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Study of superradiance based on a low-voltage
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Abstract: According to the small size requirement for wide-band high-power microwave radiation, a superradiance

backward wave oscillator (BWO) is proposed to generate such high-power microwave radiation with a low voltage

(∼20 kV) pulse power supply and low guiding magnet field (∼0.1 T). In order to get a high-efficiency C-band

superradiance BWO with a low beam voltage and a low guiding magnet field, the mechanism of superradiance in a

BWO is explored in particle-in-cell simulation. With the oversized structure, the simulation shows that a microwave

power of 405 kW with a frequency of 5.6 GHz and a spectrum width of 500 MHz can be obtained with a voltage of

23 kV and magnetic field of 0.1 T.
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1 Introduction

In a backward wave oscillator (BWO), if the elec-
tron pulse duration is comparable with the cooperation
time between the beam and microwave, it is possible to
find superradiance [1–6]. Superradiance (SR) is an inten-
sive coherent radiation characterized by high peak-value
power and an ultra-short pulse width. The typical SR
microwave pulse length is at the subnanosecond level,
and its rise time is also short, so it is a potential candi-
date for a high-power wide-band radiation source.

In addition, high-power wide-band radiation sources
based on superradiance backward wave oscillators (SR-
BWOs) can be small because the electron pulse dura-
tion they use is several nanoseconds. Nowadays, many
SR-BWOs work at high voltage (230–500 kV), and the
corresponding dimensions are quite large because of the
power supply and the guiding magnet. So beam voltage
and guiding magnetic field strength are critical factors
for developing small-sized and high-power wide-band ra-
diation sources based on SR-BWOs.

Theoretical and simulation studies on such devices
are carried out in this paper. A low-voltage SR-BWO is
proposed and simulated, and particle-in-cell (PIC) sim-
ulation shows that a peak power of 405 kW with a fre-
quency of 5.6 GHz and spectrum width of 500 MHz can

be obtained with a voltage of 23 kV and magnet field of
0.1 T.

2 Physics model

Superradiance is the result of joint action when dif-
ferent parts of short pulse electron beams are coupled
with a microwave field in a BWO device, as shown in
Fig. 1 [7]. The length of the BWO device is rather long
compared with the electron beam width.

2.1 Device structure

A thermal cathode electron gun is used to produce
an annular electron beam. The cathode material is lan-
thanum hexaboride. The radius of the cathode is 26 mm,
and its thickness is 2 mm.

According to the Richardson formula,

J=AT 2e−eϕ/kT . (1)

When T = 1900 ℃, eϕ=2.9 eV, the current density
can reach J=22 A/cm2, so in the simulation the input
current is initialized to ∼80 A. A uniform corrugated
waveguide is also used as the slow wave structure (SWS)
for the beam wave interaction, as shown in Fig. 1. The
number of periods is 34 and the period is 1 cm.

The structure of the SR-BWO is shown in Fig. 1.
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Fig. 1. (color online) A schematic drawing of the
SR-BWO.

2.2 Analysis

In the linear region, the coupling impedance will be
increased if we reduce the distance between the electron
beam and the wall of the slow-wave structure. The out-
put power of the superradiance could also be improved
when the coupling impedance is increased, and at the
same time the SR pulse length is decreased [8, 9].

3 Simulation and discussion

3.1 Electron phase space

The voltage and current waveforms are shown in
Figs. 2 and 3, and the phase space plots of electrons
are shown in Fig. 4.

Fig. 2. (color online) The voltage waveform.

As shown in Fig. 4, the electron beam begins to bunch
at about 15 ns, and subsequently the modulation depth
of the electron beam increases rapidly. At about 21 ns,
the modulation depth reaches its maximum, and then
the superradiance is generated.

Fig. 3. (color online) The current waveform.

After 21 ns, the electron beam is debunched and col-
lected by the collector. Then the microwave and the
electron beam are separated from each other, and effec-
tive collective coherent radiation occurs.

3.2 Output microwave pulse characteristics

A temporal plot of the electric field is shown in Fig. 5,
and evolution of the axial electric field through the su-
perradiance mechanism is observed. The spectrum of the
electric field in SWS is shown in Fig. 6, and the radia-
tion frequency is 5.6 GHz. The output microwave power
spectrum is shown in Fig. 7. It can be seen that the peak
power is ∼405 kW, the corresponding efficiency reaches
22%, and the pulse duration is about 700 ps.

3.3 Influence of voltage on output power

The influence of the voltage on the output power is
investigated on the condition that other parameters are
kept constant. As shown in Fig. 8, the output power
reaches the first maximum at a voltage of about 21 kV.
The reason for this is that the electron at a voltage of
21 kV can keep an effective resonance relationship with
the −1 harmonic wave in the slow wave structure. The
best match occurs at a voltage of 23 kV, so we can set
the operating voltage between 21–24 kV.

There are two other peaks of output power shown in
Fig. 9 because electrons at a voltage of 25 kV and 27 kV
can keep effective resonance with the second and third
harmonic waves in the slow wave structure, respectively.
The match between the electron and the RF field in the
slow wave structure could not be kept when the voltage
was above 28 kV, so the RF field cannot be built when
the voltage is too high.

3.4 Influence of current on output power

The influence of the current on the output power is
also investigated on the condition that the other param-
eters are kept constant. As shown in Fig. 9, we can
see that the output power of superradiance could be im-
proved in the superradiation region by increasing the
beam current.
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Fig. 4. (color online) The phase space plots of electrons.

Fig. 5. (color online) The curve of electric field ver-
sus time.

Fig. 6. (color online) The spectrum of the electric
field in the device.
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Fig. 7. (color online) The output microwave power.

Fig. 8. (color online) The relationship between
voltage and output power.

As the beam current increases further, the output

power of supperradiance tends to saturate because of
space charge effects.

Fig. 9. (color online) The relationship between cur-
rent and output power.

4 Conclusion

With the given beam parameters of a voltage of 23 kV
and a current of 80 A, an overmoded BWO structure is
taken to produce an SR pulse. An SR pulse with 405 kW
of power and a 700 ps pulse duration is obtained using
PIC simulation. The guiding magnetic field is only 0.1 T,
so in future a permanent magnet can be used. This tech-
nical route therefore has an obvious advantage in devel-
oping a compact high-power wide-band radiation source
at high-frequency bands such as the C and X band.
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