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Abstract: The research on terahertz science and technology are being intensified due to enormous potential in the field
of high-density plasma diagnostics and nuclear magnetic resonance (NMR). However, the lack of terahertz source
especially high power terahertz source is a main obstacle. Gyrotron, based on the ECRMs (Electron Cyclotron
Resonance Masers), is one of the most promising sources to generate high power terahertz radiation. Therefore, a
0.42 THz gyrotron operating at second harmonic is designed and analyzed in this paper. To alleviate the mode
competition, a gradually tapered complex cavity is adopted, where the pair of operating modes is TEi73/TEi74. @
candidate operating point is selected by linear and nonlinear theoretical analysis, with 50 kV beam voltage, 6 A beam
current and 8.03 T magnetic field, the output power and interaction efficiency can reach about 78.48 kW and 26.16%,
respectively. The mode competition in the designed gyrotron is also investigated with the time-dependent multi-mode
nonlinear code. The results show that the operating mode can be prior excited and other competing modes are
effectively suppressed. A double anode magnetron injection gun (MIG) with 3.19% maximum transverse velocity
spread is also designed and simulated to satisfy the requirement of the proposed gyrotron. These simulation results can

provide the theoretical basis for the 0.42 THz gyrotron experiments.
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I. Introduction

The gyrotron has been demonstrated to be an efficient, high power source of terahertz radiation,
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based on the mechanism of electron cyclotron maser (ECM) [1-10]. Recently, the developments of
sub-terahertz and terahertz gyrotrons have been intensified because numerous applications of high-
frequency gyrotron are anticipated [11-22]. Motivated by the spreading applications, worldwide
research efforts have been spent on THz gyrotron. The gyrotron operating at 1.3 THz with an output
power of 0.5 kW has been investigated at the Institute of Applied Physics (1AP), Russia [23]. It is
the highest frequency radiation generated by gyrotron. A 0.67 THz gyrotron with record power and
efficiency has been developed in the joint experiments of IAP and University of Maryland [24].
The developments on 0.4 THz gyrotron for high power terahertz source are very meaningful due to
the application in Thomson Scattering (CTS) [25-26]. However, according to the ECM, the
required external magnetic field is over 15 T when a gyrotron operates at 0.4 THz with fundamental
harmonic oscillation. Therefore, to overcome the limitation caused by the achievable strength of
magnetic field, the high frequency gyrotron always operates at second harmonic of the cyclotron
frequency to decrease the applied magnetic field to half of that required by the fundamental
oscillation. Meanwhile, to achieve high power at higher frequency, the gyrotron has to operate
necessarily at high order mode to alleviate the problem of wall heating and beam interception due
to miniaturization of interaction structure at these frequencies. However, the undesired excitations
of lower harmonic modes present a major problem for stable operation of higher harmonic mode.
Therefore the complex cavity is selected as an interaction cavity to suppress the mode competition
for obtaining high power terahertz radiation. The complex cavity was proposed and first
experimentally studied in [27-35], which has been proved that it is capable of suppressing the
parasitic mode competition due to the mode conversion in the transition region [36-39].

As shown in Fig. 1, TEi74 is an ideal candidate mode for second harmonic gyrotron because it
is well isolated from the neighboring modes, especially from fundamental modes. The profile of
complex cavity is shown in Fig. 2. It is obvious that the complex cavity is made up of two cavities .
The first cavity can pro-modulate the electrons, and the second one is the main energy exchange
place between modes and electron beam. Thus a pair of operating modes like TEmp/TEmn (p<n,
TEmp and TEmn are the modes in the first and second cavity, respectively. These two modes have
very close operating frequency) is formed in the complex cavity. In this paper, a 0.42 THz second
harmonic gyrotron with complex cavity operating at TE17.3/TE17.4 is designed and simulated by the
self-consistent nonlinear theory. Based on simulations, an optimal operating point is selected
carefully, which can generate about 78.48 kW terahertz radiation with frequency at 420.3347 GHz.
A corresponding double anode magnetron injection gun (MIG) is also simulated, whose maximum
transverse velocity spread is about 3.19 %, which satisfies the requirement from the designed
gyrotron. At the same time, the mode competition in the designed gyrotron is investigated by the
time-dependent, multi-mode nonlinear code. The simulation results show that the operating mode
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TE17.4 can be first excited and other competing modes are well suppressed in the complex cavity.
And the capability of complex cavity to suppress the mode competition has been proved on the
basis of mode competition calculations. These simulation results can provide a theoretical basis for
the 0.42 THz gyrotron experiments.

