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Abstract: To significantly improve the electronic efficiency of coaxial multi-beam relativistic klystron
amplifier (CMB-RKA), the physical process of beam-wave interaction and parameters that affect
efficiency was studied. First, the high efficiency of beam-wave interaction was discussed by simulating
the efficiency versus the parameters (frequency of cavity, drift tube length between cavities, and
external quality factor of output cavity), in the one-dimensional (1-D) large-signal simulation software.
Moreover, the further physical process of beam-wave interaction was analyzed through simulating
the current modulation factor and the number of particles at the entrance of the output cavity, in the
three-dimensional (3-D) particle in cell simulation software. Last, with the optimal parameters in 3-D
simulations, the CMB-RKA, which has 14 electron beams with a total current of 4.2 kA (14 x 300 A),
can generate an output power of 1.02 GW with a saturation gain of 55.6 dB and an efficiency of
48.7%, when beam voltage is 500 kV, which indicated the CMB-RKA can achieve high efficiency for

high-power microwave radiation.

Keywords: high-power microwave; relativistic klystron amplifier; high efficiency; multi-beam; beam-
wave interaction

1. Introduction

Relativistic klystron amplifier (RKA) is one of the promising high-power microwave
(HPM) sources and is widely used in high-power radars, new accelerators, and new
communication systems, because of its advantages in high-power, high-efficiency, stable-
phase, and stable-amplitude of output power [1-3]. It has achieved an output power of
100 MW to several GW from the L-band to the Ka-band [4-10], and it is easy to obtain high
radiation power in the low-frequency band, such as the 15-GW L-band RKA developed by
Friedman et al. at the US Naval Laboratory [4].

After decades of development, RKA no longer pursues power improvement but
focuses on miniaturization, high efficiency and low power consumption [11]. The high
efficiency of RKA can reduce the volume and consumption of pulsed power sources, which
is conducive to the miniaturization, stability, and reliability of the HPM system. There-
fore, theoretical and experimental research on the physical mechanism of high-efficiency
beam-wave interaction is regarded as a high priority in the future. At the same time, High-
Efficiency International Klystron Activity (HEIKA) was established internationally driven
by the next generation of large particle accelerators, such as Compact Linear Collider [12],
Future Circular Collider [13], and International Linear Collider. Under the promotion of
HEIKA, a series of methods to improve efficiency was proposed, such as Core Oscillation
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Method (COM) [14], Bunching-Alignment-Collecting (BAC) [15], Cluster Center Stabiliza-
tion Method (CSM) [16], Two-Stage Structure [17], etc. The essence of these methods is to
achieve a core of the electron beam whose electron phases are the same, which leads to
improvement in the efficiency of beam-wave interaction. Baikov A. Y. predicted that the RF
electronic efficiency can be 90% by the COM method in theory [14], and the efficiency in
MAGIC 2D simulation increased from the original 82.7% up to 84.6% by the COM method
in high-power klystron amplifier [18]. However, for a relativistic klystron amplifier driven
by intense electron beams, its electronic efficiency is limited to about 40%, because of strong
space-charge forces [19,20].

In this paper, we investigate the physical mechanism of high-efficiency beam-wave
interaction based on a five cavities coaxial multi-beam relativistic klystron amplifier (CMB-
RKA), in which (i) the perveance is reduced by the multi-beam to improve efficiency;
(ii) the fundamental-mode coaxial cavity enhances the characteristic impedance (R/Q)
and coupling coefficient (M) to achieve high-efficiency beam-wave interaction. Moreover,
the parameters affecting the beam-wave interaction, which are high-frequency parameters,
structural parameters, and operating parameters of CMB-RKA, are studied through one-
dimensional (1-D) and three-dimensional (3-D) simulations. They are adopted to the design
of the CMB-RKA. As a result, the 1.02 GW output power is achieved, corresponding with
an efficiency of 48.7% and a saturation gain of 55.6 dB. It is believed that the presented
results would be of great interest to the design and development of high-efficiency RKA.

