size
reduction. Examples of these research efforts are given
in the following sections.

Cold Cathodes for Vacuum
Electronics Amplifiers
The cathode lies at the heart of every vacuum electron-
ics RF amplifier, powering the energy-exchange circuitry
for conversion of electron kinetic energy to energy of a
propagating electromagnetic wave. The cathode’s sole
purpose is to create a high-energy electron beam that
streams through the vacuum in relative proximity to the
device’s RF circuit. Current technology employs almost
exclusively thermionic cathodes—i.e., metallic compos-
ites that are heated by various means to near 1,000 °C. At
such temperatures, electrons that are normally bound to
the cathode’s metallic lattice can be extracted from the
cathode surface if their thermal energies exceed the cath-
ode’s surface vacuum potential barrier. This method of
creating free-streaming electron beams in a vacuum has
been successively employed for more than 60 years.
Quantum mechanics, however, holds the promise
of fundamentally altering the method used to create
streaming electron beams in vacuums—one that will
enable revolutionary performance gains for the devices
that employ it. These cold cathodes do not require
high thermal electron energies for beam emission, but
instead rely on quantum mechanical tunneling though
the vacuum potential barrier, a barrier distorted by the
creation of high cathode surface electric fields. Figure 11
depicts the potential energy diagram for electrons at the
surfaces of a thermionic cathode and a cold cathode,
both at room temperature. In the case of the thermionic
cathode, without additional energy g, A¢, the electrons
are bound to the cathode surface and cannot escape into
the vacuum. The additional energy required must come
from direct heating of the cathode via external means.
In the case of the cold cathode, no additional ther-
mal energy is available. Instead, the shape of the
vacuum barrier is distorted via application of a high
electric field to the cathode surface. The barrier is
not reduced to zero, however, and the cathode relies
on quantum mechanical tunneling through the bar-
rier, which allows for transit of electrons through
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the forbidden zone with a nonzero probability. If the
surface electric field and vacuum barrier distortion
become high enough, then the tunneling probability
increases to levels that allow sufficient vacuum cur-
rent to be extracted.

To create the necessary high cathode surface
fields, new methods of cathode fabrication have
been developed that replace the metal composites of
the thermionic cathode with a microfabricated sili-
con substrate upon which are formed several elec-
tric field-enhancing features. Figure 12 compares
the surface geometry and electric field values of
(a) a thermionic cathode, (b) a microfabricated cold
cathode substructure with field-enhancing dielectric
layer, and (c) a microfabricated cold cathode with
a field-enhancing dielectric layer and an additional
field-enhancing cone emitter. The dielectric layer
increases the electric field over that of a thermionic
cathode by about 100 times, and the cone emitters
add an additional factor of 10-100 times at the apex
of the cone, creating electric fields that ultimately
exceed the threshold for room temperature electron
emission into the vacuum.

The cone emitters of Figure 12(c) have micron-
sized features, and, typically, each produce 1-10 mA
of vacuum current. The small feature size and use of
microfabrication techniques allow for large arrays
of such emitters (10*—10°) to be manufactured onto
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Energy diagram for a thermionic cathode and
a cold cathode. The high surface electric field for the cold
cathode distorts the potential barrier and allows tunneling.

IEEE mMicrowave magazine

45



If vacuum electronics amplifiers can be
developed to fully exploit the capabili-
ties of the cold cathode, new vistas of

operating performance can be realized.

Cathode Potential Contours ¢

Dielectric
Meta

Enax=1V/um

(@) (b)

Figure 12. Cathode surface geometry of (a) thermionic cathode, (b) microfabricated cold
cathode substructure with field-enhancing dielectric layer, and (c) microfabricated cold
cathode with dielectric layer and additional field-enhancing cone emitter.
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Figure 14. Photograph of a 100 W cold cathode traveling-
wave tube.
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very small cathode substrates, typically more than an
order of magnitude smaller than a thermionic cathode
producing the same total current. Figure 13 shows a
typical embodiment of a cold cathode array. Unlike a
thermionic cathode, the cathode structure is relatively
simple. Application of about 100 V across the cath-
ode substrate is sufficient to
extract a full-current beam.
This simple implementation
eliminates the entire cathode
heating structure and support
necessary for the operation of
its thermionic counterpart.

