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Three-dimensional particle-in-cell method of simulating high
power terahertz gyrotrons with planar structure
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Based on analyzing the large-signal theory of the planar gyrotron, it is suggested that a simplified structure of the
device is used for simulating this kind of device, with the working characteristics of the device kept unchanged, i.e., the
same as those of the device with the original structure. Thus, the computational burden can be significantly reduced.
Using the proposed method, we simulate a planar gyrotron with its simplified parameters by using the UNIPIC-3D code.
Numerical results show that the working frequency, output power, and electron efficiency are respectively about 0.813 THz,

14 kW, and 21%.
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1. Introduction

Recently, high power terahertz waves are pressingly
in demand for widespread applications in imaging, radar,
high-data-rate communications, plasma heating, medical re-

search, etc.lI™4

These applications require higher-power,
more-reliable THz radiation sources. The vacuum electron de-
vice has the merit of high power output and relatively compact
structure, so many publications concern the vacuum electronic
terahertz devices, such as the gyrotron, backward wave os-
cillator (BWO), surface wave oscillator (SWO), free electron
laser, and folded-waveguide traveling wave tube (TWT).[>-10]
Among these devices, the gyrotron is one of the most promis-
ing sources in the subterahertz band of 0.1 THz-1.0 THz. To
improve the electron efficiency and raise the output power of
the gyrotron, Ginzburg ef al.!'%! suggested the use of a planar
scheme with a sheet electron beam and transverse (with re-
spect to the electron’s translation velocity) electromagnetic en-
ergy extraction instead of the conventional cylindrical config-
uration. The main advantage of the new structure is to ensure
coherent radiation from a large size planar electron beam. This
is due to effective mode selection over the open transverse co-
ordinate and synchronization of radiation from different beam
fractions by transverse electromagnetic energy fluxes.

The particle-in-cell (PIC) method is commonly used to
design the vacuum electronic devices, but it suffers from the
huge computational burden in the simulation of the gyrotron
in the terahertz band. First, the simulation of the planar gy-
rotron should be performed by using the three-dimensional
(3D) code. Second, the cell number required to discretize the
device is huge. Figure 1 is a typical structure of a planar gy-
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rotron, where the sheet electron beam is injected into the de-
vice from its left side, and the terahertz wave is generated by
the rotating electrons, whose moving trajectory is shown in
Fig. 2. The generated power can be extracted from both of
the x directions. The size of the planar gyrotron proposed by
Ginzburg et al.!'% is about 804 x 3314 x 131, and the spatial
increment is very small to resolve the gyroradius of the elec-
tron, so the cell number is huge. Third, the time step is very
small to satisfy the stability condition, maybe it is 10714 s, so
several million time steps are needed to obtain the terahertz
signal for several ten nanoseconds.
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Fig. 1. (color online) Geometric model of planar gyrotron.

To expedite the simulation of the planar gyrotron, we an-
alyze the large-signal theory of the planar gyrotron, and sug-
gest simplifying the structure of the device, meanwhile, keep-
ing the working characteristics of the device unchanged, i.e.,
maintain their original ones. Thus, the computational burden
can be significantly reduced.

The rest of this paper is organized as follows. In Sec-
tion 2, the simplified model of a planar gyrotron is briefly in-
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troduced. The PIC simulation results of the proposed planar
gyrotron are presented in Section 3. Finally some conclusions
are drawn from the present study in Section 4.
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Fig. 2. (color online) Projection of electron orbit in the planar gyrotron.

2. Simplified model of a planar gyrotron

In the planar gyrotron with transverse energy output, the
electromagnetic field satisfies!!”!

E = xRe (A (x,z,t)sin(mwsy/bo) exp (i@c0t)) , (1)
where
W0 = nsc/bo,

bo being the space gap between the above and bottom plates, s
an integer number, and c the speed of light.

The governing equations are given below for describing
the self-consistent interaction between the electron beam and

electromagnetic wave, (0]
0%a 0%a  da G (Lz1 ¢
i—+i——s+-—=FX)= [ = [pdo, 2
SaTim T oy ()ﬂ/o E/P » (2a)
)
£+ip (—1+\p|2) = a, (2b)

where some dimensionless variables and parameters are

p=(px+ipy)e(iowt)/pio,
T = wwtBly/ 8/3||20»

Z= ”ﬁfoz/ﬁuolv

X= ﬂlﬁox/ﬁuol,
a=eA/(moocBlon),

G= 4ejolzﬁ“0/nmc3boﬁfoyo,
A =2(0n — 0n)/ 0B,
FX)=1,X€]0,L,].

