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Abstract: The high frequency characteristics of W-band planar multi-beam extended interaction
resonant cavity are studied. The introduction rules of beam tunnels with planar linear arrangement are
discussed. It has been found that the introduction position and the number of beam tunnels are limited
by the uniformity of the field. Then the transverse and longitudinal mode distributions of the cavity are
analyzed. It shows that large transverse dimension and increased number of gaps will significantly affect
the frequency interval, and thus affecting the work stability. The field distribution characteristics of
different modes are also analyzed. Based on the field shape factor and a set of complex coefficients, a
method to describe the distribution characteristics of the field is established.
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1. Introduction

Vacuum electronic amplifier based on extended interaction technology are promising in terahertz
band which have the advantages of high peak power, medium bandwidth and small size[1-3]. In recent
years, microwave vacuum electronic devices has been developing towards high frequency and high
power due to the requirements for high-performance microwave sources. It is a key point that how to
greatly improve the power level of the device while the size reduced.

The problem mentioned above can be addressed by using planar distributed electron beam and
extended interaction technology. The planar distributed electron beam technology can significantly
increase the total current, and the extended interaction technology can form a very short but high gain
interaction circuit, thus generating a new device with high power level at high frequency [4-6]. Planar
extended interaction devices have the characteristics of planar features which are compatible with micro-
machining technology [7,8]. Thus, this kind of devices have great potential for application.

Therefore, extended interaction circuit plays a special role in the design of klystron. The high
frequency characteristics of the circuit include field distribution, mode distribution, coupling coefficient,
which determine the performance of the circuit. Therefore, the beam-wave interaction is directly affected.
The paper discussed the rules of the introduction of beam tunnels, and then mainly analyzed the modes
and field shapes of the circuit. The geometric characteristics and operating principle of the barbell
multigap resonant cavity were analyzed in Section 1. In Section I1, the mode distribution of planar multi-
beam multigap resonant cavity was analyzed. A method to describe the distribution characteristics of the
electric field is established in Section Il1.

2. Operating principle of the cavity

The structure of the barbell multigap resonant cavity with five beamlets is shown in Figure 1. The
axis of the beam tunnels are located on the same plane with a spacing of w:. The space of the gap is d.
The radius of the beam tunnel is R..

The barbell resonant cavity is a kind of rectangular one with special structure, which has good
uniformity of the electric field in transverse direction. The cause is that the intermediate waveguide
works near the cut-off frequency. If the sizes of the coupled cavities are both increased by about a quarter
of the wavelength, the resonant frequency of which will be lower than the cut-off frequency. Thus, good
uniformity of electric field can be generated in the intermediate waveguide of the barbell cavity.
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Section 4-4

Figure. 1 Schematic of the multigap cavity with five electron beams.

The fundamental 2z mode is selected as the operating mode which is denoted as TMi1o. The center
frequency fo is 94.5 GHz, and then the corresponding wavelength is A = c/f = 3.175mm. The height of
the intermediate waveguide h is about A/2. The height of the coupled cavities b on both sides is about
h+A/4. Then, the core design parameters of the barbell resonant cavity are obtained combined with CST
simulation, which are as follows: h = 1.585mm, w = 6mm, a = 1.21mm, b = 2.7mm.

Field distribution of 2z mode of the barbell cavity is shown in Figure 2. It can be seen that there is
good uniformity of electric field in the transverse direction of the intermediate waveguide region.
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Figure. 2 Transverse field distribution of 2z mode in the barbell resonant cavity.

The good uniformity of the electric field will be destroyed when the beam tunnel is introduced. Figure
3 shows that the field distribution varied with the introduction of a single beam tunnel. It can be seen that
the distortion of the electric field is more obvious when the tunnel is not located at the center. Therefore,
it is better to introduce the planar multi-beam tunnels symmetrically.
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Figure. 3 Transverse field distribution of the cavity varied with a single beam tunnel.

Figure 4 shows the field distribution of three beam tunnels which are introduced symmetrically. The
tunnel radius is 0.25 mm. It can be seen that the influence of the field between adjacent tunnels is very
small due to the distance between them is relatively bigger. Here, the field intensity in the three beam
tunnels is close to each other.
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Figure. 4 Transverse field distribution of 2z mode in a planar three-beam barbell resonant cavity.

As shown in Figure 5, the field between beam tunnels will affect each other due to the limit of the
transverse size of the circuit when increasing the number of the beam tunnel. Therefore, the radius and
the number of the tunnel need to be optimized.
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Figure. 5 Transverse field distribution of 2z mode in a planar five-beam barbell resonant cavity.

