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This paper considers the frequency-quadrupling three-cavity gyroklystrons with successive frequency-doubling in

each cavity. The cavities of 225 GHz frequency-quadrupling gyroklystron are designed with the scattering matrices

method and the possible operating mode are discussed. With the point-gap theory, the starting currents of the possible

operating modes and the potential parasitic modes in the output cavity are calculated. The optimal operating mode is

proposed under consideration of the mode competition and the power capacity of the cavity.
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1. Introduction

There is a strong interest in developing compact
high power sources of coherent electromagnetic radi-
ation in the submillimeter wave and THz regions.[1]

Gyrotrons are known as the most powerful sources of
radiation in this frequency range.[2−4] However the gy-
rotron operating at fundamental cyclotron resonance
at these frequencies requires large cryomagnets or su-
perconducting magnets producing strong enough mag-
netic fields. To realize gyrotron operation at higher
frequency and to use more compact and less expensive
magnets and cryomagnets, it seems expedient to con-
sider the cyclotron harmonic gyrotron.[5,6] In this ar-
ticle, 225 GHz frequency-quadrupling three-cavity gy-
roklystron with successive frequency-doubling in each
cavity is considered. The cavity’s design with scatter-
ing matrices method and the mode competition with
point-gap theory are discussed in details. The opti-
mal operating mode in the output cavity is proposed
under consideration of the mode competition and the
power capacity of the cavity.

2. Elements of the theory
2.1.Cavity design with scattering matri-

ces

The output cavity structure of the gyroklystron
is shown in Fig.1, where φ, RW, L1, L2 is the angle,

the radius and the length of the output cavity, respec-
tively; SL, SR are the left and right scattering matrices
due to the abrupt change of the cavity radius, respec-
tively. Using the scattering matrices formulation,[7]

Fig.1. Structure of the output cavity.

we easily obtain the scattering matrices SL, SR. Ac-
cording to the resonant condition[8]

2βmnL + θL + θR = 2Nπ, (1)

we can obtain the resonant frequency ω of the cav-
ity. Where θL and θR are the phases of the operating
mode’s reflection coefficient ΓL, ΓR, which can be ob-
tained from scattering matrices SL, SR, respectively,
βmn is the propagating constant. The diffractive qual-
ity factor Qd can be written as[8]

Qd = vg
2ωL(

1− |ΓL|2 |ΓR|2
) . (2)
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Here vg is the group velocity. Ohmic quality factor Qo

can be approximately expressed as[5]

Qo =
R

δ

(
1− m2

u2
mn

)
. (3)

Here δ ≈
√

2/ωµσ is the skin-depth. For practical
purposes the conductivity σ is often taken as half the
theoretical value that corresponds to the account of
the surface roughness of the wall. The total quality
factor QT can be written as

QT =
QoQd

Qo + Qd
. (4)

The mode profile can also be easily obtained by using
the scattering matrices formulation.[7] Using the same
methods discussed here, we can also obtain the res-
onant frequencies and the mode profiles of the input
cavity and the bunching cavity.

2.2.Point-gap theory

To simplify our task, we will consider weakly rel-
ativistic electron beams and neglect space charge ef-
fects. For the case when electrons interact with elec-
tromagnetic fields excited at frequencies near the cut-
off frequency, the electron motion can be described by
the following sets of equations:[9,10]

dε

dt
= −ev ·E,

dp

dt
+ ηv ×B0 = −ηE = a. (5)

Here ε is the electron energy, p = γv⊥ is the electron
momentum, γ is the relativistic factor, η = e/m0 is
the ratio between electron charge and mass. In the ap-
proximation of the fixed Gaussian longitudinal struc-
ture of the high-frequency field in the cavity

f (z) = exp
[
− (2z/L)2

]
. (6)

From Eq.(5) we can obtain the starting current expres-
sion of TEmn mode for the zero velocity spread,[11]

0.465QTIstLGmnβ2l−2
⊥0

103γ0λβ2
z0

(
ll

2l−1l!

)2

σlin = 1. (7)

Where

σlin =
(

µθ

4
− l

)
exp

(
−θ2

8

)
, (8)

Gmn =
J2

m−l (umnR0/RW)
J2

m (umn) (u2
mn −m2)

, (9)

in which θ = (ω − lΩ0) L/vz, ω is the resonant fre-
quency, λ is the wavelength. Ω0 is the relativistic

cyclotron frequency, l is the number of operating har-
monic of the cyclotron frequency, µ = πβ2

⊥0L/βzλ is
the parameter proportional to the effective length L

of the cavity, RW is the radius of the cavity, R0 is
the electron guiding centre radius, β⊥0 = v⊥0/c and
βz = vz/c are the normalized velocities of the trans-
verse and longitudinal motion of the electrons, respec-
tively, Ist is the starting current.

