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The development of high-frequency RF linear accelerators (linacs) requires consideration of several
technological challenges, such as electron bunch linearization. Presented in this paper is the design of the
interaction circuit for a 48 GHz MW-level three-cavity gyroklystron amplifier, appropriate for application
as a millimeter wave power source in a 4" harmonic linearizing system for an X-band linac. The output
cavity is operated at the cylindrical TEo2,: mode, while the input and buncher cavities are operated at the
TEo,1,1 mode. The interaction circuit has been designed using a combination of analytical calculations and
particle-in-cell (PIC) simulations. The optimized gyroklystron is shown, through simulation, to deliver an
output power of up to 2.3 MW with gain of 36 dB and efficiency of 44% at 48 GHz, when driven by a
140 kV, 37 A electron beam.
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I. INTRODUCTION

A gyroklystron is a vacuum electronic device based on the
cyclotron  resonance maser (CRM)  mechanism?.
Gyroklystrons are generally capable of high power output at
narrow bandwidth, as compared with gyrotron traveling wave
amplifiers (gyro-TWAs) which are moderate power
broadband amplifiers?.

Gyroklystrons were first developed in 1967 at the Institute
of Applied Physics (IAP) in Russia® . Since then, they have
attracted significant interest, especially in the field of radar
systems. Notably, high-power gyroklystron-based radar
systems have been developed both in Russia (RUZA, 35
GHz)®> and the USA (WARLOC, 94 GHz)® To reduce
magnetic field strength requirements, some gyroklystron
designs have been studied using second harmonic operation™
%. Most radar gyroklystrons have been developed at Ka-band
(~36 GHz) and W-band (~94 GHz) frequencies, though D-
band (~140 GHz) frequencies have also been considered™.
The efficiency achievable by the gyroklystron has improved
greatly since its conception with an overall efficiency close
to 40%13,

Gyroklystrons have also attracted interest in the field of
accelerator physics. When designing an RF accelerator, a
higher drive frequency generally allows for a higher
operating gradient. For linacs with a few GeV electron beams,
this will significantly reduce the size of the footprint and the
construction costs of the accelerator. However, achieving the
required power at very high frequencies is a major challenge
when using linear beam O-type klystrons. It is an increasing
trend to employ acceleration structures operating at X-band
instead of the C- and S-bands in linacs. The X-band
acceleration structures can be driven by O-type Kklystrons
which are able to deliver 75 MW of output power4. However,
the output power capability of the klystron drops dramatically
with increasing operating frequency due to its small
dimensions and the maximum beam current and voltage it can
handle. At higher frequency, significant work has been
published by several groups, most notably at SLAC and the
University of Maryland, describing the study of
gyroklystrons as candidates for future TeV linear colliders®.
This work led to many advancements in the technical and
theoretical understanding of gyroklystrons as illustrated, for
example, by several high-power coaxial designs at different
frequencies from ~8 GHz to ~22 GHz, each capable of
delivering tens of MW of output power®1°, To achieve high-
power handling capacity without use of coaxial designs, the
IAP has carried out studies of high-order mode gyroklystrons,
such as a 35.4 GHz gyroklystron predicted to be capable of
delivering 15 MW of output power using TE711 and TE731
modes®®. A TEs21 to TEs31 mode sequence at 30 GHz was
also studied, again predicting 15 MW of output power®,

An advanced X-ray free-electron laser (XFEL) is being
developed by the CompactLight collaboration across Europe
and Asia?!. The acceleration structure was developed by the
CLIC experimental team at CERN (Geneva, Switzerland)??

and operates at 12 GHz. The XFEL was proposed to operate
with a high repetition rate of 100 Hz for hard X-rays and 1000
Hz for soft X-rays. For an X-band acceleration structure,
during the acceleration process, unavoidable nonlinearities in
an electron bunch’s energy profile are introduced by the
accelerating fields. Additional correction systems, called
linearizers, are required to achieve performance targets. The
most well-developed and reliable technique is harmonic
linearization, wherein an additional cavity at a harmonic of
the main drive frequency is added?*?". The conventional
klystron is challenging to produce sufficient output power to
drive the harmonic linearizers for an X-band structure. The
gyroklystron is not subject to the same limitations and
therefore becomes an attractive solution.

