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Abstract— Carbon nanotube (CNT) cold-cathodes hold
much promise in a variety of millimeter-wave and terahertz
vacuum electronic radiation devices due to their inherent
near instantaneous temporal turn-on and near-ideal ideal
field electron emission performance. Here we report on the
development of a CNT cold-cathode Ka-band backward-
wave oscillator (BWO). Using a novel beam compression
stage, theoretical studies, simulation results, and empirical
findings collectively demonstrate that this device affords an
unprecedentedly high output power of 230 W at a techno-
logically important operating frequency of 33.65 GHz. The
developed magnetic injection electron gun achieves a high
emission current of 265.5 mA (emission current density
of 188.3 mA/cm?) and a high focused beam current density
of 18.5 A/cm?, which our studies suggest, is essential to the
BWOs high output power.

Index Terms— Backward wave oscillator (BWO), carbon
nanotube (CNT), cold cathode, field emission (FE), high
power, millimeter-wave (MMW) radiation.

|. INTRODUCTION

WING to their high output power and high operating
frequency, vacuum electronic radiation sources (VERS)
have been deployed widely in many technologies, includ-
ing radar, biology, imaging, and communications [1]-[4].
At present, commercially available VERS typically utilize
conventional thermionic cathode electron guns that are bulky
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and require additional heater driver electronics. Thermionic
sources are inherently functionally limited due to their
high-temperature operation and comparatively slow temporal
response [5], [6]. Electron emission from thermionic cathodes
requires comparatively lengthy preheating and thermalization
times, which are often tens to hundreds of seconds. Though not
particularly problematic during operation, the removal of addi-
tional heating circuitry from the electron sources helps drive
important mass and volume reduction—a system-level design
priority in many VERS applications. Perhaps the most pressing
challenge facing thermionic-based devices is the ongoing
difficulty in source miniaturization. As a result, research on
the development of millimeter-wave (MMW) VERS has been
largely stifled due to the lack of suitable emission sources
which to develop new VERS on.

Though much-hyped, functional assessment of field emis-
sion (FE) cold cathode material continues to highlight them
as the leading alternative for the replacement of incum-
bent thermionic electron sources in MMW VERS [7], [8].
Nanostructured cold cathodes have come to the fore in the
vacuum electronics community due to their engineered sur-
face properties and nanoscale morphologies, which allow for
room temperature operation [9], self-ballasting emission [10],
low turn-on voltages [11], and time stable electron emis-
sion [12]—-[14]. The near-instantaneous switch-ON time [15]
of such nanostructured FE sources removes the need for any
preheating or thermal conditioning of the electron emitter.
Nanostructured FE sources have long lifetimes [14], and
facile system architectures [16], [17] are inexpensive to inte-
grate due to their design simplicity, all of which allow for
aggressive volume and mass miniaturization [17]-[22]. Within
the absence of surface-bound adsorbents, carbon nanotubes
(CNTs) emitters afford significantly extended operation times
compared to other electron source technologies [14]. Though
the emergence of a wide variety of new 1-D and 2-D materials
has stimulated a revival in electron emission-based research,
due to their comparative maturity CNTs remain one of the
most attractive materials upon which to develop electron
emission devices [23]. Their high electronic and thermal
conductivity, large aspect ratio, and excellent chemical and
mechanical stability continue to drive significant on-going
research efforts [23]-[26]. To date, several attempts have been
made to increase the FE current from CNT cold-cathodes and
integrate them into VERS devices to support the development
of new technologies [21], [24], [26]. Previously, we have
designed a truncated-cone CNT cold-cathode electron gun
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with beam transmission of nearly 100% and a maximum
emission current of 100 mA [16]. This electron gun was
successfully used to develop a fully sealed 0.22-THz-gyrotron
with an output power of 500 mW [27]. These systems demon-
strate viable integration pathways toward the development of a
new generation of functionally advanced nanomaterial-based
cold-cathode VERS. Nevertheless, the output power of this
gyrotron remained limited to only a few hundred milliwatts,
making it unsuitable for many applications which require
orders of magnitude higher output powers [26]. This work was
extended by Li et al. [28] who used our truncated-cone CNT
cold-cathode as a reference device when they developed a
magnetic-focused X-band traveling wave tube (TWT) capable
of delivering an emission current of 358 xA at 12.5 kV/mm.
Unfortunately, the CNT cathode was damaged during pulsed
mode testing, and the output power of their TWT was not
extensively characterized or reported [28]. To date, princi-
pally due to the comparatively low emission current density
achieved, there has been very little progress in producing high
power MMW and terahertz VERS based on CNT cold cathode
that is capable of operating at hundreds of watts [29]-[33].
This report looks to address this.

