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ABSTRACT 

 

For most applications in the millimeter wave band, corresponding to Ka and higher-frequency bands, relatively high atmospheric 
absorption necessitates the use of high-power sources. Here, a new approach for projecting an oversized beam tunnel in an 
overmoded structure by concentrating the axial field is demonstrated to meet the high-frequency and high-power demands of 
compact devices. Due to the enhanced intense beam loading capability of the interaction circuit, a six-cavity Ka-band extended 
interaction klystron (EIK) with a four-coupling-hole disk-loaded structure is designed that can stably obtain high output power. 
An analysis of optimization trade-offs from introducing high order modes for allowing the application of more powerful beams to 
improving high order modes field distribution for enhancing the electron-wave coupling and suppressing mode competition is 
reported. 3-D particle-in-cell (PIC) simulations show attainable output powers of 1.11 MW at 32.94 GHz with a saturated gain of 
57 dB by injecting a 3.3 mm diameter electron beam with a current of 24 A.  
 

I. INTRODUCTION 

Advances in microwave and millimeter wave technology are 
driving the continued development of advanced diagnostic 
technologies, including radio astronomy, biomedical research 
instruments, high resolution radar, and plasma diagnostics.1–6 In 
some applications, there are clear advantages to the use of 
higher frequencies.7 When designing next generation 
acceleration drivers, higher drive frequencies generally allow 
for higher operating field gradients. This significantly reduces 
the volume and construction cost of the accelerator.8, 9 
Millimeter wave band enables radar designers to achieve higher 
energy density and improved angular resolution in space with 
practical transmitter power and antenna aperture, whilst 
employing wide instantaneous bandwidth, and gain increased 
Doppler frequency shifts for a specified radial velocity spread.10, 

11 High-power density and localization which make millimeter-
wave systems attractive will also enable smaller fusion research 
devices to play an important role in the development of new 
energy resources.12, 13 Progress in these fields rests critically on 
the development of high-power electronics in the millimeter 
wave band. 

The quest for higher peak power has spurred interest in the 
production of microwave power using relativistic electron 

beams.5, 14 However, the practical applicability of short-pulse 
high-power relativistic devices is often limited by their short 
lifetime and stability as a result of the restricted number of 
pulses that can be generated using explosive emission cathodes 
and the formation of unnecessary but damaging plasma on the 
high-frequency metallic structures and output windows.14 
Furthermore, device power density performance has a strong 
emphasis on average power production at higher frequencies. 
Extended interaction klystrons (EIKs) are one of the most 
competitive high-power devices in the family of vacuum 
electronic devices.15–17 Due to their general construction from 
multiple multi-gap cavities, EIKs have high circuit impedance 
and considerable output power and interaction efficiency.18 
Therefore, at high frequencies, EIKs not only have higher gain-
bandwidth product than the traditional klystrons, but also have 
a shorter total circuit length than traveling wave tubes.19 
Moreover, the compactness of EIKs further reduces device 
weight and volume due to lower magnetic field requirements 
than gyrotrons. While the EIK holds great promise as a high-
power source, there are still many challenges to be solved, 
which mainly share many of the same plasma physics 
challenges faced by high-power microwave generators.20 With 
the expansion of devices into the millimeter wave regime and 
higher frequency bands, high-frequency structures will become 
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extremely small due to the co-transition effect of device 
structure size and operating wavelength. The compact size has 
a number of production challenges and in principle requires that 
the electron beam to have tiny transverse dimensions and 
potentially very high current densities, likely in excess of 300 
A/cm2, to maintain sufficiently high gain and power.21 
Therefore, current challenges about the micro-fabrication of 
interaction circuits are perhaps surpassed by the difficulties in 
producing small diameter, high current, precisely-aligned 
electron beams. Not only that, the strong electric fields 
concentrated in the small cavity will inevitably increase the risk 
of breakdown and arcing which affects stable operation of the 
device. 

