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Oversized coaxial output cavity for Ka band relativistic klystron
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Abstract: In this study, an oversized coaxial output cavity is proposed for a Ka band relativistic klystron amplifier (RKA). It consists of a
three-gap resonator and a coupler. To ensure the concentricity, the double-row supporting rods are used in the output cavity. The parameters
of the output cavity are obtained through theoretical analysis and CST simulation. In addition, the authors evaluate the performance of the
output cavity by using particle-in-cell software CHIPIC. They investigate the influences of the period length and the external quality
factor on the output power. Furthermore, they study the effect of the overmoded ratio on power and electronic efficiency. The simulation
shows that the output power reaches 1.08 GW and electronic efficiency is 36.0%. The simulated results indicate that the proposed output

cavity can be used in the RKA with GW-level power at the Ka band.

1 Introduction

Recently, millimetre and sub-millimetre wave science and technol-
ogy have attracted great attention, especially millimetre and sub-
millimetre wave sources [1-5]. As one of the most promising
devices for developing high-power microwave sources, the relativ-
istic klystron amplifier (RKA) has attracted worldwide attention due
to its unique characteristics such as high power, high efficiency,
amplitude and phase stability [6—8]. However, the output power
of the RKA will decrease significantly in the millimetre wave
regime, which is mainly due to its physical restrictions such as
the space charge limited current and the surface field breakdown
[9]. Friedman et al. proposed an X band triaxial klystron amplifier
(TKA) with a large electron beam diameter for propagating high-
electron beam power and enhancing the power capacity [10].
Based on the TKA structure, simulation and experiments have
been conducted to realise a GW-level microwave output at the X
band [11-15]. However, a GW-level RKA at the Ka band has not
been reported because the serious surface electric field breakdown
and low electronic efficiency.

We combine the advantages of the TKA, overmoded structure
and extended interaction technology to develop an oversized
coaxial extended interaction output cavity with high-power capacity
and high-electronic efficiency. The overmoded ratio of the output
cavity reaches 7 (D refers to the coaxial drift tube diameter and A
refers to the operating wavelength), i.e. D/A = 7. Then, we analyse
the relationship between the structural parameters of the output
cavity and its performance including the output power and
surface electric field. Furthermore, we investigate the effect of the
overmoded ratio on the power capacity, electronic efficiency and
so on. In addition, we analyse the effect of double-row supporting
rods on the output cavity.

2 Analysis of the oversized coaxial output cavity

The schematic of the Y-Z section of the oversized coaxial output
cavity is presented in Fig. 1. It is shown that the output cavity
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consists of a three-gap resonator, a radial coupler, a coaxial wave-
guide and double-row supporting rods. In the three-gap resonator,
the operation mode is TMy; mode, which includes the TMy;-nt
mode, the TMy;-1/2 mode and the TMy;-2n mode. According to
the transit time theory, the electron beam can interact with the
TMp; mode while passing through the output cavity. The beam—
wave interaction is different for different modes. For the TMy;-nt
mode, the relationship between the power obtained by the electron
beam from the high-frequency field and the direct current (DC)
transit angle during the beam—wave interaction is [16]

2
= 1oYn g, (1)
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where U, is the amplitude of the high-frequency voltage of the
three-gap output cavity, Uy is the electron beam voltage, [, is the
electron beam current, 6 is the DC transit angle of the gap in the
output cavity and F(6,) is defined as [16]
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From (2), we can obtain the relationship between F(6,) and 6,
as shown in Fig. 2. It can be seen that there is an optimal DC transit
angle (where 6;=2.08 rad) to maximise the electronic efficiency of
the beam—wave interaction. Here, the electron beam voltage, elec-
tron beam current and operating frequency are set as 500 kV,
6 kA and 30.5 GHz, respectively. Thus, the propagation constant
B. of the electron beam is calculated to be 740.3 rad/m. In addition,
the distance between gaps can be calculated as
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Fig. 1 Y-Z section of schematic of the output cavity
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Fig. 2 F(6y) versus 0, of the three-gap output cavity

L=104/B, =2.8mm. However, considering the wall thickness
between the gaps, the actual length should be >2.8 mm.

