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Abstract— A novel double nonparallel staggered grat-
ing (DNPSG) slow wave structure (SWS) is proposed
to enhance the coupling impedance in a W-band back-
ward wave oscillator (BWO) driven by a pseudospark-
sourced sheet electron beam. The DNPSG SWS has been
shown a broadband of 72-125 GHz and a higher coupling
impedance compared with the traditional double staggered
grating (DSG) SWS in simulation. The DNPSG BWO struc-
ture consisting of ten SWS units and a broadband output
structure is designed and fabricated. In the cold test of the
DNPSG BWO, the measured S;4 (double of the losses in the
DNPSG BWO) is above —10 dB in most of the band, which is
satisfactory in the pseudospark-driven high-power device.
The hot-test performance of the DNPSG BWO is analyzed by
particle-in-cell (PIC) simulation in a beam voltage range of
14-90 kV and a current density range of 1.5-5 x 107 A/m?,
obtaining a high output power (max. 190 kW) over an ultra-
wide tuning band of 38 GHz (75-113 GHz) due to enhanced
coupling impedance.

Index Terms— Backward wave oscillator (BWO), double
nonparallel staggered grating (DNPSG), millimeter (mm)
wave, pseudospark, slow wave structure (SWS).

[. INTRODUCTION

ESPITE the development of solid-state electron devices
D over the years, the vacuum electron devices (VEDs), such
as the traveling wave tube (TWT), backward wave oscillator
(BWO), extended interaction klystron oscillator (EIKO), and
magnetron, still play an important role on both commercial
and military platforms due to their high output power, while
solid-state sources are limited by their relatively low power in
millimeter (mm)-wave and terahertz (THz) frequency bands
[1]. Among the VED mm-wave and THz sources, the BWO
stands out owing to its intrinsic wide frequency tuning band
[2], [3]. The slow wave structure (SWS), which enables the
interaction between the electron beam and the electromagnetic
wave, is a core part of the BWO. The traditional helix SWS
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Fig. 1. Model of DNPSG SWS.

in the microwave band is limited by its power capability and
complicated fabrication at the high frequencies. The double
staggered grating (DSG) has been used due to its high coupling
impedance and good machinability [4]-[6], e.g., recently,
a DSG SWS has been investigated to work in 90-100 GHz [7].
High-power BWO with greater tuning bandwidth is attractive
for applications, such as fusion plasma applications [8], [9],
electron spin resonance (ESR), and nuclear magnetic reso-
nance (NMR) [10].

To further extend the tunability of the BWO, we propose
a novel double nonparallel staggered grating (DNPSG) SWS
on the benchmark of DSG SWS, with the advantage of
enhanced coupling impedance. Using the proposed DNPSG
SWS, we have designed and fabricated a W-band BWO driven
by a psedudospark-sourced high-current sheet beam to achieve
the benefits of broadband, high power, compactness, and low
cost.

Il. DESIGN oF DNPSG SWS

As shown in Fig. 1, the proposed DNPSG SWS consists of
two rows of gratings opposite to each other in a staggered
pattern, but it differs with the conventional DSG SWS in
that the top and bottom grating rows are not parallel, i.e.,
the top gratings are tilted by an angle a. By optimizing the
tilting angle a, it can demonstrate higher coupling impedance
than the DSG SWS in the working band, thus enhancing the
beam—wave interaction. The model of a DNPSG SWS unit is
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TABLE |
DIMENSIONAL PARAMETERS OF DNPSG SWS
Parameters Value Description
w 2.052 mm SWS width
th 0.418 mm Height of beam tunnel
r 0.76 mm Period
gh 0.5 mm Height of grating
gt 0.304 mm Thickness of grating
1] 6° Tilting anﬁ]e
180/—— Mode 1_DNPSG DNPSG DSG |
|- — Mode 1_DSG
160" =+~ Mode 2_DNPSG
|| —v— Mode 2_DSG
;;140_—1—-M0de3_DNPSG
L —s— Mode 3_DSG
Q 120 [| Electron Beam
a o 14KV
& [-- s0-kv .
5190'--- 90-kV X
| 7 )
L gof ; K :
s L/ .
60} i _',' ,_,- . ]
0.0 0.5 1.0 1.5 2.0
Mormalized phase shift per period (Bp/n)
40
DNPSG SWS
Sl o.DSG__Sws
o
2
1]
20
E
2
a10f
[a]
o
OF
(b). |
70 80 110 120 130