In this paper, an overmoded high frequency interaction 
circuit is presented. The power limitation imposed by cross-
sectional dimensions which shrink with wavelength can be 
overcome by using cavities and waveguides that are much 
larger than the wavelength in the transverse dimension due to 
operation in higher-order modes.22–29 By realizing the method 
of concentrating the axial field energy along the source’s central 
axis within a large cavity, an oversized beam tunnel that can 
support efficient energy conversion between the intense 
electron beam and the high frequency field is designed. This 
overmoded structure has a far larger electron beam loading area 
than conventional structures.30–32 In Sec. Ⅱ, a basic interaction 
structure operating in the quasi-TM02 mode and its field 
distribution are described. In Sec. Ⅲ, a trade-off analysis from 
introducing high order modes for achieving the larger circuit 
size to improving high order modes field distribution for 
maintaining sufficient electron-wave coupling and suppress 
mode competition is reported. In Sec. Ⅳ, the stability and 
beam-wave interaction capability of the Ka-band EIK based on 
the overmoded structure are verified by 3-D particle-in-cell 
(PIC) simulations. Conclusions are covered in Sec. Ⅴ. 

II. DESIGN OF THE OVERMODED CIRCUIT 

For conventional linear beam devices, as the interaction 
circuits become smaller as the frequency extends into the 
millimeter wave band, a smaller electron beam is essential to 
keep the beam diameter smaller than the device operating 
wavelength. However, for a practical electron-optical system to 
be optimized for lifetime and electrical stresses, the current 
density emitted from the cathode must remain within a 
reasonable range, and the compression of the beam must be 
limited. Thus, the beam current is inevitably limited by the 
transverse size, which results in a significant reduction in output 
power. Here, enlarging the diameter of the beam tunnel to 
accommodate the high-current intense electron beam has 
become the technical key to solve the power limitation of 
millimeter-wave linear beam devices.  

With the increasing demand for high power in compact high 
frequency devices, insights gained using overmoded structures 
in fast-wave device development can be extended to linear 
beam devices typified by EIKs.22 Compared with the commonly 
used fundamental mode, the most significant feature of the 
higher-order mode is that it can support a physically larger 

interaction system for a given frequency.33 From the Bessel 
function field of circular waveguide and cylindrical cavity 
resonator, the higher the TM mode order, the more concentrated 
the Ez-field strength in the axial central region.34 The 
concentration of the axial electric field not only improves the 
beam-wave interaction but also makes it possible to expand the 
diameter of the beam tunnel. After preliminary empirical 
analysis, the TM02-based mode is selected. Figures 1(a) and 1(b) 
show the Ez-field distribution at the cross section of a single 
interaction gap. The established operating mode exhibits the 
strongest Ez-field distribution at and near the central axis, which 
enhances the interaction with the electron beam passing through 
the central axis.  

Combining the field distribution established by the 
axisymmetric circular waveguide and the cylindrical cavity 
resonator, a novel disk-loaded structure with four coupled holes 
is proposed, as shown in Fig. 2(a). The core technology of this 
structure is the introduction of periodically superimposed center 
disks. Since the central disk cannot be suspended in the cavity, 
fan-shaped coupling holes are formed between the supporting 
plates connected with the inner wall of the cavity. The four fan-
shaped coupling holes are evenly distributed in an 
axisymmetric manner. Adjacent interaction gaps are coupled 
and communicated through coupling holes. In addition, 
coupling holes have the effect of adjusting the distribution of 
the mode field. It is worth noting that the numerous geometric 
parameters of the disk-loaded structure with coupling holes 
provide a corresponding degree of flexibility for defining 
various technical figures of merit of the circuit and for the 
subsequent high frequency characteristics assessment.  
 

 
FIG. 1.  (a) Ez-field distribution and (b) |Ez|-field contour plot of the quasi-TM02 
mode at z = 0 plane. 
 

 
FIG. 2.  Model dimensions for (a) uniform gap structure (UGS) and (b) non-
uniform gap structure (NUGS). 

