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Abstract: Continuous wave tunable klystron is a microwave amplifier widely used in satellite earth
stations. This type of klystron has outstanding characteristics of high efficiency and long lifespan.
This article proposes a design scheme of an electron optical system for Ku-band continuous wave
tunable klystron. The klystron adopts a depressed collector to improve the overall efficiency of the
device, and the collector area is cooled by forced air. The emission current density of the cathode and
the temperature of the drift channel and collector in klystron during the rated operating condition
directly affect the device lifespan. The distribution of electron trajectories is simulated using 2-D and
3-D electromagnetic calculation software, and a thermal analysis simulation of the klystron structure
is conducted. A reliable klystron design scheme was obtained through the above process, and it is
experimentally verified under the testing of a klystron sample tube. The DC electron beam
transmission rate of the klystron exceeds 99%, and high-frequency output state beam transmission
rate is above 97.5%. During the testing process, the klystron can maintain a stable working state. This
study laid an important technical foundation for the development of Ku-band tunable klystrons.

Keywords: tunable klystron; depressed collector; electron optical system; thermal analysis

1. Introduction

Klystron is a vacuum electronic [1] microwave amplifier with a wide range of applications [2-
4]. Among them, tunable klystron is a relatively special type of wideband klystron. Due to its
continuously tunable cavity frequency, the klystron can be tuned to different frequency points for
operation. This type of klystron is widely used in earth stations that transmit ground signals to
satellites, and has outstanding characteristics of high power, high efficiency, and long lifespan [5].
CPI Corporation has developed related klystron products covering the C-band and Ku-band, with
continuous wave output power in the kilowatt range and a maximum operating bandwidth of
800MHz for Ku band products [6,7]. In addition, the article [8] introduces a high peak power Ku-
band tunable klystron.

This article proposes a design scheme for a 6-cavity klystron electron optical system [9] with a
Ku-band operating bandwidth of 1.2 GHz. The electron trajectories were calculated using 2-D and 3-
D software, and the simulation results show that the electron beam has a high transmission rate,
which can meet the requirements of continuous wave output of the klystron. In order to ensure the
lifespan and high efficiency of the klystron, thermal analysis [10-12] calculations on the relevant
components of the klystron are carried out. The calculation results showed that the temperature
distribution was within a reasonable range. In addition, the testing of the developed sample tube
further verified that the design of the electron optical system can ensure the stable operation of the
klystron.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Calculation of Basic Parameters

The main electrical property parameter of the Ku-band tunable klystron are listed as follows:
output power of about 2.5 kW, electron gun perveance of about 1.15 uP, electron efficiency of beam
wave interaction of about 24%, and working center frequency in the range of 14 GHz-15 GHz. The
high-frequency structure of the entire tube adopts 6 tunable rectangular cavities. The basic structure
of the optical system is shown in Figure 1.
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Figure 1. Schematic diagram of klystron optical system structure.

According to the general design method of the klystron [13], based on the above parameters, it
can be calculated that the cathode voltage of the klystron is -9.5 kV, the cathode emission current is
1.05 A, and the axial propagation constant of the electron beam is:

B, =2 ~1553(rad / m) (1)
VO

w is the angular frequency of the electromagnetic wave, and vo is the axial velocity of the electron

beam. The radial propagation constant is:

7. =+ B2 ~(ofc)” ~1525(rad / m) )

Assuming the electron beam radius is b and y.b is around 0.8, the estimated electron beam radius
is 0.53 mm. If the filling ratio of the electron beam is 70% of the drift channel, the drift channel radius
is 0.75 mm.

Another important parameter of the electron optical system is the size of the focusing magnetic
field. Firstly, the value of the Brillouin magnetic field can be obtained through current, voltage, and
electron beam radius, where Bs is in Gs and b is in cm.

830 1,°

B, TR 1646(Gs) ®)

The magnetic field of this klystron adopts a partially restricted flow focusing method, and the
working magnetic field Bo in the uniform magnetic field region is about 3400 Gs with a size of more
than 2Bs.