A third harmonic linearizer which would be driven by a
36 GHz gyroklystron has been designed for the 12 GHz
acceleration structures of CompactLight. UESTC (Chengdu,
China) and the University of Strathclyde (Glasgow, UK) have
carried out studies into Ka-band MW gyroklystrons for
accelerator applications such as this*2. Although the 3"
harmonic option and its associated amplifier display good
performance, there remains significant interest in the option
of a linearizer operating at a higher harmonic, as it could
theoretically achieve similar results with lower power
demand and a shorter overall length of the linearizer.
Therefore, a linearizer operating at the 4™ harmonic (48 GHz)
of the accelerating frequency has also been proposed.

The output power of the gyroklystron will be fed into a
SLED-II type compressor and then to drive the linearizer®.
The pulse length required from the gyroklystron is 2 ps with
a minimum output power of 2 MW at 48 GHz. The
compressor also requires the flipping of the phase of the input
signal by 180° in a maximum of 5 ns and as quickly as
possible, which means the gyroklystron also requires a
bandwidth larger than 200 MHz to properly amplify the
driving signal. In this paper, the beam-wave interaction
circuit of a gyroklystron as a suitable amplifier at this
frequency is presented.

Il. PRINCIPLES OF THE GYROKLYSTRON

In a gyroklystron, a gyrating electron beam in a strong
axial magnetic field interacts with the TE resonance modes
of a series cavities. Fig. 1 shows a schematic of a
gyroklystron with a three-cavity configuration. The seed
microwave signal is coupled into the input cavity and will
modulate the electron beam. The electron beam will
gradually be bunched in the drift tube and the bunching is
further enhanced by the intermediate cavity. At the output
cavity, the electron beam will strongly couple with the cavity
mode. If the electrons arrive with the correct phase to lose
their kinetic energy, the cavity electromagnetic field will gain
energy to result in amplified microwave radiation and then
can be coupled out through a microwave window.
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Fig. 1 Schematic diagram of a 3-cavity gyroklystron amplifier

It is of essential importance for the gyroklystron to have
good phase-bunches to achieve high gain and high efficiency.
Usually, having more intermediate cavities will help to
reinforce the bunching process and achieve a higher gain.
However, every additional cavity increases the complexity of
the manufacturing process and assembly, as well as
increasing the tolerance requirements. For the MW-level
gyroklystron, low-quality factor cavities were used to avoid
the oscillation, which results in large ohmic loss. The thermal
issue would become increasingly challenging for a
gyroklystron with more intermediate cavities because the
energy stored in the later cavities is higher. For example, the
energy stored in the third cavity of a four-cavity configuration
can be more than three times compared with the 2" cavity in
a three-cavity configuration. Therefore, there is a trade-off
between gain improvements, thermal issues, design
complexity, and bunching quality that makes the decision of
how many cavities to use non-trivial.

[1l. DESIGN OF THE GYROKLYSTRON

A good design of the gyroklystron requires the
consideration of a lot of parameters, including those of the
electron beam, the cavities, and the magnetic field. Since the
gyroklystron was invented, a few models have been
developed to describe the beam wave interaction process,
including the small-signal linear theory with point-gap
approximation?®, and the nonlinear theory'® ®. The linear
theory provides a good starting point for the initial parameters
such as the beam voltage, current, the transverse-to-axial
velocity ratio a, and the magnetic field strength at the
interaction region. The initial beam parameters chosen for the
MW gyroklystron operating at 48 GHz are shown in Table 1.

Table 1. Initial parameters for the 48 GHz gyroklystron
Beam voltage (V) 140 kV
Beam current (Ip) 35A
Transverse-to-axial velocity ratio (a) 1.35
Magnetic field strength (Bo) 202T

The electron beam is generated from a magnetron injection
gun (MIG)®. For a selected beam voltage, the resonance
condition between the cyclotron frequency and cavity
eigenmode can be satisfied by adjusting o and By such that
the dispersion relations meet tangentially at 48 GHz. A high
velocity ratio can help improve interaction efficiency,
however, the simulation on the MIG gun shows a higher

velocity spread. The experience on the electron guns for
gyro-devices indicates a larger spread in the experiments
compared with the simulations, due to the intrinsic spread
from the thermionic emission, especially operating at higher
current density®2. When a is larger than 1.5, back streaming
electrons were also diagnosed in the measurement. Therefore,
for the safe operation of the gyroklystron, as well as a balance
of the interaction efficiency, the o value of 1.35 was chosen.