 
Table I lists the initial design parameters of the two structures 

shown in Fig. 2 respectively. The differences between the two 
structures are discussed in detail in Sec. Ⅲ due to the issue of 
mode competition related to beam-wave interactions. Here, the 
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two structures belong to the category of four-coupling-hole 
disk-loaded structures, and both have four fan-shaped coupling 
holes distributed symmetrically about the axis and an electron 
beam tunnel opened at the center. Since the two structures have 
the same resonant frequency, as shown in Table I, if the 
coupling hole radius and the electron beam tunnel diameter of 
the two structures are kept the same, the remaining parameters 
of the structures will show slight differences. Note that the 
beam tunnel diameter of the designed four-coupling-hole disk-
loaded structures can be readily increased by three times than 
that of the conventional linear beam devices due to the more 
concentrated field intensity distribution in the central region.30–

32 When compared with current promising coaxial multi-beam 
EIKs,28 the single tunnel size of this structure can still support 
an intense electron beam with a higher total current without 
requiring expensive and complex electron optical systems. 
 

TABLE I 
DESIGN PARAMETERS 

Symbol Description Value and Unit 

din Beam tunnel diameter of UGS 3.60 mm 
dout Center disk outer diameter of UGS 10.54 mm 

r Coupling hole radius of UGS 2.88 mm 
t Coupling hole angular width of UGS 60° 
h Entire cavity diameter of UGS 16.30 mm 

Ndin Beam tunnel diameter of NUGS 3.60 mm 
Ndout Center disk outer diameter of NUGS 11.10 mm 
Nc Groove diameter of NUGS 7.00 mm 
Nr Coupling hole radius of NUGS 2.88 mm 
Nt Coupling hole angular width of NUGS 60° 
Nh Entire cavity diameter of NUGS 16.86 mm 

III. CIRCUIT CHARACTERISTICS AND 

STABILITY ANALYSIS 

The designed overmoded structure provides a significant step 
toward solving the size and power constraints of the device, but 
multimode coexistence and mode competition are naturally 
enhanced in more oversized high-frequency structures. All of 
these efforts are justified because the apparent increase in the 
transverse dimension of the high-frequency structures relative to 
the wavelength allows the application of denser electron beams, 
which will translate into further improvements in power 
generation. Beam-wave interaction theory of classical linear 
beam devices notes that the electron beam interacts with the Ez 
component of the electric field in the central region.35 
Therefore, TM0n modes preferably interact with the electron 
beam on the central axis, where the index n is determined by 
the variation in the distribution pattern of the axial electric field 
along the radial direction. Since the designed circuit is based on 
a finite period structure realized in a disk-loaded coupled 
cavity, a number of discrete frequencies are generated by the 
number of half-wavelengths between the cavity end walls. 
Typically, the greater the number of periods contained in each 

cavity, the more discrete modes there will be. To reduce the 
adverse effects caused by mode competition, we use the two-
gap structure to form the front input cavity and the middle 
buncher cavity of the designed EIK, and use the three-gap 
structure as the output cavity.  
 

 
FIG. 3.  Dispersion diagrams of (a) two-gap cavity and (b) three-gap cavity. 

 

 
FIG. 4.  The Ez-field magnitude distributions for the desired working mode and 
the undesired competing mode for the UGS and the NUGS. 