90 100
Frequency (GHz)

Fig. 2. Simulation results of high-frequency characteristics of novel
DNPSG and conventional DSG SWSs. (a) Dispersion. (b) Coupling
impedance.

built in CST Microwave Studio, in which the grating material
is oxygen-free high-conductivity (OFHC) copper modeled
with a conductivity of 1.17 x 107 S/m [11]. The parameters
of the structure are optimized through simulation to enable
operation in the entire W-band, and the optimized parameters
are shown in Table I, among which the tilting angle is 6°. The
tilting angle is also obtained by optimization, and its target is
to find the angle where the coupling impedance is maximum
while adjusting the tilting angle in the range 0°-90°.
Simulation results of the DNPSG SWS are shown in Fig. 2,
in contrast with the conventional DSG SWS with the same
parameters (the results of the conventional DSG SWS have
been presented in a previous conference [12]). Fig. 2(a) shows
the dispersion curves of modes 1-3 in the DNPSG and DSG
SWSs, as well as the beamlines of 14, 50, and 90 kV. There
is only a negligible difference in the dispersion curves (<1%)
between the DNPSG and DSG SWSs, as the tilting angle in
the DNPSG SWS (6°) is not great and only one side of the
gratings is tilted. Backward wave oscillation typically occurs
on the right side of the curves of mode 1 (gray shaded area),
where the beamlines intersect with the mode lines, showing a

wide tuning band from 72 to 125 GHz (53 GHz). The right-
hand side of mode 3 in the SWSs is also backward wave,
and the interaction with the electron beam could also result
in backward wave oscillation and bring mode competition,
which would be analyzed in detail in Section III. The gaps
between modes 1 and 2 in the DNPSG and DSG SWS are 0.11
and 0.03 GHz at = point, respectively, which are relatively
small, and it can be considered that the two modes (1 and 2)
coalesce at = point [13], [14]. However, it is not possible to get
an electron beam beyond 90 keV in our current pseudospark
setup, as shown by green dashed-dotted line in Fig. 2(a), and
the operation using mode 2 is not considered in this article.

The coupling impedance of mode 1 (backward wave region)
in the DNPSG/DSG SWSs is also obtained through simulation
in CST Microwave Studio, as shown in Fig. 2(b), and the
values are calculated on the axis of the SWS. The coupling
impedance of the DNPSG SWS varies between 2 and 10 Q in
W-band (75-110 GHz) and grows greater beyond 110 GHz.
The comparison shows that the magnitude of the coupling
impedance in the DNPSG SWS is 2.3%-55.3% greater than
that in the DSG SWS, implying enhanced beam—wave inter-
action capability of the DNPSG SWS. The improvement in
coupling impedance is significant (11.2%-55.3%) in the band
78-108 GHz, where the greatest improvement (55.3%) occurs
at 89.1 GHz, as shown in the enlarged view on the top right
of Fig. 2. For the rest of the tuning band, the improvement is
less significant (2.3%—11.2%). The physics behind the increase
of the coupling impedance is as follows. In the DSG SWS,
the longitudinal electric field in the beam tunnel is mainly
concentrated near the grating tops [15]; a similar distribution
is also found in the DNPSG SWS. However, due to the tilting
angle of the gratings in the DNPSG SWS, the grating top has
greater longitudinal span, meaning that the area of electric
field concentration has greater longitudinal distance, which
results in longer interaction distance for the electron beam
in an SWS unit. The enhanced coupling impedance has been
verified by a similar work of a novel chevron-shaped DSG
waveguide SWS for THz TWTs [16], but our design has the
advantage of easy fabrication due to the straight-line shape
of both the top tilted and bottom normal gratings, while the
chevron shape would have additional fabrication challenges.
So, a prototype of our design has been fabricated and will be
analyzed in later chapters. Additionally, we have considered
tilting on both grating rows, but the tilting of one grating row
demonstrates better performance. Also, tilting on either top
gratings or bottom gratings makes no difference due to the
symmetry of the structure.