The operating modes selected for the gyroklystron are TE
modes. Normally, low-order axially symmetric modes
(TEop1,1 0r TEg21) are used due to the electric field at the walls
being low. For the MW-level gyroklystron, a relatively large
beam current is used. If the cavity was larger in diameter with
more modes available, there would be a greater risk of
parasitic oscillations being excited due to the high current.
However, a larger cavity than the TEgi1 cavity is still
desirable as the power-handling of a cavity is limited by its
size. Therefore, the selected design consists of input and
intermediate cavities operating at the TEopi11 mode. The
output cavity operates at the TEo 1 mode as this allows it to
be larger in diameter, thus enabling higher power handling
capability while still maintaining strong stability and a
reasonable coupling coefficient. The use of two compatible
modes in this way is an effective technique, as the superior
coupling coefficient and stability of the TEo11 mode are
better for the input cavity compared with using the TEo,,1 for
all cavities®,

A three-cavity design was considered first. The initial
linear theory analysis predicted that such a design was likely
to meet requirements. A four-cavity option was also
considered. Both of the design achieved similar efficiencies.
The main benefit of additional cavities is to increase the gain,
but the three-cavity device was able to achieve the required
performance with less energy stored in the intermediate
cavity, which is more important for stable operation.
Therefore, assessing the relative challenges and merits in
thermal stress, design complexity, and performance, the
three-cavity option was chosen as a suitable balance between
these aspects. It also has the additional benefit of being a
suitable length to match the superconducting magnet
currently available in the laboratory at Strathclyde.

After selecting the core beam parameters and general
structure, the next step is to choose proper eigenfrequencies
and Q factors for the cavities. Stagger-tuning is a technique
in which cavity eigenfrequencies are slightly offset from the
operating frequency, which is often utilized to increase the
bandwidth of a gyroklystron to satisfy the requirement from
the microwave compressor?®. Appropriate stagger-tuned
eigenfrequencies of the input and intermediate cavities can be
estimated from the equations f, + f/(3Q0) and f, - f, /(3Qu)
respectively®, where f, and Q. are the eigenfrequency and Q
factor of the output cavity. Low-quality factor cavities are
normally used in the high-power gyroklystron to avoid
oscillation. The Q factors shown in Table 2 were chosen as
the initial parameters for the three-cavity gyroklystron.



Table 2. Q factors of the cavities for the 48 GHz gyroklystron

Cavity Q factor Frequency (GHz)
Input 180 47.86
Intermediate 180 47.22
Output 100 47.70

The initial dimensions of the cavities were then estimated
from the eigenfrequency and cavity eigenmode equations. If
it is assumed that there is no leakage of microwaves into the
drift tubes, the eigenfrequency f of the operating mode
TEmpn can be written as Eq. 1

e R N

where R and L are the radius and length of the cavity. At the
same time, the guiding radius of the electron beam should be
close to the position of the peak electric field strength of the
operating mode to maximize the coupling coefficient, which
is defined in Eq. 2 for a cavity mode TEm 51 and a beam radius
of r.

]rzn+1(kJ_r)

r) = = 2
where J is the Bessel function of the first kind and v, is the
Bessel root corresponding to the mode in question. The ideal
beam radius is slightly offset from the maximum coupling to
account for the Larmor radius of electron orbit, as shown in
Fig. 2. When the eigenfrequencies of the cavities are given,
their radii and lengths can be calculated from Eq. 1 and 2. The
selected beam radius was 1.77 mm.
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Fig. 2 Alignment between coupling coefficient and beam guide radius.