Capable of generating microwaves up to the THz frequency
range, one of the most established VERS devices is the
backward-wave oscillator (BWO). The emission frequency of
BWOs is largely independent of the load impedance. As a
result, BWOs can be designed to operate with exceptionally
stable emission frequencies, enabling the realization of many
previously unmanufacturable technologies [34]-[38]. In this
article, we report on the development of a hundred watt-level
BWO based on a CNT cold-cathode. On the basis of our
earlier truncated-cone electron gun structure [16], we have
optimized the cathode nanomaterial through precise control
over the CNT growth to further improve emission current
density to functionally useful levels. An operating current
density of tens of A/cm? has been repeatedly achieved using a
custom-designed high-compression-ratio electron gun design.
Here, we report on the development of a proof-of-principle Ka-
band disk-loaded waveguide BWO employing the improved
CNT cold-cathode electron gun that delivers empirically tested
output power of hundreds of watts. A hundred watt-level CNT
cold-cathode VERS has been successfully realized, which
lays important prototyping foundations for the development
of future high-power terahertz VERS based on emerging
nanomaterials.

Il. RESULTS

A. High-Performance CNT Cold-Cathode FE
Characteristics

FE measurements were conducted using as-synthesized
CNT-coated stainless steel (SS304) cathodes (see Section 1V),
with a control anode—cathode of 1.1 mm. The control anode is
responsible for the electron extraction from the CNT emitters.
The sidewalls of truncated-cone acted as the cold cathode
substrate and the CNT forest has been directly synthesized on
the whole substrate. The total emission area of the CNT cold
cathode was estimated to be 1.41(£0.01) cm?. Typical current
density—electric field (/—E) characteristics from the CNT cold
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Fig. 1. Experimental results of the current (/)—electric field (E) charac-

teristic of the truncated-cone CNT cold-cathode: emission current as a
function of applied electric field, inset: FN plot.

cathodes are shown in Fig. 1. Measured from n = 5 samples,
we observe a typical maximum emission current of 265.5 mA
(emission current density of 188.3 mA/cm?) for an applied
electric field of 7 kV/mm, and there are few differences in FE
characteristic of all samples. Used for simplicity the emission
is broadly described by the simplified Fowler—Nordheim (FN)
equation: J = AE%exp(—B/E), where A and B are the FN
constants. To support the development of our representative
macroscale models, A and B here have been estimated by
numerical fitting based on our experimental data. Applying a
fitting procedure (described elsewhere [30]) across all samples,
we find A = 6.93 x 1077 A/V? and B = 6.86 x 10’ V/m
(R?* = 0.9872 (red data), R> = 0.9897 (blue data), R?> =
0.9863 (black data)). From this, a representative emission
characteristic curve was obtained which has been used in
subsequent emitter modeling. The threshold electric field was
4.7 kV/mm for an emission current of 1 mA.

B. High-Performance CNT Cold-Cathode FE
Characteristics

The CNT cold-cathode BWO device consists of a mag-
netic injection CNT cold-cathode electron gun, disk-loaded
waveguide slow-wave structure, collector, and output window.
Fig. 2 shows, a cross-sectional schematic of the structure and
an optical photograph of the manufactured device. A double
anode electro-optical system is used. The output system is
formed from a mode converter, as shown in Fig. 2(c). During
operation, electrons are extracted from the CNT cold-cathode
under the action of the applied electric field between the
control anode and cathode. Owing to the influence of the local
magnetic field (B, = 0.4 T) in the cathode region [16], elec-
trons adopt a cyclotron motion. These electrons are accelerated
by the anode into the beam tunnel (i). During this migration,
the electron beam has a nonzero longitudinal velocity and
transverse velocity component. The ratio of the transverse-
to-longitudinal velocity of the electron beam is 0.54. After
the electron beam is compressed within the beam tunnel,
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Fig. 2. (a) Cross-sectional illustration and (b) photograph of the CNT
cold-cathode BWO (scale bar: 5 cm). (c) Photograph of the fabricated
mode convertor (scale bar: 1 cm).