 
The operating mode field characteristics of the four-

coupling-hole disk-loaded structure are studied using 
commercially available 3D electromagnetic finite element 
analysis software (CST Microwave Studio).36, 37 Figures 3(a) 
and 3(b) show the dispersion characteristics of the two 
structures, respectively. The axial mode is planned as the 2π 
mode that provides an electric field in the same direction on 
each gap, which ensures that the effective modulation of the 
electron beam. Due to the Ez-field distribution within the beam 
tunnel region of the interaction gap, discrete modes of TM01 are 
considered as potentially competing risks to the desired TM02 
mode. To weaken the Ez-field strength of the TM01 mode at the 
center of the gap, we further propose an improved non-uniform 
gap structure (NUGS) based on the original uniform gap 
structure (UGS), as shown in Fig. 2(b). Figure 4 shows the Ez-
field magnitude distributions for the desired working mode and 
the undesired competing mode for the UGS and the NUGS. The 
sudden change of the electric field intensity in the beam tunnel 
area caused by the non-uniformity of the gap width is related to 
the difference of the field distribution of the TM01 and TM02 
modes. Because the half-standing wave numbers of TM01 mode 
and TM02 mode distributed radially in the gap are different, 
changing the width of the gap has the effect of adjusting the 
energy storage and thus changing the field distribution. As 
shown in Fig. 4, the Ez-field strength at and near the central axis 
of the TM02 mode is further enhanced by reducing the width of 
the outer edge portion of the gap. At the same time, the Ez-field 
strength of TM01 mode at and near the central axis is weakened. 
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For comparison reasons, we further normalize the Ez-field 
amplitude of each mode field along the axial direction in the 
beam tunnel, as shown in Fig. 5. We find that the TM02 mode 
of the NUGS has the strongest Ez-field amplitude at the central 
axis compared with other modes. 
 

 
FIG. 5.  Distribution of the Ez-field amplitude along the axial direction in the 
beam tunnel of each mode of the UGS and the NUGS. 

 

 
FIG. 6.  (a) Effective characteristic impedance M2R/Q and (b) intrinsic quality 
factor Q0 of the UGS and the NUGS. 

 
The different field distributions of these two structures also 

affects the high-frequency characteristic parameters. Coupling 
coefficient M and characteristic impedance R/Q of the resonant 
circuit are important and commonly used indices that capture 
the energy coupling between the high-frequency field and 
electron beam. R/Q and M can be assessed from37  

 
( ) 2

2

z
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
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e

E z e dz
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= 


 (2) 

where ω is the angular frequency, W is the total stored energy, 

E(z) is the longitudinal field distribution, e
  is the propagation 

constant of the electron beam. The effective characteristic 
impedance M2R/Q is widely used to evaluate the beam-wave 
coupling performance.38 The product M2R/Q is considered to be 
positively correlated with the proactive interaction between the 
electron beam and the mode field. Our findings for the UGS and 
the NUGS are summarized in Fig. 6(a). Due to the enhancement 
of the field strength in the beam tunnel region within the gap, 
the NUGS greatly increases the M2R/Q value of the TM02 mode. 
Furthermore, the NUGS also reduces the M2R/Q of the 

competing TM01 mode compared to the UGS. Field analysis for 
both structures is verified here (as shown in Figure 4), 
highlighting the functional advantage of the NUGS for 
suppressing low-order TM01 mode. 

In the intermediate cavity of the EIK, self-oscillation of the 
working mode, or oscillation of the undesired modes, will 
greatly perturb the electron bunching so as to distort the normal 
signal amplification. The total quality factor Qt is a common 
technical figure of merit for evaluating the self-oscillation of 
interacting circuits, expressed as39 

 
0

1 1 1 1

t e b
Q Q Q Q

= + +  (3) 

where Q0 and Qe are the intrinsic quality factor and externally 
loaded quality factor, respectively. Figure 6(b) shows Q0 for 
both structures. Qb is beam-loaded quality factor, defined as24 

 
1

e

b

R
G

Q Q

 
=  

 
 (4) 

where Ge is the beam-load conductance. Ge is derived from the 
space-charge wave theory, expressed as40, 41 

 ( ) ( )2 2
0

1

8
e

e e q e q

q

G G M M


   
 − +

 = − − +   (5) 

where 
q

  is the propagation constants of the reduced plasma. 