Development of microwave
devices that employ cold cath-
odes of the type shown in
Figures 12 and 13 have been
ongoing for the past 15 years
[37]-[41], with performance
levels steadily increasing over
this period. In the past year,
performance approaching lev-
els required for use in actual
microwave systems has been achieved in a cold cath-
ode TWT developed at L-3 Communications Electron
Devices in San Carlos, California [42], with cathodes
developed at SRI International in Menlo Park, Califor-
nia [43]. Figure 14 shows a photograph of the device,
including the cold cathode electron gun and the RF
amplification circuit.

The RF power and efficiency performance of the
cold cathode TWT is shown in Figure 15 for values of
current ranging from zero to the device’s full operat-
ing value. The TWT demonstrates operation at 100 W
and 5 GHz, 22 dB saturated gain, 33 dB small signal
gain, beam currents up to 0.120 A, and duty factors
up to 10%. These operating parameters are relevant
for some existing communication, data link, and
radar applications.

If vacuum electronics amplifiers, such as those
shown in Figures 14 and 15, can be developed to fully
exploit the capabilities of the cold cathode, new vistas
of operating performance can be realized. The cold
cathode has the potential to affect all aspects of opera-
tion, including maximum device frequency, lifetime
and reliability, fast turn-on time, maximum modula-
tion rate, size, linearity, and efficiency. Given their
miniature size, cold cathodes make high current den-
sity operation possible without the inherent life-limit-
ing mechanism encountered with thermionic devices;
this characteristic becomes increasingly important as
compact high-frequency sources are further developed
in coming years. Operation at room temperature elim-
inates the complex electron gun design and cathode
manufacturing technologies required to heat the cath-
ode to near the required 1,000 °C while limiting the
temperature rise and differential thermal expansion

1,000 V/um

1um E=-V
(© v
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of surrounding gun material. Instant device turn-on
is also possible with devices employing cold cathodes.
Time scales for cold cathode turn-on from an off state
to fully on state are decreased by several orders of mag-
nitude, as the thermionic cathode responds on thermal
diffusion time scales of seconds, while the cold cath-
ode responds on voltage charging time scales of tens of
nanoseconds. In addition, the turn-on voltage for these
cathodes is reduced by an order of magnitude below
that of an electrode-modulated thermionic cathode,
thereby reducing modulator voltage requirements and
increasing modulation rates, both by an order of mag-
nitude. The importance of and benefit derived from
cold cathode implementation depends on the intended
application, though the potential of this newly devel-
oped technology to affect the ultimate performance
limits of all RF vacuum devices is clear.

Sheet-Beam Amplifiers
Sheet-beam millimeter-wave amplifiers offer the
prospect of considerably higher power and specific
power (output power per unit weight and volume)
than can be achieved with comparable pencil-beam
devices because significantly higher current can be
transported through the circuit at a given voltage.
This advantage is particularly important as the fre-
quency of vacuum electronics amplifiers increases
to 100 GHz and beyond because the dimensions of
the beam tunnel, as well as the slow-wave structure,
scale as the wavelength A. In a pencil-beam device, the
beam diameter must be approximately A/10 or less.
Space-charge forces and beam temperature effects
fundamentally limit the current that can be trans-
ported in such a small diameter beam thus limiting
the power that can be generated. The power density of
the electromagnetic field that can be supported by the
beam-wave interaction structures and couplers is also
limited by breakdown and heating effects, imposing
an additional limitation on the output power as the
volume of these structures decreases with increas-
ing frequency. Empirically, the output power scales
roughly as A% To overcome these limitations while
retaining the many positive features of slow-wave or
standing-wave amplifiers, it is necessary to somehow
increase the beam cross-section and the beam-wave
interaction volume. Sheet beams provide a solution.
An example sheet structure is shown in Figure 16.
Sheet-beam devices are also attractive because the
planar topology is relatively simple to fabricate. This
is particularly important at millimeter-wave and tera-
hertz frequencies, where the very small feature sizes
and tolerances can be achieved by lithographic micro-
fabrication techniques, such as lithography, electro-
plating, and molding and deep reactive-ion etching,.
However, the successful development and imple-
mentation of sheet-beam devices also present some
difficult challenges that have so far severely limited
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Sheet-beam millimeter-wave amplifi-
ers offer the prospect of considerably