I1l. ANALYSIS ON BWO PERFORMANCE
A. Cold-Test Analysis

Using the optimized SWS, we have designed the full
structure of the DNPSG BWO, as shown in Fig. 3. There
are ten SWS units, followed by the output structure includ-
ing a tapered DNPSG, two bent rectangular waveguides,
a straight rectangular waveguide, and an expanding rectangular
waveguide transitioning into the output port (port 1, WR10
port), guiding the signal out with minimal reflection in a wide
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Fig. 4. Cold-test experiment of DNPSG BWO. (a) Fabricated parts
of DNPSG BWO. (b) Assembled DNPSG BWO. (c) Simulated and
measured Sy1 of DNPSG BWO and simulated Sq¢ of DSG BWO.

frequency band. The tapered DNPSG (four units) between the
normal DNPSG SWS and the bent waveguide has linearly
decreasing grating heights from its right end to its left end,
using the same technique as in our previous work [15]. The
design is for proof-of-concept experiment and will run in burst
pulsed mode, and the pseudospark electron beam also has short
pulse duration; therefore, the current design without a collector
works. Also, the wave will be cut off by the beam tunnel;
therefore, the short end will not cause additional reflection to
the circuit. The collector and output window will be considered
in the upgraded version and allow the BWO to operate in the
repetition mode.

The DNPSG BWO is fabricated, and its cold test has been
conducted, as shown in Fig. 4. Precision computer numerical
control (CNC) machining with fabrication error less than 5 gm
is utilized to fabricate the BWO parts, as shown in Fig. 4(a),
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including the upper gratings with 6° tilting angle and the lower
grating without tilting. The dimensions of the DNPSG SWS
are the same with the simulation model, i.e., the same with
Table 1. Fig. 4(b) shows the assembled DNPSG BWO with a
compact size of 28 x 16 x 17 mm?>. The DNPSG BWO is an
oscillator with just one port, so only Sj; can be measured in the
cold test with a vector network analyzer (VNA). To rule out
the influence of the coupler of the VNA when measuring S;;,
measurements are conducted with and without a short-circuit
metal blocker inserted between the coupler and the DNPSG
BWO for bypassing, and we use the difference between the
two measurements (with and without a short-circuit metal
blocker) as an ideal S;, i.e., excluding port mismatch, only
including double of the losses of the BWO structure. The
results in Fig. 4(c) show that in most of the W-band, the
measured S;; is above —10 dB except a few points, and
it agrees with simulation results, showing that the loss of
the cavity of the DNPSG BWO is acceptable, considering
the enormous power generated as shown in Section III-B.
The resonance peaks are mainly caused by the long output
waveguide, and the main difference between the simulation
and measurement is the shift in the frequency, due to the
same reason caused by the long output waveguide. Fig. 4(c)
also shows the comparison of S;; between the DNPSG BWO
and the DSG BWO, and the difference is negligible. This is
because the tilting angle is only 6°, which is tiny.

B. Wideband Hot-Test Simulation

We use pseudospark plasma cathode as the generator of
a high-current electron beam to drive the DNPSG BWO,
as shown in Fig. 5. When a high-voltage pulse is applied to the
hollow cathode (the cavity on the left end of Fig. 5) filled with
50-500-mtorr Argon gas, the pseudospark discharge occurs,
releasing a huge number of electrons [17], [18]. We use a
collimator with a rectangular aperture attached to the anode to
extract the sheet beam, and an electron beam with the current
density up to 108 A/m? will transmit through the anode hole,
which is similar to our previous work [18]. The electron beam
is self-focusing due to ion channel effect when it travels in
the beam tunnel, which makes the magnetic focusing system
unnecessary and minimize the device size [17], [18]. Our
group has used the pseudospark plasma cathode in the develop-
ment of low-cost, compact, and high-power mm-wave and THz
VEDs, including a Ka-band Cherenkov maser [19], W/G-band
extended interaction oscillators (EIOs) [9], [20], and a G-band
BWO [18]. We conduct the hot-test analysis of DNPSG BWO
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Fig. 6. Sheet beam in the hot-test simulation.