Equation (2a) describes the spatial and temporal distribu-
tions of the electric field E,, and G is the coefficient of the
interaction between electron beam and electromagnetic wave.
G is inversely proportional to by, and the frequency g is de-
termined by bg and s. According to the large-signal theory pro-
posed by Ginzburg et al.,""! Py = Pou + Ponm = 41| GL, o<
Ly. Here, we ignore the Ohmic loss of wall, thus, Poy o< L.
Therefore, by properly reducing by, s, and L, the computa-
tional burden can be significantly reduced and the working
property of the device remains unchanged.

Based on the above analysis, we can simplify the structure
of the planar gyrotron, which can be numerically simulated by
using the 3D fully electromagnetic parallel PIC code UNIPIC-
3D. The size of the structure of the planar gyrotron proposed
by Ginzburg et al.!'%! is about 801, 331, and 131 in the x, y,
and z directions, respectively. To obtain the maximum inter-
action coefficient, the central line of the electron cyclotron is
set to be along that of the maximum amplitude of the electric
field. Here, the parameters chosen for simulation of the planar
gyrotron are listed in Table 1, the driving voltage is 30 kV, and
the guiding magnetic field is set to be 27.6 T.

Table 1. Parameters of a planar gyrotron with transverse output.

Beam Linear current Pitch Length in x Length in y Lengthin z Magnetic field
voltage/kV density/(A/cm) factor direction/mm direction/mm direction/mm strength/T
30 18 1 2.4 0.2 3.8 27.6

3. PIC simulation of the planar gyrotron

The UNIPIC-3D code was developed for 3D simulations
of high-power microwave devices,!!! such as the relativistic
backward wave oscillator, magnetron, vircator, magnetically
insulated line oscillator, etc. The particle boundaries imple-
mented in the UNIPIC-3D code include Gauss’s law, field
emission, beam injection, space-charge-limited model, sec-
ondary electron emission, etc. The open boundaries are trun-

cated by either the Mur-type absorbing boundary condition or

the convolutional perfectly matched layer.l'>!3] Tt is the 3D
version of the 2.5-dimensional code UNIPIC,'* which has
been used to simulate the high power surface wave oscillator
in the subterahertz band.!”-1>-19]

We use the UNIPIC-3D code to simulate the planar gy-
rotron with its structure parameters listed in Table 1. To re-
solve the gyroradius of the electron, the spatial increment is
selected to be 10 um, so the entire device is discretized into
240x20x380 cells. The time step is chosen to be 10714 s.
A sheet electron beam with a length of 1.2 mm and a beam
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voltage of 30 kV is injected from the left side of the device as
shown in Fig. 1. Typical numerical results are given in Figs. 3—
9.

Figure 3 shows the time evolution of the beam current
with an average value of about 2.2 A. Figure 4 displays the 3D
distribution of the electric field E, at 4.0 ns. It can be seen that
a steady-state mode of the electric field has formed.
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Fig. 3. (color online) Beam current versus time.

Fig. 4. (color online) 3D distribution of E,.

Figures 5(a) and 5(b) are the time evolution and the spec-
trum of the electric field E, at the output port of the device
respectively. Figure 5(b) indicates that the working frequency
of the device is about 0.813 THz.

Figure 6 shows the distributions of electron velocity at
different times. At 0.5 ns, the electrons are not bunching ob-
viously, so there is no terahertz signal generated, this can also
be seen from Fig. 5(a). At 10 ns, the electrons are gyrating
and bunching significantly, and the terahertz signal is gener-
ated and keeps stable.
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Fig. 5. (color online) (a) E, versus time and (b) spectrum of output
signal (E,) at output port of the device.
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Fig. 6. (color online) Distributions of electron velocity at (a) 0.5 ns and
(b) 10 ns.

