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Abstract—The continued development of linear accel-
erators at higher frequencies poses several technological
challenges. One such challenge is the requirement for
high-frequency amplifiers to drive linearization systems.
Presented in this article is the design of a 48 GHz gyrokly-
stron amplifier appropriate for application in a harmonic
linearizer for a 6 GHz or 12 GHz drive frequency. The beam
used in the gyroklystron is provided by a magnetron injec-
tion gun (MIG), which has been designed using genetic opti-
mization. The gyroklystron interaction circuit was designed
with the aid of a Particle-in-Cell (PIC) simulation study which
predicted 2 MW of output power at 48 GHz with a gain
of 35 dB and an efficiency of 38%. This article summarizes
the preceding work on the interaction circuit and MIG with
additional phase stability analysis as well as presenting the
design and analysis of vacuum windows, an input coupler,
and the collector.

Index Terms— Gyroklystron, magnetron injection gun
(MIG), microwave amplifier, particle-in-cell (PIC) simulation,
vacuum electronic devices.

|. INTRODUCTION

HE gyroklystron amplifier is a member of cyclotron

resonance maser (CRM) mechanism family [1], which
also includes gyrotron oscillators and gyro-traveling wave
amplifiers. Each of these devices is based on the interaction
of a gyrating electron beam with the transverse electric (TE)
mode in the interaction circuits.

Historically, most gyroklystron research has related to radar
applications [2], [3] and the idea of gyroklystron-driven lin-
ear accelerators has also been explored [4]. Although many
promising results are summarized in [4] and [5], this line
of study did not lead to the use of gyroklystrons as drivers
for accelerating cavities and klystrons are still the industry
standard. Commercially available klystrons can comfortably
deliver the required power at the C-band and X-band drive fre-
quencies which are currently favored in accelerator design [6].
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In high-energy linear accelerators, in order to generate
the femtosecond bunches required while maintaining a high
bunch charge, a magnetic chicane is typically included for
bunch compression. An energy chirp is applied to the bunch
before compression. As the path length through the chicane
is energy-dependent, the bunch is compressed in time. How-
ever, as voltage varies sinusoidally, the chirp is nonlinear in
time, and an additional section must be included to linearize
the chirp. The most well-developed linearization method is
harmonic linearization [7], wherein an additional cavity at a
harmonic of the drive frequency is used to flatten the field-
profile experienced by the electrons. The frequencies required
of the linearizer are high, and conventional klystrons cannot
deliver sufficient power. For example, the CompactLight X-ray
free-electron laser (XFEL) design study features a 36 GHz
(Ka-band) linearizer, with a power demand beyond currently
available commercial amplifiers at that frequency [8]. Two
solutions have been proposed; a multibeam (20 beam) klystron
(MBK) [9] and a gyroklystron [10] which show comparable
performance with each other and both remain viable options
moving forward.

There was also a strong incentive to explore the possibility
of a 48 GHz (fourth harmonic) linearizer as the voltage
required from the linearizer scales with the inverse square of
harmonic number relative to injector frequency. The voltage
required for a 48 GHz linearizer was 3.5 MV, compared with
6.2 MV at 36 GHz [11], [12]. Therefore, a higher harmonic
option can lower the energy cost of the system.

Respectively, Nix ef al. [13] and Zhang et al. [14] describe
the work performed on the interaction circuit and magnetron
injection gun (MIG) for this project. This article presents the
detailed design of the other components in the gyroklystron,
including the input coupler, vacuum windows, and the thermal
analysis of the collector region. These components together
with the published interaction circuit and the MIG provide a
complete design solution of the 2 MW 48 GHz gyroklystron.

Il. PRINCIPLE AND OVERALL DESIGN OF
GYROKLYSTRON

Fig. 1(a) shows a simple flowchart covering each section of
the gyroklystron design. A high-voltage high-power modulator
which is available from Scandinova [15] will be used to
provide the required beam voltage and current. The high-power
microwave radiation extracted through the output window will
be fed into the SLAC Energy Development (SLED)-II type
pulse compressor (with a power compression ratio of ~7) and
used to drive the linearizer [16]. Each of the boxed components
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Fig. 1. (a) Flowchart of the gyroklystron. (b) Components of the
gyroklystron design (not to exact scale), cavities highlighted in pink.
A-input cavity; B—drift tubes; C—intermediate cavity; D—output cavity;
E—collector; F—pillbox-type coupler with input window; G—coaxial input
coupler for first cavity; H-solenoid; and I-output window.

in Fig. 1(a) has been studied as part of this work and is
presented in the following sections.