G0 is the DC conductance of the electron beam. ( )e q
M  − −  

and ( )e q
M  + +  represent the coupling coefficients of fast 

and slow space charge waves. Here, ge represents the ability to 
transfer energy from the electron beam to the circuit, where ge 
= Ge / G0. Negative ge indicates that the DC energy of the 
electron beam is converted into high-frequency field energy, 
and this mode may be excited. The larger the peak value of the 
negative ge suggests that the mode field is more readily excited 
during oscillation. To maintain the stability of the oscillating 
circuit, it is necessary that the lossy conductive wall and the 
external load fully absorb the energy released by the electron 
beam.42 When Qt < 0, the oscillating circuit will have a tendency 
to start oscillating.39 Here, to avoid self-oscillation, Qt > 0 is 
required. Qe is infinite for an unloaded intermediate cavity, 
while Q0 is related to the inner wall ohmic losses and is always 
positive. Therefore, Qb should also be as positive as possible. 
As a result, ge >0 is required in the appropriate beam voltage 
range. Figures 7(a) and 7(b) show the change of the ge with the 
electron beam DC voltage for these two structures, respectively. 
Through the analysis of the beam-wave synchronization 
conditions, when the operating voltage is set between 100–150 
kV, the resonant modes near the beamline will not self-oscillate. 
 

 
FIG. 7.  The ge of the (a) UGS and the (b) NUGS as a function of the electron 
beam voltage. 
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FIG. 8.  Schematic diagram of a six-cavity Ka-band extended interaction 
klystron (EIK). 

 

 
FIG. 9.  (a) Simulated electric field distribution on the longitudinal section of 
the output cavity. (b) The Qe of output circuit calculated by group delay. 
 

Based on the four-coupling-hole disk-loaded structure, a Ka-
band EIK consisting of an input cavity, four middle cavities, 
and an output cavity has been designed, as shown in Fig. 8. An 
important advantage of this overmoded structure, compared 
with the conventional ladder-type interaction circuits,23 is that 
the maximum axial field energy of the TM02 mode can be 
directly coupled to the output waveguide through simple 
aperture diffraction. The condition for coupling between the 
main and secondary resonators or waveguides through the small 
aperture is that the normal component of the electric field or the 
tangential component of the magnetic field in the same 
direction exist in the main and secondary resonators or 
waveguides at the same time, and these components cannot be 
zero at the same time at the position of the small aperture. Since 

the TM02 mode has a normal electric field perpendicular to the 

common wall, through a small hole opened on the central axis 

of the end of the cavity, the electric field lines will pass through 

the small hole and excite the TM01 mode field in the output 

waveguide to propagate, as shown in Fig. 9(a). Here we use the 

group delay time method to solve the diffraction quality factor 

of the output cavity.42 The Qe obtained by the group delay time 
is 177 at 32.94 GHz, as shown in Fig. 9(b). Table Ⅱ lists the 
physical parameters of each cavity, where f is the resonant 
frequency, p is the period length. 
 

TABLE Ⅱ 
PARAMETERS OF EACH CAVITY 

Cavity f (GHz) p (mm) M2(R/Q) (Ω) Qt 

Input Cavity 32.90 5.56 39.8 68 
Middle Cavity Ⅰ 32.84 5.36 16.6 1279 
Middle Cavity Ⅱ 32.89 5.36 16.7 1277 

Middle Cavity Ⅲ 32.93 5.36 16.8 1274 
Middle Cavity Ⅳ 32.98 5.36 16.9 1271 

Output Cavity 32.92 5.16 16.9 177 

 

