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Abstract: In this paper, we propose a high-order mode sheet beam extended interaction klystron
(EIK) operating at G-band. Through the study of electric field distribution, we choose TM31 2π mode
as the operating mode. The eigenmode simulation shows that the resonant frequency of the modes
adjacent to the operating mode is far away from the central frequency, so there is almost no mode
competition in our high mode EIK. In addition, by studying the sensitivity of the related geometry
parameters, we conclude that the height of the coupling cavity has a great influence on the effective
characteristic impedance, and the width of the gap mainly affects the working frequency. Therefore,
it is necessary to strictly control the fabrication tolerance within 2 µm. Finally, the RF circuit using six
barbell multi-gap cavities is determined, with five gaps for the input cavity and idler cavities and
seven gaps for the output cavity. To expand the bandwidth, the stagger tuning method is adopted.
Under the conditions of a voltage of 16.5 kV, current of 0.5 A and input power of 0.2 W, the peak
output power of 650 W and a 3-dB bandwidth of 700 MHz are achieved without any self-oscillation.

Keywords: extended interaction klystron (EIK); high-order mode; sheet beam; multiple gap cavity;
G-band; high output power

1. Introduction

Terahertz technology has become one of the most popular technologies, and it has
important applications in high-resolution imaging, medical detection, channel communica-
tion, material structure analysis and so on [1]. However, this research and development
has been restricted by terahertz radiation sources, which can produce high power, high
bandwidth and high efficiency and are easy to use. Therefore, the research of terahertz
sources is urgent. An extended interaction klystron (EIK) is a potential terahertz source
which was proposed by Chodorow and Wessel-Berg in the 1960s [2,3]. It combines the
high gain of klystron with the broad bandwidth TWT, which shortens the length of the
circuit [4]. Moreover, the EIK adopts a multi-gap resonator which improves the character-
istic impedance and the gain bandwidth [5]. However, due to the limitation of the high
frequency and precision structures, the development of EIKs is still very slow. Nowa-
days, with the development of science and the research of terahertz technology, EIKs are
undoubtedly put forward in the direction of high power, a high frequency and a wide
bandwidth with the urgent demand [6].

Many institutions in China and abroad have conducted in-depth research on EIKs.
CPI (Communications & Power Industries, Canada) has been studying EIKs for many
years, which in the millimeter wave band have been very mature, with their products
being developed for various equipment [7,8]. In recent years, their research on EIKs in
the terahertz band has also made great progress. CPI has developed EIKs with a peak
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output power of 52 W and operating frequency of 220 GHz [9]. In addition, the NRL (Naval
Research Lab, Washington, DC, USA) first reported on the sheet beam EIK in 2007 [10]. The
G-band sheet beam EIK designed by NRL has 453 W of output power under the conditions
of a voltage of 16.5 kV and a current of 0.52 A [11]. The research of EIKs in China started
late, and now it is mainly focused on the W-band and G-band [12,13]. The Ka-band EIK has
been developed by the Institute of Electronics at the Chinese Academy of Sciences, with
an average output power of 355 W and 3-dB bandwidth of 410 MHz under an operating
voltage of 9 kV and current of 0.15 A [14]. Recently, they developed a W-band EIK with a
maximum output power of 1.5–3 kW. Xi’an Jiaotong University designed an EIK operating
in TM31 mode that works in the G-band with an output power of 60 W and instantaneous
bandwidth of 300 MHz [15]. In short, the research of terahertz EIKs in China needs to be
further improved.

