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Theoretical and numerical studies on a planar gyrotron
with transverse energy extraction
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In this paper, we study the planar gyrotron theoretically and numerically. Applying the large-signal theory to the
planar gyrotron, the wave equation of electric field and the equation of motion of an electron are simultaneously solved to
obtain some characteristic parameters, such as the phase-space plot of electrons, working frequency, startup time, electronic
efficiency, and output power of the device. To verify the formulations used in this paper, three-dimensional particle simula-
tions are performed on the same device, and the numerical results accord well with those obtained by using the large-signal
theory. Theoretical and numerical results show that the electronic efficiency can reach 21% for the prototype of the planar

gyrotron working at the frequency of 0.81 THz.
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1. Introduction

Recently, high power terahertz waves are pressingly de-
manded for widespread applications in imaging, radar, high-
data-rate communications, plasma heating and diagnostics,
and medical research, etc.!'™* These applications require
higher power, more reliable THz radiation sources. The vac-
uum electron device has the merit of high power output and
relatively compact structure, so many publications are con-
cerned with vacuum electronic terahertz devices, such as the
gyrotron, backward wave oscillator (BWO), surface wave
oscillator (SWO), free electron laser, and folded-waveguide
TWT.5'1 Among these devices, the gyrotron is one of the
most promising 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 et al. suggested us-
ing a planar scheme with a sheet electron beam and transverse
(with respect to the electron’s translation velocity) electromag-
netic energy extraction instead of the conventional cylindrical
configuration.!!'! The main advantage of the new structure is
to ensure coherent radiation from a large-size sheet electron
beam, which is due to effective mode selection over the open
transverse coordinate and synchronization of radiation from
different beam fractions by transverse electromagnetic energy
fluxes.

The working characteristics of the planar gyrotron depend
on many parameters, such as the shape and sizes of the geo-
metric structure, parameters of the sheet electron beam, and
the guiding magnetic field, etc. To further study its working
characteristics, the large-signal theory and particle simulation
code are used for the same prototype of a planar gyrotron. The
theoretical and numerical results presented in this paper agree
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well with each other.

The rest of this paper is organized as follows. In Sec-
tion 2, the theoretical model of a planar gyrotron is briefly
introduced by using the large-signal theory, and theoretical
results are presented for a prototype of the planar gyrotron.
The three-dimensional (3D) particle-in-cell (PIC) simulation
results of the proposed planar gyrotron are presented in Sec-
tion 3. Conclusions are made in Section 4.

2. Theoretical model and results

The basic geometric model of the planar gyrotron is
shown in Fig. 1. The electrons move in the electromagnetic
field, and they follow the Newton—Lorentz equation,

d
5 (o) +n(vxBo) =-n(E+vxB), M

where v denotes the velocity of the electron, u = yv, ¥y =
[1+u?/c?] 12, N = |e|/mo, By is the external guiding mag-
netic field along the z direction, £ and B are the electric
and magnetic fields generated by the rotating electrons, whose
moving trajectory is shown in Fig. 2.
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Fig. 1. (color online) Geometric model of the planar gyrotron.
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Fig. 2. (color online) Projection of electron orbit in the planar gyrotron.
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The wave equation of the electric field is described as

1B 0
292 Mg

where the electric current and its Fourier transform are, re-

V’E — )

spectively,
Jo (rt) =Jp (r)exp(ior), (3a)
Jo(r) =1/27 /0 (U(rr)exp(—ion).  (3b)

According to the configuration of the geometric structure
and the electron beam in the planar gyrotron, there exists the
electric field only in the x direction, which satisfies

E = xRe (A (x,z,1)sin(msy/by) exp (iowr)), 4)

where the angular frequency is expressed as

o =/ 0+ (znc/1)*. 5)

In Egs. (4) and (5), @ = 7sc/by, by is the space gap between
the top and bottom plates, /, is the length in the z direction, s
and n are the numbers of the mode variations in the y and z
directions, and c is the speed of light in vacuum.

The angular frequency (5) is different from that given in
Ref. [11], where it is valid only for the case of n = 1. Here we
extend the angular frequency for any value of n.