This paper is organized as follows. In Section I, we have presented cold cavity simulation results.
Sec. Il gives the linear analysis results. The hot cavity simulations are shown in Sec. IV. A
corresponding double anodes electron gun is designed in Sec. V. And the mode competition
calculations are presented in Sec. V1. Finally, the design scheme for 0.42 THz gyrotron is concluded
in Sec. VII.

The Second Harmonic Modes
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Fig. 1 Mode spectra of the TE modes.

Il. Mode selection and cold-cavity simulations

In the design task of high power second harmonic gyrotron, it is very important to reduce the
risk of mode competition with neighboring modes, especially with the fundamental modes. The
distributions of the Bessel prime zero’s are plotted in the Fig.1. It is found that the TE17.4 is an ideal
candidate mode because it is well isolated from the neighboring modes TEq 7 and TE145, especially
from the fundamental mode TE2s.

The cold-cavity field distribution and geometry of complex cavity are plotted in the Fig. 2. Based
on the transmission line theory, a pair of modes having the same azimuthal index is formed in the
complex cavity: TE17.3 mainly exists in the first cavity, and TE17.4 is only the mode in the second
cavity. The transverse electric field of TE17.4 is also plotted in Fig. 2. It shows that the transverse
electric field locates mainly at outer region of the cavity, which can increase the beam-wave
interaction space and decrease the magnetic compression ratio for high quality electron beam. For
adjusting the mode quality factor in the cavity, there is a throat added between the second cavity
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and output cavity. The cold cavity are also simulated by the software HFSS, which have been
presented in Fig.3. It is well shown that the pair of the operating modes can exist stably in the
complex cavity and the simulation results are well close to the numerical simulation one.
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Fig. 2 Geometry of the complex cavity and normalized cold cavity field profiles for TE17.3 -TE7. 4.

Based on the cold cavity simulation, the resonant frequency and diffractive quality factor are
listed in the Table.1. It is found that the fundamental mode TE2s has much lower quality factor
than that of TE17.4. However, the frequency and diffractive quality factor of TEg7, TE145, and TE17.4
are very close. But they could be suppressed by selecting proper guiding radius of electron beam
based on the linear theory, which will be illustrated in the coming content.

Fig. 3 The cold cavity simulation with HFSS.

TAB. | THE RESONANT FREQUENCY AND Q OF DIFFERENT MODES

Mode The Resonant Frequency(GHz) Diffractive Quality Factor

TE174 420.3375 13140
TEg7 422.7906 13592
TE1s5 419.3196 12938
TEo.10 418.7073 12797
TE2.10 417.9005 12647
TE2s2 417.6726 12839
TE2s 213.9087 560
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I11. The linear theory analysis

After designing the interaction cavity, it is necessary to select an appropriate guiding radius of
HinnJmes(kmnRg)
T2RE (inn—m?) Jin (Hmn)’
where, J,, is Bessel function of first kind, R, is the radius of cavity, u,,, stands for the n" zero
roots of the m"- order Bessel function J;,, the '+ ‘and ' — ' represent counter-and co-rotating
modes, respectively, R, is the beam radius.) between the electron beam and the operating mode is
much larger than that of competing modes. As shown in Fig.4, It is well found that when the
electron beam radius R, is 1.95 mm, and the coupling coefficient for TEi7.4 is maximum, while

the electron beam to make sure that the coupling coefficient Cgr (Cgr =

other competing modes have very low value, especially the fundamental modes. Thus the guiding
radius of the electron beam is selected as 1.95 mm.
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Fig. 4 The coupling coefficients as functions of the electron beam radius for the modes in the designed complex cavity.

Start oscillation current is the minimum current required to start the oscillation in gyrotron [1].
To observe the relevant competition modes in the designed cavity and select an appropriate
operating point, the study on start oscillation current is indispensable. Under the condition that the
voltage of electron beam V; is 50 KV, the orbit to axial velocity ratio a is 1.4, and R, is 1.95 mm,
the starting currents of different modes are plotted in the Fig. 5. It is found that TE17.4 have the
lowest starting current when the magnetic field Bo is set about 7.9-8.14 T. Meanwhile the starting
currents of the fundamental modes all above 15 A at this region. Thus they are very hard to be
excited in. The start oscillation currents of other second harmonic modes are almost above 10 A.
Therefore if the operating current is set about 5 A, The operating mode TE317.4 is the only mode to
be excited in the second cavity. Due to the interaction with TE173 in the first cavity, the electron
beam is prebunched to contribute to the excitation of TE17.4 in the second cavity. Therefore the real
starting current of TE17.4 should be lower than that in the Fig. 5. That is why the electron beam can
interact with TE17.4 in the hot cavity simulation when the beam current is lower than the starting
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current. This phenomenon is also observed in the experiment for the complex cavity gyrotron.
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Fig. 5 The start oscillation currents Isar as functions of the magnetic field Bg