According to the theory of space charge waves, the plasma angular frequency wy is an important
parameter for describing the electron beam bunching process and is an important basis for selecting
the drift tube length between resonant cavities. For a drift tube of finite size, the plasma angular
frequency wj is relatively reduced compared to the case of an infinite electron beam, and the reduction
ratio is represented by F. It is calculated as follows:

@, =Faw, ~8.13x10°(rad / s) 4)
The corresponding plasma wavelength is:
27V
fo ===~ 44(mm) ®)

q
When the distance between adjacent resonant cavities is 1/4 of the amendatory plasma
wavelength, the maximum beam density modulation can be achieved, with a center distance of
approximately 11 mm between cavity 1 and cavity 2. As the fundamental component of the beam
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current increases, the reduction of plasma frequency also increases, and the length of the drift tube
needs to be correspondingly reduced. Taking into account the above factors, the optimization results
of the beam wave interaction using 1-D software Kly based on large signal theory [14] show that the
entire drift tube length formed by the six cavities is at least 42 mm. In the next section, the calculation
of electron optical system will be based on a structure of 42 mm drift tube length and a 0.75 mm drift
tube radius.

3. Simulation and Experimental Results

The following will describe the calculation results of the permanent magnet focusing magnetic
field, electron trajectory in the electron gun region and the depressed collector region, and the thermal
analysis of the tube body and depressed collector. Finally, based on this, the sample tube was tested.

3.1. Electrostatic Focusing Trajectory of the Electron Gun

Based on 2.5 D Arsenal-MSU [15], by optimizing the radius of the focusing electrode and the
curvature radius of the cathode surface, the electron beam waist can be adjusted to the channel
entrance position. To ensure the emission current of 1.05 A, the distance between the anode head and
the cathode should be optimized. The adjusted electrostatic focusing electron trajectory of the
electron gun is shown in Figure 2(a), and the radial distribution of emission current density on
cathode surface is shown in Figure 2(b). From the figure, it can be seen that the current density at the
cathode edge reaches the maximum value of 4.5 A/cm 2 within the region. Low current density is
suitable for klystron continuous wave operating conditions.
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Figure 2. Simulation results of electrostatic focusing of the electron gun. (a) Electron trajectories; (b) Radial

distribution of current density on cathode surface.

3.2. Electron Trajectories Under Permanent Magnet Focusing

In order to leave space for the tuning mechanism, the klystron adopts a C-shaped permanent
magnet focusing structure as can be seen in Figure 3(a). The magnetic steel material is made of NdFeB.
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Figure 3. The permanent magnet focusing system. (a) Permanent magnet structure; (b) Axial magnetic field
distribution.

To obtain a uniform magnetic field in the drift zone of the electron beam and a suitable magnetic
field in the transition zone of the electron gun, the position of the electron gun pole shoes and the
shape of the magnetic steel were simulated and optimized in CST [16]. The axial magnetic field
distribution obtained is shown in the Figure 3(b). The maximum magnetic induction intensity on the
axis region reaches 0.34 T. Under the condition of adding a focused magnetic field, the trajectories of
electrons calculated in Arsenal for the entire tube are shown in Figure 4. As shown in the figure, the
beam fluctuation is small, ensuring a high beam transmission rate.
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Figure 4. Electron trajectories of the entire tube simulated in Arsenal.

In order to obtain an appropriate current distribution in the depressed collector [17-19] region,
electron trajectories simulations are conducted under DC and high-frequency output states,
respectively. To obtain the electron trajectory distribution in the depressed collector region under
high-frequency output state, it is necessary to obtain the state parameters of electrons that have
interacted with high-frequency field. In the PIC simulation model of the output cavity in Figure 5(a).
In Figure 5(b), a 2-D cross-section near the inlet of the depressed collector can obtain parameters such
as the velocities and charges of the electrons flow in the cross-section over a period of time.
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Figure 5. (a) Electron bunches diagram in the output cavity.(b) Electrons in 2-D cross-section near the inlet of
the depressed collector.

The above data can be used as the electron source for the collection electrode in the particle
trajectory simulation model. The following two figures show the electron trajectory distribution in
the depressed collector region under DC and high-frequency states, respectively.
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Figure 6. (a) Electron trajectories diagram in DC state. (b) Electron trajectories diagram in high-frequency

output state.

