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Abstract: V-band Klystrons find applications in satellite communications and 5G technology. Here,
we present a V-band Klystron using radial re-entrant square cavities (RRSCs). The RRSCs are easy
to fabricate, assemble, align, and tune to the operating frequency, which are significant concerns
in V-band. We have optimized the number of cavities and the gap for best possible gain and
bandwidth. The eigenmode and particle-in-cell (PIC) simulation results of the CST microwave studio
are presented. The optimum design uses eleven equidistantly placed RRSCs, producing the maximum
gain of 27.17 dB at 60.1 GHz with a bandwidth of ~150 MHz.

Keywords: re-entrant cavity; vacuum electronic amplifiers; V-band Klystron; V-band RF section

1. Introduction

Klystrons are widely used vacuum electronic amplifiers. They offer high gain and
efficiency in a simpler design and a more compact geometry than the Traveling Wave Tubes
(TWTs), with narrower bandwidth. Several bandwidth, gain, and power enhancement
techniques have been developed over the years of its applications. The bandwidth and
gain can be enhanced by stagger tuning of multiple cavities [1-4], extended interaction
cavities [5-10], and low-quality factor cavities [11]. Gain can be improved using multiple
electron beams [6-8].

The Varian brothers invented the multi-cavity Klystron before World War II as a
microwave oscillator and amplifier. The invention eventually evolved into developments of
multi-cavity Klystrons, multiple beam Klystrons, extended interaction Klystrons and high-
power Klystrons at higher frequencies, including millimeter-wave bands. As the operating
frequency increases, the cavity dimension decreases. In the millimeter-wave band, the
maximum diameter of the cavity decreases to millimeters, and the diameter of the drift
tube through which the electron beam passes decreases to a fraction of mm. Consequently,
obtaining a high-power Klystron amplifier with a large gain-bandwidth product has been
challenging. The Klystrons overcome the gain limitation by using multiple intermediate
cavities in the RF section [6]. To achieve higher gain and bandwidth, a Klystron may employ
two types of tuning. Firstly, synchronous tuning—where all Klystron’s cavities are tuned to
the same frequency [12-14] for gain maximization—and secondly, asynchronous/staggered
tuning—where the cavities are kept slightly detuned concerning each other for higher
bandwidth. This article reports a V-band Klystron employing synchronous tuning with
periodically placed RF cavities.

The RF cavity geometries are optimized to achieve sufficient electric field concentration
around the beam. Engineering design of the cavities requires the consideration of several
factors such as fabrication tolerances, thermal and other detuning parameters such as
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radiation pressure (Lorentz detuning, especially for high power applications) [15], affecting
the dimensions of the cavities. The re-entrant types of RF cavities are a very popular choice
for Klystrons to achieve all the required cavity parameters such as frequency, Q factor, shunt
impedance and R/Q value. Besides the Klystrons, these types of cavities are also used
in electromagnetic cavity based transducers, particle accelerators, synchrotron radiation
facilities etc. [15,16].

The input RF signal in the first cavity initiates the velocity modulation process. It
becomes more pronounced as the beam traverses through the series of intermediate cavities.
As a result, the electron beam forms denser bunches, intensifying the induced RF field in
the successive intermediate cavities. The electron bunches cross the output cavity’s gap
while the cavity fields oppose their motion. Under these conditions, maximum energy
is transferred from the electron beam to the output cavity. The field grows as the beam’s
kinetic energy is transferred to the cavity’s field.

A novel topology of high frequency Klystrons (operating in higher order mode) has
been proposed by Paoloni [17], where simple cavity geometry is employed to overcome
high frequency fabrication limitations of conventional re-entrant and extended interaction
Klystron cavities. In the current design, the approach of periodically allocated cavities
operating in fundamental mode has been followed with the redesign of the RF section for
V-band operation. A re-entrant square cavity is designed first as an intermediate cavity of
the Klystron [18]. The design is then optimized for the maximum R/Q ratio. A coupler [19]
is attached to the cavity to facilitate the input/output, and several intermediate cavities
are assembled and aligned to form the Klystron’s RF section. PIC simulation is carried out
to probe the performance of the proposed Klystron. The optimum number of cavities is
also determined to maximize the gain. The designed structure can easily be fabricated with
conventional fabrication tools, unlike structurally complicated internal coupling multi-gap
cavities [20-22].