2. Physical Design

The structure of CMB-RKA is shown in Figure 1, and its operating principle can be
described as follows. An RF input signal injects into the input cavity to excite an operating
mode. The intense relativistic electron beams are slightly velocity modulated across the
gap of the input cavity. Then, the beams are density-modulated in the drift tubes to present
bunching core and peripheral electrons. In addition, the velocity is modulated again by the
idler cavities, which benefits to push peripheral electrons into the bunch. Last, as the beams
travel down the drift tubes and the idler cavities to the output cavity, the electrons are
decelerated with converting their kinetic power into RF power. The efficiency depends on
the modulated current exciting, which is closely related to the electron beams and cavities.
Thus, the physical design is developed first, including the parameters of electron beam
and cavities.
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Figure 1. y-z sectional view of the S-band CMB-RKA.

2.1. Design of Electron Beam Parameters

In klystron, the electronic efficiency is defined as [21]
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In Equation (1), Py, Wy, Iy are the power, voltage, current of the electron beam, respec-
tively; Py, Vi, I, are the nth harmonic power, voltage, current of the modulated electron
beam, respectively. V}; and I,, can be expanded by a cosine function, and the factor 1/2
comes from the time average of the square of the cosine function in an RF cycle. Usually,
the current modulation factor is defined as m, = I,/Iy. When m, is 2, the efficiency is
100%, which means the density of modulated beam is well represented as a J function.
However, other factors should be considered, such as space-charge force, to counteract
the beam bunching, which leads that the efficiency cannot reach a theoretical 100%. Gen-
erally, the space-charge force is characterized directly by perveance (P = I Vof?’/ ) [14],
and Ref. [22] indicates that the efficiency is growing with a reduction of perveance. Thus,
to obtain high efficiency, perveance should be small for a single electron beam.

Additionally, the multi-beam klystron uses several metal wall-separated channels
to prevent communication between electron beams so that the operating voltage can be
reduced significantly [23]. This means low perveance and miniaturized devices. Conse-
quently, the structure of the multi-beam is the best option for high efficiency. The efficiency
was calculated by perveance in MBK, as shown in the equation (7 = 0.78 — 0.16P) [24],
where the unit of perveance P is uK, and the maximum efficiency can be 78%. Here, we
propose a CMB-RKA with 14 beamlets of 500 kV and 300 A. The perveance of a beamlet
is 0.85 pK and the total perveance of the multi-beam electron beam is 11.9 uK, where the
theoretical efficiency of the CMB-RKA is 64.4%.

2.2. Design of Cavity Parameter

Multiple cavities are adopted to achieve high gain and high efficiency. In addition,
Ref [14] researched the maximal efficiency of two multi-beam klystrons (7-beams and
42-beams) that their efficiency all increased non-linearly as the number of cavities increased.
When the number of cavities is greater than 5, the efficiency increases slowly. Therefore, we
set the number of cavities to be 5. The fundamental mode of the coaxial resonant cavity
is adopted in the CMB-RKA, as shown in Figure 1. The effects of structural parameters
(Leavity, Lgap, Rout, and R;y,) of the cavity on high-frequency parameters (M, f, and R/Q) are
simulated in 3-D EM analysis software(CST Studio Suite) [25], and the results are shown in
Figure 2. We can adjust the structural parameters to obtain the appropriate high-frequency
parameters, which can be used in 1-D and 3-D simulations.

In addition, the equivalent circuit of the coaxial resonant cavity is an RLC circuit,
as shown in Figure 3a. L and C represent the high-frequency characteristics of the toroidal
and parallel-plate portion in the cavity, R represents the electronic beam load, external load,
and cavity wall loss. When the operating frequency is smaller than the frequency of the
cavity, the circuit is inductive, therefore the phase of V will lag behind the phase of I; [26].
Figure 3b shows the situation where the phase difference (Ag = ¢(V) — ¢(I;)) between
the gap voltage of cavity (V) and the electron current (I;) is 90°, whose electron beams is
under a sinusoidal perturbation. In this case, fast-velocity electrons are decelerated, and
slow-velocity electrons are accelerated by gap voltage (V) so that the peripheral electrons
can be pushed into the bunching core. Thus, the detuning cavity operating in fundamental
mode is applied to bunch peripheral electrons and obtain the high efficiency of the device.
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Figure 2. Frequency (f), coupling coefficient (M), and characteristic impedance (R/ Q) of the cavity
as functions of (a) axial length of the cavity (Lcayity), (b) gap length of the cavity (Lgap), and (c) Rout
when R;;, /Ryt is a constant.
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Figure 3. (a) Equivalent circuit of the fundamental-mode coaxial cavity. (b) Electron current (I;) and
gap voltage of cavity (V) under a sinusoidal perturbation (Electrons in point A is in the electron
bunching core, Electrons in point B is fast-velocity electrons, and Electrons in point C is slow-

velocity electrons.).

