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Abstract—A high-efficiency interaction circuit for Ka-band klystron has been proposed based on a
novel internal coupling cavity. Driven by a 25kV, 5 A pencil beam, the interaction circuit can produce a
peak output power of 38.4kW at Ka-band, and the electronic efficiency is 30.7%. The electromagnetic
properties of the unequal slot multi-gap cavity and internal coupling cavity have been studied and
compared. The internal coupling cavity demonstrated a higher coupling coefficient and characteristic
impedance than the unequal slot multi-gap cavity, which can improve the circuit efficiency. Stability and
pattern analysis have been performed on the output cavity. A four-gap output cavity has been designed.
Simulation results show that there is no mode competition and oscillation in the output cavity. The
corresponding beam optics has also been designed to produce the required beam. Compared with the
existing work, the interaction circuit can produce almost twice the output power with the same beam
voltage and Brillouin focusing magnetic field. The efficiency is also improved by 6 percent.

1. INTRODUCTION

High-power millimeter sources play a critical part in detection, communication and imaging. Vacuum
electronic devices such as traveling wave tubes, klystrons, and gyrotrons can generate the required
high-power microwave. The extended interaction klystron exhibits high power potential in MMW and
THz frequency bands [1,2]. The multi-gap resonator used in the extended klystron can provide a large
characteristic impedance, which can overcome the disadvantage of the traditional single-gap resonator
encountered in high frequency bands [3]. Higher characteristic impedance means a shorter interaction
circuit, which can bring advantages in beam optics design. In the output section of the klystron, a
multi-gap output cavity with a larger equivalent characteristic impedance can significantly improve the
bandwidth and efficiency of the klystron [4].

The extended interaction klystron based on multi-gap cavities has shown great power potential in
recent years. CPI (Communications & Power Industries Canada Inc) announced in 2007 that it had
developed a series of state-of-the-art extended interaction klystrons for deep space exploration, radar,
and imaging. The designed high-power klystron can generate a high peak output power of 1000 W and
a bandwidth of 300 MHz. Furthermore, Zhao et al. built a Ka-band klystron that can produce a peak
output power of 20.3 kW [5]. The electron beam used to drive that klystron was a 27kV and 3 A pencil
beam. Moreover, Chen et al. built a high peak power klystron that can produce a peak power of 930 W
in the Ka-band [6]. To drive the X-ray free electron laser (FEL) in European, a 2 MW Ka-band klystron
has been designed [7]. The 2 MW Ka-band klystron has twenty 60kV, 6 A pencil beams
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Furthermore, sheet beam extended interaction klystron can produce multi-kilowatt peak power in
W-band. The Naval Research Laboratory (NRL) has reported a sheet beam klystron that can generate
an output power of 7.7kW in W-band [8]. The University of California, Davis (UC Davis) has also
reported a sheet beam extended klystron that can generate a peak output power of 56 kW [9], and the
corresponding efficiency is 20 percent.

Although the multi-gap cavity has a large characteristic impedance, more axial modes have also
been introduced. N gaps cavity has N axial modes [10]. Those axial modes increase the possibility of
mode competition and oscillation in extended interaction klystron. Some new variations of the multi-gap
cavity have been proposed. In high-frequency bands, higher characteristic impedance is desirable for
better performance. The narrow coupling cavity can increase the characteristic impedance by putting
more energy in the central gaps of the cavity [2,11]. Xie et al. have proposed a novel type of coupling
cavity called internal coupling cavity which can further increase the characteristic impedance [12].
Moreover, the unequal-slot multi-gap cavity has been proposed to increase the axial mode separation
and the klystron bandwidth [13,14]. However, the axial field distribution of the unequal-slot multi-gap
cavity is unequal, which decreases the characteristic impedance and the klystron efficiency.

