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Abstract  The dual-frequency operation coaxial gyrotron with two electron beams is investigated in this 

paper. The results of the numerical calculation and particle in cell (PIC) simulation show that the coaxial gyrotron 
with two electron beams (CGTB) can operate at two different frequencies simultaneously. In addition, the power of 
the high harmonic can be enhanced due to the nonlinear coupling between two electron beams. The prototype of 
CGTB was fabricated and the verification experiment was conducted. The operation frequencies are at 0.11 THz 
and 0.22 THz, and the output power is about 20 kW. A method to separate the radiations from a dual-frequency 
operation gyrotron is also proposed. 
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双频工作同轴双电子注回旋管的理论与实验研究 
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【摘要】该文章研究双频工作同轴双电子注回旋管。数值计算和粒子模拟结果表明同轴双电子注回旋管可以同时工作在

两个不同的频率，且由于两个电子注间的非线性耦合，高次回旋谐波所对应模式的功率显著增强。完成了双频工作的同轴双

电子注回旋管的原理样管加工并进行了验证性实验，实验测得两个工作频率分别为0.11 THz和0.22 THz，输出功率20 kW，并

提出了一种分离双频工作同轴双电子注回旋管中两个不同频率电磁波功率的方法。 
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Two of the main goals for the development of 
microwave sources in practical applications are to 
increase the radiated power and to shorten the 
wavelength. Unlikely so-called “slow-wave” 
microwave devices, “fast-wave” devices such as 
gyrotron oscillators rely on a resonance between the 
modes of an open resonant cavity and the electron 
beam in a magnetic field. The resonant cavity is 
usually overmoded, so its physical dimension can be 
much larger than the operating wavelength. This 
permits high peak and average power operation even at 
millimeter and THz region without risking the damage 

to the interaction cavity[1-4]. Gyrotrons are the most 
powerful sources of millimeter, sub-millimeter and 
terahertz wave radiation capable of continuous-wave 
operation[5-7]. They are important for numerous 
applications, which include plasma diagnostics[8], 
electron-spin resonance spectroscopy[9], enhancement 
of NMR sensitivity using dynamic nuclear 
polarization[10-13], standoff detection and imaging of 
explosives and weapons[14], new medical technology[15], 
atmospheric monitoring chemical technologies, and 
production of high-purity materials.  

The coaxial cavity gyrotron with two electron 
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beams (CGTB) was proposed in references[1-2]. CGTB 
has some distinct advantages: the space charge effects 
are decreased; the mode competition is improved; the 
loading of the cathode is released. It is of significance 
for the fusion research, the radar system, and other 
applications as well. Meanwhile, when one electron 
beam operates at fundamental cyclotron harmonic, the 
other beam operates at higher cyclotron harmonic; 
CGTB can operate at two modes with different 
operating frequencies simultaneously[16].  

1  Dual-frequency operation CGTB 
Dual-frequency operation CGTB is a special 

operation of CGTB: one beam works at the first 
cyclotron harmonic while the other at the higher 
cyclotron harmonic. It means that the dual-frequency 
operation CGTB can provide high power with two 
different frequencies. It is significant for the fusion 
research, the radar system, and other applications as 
well. The geometric structure of the beam-wave 
interaction cavity and the positions of two electron 
beams are shown in Fig. 1. The outer and inner radii 
are 3.5 mm and 6.23 mm, respectively. The operation 
modes are TE02 and TE04 modes, and the corresponding 
operation frequencies are 0.11 THz and 0.22 THz.  
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a. Geometric structure of the beam-wave interaction cavity 
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Fig. 1  Geometric structure and the position of electron beams 
of the dual-frequency operation CGTB 

The field distribution of Eθ and the spectrum of 
the dual-frequency operation CGTB are presented in 
Fig.2 with PIC simulation. It is found that the two 
operation modes can work simultaneously.  
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b. Spectrum of the dual-frequency operation CGTB 

Fig. 2  Field distribution and the spectrum of the dual-frequency operation CGTB 

2  Verification experiment of the dual-  
frequency operation CGTB 

 
Fig. 3  Prototype of CGTB 
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Fig. 4  Measurement result of the output power 

The prototype of CGTB is shown in Fig.3. The 
measurement devices consist of a calorimeter which is 
used to measure the pulsed output power and convert a 
pulsed power signal into a pulsed voltage signal, a 
detector which is used to detect the signal operating at 
the fundamental cyclotron harmonic, and a frequency 
mixer which is used to measure the frequency at the 
second cyclotron harmonic. The measurement result of 

the output power with a calorimeter is shown in Fig. 4, 
and the output power is about 20 kW.  