IV. The self-consistent nonlinear simulation
The electric and magnetic field in the complex cavity could be written in the form
E=E, +e,E, 1)

H=H,; +e,E, (2

The transverse field E; and H; can be expanded in terms of orthogonal normalized wave
vector functions for the waveguide

2

Er =D > Vi (2)el(r.¢) 3)
i=1 mn
2

Hy =D > 15 @) (r,0) @)
i=1 mn

Based on Maxwell’ equations, by utilizing the orthogonal and normality of the wave vector
functions, the general second-order transmission line equation with a current source is obtained for
the azimuthally symmetric system [36-40],
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where R is the wall radius of cavity as a function of axial position, Z,(,?n is the wave

- 1 2 . 2 i
impedance: Z) = v /jwe , Zi = juw/ve , (r)? = (k) — k2, ki = w?en, and

cO ., is the mode coupling coefficient, which is defined in [38, 39].

(mn)(mn’)

]+ is the transverse density of electron beam current, which is determined by
3=t [ 73 (r e d (wt) (6)
t 27[ 0 t '

Particles have also been drove by the static magnetic field B, and RF field. Then the motion of
a charged particle satisfies relativistic Lorentz’s equation, where m,, is the rest mass of particle.

d (ymyu)

& A(EFux(B+B,) (")

At the input end of the cavity, each mode included in the calculation must satisfy the condition
of an evanesce wave. And at the output end of the cavity, all propagating waves must satisfy
outgoing wave boundary condition. They are written as follows:

Vo _oy0) 0 8

dZ 7mn mn | z=0 ( )
i=2 (i) o

> S0 <0 ®
i=1l mn dZ
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Fig. 6 The interaction efficiency as functions of the beam current I, when V;is 50 kV and a is 1.4.

Equations (5), (6) and (7) together with boundary condition (8) and (9) constitute a set of self-
consistent nonlinear equations for the complex cavity gyrotron. Based on these equations, a code
has been written by the fourth-order Runge-Kutta method. In the code, it is assumed that there will
be P patches of particles to pass by each geometrical discretization position along the z-coordinate
during each wave period. On each patch, it could be considered that there are N electron cyclotron
trajectories scattered in a fairly equal manner and M particles evenly distribute on every cyclotron
trajectory. Actually in the simulation we could adjust the values of P, M and N to make sure that
conservation of energy is satisfied at each step calculation. The boundary condition at the input end
of the complex cavity is used to determine the initial value of dV,,,/dz for the equations of (8),
and the boundary condition at the output end of the cavity is satisfied by varying the values of ®
and V,,, until the left-hand side of Eq. (9) is minimized. The written code has been proved in
designing and studying the complex cavity gyrotrons, such as a 94 GHz gyrotron whose operating
mode is TE6.1/TE6.2 and 34 GHz gyrotron operating at TE5.1/TE5.2. By using this code, a
0.42 THz complex cavity gyrotron operating at TE17.3/TE17.4 is designed. The characteristics of
the designed complex cavity and the influence of electron beam parameters on the interaction
efficiency are studied in the coming part.
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Fig. 7 The interaction efficiency as functions of the beam voltage V;when I, is 50 kV and a is 1.4.

Based on the resonance condition of ECM, it is known that the operating mode in the gyrotron
just can interact with the electron beam having particular parameters. The variations of beam
voltage V,, beam current I,, and the orbit to axial velocity ratio a can affect the beam-wave
interaction. Also the applied magnetic field B, is an important factor. Therefore, the study on the
influences of these parameters on the interaction efficiency is very essential to guide the experiment.
Based on the self -consistent nonlinear code, the hot cavity characteristic of the designed gyrotron
are analyzed, and an optimum operating point is obtained by optimizing these parameters. By
studying the mode competition and startup in the gyrotron [42, 43], it is known that the beam
current is an important element for controlling the mode competition in gyrotron. The interaction
efficiency with different Bk (Bk=mmoyo/eBo) as functions of beam current are plotted in the Fig. 6
when V,, is 50 kV and o is 1.4. It is shown that the interaction efficiency is not very sensitive to the
beam current. For considering the mode competition, we will choose the beam current as 6A, the
corresponding efficiency can reach about 26.16%.