In order to further improve the output power and efficiency of the Ka-band klystron, we have
designed an extended interaction klystron based on an internal coupling cavity with a larger drift tube
and higher beam current. The operating voltage is fixed at 25kV to maintain a compact high voltage
power supply. The total beam current is 5 A so that such a beam can be focused by a uniform magnetic
field about 0.6 T. Such beam voltage and current make the whole klystron lighter and more compact
for high-power radar applications. Moreover, a detailed study has been performed on the unequal-slot
multi-gap cavity and internal coupling cavity. Furthermore, Xie et al. did not use the coupling cavity
in the whole interaction circuit but only used this cavity as the output cavity. Because the coupling
coeflicient of single-gap resonance is smaller than that of multi-gap cavities operating in m mode, the
interaction efficiency is reduced. To explore the power potential of this internal coupling cavity, we have
designed a Ka-band extended interaction klystron with high peak power based on this novel internally
coupled resonator. It can produce an output power of 37.8 kW in the Ka-band and an efficiency of
30.7%. The beam optics are also presented in this paper.

2. PARAMETER DESIGN OF THE KLYSTRON

The designed beam voltage is 25kV, and the beam current is 5 A. The beam radius is 0.45 mm, and the
drift tube radius is 0.65 mm with a filling factor of 0.69. The Brillouin magnetic field used to focus the

electron beam is given by B, = 0.83 x 1073(Io)"/2/(RyVy'/*), which is 0.33 T. The whole parameters
are summarized in Table 1.

Table 1. Design parameters of the Ka-band klystron.

Parameters Values | Unit
beam voltage 25 kV
beam current 5 A
perveance 1.27 up
beam radius 0.45 mm
drift tube radius 0.65 mm
Brillouin magnetic field (Bp) | 0.33 T

3. INTERNAL COUPLING CAVITY ANALYSIS AND DESIGN

3.1. Comparison of Electromagnetic Characteristics of Two Cavities

To study the electromagnetic characteristics of this kind of internal coupling cavity, we selected the
unequal-slot resonators in [5] for comparison. The lengths of the long slot and short slot are almost
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the same (4.71mm and 4.03mm in [5] and ours for 4.74mm and 0.395mm). The electromagnetic
characteristics of a resonator are usually characterized by two parameters: characteristic impedance R/Q
and coupling coefficient M. Higher characteristic impedance means stronger beam-wave interaction.
The coupling coefficient has a crucial effect on efficiency. The reason that the efficiency of the klystron
decreases at high-frequency bands is the decrease in the coupling coefficient of the resonator. The
characteristic impedance R/Q and coupling coefficient M are given by (1) and (2), respectively [15],
where F, is the axial field distribution, w = 27 f the angular frequency of the mode, W the total energy
stored in the resonator (set as 1 W in CST), and [ the propagation constant of the electron beam.

(D)

RIQ = = (1)
OoE P2z
R 2

Figure 1 shows a schematic diagram of the designed three-gap internal coupling resonator. The
coupling coeflicient and characteristic impedance play a critical role in determining the efficiency, output
power, and bandwidth of klystron. p is the period of the gaps, which is the distance between two adjacent
gaps. ¢ is the gap width; sw and sh are the width and height of the coupling cavity; and cw is the width
and height of the central gaps. A square cavity has been chosen to ensure the uniformity of the field in
the circumferential direction. The coupling coefficient of the resonator plays an important role in the
efficiency of the interaction circuit. The 7w mode has the highest coupling coeflicient among the multiple
axial modes of a resonator. Here, we choose m mode as the working mode. The period p is an important
matching parameter that features the synchronization of the electron beam and electromagnetic wave.
p is given by (3), where N is 1; ve is the electron velocity; and fy is the operating frequency. The size
parameters of the two resonators are given in Table 2.