In this paper, we aim to design a high-order mode structure with an output power
of 500 W and 3-dB bandwidth of 600 MHz with the sheet beam EIK operating in TM31
mode. Compared with the traditional EIK using the fundamental mode, the high-order
mode can increase the size of the structure, thus reducing the difficulty of processing and
enhancing the power density. Aside from that, the current density is also reduced, so the
space charge effect can be reduced and the breakdown does not occur easily. Compared
with the structure in [15], our structure uses a sheet beam instead of a circular electron
beam to reduce the current density and the difficulty of processing, and the simulation
results show that the output power and bandwidth of our EIK are much higher. Through
design, analysis and optimization, we obtain an input/output cavity and an idler cavity
with a resonance frequency of about 220 GHz, uniform electric field distribution and high
characteristic impedance. Considering the machining error, we study the multi-gap cavity
and get the allowable range for error. In this paper, the designed sheet beam EIK consists
of six multi-gap cavities of the barbell type. In addition, to expand the bandwidth, we
use stagger tuning technology. To get a better output characteristic, we have conducted
detailed analysis on the input power, voltage and current as well as our magnetic field.
Finally, under the condition of an input power of 0.2 W, voltage of 16.5 kV, current of 0.5 A
and magnetic field of 0.5 T, 650 W of output power and 700 MHz at a 3-dB bandwidth are
obtained, which are the milestones for the generation of high-output power in the G-band.

2. Consideration of High-Order Mode Structure

In this paper, a high-order mode coupled cavity with periodic arrangement gaps is
designed. The 3D model of the idler cavity and output cavity are shown in Figure 1a using
the scheme of a sheet beam (aspect ratio is 10). Figure 1b shows the cross-sections in the xy
plane, where the period between the gaps is p, the length of the gap in x direction is d in
the z-axis, the width and height of the gap are wl and h, respectively, the width and height
of the beam tunnel are v and u, respectively, and the width and height of the coupling
cavities are wq and hu, respectively.

We chose TM31 mode as the operating mode, which can be compared with the tradi-
tional scheme of the fundamental mode TM11 in Figure 2. On the one hand, the electric field
of TM11 mode is stronger near the upper and lower coupling cavity, and the electric field at
the center gap is a little weaker, as shown in Figure 2a, which was not suitable for the sheet
beam we used. In addition, with the same dimension of the TM31 mode cavity working at
220 GHz, the resonance frequency of the TM11 mode is about one third, which is far away
from the G-band. However, the electric field of the TM31 mode is mainly distributed in the
middle, and the electric field is stronger, as shown in Figure 2b. Therefore, the TM31 mode
is more beneficial for sheet beam interaction. On the other hand, the dimensions of the
structure designed using TM31 mode are larger, which makes it less difficult to fabricate
later.
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Figure 1. Schematic of the multiple gap cavity for the EIK. (a) A 3D model of the idler cavity and
output cavity. (b) A cross-section in the xy plane.

Figure 2. Electric field distribution of (a) fundamental TM11 mode and (b) high-order TM31 mode.

3. Cavity Design and Eigenmode Simulation

The distance between two adjacent gaps is p, as shown in Figure 1a, and it can be
figured out from Equations (1) and (2) [16]. U0 and f0 are the operating voltage in kV and
frequency in Hz, respectively, c is the speed of light and ve and vp are the electron velocity
and phase velocity, respectively. Using these formulas, we can roughly calculate the initial
parameters we need, and then the structure is further optimized by three-dimensional CST
software [17]:

ve = c

√
1− 1

(1 + U0/511)2 (1)

p = ve/f0 (2)

As a figure of merit, the effective characteristic impedance (R/Q)·M2 is chosen to
evaluate the beam–wave interaction ability of the EIK [18]. In the expression of (R/Q)·M2,
R/Q and M are the characteristic impedance and coupling coefficient, respectively [19]:

R
Q

=

(∫ ∞
−∞ |Ez|dz

)2

2ωWs
(3)

M =

∫ ∞
−∞ Ezejβezdz∫ ∞
−∞ |Ez|dz

(4)

where Ez, Ws, ω, and βe are the axial electric field, total stored energy, angular frequency
and electronic wave number, respectively.

Through a large amount of simulation, the optimized geometry parameters of the
idler cavity with five gaps are given in Table 1, which corresponds with Figure 1. Then, the
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electric field distribution of the five-gap idler cavity is shown in Figure 3. As can be seen
from the Figure 3a, the phase difference between the adjacent gaps is 2π, and the electric
field distribution accords with the TM31 mode. Additionally, the electric field distribution
is mainly concentrated in the upper and lower coupling cavities and the middle of the gap.
The electron channel is located in the region of a strong electric field in the middle of the
gap, which enhances the beam–wave interaction.