with particle-in-cell (PIC) simulation in CST Particle Studio,
and the sheet beam in the interaction space is shown in Fig. 6,
in which the beam bunching due to beam—wave interaction is
clearly shown by the color variation. The sheet beam will be
confined by the ion channel effect in the future experiment,
but currently, we use a uniform 2-T longitudinal magnetic
field to confine the high-current beam in the simulation due
to the difficulty of simultaneous simulation of ion channel
focusing in plasma and beam—wave interaction in CST. The
beam voltage of 14-90kV is used in the simulation to analyze
the wideband performance, and we adjust the current density
in the range of 1.5-5 x 10" A/m? (beam current: 12.9-42.9 A)
to take into account the current variation over the duration
of the beam pulse [18]. A similar variation of the beam
voltage and current over time can be found in our previous
work [18]. The simulation at constant voltage/current allows
knowing the performance at the interaction points, while in the
experiment, a swept frequency is expected and the DNPSG
BWO will show broadband radiation, considering that the
operating beam voltage and current are not constant in the
pseudospark discharge. The transverse size of the beam is
2.052 x 0.418 mm?, which is the same with the beam tunnel,
but the thermal effect of electron collision on the beam tunnel
wall is negligible considering that the pseudospark-sourced
BWO works in pulsed mode with low repetition rate (a few
thousand Hertz) [15], [18].

After the PIC simulation, we obtain the oscillation fre-
quency and output power, as shown in Fig. 7. Fig. 7(a) shows
that the oscillation frequency of the DNPSG BWO increases
with the operating voltage. The minimum/maximum frequen-
cies are 75 and 113 GHz, at 14 and 90 kV, respectively, i.e.,
a tuning band of 38 GHz is achieved, covering the entire
W-band. In contrast, the simulation results of the DSG BWO
in Fig. 7(b) show that there is a gap in the frequency band
[12] (~50 kV, around 104 GHz) due to mode competition
when the electron beam interacts with the high-order mode.
To validate this, we present the signals of the DNPSG/DSG
BWOs at 50 kV, as shown in Fig. 8. Fig. 8(a) shows that
the output signal of the DSG BWO decreases rapidly after
5 ns, while the signal of the DNPSG BWO stays stable.
We have also conducted the frequency analysis for the signals
in different time spans, as shown in Fig. 8(b). The frequency of
the signal from the DNPSG BWO remains stable at 102.2 GHz
in 1-5 and 6-10 ns, but the signal frequency of the DSG
BWO jumps from 102.7 GHz in 1-5 ns to 146.4 GHz in
6-10 ns with a much smaller peak, showing that the backward
oscillation changes from mode 1 to mode 3, according to the
illustration of Fig. 2(a) on the interaction between modes in
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the SWS and the beamlines. So, the bandgap of the DSG
BWO is caused by the mode competition, and therefore, tuning
band is shortened. The enhanced coupling impedance in the
DNPSG SWS is helpful in eliminating the power dip because
it enhances the interaction with the lower mode, boosting the
power transferred to the desired mode and suppressing the
higher modes, which equivalently expands the tuning band.
Therefore, the wideband capability of the W-band DNPSG
BWO is verified.
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Fig. 9. Simulation results of output power of DNPSG BWO and DSG
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Fig. 9 shows that the output power increases as the current
density grows, and the maximum power is 190 kW at 90 kV
and 5 x 107 A/m? (42.9 A). The power of the DSG BWO
is lower than that of the DNPSG BWO, and there is a
power dip at ~50 kV due to mode competition, agreeing
with the frequency gap shown in Fig. 7(b) [12]. Therefore,
the DNPSG BWO is more robust against mode competition
due to its enhanced coupling impedance and could eliminate
the potential power dips, thus extending the working frequency
band.

Simulation results of the oscillation frequency and power in
Figs. 7 and 9 show that high power in a wide band (covering
entire W-band) in the designed DNPSG BWO is achieved.

IV. CONCLUSION

This article presents the design of a W-band BWO using
a novel DNPSG SWS, driven by pseudospark-sourced sheet
electron beam. First, the DNPSG SWS is simulated to show
a wide BWO band of 72-125 GHz (53 GHz), and its cou-
pling impedance is higher than that in the DSG SWS by
2.3%—55.3%. The complete structure of the BWO is designed
and fabricated, consisting of ten DNPSG SWS units and a
wideband output structure. The cold test of the DNPSG BWO
shows that S;; (double of the losses in the DNPSG BWO) is
above —10 dB in most of the W-band, and its trend agrees with
simulation results, which is satisfactory in the pseudospark-
driven high-power device.

Then, the hot-test performance of the DNPSG BWO
is investigated with PIC simulation in the beam voltage
range of 1490 kV and a beam current density range of
1.5-5 x 107 A/m>. An ultrabroad tuning band of 38 GHz
(75-113 GHz) and a high output power (max. 190 kW) are
obtained, verifying its high power and broadband capability
due to enhanced coupling impedance. The hot-test measure-
ment of the W-band DNPSG BWO will be conducted in the
further study.
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