High-frequency gyroklystrons are sometimes designed to
operate at the second harmonic to lower the magnetic field
requirement at the cost of reduced efficiency [17], [18]. In this
instance, a fundamental harmonic design was preferred as
maximizing efficiency was a primarily goal. Additionally,
highly stable operation was desired and magnetic field varia-
tions have a lesser impact on a fundamental harmonic device.

Fig. 1(b) shows a 3-D representation of the interaction
circuit and input coupler. In the gyroklystron, microwave
power is coupled into an input cavity to excite a TEg ;,; mode
which applies phase-bunching forces to the electron beam. One
or more intermediate cavities serve to reinforce the bunching
effect, and then the bunched electrons transfer a portion of
their energy to the field in the output cavity. The electron
beam is generated by a MIG in which electrons emitted from
a thermionic cathode are guided into the beam tunnel with the
desired properties by an optimized arrangement of magnetic
fields. Since only transverse momentum is lost during the
interaction, the beam still has a large amount of power at
the point of deposition and the thermal effect on the collector
must be considered.

I1l. MIG AND INTERACTION CIRCUIT

The initial parameters of the MIG were estimated using
the Baird tradeoff equations [19]. These estimates were then
optimized by the finite element trajectory solver TRAK [20],
using a multiobjective genetic algorithm considering 11 geo-
metric and four field parameters. Further detail on the theory
and methodology is presented in [14]. The optimized MIG
achieved a spread of 8.9% in the transverse-to-axial velocity
ratio a. The interaction circuit is a three-cavity configuration,
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Fig. 2. Schematic of a three cavity gyroklystron interaction circuit.

A-input cavity; B—input coupler; C—drift tubes; D—intermediate cavity;
E—output cavity; and F—collector.

as shown in Fig. 2. The detailed design process has been
presented in [13], summarized as follows.

1) Cavity sizes were estimated through consideration of
eigenfrequency equations, cutoff frequency, and cou-
pling coefficients.

2) The initial beam parameters and the estimated gain was
obtained using gyroklystron linear theory [21].

3) The linear theory designs were refined using a
self-consistent nonlinear model [22], [23].

4) The design was verified and reoptimized using particle-
in-cell (PIC) simulation in MAGIC [24], and the perfor-
mance was tested over various input parameter sets.

The main results described in [13] and [14] show that the
gyroklystron’s ideal-beam output power is 2.3 MW with a
37 A, 150 kV beam. With the optimized MIG’s a-spread
of 8.9%, the predicted output power of the gyroklystron is
reduced to 2.0 MW. This meets the power requirement of
the SLED-II pulse compressor and linearizer design. Confi-
dence in the simulation results is high as MAGIC has been
used in the design of several gyroklystron amplifiers and
shown good agreement between simulation and experimental
data [25]-[27]. The linearizer specification also places the
demand that the phase stability of the amplifier should be no
higher than 0.5° [11]. This can be calculated by (1) and the
detailed derivation is presented in [28]

1
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where L is the length of the interaction circuit and A is the nor-
malized detuning parameter. As most of the parameters in (1)
are fixed based on the design of the interaction circuit, the pri-
mary influence on phase stability is the voltage stability of
the high-power modulator. The phase stability over the device
length was calculated to be 0.26° per 0.01% voltage stability
of the modulator. Scandinova’s K100 modulator can meet
extreme stability specifications [15]. Therefore, the designed
gyroklystron can meet the requirement of the typical linearizer
system for the CompactLight XFEL.

dp = (1+a?)

IV. COAXIAL INPUT COUPLER

Initial simulations of the interaction circuit simply assume
an ideal TEp;; mode being excited. In practice, it is not
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Fig. 3. Coaxial coupler geometry. (a) 3-D model. (b) Cross section with
field pattern.

so trivial to excite the correct mode, and the design of the
coupling system must be considered as part of the complete
gyroklystron design. The seed microwave signal is supplied
to the input cavity through a coaxial input coupler of the
arrangement shown in Fig. 3.