The simulated output power is presented in Fig. 7, where
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figures 7(a) and 7(b) show respectively the output powers from
the x and —x directions, their power fluxes are nearly the same
in magnitude, but opposite in direction. It can be seen from
this figure that the output power is about 14.0 kW, the conver-
sion efficiency of the electron beam to the terahertz wave is
about 21%.
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Fig. 7. (color online) Simulated output powers of the planar gyrotron in
the (a) x and (b) —x directions.

Now, we recall the example given by Ginzburg et al.,!'"!
where the beam voltage is the same as that used here, and the
electron efficiency is about 20% for the electron beam length
of 2.4 cm. That is to say, the electron efficiency does not de-
pend on the length of electron beam for a given beam voltage
and working frequency.

The working frequency of a gyrotron at the first harmonic
of the electron cyclotron frequency is

B,
o — 0 R~ vz, 3

myy

where k, and v, are the wave vector and velocity in the z di-
rection. If the external magnetic field is changed, the working

frequency of a gyrotron is also changed to keep the phase syn-
chronization of the electron with the electromagnetic wave.
Keeping the parameters of the device unchanged and re-
ducing the magnetic field from 27.6 T to 27.4 T, the PIC results
are shown in Fig. 8. Figure 8(a) shows the distribution of the
electric field E; at 4.0 ns. It can be seen by comparing this
figure with Fig. 4 that the mode is changed from 4 periods at
27.6 T to 3 periods at 27.4 T along the z direction. Figure 8(b)
is the output power of the device, it keeps almost unchanged,
but the working frequency is reduced to 0.785 THz. Further re-
ducing the magnetic field to 27.2 T, the PIC results are shown
in Fig. 9. Figure 9(a) shows the distribution of the electric field
E, at 4.0 ns. It can be seen that the mode is changed from 4
periods at 27.6 T to 2.5 periods at 27.2 T along the z direc-
tion. Figure 9(b) is the output power of the device, and it is
reduced from about 14 kW at 27.6 T to 12 kW at 27.2 T, so
the electron efficiency is reduced to about 18.2% from 21%
at 27.6 T correspondingly, meanwhile, the working frequency
is reduced to 0.772 THz. Numerical results indicate that the
working mode and frequency of the planar gyrotron can be
adjusted by changing the external applied magnetic field.
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Fig. 8. (color online) Numerical results of the device guided by mag-

netic field of 27.4 T, showing (a) 3D distribution of E| at 4.0 ns, and (b)
output power versus time.
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Fig. 9. (color online) Numerical results of the device guided by mag-
netic field of 27.2 T, showing (a) 3D distribution of Ey at 4.0 ns, and (b)
output power versus time.

4. Conclusions

By analyzing the equations describing the self-consistent
interaction between electron beam and electromagnetic wave
in a planar gyrotron, we propose a method of simplifying the
structure of the planar gyrotron to greatly accelerate the PIC
simulations of the properties of the device, namely, by prop-
erly reducing by, s, and L,, the computational burden can be
significantly reduced, meanwhile, the working characteristics
of the device (such as the frequency, electron efficiency, and
mode, etc.) remain unchanged, i.e., the same as those of
the device with the original structure. Therefore, in the de-
sign stage of the planar gyrotron, the proposed simplification
method can be used.

Using the proposed method, we simulate a planar gy-
rotron with its parameters listed in Table 1 by using the
UNIPIC-3D code. Numerical results show that the working
frequency, output power, and electron efficiency are about
0.813 THz, 14 kW, and 21%, respectively.

Corresponding to the working frequency of 0.813 THz,
the wavelength is about 0.37 mm, the simplified size of the de-
vice is 6.54 x 0.54 x 10A, which is almost 103 times smaller
than that proposed by Ginzburg ez al.l'%! So the computational
speed of such a simplified structure can be at least 103 times
faster than that of the original structure, and the working char-
acteristics of the device stay unchanged.

By reducing the external applied magnetic field, the
working frequency and periodic number of the electric field
distribution are both reduced, the electron efficiency is a little
bit low, but is acceptable. Therefore, we can change the work-
ing frequency and mode of the planar gyrotron by adjusting
the guided magnetic field.

Next, we optimize the parameters of the planar gyrotron
by using the particle simulation and genetic algorithms, which

has been used to optimize the relativistic backward wave

oscillator. 2%
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