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A megawatt-level subterahertz surface wave oscillator (SWO) is proposed to obtain high conversion efficiency by
using separated overmoded slow wave structures (SWSs). Aiming at the repetitive operation and practical applications, the
device driven by electron beam with modest energy and current is theoretically analyzed and verified. Then，the functions
of the two SWS sections and the effect of the drift tube are investigated by using a particle-in-cell code to reveal how the
proposed device achieves high efficiency. The mode analysis of the beam-wave interaction region in the device is also
carried out, and the results indicate that multi-modes participate in the premodulation of the electron beam in the first
SWS section, while the TM01 mode surface wave is successfully and dominantly excited and amplified in the second SWS
section. Finally, a typical simulation result demonstrates that at a beam energy of 313 keV, beam current of 1.13 kA, and
guiding magnetic field of above 3.5 T, a high-power subterahertz wave is obtained with an output power of about 70 MW
at frequency 146.3 GHz, corresponding to the conversion efficiency of 20%. Compared with the results of the previous
subterahertz overmoded SWOs with integral SWS and similar beam parameters, the efficiency increases almost 50% in the
proposed device.
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1. Introduction

Devices generating narrow-band high-power pulses at
frequencies ranging from microwave to terahertz wave band
are of great significance due to their military applications in
radar, direct energy weapon, and electromagnetic jam.[1–3]

Detecting concealed radioactive materials is also one of the
promising applications.[4] For the merits of high efficiency and
simple structure, several kinds of vacuum electronic devices
have attracted more attention,[5–14] such as relativistic back-
ward wave oscillator (BWO), multiwave Cerenkov generator
(MWCG), and surface wave oscillator (SWO). As one of the
promising candidates at high frequencies, the SWO with over-
moded structure utilizes an intense electron beam interacting
with a surface wave excited in the slow wave structure (SWS)
to obtain high-efficiency output and mitigate the fabrication
difficulty. Up to now, a radiation power of 2.6 MW from
an overmoded SWO with integral SWS in a 0.14-THz fre-
quency band has been demonstrated experimentally.[15] How-
ever, the conversion efficiency of the design is less than ex-
pected. Though many efforts have been made by using coaxial
structure or tapered SWS, the efficiencies extracted from sim-
ulation results are still no more than 14%.[16,17] In Ref. [18],
a 0.14-THz overmoded SWO was designed with higher beam

voltage and current to achieve a conversion efficiency of about
20%, and a single pulse power of 5 MW was obtained in the
later experiment.[19] But the beam current is triple that of the
previous repetitive device and so it is inappropriate for repeti-
tive operation,[2,20] while the required high diode voltage ob-
structs the structure scaling-down and stability of the acceler-
ator. Therefore, increasing the efficiency of overmoded SWO
aiming at the repetitive operation is still urgent at high fre-
quencies such as subterahertz frequency band.

Based on the separated overmoded SWSs, a high-power
subterahertz SWO with high efficiency is proposed and ana-
lyzed in this paper. In Section 2, a brief description of our
design is introduced, and the feasibility of fundamental mode
operation for electron beam with moderate energy and current
is preliminarily discussed. In Section 3, the working process
of the device is investigated with the particle-in-cell (PIC) sim-
ulations to elucidate why it has a high-efficiency output, and
the influences of some key parameters are presented. Finally,
a summary is presented in Section 4.

2. Description of the device model

As mentioned above, some structure improvements of the
subterahertz SWO based on an integral SWS have not deliv-
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ered the anticipated increase of efficiency. On the other hand,
among various overmoded slow-wave devices, the MWCG has
obtained a record output of about 15 GW at X band due to the
use of the dual-section SWSs,[10] which is thought to be of
advantage for the beam-wave energy conversion because the
region of modulation is separated from the region of energy
extraction. Moreover, a similar structure has been success-
fully employed in Ka band to achieve a conversion efficiency
of about 35% in simulation.[21] Therefore, we try to introduce
the separated SWSs into the subterahertz overmoded SWO to
increase the efficiency. However, these devices are designed
aiming at GW-class output, using an intense relativistic elec-
tron beam above 0.6 MeV and 5 kA,[10,21] that is, huge pulsed
power supplies are required. But for repetitive operation and
compactness at higher frequencies, the devices driven by elec-
tron beams with modest energy and current are preferable. So
there are still some issues that need investigating in our fol-
lowing design.

