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Design and Simulation of a ~390 GHz 7 th Harmonic Gyrotron using a large orbit electron beam
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A ~390 GHz harmonic gyrotron based on a cusp electron gun has been designed and numerically modelled. The gyrotron operates at the 7 th harmonic of the electron cyclotron frequency with the beam interacting with a TE 71 waveguide mode. Theoretical as well as numerical simulation results using the 3D Particle-In-Cell (PIC) code MAGIC are presented. The cusp gun generated an axis-encircling, annular shaped electron beam of energy 40 keV, current 1.5 A with a velocity ratio of 3. Smooth cylindrical waveguides have been studied as the interaction cavities and their cavity Q optimized for 390 GHz operation. In the simulations ~600 W of output power at the design frequency has been demonstrated.

Introduction:

Microwave radiation sources are one of the crucial technologies for modern society. High power submillimeter wave sources have attracted significant interest recently due to their potential applications in electron cyclotron resonance heating [START_REF] Wagner | The New Multi-Frequency Electron Cyclotron Resonance Heating System for ASDEX Upgrade[END_REF], plasma diagnostics [START_REF] Saito | Development of a Sub Terahertz High Power Pulse Gyrotron for Collective Thomson Scattering[END_REF], space radar systems [START_REF] Bhartia | Millimeter Wave Engineering and Applications[END_REF], communication systems [START_REF] Siegel | Terahertz Technology[END_REF], materials science and medical imaging and spectroscopy [START_REF] Clery | Brainstorming their way to an imaging revolution[END_REF][START_REF] Torrezen | CW Operation of a Tunable 330/460 GHz Gyrotron for Enhanced Nuclear Magnetic Resonance[END_REF]. The gyrotron is well known as a coherent millimeter wave source capable of high power and high frequency output which is extendable to the Terahertz (THz) frequency region. Recently a gyrotron achieved kilowatts of output power operated at the fundamental electron cyclotron frequency of 1 THz [START_REF] Yu | Generation of 1.5-kW 1-Thz Coherent radiation from a gyrotron with a pulsed magnetic field[END_REF] by using a pulsed solenoid. However, continuous wave (CW) operation at such a frequency is a formidable task because of the large magnetic field (~40 T) that is required. As the output frequency increases, both larger magnetic fields and reduced interaction region size are needed when operating at the fundamental cyclotron frequency. An alternative approach to generate CW high frequency radiation is to work at higher cyclotron harmonics [START_REF] Idehara | A high harmonic Gyrotron with an axis-encircling electron beam and a permanent magnet[END_REF][START_REF] Wang | Stable 1 MW, third-harmonic Gyro-TWT Amplifier[END_REF][START_REF] Wang | Design of a W-Band Second-Harmonic TE 02 Gyro-TWT Amplifier[END_REF][START_REF] Agusu | Design of a 400 GHz Gyrotron for DNP-NMR Spectroscopy[END_REF] which allow the use of larger cavity sizes and smaller magnetic fields by a factor of s, where s is the harmonic number. A CW high harmonic gyrotron operating at a frequency of ~390 GHz at relatively lower B-field was designed and is presented in this paper. In this gyrotron cyclotron resonance takes place between the seventh harmonic of the electron cyclotron frequency (s = 7) and the TE 71 waveguide mode. A large orbit electron beam from a cusp gun is used to reduce the possibility of parasitic interactions. The small-signal theory of the beam-wave interaction was used to calculate the growth rate and the starting current. A smooth-bore cavity was designed with a suitable Q value by optimizing the angle of the output taper and the length of the cavity so that the starting current requirement is met. Finally, the beam-wave interaction of the gyrotron was simulated using the 3D Particle-In-Cell (PIC) code MAGIC and the results are presented.

Cusp electron gun

While operating at harmonics, undesired mode competition as well as parasitic oscillations will be more problematic as the harmonic number increases, therefore, it is advantageous for an electron gun to be able to generate a mode-selective beam. A large orbit electron beam from a cusp gun was selected because for such a beam its harmonic of the cyclotron mode (s) only interacts with a TE mn waveguide mode (m and n are azimuthal and radial mode index respectively) when s = m [START_REF] Mcdermott | Small-signal theory of a large-orbit electron-cyclotron harmonic maser[END_REF]. A cusp electron gun operates by an electron beam passing through a non-adiabatic magnetic field reversal from negative to positive sign.