Table 1. Optimized parameters of idler cavity.

Parameter Value (µm) Parameter Value (µm)

d 160 wl 760

p 340 wq 1100

u 140 h 2500

v 1400 hu 760

Figure 3. Electric field distribution for the 5-gap idler cavity and 7-gap output cavity. (a) Electric field distribution and
mode pattern for 5-gap idler cavity. (b) Axial electric field distribution for idler and output cavities.

For the seven-gap output cavity, the dimensions and location of the coupling hole
are important factors, affecting the electric field distribution and performance, especially
Qe, as shown in Figure 1a. Different widths of the coupling hole and different positions
of the coupling hole were studied and, it was found that when the width was 0.2 mm
and the coupling hole was located in the middle of the upper surface of the coupling
cavity, the electric field distribution of the output cavity was strong and uniform, and the
Qe value was the most appropriate for the EIK. Figure 3b shows the axial electric field
distribution. Whether in the idler cavity or the output cavity, the electric field should be
evenly distributed. Aside from that, the electric field in the gap is stronger, while between
the adjacent gaps it is weak, which provides the possibility of getting good output results.
Table 2 gives the performance values of the operating mode and its adjacent modes. From
the table, we can see that only (R/Q)·M2 of the operating mode near 220 GHz is high
enough and reasonable for beam–wave interaction. Moreover, the frequency interval
between the operating mode and the adjacent modes is very large, so there is almost no
possibility for mode competition in the EIK.
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Table 2. The performance of the operating mode and its adjacent modes.

Cavity f (GHz) R/Q (Ω) M (R/Q)·M2 (Ω)

5-gap idler cavity
216.76 84 0.02 0.22

219.70 124 0.30 10.60

223.68 97 0.07 0.48

7-gap output cavity
217.21 166 0.014 0.03

219.30 151 0.29 10.67

223.65 133 0.02 0.023

4. Sensitivity Analysis for the Cavity

In the mm wave and THz frequency band, devices are compact and miniaturized.
Thus, small changes in dimensions may have a great impact on device performance.
However, errors are inevitable in manufacturing, so an acceptable fabrication tolerance
should be considered thoroughly. Figure 4 shows the influence of manufacturing error on
the frequency and R/Q of an EIK with several typical geometry dimensions, (e.g., wl, wq
and hu). It can be seen from Figure 4a that the change of wl has the greatest influence on
the frequency. The 2-µm changes in wl will cause a frequency variation of about 300 MHz.
The width and height of the coupling cavity (wq and hu) have little effect on the frequency,
especially wq. Therefore, wl can be used to adjust the frequency in a large range, and
hu can be used to adjust the frequency in a small range. From Figure 4b, it can be seen
that the change of wl and wq has little effect on the characteristic impedance, while hu
has a little greater effect on the characteristic impedance. Therefore, in the structural
design, wl can be adjusted to obtain the desired resonance frequency, and it can also be
appropriately increased to improve the characteristic impedance. If high characteristic
impedance is required, the hu should be adjusted. To sum up, if the fabrication tolerance is
controlled within 2 µm, the output characteristics of the EIK will be less affected with good
performance. At present, the advanced micro machining technology can provide very
high machining accuracy within 2 µm, such as DIRE, UV-LIGA, WEDM and Nano-CNC.
In addition, the key technique of the dynamic tuning structure must be used for each
multi-gap cavity of the EIK [20], which can definitely adjust the cavity frequency to the
right working condition for the optimization of output properties.