Based on the previous work of subterahertz overmoded
SWOs,[15,22,23] a 0.14-THz high-power SWO with separated
overmoded SWSs is proposed, whose structure with param-
eters denoted is schematically shown in Fig. 1 (because of
its axial symmetry, only half of the axial section is presented
here). The first and second SWS sections are denoted as SWS1
and SWS2, respectively. Sharing many similarities with the
conventional MWCG, the unique features of this device are
as follows: (i) the radiation frequency is as high as 140 GHz,
so high period number of SWS is required and the structural
parameters become much smaller; (ii) it is driven by a mod-
est energy electron beam below 400 keV; (iii) a relatively low
beam current of less than 1.5 kA is used.
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Fig. 1. (color online) Schematic diagram of the proposed SWO.

Table 1 summarizes the selected main dimensions of the
structure in our device. The rectangularly corrugated SWSs
are employed in both sections as usual for easy fabrication and
high coupling impedance. Dispersion curves for the first three
symmetric TM0n modes of the overmoded SWS are calculated
and shown in Fig. 2. The Doppler line of electron beam with
an energy of 400 keV is depicted as an example, and it inter-
acts with the TM01 mode at about 0.8π in the first Brillouin

zone, which is so-called surface wave region as this part of
the dispersion curve is below the light line. Moreover, the
interaction point would be closer to π if the beam energy is
lower. Thus the surface wave could interact with the electron
beam having modest energy or lower, and the selected working
point is of benefit to keeping the persistent beam-wave inter-
action as the beam loses energy. These have been validated
in the former SWOs with integral SWSs.[15] However, in the
proposed design here, the second SWS section (SWS2), where
the intense beam-wave interaction occurs to yield high-power
pulse, has smaller period number than the former. According
to Ref. [24], there is a starting energy for oversized devices,
which satisfies

Re(|kz− kb|) = Re(∆k) = 2π|N|/L, (1)

where kz and kb are respectively the wave number of excited
structural wave and the beam mode, L is the length of SWS,
and N is an integer corresponding to the spatial harmonic.
Since the interaction point is at the fundamental harmonic
zone, the starting energy is obviously independent of the
length of SWS as N = 0 in Eq. (1). So the beam energy is in
principle enough to drive the SWO with separated SWSs here.
If lower beam energy is used that the electron beam interacts
with −1st spatial harmonic, in fact, the SWS with 19 periods
is still able to excite a subterahertz wave as indicated in Fig. 3.

Table 1. Structural parameters of the proposed 0.14-THz SWO.

Parameters Values

Radius of anode, Ranode/mm 9
Thickness of electron beam, d/mm 0.5
Distance between electron beam and waveguide wall, Le−w/mm 0.5
Distance between cathode and anode, Lc−a/mm 24
Radius of output waveguide, Rout/mm 4
Radius of drift tube, Rdrift/mm 3.3
Inner radius of SWS, R0/mm 3
Period length of SWS, p/mm 0.7
Depth of SWS, h/mm 0.3
Width of SWS, w/mm 0.4
Period number of SWS1 and SWS2 7/19
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Fig. 2. (color online) Dispersion curves of TM01, TM02, and TM03
modes and the 400-keV beam Doppler line.
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The interaction width ∆k calculated based on the small-signal
theory[22] roughly gives a starting energy of 50 keV, which is
far below the expected beam energy. Accordingly, it is thought
that it is feasible to drive the proposed device with a low en-
ergy electron beam.

Next, we examine the starting current of the proposed de-
vice. Due to the resonant reciprocal Bragg reflection of the
counter-running and following waves in SWO,[5] the actual
reflection coefficient within the overmoded SWS will be con-
siderable. Based on the work by Levush et al. in Ref. [25],
the starting currents are roughly estimated for three values of
the combined reflection coefficient: R = 0.3, 0.5, and 0.7. As
shown in Fig. 4, the reflection makes the device starting con-
dition a sensitive function of beam energy, and the starting
current is reduced accompanied with the enhancement of the
reflection. But the starting currents at beam energy ranging
from 100 keV to 400 keV are always no more than 300 A.
Accordingly, the beam current of less than 1.5 kA is still ade-
quate to excite the subterahertz wave in overmoded SWS with
19 periods.