Invariance of the magnetic moment results in a large orbit, annular electron beam [START_REF] Schmidt | Nonadiabatic Particle Motion in Axialsymmetric Fields[END_REF][START_REF] He | A W-band Gyro-BWO based on a Helically Corrugated Waveguide[END_REF][START_REF] He | Axis-encircling electron beam generation using a smooth magnetic cusp for gyro-devices[END_REF]. Several successful terahertz range large orbit harmonic gyrotrons experiments have been carried out at resonant magnetic fields 10.5 -14 T [START_REF] Bratman | Submillimeter-wave large-orbit Gyrotron[END_REF][START_REF] Bratman | Large-orbit Gyrotron Operation in the Terahertz Frequency Range[END_REF]. The 3D PIC code MAGIC was used to simulate and optimize the design of the cusp electron beam source. The optimized geometry of the cusp gun including magnetic field profile and the resultant beam trajectories are shown in figure 1. An insertion shows in detail the B-field reversal in the cusp region. The B-field profile of the cusp was produced by two coils, a main coil and a reverse coil. The main coil produces a uniform magnetic field at the downstream region which should have a certain length of the flattop region required by the beam-wave interaction in the cavity. Two extra layers of coils were added to both ends of the main solenoid to sharpen its B-field profile so that the overall turns and length of the solenoid were reduced. These extra coils were carefully designed to avoid any bumps in the magnetic field profile while minimizing the rise and fall distance of the magnetic field. The design parameters were optimized resulting in the production of a 40 kV, 1.5 A large orbit electron beam in the simulations. This electron beam has been optimized through adjustment of the magnetic coil arrangement to operate at a velocity ratio from 1.2-3 [START_REF] He | Design, Simulation and Experiment of a Cusp Electron Beam for Millimeter Wave Gyrodevices[END_REF][START_REF] Donaldson | Design and Numerical Optimization of a Cusp-Gun-Based Electron Beam for Millimeter-Wave Gyro-Devices[END_REF] with an inner radius of 0.27 mm and an outer radius of 0.36 mm. This is consistent with the analytical calculated Larmor radius of 0.31 mm. The reflected electrons in figure 1 are low energy electrons emitted during the rise-time of the applied voltage pulse. A velocity pitch spread of ~25% was simulated when reaches 3. Further increase of the beam would result in a significant increase of beam spread in hence the reflection of some beam electrons.

Gyrotron design

Gyrotrons are based on the CRM (Cyclotron Resonance Maser) [START_REF] Chu | The electron cyclotron maser[END_REF] instability and operate through a fast cyclotron wave interaction, which takes place near the frequency cut-off region of the waveguide mode. In a high harmonic gyrotron, the beam (harmonic number s > 1) interacts with a high order TE mn waveguide mode where m = s.

All the possible interactions are shown in figure 2. When the 7 th harmonic of the electron cyclotron frequency is in resonance with the TE 71 mode, interactions below this mode are eliminated because the corresponding harmonic beam lines are far below their corresponding TE m1 waveguide mode curves except for the case of the TE 61 mode and s = 6. The other possible parasitic interactions might be from higher modes, i.e., TE 81 with s = 8 and TE 91 with s = 9, etc. However the most dangerous one is with the neighboring TE 81 interaction as the starting current increases as the mode index increases. But the TE 81 interaction has a starting current higher than the beam current. In this way any other parasitic interactions of higher modes are automatically eliminated. As the gyrotron works near the cut-off frequency region, and a large orbit gyrotron requires s = m, the operating frequency (390 GHz) and harmonic number (s = 7) as well as the azimuthal index of the waveguide mode (m = 7) were chosen prior to the cavity size. The interaction of the waveguide mode and axisencircling electron beam cyclotron mode can be described by the equation below [START_REF] Chu | Gain and Bandwidth of the gyro-TWT and CARM Amplifiers[END_REF][START_REF] Furuno | Operation of a Large-Orbit High-Harmonic Gyro-Traveling-Wave Tube Amplifier[END_REF]:
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Where k z is the propagation constant; x mn is the nth root of ( ) 0 m J x ′ = . r w is the radius of the cylindrical cavity;

