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Abstract: A high-harmonic large orbit gyrotron (LOG) operating in the THz range has been designed and studied. 

Numerical simulations have shown that the 5th harmonic oscillation at 283 GHz can be selectively excited by proper 

choice of the external magnetic field and the electron beam current. The high harmonic operation of LOG is 

characterised by the considerable reduction of the required external magnetic field strength. The beam-wave 

interaction, the starting oscillation process and the ohmic loss of the designed LOG are also examined. The analysis 

procedure and the conclusion can form the basis for the study of even higher harmonics operation. 
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1. Introduction 

The gyrotron is one of the most promising high power millimetre wave and THz sources that 

form the foundation for many applications including plasma diagnostics [1], dynamic nuclear 

polarisation [2], deep-space and special satellite communications [3]. However, this device is not 

yet widely applied in THz range because the operation requires high external magnetic field. For 

example, to enable the oscillation of 0.3 THz at the fundamental electron cyclotron harmonic 

(s=1), the required magnetic field is as high as 10 T, which exceeds the capability of a number of 

gyrotrons laboratories. To fulfill the gap between the expected operation frequency and the 

available magnetic field intensity, harmonic operation becomes attractive because the required 

magnetic field intensity is inversely proportional to the operation harmonic number. Nevertheless, 

due to the complicated mode competition problem, operation of the traditional small-orbit 

gyrotron is limited within the first three harmonics. For higher harmonics operation, the 

conventional methods of mode competition suppression such as the beam positioning become 

insufficient. The mode competition problem will cause unstable output power level or low 

efficiency of the device. 

To maintain single mode operation at high harmonics, a beam-wave dynamic system with 

much stronger selectivity of the cavity modes should be adopted. One of the leading candidates is 

the large orbit gyrotron (LOG) configuration where the guiding centre of the electrons is located 

on the axis of the waveguide. By this configuration, only modes with azimuthal index equal to 

the harmonic number can be excited [4-6]. By such restriction, the competition mode spectrum in 
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the cavity can be greatly rarefied. As a matter of fact, this feature has been applied in a number of 

experimental and numerical demonstrations of high harmonic LOG [4-7]. For example, the fifth 

harmonic operation has been experimentally verified at 138 GHz in University of Fukui [5]. And 

the seventh harmonic oscillation at 390 GHz has been observed numerically in University of 

Strathclyde while using a perfect electrical conductor (PEC) as the cavity wall [7].  

In this paper, a LOG operating at the fifth harmonic of the electron cyclotron resonance is 

designed and studied with consideration of the ohmic loss on the cavity wall. To ensure 

maximum excitation factor at the fifth harmonic, the operation mode is chosen to be TE5,1,1. It is 

shown that by enabling the fifth harmonic oscillation, an output frequency of 283 GHz can be 

achieved with an external magnetic field as low as 2.96 T. With consideration of the cavity wall 

loss, a stable output power of 1.003 kW is obtained while the ohmic loss power amounts to 4.914 

kW due to the adoption of a whispering gallery mode. The values of the diffraction quality factor 

and the ohmic quality factor obtained from the hot cavity simulations agree with the ones from 

cold cavity analysis. The remaining part of this paper is organized as follows: Part 2 provides the 

design and the cold cavity analysis of the LOG with TE5,1,1 as the operation mode. Part 3 shows 

the hot cavity simulation result and its comparison with that obtained from the cold cavity 

analysis. Part 4 draws conclusion and suggests the future work.   

 

2. Gyrotron design and cold cavity analysis  

The structure of the beam-wave interaction cavity is shown in Figure 1, which is consisted of 

an input conical cavity, a smooth cylindrical cavity and an output conical cavity. The input taper 

angle in  and the output taper angle out  are chosen as 4.8  and 2.8 , respectively. The 

cavity radius is calculated based on the cyclotron resonance condition [7]. The other structural 

parameters are optimised to provide a relatively large diffraction quality factor. An electron beam 

with a voltage of 250 kV, a maximum beam current of 10 A, and a pitch factor of 2 is chosen in 

this study [4].   