The mode selection method of the TM01 mode in the pro-
posed device is similar to the previous SWO. More details can
be found in Refs. [15] and [18]. The specific results will be
analyzed in the following PIC simulations.
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Fig. 3. (color online) Interaction width ∆k versus beam energy at a
beam current of 1 kA. The solid line represents the fitted curve of the
discrete ∆k (solid circles), and the dashed lines represent 2π/L for dif-
ferent values of L.
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Fig. 4. (color online) Starting currents versus beam energy for different
values of R.

3. PIC simulation
In order to figure out the working process of the SWO

with separated SWSs, the PIC simulation investigations are
carried out by using a PIC code UNIPIC,[26,27] which has been
successfully used to design some high-frequency Cerenkov
devices.[15–18] Besides, some results are compared with those
from the device with integral SWS to interpret why the pro-
posed SWO has a higher efficiency. In the following simula-
tions, the beam energy is about 313 keV, the beam current is
about 1.13 kA, and the guiding magnetic field is 5 T, unless
specific parameters are clarified.

3.1. Function of each SWS section

The well-bunched electron beam in phase space at the
moment of 10 ns is illustrated in Fig. 5. The steady-state re-
sult indicates that the intense electron beam is first modulated
in the first SWS section (SWS1), and this beam modulation
is greatly enhanced in SWS2, where the decelerated electrons
lose their energies to achieve the excitation and amplification
of subterahertz wave. This means that one important function
of the first SWS section is to premodulate the electron beam,
while the major beam-wave interaction indeed occurs in the
second part. Thus, the presence of SWS1 will effectively re-
duce the required beam-wave interaction length, i.e., the peri-
odic number of SWS2, to keep the device compact.
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Fig. 5. (color online) Distributions of electrons and their momentum in
(a) r–z space and (b) phase space.

Figure 6 shows the net power flow distribution along axial
direction within the proposed SWO. The results for SWO with
integral SWS under the same input and structural parameters
are also depicted for comparison. First, there is an obvious re-
duction of the counter-running power flow in the diode region
of the device with separated SWSs. That is to say, SWS1 acts
a reflector to segregate the diode region from the beam-wave
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interaction region. The power reflection coefficients of SWS1
for TM01, TM02, and TM03 modes, which are the non-cutoff
TM0n modes in the drift tube, are calculated and shown in
Fig. 7. The oscillation frequency of 146.3 GHz stays out of the
curve dips, and strong reflection of TM01 mode is found while
the other two modes become weakened in turn. This reflection
is of advantage to reduce the influence of the counter-running
wave on the beam motion in the diode region and increase the
output power according to the associated studies of Cerenkov
oscillators.[1] In a sense, SWS1 is similar to a cascaded reflec-
tor employed in a recent overmoded device.[28]
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Fig. 6. (color online) Net power distributions in SWO.

Besides, there are two maximum values of power flows
with opposite directions in SWS2. Unlike the scenario of the
SWO with integral SWS, the peak value of counter-running
power flow is just formed by the reflection of SWS1. The gap
between the peak value of following power flow and output
power becomes smaller. This can be explained as the decrease
of the beam-wave interaction length, thereby resulting in the
drop of the Q value and the corresponding increase of the en-
ergy leakage in SWS2. Moreover, this Q value happens to be
optimal to a certain extent for the proposed device with current
parameters. So more excited power gets out of the SWS, and
thus a high-efficiency output is obtained.
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Fig. 7. (color online) Plots of power reflection coefficient versus fre-
quency for different modes of SWS1.