The output cavity is an open-ended structure with a
discrete step in the structure. The eigenfrequency and Q
factor were calculated by the mode-matching method®. By
varying the taper angle and the depth of the iris, an output
cavity structure meets the design requirements as detailed in
Table 2. The output aperture radius had a large effect on Q
factor and a small effect on eigenfrequency. The smooth
output waveguide after the taper only had little effect on the
eigenfrequency and Q factor. The field profile at the radius of
the electron beam is shown in Fig. 3.
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The linear theory is not suitable for accurate design
because the beam wave interaction is strongly nonlinear in
high-power gyroklystrons. Also, the output cavity is open-
ended and has significant differences to that of a closed cavity,
which is not considered in the point-gap linear theory. The
nonlinear theory, which can include the accurate field profiles
of the cavities in the calculation and solve the beam-wave
coupling equation (Eq. 3), is able to provide more accurate
results for the gain and interaction efficiency?.
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where P = iu,exp {—i[A+ (1 —m/s)¢,.]} describes the
transverse component of the electron momentum, u; and u,
are the transverse and axial components of the normalized
momentum u, A = (w/s — Q1+ w/sto— ¢ is the slowly
varying component of the phase, Ao is the initial gyro-phase,
lo is the beam current, s is the harmonic number, Q is the
cyclotron frequency for the electron, ¢ describes the angular
modulation, ¢. is the polar angle of the guiding center, t is
the time since the particle entered the current stage, kmn is the
transverse wavenumber, and Re is the guiding center radius.
F(z) is the electric field profile along the z axis.

The nonlinear theory provides a balance between accuracy
and simulation time. It is able to provide useful information
on the bunching process and the trends that occur when
changing the parameters. The initial dimensions of cavities,
as well as the length of the drift tubes from the linear theory,
were then further optimized using the nonlinear theory
calculations to achieve optimal efficiency. The maximum
interaction efficiency was about 40%. Fig. 4 shows the
interaction efficiencies at the intermediate and output cavity
as the function of the cavity positions, where the position 0
denotes the starting point of the cavity.
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Fig. 4 interaction efficiency at the intermediate and output cavities

V. PIC SIMULATION OF THE GYROKLYSTRON

The particle-in-cell code simulation method provides
increased accuracy at the cost of much larger computation
time. This makes it suited to final optimization and validation,
sweeping across a range of parameters. Here, the finite-
difference time-domain PIC code MAGIC®® was used to
validate the design from the nonlinear theory prediction and
further improve the gyro-klystron performance.

In MAGIC simulations, the cavities were first simulated
individually to ensure the correct eigenfrequencies and field
patterns when the dielectric material was applied. Fig. 5
shows an example of the azimuthal electric field pattern of
the intermediate cavity. The gyroklystron cavity dimensions
as finalized after MAGIC analysis are shown in table 3.

()

Fig. 5 Field pattern of the azimuthal E-field component of a TE,;; mode in
the input cavity.

Table 3. Dimensions of the cavities and drift tubes.

Section Radius (mm) | Length (mm)
Cavity 1 3.88 8.66

Drift tube 1 2.50 20.00

Cavity 2 3.88 10.20

Drift tube 2 2.50 7.20

Cavity 3 7.28 9.60

Dielectric linings are included in the cavities to introduce
additional loss and reduce the Q factor. The dielectric
material used is SiC due to its high loss tangent®’. The
thickness in the input and intermediate cavities are 0.7 mm
and 0.3 mm, respectively.

The cavities were then assembled with the drift tubes to
simulate the performance of the whole gyroklystron. The
initial parameter set from the nonlinear theory achieved a
steady output power of around 1.7 MW, with 34 dB gain.
Further PIC simulations were performed to sweep across