Nug
= 3
P=7 (3)

The electric field distributions of the two resonators are given by the electromagnetic simulation
software CST. Fig. 2 shows the axial electric field distribution of the two resonators. The electric field
of the internal coupling cavity in the middle gap is stronger than the unequal-slot cavity due to the
smaller volume of the internal coupling cavity. Novel cavity has a smaller equivalent capacitance C
from the equivalent circuit point of view, while R/Q = /L/C, and hence its characteristic impedance

() (b)

Figure 1. Novel internal coupling three-gap cavity (a) and unequal-slot multi-gap cavity (b).



248 Xie et al.

E
2
=
2
=
2
Bt
g
=)

4F —H&— Internal coupling cavity

—O— Unequeal-slot cavity
_5 1 1 1 I I I I
0 1 2 3 4 5 6 7 8
Length/mm

Figure 2. Field distribution along axial direction of the internal coupling cavity and unequal-slot
cavity.

Table 2. Parameters of the designed two three-gap cavities.

Parameters | Internal coupling cavity (mm) | Unequal-slot cavity (mm)

dr 0.65 0.65
cw 5.11 3

ch 5.11 4.74
D 1.2 1.2
sh 3 4.74
sw 1.5 1.5
g 0.5 0.5

Table 3. High-frequency characteristic parameters comparison between internal coupling cavity and
the unequal-slot cavity.

Internal coupling cavity | Unequal-slot cavity
gaps 3 3
frequency /GHz 35.01 35.00
R/Q/Q 58.3 52
M 0.7238 0.6850
M?R/Q/ 30.71 24.60

is larger. Table 3 shows the specific comparison of electromagnetic properties. It can be seen from the
table that the internal coupling multi-gap cavity has a higher coupling coefficient and characteristic
impedance than the unequal-slot cavity.

3.2. Stability Analysis

The multi-gap output cavity will introduce more axial modes, which may lead to mode competition in the
output cavity. In this section, we perform mode stability analysis on different multi-gap resonators. A
four-gap coupling cavity has been determined to be used in high frequency circuit. The mode separation
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Figure 3. Mode separation between of the 7 mode and the 7(N — 1)/N mode versus number of gaps.

of the operating mode and the adjacent axial mode is shown in Fig. 3. The height of the error bar is
equal to the 3-dB bandwidth (Af) of the corresponding mode, which is equal to Af = f1/Qr, where
Qr = QeQo/(Qe + Qo) [15]. Here, we assume that Q. is 1/4 Q. As can be seen from Fig. 3, when
the number of gaps reaches four, the two adjacent modes begin to overlap. Therefore, the maximum of
four gaps can be used in the output cavity.

In addition, the dispersion curve of the multi-gap resonator can characterize the synchronization
characteristics of the electron beam and the electromagnetic wave, which can be used to investigate
the possible competitive mode. Fig. 4 shows the dispersion curve of the four-gap output cavity and
the electron beam curve at 25kV. As can be seen from Fig. 4, the m mode is closest to the beam line,
and the other modes do not intersect it. Therefore, other axial modes will not synchronize with the
beam; the m mode can work stably. The equivalent characteristic impedance (M2?R/Q)) of each mode
also reflects the beam-wave interaction ability of that mode. Fig. 5 shows the high-frequency properties
of the different axial modes of the four-gap output cavity. Although other axial modes have larger
R/Q, the coupling coefficient M is smaller than the operating mode. Therefore, they will not be strong
competitive modes.
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Figure 4. Dispersion curve and the beam line of the four-gap output cavity.
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Figure 5. High frequency properties of the different axial modes.

Drift tube radius is a key factor when a klystron is designed. A smaller drift tube radius means
higher M and high klystron efficiency. However, a smaller drift tube will decrease the total beam current
under the same focusing magnetic field, which means that the klystron can carry less DC power. Fig. 6
shows the M vs drift tube radius. As the drift tube becomes smaller, the coupling coefficient and
focusing magnetic field increase. The drift tube radius was fixed at 0.65 mm to maintain a relatively
high M and low focusing magnetic field. The variation is based on the same filling factor and beam
voltage.
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Figure 6. M, M2R/Q, and focusing magnetic field vs axial gap length.