Figure 4. Influence of the fabrication tolerance of ∆wq, ∆wl and ∆hu on the high frequency characteristics: (a) sensitivity of
frequency and (b) sensitivity of R/Q.
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5. Beam–Wave Interaction Simulation

Following the multi-gap cavity optimization, the beam–wave interaction system of the
EIK should be analyzed thoroughly. Figure 5 shows the complete beam–wave interaction
model of a six-cavity EIK we designed with CST three-dimensional software, the input
cavity and the idler cavity adopted five gaps, and the output cavity adopted seven gaps.
We studied the length of the drift tube between each cavity and determined the appropriate
values with more analysis. In order to extend the bandwidth for our multi-gap and multi-
cavity EIK, the traditional stagger tuning method was adopted in our simulation, which
has been widely used for the design of a multi-cavity klystron [21–23]. The high-frequency
characteristic parameters of each cavity were optimized, and they are listed in Table 3. By
adjusting the value of wq, the resonant frequency of the idler cavity could be changed a
little for the stagger tuning requirements, and then the best matching value of each cavity
could be optimized for the beam–wave interaction analysis for our EIK.

Figure 5. A 3D PIC simulation model of the complete EIK structure in CST.

Table 3. Optimized parameters of each cavity for the EIK.

N f (GHz) R/Q (Ω) M Qe Q0 (R/Q)·M2(Ω)

1 219.64 128 0.29 200 1026 10.760

2 219.70 126 0.28 ∞ 1038 9.878

3 220.10 127 0.28 ∞ 1038 9.957

4 218.90 126 0.28 ∞ 1035 9.878

5 220.10 127 0.28 ∞ 1038 9.957

6 219.30 128 0.29 364 1026 10.760

For thorough beam–wave interaction analysis of the G-band EIK, optimization of the
key parameters was performed with only one parameter change as shown in Figure 6. The
relationship between the output power and 3-dB bandwidth with the input power has
been given in Figure 6a. It was indicated that the output power increased first and then
decreased with the increase in input power, and it reached the maximum value when the
input power was 0.2 W. As the input power increased, the 3-dB bandwidth first increased
and then tended to be stable. In addition, the gain decreased with the increase in the input
power. Therefore, to obtain a high output power at a 3-dB bandwidth, the input power
should not be too large. Therefore, we used 0.2 W as the optimized input power. With the
same method, the magnitude of the magnetic field affecting the beam–wave interaction
was analyzed. Figure 6b shows the relationship between the output power and magnetic
field. When the magnetic field was small, as the magnetic field increased, the electron was
well bound in the channel, the beam–wave interaction enhanced, and the output power
would be increased. When the magnetic field was 0.5 T, the output power and bandwidth
were at their maximums of 650 W and 700 MHz, respectively. Therefore, the 0.5-T magnetic
field could be selected for our EIK.
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Figure 6. The variation of the output power and bandwidth with typical parameters. (a) The output power and 3-dB
bandwidth variation with the input power, where the current (0.5 A), voltage (16.5 kV) and magnetic field (0.5 T) remain
unchanged. (b) The output power and 3-dB bandwidth variation with the magnetic field, where the current (0.5 A), voltage
(16.5 kV) and input power (0.2 W) remain unchanged. (c) The output power variation with the current, where the voltage
(16.5 kV), magnetic field (0.5 T) and input power (0.2 W) remain unchanged. (d) The output power variation with the
voltage, where the current (0.5 A), input power (0.2 W) and magnetic field (0.5 T) remain unchanged.

Figure 6c shows the relationship between the output power and beam current. It can
be seen from the figure that as the current increased, the output power and gain increased.
However, if the current was too large, although the output power would be improved, the
beam focus could be more difficult, and it would also bring instability for the beam–wave
interaction for the EIK. Therefore, the current of the amplifier should not be too large,
and 0.5 A was selected here, with the corresponding current density being 255 A/cm2.
Figure 6d shows the relationship between the output power and voltage. With the increase
in voltage, the output power also increased. If the voltage increased further, the increase in
the output power would become smaller, but the voltage should not be too high. When
the voltage value was small, the output was small, but the output characteristics were
stable, and the time for the stable output power was short. When the voltage was too high,
although the output power increased, the beam–wave interaction synchronization would
be destroyed, and the output became unstable. There is a typical phenomenon in which
the output power increases first, then decreases, and then it tends to be stable. As such,
it will take a long time to stabilize the EIK. Thus, in this research work, the input voltage
could be optimized to 16.5 kV for good performance.