By multiplying both sides of Eq. (2) by the conjugate of
es =sin (msy/by) exp (iow.ot), and using Eq. (4) and integrating
it by y, we obtain

9°A 0 A 2upiw [Je'® e} dy
2 —ilUgwoA —2i 2 fbo = (6)
Define
P=1iuexp(—iA), @)

where u, +iuy, = iu, exp[i(Qt+¢)], A = ot — (Qt + ¢) + w1,
and Q = T]Bo/’)/o.
From Eq. (1), we have

{d/dt—i—i<w—“()2/0)}P=—;nA(x,z,t). (8)

Defining the dimensionless parameters as follows: X =

nﬁjz_()x/ﬁﬂ(])" Z= ﬂﬁfoZ/ﬁuol, T= (Dlﬁj_o/gﬁ“zo, Onorm =
uoa)cﬁ“zolz/nzﬁjo, and a = eA/(mocP3 1), and expand-
ing the field magnitude in Fourier series,

- T

a= Z’ a, (X, 7)sin %27
n=1 <

we have the following expression from Eq. (6)

82 da,
8X2 +Gn0rman+ 0T

1
= L—Z {2#0J€lzﬁ“o/ﬂ2ﬁﬁomc’)/ob0

Lz 1 nw
— dOsin—ZdZ. 9
></0 n/q smLZ ©)]
Defining
P
4= Tpor (10)

we obtain the equation of motion from Eq. (8) as

dq

. 2 - . nmw
57 +ia(-1+1a7) =- Raxosinp oz an

where the normalized detuning is

A—2<1 QO) (12)

B2, )

with A being a very important parameter to solve Eq. (11) , it
is different from that given in Ref. [11], but exactly the same
as Eq. (4.49b) presented in Ref. [12].

We use the Crank—Nicholson finite-difference method to
solve Eq. (6).1'3141 To do so, the dimensionless variable X is
uniformly discretized into M segments, AX and AT denote re-
spectively the spatial increment of X and the time step of 7,
N and m in (a )N
boundary condition at X = 0 is described as

(H

S N

i
% Z ((a N-k _
k=1
The radiation boundary condition at X = Ly is described as

<1+ 177:AX2F>( Y
= 72\/7((1")M 17—

are the indices of X and 7. The radiation

it X

)

1 1
Jin X

(an)lov_k) 27 (mf x/l?) . (13)

11
NTT0:
2(an’v K (an)- ]‘1)~2\/E(\/m—\/l€). (14)
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The equation of motion of an electron (11) is solved here
by using the fourth order Runge—Kutta method. By solving
Egs. (9) and (11) simultaneously, we can obtain the phase-
space distribution of the electrons, the frequency of the gen-
erated terahertz signal, the electronic efficiency, etc. Here, we
take the parameters listed in Table 1 as a prototype of the pla-
nar gyrotron, where the dimensions of the planar structure are
2.4 mm, 0.2 mm, and 3.8 mm in the x, y, and z directions re-

spectively; the planar gyrotron is driven by an electron beam
with a beam voltage of 30 kV and a linear current density of
18 A/cm, the pitch ratio & and length of the electron beam are
1.0 and 1.2 mm respectively, and the guiding magnetic field
strength is 27.6 T. We solve Egs. (9) and (11) by sweeping
n, and find that the device starts to oscillate when n = 8 for
the parameters listed in Table 1. Typical results are shown in
Figs. 3-5.

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

Beam Linear current Pitch ratio Length in the x Length in the y Length in the z Magnetic field
voltage/kV density/(A/cm) direction/mm direction/mm direction/mm strength/T
30 18 1.0 24 0.2 3.8 27.6
Lok ' ' . ; . ' ('a) | at 100 ns at different positions on the line of X = Lx/2
. L[] L]
Lo S, and y = 0. At point (Lx/2,0,0), the electrons enter into
0.5F o Y . the interaction space, the distribution of the electrons in the
N ¢ ° phase-space is uniform as shown in Fig. 3(a). At the point
= 0 e O (Lx/2,0,Lz/2), the electrons are modulated to some extent.
L] L]
° ° At point (Lx /2,0,Lz), the electrons are bunched significantly.
—05F °® ¢ . o L
. o’ Figure 4(a) shows the variation of Re (a,) with time and
L) L)
10k ® e o ° | its fast Fourier transform (FFT). It can be seen from Fig. 4(b)
5 e 5 o5 5 that the corresponding frequency is 0.8008 GHz, which im-
U, plies that A (x,z,¢) is a slowly varying function, and hence, the
10 frequency of the generated electromagnetic wave is dominated
. . (b) by ®. Substituting n = 8 into Eq. (5), we obtain the working
0.5F .° . 1 frequency of the planar gyrotron to be fyor = 0.814 THz.
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Fig. 3. (color online) Phase-space of electrons at different positions at 0 kﬂm .
=100 ns for (a) (Lx/2,0,0), (b) (Lx /2,0,Lz/2), (¢) (Lx /2,0, Ly). 0 0.5 1.0 15 2.0
Frequency/GHz

Figure 3 shows the phase-space distribution of electrons

Fig. 4. (color online) Re (a,) and its Fourier transform.
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The transverse conversion efficiency from the elec-
tron beam to the terahertz signal is defined as n, =1 —
(1/2mLy) OLX 02” |q|2 dBydX, the total efficiency Ny =
n.a?/(1+ a?), which is plotted in Fig. 5. It can be seen that
the planar gyrotron starts to rise up very fast in about 2 ns, and
the total conversion efficiency is 0.2069, so the output power
is Wou = 4G1’]J_Lx=13.4 kW.