3.3. Sensitivity Analysis of the Output Cavity

In millimeter wave band, the size of the resonator becomes very small. Therefore, it is necessary to
get the size sensitivity of the resonator. The dimensional accuracy of computerized numerical control
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(CNC), high precision machining is £5 um. The size deviation will affect the resonant frequency of the
resonator. The frequency of the resonator has an important effect on the efficiency of the interaction
circuit. Therefore, it is necessary to explore the impact of manufacturing errors on the frequency of
the internal coupling cavity. We selected a three-gap middle cavity as the research object and added
a random machining error of +5um to each of its dimensions. One hundred models with tolerance
were built in CST, and then their frequencies were obtained by writing code. The obtained frequency
distribution is shown in Fig. 7. In this polar plot, the R axis is the absolute value of the frequency
change. The Phi axis is the argument of the complex number formed by the variation of the selected
two dimensions. The selected two dimensions are cw and sw. For example, if the size of cw is changed
by 2um, and the size of sw is changed by 2 um, then the argument formed is 45°. The statistical
results show that 63% of the frequency changes are less than 20 MHz. Almost all frequency deviations
of models are less than 40 MHz, which is tolerable in consideration of the klystron bandwidth.
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Figure 7. Frequency deviation distribution of the model with tolerance.

3.4. Interaction Circuit Design

An interaction circuit consisting of four multi-gap resonators has been designed. The 3D simulation
model established in CST Particle Studio is shown in Fig. 8. One three-gap input cavity, two three-
gap middle cavities, and one four-gap output cavity are used. The input cavity and middle cavity are
both three-gap resonators, which can avoid the mode competition caused by the axial modes to the
maximum extent. Using more gaps in the output cavity can improve the ability to extract energy from
the bunched electron beam. Multiple gaps mean greater characteristic impedance, which can shorten
the length of the interaction circuit and reduce the focusing pressure of the beam optics. The length

19.2 mm
beam
loc
pilla loc2 -
< 26 mm

Figure 8. Diagram of the whole interaction circuit.



252 Xie et al.

coupling slot
cw
- - '
- > ¥ ‘

I g [ ——
X - VT Q”pfglen wglen
cw/|[sh O SW| |gh wgh [T_TI ;; !
[T TI > -
Y - ~
v ]' / wgw

Y
side %ﬁes ~ wgw gh

(main view) (top view)

Figure 9. Diagram of the whole interaction circuit.

of the entire interaction circuit is only 26 mm. This is due to the high characteristic impedance and
coupling coefficient of the internal coupling multi-gap resonator. Schematic view of the four-gap output
cavity is shown in Fig. 9. The input and output cavities adopt WR-28 (7.11 mm x 3.56 mm) waveguide
for energy input and output. The waveguide side extension wgw is 5mm. The structure of the input
cavity is very similar to the output cavity, except for the location of coupling slot. The coupling slot
of the input cavity is located at the central gap, while the coupling slot of the output cavity is aligned
with the penultimate gap. Side cavities in all multi-gap cavities share the same dimensions (sh = 3 mm,
sw = 1.5mm). The central gaps of all multi-gap cavities are square. Parameter of cw is varied to adjust
the resonant frequency of each multi-gap cavity. To alleviate the fabrication pressure, the period and
axial length of gaps are kept the same for four cavities (p = 1.2mm, g = 0.5mm). The position of
each cavity is calculated from its leftmost face (as shown in Fig. 8). Coupling slots of the input cavity
and output cavity are optimized to obtain the highest output power. The coupling slots have the same
axial length and side extension (glenl = glen4d = 1 mm, gwl = gw4d = 1 mm) but different slot heights
(ghl = 3.9mm, ghd = 4.25 mm).

