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Abstract: A 0.22 THz continuously frequency-tunable gyrotron oscillator with quasi-optical resonator has been
investigated in this paper. The operating frequency is changed by mechanically adjusting the mirror separation. The
simulation results have demonstrated that an 11.7 GHz bandwidth of frequency tuning and output power of 38 kW
could be achieved.
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1. Introduction

THz gyrotron has attracted great attentions due to its ability of high output power and has been
applied in fields of plasma heating, nondestructive testing, and high resolution radar [2]1-3].
Conventional gyrotron oscillators usually employ resonator of high quality factor and operate at
single frequency or discrete frequencies for different modes. However, for some emerging
applications such as the Nuclear Magnetic Resonance (NMR) spectroscopy enhanced by
Dynamic Nuclear Polarization (DNP) [4], radiation sources are required to be continuously
tunable in a wide frequency range.

Several approaches of frequency tuning for gyrotron oscillator have been suggested, one based
on exciting series of high order longitudinal modes and 2 GHz tuning range are obtained [6], but
the output power is just in the order of several watts. There is another approach to make gyrotron
oscillator continuously tunable by splitting the cavity into two semicircle parts and varying the
slit width [7].Frequency tuning could also be realized with coaxial gyrotron by changing the ratio
of the radiuses of external and internal conductors mechanically [8]. In this paper, we have
investigated a broadband continuously frequency-tunable gyrotron with quasi-optical resonator
based on open confocal waveguide.This resonator has high power capacity due to its large size
and good mode selection, which has been demonstrated to be a qualified beam-wave interaction
structure for gyrotron oscillator [9] and gyro-traveling-wave amplifier [10]. The Particle-In-Cell
(PIC) simulation results demonstrate that, by adjusting the distance between two mirrors, wide
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and smooth frequency tuning with high output power can be achieved.

2. Characteristics of quasi-optical resonator

The resonator consists of three parts, as shown in Fig. 1, a straight section, a linearly
down-tapered section at the entrance and a linearly up-tapered section at the output.

Fig. 1 Schematic diagram of quasi-optical resonator.

The membrane function y (& ¢) for TEmn mode in a confocal waveguide can be expressed as
[9-11]
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where Cr, is a complex constant, m and n are the mode indexes referring to the number of field
variations in x and y direction respectively, and Hm(z) is the mth Hermite polynomial defined as
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The fields are

Hy(x’ y):
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H, (x,y)=jk, f (z)M
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where kmn and k; are the transverse and longitudinal propagation constants, respectively, and

k2, +k>=k>.

The kmn and the cut-off frequency femn can be obtained:
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Fig. 2 Membrane function y (x, y ) for TEqs mode: (a) x-direction distribution (y = 0); (b) y-direction distribution
(x = 0). The solid lines are the theoretical results calculated by eq.(1) and the pointed markers are the
simulation results of CST Microwave Studio. (Re= L1=4.2 mm, 2a=4.4 mm)

Numerical results of the membrane function (X, y) for TEcs mode are given in Fig. 2. It can
be seen that the fields in quasi-optical waveguide are Hermite-Gaussian distribution both in x and
y directions. Fig. 2 also shows a good agreement between theoretical results and simulation
results of CST Microwave Studio.
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According to eq.(5), it is obvious that the cut-off frequency of quasi-optical waveguide
depends on the mirror separation L, therefore, it is possible to continuously change the cut-off
frequency of the operating mode.Consequently, the frequency of gyrotron oscillator would be
changed by mechanically adjusting the mirror separation L.

Considering the diffraction losses, the transverse wavenumber k; is complex,
k, =K, +iA/(2L,), where the parameter A can be obtained by simplified numerical

interpolation £5RIRILEIGIHIE. 12, 13]

~0.0069C? —0.7088C,. +0.5443, m=0
log,, A =1{—0.0226C2 —0.4439C, +1.0820, m=1 (6)
~0.0363C2 —0.1517C, +1.0075, m=2

where C. =k, ,a’/L, is the Fresnel parameter, then the diffraction loss rate of confocal
waveguide can be written as

LossRate(dB/cm) = 20log,, [exp(lkozio ﬂ )

where kzizlm[ (a)/C)z—ki},

In confocal waveguide, the diffraction loss of modes with m = 0 is much smaller than modes
with mz0, so the TEo, mode should be chosen as operating mode , and TEos is selected in this
paper. Then the mirror radius Rc is set to be 4.2mm, the corresponding cut-off frequency is
223.06GHz, and the mirror aperture is 4.4mm to ensure TEos mode which has a much smaller
diffraction loss than parasitic modes. The parameters for the quasi-optical cavity are listed in
Table 1.

Tab. 1 Parameters for the Quasi-Optical Resonator

Ly 10 mm
61 2.1°

L> 13 mm
Mirror Radius (Rc) 4.20 mm
Mirror Separation (L.) 4.10~4.40 mm
Ls 10 mm
02 0.86°

169



Terahertz Science and Technology, ISSN 1941-7411 Vol.9, No.4, December 2016

Assuming the longitudinal component of magnetic field in cold cavity with following forms:

H,(x,y,2)=w(xy)f(2) (8)

where f () is the field profile and satisfies the following equation [14].