higher power than can be achieved

with comparable pencil-beam devices.

the realization of this technology. In fact, sheet beam
amplifiers have been pursued for well over 50 years
[44], but, generally, they have yet to be proven as a
practical alternative to pencil-beam devices. There
are a number of reasons for this arrested develop-
ment. First and perhaps the most fundamental is that
the basic advantage of a sheet beam only holds if the
electron current density can be maintained at approx-
imately the same level of the corresponding pencil
beam, and this is quite difficult due to potential sheet
beam instabilities, edge effects, and nonuniformities.
A high degree of uniformity of both the beam and
the RF field across the width of the sheet is necessary
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Figure 15. Measured cold cathode traveling-wave tube
power and efficiency performance data.

Figure 16. Sheet beam coupled-cavity traveling wave
structure with expanded view of one cell.
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for strong and efficient beam-wave interaction. Also,
sheet-beam interaction circuits are intrinsically over-
moded, and fabrication errors or slight misalignments
of the beam relative to the circuit can cause undesired
modes to be excited. Thus, two major obstacles that
must be overcome to achieve the full potential of sheet-
beam amplifiers are 1) the formation and transport of
a sufficiently high perveance and uniform beam and
2) the design and fabrication of suitable interaction
circuits, both of which must be executed with a high
degree of precision.

Most sheet beam research has focused on mag-
netic transport, utilizing periodic permanent mag-
nets [45], [46]. Such a configuration is relatively
light and compact, and stable beam transport can be
achieved over a relatively long length. The key dis-
advantage of periodic permanent magnet focusing is
that it imposes a minimum beam voltage for stability
that is often far higher than desirable from systems
considerations. The alternative magnetic focusing
scheme, employing a uniform or solenoidal field,
can provide significantly higher field strength (and
hence stronger focusing) from available permanent
magnets than periodic permanent magnet focusing,
but it has usually been avoided because of potential
instabilities [47].

To determine the optimum transport technique for a
sheet beam, these stability considerations must be com-
bined with the beam envelope equation, which deter-
mines the magnetic field strength required to balance
the outward space-charge and beam temperature forces
on the beam. For relatively low-voltage (<20-25 kV)
sheet beam devices, a solenoidal field can transport sig-
nificantly higher current densities, thereby achieving
higher output power [48]. The price that must be paid
is a somewhat heavier and larger magnet assembly.
Whichever approach is used, the transport field must
be carefully matched to the electron gun.

EIK Circuit with
Input/Output
10 Guides

Beam Interaction

== ! Tunnel Cavities
Permanent Gun Pole

Magnets (20 kv, 3.5 A) Pieces

Figure 17. Layout of NRL's 94 GHz sheet-beam extended
interation klystron (EIK). The permanent magnet produces
a uniform 8.5-kG field over the interaction volume.
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Most sheet-beam circuit configurations that have
been considered for millimeter-wave amplifiers are
either like EIK, consisting of a number of discrete cav-
ity structures, or traveling-wave types, with a suitable
structure to slow the wave phase velocity to match the
electron velocity. While these configurations are gener-
ally analogous to corresponding well-developed pen-
cil-beam structures, their design and optimization are
complicated and quite challenging. Unlike the beam
tunnel in pencil-beam devices, which is below cut-off
for the operating frequency so that adjacent circuit ele-
ments are isolated, a sheet beam tunnel is wide enough
to propagate the fundamental transverse electric (TE)
mode, which can easily be excited and lead to oscilla-
tion and/or beam disruption if the midplane symmetry
of the tunnel, circuit, and beam is destroyed by mis-
alignment, fabrication errors, etc. Also, as the aspect
ratio of a sheet beam device increases, it becomes more
difficult to ensure uniformity and proper phasing of
the beam and the mode field across the entire width
of the device.