The specific parameters of cavities used in the designed extended interaction circuit are summarized
in Table 4. The designed interaction circuit can achieve 38.4kW output power with a 245 mW energy
input. Fig. 10 shows the output signal of the output port recorded in the CST simulation. The output
signal reaches stability after about 15ns and can be stable without oscillation for 100ns. The Fourier
transform of the output signal is also shown in Fig. 10. The signal spectrum is very clean, and there
is no mode contention. Fig. 11 shows the phase space diagram of the particle and the frequency sweep
curve. The particles, after modulation, can greatly slowdown in the output cavity to give up energy
to the electromagnetic wave. The normalized E, distribution (the dotted line in Fig. 11) also indicates
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Figure 10. Output signal and its Fourier spectrum.
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Table 4. Parameters of cavities used in the designed extended interaction circuit.

N | f(GHz) | R/IQ(Q) | M | Qe | M*(R/Q)(Q) | cw (mm) | location (mm)
1 34.93 47.8 0.72 | 960 24.8 5.13 3
2 34.89 57.5 0.73 | 1290 30.6 5.13 10
3 35.00 57.7 0.73 | 1290 30.7 5.11 15
4 34.96 55.5 0.77 | 600 32.9 5.10 21

that the electric field excited by the modulated beam becomes stronger as electrons travel longer along
Z axis. The energy of some electrons can be slowed down to below 5keV. The equal excitation 3dB
bandwidth of the interaction circuit is 140 MHz. Fig. 12 shows the klystron output power with different
input powers. Output power reaches saturation when input power is about 0.25 W. In this case, the

gain is 51.9dB.
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Figure 11. Particle phase space diagram (a) and frequency sweep curve (b).
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Figure 14. Axial magnetic field distribution in beam optics and beam envelops.

Figure 15. Trajectories of electrons.
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Figure 16. Electric field distribution in the gun area.

4. BEAM OPTICS DESIGN

A matching beam optics has been designed. The 25kV, 5 A pencil beam is focused by the uniform
magnetic field produced by two symmetrical ring magnets. Such a magnet structure is simple, robust,
and suitable for short distance electron beam focusing. The structure diagram of the designed beam
optics system is shown in Fig. 13. Fig. 14 shows the envelope of the electron beam and the distribution
of the axial magnetic field. The waist radius of the beam reaches the required 0.45 mm. The focusing
magnetic field produced by the permanent magnet is 0.73T. In the simulation, 99% of the electrons
can pass through the drift tube. Fig. 15 shows the details of the electron trajectory. Fig. 16 shows
the distribution of the electric field in the electron gun region. CST simulation results show that the
maximum electric field strength is 21 MV /m, which is well below the limiting value of 30 MV/m. By
optimizing the beam optics dimensions, a 25kV and 5 A pencil beam is obtained.

5. CONCLUSIONS

In this paper, an extended interacting klystron operating at Ka-band is designed based on the internal
coupling multi-gap resonators. With such high coupling coefficient resonators, a high efficiency of
30.7% is obtained. The klystron is able to generate a peak power of 38.4kW with a 26 mm long
interaction circuit. Compared with Ref. [5], the Ka-band klystron demonstrated in this paper has
almost twice the output power and a 6 percent improvement in efficiency, and the interaction circuit
is shorter. The operating voltage and Brillouin magnetic field used to focus the pencil beam are the
same. The high-frequency characteristic parameters of the internal coupling cavity and the unequal-slot
multi-gap resonator are compared and analyzed. The internal coupling cavity shows a larger coupling
coeflicient and characteristic impedance than the traditional unequal-slot cavity. Multi-gap cavity modes
stability analysis ensures the stability of the interaction circuit. Particle in cell (PIC) simulation results
demonstrate the advantages of internal coupling resonators in improving efficiency. The corresponding
electron optical system is designed, and the electron beam can be transmitted stably in a drift tube
with small fluctuations.
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