A rectangular waveguide feeds into a coaxial cavity which
encircles the gyroklystron input cavity. Four evenly spaced
slots on the shared wall between the gyroklystron cavity and
the coaxial ring allow energy to leak through and excite the
desired mode.

By this structure, a rectangular TEq; waveguide mode is
converted to a TE4 ;1 coaxial cavity mode and then to a TEq ; ;
cylindrical cavity mode. The standard WR22 waveguide
(5.69 mm x 2.84 mm) was selected for convenience of
manufacture and the cavity dimensions are determined by the
optimized interaction circuit [13]. The inner radius of the
coaxial section (4 mm) is just larger than the cavity radius
accounting for wall thickness. The remaining parameters to
consider are therefore the outer radius of the coaxial region
and the dimensions of the coupling slots. The outer radius of
the coaxial region should be that which sets the eigenfrequency
of the coaxial TE4 ;; mode to 48 GHz, which in this case was
5.57 mm. Finite-difference time-domain (FDTD) simulations
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Fig. 4. (a) Radial and (b) azimuthal field-profile in the input coupler.

The dashed line in the top figure indicates the beginning of the dielectric
wall-lining.

in CST Microwave Studio were then performed to analyze and
optimize for the best achievable mode purity of the TE( ; mode
in the input cavity. To demonstrate the feasibility of the design,
a simplified model was computed, showing effective excitation
of the desired mode in an unlined cavity. The actual cavity
requires a dielectric layer on the outer wall to maintain the cor-
rect Q of 180. The dielectric properties used in this simulation
were &, = 12 and tan(d) = 0.62, which can be achieved with a
BeO:SiC compound [29]. The simulated reflection parameter
at the input port was exported and postprocessed with Q fac-
tors calculated by the method and program described in [30].
Initial simulations showed that this made it more difficult for
the coupler to excite a pure mode. Parameter sweeps over
the aperture dimensions were performed to improve mode
coupling, resulting in the field-profile shown in Fig. 4. The
optimized coupling slots were rectangular with dimensions
of 2.3 mm x 0.8 mm.



Fig. 5. Geometry of the input window. A-waveguide from microwave
source; B-—cylindrical pillbox section; C—alumina disk; and D-feed
waveguide to the input coupler.

The peak field along the radial line occurs at 0.45r, rather
than the optimal 0.487,, though this offset is smaller than both
the Larmor radius of electron orbits and the thickness of the
beam and is hence not expected to significantly influence the
device performance. In the azimuthal direction, the peak field
magnitude varies 11% above and below its average value,
which can be accounted for by a slight increase in input
power to ensure that all electrons receive sufficient accelerating
force. To investigate the mode purity, one end of the cavity
was widened to allow the coupled wave to propagate into a
waveguide structure where its composition was analyzed at an
exit port. The output mode was an almost pure TEj ;; mode
and other modes were negligible.

V. Vacuum WINDOWS

The input and output windows of the gyroklystron have
been designed. In addition to appropriate physical strength and
vacuum sealing, the windows must have reflection coefficients
as small as possible over the operating frequency band. Several
types of window design exist, but the choice is partly limited
by the geometry of the device. In this case, the input coupler
(Section IV) features a rectangular waveguide. To avoid the
need for additional steps or tapers, a pillbox-type structure [31]
was selected for the input window as pictured in Fig. 5.
For the output window, a single-disk circular window was
selected as this could fit conveniently into the established
output waveguide geometry. The rectangular sections of the
input window arrangement are identical in dimension to those
of the input coupler.

The optimal window thickness depends on the dielectric
constant of the material and can be estimated by

d= N(@) @)

where N is an integer, and 4, is the wavelength in the material
calculated from the wavelength and relative permeability by

3)

The choice of window material depends on the thermal,
mechanical, and optical properties of the material. In this
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Fig. 6. Reflection parameters of the input window.

case, 95% Al,O3 was used, which has a relative permittivity
of 9.4.