The Interaction Efficiency (%)

L] L] L} T
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Fig. 8 The interaction efficiency as functions of B, when I, is 6A and I/ is 50 kV.
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In the experiment, the beam voltage is an important factor to be adjusted for obtaining stable
operating status. The simulations on the interaction efficiency as functions of beam voltage are
plotted in Fig.7. It is found that the efficiency is relative sensitive to the beam voltage. The
maximum efficiency reaches about 26.12 % at beam voltage of 50 kV when By, is 0.972, I,is 6 A
and o is 1.4. The interaction efficiency of TE174 varying with B, is also plotted in Fig. 8. At the
same beam voltage, it is obvious that the interaction efficiency is very sensitive with the magnetic
field. The interaction efficiency drops very fast when the magnetic field deviates from the best
value. And the magnetic field of maximum interaction efficiency increases when enhancing the
value of a, which can be explained by the beam mode dispersion relation. The interaction efficiency
as functions of the axial distance is plotted in the Fig. 9. Due to the reason that the electron beam
is pre-modulated by the mode TE;i73 in the first cavity, the efficiency is below zero in the first
cavity. The pre-modulated electron beam could strongly interact with TE17.4 in the second cavity,
on the contrary, the interaction with other modes become very weak. Therefore mode competition
in the second cavity could be suppressed, which is the reason that the complex cavity is selected as
the interaction cavity.
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Fig. 9 The interaction efficiency as functions of the axial distance when V; is 50 kV, I, is 6A, B, is 0.972 and o is 1.4

Based upon the former research, it is a good operating point when V,is 50 kV, I, is 6 A and By,
is 0.972 by considering the mode competition. The corresponding interaction efficiency can reach
26.16% and the output power is about 78.48 kW.
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Fig. 10 Basic schematic of a double-anode MIG.
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Fig. 11 The schematic configuration of the double-anode MIG and the electron trajectories
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Fig. 12 The distribution of equipotential line at cathode region

V. The magnetron injection gun (MIG) for 0.42 THz gyrotron

Based on the tradeoff equations [42-44], combining to the requirement of the interaction
parameters, the initial structure of the electron gun is obtained. According to a large number of
simulations by the electron trajectory PIC code (CHIPIC), the MIG has been simulated and
optimized. When the interaction magnetron B, is 8.012 T, anode voltage V, is 50 kV, operating
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current I, is 6 A, a good quality electron gun with maximum transverse velocity spread of 3.19%,
and the ratio of the transverse velocity to the axial velocity of 1.4 is obtained. The optimized
parameters for the 0.42 THz second harmonic gyrotron are shown in table 11, and the electron beam

trajectory, the distribution of equipotential line at cathode region and the velocity of beam are
shown in figure 11 to figure 14.

Time 4.906 ns: PHASESPACE for all particles

5 Ve
@
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T T
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Fig. 13 The axial velocity of the electron beam

Time 4.906 ns: PHASESPACE for all particles

V\A/\Mwuwm-wmm#

T T T
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Fig. 14. The ratio of the transverse velocity to the axial velocity alpha

TAB. Il THE REQUIREMENTS OF THE ELECTRON BEAM PARAMETERS FOR 0.42 THZ SECOND HARMONIC GYROTRON

Vo 50 kv Electron guiding center radius rg 1.95mm
lo 55A Transverse to axial velocity ratio a 1.4
Bo 8.012T The operating frequency fo 0.42 THz

TAB. 111 OPTIMIZED DESIGN PARAMETERS OF DOUBLE-ANODE MIG FOR 0.42 THz SECOND
HARMONIC GYROTRON

Magnetic compression ratio 30 Radius of the cathode 9.1 mm
Maximum transverse velocity spread | 3.19 % Cathode slant angle ¢¢ 35°
Maximum axial velocity spread 5.123 % Emitter length Is 1.6 mm
Cathode/control-anode distance 7.3mm | Electron guiding center radius rg | 1.95 mm
Beam thickness at interaction region | 0.379 mm Beam current density 4.9 Alcm?
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V1. The mode competition in the designed complex cavity gyrotron