0.257 T T T T T

Efficiency

ol — _

0
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Time/ns
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Fig. 5. (color online) Conversion efficiency versus time.

The power of the electromagnetic wave is

*

> da
Wem=2) I —=Z.
EM n;lm<ax an

*

da
=+ a; -a, ) -Ly.
X=Lyx X=0

When the device works in a steady state, Wgy should be very
close to Wy To verify the formulations used in this paper, we
define the relative error as err = 10log |(Wou — Wam) /Wout|,
and plot it in Fig. 6; we can see that the relative error is about
—25dB.
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Fig. 6. (color online) Relative error versus time.

3. Particle simulation and results

According to the configurations of geometric structure
and electron beam shown in Fig. 1, the simulation of the pla-
nar gyrotron should be performed by using the 3D code.[!>-17]
To further verify the formulations used in this paper, we use
the 3D parallel fully electromagnetic particle simulation code

UNIPIC-3D!"3] to simulate the planar gyrotron. UNIPIC-3D

is the 3D version of the 2.5-dimensional code UNIPIC,[19-21]
which has been used to simulate the high power surface wave
oscillator in the subterahertz band.[7-?>-26]

Typical numerical results are given in Figs. 7-10. Fig-
ure 7 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 is formed with 8 variations along the z direction, which
demonstrates that the device can work for the n = 8 case.

Fig. 7. (color online) 3D distribution of E,.

Figures 8(a) and 8(b) are the time history and spectrum
of the electric field Ey at the output port of the device, respec-
tively. Figure 8(b) indicates that the working frequency of the
device is about 0.813 THz, which accords very well with the
result obtained by using the large-signal theory.
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Fig. 8. (color online) (a) Time history and (b) spectrum of electric field
E, at output port of the device.
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Figure 9 shows the distributions of electron velocity at
different times. At 0.5 ns, the electrons are rotating guided by
the external magnetic field, but they are not obviously bunch-
ing, so no terahertz signal is generated, which can also be seen
from Fig. 8(a). At 10 ns, the electrons are gyrating and bunch-
ing significantly, and the terahertz signal is being generated
and remains stable.

(a)

Fig. 9. (color online) Distributions of electron velocity at (a) 0.5 ns and
(b) 10 ns.
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Fig. 10. (color online) Simulated output powers of the planar gyrotron
in (a) x and (b) —x directions.

The simulated output power is presented in Fig. 10, where
figures 10(a) and 10(b) show respectively the power outputs
from the x and —x directions, which are nearly the same in
magnitude, but opposite in direction, of power flux. It can be
seen from these two figures that the output transient power is
about 13.8 kW, the total output average power is also about
13.8 kW, the conversion efficiency of the electron beam to the
terahertz wave is about 21%, and the startup time of the device
is about 2 ns. These three characteristic parameters accord
well with those obtained using the large-signal theory.

4. Conclusions

By solving the wave equation and equation of motion si-
multaneously for a prototype of a planar gyrotron, some char-
acteristic parameters are provided in this paper for the phase-
space plot of electrons, working frequency, startup time, elec-
tronic efficiency, and output power of the device.

We use two methods to verify the theory used in this pa-
per. The first one is to compare the lost power of the electron
beam with the output power of the generated electromagnetic
wave. When the device works at the steady state, they should
be very close to each other. The calculated relative error be-
tween them is about —25 dB, which indicates that the formula-
tions and computation method are correct. The second method
is to use the 3D PIC simulations. The PIC simulation results
accord well with those obtained by using the large-signal the-
ory.

Theoretical and numerical results show that the electronic
efficiency can reach 21% for the prototype of the planar gy-
rotron working at a frequency of 0.81 THz. The output power
of the generated terahertz signal increases with the width of
the electron beam increasing. We obtain Wy, = 13.4 kW for
the prototype of the planar gyrotron with [, = 1.2 mm, if we
increase the length of the electron beam to 1.2 cm, the output
power of the planar gyrotron is expected to be more than a
hundred kilowatts.

The working property of the planar gyrotron depends on
many parameters, such as the width, height, and length of the
device structure, the voltage, current density, width, and po-
sition of the electron beam, the external magnetic field, etc.
Next, we wish to optimize the parameters of the planar gy-
rotron by using the large-signal theory, particle simulation, and
genetic algorithms, which have been used to optimize the rel-
ativistic backward wave oscillator. [*]
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