The radius of the input window’s cylindrical section was
estimated with consideration of the cutoff frequency. The
thickness was estimated (2), but since the device has a
bandwidth requirement, it is not as simple as choosing the
ideal thickness at 48 GHz. Therefore, the dimensions were
optimized in CST Microwave Studio to minimize reflection
over the full range of the bandwidth. There is no fixed point
that separates good and bad performance, so upper limits
were set by the reasonable judgment of a suitable order of
magnitude. The limits selected were —35 dB at the center
frequency (48 GHz) and —20 dB within the gyroklystron’s
3-dB bandwidth (47.8-48.2 GHz). The reflection was shown
to be highly sensitive to geometry. An initial optimization
sequence only specifying to move the minimum to 48 GHz
displayed exceptional reflection of —58 dB at 48 GHz, but
failed to meet the target values across the full bandwidth. The
optimizer goals were reassessed, and it was instead considered
that provided the reflection parameter at 48 GHz met the
requirement, the exact position of the minimum value may be
allowed to shift. This approach proved successful, as it allowed
the maximum value within the specified frequency range to
improve from —17 to —26 dB. The reflection at 48 GHz
changed to —53 dB, which is still significantly better than the
chosen target. A conservative estimate of 10 xm machining
precision was assumed. With dimensions rounded to this level,
the reflection parameters were —44 dB at 48 GHz and —26 dB
within the bandwidth, which is still better than the chosen
targets. Fig. 6 illustrates the difference between the optimized
and rounded curves. The rounded dimensions were a pillbox
radius of 4.64 mm, a pillbox length of 11.10 mm, and a disk
thickness of 1.58 mm.

For the single-disk output window, boron nitride (BN)
was selected as the window material as it offers excellent
mechanical strength and thermal properties, at the same time
is much cheaper than CVD diamond. While the high pulse
repetition frequency required by the XFEL is high at 1000 Hz
with 1.5 us pulse duration, the average power is much lower
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Fig. 7. Reflection curve of the optimized output window, which meets
the specified target reflection parameter across the bandwidth.
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Fig. 8. Variation of reflection parameter of the output window as window
thickness is adjusted.

than a continuous wave (CW) device, and therefore a BN
window can safely handle the power load. Reflection from
the output window poses more risk to the performance than
from the input window, as reflections here would travel back
toward the interaction region and may interfere with the output
mode. A stricter limit of —35 dB reflection was therefore set as
the target maximum over the device bandwidth. The reflection
curve is illustrated in Fig. 7.

The optimized dimensions displayed a maximum reflection
of —36 dB within the bandwidth, but again there was high
sensitivity to thickness. Fig. 8 illustrates the tolerance require-
ment of the window thickness. The optimal window thickness
was 1.51 mm.

High machining precision of 10 gm is required to meet
the specified target over the bandwidth range, while the value
at 48 GHz remains suitably low for a larger thickness range.
The true dielectric constant in the manufactured material may
also differ from the assumed value slightly. It is therefore
possible to construct a window that is slightly thicker than
the calculated value and grind it to the correct value after

N
o

&
S

&
(¢}

)
~

Max. S11 in Bandwidth (dB)
)
(e}

&
&

4.60
Dielectric Constant

4.55 4.65

Fig.9. Variation of reflection parameter of the output window as dielectric
constant is adjusted.

measurement using a vector network analyzer. Fig. 9 shows
the variation of the maximum reflection within the gyrokly-
stron’s 3-dB bandwidth for a range of dielectric constants at
a fixed window width.

VI. COLLECTOR AND ITS THERMAL ANALYSIS

The optimal interaction efficiency was around 40%, thus
leaving around 60% of the beam power present when it
is deposited after the interaction. Although the short-pulsed
operation leads to a much lower average power than a CW
device, the loading is still large enough that thermal analysis
and cooling systems are necessary. Here a two-stage process
was used. First, the particle data from the PIC simulation
was imported into CST’s trajectory solver, which was used
to calculate the paths of electrons through the collector region
and determine deposition density. The trajectory solver result
was then imported to CST’s thermal analysis program as a
heat source. Since the PIC simulations did not fully account
for the pulsed operation, the power was reduced by setting a
scaling factor on the imported heat source. For 1.5 us pulses
at a repetition rate of 1000 Hz, the scaling factor would be
0.0015. However, that factor assumes perfect square pulses
and optimal interaction. It is an important precaution to design
around the full beam power. A 2 us linear rise (and fall) time
was taken, though this was a conservative estimate, and a
shorter rise is plausible with current modulator technology.
The scaling factor used accounting for this rise time and the
full beam power was 0.006. The rounding and approximations
made in determining the scaling factor all provide a slight
upward error, meaning that the simulation result is unlikely to
result in underestimating the value.