IV. PIC SIMULATION RESULT AND 

ANALYSIS 

To verify the stability and beam-wave interaction capability 
of the overmoded circuit, 3-D PIC simulations have been 
carried out for the EIK using CST. Since the EIK only requires 
single-beam operation and has an oversized beam tunnel, a 
conventional Pierce electron gun can be used to drive this 
highly overmoded circuit, and a uniform permanent magnet 
system can be used to maintain the focus of the electron beam.35 
Assuming pulsed operation, an electron beam with a diameter 
of 3.3 mm and a current of 24 A is injected into the high-
frequency circuit at a bias of 146 kV. A constant magnetic field 
of 0.55 T is used to focus the electron beam. To retain realism 
in the simulations, we use reduced effective conductivity values 
to replace the extra ohmic losses caused by surface roughness. 
The conductivity of the cavity wall is set to 3.6 ×107 S/m, 
corresponding to a surface roughness of 0.15 μm, which is 
about 62% of the ideal conductivity of oxygen-free copper.43 
As shown in Fig. 8, the input cavity adopts a dual waveguide 
port configuration. One waveguide port is connected to the 
excitation signal source, and the other waveguide port is 
connected to the absorbing load, so as to improve the working 
bandwidth. The specifications for both waveguides are standard 
WR-28 waveguides.  
 

 
FIG. 10.  (a) Output signal power showing MW generation. Inset: Frequency 
spectrums of the input and output signals. (b) Amplitude at the gap in the output 
cavity where the electric field is strongest. Inset: Phase-space diagram of 
electron energy. (c) Output power as a function of input signal sweep frequency 
characteristics. (d) Output power as a function of input power. 
 

Figure 10(a) shows the output signal, output power and its 
spectrum when the input power is 2 W at 32.94 GHz. A 
maximum output power of 1.11 MW is obtained at 32.94 GHz 
in the circular waveguide TM01 mode, with a corresponding 
gain and efficiency of 57 dB and 31.7%, respectively. As shown 
in Fig. 10(b), the maximum field strength of the cavity is 38.12 
MV/m, which is less than the vacuum breakdown field strength 
(145 MV/m).44 The inset of Fig. 10(b) shows the beam 
modulation and bunching during interactions with the operating 
mode. Figure 10(c) shows the output power as a function of the 
input signal sweep-frequency for a representative input power 
of 2 W. The 3-dB bandwidth reaches 120 MHz, from 32.84 to 
32.96 GHz. Figure 10(d) shows the effect of input power on 
output performance. The closer to the edge of the operating 
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band, especially at the high frequency end, the more input 
power is required to drive this EIK into saturation. Figure 11 
shows the electron beam trajectory after the output signal has 
stabilized. During the entire beam-wave interaction, the 
electron beam is modulated and bunches are generated in the 
longitudinal direction. Figure 12 shows the output power, 
beam-wave interaction efficiency, and beam transparency as a 
function of the diameter of the electron beam. The electron 
beam with a diameter of 3.3 mm can stably drive the EIK to 
produce a large peak power and has a beam transparency higher 
than 99.6%. Thus, this can be considered as a design parameter 
for optimal beam-wave interaction. Even in engineering, the 
diameter of the electron beam can still be adjusted to ensure the 
stable operation of the device within the tolerance range. 
 

 
FIG. 11.  3D electron beam trajectory during the entire beam-wave interaction. 

 

 
FIG. 12.  Effect of electron beam diameter on output power, beam-wave 
interaction efficiency, and beam transparency. 

V. CONCLUSION 

The substantial increase in the output power of conventional 
linear beam devices has proven a significant and ongoing 
technical challenge throughout a wide variety of scientific, 
commercial and military activities. In order to realize the high-
current electron beam loading capability of compact devices, an 
overmoded interaction circuit with a larger beam tunnel size 
than conventional structures is designed. Even compared to the 
promising multi-beam and sheet-beam structures, its single 
tunnel can still support an intense electron beam with a high 
total current without the need for complex electron optical 
system and focusing system. Through the optimized analysis of 
high-frequency characteristics, the four-coupling-hole disk-
loaded interaction circuit operating in TM02 mode shows 
worthwhile potential in overcoming the output power limitations, 
improving the beam-wave coupling ability and operating 
stability. A MW-class Ka-Band EIK operating stably in the TM02 
mode based on this structure has been verified by 3-D PIC 
simulation. Such new design approaches are expected to be used 
to develop coherent electromagnetic radiation sources with 
higher frequency, higher power and higher efficiency. 
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