it enters the beam-wave interaction slow-wave structure (ii).
The slow-wave structure consists of 15 disks loaded in the
cylindrical waveguide with a waveguide inner diameter d; of
3.6 mm and a period length p of 2 mm. The thickness of
disk ¢ and the inner diameter of disk d, are 0.5 and 1.3 mm,
respectively. Here, the electron beam interacts with the high
frequency (HF) field (circular TMy; mode). The longitudinal
energy of beams decreases, and the electromagnetic radiation
of MMW is generated. Finally, the HF circular TMy; signal
is output as a rectangular TE;y) mode through the mode
converter as the electron beam reaches the collector (iii). The
output port (iv) of the circular waveguide TMy;-rectangular
waveguide TE;p mode converter is WR-28 [39].
Experimentally, the CNT cold-cathode BWO was attached
to an ultrahigh-vacuum system by a corrugated stainless-steel
hose, with the entire evacuated system operating at a base pres-
sure of 6.3 x 1077 Pa. The CNT BWO measurements were per-
formed using computer-controlled negative voltage pulses with
a duration of 20 (£0.05) us. The pulse repetition frequency
was 30 (£0.1) Hz. A high-power matching load (attenuator)
was connected to the output terminal of the CNT cold-cathode
BWO through a directional coupler and mode converter.
A low-power HF signal after attenuation was obtained using
a directional coupler. The amplitude of the low-power HF
signal was measured in triplicate using a Ka-band MMW
detector (China Electronics Technology Instruments Company
Ltd., Qingdao, China, AV70304). In addition, the frequency
of the low-power HF signal was directly measured by a
spectrum analyzer (China Electronics Technology Instruments
Company Ltd., AV4036). When the negative voltage U, of the
cathode was increased from 36 to 38 kV, the output power
signal was detected using a Ka-band MMW detector. The
negative voltage U, of the control anode was 28.8-30.4 kV
based on the voltage division ratio of 4/5. Two operating
frequencies of 33.412 and 33.645 GHz were measured using
the spectrum analyzer. Typical results of the output frequency
and measured power are given in Fig. 3. Fig. 3(a) shows the
output frequency spectrum of the 33.645-GHz signal. Fig. 3(b)
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Fig. 3. Typical results of radiation output frequency and power mea-

surement of the CNT cold-cathode BWO. (a) Peak spectra frequency
of 33.645 GHz, inset: pulsed emission stability of CNT cold cathode.
(b) Output power signal test results, inset: a typical temporal emission
profile of the FE current and high-voltage signal in conventional diode
mode measurements.

shows this peak’s typical output power signal at an operation
voltage of 37.4 kV. There is a delay between the peaks in
the collector current and the output power associated with
the MMW detector response of several microseconds due to
measurements procedure used. Based on these findings, our
calculations suggest that the output power of our BWO is
approximately 230 W. The beam current is about 220 mA
based on the collector current signal at an electric field of
6.9 kV/mm. According to the test profiles of our abovemen-
tioned FE measurements, the emission current is 224 mA at
6.9 kV/mm. The beam transmission is approximately 98.2%,
which empirically aligns with the findings of our earlier work
[16]. For an operation voltage of 36.8 kV, the measured output
power was 220 W at a frequency of 33.412 GHz.

From the beam-compression-ratio of 100 reported in our
earlier work, and the maximum emission current of 265.5 mA,
coupled to a beam transmission of 98.2%, we estimate a
beam current density in the HF tunnel to be approximately
18.5 A/cm?. Such a high current density proves essential
for the efficient operation of the MMW VERS. Owing to a
large number of emitters per unit area of the emitter, which
we estimate to be around 10%cm?, the emitted current per
CNT emitter is, on average, low which ensures, time stable
emission and addresses on-going functionality concerns within
the nanomaterial-based FE community [21], [24], [40], [28].
Our data suggest that our CNT cathode has an emission
current density of around the level of hundred mA/cm?. The
high final operating beam current density is attributed to
the systems’ subsequent high-compression-ratio, which creates
the approximate three-orders of magnitude higher operating
current density recorded and offers a viable technological
solution to increasing the current density from CNT cold
cathode in vacuum electron devices.