N e is the axial linear density of electrons. is the electron gyrating frequency, where B is the magnetic field. I is the beam current and 3 0 0 [START_REF] Siegel | Terahertz Technology[END_REF] 17
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kA is the Alfven current. The growth rate of this interaction can be obtained by solving the imaginary part of in equation ( 1) as a function of axial wavenumber k z and is shown in figure 3. In the diagram the TE 71 cylindrical waveguide mode is interacting with the 7 th harmonic of the electron cyclotron frequency of a beam with a velocity ratio of 3 at a magnetic field of 2.09 T. The radius of the cylindrical cavity is 1.055 mm, and the cavity length is 50 mm at a reasonable cavity Q of 2000. The cavity length L and the output taper angle are optimized for a reasonably high Q which is a very important parameter in any gyrotron design. The total Q of the resonant cavity is given by 1 1 1
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The diffraction quality factor Q d and the ohmic quality factor Q which are caused by diffraction and ohmic losses respectively, can be calculated using the equations below:
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is the skin depth of the cavity wall, is the conductivity of the cavity material, µ is the absolute permeability. R 1 and R 2 are the reflection coefficients at both ends of the cavity interaction region. The cavity Q was calculated using the code Cascade [START_REF] Ives | Cascade-An advanced computational tool for waveguide components and window design[END_REF]. In figure 4(a) the curve shows the simulated cavity Q as a function of the output taper angle at 390 GHz. In this diagram, the cavity was a 40 mm long smooth cylindrical cavity with a radius of r w = 1.055 mm. The output taper was 10 mm in length and the input section of the cut-off taper had a fixed radius of 0.8 mm and a length of 20 mm. Though in a real situation the tolerance of the cavity dimensions, roughness of the cavity surface [START_REF] Thorpe | RF Conductivity in Copper at 8 mm Wavelengths[END_REF] and the purity of the materials will affect the value of the ohmic losses at high frequencies, the ideal surfaces and oxygen free high conductivity copper were applied to these calculations. From the diagram we can see the cavity Q increases as the angle increases, but in order to sustain enough output power and to decrease the heat load of the cavity [START_REF] Zapevalov | Low-Q cavities for high-power gyrotrons[END_REF], the taper angle needs to be properly selected. Considering all of these factors a 6 degree output taper was chosen in the cavity design. The cutoff taper angle was also studied by changing the length of the taper with a fixed cut-off input radius 0.8 mm. Cascade simulations show that these changes do not affect the cavity Q value very much (less than 20 when the cut-off taper length was varied from 5 mm to 20 mm). shows the simulated cavity Q as a function of cavity length using the code Cascade. In the simulation the input end had a 20 mm taper with an input radius of 0.8 mm. The cavity radius remains the same as before which was 1.055 mm and at the end it had a 6 degree output taper. Simulations using CST Microwave studio showed that there is no significant mode conversion (<10% of power) for this output taper at the operating mode. However, further increase of the output taper length or output taper angle will cause significant mode conversion. For example, when the taper length was increased to 20 mm, 70% of the power was converted to the TM 52 mode. The starting oscillation currents for this cavity at the design mode and competing modes can be calculated by using the equation shown below [START_REF] Mcdermott | Small-signal theory of a large-orbit electron-cyclotron harmonic maser[END_REF]:
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Here The minimum starting current for the 7 th harmonic mode is 1.4 A, at a magnetic field of 2.13 T which are both within the capability of our cusp gun design current of 1.5-1.7 A and the solenoid magnetic field of 2.16 T. This diagram shows clearly that the neighboring modes s = 8 and s = 6 will be eliminated as the starting current for the 8th harmonic requires a starting current of more than 6 A, and the magnetic field requirement for the 6th harmonic is above 2.17 T.