Recent progress in devising such sheet beam
structures, largely facilitated by more powerful com-
puter codes and computing resources, is promising.
These codes are enabling much more realistic designs
to be evaluated and, with their optimization routines
to fine-tune parameters, make first-pass fabrication
success a reality. As an example, such simulations
predict that a 94-GHz, 20-kV, 3.5-A sheet-beam EIK,
which has an interaction circuit <1.5 cm long, can
generate a peak output power >10 kW. This is at least
a factor of five larger than a pencil-beam device at
this frequency and operating voltage. A device based
on this simulation is being fabricated (Figure 17), and
efforts are underway to scale such devices into the
terahertz regime.

Compact, High-Power Terahertz Sources

Since demonstrating the first operation of a vacuum
electronic terahertz source based on microfabricated
folded-waveguide (FWG) technology [49], Northrop
Grumman has continued the development of compact,
high-power THz sources in support of several DARPA
THz initiatives. Similar to classical vacuum electronic
devices, these THz sources consist of a thermionic elec-
tron source, a slow-wave interaction circuit to amplify
the RF wave, and a depressed collector to recover
energy from the spent beam for efficient source opera-
tion. A 10 kG Nd-Fe-B permanent magnet solenoid is
used to magnetically confine the electron beam as it
passes through the slow-wave structure. Vacuum elec-
tronics devices based on FWG regenerative oscillator
circuits have been successfully fabricated and oper-
ated between 0.600-0.675 THz with RF power levels
over 50 mW at duty cycles up to 3% [50]. This is sig-
nificantly higher than the power capability of existing
sources operating at these frequencies.
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A FWG slow-wave circuit is a serpentine wave-
guide, folded back upon itself multiple times, with a
beam tunnel through the center of the structure. The
FWG is designed such that the axial velocity of the
RF wave in the waveguide can be made to match
the group velocity of the electrons travelling down
the beam tunnel. In order to achieve efficient coupling
of the RF wave to the electron beam at THz frequen-
cies, the cross-sectional dimensions of the FWG are on
the order of tens of microns by hundreds of microns,
which must not vary over the entire circuit length of
several centimeters.

Another requirement is smooth walls to mini-
mize the waveguide attenuation due to the shallow
skin depth at THz frequencies. Realization of circuits
meeting these requirements has only been enabled
by the use of modern microfabrication techniques,
like deep reactive-ion etching of silicon coupled with
copper sputter deposition and electroplating. The pla-
nar nature of the FWG circuit is naturally amenable
to these planar microfabrication processes, enabling
batch processing of multiple circuits on a single wafer.
Additionally, FWG circuits do not rely on fragile struc-
tures such as gratings to achieve amplification, and,
therefore, they are structurally more robust. They
are fabricated from a solid block for better thermal
management. Finally, cofabricated tapers at each end
of the serpentine waveguide provide a natural and
effective way for coupling power into and out of the
circuit. The FWGs used in the terahertz sources (Fig-
ure 18) were fabricated in halves (mirror-images) by
a two-level silicon deep reactive-ion etching process:
One step to create the FWG itself and a second step to
create the beam tunnel through the FWG structure.
Each half was then metalized via copper electroplat-
ing, aligned, and bonded together, forming the com-
pleted FWG circuit.