After 14 days of pulse-mode testing, the device showed a
pulsed operating (20 us, 30 Hz) lifetime of more than 100 h,
with the FE current (100 mA) decreasing by only 5% through-
out this entire duration as shown in the inset of Fig. 3(a).
After the pulse-mode processing, the FE current has begun
to level out dramatically with a stable current of ~95 mA
during the testing time of 100 h. The operational magnetic
field in the cathode region was only 0.4 T, supporting further
system miniaturization. Should the cold cathodes engineered
nanostructure be further optimized to achieve greater emission
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Fig. 4. Typical (a) areal-view SEM of an unoptimized misaligned and
overly dense CNT cold cathode source [16] and (b) edge-view SEM of
density and alignment optimized as-grown CNT thin film on a stainless
steel substrate dense CNT forest, consisting of CNTs with mean diameter
of 10 nm and mean length of 5 um, as measured elsewhere [27], [32].

current densities, we believe, based on these findings, that such
electron guns will ultimately replace incumbent hot cathodes
in a wide range of applications and in doing so will provide
a new vehicle for the development of the next generation of
high power VERS devices.

I1l. DISCUSSION

A. CNT Growth Optimization and CNT Cold-Cathode
Modeling

In our previous research on the development of a 220-GHz
cold-cathode gyrotron, high-density CNTs forests were used
as the primary electron source [27]. In this earlier work,
we successfully designed an electron-gun based on curved
stainless steel (SS304) supported CNT cold-cathodes [16]. The
final emission current was relatively low, only 28.2 mA, which
was attributed to common electrostatic shielding effects result-
ing from the chemical vapor deposition (CVD) synthesized
high-packing density CNTs (dense forests) [16], as shown in
Fig. 4(a). As suggested elsewhere [33], in the present design,
to mitigate this issue, a CNTs forest with lower relative
density was employed to reduce electric field shielding effects,
as shown in Fig. 4(b). Though vertically aligned CNTs have
been shown to afford improved FE performance over their
mis-orientated counterparts [33], CNT growth technology on
curved substrates, such as those used here, remains chal-
lenging. Here we build on these preliminary designs, with
a focus on their integration in a BWO. Efforts focused on
improving the emission characteristics of the nanostructured
cathode substrate material and engineering the CNT growth
and subsequent geometry to increase their maximum emission
current. Initial growth experiments resulted in the produc-
tion of highly dense and misaligned CNTs. These emitters,
though functional, demonstrated poor emission performance
with unsatisfactory time stability. Upon optimization of the
CNT growth (see Section IV), to be reported elsewhere [32],
we reduced the CNT packing density and increased the typical
vertical alignment of the CNTs on the emitter. These two
morphological effects resulted in dramatically reduced nearest
neighbor electrostatic shielding between CNTs as well as
increasing local electric field enhancement by increasing the
mean aspect ratio across the emitter. Moreover, we found
that under the high electric fields used, anisotropic torque
induction in the CNTs caused by the tip growth adopted by the
CNTs and the presence of the Fe catalyst nanoparticles within

the CNT tips ensured that the CNTs aligned to, and stayed
aligned with the electric field direction during BWO operation
[27], [32].

B. Simulation of a Ka-Band Disk-Loaded Waveguide
BWO

To analyze the experimental results, commercially available
3-D simulation software was used. Summarized simulations
showing the transmission characteristic, dispersion, output
power, and operating frequency are illustrated in Fig. 5.
As there are 14 cavities in the HF circuit (15 disks loaded in
the waveguide), 14 resonant frequencies have been obtained by
calculating the S,;, as shown in Fig. 5(a). Our simulations con-
firm the formation of two resonant frequencies at 33.482 and
33.623 GHz among all of the resonant frequencies produced.
Fig. 5(b) shows the dispersion curve of the TMy; mode as
a function of the normalized wavenumber. The operating
voltage of the gyrating electron beam is obtained by the
relativistic velocity correction formula [41]. When operated
at 37.4 kV, and the ratio of the longitudinal velocity and
transverse velocity of the electron beam is 0.54, the beamline
(longitudinal velocity line) is superimposed onto the disper-
sion curve, intercepting the dispersion curve at a frequency
of 33.623 GHz. When the beam voltage decreases to 36.8 kV,
the operating frequency is 33.482 GHz. These findings indicate
that the operating voltage fluctuates around 37 kV. Fig. 5(c)
shows simulation results of the instantaneous output power at
an operating voltage of 37.4 kV. The average output power is
uncommonly large, at around 300 W (half of the instantaneous
output power). Fig. 5(d) shows the frequency spectrum of the
electric field (in dB) in the output waveguide; the primary
frequency mode is at 33.618 GHz, closely matching (by
99.92%) the operating frequencies in our experiments. When
the operating voltage was set to 36.8 kV, the average output
power is 290 W at an output frequency of 33.484 GHz, further
corroborating our empirical findings.