+kZ(z) f(z)=0 9)

df (2) . B
dz . - sz (Zin) f (Zin) =0 (10)
T (2 T (200)=0 G

Using numerical method to solve (9)-(11), f (z) and the complex oscillation frequency fosc
could be obtained. Hence, the axial diffraction quality value of the resonator Qg is given by

Re( f..)

Qdiff = 2 |m( fosc)

(12)

while the transverse diffraction quality factor Quifr, is defined by the diffraction loss parameter A

[9]

k, L,
L 13
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Qdifﬂ_ =

For metallic waveguide walls, the ohmic losses are characterized by ohmic quality factor Qohm

2 JJI, 4l ov
N (14
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where ¢ is the skin depth of metallic walls. Therefore, the total quality factor of the resonator
Qtotal Satisfies

1 1 1 1
= + +
Qtotal Qdiff Qdiff 1 Qohm

(15)

Qonm for TEgs mode at 223GHz is calculated to be about 29500, assuming copper mirrors of
resistivity p = 1.72x108-m. Therefore, Quwtal mainly depends on the diffraction quality factor
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Quir.

The dependences of oscillation frequency fosc and diffraction quality factor Quirt Of TEos mode
on the mirror separation L, are shown in Fig. 3 with the mirror radius Rc = 4.2mm. It is seen that
the oscillation frequency decreases from 228.6GHz to 213.4GHz when the mirror separation
increases from 4.10mm to 4.40mm. At the same time, the diffraction quality factor decreases from

3470 to 2510.
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According to theory of gyrotron oscillator, the beam-wave interaction is characterized by the
interaction coupling coefficient [15]

(M)
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where X =r,cose,Y =1, sing and ry is the radius of electron beam.

The dependence of coupling coefficient G on the electron beam radius ry is shown in Fig. 4,
which indicates that r, = 1.15mm is the best choice to get high coupling efficiency for TEos mode.
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Fig. 4 Radial distribution of normalized coupling coefficient of TEgs, TE1s and TEgs modes.

The starting current Is; of a gyrotron with arbitrary cross section and an annular electron beam
is expressed by [16]

3 2x? Sel 2 2(3-)
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The starting current ls; for different modes are evaluated as function of magnetic field Bo with
fixed electron beam parameters (Vb=40kV, a=1.1, rp=1.15mm) but different mirror separation L,
the results are shown in Fig. 5. The minimum starting current for TEos is about 0.75A, which is
much lower than that of parasitic modes TEos (2.2A) and TE1s (3.4A). In addition, as the mirror
separation L, decreases, the minimum starting current becomes lower because of the increase of
Q-value.
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Fig. 5 Starting current I as function of magnetic field By

4. Results of PIC simulation

Tab. 2 Operating Parameters of the Quasi-Optical Gyrotron.

Beam Voltages (Vi)
Beam Current (l)
Beam Pitch Factor ()
Beam Radius (rp)

Magnetic Field (Bo)

40 kV
5A

11
1.15mm
84T

According to the parameters listed in Table 1 and Table 2, a 0.22THz gyrotron oscillator with
quasi-optical resonator has been simulated by 3D Particle-In-Cell code CHIPIC [17].When the
straight section is a strictly confocal waveguide, L, = R¢ = 4.2mm, the simulation results show the
gyrotron operating at TEos mode and produces about 26kW output at 222.7GHz, as shown in

Fig.6.
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Fig. 6 Simulation results of the strictly confocal resonator, L1 = Rc = 4.2 mm. (a) Axial field contour of H, at the

middle plane; (b) Transverse field distribution of H, at the output port; (c) Output power versus time; (d)
Spectrum of output power.

To obtain the frequency tuning characteristics, L, is changed from 4.10mm to 4.40mm by
moving the upper straight section along y-direction, while the other parts of the resonator are

fixed, the oscillation frequency and output power, as function of mirror separation L, are
illustrated in Fig. 7.
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Fig. 7 Frequency and the output power versus the mirror separation L.
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We can see that the oscillation frequency continuously decreases from 226.2GHz to 214.5GHz
when L, increases from 4.14mm to 4.40mm, and an 11.7GHz frequency tuning band (about 5.3%
relative to the center frequency of 220GHz) is obtained. At the same time, the output power
reduces from 38kW to 5kW. The PIC simulation results are in good agreement with the cold
cavity results in Fig. 3. When L, is less than 4.14 mm, it is found that TE1s mode is easier to be
excited than TEos mode.

5. Conclusions

A continuously frequency tunable gyrotron oscillator with quasi-optical resonator has been
investigated theoretically and been simulated with 3D PIC code. The simulation results indicate
that the cylindrical confocal system has good mode-selective characteristics and could operate
stably in high order mode. Moreover, the possibility of broadband continuously frequency tuning
also has been demonstrated by PIC simulation, and an 11.7GHz bandwidth of oscillation
frequency tuning from 214.5GHz to 226.2GHz is achieved by mechanically adjusting the mirror
separation. According to the results of simulation, an experimental gyrotron has been designed
and is being constructed now.
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