3. Beam-Wave Interaction

The efficiency of a klystron is determined by a set of parameters that can be divided
into two groups. The parameters in the first group are beam voltage, beam current, number
of beams, injection power, and operating frequency. The parameters in the second group
are R/Q, M, and frequency of the cavity (f,), external quality factors of the input and
output cavities (Qeyt), number of the cavity and drift tube length between the cavities
(In). In this section, the high-efficiency of beam-wave interaction was discussed by some
parameters of these, in 1-D large-signal numerical simulation software (AJDISK) and 3-D
particle in cell (PIC) simulation software (CHIPIC).
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3.1. 1-D Large-Signal Research on the Physical Process of Beam-Wave Interaction

AJDISK is a 1-D large-signal numerical simulation software developed at SLAC and
based on the disc model, which is adapted to simulate klystrons with a single cylindrical
and sheet beam [27]. Thus, when it was used to analyze the high-efficiency beam-wave
interaction of CMB-RKA, the equivalent must be done. In AJDISK simulation, the R/Q
is 14 times the CMB-RKA and the beam current is 300 A that 1/14 times the CMB-RKA,
the other parameters, such as M, beam voltage, f;, beam radius, drift tube radius, input
power, Qeyt, and I;;, keep the same with the CMB-RKA. Moreover, the single variable
method was taken in the whole process of the research. It means that only one parameter
was changed whereas the others were fixed.

3.1.1. Effect of Cavity Frequency on Beam-Wave Interaction

According to Section 2.2, the detuning cavities can help the peripheral electrons move
into the bunching core. That is because the phase difference between the gap voltage of
the cavity and the modulation electron current increases with the frequency of the cavity.
As a result, a weak velocity modulation of electrons within the bunching core can be,
but the antibunching electrons. And the bunching core will oscillate for the space-charge
force and the weak velocity modulation so that the antibunching electrons will be kicked
into the bunching core due to a stronger velocity modulation. Thus, for high efficiency,
the initial bunching core must be generated first, by the cavities that their frequency are
near the operating frequency, and the collecting with the peripheral electrons is later by
the detuning cavities. As shown in Figure 4, f; and f, are near the operation frequency,
f3 and f4 obviously increases, especially, f4 increase to hundreds of MHz comparing the
operating frequency. It indicates that the input cavity and cavity 2 play the main role
on producing the initial bunching core, and the peripheral electrons are gathered at the
bunching core by cavity 3 and 4 dominantly. Moreover, the frequency of the output cavity
acting a decelerated structure is near the operating frequency.

Furthermore, the effective range of cavity frequency is different. As shown in Figure 4,
the frequency range of the cavity 2 is minimum, and the frequency range of the cavity 4
is maximum. Therefore, the frequency of the cavity 2 cannot deviate too much in design
and experiment. On the other hand, the frequency of the input cavity should be stabilized
at the design frequency of 2.88 GHz because the electron beams entering the input cavity
are uniform.
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Figure 4. Efficiency versus frequency of the cavity f, (f1, f2, f3, fa, f5 are frequency of the input
cavity, cavity 2, cavity 3, cavity 4, and output cavity, respectively.).
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3.1.2. Effect of the Drift Tube Length between Cavities on Beam-Wave Interaction

According to Section 3.1.1, the input cavity and cavity 2 play the main role in producing
the initial bunching core, thus drift tube length I (I;) and II (I») are relatively short (Figure 5).
Furthermore, as the generation of the initial bunching core, the density of charge within the
bunching core increases, and the space-charge force will start to push the electrons away
from the bunching core. Results that the bunch electrons will travel non-monotonic toward
the bunching core, and the antibunching electrons without the debunching space-charge
force will travel monotonic toward the bunch. This is beneficial to high efficiency, but it
requires a substantial increase in the drift tube length of the later stage. As shown in
Figure 5, drift tube length III (I3) and IV (ly) is longer. In particular, when drift tube length
III (I3) is 550 mm, the efficiency can be close to 60%.
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Figure 5. Efficiency versus drift tube length I, (I1, I, I3 and Iy, are the drift tube length I, II, III,
IV, respectively.).