Reported Klystrons at this frequency band (around 60 GHz) are rare and, in most of
the reported cases of high frequency Klystrons, extended interaction types of topology
(with complex geometries) have been utilized. Here, the proposed device is of simple
structure, is microfabrication compatible and compact in form factor, offering 256 W of
output power.

This paper is organized as follows. Section 2 presents the design equations of the
various RRSCs and the RF section, followed by the cold simulation results. Section 3
concentrates on the PIC simulation results and the RF performance of the RRSC Klystron.
Finally, Section 4 summarizes the principal findings of the present work and suggested
domains for further improvements along with the potential application areas.

2. Design and Operation of RRSC and RF Section
2.1. Design of RRSC

A multi-cavity Klystron amplifier employs two types of cavities—the input/output
cavity and the intermediate cavity. The first type facilitates the input of a low-power RF
signal and its extraction after amplification. The second type facilitates the production of
the required gain. Figure 1 shows a CST model of these two types of RRSCs. Figure la
shows the input/output cavities. The rectangular i/o coupler allows the RF signal to be
fed into the input cavity. It initiates velocity modulation and thereby the bunching of the
electron beam. Figure 1b shows one of the intermediate cavities, and Figure 1c shows the
cross-section of (b). In a re-entrant cavity, a strong electric field results in the interaction

gap ‘g’ (Figure 1c).
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Figure 1. Perspective view of RRSC: (a) input/output cavity, (b) intermediate cavity, and (c) cross
section of an intermediate cavity.

The enhanced electric field in the beam passage helps to amplify the RF by way of
a more robust velocity modulation. Since the cavities are frequency-selective resonant
structures, the operational bandwidth of any Klystron is inherently narrow. However,
the bandwidth can be widened by slightly detuning the cavities. This can be done by
changing the cavity dimensions, such as the interaction gap ‘g’ or re-entrant height ‘b’
(Figure 1c). However, changing the dimension changes the R/Q value as well. The beam
field interaction degrades for a cavity with a low R/Q value. In such cases, it might not
establish the required level of beam modulation to achieve the desired gain and output
power specifications.

The cavity dimensions and simulation results are listed in Table 1. The Q-factor is
defined as 27t times the ratio of the total energy stored to the total energy dissipated per
cycle. The ratio R/Q is a figure of merit, dependent only on cavity shape or geometry. The
Q-factor and R/Q ratio are calculated in post-processing steps. Here, we have used copper
(lossy metal type) (¢ = 5.7 x 107 S/m) as the cavity material and the cavity was considered
to be filled with vacuum. The R/Q is calculated as

2
R_ Y% 1)
Q 2wW’

where Vy is the interaction gap voltage, w is the resonant frequency, and W is stored energy.
The cavity dimensions are optimized to achieve maximum R/Q ratio without deviating
from the design frequency.

Table 1. Dimensions of RRSCs and simulation results.

RRSC Dimension (mm) Simulation Results

Type b c w g f (GHz) R/Q (D) Q (Unloaded)
input/output 1.8 0.44 0.6 0.395 60 86 1364
intermediate 1.7 0.44 0.6 0.38 60 85 1359

a — cavity height; b — re-entrant height; ¢ — beam tunnel radius; w — cavity width; g — beam interaction gap.

2.2. Design of R.F. Section

In order to design the RF section at the proposed frequency of 60 GHz, three funda-
mental parameters must be determined—(i) the distance between adjacent cavities, (ii) drift
tube radius, and (iii) beam radius.
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2.2.1. Distance between Adjacent Cavities (d)

It depends on the DC electron velocity v,. This can be obtained by multiplying
the number of electron transit cycles in the drift space (N) with the transmitted beam
wavelength (A.) given by

d = NA, 2

where

2 V21V,
o= =20 = VT G)
Be f
Here, f is the operation frequency, B, is the beam propagation constant,  is the electron
charge to mass ratio, and V, is the beam voltage. Equation (2) can be simplified as

d:N<V2}7VO>, (4)

and therefore

d = N(5.93 x 105\/70) /f. )

Here, f is in Hz, V} is in volts and d is in meters. It is obvious that the distance between
adjacent cavities (d) is directly proportional to input electron beam voltage (V).