 

Fig. 1 Schematic view of the beam-wave interaction cavity 
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The operation frequency f  and diffraction quality factor Qd  of the above cavity are 

calculated with an existing cold cavity code [8] to be 283.58 GHz and 12654, respectively. The 

ohmic quality factor is calculated to be 3390 by the following expression [4-6]: 

                             2
Ω

2
,( / )(1 / )Q m nw mR                          （1） 

in which wR  is the beam-wave interaction cavity radius and 1/ f    is the skin depth. 

75.99 10 /S m   and 74 10 /H m     are the conductivity and permeability of the 

oxygen-free copper. The ohmic quality factor in the designed cavity is smaller than the 

diffraction quality factor, meaning that more than half of the extracted power from the electrons 

will be converted to the cavity wall loss. Such situation is predictable since the whispering 

gallery mode TE5,1,1 is used where the field maxima is very close to the cavity wall. The total 

quality factor Q  is calculated by the following equation: 

                                Ω Ω/Q=Q Q Q( Q+ )d d                         （2）                                          

 

3. Numerical simulation 

Based on the above parameters, a 3D model is built in the FDTD-PIC code MAGIC Tool Suite 

2007 [9]. The oxygen-free copper is set as the cavity material to take into consideration of the 

ohmic loss. From the cold cavity analysis, the starting oscillation current of TE5,1,1 mode is lower 

than the neighbouring modes when the magnetic field is chosen between 2.94 T to 2.98 T. The 

numerical simulation result, when the external magnetic field is 2.96 T, is shown below. The 

beam current is chosen as 0.3 A. 

The output time signal is recorded at the output aperture of the cavity before a Fast Fourier 

Transformation (FFT) is applied, as shown in Figure 2. The output spectrum is pure with only 

one peak at 283.3271 GHz which also suggests a single mode operation without mode 

competition. Thus the LOG is superior in supporting the electron cyclotron resonance at high 

harmonic numbers ( 3s  ) than its small-orbit counterpart.  
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Fig. 2 Spectrum of the output time signal  
 

To identify the operation mode, the transverse magnetic field distribution at 35.250 ns is 

recorded at the middle intersection of the beam-wave interaction cavity, as shown in Fig. 3. A 

total of 10 peaks can be seen in the azimuthal direction while just one peak is identified in the 

radial direction, meaning that the operation mode is TE5,1.  

 

Fig. 3 Transverse magnetic field distribution 

 

Fig. 4 provides the axial electric field distribution at 35.250 ns. It can be seen that there is just 

one peak in the axial direction, meaning that the axial index of the operation mode is 1. From the 

above observation, the operation mode inside the beam-wave interaction cavity is TE5,1,1 mode. 
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Fig. 4 Axial electric field distribution 

The time-dependent variations of the output power ( Pd ), ohmic loss power ( ΩP ) and the total 

energy storage (W) are shown in Fig. 5. It can be interpreted that the beam-wave interaction 

stabilized at 30 ns with an output power of 1.003 kW and an ohmic loss power of 4.914 kW. The 

total energy storage inside the whole cavity stabilized at 8.35 J . Thus the diffraction quality 

factor Qd  and the ohmic quality factor ΩQ  can be calculated from  

                            Q 2d
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                                   (4) 

The resultant Qd  and ΩQ  are 14818 and 3024, respectively, which is in reasonable 

agreement with the previous cold cavity analysis. The discrepancy can be explained by the 

limited accuracy of the staircase representation of the cavity structure in FDTD-PIC codes and 

the overbunching of the electron beam [10]. 

 
Fig. 5 The output power, ohmic loss power and total energy storage variation with time 
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4. Conclusion 

In this paper, a fifth-harmonic LOG operating at 283.3 GHz is designed and numerically 

investigated. With the assistance of 3D FDTD-PIC code MAGIC, the operation of the designed 

LOG is characterized. By enabling high harmonic operation, the required external magnetic field 

strength can be greatly reduced, which is an essential feature in the development of THz 

gyrotrons. The cold cavity analysis and the hot cavity simulation results reasonably agree with 

each other. By using the design procedure and the analysis method in this paper, even higher 

harmonics operation of the LOG can be obtained.  
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