The experimental setup to measure the 
frequencies is shown in Fig. 5a. Fig. 5b shows the 
results of the frequency measurement of the dual- 
frequency operation CGTB. The red line is the signal 
detected by the detector which is used to detect the 
fundamental cyclotron harmonic signal; the blue line is 
the IF signal from the frequency mixer which is 
utilized to measure the second cyclotron harmonic 
signal; the yellow line is the pulsed high voltage of the 
dual-frequency operation CGTB.   

 
a. Experimental setup 

 
b. Measurement result 

Fig.5  Experimental setup for frequency measurement 
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3  A methods to separate radiations  
from a dual-frequency Operation 
Gyrotron 
A method was proposed to separate radiations 

from a dual-frequency operation pulsed gyrotron 
efficiently. Figure 6 depicts the device which separates 
radiations from a dual-frequency operation pulsed 
gyrotron with two electron beams. It mainly consists of 
a launcher as an antenna, a quasi-elliptical mirror 
which focuses the beam transversely, a quasi-parabolic 
mirror which focuses the beam longitudinally and a 
spatial filter based on frequency selective surface 
which separates the two different-frequency linearly 
polarized beams efficiently. 
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110 GHz
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Fig.6  Sketch of the device to separate radiations from a 

dual-frequency operation pulsed gyrotron 

For these operation modes TE02 and TE04 in the 
dual-frequency operation coaxial gyrotron with two 
electron beams, they have the similar Brillouin angle 
θB, the same caustic radius Rc, and the similar launcher 
cut length Lc, so the QO mode converter can efficiently 

convert these two modes into linearly polarized 
Gaussian beams simultaneously, and these two 
different-frequency linearly polarized Gaussian beams 
are superposed at the output window of the QO mode 
converter, as shown in Fig.7. 

 
Fig.7  Cross section of the QO mode converter with electric 

field from 3-D simulation  

For the practical applications, a spatial filter based 
on FSS is utilized to separate the output power with 
two different frequencies efficiently. The Jerusalem 
cross is utilized as the resonant cell of the filter. The 
substrate of the filter is the sapphire whose refractive 
index is 3.1 in this frequency range, and the depth of 
the substrate is 430 μm, The Jerusalem crosses (yellow 
part as shown in Fig.8) are made of aluminum. The 
detailed structure parameters of the resonant cell are 
depicted in Fig. 8. When the linearly polarized 
Gaussian beams with two different frequencies are 
oblique incident toward the spatial filter, as shown in 
Fig. 8, the 0.11 THz linearly polarized Gaussian beam 
is reflected, and the 0.22 THz linearly polarized 
Gaussian beam is transmitted. 
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Fig.8  A spatial filter based on frequency selective surface 

The transmission characteristics of the spatial 
filter based on FSS are simulated with the commercial 
software HFSS and presented in Fig. 9. The linearly 

polarized beam at 0.11 THz is totally reflected, and the 
linear polarized beam at 0.22 THz is transmitted and 
the transmittance is about 95%. The transmission 
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characteristics of the spatial filter change little when the incident angle ranges from 0 to 30 degree. 
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Fig.9  Transmission characteristics of the filter based on FSS  

4  Summaries and Conclusions 
The coaxial gyrotron with two electron beams has 

some distinct advantages: the space charge effects are 
decreased; the mode competition is improved; the 
loading of the cathode is released. It is of significance 
for the fusion research, the radar system and other 
applications as well. When one electron beam operates 
at fundamental cyclotron harmonic, the other beam 
operates at higher cyclotron harmonic, the coaxial 
gyrotron with two electron beams can operate at two 
modes with different operating frequencies 
simultaneously. In this paper, the theoretical 
investigation on dual-frequency operation CGTB 
including the numerical calculation and PIC simulation 
was conducted and the results show the power of the 
high harmonic can be enhanced due to the nonlinear 
coupling between two electron beams. The prototype 
of dual-frequency operation CGTB is fabricated and 
the verification experiment is conducted, the operation 
frequencies are at 0.11 THz and 0.22 THz, and the 
output power is about 20 kW. A method to separate the 
radiations from the dual-frequency operation CGTB 
efficiently is proposed. With the quasi-optical mode 

converter, the operation modes in the dual-frequency 
operation CGTB is converted into linearly polarized 
Gaussian beams simultaneously, and these two 
different-frequency linearly polarized Gaussian beams 
are superposed at the output window of the QO mode 
converter, a spatial filter based on FSS is utilized to 
separate the output power with two different 
frequencies efficiently. When the linearly polarized 
Gaussian beams with two different frequencies is 
oblique incident toward the spatial filter, The 0.11 THz 
linearly polarized Gaussian beam is reflected, and the 
0.22 THz linearly polarized Gaussian beam is 
transmitted. 
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