3.1.3. Effect of the Q.+ of the Output Cavity on Beam-Wave Interaction

In the output cavity, the Q.. was used to describe its coupling with the external
coupler waveguide, and relate closely to its gap voltage to decelerate the modulated
electrons sufficiently. Generally, the gap voltage of the output cavity is roughly equivalent
to the beam voltage when the electron beam is well-modulated. If the gap voltage is too
high the partial beams will turn around, resulting in a decline in the efficiency. Therefore,
it is necessary to find an appropriate Q,,: of the output cavity to obtain a high efficiency.
As shown in Figure 6, the best Qcy; of the output cavity is 10, and its range is very limited.

3.2. 3-D Pic Research on the Physical Process of Beam-Wave Interaction

In Section 3.1, we obtain the key parameters that affect the efficiency; however, the fur-
ther physical process is not present from those parameters. The 3-D PIC simulation is more
in line with the actual model of CMB-RKA and the software we used is CHIPIC which was
developed at the University of Electronic Science and Technology of China and was proved
a validity electromagnetic PIC code [28]. It can clearly analyze the bunching process of the
electron beam and the physical nature of the high-efficiency beam-wave interaction. In this
section, we investigate the effect of the frequency of cavity 2 (f,) and the drift tube length
III (I3) on the beam bunching, by observing and analyzing the nth (n =1, 2, 3) harmonic
current (I, I, I3) of modulated beam and the number of particles at the entrance of the
output cavity.
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Figure 6. Efficiency versus Q. of the output cavity.

3.2.1. Effect of the Frequency of the Cavity 2 on Beam-Wave Interaction

From Section 3.1, it is known that the frequency of the cavity 2 (f;) should be near the
operating frequency, and its range is very limited. In this section, we simulated the modu-
lation current (I, n = 1, 2, 3) and the number of particles (N) at the entrance of the output
cavity in 3-D PIC. It should be noted that N is physical particles within each macroparticle
in CHIPIC. Additionally, the analysis of Ly /Io (n =1,2, 3) and N is illustrated in Figure 7.
In Figure 7a, the first harmonic maximum current modulation factor (Iy,,,,/ Ip) is over 1.6
as f, increases from 2.885 to 2.893 GHz, and the changes in I;uax /I (1 = 2, 3) coincide well
with Iyy,4x / Ip. This suggests that the beam-wave interaction efficiency is high within this
range of f,. In Figure 7b, N is largest when f; is 2.889 GHz, proving that the peripheral
electrons kicked into the bunching core is the most. Consequently, for the CMB-RKA,
the frequency of the cavity 2 is 2.889 GHz and Iy, / Iy is 1.78 respectively.

120F
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Figure 7. (a) Maximum current modulation factor versus frequency of the cavity 2 (Imax/ Ip is the
maximum modulation current of the nth harmonic, n =1, 2, 3.). (b) Number of particles at the
entrance of the output cavity (f, of short dash dot line is 2.885 GHz, f, of solid line is 2.889 GHz,
f2 of short dot line f; is 2.893 GHz.).

3.2.2. Effect of the Drift Tube Length III on Beam-Wave Interaction

After the velocity modulation in the first of three cavities and the density modulation
in the drift tube, the bunching core has been formed. To improve beam-wave interaction
efficiency, the drift tube length III (/3) should be long enough to collect the peripheral
electrons. When I3 is from 180 to 240 mm, Ij,,y/Ip is over 1.75, and the changes in
Lnmax/ Io (n = 2, 3) coincide well with Iy, /Iy (Figure 8a). In addition, N is largest when
I3 is 210 mm (Figure 8b). Therefore, the drift tube length III (I3) is 210 mm and I1,,5,/ Ip is
1.81, respectively. Figure 8c shows the distribution of the modulation current along the
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z-axis. When Z = 591 mm, I, (n = 1, 2, 3) is the largest. Hence, we can set the output cavity
at Z = 591 mm to obtain the highest RF power.
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Figure 8. (a) Maximum current modulation factor versus drift tube length III (I;;ay is the maximum
modulation current of the nth harmonic, n =1, 2, 3). (b) Number of particles at the entrance of the
output cavity (I3 of short dash dot line is 180 mm, I3 of solid line is 210 mm, /3 of short dot line is
240 mm). (c) Current modulation factor along the length of the CMB-RKA.