Then, we use simulation software CST [17] to investigate the res-
onant characteristics and mode distribution of the output cavity. In
the CST simulation, we establish a model of the output cavity for
simulation and optimisation, where R, is 35 mm, L is 3.2 mm and
gap width is 2.0 mm. Fig. 3 shows the group delay curve at the
output port, which indicates two resonant frequencies (28.75 and
30.5 GHz). In addition, the group delay time (7,) is about 1.6 ns
at 30.5 GHz as shown in Fig. 3. The external quality factor Qey,
can be calculated as 2mf'7,/4 = 86 at 30.5 GHz [18]. Fig. 4 pre-
sents the electric field distribution at 30.5 GHz, in which the direc-
tion is opposite at the adjacent gap, that is, the mode is a T mode.

The inner and outer conductors of the output cavity are
assembled and fixed by double-row supporting rods. The support-
ing rods are made up of N fan-shaped metal rods and N>7x
(a+b)/A where a and b are the inner and outer radii of the
coaxial waveguide, respectively and A is the operating wavelength
[19]. In this study, a=41.06 and b=44.56 mm, then N>27.2.
Thus, we select the N as 28. For the double-row supporting rods,
the distance between double-row supporting rods dr=mA/2,
where we set m as 2. The single-row supporting rods and double-
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Fig. 3 Group delay curve at the output port
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Fig. 5 S,; parameters of the single row and double-row supporting rods

row supporting rods are simulated and optimised by using CST.
We obtain the S,; parameters of the supporting rods with the z/
of 7.85 mm, d, of 9.9 mm and the angle of 2.5° as illustrated in
Fig. 5, which shows that the transmission coefficient of the support-
ing rods is >99.7% over the 1 GHz frequency range. Figs. 6a and b
present the electric field distributions with single-row supporting
rods and double-row supporting rods in a coaxial waveguide, re-
spectively. The double-row supporting rods are used in the output
cavity and we can find that there is no change in the resonant fre-
quency as presented in Fig. 7 compared with Fig. 3.

a b

Fig. 6 Electric field distribution at 30.5 GHz in the coaxial waveguide with
supporting rods

a With single-row supporting rods and

b With double-row supporting rods
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Fig. 7 Group delay curve at output port with double-row supporting rods

This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial-NoDerivs License (http:/creativecommons.org/

licenses/by-nc-nd/3.0/)



3  Simulation results and discussion

Particle in cell (PIC) simulation software CHIPIC [20] is used to
simulate and optimise the structural parameters. In the PIC simulation,
the beam voltage is 500 kV, the beam current is 6 kA, the axial focus-
ing magnetic field is 1 T, the operating frequency is 30.5 GHz and the
fundamental modulation depth (the ratio of the amplitude of the first
harmonic to the DC) is 110%. When the pre-modulated electron beam
passes through the output cavity, the electron beam energy is con-
verted to the radio frequency (RF) field energy, and then the RF
field energy is coupled to the output waveguide through the
coupler. The 2.5-dimensional PIC (2.5D-PIC) simulation is used to
optimise the cavity structural parameters. Two structural parameters
are mainly considered: one is the period length (L) and another one
is the height of the tuner (H,). The relationship between the output
power and period length is shown in Fig. 8, which indicates the
optimal period length is 3.2 mm for the height of tuner (H.) of
1.5 mm. With the period length of 3.2 mm, the external quality
factor Q. of the output cavity is simulated by changing the height
of the tuner (H,), as illustrated in Fig. 9. We can find that the best
height of the tuner is 1.7 mm, for which Q,, is 86.