In addition to the careful design and accurate
fabrication of the FWG interaction circuit, the elec-
trostatic gun design, electron beam transport mag-
netics, and the collector design are crucial in order
to achieve compact, high-power devices that operate
with minimal beam intercept and high device effi-
ciency. Focus and transport of a 4 mA beam through
the 60 X 60 um” beam tunnel (60 um—roughly the
diameter of an average human hair) is a technical
challenge as mechanical offsets, edge-emitted elec-
trons from the cathode, and localized transverse
magnetic fields on the order of a few tens of Gauss
(less than 1% of the overall axial field) can force the
beam off axis, leading to significant beam intercept.
Precision fabrication of the electron gun assembly,
accurate mechanical alignment of the gun with the
beam tunnel in the FWG circuit, and minimization
of the transverse magnetic fields have lead to a beam
transmission of 78% for a 4.8 mA beam at 10 kV in a
recent prototype. Lastly, the design of a single-stage,
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graphite lens collector was optimized to recover
92.4% of the energy from the spent electron beam.
The THz source prior to final assembly is shown in
Figure 19.

After assembly and exhaust, the vacuum electron-
ics FWG THz source is mounted on the test stand in the
bore of the permanent magnet solenoid. Beam focus
and transmission are controlled by the alignment of
the magnet, which is adjusted, relative to the source,
with two three-axis translation stages. A cylindrical
copper waveguide serves as an overmoded, external
output waveguide to transmit RF output power to

ACCV=.Spbt Magtr=t
16.0 KV43.0186x

Figure 18. Folded-waveguide circuit half fabricated by
deep reactive-ion etching process.

Figure 19. The terahertz source prior to final assembly.
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modules (a solid-state driver amplifier together with a

At millimeter-wave bands, the
FWG amplifier) to operate from 0.2 THz to over 1 THz.

performance of vacuum electronics

devices is not likely to be matched

by solid-state power amplifiers in the
near future.

the THz detector. A 2 L/s ion pump maintains the
vacuum, and nitrogen gas flows through the magnet
bore to stabilize the temperature of the source dur-
ing testing.

Table 1 summarizes the operating characteristics
for a recent THz source prototype. This source oper-
ated at 0.656 THz, 9.9 kV, and 46% beam transmission.
Measured power at the output window was 52 mW. In
the oscillator, the estimated single pass gain is around
15 dB, which is equal to the total loss of the return path.
The size of the compact device is driven mainly by the
size of the cylindrical magnet with a diameter of 3.4 in
and a length of 4.9 in.

The oscillation frequency is observed to step-tune
as the beam voltage is varied from 9.6 kV to greater
than 10 kV, as shown in Figure 20. It is believed that
these steps are characteristic of the regenerative feed-
back FWG circuit in the source. In general, there was
megahertz stability from pulse to pulse. The mea-
sured line-width was less than 30 MHz due, in part,
to fluctuations of the beam current and voltage during
the pulse. Measurable power was observed between
607-675 GHz.

Work is presently underway to extend FWG device
technology to develop compact, high-power vacuum
electronic amplifiers and fully integrated power

TABLE 1. THz source operation parameters.

Parameter Value
Power at window 52 mW
Frequency 0.656 THz
Single pass gain ~15dB
Cathode voltage 9.9 kv
Pulse length 0.05-1.0 ms
Repetition rate =30 Hz
Duty cycle, maximum 3 %

Axial field 10 kG
Emission current 4.6 mA
Collector current 2.1 mA
Beam transmission 46 %
Interaction efficiency 0.4 %
Source efficiency 0.2 %
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Conclusion

Vacuum electronics amplifiers continue to play an
important role in high-power transmitter applica-
tions. At microwave frequencies, recent advances in
wide bandgap semiconductor devices such as GaN
and power combining techniques are enabling SSPAs
to challenge the power advantage of vacuum electron-
ics amplifiers, but vacuum electronics devices still
hold the efficiency edge even at these frequencies. At
millimeter-wave bands, the performance of vacuum
electronics devices, both in terms of power bandwidth
product and efficiency, is not likely to be matched by
SSPAs in the near future. The use of linearization fur-
ther enhances the efficiency edge of vacuum electron-
ics amplifiers. The development of technology at the
upper millimeter-wave and submillimeter-wave are
enabled by cold cathode technologies and microfabri-
cation techniques.
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