4. Application in S-Band CMB-RKA

After 1-D and 3-D calculations, we select some high-efficiency parameters which
are shown in Table 1, and the corresponding efficiency in 1-D is 52%. According to the
parameters, the 3-D model of CMB-RKA was established in the CHIPIC (Figure 1), and the
operation mode of its cavity is TMy;. In the simulation, we validate the application of the
above investigations and design a high-efficiency CMB-RKA for HPM radiation at S-band.

Table 1. Parameters of 1-D calculation.

Parameters Input Cavity Cavity2 Cavity3 Cavity4 Output Cavity

R/Q 265 240 199 201 228
M 0.8556 0.8686 0.8826 0.851 0.8753
Qext 25 95,000 95,000 95,000 9
fn (MHz) 2880 2889 2944 3287 2865
Z (mm) 0 95 215 425 591

The Q.y: of the output cavity is closely related to the extraction of output microwave
energy, and there is an optimal value (Figure 9). As Qey: of the output cavity increases,
the number of electrons that run back towards the negative z-axis increases, leading to a
decrease in output power. Consequently, the Q.+ of the output cavity is set as 8.

Due to the difference in the algorithms adopted by AJDISK and CHIPIC, the saturation
gain of the device will be different. It is necessary to simulate the saturation gain of S-band
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CMB-RKA at different input power through CHIPIC. As shown in Figure 10, the output
power becomes saturated when the input power is 2.8 kW. If the input power increases,
electrons turn around seriously in the output cavity, causing a decrease in the output
power (Figure 10). Thus, the input power is taken as 2.8 kW, corresponding saturation gain
of 55.6 dB, and the efficiency of 48.7%. Comparing the efficiency between 1-D and 3-D,
the difference is only 3%, which proves that the results of the 1-D large-signal simulation
are credible.
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9099' al
o -400 -400 S
2096 0 300 600 0 300 600
o
= o 800} Qex=? 800} Q=10
a A z
£ 0.93 é 400 400
o S 0
0.90F o £
N . L -400f . - -400 N
6 7 8 9 10 0 200 400 600 0 200 400 600

Qext Z (mm) Z (mm)
() (b)

Figure 9. (a) Output power versus the Q. of the output cavity. (b) Axial momentum of the electrons
along the length of the CMB—RKA.
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Figure 10. (a) Output power and gain versus input power. (b) Axial momentum of the electrons
along the length of the CMB—RKA.

After optimization, the waveform of output power is shown in Figure 11. The output
power and efficiency are 1.02 GW and 48.7%, respectively, indicating that the S-band
CMB-RKA can operate stably with high efficiency.
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Figure 11. Output power waveform.
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5. Conclusions

For high electronic efficiency, the 1-D software AJDISK and the 3-D software CHIPIC
are adopted to study the beam-wave interaction mechanism of the S-band CMB-RKA. It
is found that the essence of improving efficiency is to allow as many peripheral electrons
as possible to enter the bunching core so that the phase of all the electrons is the same.
In other words, when the m;, is 2, the theoretical efficiency is up to 100%. In the physical
design, we adopt multi-beam, multi-cavity, and detuning cavity for high efficiency. In the
study of high-efficiency beam-wave interaction, we systematically calculated the electronic
efficiency versus the parameters which are frequency of the cavity, drift tube length between
the cavities, and external quality factor of the output cavity in 1-D. Furtherly, we simulated
the my, (n =1, 2, 3) and the number of particles at the entrance of output cavity in 3-D.
From these simulations and studies, some conclusions are as follows: a. To achieve high
efficiency, the frequency of the idler cavity should gradually increase from the first one to
the last one, and the frequency range of the cavity 2 should be very small. b. A longer drift
tube length can be beneficial to gain higher efficiency. c. The external quality factor of the
output cavity should be the best. Finally, when the input power is 2.8 kW, the saturation
gain and efficiency of S-band CMB-RKA are 55.6 dB and 48.7% respectively with 1.02 GW
output power, and the bunching length is 591 mm.
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