IV. MATERIALS AND METHODS

Multiwalled carbon nanotubes (MWCNTSs) were grown on
the sidewalls of an SS304 stainless steel truncated-cone by
microwave plasma CVD. The SS304 substrate was coated with
Al (10 nm) and Fe (1 nm) by thermal evaporation (Edwards
E306). To synthesis the CNTs, catalyst samples were placed
in a 2.45-GHz microwave plasma CVD system (ASTeX). The
microwave power level was set to 1 kW, the reactor pressure
to 2500 Pa and a gas flow of 180 sccm of H; and 20 sccm of
CHy. The growth temperature was 600 °C. A typical as-grown
MWCNT sample is shown in Fig. 4(b).

In the CNT cold-cathode characteristic electron emission
measurements, diode experiments were performed using nega-
tive voltage pulses. The cathode was connected to the negative
high voltage and the control anode was connected to the earth
through a protection resistor R, (12.8 kQ) and test resistor
Riest (27 Q). The beam currents I were acquired by measuring
the voltage (Utest) across Res using an oscilloscope (Hewlett
Packard, 54845A). The voltage difference U, between the
cathode and the control anode was inferred by: U, = Uy —
I(Rp + Riest), here Uy was the power supply output voltage.
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BWO device measurements were conducted using repeat
pulsed mode operation with a typical pulse duration of 20 us
and a repetition frequency of 30 Hz. A negative high voltage
power supply was applied to test the output signal. The
applied high voltage was divided by resistances R; and R;
to provide a negative high voltage for the CNT cold cathode
and control anode. The ratio of R; and R, was dynamically
adjusted according to the experimental requirements. The HF
system and collector were connected to the earth through Ryeg.
An oscilloscope (Hewlett Packard, 54845A) was used to detect
both the high voltage signal by the resistor R and the output
power signal amplitude of CNT cold-cathode BWO through
the MMW detector. Because the pulse output power of the
device was much higher than the average power, it was difficult
to directly measure using the power meter. During the test,
the output power signal of the BWO was connected first to
the matching load through a directional coupler. The MMW
detector was then connected to the directional coupler through
an attenuator. For example, detector output power signal
amplitude is shown in Fig. 3(b). The attenuation associated
with the attenuator and mode converter was measured using
a vector network analyzer (China Electronics Technology
Instruments Company Ltd., AV3672C). There was a measured
—73-dB attenuation from the output port of BWO to the input
port of the detector. Finally, the same frequency MMW signal
was fed into the detector using a standard signal source (China
Electronics Technology Instruments Company Ltd., AV1464B)
to obtain the same waveform amplitude. The actual output
power of our BWO was measured by recording the output

power of the standard signal source and dividing it by the
linear value (5 x 1078) of —73-dB attenuation extracted from
our measurement setup. The operating frequency was directly
obtained by the spectrum analyzer through waveguide coaxial
conversion.

V. CONCLUSION

Here, we demonstrate a hundred watt-level Ka-band BWO
using a CNT-based field electron emitter. By capitalizing on
recent developments in the CNT manufacturing technology
and advances in materials science, we have demonstrated
a viable route to achieve emission beam currents of up to
265.5 mA (emission current density of 188.3 mA/cm?). Stable
focused beam current densities of 18.5 A/cm? have been
demonstrated, validating our previous experimental results.
Here output powers a factor of 10° larger than the present
state-of-the-art mW levels have been achieved, which rep-
resents a significant breakthrough in the use of nanostruc-
tured cold-cathodes in advancing the state-of-the-art in VERS
design, fabrication, and operation.
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