Simulation results

In order to demonstrate the beam-wave interaction can take place in the designed gyrotron cavity, the code MAGIC was used to simulate the harmonic gyrotron interaction. The R-Z plane geometries of the smooth cylindrical structures and electron trajectories are shown in figure . 6. An ideal beam with the parameters from the cusp electron simulation but without velocity and radius spreads was emitted from the left end of the cavity and propagated in a uniform B-field produced by a solenoid in the magic simulation. The right end of the solenoid sits in the middle of the output taper in the Z axis. During the simulation, the cavity length was reduced from 50 mm to 30 mm as the cavity ohmic loss was neglected in the simulation. A schematic diagram of the simulation is shown in figure 6 with the magnetic field profile produced by the solenoid. The simulation result is shown in figure 7. In the simulation the large orbit annular electron beam had a voltage of 40 kV, current of 1.5 A with a beam velocity ratio of 3. The magnetic B-field applied in the cavity was 2.09 T. The magnetic field difference between the MAGIC and analytical calculation is due to the grid density in the gyrotron simulation, when a higher grid density is used, the B-field required in the simulation will be larger and closer to the analytically calculated value. ns arises due to the cavity of 30 mm length being sufficiently long in the absence of wall loss, for the interaction to enter phase trapped saturation resulting in re-absorption of the wave energy -these can be seen in figure 7(c) where the electron distribution in phase angle illustrates the trapping occurring. When 0.1 mm beam thickness and 25% beam spread were introduced in the simulation, it was found that the total output power dropped to ~500 W while a competing TE 61 became slightly dominant at the output. The output power at the designed frequency and mode dropped to ~200 W.

Conclusion

In conclusion a ~390 GHz harmonic gyrotron based on a large orbit electron beam was designed and simulated. The cavity has been analyzed and optimized. Theoretical and numerical simulation results demonstrate that the beam interacts with the single TE 71 mode and a simulated output power of ~600 W was achieved while using a 40 kV, 1.5 A, large orbit electron beam with velocity ratio of 3. It was found from simulation that spread in will cause the reduction of the output power and start-up of mode competition. The effect of beam parameters such as velocity spread, envelop ripple, might have on the starting current and mode excitation [START_REF] Bratman | Theory of gyro devices with thin electron beams (large-orbit gyrotron)[END_REF] will be studied both numerically and experimentally in the future.

Figure 1 .

 1 Figure 1. Simulated cusp gun and resultant beam trajectories with the detailed magnetic field configuration at the cusp point.

Figure 2 .

 2 Figure 2. Dispersion of the TE m1 waveguide modes (m = 1-8) and beam-wave resonances at different harmonics.

  is the relativistic Lorentz factor; m 0 is the rest mass of an electron, V is electron beam voltage.v cβ ⊥ ⊥ = ; L r v ⊥= Ω is the electron Larmor radius.

Figure 3 .

 3 Figure 3. The growth rate at the 7 th harmonic interaction (upper diagram) and the schematic gyrotron geometry (lower diagram).
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 4 Figure 4. (a) Cavity Q as a function of output taper angle and (b) Cavity Q as a function of cavity length

Figure 4 (

 4 Figure 4(b)shows the simulated cavity Q as a function of cavity length using the code Cascade. In the simulation the input end had a 20 mm taper with an input radius of 0.8 mm. The cavity radius remains the same as before which was 1.055 mm and at the end it had a 6 degree output taper. Simulations using CST Microwave studio showed that there is no significant mode conversion (<10% of power) for this output taper

  figure.5. In this calculation the cavity Q = 2000, and the electron beam velocity ratio was 3.

Figure 5 .

 5 Figure 5. Starting currents for the 7 th harmonic TE 71 mode and its neighboring TE m1 modes.

Figure 6 .

 6 Figure 6. A Schematic diagram of gyrotron in the R-Z plane with simulated electron beam trajectories.

Figure 7 .

 7 Simulation results of the 7 th harmonic gyrotron with a smooth cavity: (a) output power, (b) output spectrum and (c) electron phase angle as a function of axial position (d) microwave E field pattern at resonance. The electron phase angle as a function of axial position Z (figure 7(c)) indicates the interaction occurred at the 7 th harmonic of the electron cyclotron frequency. Very pure radiation output at a frequency of 384 GHz was observed in the simulation as shown in figure 7(b) and ~600 W of output power was achieved in this simulation. The reduction in power observed after ~30
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