For the coaxial RKA, the operating frequency of the output
cavity is only determined by the gap height (), regardless of
the radius of the electron beam (R.). For the previous optimised
output cavity, we only change the centre radius of the electron
beam to investigate the effects of a larger overmoded ratio. As
the electron beam radius increases, we study the relationship
between the maximum electric field in the output cavity and differ-
ent electron beam radii under the same output power of 1 GW, and
the results are illustrated in Fig. 10. Fig. 10 illustrates that increasing
the electron beam radius effectively reduces the electric field
strength in the output cavity. Zhang et al. found that the breakdown
threshold can reach 2.5 MV/cm by treating the slow wave structure
surface [21]. The electric field intensity is lower than the breakdown
threshold which means that it can be tolerated. In addition, for the
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Fig. 8 Output power as a function of period length (L)
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Fig. 9 Output power as a function of height of the tuner (H.)

This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial-NoDerivs License (http:/creativecommons.org/

licenses/by-nc-nd/3.0/)

1.04

2.5 e
3 N
| o b i
n U P11 | =8 Output power|]1.03 =
2r  AE N B R A =
— [ L2 Q2
=] o I =
2 15p - "o 9
- ! ) I
E I | I o
S Ldneot gy 2
i) o o N 1 gg9 B
_(“ | | | I | | | | .9 %
& e Tt sl et i Serin R =
o (I e T T 10,98 ©
o I T T T T
1 1 1 L 1 L 1 L 197

L
35 55 75 95 115 135 155 175 195
Electron beam radius (mm)

Fig. 10 Maximum electric field and output power as a function of the elec-
tron beam radius

diffident conditions, a suitable electron beam radius can be selected
for the oversized coaxial relativistic klystron amplifier (OC-RKA).

In the above study, we use the 2.5D-PIC simulation method,
which cannot consider the impact of the asymmetric mode. We
need to study the impact of asymmetric modes on overmoded struc-
tures with the R, of 35 mm by 3D-PIC simulation. In simulation, we
model the same pre-modulated electron beam. As a result,
Figs. 11a—c show the performance of the output cavity. Fig. 11a
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Fig. 11 Performance of the output cavity without supporting rods
a Output power of the output cavity without supporting rods

b Spectrum of the output signal

¢ Electron beam power versus axial position (z)
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Fig. 12 Output power versus d;

is the average power versus operating time for the output cavity,
which demonstrates that the output cavity can generate 1.13 GW
output power corresponding to the electronic efficiency of 37.6%.
It is shown in Fig. 115 that the spectrum of the output signal is
pure, which hints that there is no oscillation from the asymmetric
mode such as TE;, TE,; and so on. Fig. 11c presents that the elec-
tron beam power in the output cavity changes with the axial pos-
ition. The primary beam—wave interaction occurs in the first two
gaps with ~1 GW of electron beam power lost. The efficiency of
the beam—wave interaction decreases in the third gap due to the
coupling structure. However, the overall efficiency of the beam—
wave interaction is high for the output cavity with 37.6%.

Since the output cavity includes a double-row supporting rods to
fix the inner and outer conductors of the output cavity, we need to
consider the effect of the supporting rods for the beam—wave inter-
action efficiency in 3D-PIC simulation. The distance (d;) between
the supporting rods and the output cavity affects the wave—beam
interaction efficiency. For different d;, we can obtain the output
power as illustrated in Fig. 12, which indicates the optimal d; is
about 19.5mm with the output power of 1.08 GW (where
d;~22). It demonstrates that the supporting rods have almost no
effect on the output cavity performance.

4  Conclusion

In this study, an output cavity is designed and optimised for the
Ka-band oversized RKA. The resonant characteristics and mode
distribution in the output cavity are studied by using CST, in
which the operating mode is m-mode and the resonant frequency
is 30.5 GHz. We have studied in detail the influence of structural
parameters of the output cavity on the output power and the influ-
ence of the electron beam radius on the maximum electric field in-
tensity in the output cavity. The output cavity is optimised by using
CHIPIC. The output power and the electronic efficiency of the
output cavity can reach 1.13 GW and 37.6%, respectively. In add-
ition, the output cavity with double-row supporting rods is simu-
lated. The results show that the output power is 1.08 GW and the
electronic efficiency is 36.0%, which show that supporting rods
have a little effect on the output cavity. The proposed output
cavity has wide applications in Ka band gigawatt-level klystron
amplifiers.
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