The collector voltage of each state remains constant. From the above figure, it can be seen that
in the DC state, due to the electrons do not convert kinetic energy to the high-frequency field, most
of the electrons hit the third collector surface. In the high-frequency output state, more low-energy
electrons are intercepted by the front two collector poles, and high-energy electrons hit the rear two
collector poles. The current and voltage of the depressed collector in the two states are shown in the
Table 1.

Table 1. Collector parameters under DC and high-frequency output states.

Title 1 DC state High-Frequency state

1st collector voltage 0kVv 0kVv

2nd collector voltage -4 kV -4 kV

3rd collector voltage -75kV -75kV
4th collector voltage -9.5kV -9.5kV
1st collector current 120 mA 420 mA
2nd collector current 210 mA 255 mA
3rd collector current 690 mA 225 mA
4th collector current 30 mA 150 mA

3.3. Thermal Analysis of the Tube Body and Depressed Collector

To verify the feasibility of the structure, thermal analysis simulations with Ansys [20] were also
conducted on the two main heating components, the tube body and the depressed collector. Both the
collector and the tube body adopt forced air cooling for heat dissipation. Considering the actual
situation, high-frequency interaction structures may intercept some electrons to form tube currents.
Under the premise of a 97% electron transmission rate, the tube current will reach approximately
31mA and the heat dissipation power will be 295 W. In Ansys model, assuming that the heat source
is uniformly dispersed inside the channel, and the temperature distribution of the channel under
forced air cooling is shown in Figure 7. From the figure, it can be seen that the high temperature
points of the tube are all located at the drift gap, with the highest temperature reaching 122 °C. In
actual, the interception location may be concentrated at a certain point within the channel, causing
higher temperatures and even causing the drift head to melt and damage the klystron. The tube
current below 30 mA is a necessary condition for continuous wave testing.
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Figure 7. Temperature distribution inside the tube body.

In addition, based on the distribution of collector current and voltage in high-frequency state
obtained in section 3.2, the dissipated power of each collector can be calculated. Assuming Vi is the
cathode voltage, V:is the collector voltage, and I. is the collector current, then the dissipated power
of the collector is:

P =(V,-V,)xI, (6)

The collector temperature distribution obtained under the conditions calculated by equation (6)
in the ANSYS model is shown in Figure 8. All collector poles are equipped with heat sinks, and the
cooling air volume reaches 800 m?3/h. It can be seen that the first collector pole, due to its high power,
has a highest surface temperature of 435 °C in the entire region. The collector material is copper. In
order to prevent excessive surface temperature, a molybdenum layer should be sputtered on the
collector poles surface in the experimental sample tube.

Figure 8. Temperature distribution inside the depressed collector.

3.4. Testing of the Sample Tube

On the basis of the above simulation, the development and testing of sample tube are carried
out.

Under the condition of -9.5 kV continuous wave cathode voltage, the total current of cathode
emission reaches 1060 mA. The DC transmission rate of electron beam is over 99%, and the
transmission rate in high-frequency output state is above 97.5%. The temperature of the outer wall of
the tube body remains stable at around 60°C, The air temperature at the outlet of the collector fan do
not exceed 60°C when operating at rated power. The test results have well demonstrated the
feasibility of the electron optical system.
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Figure 9. (a) Power testing of the sample tube. (b) Photo of the sample tube.

4. Discussion

In the high-frequency range, small size klystrons are often damaged due to deterioration of
internal vacuum degree. One of the important reasons is the gas discharge caused by high
temperature in the tube and the collector region. In this article, an electron optical system for Ku-
band 6-cavity tunable klystron with depressed collector is proposed. The simulation results of
particle trajectories indicate that the focused electron beam exhibits small fluctuations, a high
transmission rate, and uniform current distribution within the collector region. The thermal analysis
indicates that the primary heating components of the entire tube are within an appropriate
temperature range. In the testing process, the electron transmission rate in DC state exceeds 99%,
while the transmission rate in the high-frequency output state is above 97.5%. The klystron is capable
of maintaining stable operation in a continuous wave output mode. In this simulation, the peak
temperature within the collector region is observed at the surface of the first collector pole, which
may lead to overheating. To alleviate the impact, potential structural modifications and surface
treatments for the first collector pole will be further investigated.
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