3. Mode analysis
3.1. Transverse mode

Taking a single gap barbell resonant cavity as an example. Figure 6 shows the frequency of the first
three modes varied with w. It can be seen that the frequency of the fundamental mode TMzio is
scarcely influenced by w, which is consistent with the operating principle of the barbell cavity. However,
things are different for the high order modes. The frequency of TMa1o and TMao decreases with w
increased. Therefore, although good uniformity of the electric field can be obtained in terms of the
operating principle of the barbell cavity, the increase of the transverse size will significantly reduce the
frequency interval between the fundamental mode and the adjacent high order modes. Thus, the mode
competition becomes fiercer.
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Figure. 6 Frequency of the first three modes in a single gap barbell cavity varied with w.

The high order mode devices are promising because the size of devices decreases sharply with the
frequency increased. Taking TMa1o as an example, which is an antisymmetric mode, the distribution of
the field is strongest near the coupling cavities and zero at the center. Figure 7 shows the field when two
beam tunnels are introduced at the region of the strongest electric field.
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Figure. 7 Transverse field distribution of TM210 in a planar two-beam barbell resonant cavity.
3.2. Axial mode

In order to improve the characteristic impedance of the cavity, multigap cavity should be adopted
where the axial modes will exist. For a n-gap cavity, there are n axial modes with the same transverse
mode which can be denoted as 0(2x), ©/(N-1), 2r/(N-1), ..., 7. The different axial modes will overlap
each other, which results in a very complex mode competition.

Figure 8 shows the mode spectrum of a three-gap cavity. It can be seen that the number of modes
increases from 3 to 6 in the cavity with the frequency ranged from 94.5GHz to 104.32GHz. Therefore,
the frequency interval between adjacent modes is reduced and the mode competition of the cavity is more
prominent.
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Figure. 8 Mode spectrum of a three-gap barbell cavity.

4. Analysis of coupling coefficient of the cavity

Coupling coefficient is an important concept which represents the synchronization characteristics of
the standing wave field and the electron beam. It can be defined as

Uw Ec(z)ej/’ezdz‘
M _ —0

j_i|Ec(z)|dz

where Ec (2) is the distribution function of the electric field.

(1)

Figure 9 shows the normalized field of axial electric field for TM1igalong different tunnels in a three-
gap cavity. It can be seen that for TMy10-21t and TMa1o-1t/2, the electric field distribution of different beam
tunnels is exactly the same but only differing from the amplitude. For the TM110-nr mode, except for the
different amplitude, the electric field in different tunnels are opposite in phase. However, the electric
field in the tunnels 3 and 3" will be exactly the same as that of the other tunnels 1, 2 and 2' when it is
negative.
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Figure. 9 Normalized field distribution of E; along the center of each electron beam tunnel.

From Figure 9, it can be seen that the fields of different electron beam tunnels can be described by
the same field shape function which are only different in their complex coefficients. Thus, the axial
electric field of the i-th tunnel can be written as follows

Ec,i(z) :vm,iF(Z) (2)
where the field shape factor F (z) satisfies the normalization condition
L[ F*(2)dz=1 &)
0
Therefore,
LJOL Ecz,i (z)dz zvm,ivn:,i 4)
Gap voltage is defined as:
L . L
Vi = |, |E. @] dz =N, [ [F(2)|dz (5)

Therefore, interaction electric field of any one mode can be represented by a normalized field factor
F(z) and a set of complex coefficients (V V \/’m'N). And the field shape factor F(z) can be

m1'Vm2: """

constructed by the field in any tunnel.

Taking formula (2) into (1), we can obtain
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By analyzing formula (6), it can be seen that the coupling coefficient can be entirely determined by
the field distribution function F(z) when the voltage is determined. That is, the coupling coefficient is
independent of tunnel distribution because the field shape factor F(z) is the same for all tunnels. The
conclusion is obvious in physics, because the coupling coefficient represents the synchronization
characteristic in the multigap cavity which is determined by the operating voltage and circuit period.
Both of them are independent of the tunnel distribution.

5. Conclusions

The high frequency characteristics of planar multi-beam barbell cavity are studied in the paper,
including the introduction of beam tunnel, mode distribution and field shape. We have found that the
number of beam tunnels is limited by the uniformity of the electric field and the work stability. Thus, the
tunnel spacing should be considered seriously in the design. Mode distribution is the most difficult
problem in the design of the cavity. The stability of the cavity can not be guaranteed only by the design
of operating mode due to the existence of multiple modes in both transverse and longitudinal directions.
Finally, in order to describe the electric field distribution of the different tunnels, the normalized field
shape factor and complex coefficient are introduced. For a certain mode, the field distribution of different
tunnels actually satisfies the same distribution function only with different complex coefficient. This is
of great significance to study the stability of planar multi-beam barbell cavity theoretically.
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