2.2.2. Drift Tube Radius (r)

It is inversely proportional to electron wave number (k),

r= %/ (6)
where wave number is the ratio of the angular frequency (w) and DC velocity of electrons
(00)/ i'ev

w
k = —. 7
- @

2.2.3. Radius of Electron Beam (r},)

To ensure proper transmission of the electron beam through the drift tube, and to
avoid unwanted interception in cavity walls, a typical beam filling factor of 70 % is used.
So, the beam radius (r}) is

rp, =07 xr. (8)

2.3. Operation

For proper operation, all cavities constituting the RF interaction region must resonate
in the fundamental mode at the design frequency of 60 GHz. The initial dimensions of the
cavity shown in Table 1 are calculated using analytical expressions and are subsequently
modeled in CST microwave studio as shown in Figure 2. A Klystron amplifier employs
a number of intermediate cavities to meet the gain requirement. Higher numbers of
intermediate cavities improve the electron bunching. Here, we have used nine intermediate
cavities in the Klystron along with one input cavity and one output cavity. The arrangement
of the total eleven RRSCs is as shown in Figure 2.

The velocity modulation is significantly increased as the beam gives energy to the
RF field in each successive intermediate cavity. The number of cavities and the beam
characteristics affect the Klystron’s gain. Equation (5) is used to calculate the axial distance
between cavities for a particular operating frequency and beam voltage. The inter cavity
distance for 60.0 GHz operation with a 20 keV electron beam comes out as 1.4 mm, which
is used as the initial value during PIC simulation. The intercavity distance is optimized
during PIC simulation for maximum power gain and the optimized intercavity distance
comes out as 1.44 mm. Adding more intermediate cavities in a Klystron is equivalent to
adding more stages in a traditional amplifier. Due to the gain bandwidth product limitation,
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the overall bandwidth is lowered as the amplifier gain increases. This is known as the
synchronous tuning technique in the cascaded amplifier. If the cavities are adjusted to
slightly different frequencies, the gain may reduce marginally, but the bandwidth of the
device will increase significantly. This tuning technique is known as staggered tuning.

5=

Figure 2. Perspective view of RRSC Klystron in CST microwave studio suite.

3. Simulation Results

After calculating various dimensional parameters of the preliminary design of the
RF section, we go for cold simulation using the Eigenmode solver of the CST microwave
studio. The advanced Krylov Subspace (AKS) method is used to find the lowest order
Eigenmodes for the specified re-entrant boundary condition of our RRSCs. Figure 3a,c
show the electric field patterns of the operating mode inside the RRSCs. This mode is
favorable for velocity modulation because the electric field maxima occur at the cavity’s
center, along the beam axis. However, there are fringing fields near the cavity gap but the
majority of the field remains parallel to the axis. The corresponding magnetic fields are
confined in the orthogonal plane, forming closed loops following the right-hand rule, as
shown in Figure 3b,d. The side walls of the cavity are the region of an enormous magnetic
field and a small electric field.

In contrast, the gap is a region of tremendous electric and small magnetic fields. Thus,
the gap is equivalent to a capacitor, while the cavity walls provide inductance. As the
resonant RF field oscillates, the electric energy converts to magnetic energy, and vice versa.
The conduction current flows along the inner wall and completes the loop through the
displacement current flowing, employing a time-varying electric field through the gap.

In a PIC simulation, an electron beam with its energy corresponding to the applied
beam voltage is launched into the R.F. Section. A velocity-modulated electron beam from
the input cavity (due to the R.F. signal introduced through the input port) enters the second
cavity and subsequent cavities. Because these cavities are unloaded (except for the electron
beam) and have higher Q-factors, the beam-induced R.F. field is stored inside the cavities for
several resonant cycles, which amplifies the velocity modulation of the beam. The velocity
modulation of the beam is gradually increased. The velocity modulation at different time
steps (represented by frames) is recorded by phase space monitors in the z-direction (across
the beam propagation direction), shown in Figure 4.