various input parameters, such as beam voltage, beam current,
detuning parameter, and drive frequency. Figure 6 shows the
start-oscillation current for modes in the output cavity using
the linear gain theory. The start-oscillation current of the
operating mode was 59 A. The output power can therefore be
further increased using a higher beam current. With a slight
increase in the beam current from 35 A to 37 A, the output
power achieved was 2 MW. For this new current value, the
performance characteristics were analyzed over a range of
input power values as shown in Fig. 7.
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Fig. 7 shows the variation of efficiency, gain, and output
power as the function of input power. Increasing the drive
power in the input cavity improves efficiency, but with
diminishing returns in the output power. For example, at an
input power of 295 W, the gyroklystron still operated in the
linear gain region. The gain was as high as 38 dB, which
enabled 1.9 MW of output power. Increasing the input power
enables a higher output power, but the gain drops. For
example, when doubling the input power to 605 W the output
power increased to 2.3 MW; i.e. by a modest amount (~20%).
At an input power of over 910 W, the output began to
saturate, and the saturated gain was 34 dB. As the results
already demonstrated output power above the 2 MW
minimum target, further increase in input power was deemed
unnecessary and 605 W was chosen as the input power value
above which further investment in input power offers too
little reward to be worthwhile. With the selected values of
605 W of drive power and a 140 kV, 37 A beam, the predicted



output power is 2.3 MW with 36 dB gain and 44% efficiency.
The velocity spread of the electron beam was also introduced
in the simulation to study its impact on the output power, as
shown in Fig 8. The larger the velocity spread is, the larger
the impact on output power becomes. The highest velocity
spread for which the 2 MW requirement is met is slightly
above 4%, by which point a 10% drop in output power was
observed. Higher spread continued to reduce performance up
to a value of 10%, above which oscillation at the output
power was observed, and the gyroklystron ceases to maintain
a stable operation.
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Fig. 8 Variation of output power with velocity spread.
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Fig. 9 Phase space plot of the electrons in the gyroklystron.

Fig. 9 shows the phase space plot of the electrons in the
gyroklystron, demonstrating the interaction and subsequent
deposition of the beam. The output power as a function of
time is displayed in Fig. 10(a). After around 20 ns, the output
power settles to 2.3 MW. The output power is reasonably
steady, with fluctuations of less than 2%, which is mainly
caused by the time-varying beam emission model used in the
MAGIC simulations. The mode-purity of the outgoing
radiation is also important to consider, as it can affect the
performance of subsequent mode converters. The Fourier
analysis of the output power is displayed in Fig. 10(b), which
shows a clear peak at 48 GHz. A secondary peak is visible at
96 GHz, which is the second harmonic. The ratio of squared
amplitudes for the fundamental to the second harmonic
components is 21.
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The bandwidth of the gyroklystron was also simulated and
the results are shown in Fig. 11. The 3 dB bandwidth is about
400 MHz, which satisfies the minimum bandwidth
requirement from the microwave compressor.
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Fig. 11 Variation of gain with operating frequency.

Higher output power is possible with the use of a higher
beam current. As displayed in Fig. 12, the simulations
showed a linear increment of the output power when the
electron beam increased up to 53 A, beyond which oscillation
occurred. However, several limiting factors exist with regard
to increasing the current. Higher beam current pushes the
thermionic MIG gun to operate at higher current density,



which is already at its limit and will significantly reduce its
lifetime. Also increasing the beam current will result in larger
space-charge effect. It is challenging to maintain the velocity
spread of the electron beam under the design criteria of 4% at
a higher current. The 37 A beam current is still chosen as

main operation parameter for a safe operation.
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V. CONCLUSION

In this paper, the design of a three-cavity TEg11-TEo,1,1-
TEo21 48 GHz gyroklystron amplifier has been presented. It
was designed with consideration of the requirements of a
harmonic linearizer operating at the 4™ harmonic of the 12
GHz linac drive frequency used in CompactLight. The choice
to use the 4™ harmonic rather than the 3" allows for a shorter
linearizer and lower power demand. Vacuum electronic
devices around 48 GHz have previously received little
attention, so the new development of an appropriate amplifier
was required. The gyroklystron designed here using a
combination of linear calculations, nonlinear analysis, and
PIC simulations represents a viable microwave source for
application within the linearizer system. Following
optimization using PIC simulations, an output power of
2.3 MW with a gain of 36 dB and an efficiency of 44% has
been predicted when using a 140 kV, 37 A electron beam.
The effect of the velocity spread was also studied. A 4%
velocity spread will result in 10% drop in the output power,
but still larger than 2 MW. The 3 dB-bandwidth is 400 MHz.
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