The deposition heat source is a surface plot with no depen-
dency on the external structure. Preliminary analysis of an
11.6 mm collector showed that peak deposition density would
be very high. Minor adjustments to the magnetic field-profile
were able to provide only small improvements. Including a
tapered section or changing the collector radius increase the
surface area of deposition and hence lowers maximum loading.
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Fig. 10. (a) Particle deposition density on a surface cross section and
(b) along an arbitrary surface line in the collector region.

The surface area is maximized when the deposition takes
place on a large-radius cylindrical wall. Since the particle
import interface is far from the cavity region, there is space
for tapering to occur before the deposition region, and safe
performance is predicted to be possible with a 16 mm radius
cylindrical collector region. Small, localized areas with a peak
deposition density of around 0.71 kW/cm? were observed as
shown in Fig. 10(a), while the vast majority of the surface saw
loading under 0.5 kW/cm?.

Fig. 10(b) shows the particle deposition density along a line
following the surface in the axial direction, where z = 0 is
the position of the import interface for electrons which was
placed 140 mm from the output cavity aperture. The deposition
is not perfectly symmetrical, but the peaks remain at the same
position and roughly the same magnitude whichever line is
chosen. Fig. 11 shows the electron trajectories in the collector
region and an example temperature plot with a maximum
temperature of 120 °C.

The thermal analysis was also considered in the full-beam
zero-drive case as the beam profile would differ without
bunching effects. The resulting peak temperature and surface
loading values on the collector heating were observed to
remain at safe levels in the event of input source failure.

A realistic collector typically requires a cooling system
to ensure safe operation. The cooling system consists of a
pumping system to provide a flow of pressurized cold water
to carry heat away from the collector walls [32]-[34]. Grooves
are included to increase the surface area of the contact surface
between the copper and the water. Fig. 12 shows the groove
geometry proposed for the collector structure. In the thermal
analysis, the effect of water-cooling was approximated by

(b)

Fig. 11. (a) Electron trajectories and (b) temperature distribution in the
collector region.

Fig. 12. Cross section of proposed axial groove geometry to increase
the surface area of the metal-water interface.
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applying a convective heat transfer coefficient of 3 W/cm?*/K
to the surface [35].

If the thickness of copper between the deposition surface
and the water-cooling surface is too large, the water cooling
is not as effective, but if it is too thin, there is a risk of
overheating the water and losing the effect. Hence a parameter
sweep was carried out to show the variation of maximum
temperature with copper thickness, as shown in Fig. 13. In all
cases tested, the peak temperature remains within safe limits
for copper and the surface temperature at the metal-water
interface remains below boiling point.



Although practical testing would be required to finalize the
cooling system design, the results discussed here demonstrate
the feasibility of the collector, showing peak temperature and
peak deposition density to be safely within the material limits
of copper.

VIl. CONCLUSION

In this article, the design of a 48 GHz gyroklystron amplifier
has been presented. The preceding results presented in [13]
and [14] have been summarized and expanded upon with addi-
tional discussion on the phase stability, which has been shown
to meet the linearizer requirement if an appropriate modulator
is used. The vacuum windows and input coupler have been
designed. The input window comfortably met design targets,
and the output window can meet design targets provided that
the machining precision of the window material is sufficiently
high. The input coupler was predicted to excite a TEo ;1 with a
slight impurity that caused variations in the peak field by 11%
around an azimuthal line. Finally thermal analysis of the beam
deposition region was performed, demonstrating that the power
loading and peak temperature in a 16-mm radius collector are
safe at a very high repetition rate of 1000 Hz. The feasibility
of the interaction circuit, MIG, vacuum windows, and collector
has been demonstrated through detailed simulation work,
and together these components form a viable design for a
MW-level 48 GHz gyroklystron suitable for application in a
linearizer for an XFEL.
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