After the cold simulation, the performance of the RRSC Klystron is evaluated by
the particle in cell (PIC) solver of CST microwave studio [23]. This solver computes the
non-linear beam-field interaction in vacuum electronics devices. Copper (Cu) is used as
cavity material for high thermal and electrical conductivity. The cylindrical electron beam
radius r, = 0.15 mm is determined according to Equation (8), considering 20 KeV energy,
and 0.2 A current with beam tunnel radius » = 0.22 mm.
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Figure 3. (a) Electric field in intermediate RRSC, (b) Magnetic field in Intermediate RRSC, (c) Electric
field in input and output RRSC, and (d) Magnetic field in input and output RRSC.
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Figure 4. Particle velocity in z-direction.

The device shown in Figure 2 is simulated in a PIC solver for 100 ns with 0.5 W input
RF power, and the output from the output cavity is shown in Figure 5. The electrons in a
stream of 0.2 A beam current are accelerated by 20 KeV energy in the anode-cathode gap.
The accelerated beam faces further acceleration and retardation by the RF field in the cavity
gap in each successive intermediate cavity. This interaction of beam kinetic energy with
the cavity fields results in velocity modulation. The process continues in the intermediate
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cavities, transforming the continuous electron beam into electron bunches. At the output
cavity, this bunched beam induces a field of the same frequency as the input RF signal.
This induced field grows in amplitude at the expense of the beam’s kinetic energy, which is
ensured by the proper placement of the output cavity. The simulation result predicts 256 W
peak power at the output cavity, corresponding to a gain of 27.17 dB.

Figure 6 shows how the power gain changes as the number of cavities increases.
The RF signal power gain increases proportionally with the rise in cavity numbers. With
two cavities, the RRSC Klystron exhibits attenuation of the input signal represented by a
negative gain of —5.39 dB; however, with a total of eleven cavities, it exhibits 27.14 dB gain.

Input/Output RF Signal Power (w”(1/2))

20

— Input RF Signal

—Output RF signal

10

20 30 40 50 60 70 80 90 100

Time (ns)

Figure 5. RF input signal and amplified output signal at the input and output cavity ports, respectively.
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Figure 6. Plot of output power gain vs total number of cavities.

We scanned frequencies ranging from 60 to 60.25 GHz with a step size of 0.025 GHz.
The stable output signal power for each frequency point for a specific frequency range
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is shown in Figure 7. At 60.1 GHz, the highest output signal power is 256 W, and the
saturated gain is 27 dB with a 3 dB bandwidth of more than 150 MHz.
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Figure 7. Plot of output power gain vs. input RF signal frequency.

The Fourier transform (FT) of the multi-cavity RRSC Klystron’s output RF signal is
shown in Figure 8. The maximum RF output signal is achieved at the central frequency of
60.1 GHz.

7e-07
6e-07 \ "
5e-07
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3e-07 / \
2e-07

le-07 / \/\
60 60.02 60.04 60.06 60.08 60.1 60.12 60.14 60.16 60.18 60.2
Frequency (GHz)

Magnitude

Figure 8. Spectrum of output signal.

4. Conclusions

Here, we have designed a resonant re-entrant square cavity, optimized it for the
highest possible interaction impedance, and employed the cavities for the RF section of
a V-band Klystron. After that, we optimized the number of cavities for maximum gain.
Nine intermediate cavities produced the best result for the synchronous tuned condition of
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the device. Simulation results predict a power gain of 27.17 dB over 150 MHz bandwidth,
centered at 60.1 GHz frequency.

The proposed RRSC cavities and their assembly forming the RF section are com-
patible with conventional micro-fabrication and metallic 3D printing technology. The
proposed Klystron can be used in subsystems of V-band RADARs, high-speed wireless
data communication, and satellite communications.

There is ample scope for improvement in the RF section through extended interaction
type cavities to improve the output power and bandwidth, which we are currently exploring.
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