After the above optimization, the structure parameters and output characteristics
of the EIK were determined thoroughly. As for the results, Figure 7a shows the peak
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output signal at a resonant frequency of 218.9 GHz, voltage of 16.5 kV, current of 0.5 A and
magnetic field of 0.5 T. It can be seen from the figure that at the beginning, the output signal
gradually increased, and it soon reached the maximum value at 2.5 ns and then remained
stable later. Figure 7b shows the phase space portrait of the electron energy along with
the axial distance. It can be seen that in the first few cavities, due to the weak modulation
effect, the energy of the electron beam changed little and fluctuated around 16 KeV, while
with the enhancement of the modulation effect of the latter several cavities, the energy
conversion gradually increased, and when it came to the output cavity, most electrons
decelerated while a few electrons accelerated. Thus, much of the energy of the electrons
would be released effectively. Figure 7c shows the bunching of the electron beam. It can
be seen that the bunching effect of the electron beam from the input cavity to the output
cavity was gradually enhanced, reaching its maximum in the output cavity, indicating
that the electron beam had good interaction with the electromagnetic wave. Figure 7d is
the frequency spectrum of the input and output signals, which shows that the amplified
signal only had a peak value at 218.9 GHz, which was the same as the input frequency. In
addition, the peak value of the output signal was 35 dB higher than the input signal. This
shows that there was not any mode competition in the structure, and the input signal was
amplified well.

Figure 7. Output characteristics of the EIK at a frequency of 218.9 GHz: (a) Output signal versus time; (b) phase space
portrait of the particle energy distribution; (c) beam bunching sketch; and (d) frequency spectrum of the input and
output signals.

Figure 8 shows the relationship between the output power and frequency for our
designed EIK. Under the conditions of a voltage of 16.5 kV, current of 0.5 A, focus magnetic
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field of 0.5 T and input current of 0.2 W, the maximum output power could reach 650 W at
the frequency of 218.9 GHz. If the resonance frequency was increased or decreased, the
output power would decrease gradually. Thus, the 3-dB bandwidth of 700 MHz could be
achieved successfully, which was very high for a high-order mode and sheet beam EIK.
Additionally, the RF efficiency of our EIK was 7.9%, and when the input power was zero,
the output power of the EIK was very small, being almost zero, which shows that our
structures had good suppression of self-excited oscillation, which undoubtedly made our
G-band EIK have stable output performance for the beam–wave interaction and reliable
output performance.

Figure 8. Output power and gain versus frequency.

The characteristic parameters of the high-order mode and fundamental mode are
listed in Table 4. Compared with the circular beam EIK scheme, the sheet beam EIK with
high-order mode could increase the cavity size, which reduced the difficulty of processing
and also reduced the current density, so the space charge effect could be reduced. Aside
from that, it could further improve the power and expand the bandwidth. Thus, our EIK
with high-order mode is a good choice for high-power terahertz radiation sources [24].

Table 4. The characteristic parameters of the high-order mode EIK and fundamental mode EIK.

f
(GHz)

Cavity Size-XY
(mm ×mm)

Current
(A)

Current Density
(A/cm2)

Voltage
(kV)

Output
Power (W)

Bandwidth
(MHz)

Circular beam with
fundamental mode 218.9 0.79 × 0.36 0.3 955 16.5 360 500

Sheet beam with
high-order mode 219.2 2.50 × 0.76 0.5 255 16.5 650 700

6. Conclusions

We designed a sheet beam EIK structure working in the high-order mode TM31 at the
G-band. This can help to increase the operation frequency with the same size of the cavity
structure compared with the fundamental mode. Meanwhile, the overviewed scheme in
this paper may reduce the beam current density using its big beam size and obtain a high
output power and wide bandwidth. The high frequency characteristics of the multi-gap
cavity were analyzed, simulated and optimized thoroughly. By adopting the stagger tuning
method and six resonant cavities, we obtained good performance with a 650-W output
power and 700-MHz 3-dB bandwidth with good stability. Thus, the designed physical
model of our high-order mode EIK can be a good engineering choice to fabricate practical
and compact radiation sources at the terahertz band in the future.
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