3.2. Influence of the drift tube

As seen from Fig. 5(a), the bunching center of the elec-
tron beam becomes clearer and clearer from the drift tube
to SWS2, implying the strong density modulation in SWS2,
while figure 5(b) indicates that the velocity modulation of elec-
tron beam almost keeps constant in the drift tube region. Fig-
ure 8 shows the comparison between the axial momentum of
electrons in integral SWS and separated SWSs. Due to the
separation of the drift tube, the velocity modulation becomes
very weak in SWS1, and it reaches the same extent as the
one in integral SWS until in the back part of SWS2. Thus,
the large velocity spread is avoided in the front section of
SWS2, and more effective beam-wave interaction can be ex-
pected since more electrons keep synchronism with the surface
wave. The axial beam power distributions in the two types of
devices are also extracted from simulation results and shown
in Fig. 9. The periodic power peaks are corresponding to the
beam bunches presented in Figs. 5 and 8. Comparing the two
curves in Fig. 9, it can be found that the maximal peak power
in separated SWSs is much higher than the one in the inte-
gral SWS though the first few peaks are much smaller, and it
roughly emerges in the center of SWS2. Then, the modulation
amplitude of the beam power decreases greatly because it is
transferred to the subterahertz wave field. Therefore, the drift
tube is still a critical part in the proposed device as known in
MWCGs at lower frequencies.
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Fig. 8. (color online) Electron distributions in phase space for integrated
SWS and separated SWSs.
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The efficiency and frequency dependences on length and
radius of the drift tube are investigated and shown in Fig. 10.
It can be seen that the two parameters have great influences
on the efficiency while the frequency is not so sensitive to
them, especially the drift tube radius. The conversion effi-
ciency roughly has a quasi-periodical dependence on drift tube
length, and the period is about half the generated wavelength,
i.e., 1 mm in our device. But the efficiency at a length of 3 mm
is far above other peak values. When the drift tube radius
varies, the output efficiency reaches its maximum value around
3.3 mm and monotonically decreases no matter the radius in-
creases or decreases. So the performances of the SWO with
separated SWSs at subterahertz frequency band are more sen-
sitive to the structural parameters of the drift tube, and more
attention should be paid to its manufacture and the later exper-
iments.
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Fig. 10. (color online) Dependences of the efficiency and frequency on
the length (a) and radius (b) of drift tube.

3.3. Mode analysis in overmoded SWSs

Based on the mode decomposition method proposed in
Refs. [29] and [30], the compositions of TM0n modes in the
following (z) and counter-running (−z) directions in the drift
tube are determined and given in Table 2. Obviously, multi-
modes are generated, and the powers of TM02 and TM03

modes account for considerable proportions of the subtera-
hertz wave in both directions. According to the reflection coef-
ficents in Fig. 7, there must be certain power proportions of the
two higher modes entering into SWS1. As the length of SWS1
is too short, its Q value is so small that the selection mecha-

nism of TM01 mode by electron selection does not work.[5]

That is, the higher modes originate from the inside conver-
sion and outside import cannot be suppressed. Figure 11(a)
gives the radial distribution of Ez in the middle of SWS1, and
indicates the remarkable characteristic of volume wave since
the Ez reaches its maximum strength in the center. Besides,
there are three zero points in the distribution. So we conclude
that mixed modes including TM01, TM02, and TM03 modes
indeed occupy SWS1. The decrease of the Ez near the SWS
surface explains why the beam modulation becomes weakened
in SWS1 as seen from Figs. 8 and 9.

Table 2. Power proportions of TM0n modes in the middle of the drift
tube.

Mode TM01 TM02 TM03

direction
+z 46.8% (6.56 MW) 23.4% (3.28 MW) 29.8% (4.19 MW)
−z 65.7% (14.76 MW) 25.5% (5.74 MW) 8.8% (1.97 MW)
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Fig. 11. (color online) Radial distributions of Ez in the two sections of
the SWS: (a) SWS1 and (b) SWS2.

Likewise, certain power proportions of TM02 and TM03

modes would enter into SWS2. However, its Q value is rel-
atively high so that the selection mechanism of TM01 mode
by electron selection works, and the resonant reciprocal Bragg
reflection is achieved all over the whole section. Accordingly,
the higher modes come from the inside conversion and the
outside import can be suppressed well. Figure 11(b) shows
the radial distributions of Ez at three positions of SWS2, and
they all accord well with the theoretical distribution of TM01

mode surface wave. This implies that the surface wave of
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TM01 mode is successfully and dominantly excited and am-
plified in SWS2. So we regard the proposed SWO as a device
with single mode operation, yet multi-modes participate in the
premodulation of the electron beam.