From Eq.(7) we can find that the dependence of
the beam–wave coupling factor which indicates that
the interaction between mode and electron beam on
the beam radius has the following form:

I ∝ J2
m−l (umnR0/RW) . (10)

3. Cavity design

Figure 2 shows the coupling factor between elec-
tron beam and electromagnetic field in the cavities.
From Fig.2, in the case of small R0. the beam cou-
pling to the mode with m = l is much larger than that
to all other modes. So, in order to improve the interac-
tion between electron beam and electromagnetic field,
we should choose the TEmn mode satisfying m = l

as the operating mode in each cavity and the guiding
centre radius R0 being little greater than the larmor
radius RL of electron.

Fig.2. Coupling factor between beam and fields.

3.1. Input cavity

According to the above discussion, in the input
cavity, the operating mode works at fundamental cy-
clotron harmonic, we can choose the TE11 mode as the
operating mode. The resonant frequency of the TE11

mode calculated by the scattering matrices method is
f0 = 55.36 GHz. The distribution of the electric field
simulated by CST software is shown in Fig.3.
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Fig.3. Distribution of the E field in the input cavity.

It was assumed that these devices are driven by
an electron beam with a magnetic field B0 = 2.15 T
V0 = 40 kV and an orbital-to-axial velocity ratio
α = 1.5. Figure 4 shows the dispersion diagram of
the possible excited modes in the input cavity. From
Fig.4, in the input cavity the possible parasitic mode
is TE01 mode, which works at 2nd cyclotron har-
monic. But the strong enough input electromagnetic
field working at TE11 mode can suppress the possible
parasitic mode effectively.

Fig.4. Dispersion diagram of the possible excited modes

in the input cavity. (The superscript is the cyclotron har-

monic number).

3.2.Bunching cavity

In the bunching cavity, the operating mode works
at the 2nd cyclotron harmonic. TE21 mode can be
chosen as the operating mode. The resonant frequency
of TE21 mode is f0 = 111.9 GHz. The electric fields
distribution of TE21 simulated by CST software is
shown in Fig.5.

From Fig.6, when the bunching cavity works at
TE21 mode, the strong possible parasitic modes do
not exist.

Fig.5. Distribution of E fields in the bunching cavity.

Fig.6. Dispersion diagram of the possible excited modes

in the bunching cavity.

3.3.Output cavity

The operating mode works at the 4th cyclotron
harmonic in the output cavity. So we should choose
TE4n mode as the operating mode. In order to get
the optimal efficiency, we should design the output
cavity to realize Qd/Qo = 1/2.[11] Using the scatter-
ing matrices method discussed above, we can obtain
the resonant frequency, total quality factor and mode
profile of the operating mode. Figure 7 shows the lon-
gitudinal field distribution of TE43 mode in the output
cavity.

Fig.7. Longitudinal field distribution of TE43 mode in

output cavity (f0 = 225 GHz, L1 = 16 mm, L2 = 10 mm,

RW = 2.69 mm and φ = 8◦).
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4. Starting current

The starting current is an important characteris-
tic of any microwave source of coherent radiation. To
realize efficient operation of an amplifier, it is advis-
able to operate at currents slightly below the start-
ing current. Above it, the device will operate as a

phase-locked oscillator in the presence of a driven sig-
nal. Meanwhile, it is also important to calculate the
starting current of the possible parasitic modes for an
amplifier because of the mode competition. Figure 8
shows the starting currents of the possible operating
modes and the potential parasitic modes in output
cavity.

Fig.8. The starting current of the operating mode and possible parasitic mode in output

cavity.(V0 = 40 kV α = 1.5. (a) Operating mode: TE42 mode, (b) Operating mode: TE43

mode, (c) Operating mode: TE44 mode, (d) Operating mode: TE45 mode.

5. Discussion and conclusions

From Fig.8, when the output cavity of the
frequency-quadrupling gyroklystron works at TE42 or
TE43 mode, there are no strong possible parasitic
modes at fundamental, second, third and fourth cy-
clotron harmonic, but when it works at TE44 mode,
the TE32 mode working at 2nd harmonic is the possi-
ble competitive mode, when it works at TE45 mode,
the possible competitive mode is TE34 mode working
at 3rd harmonic. So, in order to eliminate the para-
sitic modes excitation in the output cavity, we should

choose TE42 or TE43 mode as the operating mode.
But under consideration of the power capacity, TE43

mode is the better choice.

In this article, we discuss the cavity design and
operating mode selection of the frequency-quadrupling
gyroklystron. In order to improve the interacting ef-
ficiency between electron beam and fields, we should
choose the operating mode TEmn satisfying m = l in
each cavity, meanwhile, the guide centre radius of the
beam should be small enough to improve the efficiency
and suppress the modes in the drift regions.
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