We derive the following system of equations from the system of self-consistent field equations
consisting of the Maxwell equations and the equations of motion of the electrons using the
averaging methods [45, 46]:

A _ o,
a b, —F, wn/ZQn (10)

d n ~
= 0y [y + (@, — o) (12)

where F, is the time-dependent amplitude of the n** mode, which varies slowly with the time ¢,
¥, is the corresponding phase. @y = @y, +j @y, /2Q, is the cold cavity resonant
frequency, w,, is the reference frequency, which is very close to the real part of the cold resonant

frequency @y ,. Here @, = @, + j&;’, which characterizes the intensity of interaction of the
electron beam and the high-frequency field of this mode.

First, we study the mode competition in the designed gyrotron with an ideal electron beam when
the gyrotron is at the candidate operating point. The corresponding results are shown in Fig.15. It
is shown that the designed gyrotron can stably operate at the pair of the operating modes TE.17.3/TE-
17.4, and other competing modes including the second harmonic modes and the fundamental modes
are well suppressed during the gyrotron reach the steady state. Since TE-17.3 is used to modulate
the electron beam at the first cavity, thus its amplitude is much larger than the amplitudes of the
competing modes, but it is still lower than that of TE-17.4.
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Fig. 15 The normalized amplitude |F,| in various mode vs time calculated by the time dependent, multi-mode

nonlinear theory in the designed complex cavity gyrotron when V, is50kV, I, is6 A, a is1.4,and B, is

0.972.
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Fig. 16 The normalized amplitude |F,| in various mode vs time calculated by the time dependent, multi-mode
nonlinear theory in the designed complex cavity gyrotron when V, is50kV, I, is6 A, a is1.4,and By is

0.972 (the beam width is 0.195 mm, and the electron velocity spread is 5 %).

Meanwhile, the quality of the electron beam should be considered in the simulation. Because the
real electron beam emitted from magnetron injection gun (MIG) has finite width and velocity
spread. It is known that the electron velocity spread and the finite width of the electron beam not
only deteriorate the gyrotron efficiency, but also influence the mode interaction. Thus it is
necessary to investigate the effects of the electron velocity spread and the finite width of the
electron beam on the mode competition in the designed gyrotron. The investigation on the influence
of the electron velocity spread is shown in Fig. 16, where the electron velocity spread is 5 % and
the operating point is the same as in Fig.15. It is found that the dependence of amplitude on the
velocity spread is very weak for the operating mode TE.17.4. The reason is that Doppler shift is
negligible in the cavity for the stationary gyrotron oscillation with an almost zero axial wave
number. Then, the weak dependence of power on the electron velocity spread is observed. However,
it is also shown that the electron velocity spread greatly affects some competing modes like TE.145
and TEz3. The amplitudes of TE-145 and TE73 both reach about 10, which can be explained by
resonance condition for ECM.

VII.  The design scheme for 0.42 THz gyrotron

Based upon former investigations, a complex cavity gyrotron has been designed. The linear and
nonlinear analysis show that the designed gyrotron can operate stably at TE174 with power of
78.48 kW when Uo is 50 kV, lo is 6 A and Bk is 0.972. The corresponding interaction efficiency can
reach 26.16%. Combining the hot-cavity simulation, a double-anode magnetron injection gun has

162



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

been simulated and designed with the help of the electron trajectory code (CHIPIC), which can
generate an annular electron beam with transverse velocity spread of 3.9 %. The mode competitions
in the designed are also simulated at the candidate operating point. The simulation results shows
that the operating mode TE-17.4 can be first excited and other competing modes are well suppressed
during the designed gyrotron reach the final steady state. The influence of the velocity spread on
the mode competition is also simulated, which show that the velocity spread can deteriorate the
interaction efficiency, but the operating mode can be also excited and other competing modes are
well suppressed even when considering the velocity spread and the beam width. The detail
operating parameters are listed in the Table. IV.

TAB. IV THE OPTIMUM PARAMETERS

Harmonic Number 2
Operating Mode TE17.4
The Cavity Radius (mm) 3.680
Beam Voltage Uo (kV) 50
Beam Current lo (A) 5
Magnetic Field Bk 0.972
Velocity Pitch Factor a 1.4

The Transverse \elocity Spread 3.9%
Operating Frequency(GHz) 420.3347
Diffractive Quality Factor Q 13340

Interaction Efficiency (%) 26.16
Output Power (kW) 78.48 kW
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