3.4. Typical simulated performances

For the proposed SWO with the structural parameters
listed in Table 1, some typical output performances are sim-
ulated by using the UNIPIC code. The radiation spectrum
shown in Fig. 12(a) is acquired by the Fourier transform of the
time-dependent electric field in SWSs. The central frequency
is 146.3 GHz with a ∆ f/ f ≈ 1%, which is in rough agreement
with the synchronism point between the electron beam line
and the dispersion curve of TM01 mode. This also confirms
the proposed SWO as a single mode operation device. Fig-
ure 12(b) shows the profile of average output power versus
time in the output waveguide, which indicates that the stable
output power is about 70MW and the corresponding conver-
sion efficiency is almost 20%, which is the same as the one
obtained in Ref. [18] by using an electron beam with an energy
of 430 keV and a current of 3.23 kA. Figure 12(b) also demon-
strates that the conversion efficiency of the SWO with integral
SWS is only 9.3%. Even compared with the efficiency of the
previous improved subterahertz overmoded SWOs with inte-
gral SWSs and similar beam parameters,[16,17,23] the efficiency
of the proposed SWO still increases almost 50%. Besides,
as seen from Fig. 12(b), the device reaches the steady state
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Fig. 12. (color online) Simulated results from the proposed SWO: (a)
frequency spectrum and (b) average output power.

regime of operation at 6 ns after starting with a startup time of
about 2.5 ns, while the SWO with integral SWS has a startup
time of about 1.9 ns and similar rise time under the normal-
ized amplitude condition. Due to the larger Q value of in-
tegral SWS and earlier beam modulation within it, the start-
oscillating becomes faster. But the two temporal characteristic
parameters of the proposed device are still much smaller than
the ones of X band MWCGs and similar devices in millimeter
wave frequency band.[10,21] This is beneficial to the miniatur-
ization of the accelerator in practical applications.
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Fig. 13. (color online) Dependences of the conversion efficiency and
frequency on (a) beam energy and (b) guiding magnetic field.

The influences of two important adjustable external pa-
rameters in actual experiments, i.e., applied diode voltage and
guiding magnetic field, on the output performances of the pro-
posed SWO are also simulated. Figure 13 shows the depen-
dences of conversion efficiency and frequency on the electron
beam energy (Fig. 13(a)) which is proportional to the applied
diode voltage, and on guiding magnetic field (Fig. 13(b)). To
ensure that the effective beam-wave interaction occurs in the
optimal axial mode, the optimal beam energy ranges from 310
to 370 keV, giving rise to conversion efficiencies around 20%
or higher, and the frequency is almost unchanged. When the
guiding magnetic field is less than 2 T, the efficiency is sensi-
tive to it while the dominant frequency jumps between about
146.4 GHz and 147.9 GHz. Moreover, there is an obvious ef-
ficiency dip near 0.95 T, which agrees well with one of the cy-
clotron resonance magnetic field strength in Cerenkov devices,
i.e., 0.97 T according to the Vlasov’s theory.[31] The other one
is as high as 19.4 T that exceeds the practical requirement, so
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it is not considered in our simulation. The generation efficien-
cies and frequencies are almost the same in a wide range from
3.5 T to 9 T. Therefore, the guiding magnetic field can be re-
duced to 3.5 T in the later experiments. Besides, conversion
efficiency over 10% is obtained at a guiding magnetic field
strength of 0.8 T. So it is believed that the operation of the
proposed SWO at low guiding magnetic field is practical and
feasible, and higher efficiency by proper structural modifica-
tion can be expected due to the decreases of both the current
density and the space charge effect in overmoded devices.[21]

4. Conclusions
In this work, a subterahertz SWO with separated over-

moded SWSs is proposed to achieve high efficiency. The
theoretical estimation proves that the proposed device can
be driven by electron beam with modest energy and current.
This is of advantage to repetitive operation for practical ap-
plications. According to the detailed PIC simulation results,
there are some important factors to ensure the high efficiency:
the premodulation of electron beam and reflection of counter-
running wave in the first SWS section, the suppression of beam
velocity modulation and enhancement of beam density modu-
lation in the drift tube, and the modest Q value of the second
SWS section and fairly pure TM01 mode operation within this
part. Under the condition of a beam energy of 313 keV, beam
current of 1.13 kA, and guiding magnetic field beyond 3.5 T,
the proposed SWO can generate a subterahertz wave with a
frequency of 146.3 GHz and an output power of 70 MW, yield-
ing an efficiency of about 20%. This high efficiency has been
achieved before only by an overmoded 0.14-THz SWO with
integral SWS driven by electron beam with much higher en-
ergy and current. Moreover, at relatively low magnetic field of
0.8 T, an efficiency exceeding 10% has been obtained from our
simulation results. So we believe that higher efficiency will be
attained at the magnetic field less than 1 T in the near future
by modifying the proposed SWO here.
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